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Gases present in the Earth crust are important in various branches of human activities. Hydrocarbons are a significant energy
resource, helium is applied in many high-tech instruments, and studies of crustal gas dynamics provide insight in the
geodynamic processes and help monitor seismic and volcanic hazards. Quantitative analysis of methane and CO2 migration is
important for climate change studies. Some of them are toxic (H2S, CO2, CO); radon is responsible for the major part of human
radiation dose. The development of analytical techniques in gas geochemistry creates opportunities of applying this science in
numerous fields. Noble gases, hydrocarbons, CO2, N2, H2, CO, and Hg vapor are measured by advanced methods in various
environments and matrices including fluid inclusions. Following the “Geochemical Applications of Noble Gases”(2009),
“Frontiers in Gas Geochemistry” (2013), and “Progress in the Application of Gas Geochemistry to Geothermal, Tectonic and
Magmatic Studies” (2017) published as special issues of Chemical Geology and “Gas geochemistry: From conventional to
unconventional domains” (2018) published as a special issue of Marine and Petroleum Geology, this volume continues the
tradition of publishing papers reflecting the diversity in scope and application of gas geochemistry.

1. Introduction

The aim of this special issue was to collect contributions on
the most recent advances in gas geochemistry. The current
development of gas geochemical studies is connected not
only with introducing advanced techniques combining among
other: isotopic studies, gas chromatography, and mass spec-
trometry applied to hydrocarbons, carbon dioxide, rare gases,
H2S, and Hg vapor, but the application of new geochemical,
seismotectonic, and biogeochemical models as well. Gas geo-
chemistry studies results not only in deeper insights in a
broad range of geological processes but also in the quantifica-
tion of the lithosphere, hydrosphere, and atmosphere inter-
actions important both for hydrocarbon and geothermal
resources, volcanic and seismic risk, human health, and cli-
mate change.

This volume contains a significant number of papers
delivered by participants of the 14th International Conference
on Gas Geochemistry (ICGG) held in Wrocław-Świeradów,
Poland, 24-28 September 2017. The list of contributors
has been supplemented by numerous authors who did not
participate in the 14th ICGG, whose primary topic was
“Gases in the Earth crust, benefits and hazards”. However,
all delivered papers stay in line with the primary topic focusing
not only on gases as a tool of geochemical, seismotectonic,
and petrogenetic studies but also on the environmental risk
management.

2. Themes

The 22 papers of this volume can be grouped into 4 general
themes. Hydrocarbon gases are the dominant topic and this
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volume contains 10 papers aimed at understanding their
origin, relationship with geodynamic, and biochemical pro-
cesses both in oil fields and natural seepages as well.

Zhifu Wei et al. (in this issue) compared the isotopic
composition of gas obtained by closed-system Fischer-
Tropsch synthesis with a deep Songliao Basin gas which is
similar to thermogenic gas and has a trend of a transition
to oceanic hydrothermal system abiogenic gas.

Cancan Yan et al. (in this issue) proposed a new tech-
nique, syringe solid phase extraction (SSPE), for the enrich-
ment of trace hydrocarbon compounds for isotope analysis
(CSIA) with a gas chromatograph (GC) interfaced to an iso-
tope ratio mass spectrometry (IRMS).

Pengfei Di et al. (in this issue) quantified the dissolved
methane and its air-sea flux from hydrocarbon seeps from
the seafloor to the coastal ocean near the Lingtou Promon-
tory, South China Sea.

Dan Liu (in this issue) studied Paleozoic gases in the
southern Ordos Basin, China, with partial or complete isoto-
pic reversals, as examples of isotopic fractionation in over
mature coal-derived gases.

Rui Deng et al. (in this issue) studied the impacts of
temperature and pressure histories and gas washing on the
formation of the condensate gas reservoirs and evolution of
the fluid phase and its features in the Tazhong Uplift area
in the Tarim Basin of China.

F. Gal et al. (in this issue) investigated hydrocarbon gas
seeps located in the French Subalpine Chains in zones of out-
cropping Jurassic black shales.

Yanping Zhang et al. (in this issue) studied the transfer of
carbon from sediments to the water column in the South
China Sea by chemosynthetic biotainhabited surface sedi-
ments and found that the biogeochemical rates in the north-
ern SCS are generally lower than those in active continental
margins and special environments (e.g., the Black Sea), but
are comparable with those in passive continental margins.

Xiaobo Wang et al. (in this issue) studied coal-formed
gases of the Kuche Depression. Accompanying rare gases in
the Kuche Depression were found to be of typical crustal gen-
esis—derived from the radioactive decay of crustal elements.

Junxi Feng et al. (in this issue) studied active cold seeps of
Haima that were recently discovered on the northwestern
slope of the South China Sea. The analysis of three piston
cores from an area characterized by bottom simulating reflec-
tors to the west of Haima suggests that methane seepage
probably has persisted at least hundreds to thousands of
years with changing methane fluxes.

Xiangxian Ma et al. (in this issue) analyzed mineral
and/or chemical compositions and sulfur and carbon iso-
topes of natural gas, formation water, and rocks of volcanic
rock reservoirs in the Niudong area of the Santanghu Oil-
fields to explain the occurrence and origin of hydrogen sul-
fide (H2S). The δ34S values of on-well H2S samples varied
in a range of 9.2‰ to 20.5‰, indicating thermochemical
sulfate reduction (TSR) and/or thermal decomposition of
organic sulfur-bearing compounds (TDS).

Gas geochemistry of volcanic fields was the second dom-
inant topic and this volume contains 7 papers aimed at a
broad spectrum of problems starting from understanding

petrogenetic processes via the mechanism of gaseous exhala-
tion to its influence upon plant cover.

Mingjie Zhang et al. (in this issue) measured C, He, Ne,
and Ar isotopic compositions of volatiles from magmatic
minerals in the Podong ultramafic intrusion. The δ13C of
CO2 and CH4 suggested the magmatic volatile of the mantle
mixed with the volatiles of thermogenic and crustal origins.
Subduction and devolatilization of altered oceanic crust
could be the best mechanism that transported large propor-
tions of air-saturated fluid and crustal components into the
mantle source.

A. L. Gagliano et al. (in this issue) performed an extensive
survey on Hg concentrations in different matrices (fumarolic
fluids, atmosphere, soils, and plants) at the Lakki Plain,
Nisyros Island (Greece). The positive correlation with both
CO2 and H2S in air highlighted the importance of hydrother-
mal gases as carrier for gaseous elemental mercury. On the
other hand, soil Hg concentrations showed no significant
correlations with CO2 and H2S in the soil gases, whereas it
showed a positive correlation with the total S content and
an inverse one with the soil pH, evidencing the complexity
of the processes involving Hg carried by hydrothermal gases
while passing through the soil.

F. Italiano et al. (in this issue) carried out geochemical
investigations on submarine hydrothermal fluids vented off-
shore the Pontine Islands (Tyrrhenian Sea) and revealed the
existence of gas vents to the West of Zannone Island and
Southwest of Ventotene Island. The geochemical features of
the CO2-rich gas samples show a clear mantle-derived signa-
ture and indicate that cooling Middle Pleistocene magmas
are of thermal energy high enough to form an efficient hydro-
thermal system.

M. A. Amonte et al. (in this issue) performed the first
integrated heat flow, CO2, and

3He emission survey across
0.5 km2 of the summit cone and crater of Teide volcano,
Tenerife, Canary Islands, Spain. The calculation of the
3He/heat ratio for the first time in this volcanic system sup-
ports the presence of an important mantle source for the
degassing of Teide volcano.

H. Pfanz et al. (in this issue) studied the relationship
between postvolcanic soil degassing and vegetation during
spring season in mofette at the banks of the Laacher See,
Eifel Mountains. Plant coverage and the number of species
decreased significantly in high CO2 areas. One plant species
(marsh sedge, Carex acutiformis) proved to be highly mofet-
tophilic and strictly grew on CO2 degassing sites.

H. Kämpf et al. (in this issue) measured gas flux measure-
ments of cold, mantle-derived CO2 release at the Bublák mof-
ette field located inside presently seismically active Počátky
Plesná fault zone (PPFZ) (Czech republic) and found that
en-echelon faults inside of the PPFZ act as fluid channels to
depth (CO2 conduits).

Wenbin Zhao et al. (in this issue) studied bubbling
springs and diffuse degassing from soils of the Wudalianchi
monogenetic volcanic field in a major continental rift system
in NE China. Chemical compositions and C-He isotope anal-
yses revealed that the cold spring gases might originate from
the enriched upper mantle, which resulted from the mixing
between slab materials (subducted organic sediments and
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carbonates) in the mantle transition zone and the ambient
depleted mantle. Their results suggest that the CO2 degassing
activities become weaker from early to late in Quaternary.

Gas geochemistry applied to seismic zones studies was
the third dominant topic and this volume contains 4 papers
aimed at understanding gas exhalation in active seismic
zones with their possible application as precursor signals.

Nagaraju Podugu et al. (in this issue) studied helium iso-
tope ratios of 3 km deep research borehole KFD1 in the
Koyna reservoir-triggered seismicity region, Western India.
Air-corrected helium isotope ratios indicate that helium is a
mixture of atmospheric and crustal radiogenic components
without mantle contribution.

Ching-Chou Fu et al. (in this issue) described significant
increases of soil radon concentrations followed by the
increase in gamma rays a few days to a few weeks before
earthquakes that occurred in northeastern Taiwan, where
the subduction of the Philippine Sea Plate PSP beneath the
Eurasian Plate occurs.

F. Italiano et al. (in this issue) studied the southernmost
portion of the Apennine chain (Nebrodi-Peloritani Moun-
tains, Sicily, Italy) and revealed a close connection between
the tectonic setting and the regional degassing of CO2domi-
nated volatiles. Their study yields better insight into the evo-
lution of seismogenesis, considering the fault ruptures as the
final stage of a seismic cycle.

K. Daskalopoulou et al. (in this issue) studied natural gas
exhalations at the island of Kos. Changes in the degassing
areas and significant variations in the geochemical parame-
ters of the released gases were observed both before and after
the seismic event; however, no coherent model explaining
those changes was obtained.

We also have a fourth domain in environmental and
healthy effect of dangerous gases, although there is only one
single paper presented: Dương Nguyễn-Thuỳ et al. (in this
issue) described thoron’s (220Rn) contribution to αradiation
exposure and found it significant input in radiation exposure
in traditional northern Vietnamese mud house with bare sur-
faces of dry porous soil dwellings.

3. Concluding Remarks

Since the very beginning, the ICGG has been the forum
where we exchange ideas on gas geochemistry. Originally
dominated by radon topics, it evolved towards the broad
spectrum of gas geochemistry problems. The ICGG 14th
chose Świeradów town in Lower Silesia (Poland) due to a his-
torical record of almost 450 years of balneotherapy, with
radon as a main curative factor identified in the 20th century.
The ICGG 14th commenced in Wroclaw—the capital of the
Lower Silesia Province with choir concert in the Oratorium
Marianum—baroque music hall in the main building of the
University of Wroclaw. This meeting attracted around 60
delegates performing 36 oral and 20 poster presentations.

During the ending field trip (28-30.09.2017), the partici-
pants visited Carpathians Mts. with stop at the Bóbrka oil
mine opened in 1854 and still operating as the Ignacy Łuka-
siewicz Museum of Oil and Gas Industry, geothermal spas of

the Podhale region and the Salt Mine of Wieliczka operating
since 13th century.

Proceedings of the meetings are traditionally published as
Special Issues in peer-reviewed journals, as in the present
case. ICGG continues to attract widespread participation—in
the form of oral and poster presentations—from a diverse
international audience. We look forward to the 15th ICGG
scheduled to be held in Italy in September, 2019.
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Sample preparation technique, for the analysis of δ13C ratios in oil and gas samples, has gradually been recognized as one of the
most crucial steps of the whole analytical process. In this study, a new convenient method, syringe solid phase extraction
(SSPE), was proposed for measuring δ13C in natural gas samples. Based on conditional experiments of temperature and time,
SSPE fitted with activated carbon adsorbent was applied with a gas chromatography/isotope ratio mass spectrometry
(GC/IRMS) system for trace carbon isotope analysis. The results showed that isotopic fractionation was not clearly observed
during the adsorption and desorption process, and the δ13C ratios measured by SSPE-GC/IRMS were in good agreement with
the known δ13C ratios of CH4~C5H12 measured by GC/IRMS with the accuracy all within ±0.48‰. A natural gas sample was
applied to verify the efficiency of this new method, and the obtained results confirmed that SSPE-GC/IRMS is a reliable
technique characterized with simplicity, efficiency, and reliability.

1. Introduction

Compound-specific isotope analysis (CSIA) features with a
gas chromatograph (GC) interfaced to an isotope ratio mass
spectrometry (IRMS) are a reliable sample pretreatment tool
for normal level carbon isotope analysis of hydrocarbons in
environmental forensics, archaeology, ecology, and gas geo-
chemistry [1–11]. This technique had been widely used in
oil and gas geochemistry, for the obtained carbon isotopic
ratios can be applied to identify gas genetic origin, character-
ize gas maturity, and correlate gas with their source rocks. It
remains one of fundamental and promising techniques for
oil-gas exploration and exploitation of normal level hydro-
carbon compounds [10–16].

In general, trace hydrocarbons refer to small molecule
volatile hydrocarbons such as C1~C8 hydrocarbons in oil
and gas geochemistry [17]. Those compounds are widely dis-
tributed in natural gas, crude oils, source rocks, sediments,
oilfield water, and other types of reservoir fluids. Besides,
their δ13C ratios contain abundant geochemical information
and are considered as an effective proxy associated with oil-
gas formation and evolution [18, 19]. However, it is difficult
to analyze them directly by CSIA features with GC/IRMS,
for those hydrocarbons are always beyond the detection limit
of the instrument or very easy to escape during the prepara-
tion process [20].

To achieve the analysis of these particular hydrocarbon
compounds for various applications, many previous works
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have been carried out, and some novel and practical methods
such as purge and trap (P&T) and solid phase microex-
traction (SPME) have been put forward, and these highly
efficient techniques made remarkable achievements for pre-
concentration of trace volatile or semivolatile organic com-
pounds [21–25]. Though these works greatly improved the
detection limit for most trace compounds, these often exhib-
ited selectivity for some hydrocarbon compounds during the
extraction process, making the whole analysis quite unfeasi-
ble. Therefore, for more intensive measurements of trace
light hydrocarbons, the feasibility of these techniques remain
to be discussed; the rapid isotopic analysis of trace hydrocar-
bons is still far from being realized. So, it is quite necessary to
develop a new method for the efficient measurement of these
compounds for geochemical applications.

In this study, a new technique, syringe solid phase extrac-
tion (SSPE), was proposed for the enrichment of trace hydro-
carbon compounds with high capacity. In addition, with the
consideration of fractionation, the integrated study of time
and temperature during the adsorption and desorption pro-
cess is carried out to determine the optimized experimental
condition.

2. Experimental

2.1. Sample Preparation

2.1.1. Standard Sample Preparation. The SSPE preconcen-
tration method was tested by a standard sample; composi-
tion of the gas are indicated in Table 1. It consists
methane, ethane, propane, isobutane, normal butane, iso-
pentane, and normal pentane, all of them were at trace
levels after diluting with helium. The carbon isotopic ratios
of different hydrocarbon compounds were also listed in
Table 1, and all the δ13C were determined by the GC/IRMS
system. The determination was assessed by a number of
duplicated injections, and the statistical results on these
injections of the accuracy were calculated with standard
deviations.

2.1.2. Geological Sample Preparation. A natural gas sample
from Xiamaling Formation (XML), Sichuan Basin
(Table 2), was applied to validate the extract efficiency of
the SSPE technique with isobutane, isopentane, pentane,
and heptane at the trace level, and all the δ13C were deter-
mined by the GC/IRMS system.

2.2. Syringe Solid Phase Extraction (SSPE). The improved
technique is called syringe solid phase extraction, which con-
sists of three parts: the syringe, the three-way valve, and the
extraction part (Figure 1). The syringe was used to hold
helium and the natural gas. The three-way valve was used
to switch different channels to realize the adsorption and
desorption process. And the extraction part, the core part
of SSPE technique, was designed to substitute the coated fiber
of SPME technique. Adsorbents were filled in the tiny metal
tube, and the target compounds can be adsorbed and des-
orbed by the needle plugging with the aid of the peristaltic
pump and the microfurnace.

In this study, SSPE was applied to extract hydrocarbon
compounds from natural gas, and all the applications were
accomplished by using the metal tube containing adsorbents.
In order to select a proper adsorbent, 11 different adsorbents
were prepared. Each adsorbent was purified by the microfur-
nace at 400°C for 5 minutes. The prepared diluted natural gas
(diluted with helium) sample was sealed in a glass container
(600mL). Firstly, the SSPE needle should be exposed into
the bottle to extract the natural gas sample for 10 minutes
at a rate of 3mL/min. Then, the extracted hydrocarbon com-
pounds should be desorbed for 5 minutes at 300°C. And
finally, for the analysis of δ13C ratios, the needle needed to
be inserted into the GC injection port.

2.3. Optimized Condition Setting

2.3.1. Adsorbents. 3A, 4A, 5A, 13X, Al2O3, silica gel, GDX-
101, graphene (TORAY, Japan), 2,6-diphenylfuran porous
polymer resin (Tenax), and two types of activated carbon
were prepared as the adsorbents of SSPE. Furthermore, in
order to validate the extract efficiency, carbon molecular sie-
ve/polydimethylsiloxane/carboxen (CAR/PDMS/carboxen,

Table 1: Composition and carbon isotopic ratios of the standard
sample.

Compound Formula
δ13C (V-PDB, ‰)

(n = 6) P1 (%) P2 (%)

Methane CH4 ‐41:84 ± 0:21 50.271 0.084

Ethane C2H6 ‐29:45 ± 0:17 22.931 0.038

Propane C3H8 ‐26:70 ± 0:32 7.013 0.012

Isobutane i-C4H10 ‐26:48 ± 0:31 11.284 0.019

Normal
butane

n-C4H10 ‐25:58 ± 0:29 4.418 0.007

Isopentane i-C5H12 ‐24:78 ± 0:36 3.352 0.006

Normal
pentane

n-C5H12 ‐23:12 ± 0:33 0.731 0.001

δ13C ratios were all measured by direct injection, and all the ratios were
calculated by average values of 6 duplicated injections under the same
condition. P1: hydrocarbon content of direct injection (each peak area of
the hydrocarbon represents their content); P2: hydrocarbon content after
diluting with helium.

Table 2: Composition and peak area of natural gas sample from
XML.

Compound δ13C (V-PDB, ‰) Peak area (mV)

CH4 -48.20 1.02

C2H6 -44.31 1.10

C3H8 -41.33 0.99

i-C4H10 — —

n-C4H10 -37.28 0.91

i-C5H12 — —

n-C5H12 -35.42 0.43

C6H14 — —
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75μm, Supelco, USA) was selected as the fiber coating of the
SPME technique.

2.3.2. Temperature. Six temperature (-20°C, 0°C, 20°C, 40°C,
60°C, and 80°C) were applied to the selection of an optimized
adsorption temperature. Similarly, to evaluate the efficiency
of desorption temperature, this study compared 10 different
desorption temperatures (50~500°C, every two adjacent tem-
peratures were at an interval of 50°C).

2.3.3. Time. Ten adsorbent time (1~10 minutes, every two
adjacent time were at an interval of 1 minute) were set to
evaluate the efficiency characteristics of adsorption time.
And the concentration efficiency of 10 desorption time (0.5
minutes, 1 minute, 1.5 minutes, 2 minutes, 3 minutes,
4 minutes, 5 minutes, 6 minutes, 7 minutes, and 8 minutes)
was used to measure the desorption time.

2.4. GC-IRMS. A GC-C-IRMS system (Gas Chromatogra-
phy-Combustion, Agilent 6890, Agilent Technologies, USA;
GC Combustion III; Isotope Ratio Mass Spectrometry, Finni-
gan Delta plus XP, Thermo Fisher, Bremen, Germany) was
used to evaluate the SSPE efficiency. Helium (≥99.999%)
was applied as carrier gas at 4mL/min. Separation of hydro-
carbon compounds was performed on HP-Plot Q (Agilent,

19095P-Q04, 30m × 0:53mm × 40μm) column. The tem-
perature of HP-Plot Q column was held at 30°C for 4
minutes, then turned up to 100°C at the rate of 8°C/min
and maintained for 4 minutes, and finally increased to
240°C at the rate of 8°C/min and then maintained for 30
minutes. The inlet temperature of the GC was set at
240°C, and all injections were set at split mode at the split
ratio of 4 : 1. The furnace was maintained at 940°C to ensure
the individual compound completely oxidized when it flo-
wed through the oxidation ceramic reactor filled with
twisted wires (Ni/CuO/Pt). Three standard pure CO2 gases
were used as reference gas for the calculation of δ13C of specific
compounds. All δ13C signatures of analytes are reported rela-
tive to the Vienna Pee Dee Belemnite (V-PDB) and expressed
as δ13C = f½13C/12C�sample/½13C/12C�standard – 1g × 1000.

3. Results

3.1. Adsorbent Selection. All peak areas of hydrocarbon com-
pounds obtained from the 11 adsorbents are listed in
Figure 2(a). For all adsorbents, activated carbon exhibited
the best adsorption efficiency, and 4A molecular sieve
showed poor adsorptive capacity. Additionally, enrichment
coefficient (K) was also considered (Figure 2(b)), which was
expressed as the ratio of the concentration (P (%)) of the

Injection
port

Detector

Helium

GC-column

(1) (2) (3) (4)

Metal tube

Furnace

�ree-way valve

Syringe
a

b cd

a

b d

c

Figure 1: Diagram of SSPE structure and its operation procedure. The SSPE process has four steps: (1) heat the metal tube to ensure the
adsorbent is completely purified; (2) extract the target hydrocarbon compounds through the natural gas sample; in this step, the sorbent is
exposed to the sample and target analytes are separated from the sample matrix and adsorbed on the sorbents; (3) desorb the hydrocarbon
compounds with the microfurnace; and (4) inject the hydrocarbons into the GC inlet.
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same hydrocarbon between the extracted analyte and their
corresponding compounds in the gas sample. The result also
illustrated that the activated carbon has the best enrichment
coefficient. Therefore, it indicated that the activated carbon
was suitable for the extraction of hydrocarbons in natural
gas, and the following tests were all using activated carbon
as adsorbents.

3.2. Temperature Optimization

3.2.1. Adsorption Temperature. Comparing all the adsorption
temperature in Figure 3(a), it can be seen that the adsorbent
has the best adsorption efficiency at 20°C. The δ13C of CH4,
C2H6, C4H10, and C5H12 varied in a wide range, for the
obtained SD-1 were relatively larger than that of the uncer-
tainties of the instrument ± 0:5‰ (CH4 was 0.97, C2H6 was
0.53, i-C4H10 was 0.70, n-C4H10 was 0.79, i-C5H12 was 1.80,
and n-C5H12 was 1.08), whereas C3H8 were quite different,
with the SD-1 value of 0.40 (Table 3). Additionally, the
δ13C of CH4, C2H6, i-C4H10, n-C4H10, and n-C5H12 were dis-
tributed as follows: CH4: -43.8~-41.2‰, C2H6: -31.4~-
30.0‰, i-C4H10: -26.3~-24.5‰, n-C4H10: -26.4~-24.7‰, i-
C5H12: -27.3~-22.3‰, and n-C5H12: -24.0~-21.1‰ (Table 3).

3.2.2. Desorption Temperature. At different desorption tem-
perature, the amount of hydrocarbon compounds released
by thermal desorption varies greatly (Figure 3(b)). C4H10
and C5H12 could not be thermally desorbed when desorption
temperature was below 200°C. Thermal desorption has better
adsorption efficiency at the range of 250~350°C. It can be

observed that the standard deviations of the δ13C distribution
of CH4~C5H12 vary in a relatively wide range if CH4 was 0.44,
C2H6 was 0.51, C3H8 was 0.46, i-C4H10 was 0.61, n-C4H10
was 0.44, i-C5H12 was 0.61, and n-C5H12 was 0.81, for their
δ13C ratios were at a relatively large range (Table 3). The
δ13C ratios of CH4 were comprised between -42.7 and
-41.1‰, C2H6 was distributed from -30.4 to -28.4‰, C3H8
was clustered between -28.3 and -27.0‰, i-C4H10 was ranged
from -27.4 to -25.7‰, n-C4H10 was clustered between -27.1
and -26.0‰, i-C5H12 was located in the range of -25~-
23.6‰, and n-C5H12 ratios were ranged from -25.1 to
-22.8‰.

3.3. Time Optimization

3.3.1. Adsorption Time. As shown in Figure 3(c), the best
enrichment efficiency of the adsorption time was between 2
and 5 minutes, and the adsorption efficiency of CH4 remains
a relatively stable level with adsorption time changing, but
the change of C2H6~C5H12 was more obvious than that of
CH4, especially C2H6~C4H10. Unlike temperature, δ13C of
CH4~C5H12 had a relatively good reproducibility at different
adsorption times, which means adsorption time has a rela-
tively little effect on δ13C ratios; the standard deviations of
CH4~C5H12 were all with 0.41‰ (Table 3).

3.3.2. Desorption Time. C5H12 could not be desorbed before
1.5 minutes, and the adsorption amount of CH4 and C5H12
remained in a stable level of the whole desorption process,
whereas the changes of the amount of C2H6~C4H10 were
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Figure 2: Comparison of adsorption efficiency and enrichment coefficient (K) of the 11 adsorbents on CH4, C2H6, C3H8, C4H10, and C5H12.
A: 4A; B: 3A; C: graphene; D: silica gel; E: GDX-101; F: Tenax; G: activated carbon 1; H: AlO; I: 5A; J: 13X; K: activated carbon 2.
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Figure 3: Peak areas at different experimental conditions: (a) the adsorption peak areas with adsorption temperatures ranging from 0 to 40°C;
(b) the adsorption peak areas at different desorption temperatures from 250 to 350°C; (c) the adsorption peak areas at different adsorption
times ranging from 2 to 5 minutes; (d) the adsorption peak areas at different desorption times ranging from 2 to 7 minutes.

Table 3: δ13C ratios of standard natural gas sample and its SDs at different conditions.

Compound SD-A
Adsorption

temperature (°C)
Desorption

temperature (°C)
Adsorption time (s) Desorption time (s)

M (n = 6) SD-1 SD-2 M (n = 10) SD-1 SD-2 M (n = 10) SD-1 SD-2 M (n = 10) SD-1 SD-2

CH4 -41.84 -42.40 0.97 0.40 -41.88 0.44 0.03 -41.55 0.24 0.20 -41.52 0.24 0.23

C2H6 -29.45 -30.85 0.53 0.99 -29.78 0.57 0.23 -30.08 0.32 0.44 -29.75 0.80 0.21

C3H8 -26.70 -26.96 0.40 0.18 -27.99 0.46 0.91 -27.05 0.42 0.25 -27.62 0.41 0.65

i-C4H10 -26.48 -25.72 0.70 0.54 -27.03 0.61 0.39 -26.87 0.16 0.28 -21.31 0.33 3.66

n-C4H10 -25.58 -25.39 0.79 0.13 -25.37 0.44 0.15 -25.60 0.39 0.02 -23.98 0.36 1.13

i-C5H12 -24.78 -24.97 1.80 0.13 -20.13 0.61 3.29 -25.26 0.41 0.34 -17.25 0.28 5.32

n-C5H12 -23.12 -22.92 1.08 0.14 -19.71 0.81 2.41 -23.47 0.28 0.25 -16.9 0.44 4.40

SD-A: the average ratios of the standard natural gas sample, V-PDB, ‰; M: average ratios at different experimental conditions, V-PDB, ‰; SD-1: standard
deviations obtained from average ratios at different experimental conditions; SD-2: standard deviations between STDA and M.
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larger, and the best adsorption time located in the interval of
2~5 minutes (Figure 3(d)). Comparing the results obtained
by adsorption time, it can be seen that except for C2H6
(SD-1 was 0.80), the reproducibility of the measurements of
10 desorption times is also satisfied with the uncertainties
of the instrument, with the standard deviations all within
0.44‰ (Table 3).

4. Discussion

4.1. Determination of Optimization Conditions. The balance
of trace hydrocarbon compounds between adsorbents is crit-
ical to optimal condition [26, 27]. Thermal dynamic condi-
tions such as temperature and time are important factors
affecting the adsorption efficiency. As temperature increases,
both the diffusion ability of the molecules and relative
motion between molecules increase; meanwhile, the adsorp-
tion rate of adsorbents is faster [20, 26–28]. However, an
increase in temperature causes the lower partition coefficient
of compounds between the matrix and the adsorbent, thus
limiting the amount of the concentrated compound [20,
28]. It is obvious that the SD-1 values of adsorption temper-
ature (0.53~1.80‰, except for C3H8) and desorption temper-
ature (CH4: 0.44, C2H6: 0.57, C3H8: 0.46, C4H10: 0.61, C4H10:
0.44, C5H12: 0.61, and C5H12:0.81) vary greatly, and almost
all the standard deviation values are beyond the limit uncer-
tainty of instrument 0.5‰ (Table 3). Thus, this conditional
test provided compelling evidence that δ13C exhibits a con-
siderable influence on isotopic fractionations. Select temper-
ature from Figures 3(a) and 3(b) as follows: 20°C for
adsorption temperature and 300°C for desorption tempera-
ture, and compare the δ13C with the average ratios of the
standard natural gas sample (Tables 3 and 4), the obtained
results are all within 0.47‰ (within 0.50‰). That is, the
selected temperatures show little effect on isotopic fraction-
ations, and they can be used as efficiency temperature.

Similarly, equilibrium time is also an important condi-
tion that affects the extraction efficiency [28, 29]. Though
many researchers may have an empirical understanding of
these impacts, there is little explicit clear experiment [20,
30]. The extraction amounts of hydrocarbons remain a rela-
tively stable level after reaching equilibrium, whereas a large
change appeared before that state. Different from tempera-
ture, except for 0.80‰ of C2H6 obtained from desorption
time, other SD-1 values of adsorption time and desorption
time are all within 0.44‰, which means time may have
smaller effects on isotopic fractionations. Additionally,
choose the maximum extraction efficiency time to estimate
the effect on isotope fractionation, all obtained standard devi-
ations are within 0.5‰ (Figures 3(c) and 3(d)).

The optimized experimental conditions are determined as
follows: adsorb the sample at 20°C for 3 minutes and then
desorb it at 300°C for 3 minutes. The obtained results of
δ13C values are in good agreement with the δ13C ratios of
direct injection (original standard natural gas, without
helium dilution) and SPME (Figure 4). The δ13C values
obtained by these three methods are in good agreement with-
out obvious fractionations (the standard deviations between
DI and SSPE are as follows: ±0.15‰ for CH4, ±0.14‰ for

C2H6, ±0.19‰ for C3H8, ±0.03‰ for i-C4H10, ±0.19‰ for
n-C4H10, ±0.49‰ for i-C5H12, and ±0.45‰ for n-C5H12).
Therefore, this method is a reliable method for trace hydro-
carbon preconcentration.

4.2. Geological Sample Verification. After determining the
optimization conditions, geological samples are applied to
verify the efficiency of SSPE technique, and chromatograms
of a natural gas sample obtained by DI, SPME, and SSPE
are detected and identified (Figure 5, Table 5). Simulta-
neously, similar experiments are carried out with SPME tech-
nique, and their peak intensities show that the adsorption
efficiency of SSPE is higher than SPME (Figures 5(b) and
5(c)). From data given in Table 4, it can be seen that the
δ13C values are all within a reasonable range without carbon
isotope fractionation (SD values are all within 0.48), and the
intensity of each hydrocarbon obtained by the SSPE method
is higher than DI and SPME with the highest intensity of
30000mV (intensities of DI and SPME are all lower than
2000mV). Therefore, comparing these values obtained from
DI, SPME, and SSPE, it is found that this established SSPE
method is reliable for carbon isotope analysis.

4.3. Legacy Issues and Future Prospects. This study facilitates
in trace hydrocarbons in natural gas where some barriers and
baffles restrict its measurement [25]. For instance, isotopic
fractionations appeared obviously with a high temperature
(e.g., higher than 350°C), but the mechanism still remains
to be solved. So, further insight from this problem needs to
be followed up. In addition, considering that the whole sam-
ple preconcentration process is completely by manual opera-
tion, it is meaningful to expect future improvements for this
technique. By optimizing the automation of SSPE technique,
better accuracy and precision can be obtained. Additionally,
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Compound

δ13
C 
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-P

D
B,

 ‰
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–20

C2H6 C3H8 n-C5H12i-C5H12n-C4H10i-C4H10CH4

Figure 4: Validation of SSPE. DI: direct injection for original
standard natural gas sample; SPME: solid phase microextraction
for diluted standard natural gas; SSPE: syringe solid phase for
diluted standard natural gas.
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Figure 5: Geological sample analysis of DI, SPME, and SSPE: (a) direct injection of 30μL natural gas sample; (b) SSPE extracted for
30 minutes; (c) SSPE extracted for 3 minutes at 20°C and then desorbed for 3 minutes at 300°C. 1: CH4; 2: C2H6; 3-1: C3H6; 3: C3H8; 4-1:
i-C4H10; 4-2: C4H8; 4: n-C4H10; 5-1: i-C4H10; 5-2: C5H10; 5: C5H12; 6-1: i-C4H10; 6: C6H14; 7: C7H16.

Table 5: δ13C ratios (‰), S (mV), and SD (‰) obtained from DI, SPME, and SSPE.

Compound
Direct injection Solid phase microextraction Syringe solid phase extraction

δ13C Peak area δ13C Peak area Standard deviation δ13C Peak area Standard deviation

CH4 -48.20 1.02 — — — -47.76 12.50 0.31

C2H6 -44.31 1.10 -44.82 0.24 0.36 -44.99 91.70 0.48

C3H8 -41.33 0.99 -42.86 0.28 1.08 -41.02 241.44 0.21

i-C4H10 — — -36.89 0.41 — -39.42 35.90 —

n-C4H10 -37.28 0.91 -40.78 2.40 2.48 -36.84 170.06 0.31

i-C5H12 — — -38.58 0.58 — -37.95 9.37 —

n-C5H12 -35.42 0.43 -37.76 2.64 1.65 -35.15 29.54 0.19

C6H14 — — -34.58 3.56 — -36.53 2.82 —
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the conditions highlighted in this study can also be applied to
simplified studies on source rocks, oilfield water, and other
samples for further study.

5. Conclusions

The SSPE-GC/IRMS technique based on SPME-GC/IRMS
was conducted on standard and geological samples with dif-
ferent adsorbents, temperatures, and times to determine the
optimized experimental condition and achieve the analyzed
trace hydrocarbon isotope. For this purpose, the content
and δ13C were analyzed. The following conclusions can be
drawn:

(1) Activated carbon was selected as the reliable adsor-
bents, and the optimized condition was determined;
adsorb sample at 20°C for 3 minutes and then desorb
it at 300°C for 3 minutes. The quality data such as
precision and accuracy are acceptable for this tech-
nique with the uncertainty of the measurement lower
than 0.48 in all cases of the natural gas, which is in
accordance with the requirements of the GC-IR/MS

(2) Apply a sample of Xiamaling formation, Sichuan
Basin, for the detection of the SSPE technique; the
results showed satisfying extraction efficiency

(3) The lower detection limits for trace light hydrocar-
bons required by this technique are achieved and val-
idated, and the requirement of uncertainty was also
fulfilled for all hydrocarbons. More hydrocarbons,
at the lower content level, than other previous
methods proposed in the literature based on the use
of SPME-GC-IR/MS have been detected. More
hydrocarbons, at the lower content level, than other
previous methods proposed in the literature based
on the use of SPME-GC-IR/MS have been detected.
This technique is quick and simple and increases
the selectivity and sensitivity of analysis. And further-
more, the proposed technique is versatile, for it can
be applied to detect other samples besides natural
gas samples

Data Availability

The data used to support the findings of this study are
available from the corresponding author and first author
upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Thanks to Prof. Mingjie Zhang and Dr. Ting Zhang for their
advices. And this research was financially supported by the
National Science Foundation of China (No. 41272145,
41572136, and 41973066) and the “West Light Foundation
of Chinese Academy of Sciences.”

References

[1] M. Hoenig and A.-M. de Kersabiec, “Sample preparation steps
for analysis by atomic spectroscopy methods: present status,”
Spectrochimica Acta Part B: Atomic Spectroscopy, vol. 51,
no. 11, pp. 1297–1307, 1996.

[2] L. H. Keith, W. Crummett, J. Deegan, R. A. Libby, J. K. Taylor,
and G. Wentler, “Principles of environmental analysis,” Ana-
lytical Chemistry, vol. 55, no. 14, pp. 2210–2218, 1983.

[3] R. M. Smith, “Before the injection—modern methods of sam-
ple preparation for separation techniques,” Journal of Chroma-
tography A, vol. 1000, no. 1-2, pp. 3–27, 2003.

[4] B. K. Matuszewski, M. L. Constanzer, and C. M. Chavez-Eng,
“Strategies for the assessment of matrix effect in quantitative
bioanalytical methods based on HPLC−MS/MS,” Analytical
Chemistry, vol. 75, no. 13, pp. 3019–3030, 2003.

[5] A. V. Bridgwater, D. Meier, and D. Radlein, “An overview of
fast pyrolysis of biomass,” Organic Geochemistry, vol. 30,
no. 12, pp. 1479–1493, 1999.

[6] T. C. Schmidt, L. Zwank,M. Elsner, M. Berg, R. U. Meckenstock,
and S. B. Haderlein, “Compound-specific stable isotope anal-
ysis of organic contaminants in natural environments: a crit-
ical review of the state of the art, prospects, and future
challenges,” Analytical and Bioanalytical Chemistry, vol. 378,
no. 2, pp. 283–300, 2004.

[7] E. Lichtfouse, “Compound‐specific isotope analysis. Applica-
tion to archaelogy, biomedical sciences, biosynthesis, environ-
ment, extraterrestrial chemistry, food science, forensic science,
humic substances, microbiology, organic geochemistry, soil
science and sport,” Rapid Communications in Mass Spectrom-
etry, vol. 14, no. 15, pp. 1337–1344, 2000.

[8] A. Cincinelli, F. Pieri, Y. Zhang, M. Seed, and K. C. Jones,
“Compound specific isotope analysis (CSIA) for chlorine and
bromine: a review of techniques and applications to elucidate
environmental sources and processes,” Environmental Pollu-
tion, vol. 169, pp. 112–127, 2012.

[9] B. N. Popp, B. S. Graham, R. J. Olson et al., “Insight into the
trophic ecology of yellowfin tuna, Thunnus albacares, from
compound-specific nitrogen isotope analysis of proteinaceous
amino acids,” Terrestrial Ecology, vol. 1, pp. 173–190, 2007.

[10] M. Schoell, “The hydrogen and carbon isotopic composition of
methane from natural gases of various origins,” Geochimica et
Cosmochimica Acta, vol. 44, pp. 649–661, 1979.

[11] M. J. Whiticar, “Stable isotope geochemistry of coals, humic
kerogens and related natural gases,” International Journal of
Coal Geology, vol. 32, no. 1-4, pp. 191–215, 1996.

[12] M. Schoell, “Multiple origins of methane in the Earth,” Chem-
ical Geology, vol. 71, pp. 1–10, 1999.

[13] W. J. Stahl, “Carbon and nitrogen isotopes in hydrocarbon
research and exploration,” Chemical Geology, vol. 20,
pp. 121–149, 1977.

[14] C. J. Clayton, “Effect of maturity on carbon isotope ratios of
oils and condensates,” Organic Geochemistry, vol. 17, no. 6,
pp. 887–899, 1991.

[15] E. Maslen, K. Grice, P. L. Métayer, D. Dawson, and
D. Edwards, “Stable carbon isotopic compositions of indi-
vidual aromatic hydrocarbons as source and age indicators
in oils from western Australian basins,” Organic Geochemis-
try, vol. 42, no. 4, pp. 387–398, 2011.

[16] J. A. Curiale, “Petroleum geochemistry,” Encyclopedia of Petro-
leum Geoscience, Springer, Cham, 2017.

9Geofluids



[17] R. G. Schaefer and D. Leythaeuser, “Analysis of trace amounts
of hydrocarbons (C2~C8) from rock and crude oil samples and
its application in petroleum geochemistry,” Physics and Chem-
istry of the Earth, vol. 12, pp. 149–156, 1980.

[18] Y. Huiban, S. Noirez, A. Prinzhofer, J. P. Girard, and
J. Chappellaz, “Chemical and isotopic analysis of hydrocarbon
gas at trace levels: Methodology and results,” Chemical Geol-
ogy, vol. 265, no. 3-4, pp. 363–368, 2009.

[19] S. M. Abeel, A. K. Vickers, and D. Decker, “Trends in purge
and trap,” Journal of Chromatographic Science, vol. 32, no. 8,
pp. 328–338, 1994.

[20] H. Lord and J. Pawliszyn, “Evolution of solid-phase microex-
traction technology,” Journal of Chromatography A, vol. 885,
no. 1-2, pp. 153–193, 2000.

[21] L. Zwank, M. Berg, T. C. Schmidt, and S. B. Haderlein, “Com-
pound-specific carbon isotope analysis of volatile organic
compounds in the low-microgram per liter range,” Analytical
Chemistry, vol. 75, no. 20, pp. 5575–5583, 2003.

[22] G. Contarini and M. Povolo, “Volatile fraction of milk: com-
parison between purge and trap and solid phase microextrac-
tion techniques,” Journal of Agricultural and Food Chemistry,
vol. 50, no. 25, pp. 7350–7355, 2002.

[23] C. L. Arthur and J. Pawliszyn, “Solid phase microextraction
with thermal desorption using fused silica optical fibers,” Ana-
lytical Chemistry, vol. 62, no. 19, pp. 2145–2148, 1990.

[24] M. Llompart, K. Li, and M. Fingas, “Headspace solid-phase
microextraction for the determination of volatile and semi-
volatile pollutants in water and air,” Journal of Chromatogra-
phy A, vol. 824, no. 1, pp. 53–61, 1998.

[25] Z. Li, X. Wang, L. Li et al., “Development of new method of
δ13C measurement for trace hydrocarbons in natural gas using
solid phase micro-extraction coupled to gas chromatography
isotope ratio mass spectrometry,” Journal of Chromatography
A, vol. 1372, pp. 228–235, 2014.

[26] J. C. Maxwell, “On the dynamical theory of gases,” Philosoph-
ical Transactions of the Royal Society of London, vol. 157,
pp. 49–88, 1867.

[27] F. I. Khan and A. K. Ghoshal, “Removal of volatile organic
compounds from polluted air,” Journal of Loss Prevention in
the Process Industries, vol. 13, no. 6, pp. 527–545, 2000.

[28] A. M. Aljeboree, A. N. Alshirifi, and A. F. Alkaim, “Kinetics
and equilibrium study for the adsorption of textile dyes on
coconut shell activated carbon,” Arabian Journal of Chemistry,
vol. 10, pp. S3381–S3393, 2017.

[29] J. Palau, A. Soler, P. Teixidor, and R. Aravena, “Compound-
specific carbon isotope analysis of volatile organic compounds
in water using solid-phase microextraction,” Journal of Chro-
matography A, vol. 1163, no. 1-2, pp. 260–268, 2007.

[30] W. J. Boecklen, C. T. Yarnes, B. A. Cook, and A. C. James, “On
the use of stable isotopes in trophic ecology,” Annual Review of
Ecology, Evolution, and Systematics, vol. 42, no. 1, pp. 411–440,
2011.

10 Geofluids



Research Article
Nonvolcanic Carbon Dioxide Emission at Continental Rifts: The
Bublak Mofette Area, Western Eger Rift, Czech Republic

Horst Kämpf ,1 Alena Sophie Broge ,2 Pouria Marzban ,3 Masoud Allahbakhshi ,3

and Tobias Nickschick 4

1GFZ German Research Centre for Geosciences, Section Organic Geochemistry, Telegrafenberg, 14473 Potsdam, Germany
2Geoscience Centre, Georg-August Universität Göttingen, 37077 Göttingen, Goldschmidtstrasse 3, Germany
3GFZ German Research Centre for Geosciences, Section Physics of Earthquakes and Volcanoes, Telegrafenberg,
14473 Potsdam, Germany
4Institute of Geophysics and Geology, Talstrasse 35, 04103 Leipzig, Germany

Correspondence should be addressed to Horst Kämpf; kaempf@gfz-potsdam.de

Received 14 March 2019; Accepted 2 May 2019; Published 30 October 2019

Guest Editor: Andrzej Solecki

Copyright © 2019 Horst Kämpf et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This study presents the results of gas flux measurements of cold, mantle-derived CO2 release at the Bublák mofette field (BMF),
located inside of the N-S directed Počátky Plesná fault zone (PPFZ). The PPFZ is presently seismically active, located in the
eastern part of the Cheb Basin, western Eger Rift, Central Europe. The goal of the work was to identify the linkage between
tectonics and gas flux. The investigated area has a size of 0,43 km2 in which 1.115 locations have been measured. Besides classical
soil CO2 gas flux measurements using the closed chamber method (West Systems), drone-based orthophotos were used in
combination with knowledge of plant zonation to find zones of high degassing in the agriculturally unused part of the BMF. The
highest observed soil CO2 gas flux is 177.926,17 gm

-2 d-1, and the lowest is 0,28 gm-2 d-1. Three statistical methods were used for
the calculation of the gas flux: arithmetic mean, kriging, and trans-Gaussian kriging. The average CO2 soil degassing of the BMF
is 30 t d-1 for an area of 0,43 km2. Since the CO2 soil degassing of the Hartoušov mofette field (HMF) amounts to 23 t d-1 for an
area of 0,35 km2, the average dry degassing values of the BMF and HMF are in the same magnitude of order. The amount of
CO2 flux from wet mofettes is 3 t d-1 for the BMF and 0,6 t d-1 for the HMF. It was found that the degassing in the BMF and
HMF is not in accordance with the pull-apart basin interpretation, based on the direction of degassing as well as topography and
sediment fill of the suggested basins. En-echelon faults inside of the PPFZ act as fluid channels to depth (CO2 conduits). These
structures inside the PPFZ show beginning faulting and act as tectonic control of CO2 degassing.

1. Introduction

The quantification of mass flow between deep reservoirs and
the surface is important for understanding deep carbon
fluxes, changes of rock and soil atmosphere, influence on bio-
sphere, and connections to atmosphere. Here, we use high-
resolution measurement of carbon dioxide flux at the surface
to characterize nonvolcanic magmatic volatile systems in the
Cheb Basin (CB), western Eger (Ohře) Rift (ER), Czech
Republic.

The Cenozoic CB lies in the western part of the Bohe-
mian Massif, Central Europe, and is a structural domain of

the ER, a 300 km long, ENE-WSW striking element of the
European Cenozoic Rift System (ECRIS) [1, 2]. The basin-
geometry influenced by the intersection of three regional
fault zones, the N-S striking Regensburg-Leipzig-Rostock
zone (RLRZ), the NW-SE to NNW-SSE striking Cheb-
Domazlice Graben, and the ENE-WSW faults of the Eger
(Ohře) Graben, Figure 1. The Cheb-Domazlice Graben is
controlled at the eastern flank by the Mariánské Lázně
fault zone (MLFZ) and the Tachov fault zone (TFZ) at
the western flank (Figure 1).

The MLFZ, dipping to SW, is approximately 100 km long
morphologically depicted by a 200m high escarpment at the
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eastern border of the CB [3]. The western flank of the basin is
topographically indistinct, influenced by erosional activity
[4] and bordered by the similarly NW-SE striking Tachov
fault zone. In the north of the basin are the Ore Mountains
(Erzgebirge) and in the south the Kaiserwald/Slavkovský les
(Kaiserwald). Cenozoic fluvial and lacustrine sediments with
a thickness of up to 300m along the MLFZ fill the basin [4].

West Bohemia and the Vogtland on the German side of
the border are known for their “earthquake swarms” (Ger-
man: “Schwarmbeben”), a term first mentioned by Credner
[5] that describes earthquakes of low magnitude but high fre-
quency. Earthquake swarms occur mainly in areas of
enhanced crustal fluid activity with Quaternary volcanism
[6]. These earthquake swarms, combined with evidence for
currently ongoing hidden magmatic processes in the subcon-
tinental lithospheric mantle and mantle-derived CO2 degas-
sing at the surface in mineral springs and mofettes, make
Cheb Basin to a unique area in Europe [7, 8] and one of the
best studied nonvolcanic intracontinental rift areas world-
wide [9–11].

The youngest volcanic activity in the Cheb Basin is
related to the scoria cones Komorní hůrka and Železná hůrka
from 0,7 to 0,3Ma and the two maar diatreme volcanoes of
Mýtina and Neualbenreuth that were discovered in 2007
[12] and 2015 [13] (Figure 1).

Within the last 40 years, three swarms that exceeded
magnitudes of 4 (1985/86, 2014, and 2018) were observed,
with about 90% of the total seismic moment being released
in the Nový Kostel focal zone (NKFZ) [14]. The NKFZ is
located close to the intersection of the Počátky Plesná fault
zone (PPFZ) and the MLFZ (Figure 1). The significance of
the PPFZ as a seismically active fault zone was detected by
Bankwitz et al. [15]. Through stress analysis of an earthquake
swarm in 2008, Vavryčuk [16] found that the PPFZ is a sinis-
tral fault with a direction of ≈169°. The triggering mecha-
nisms for the earthquake swarms in West Bohemia are
assumed to be fluids that rise up through the fault zones [6,
7, 17]. On the base of large-scale electrical resistivity tomog-
raphy and gravity/GPS, data along an E-W striking profile
crossing the PPFZ and MLFZ Nickschick et al. [18] mapped
the crustal section of the eastern CB up to the depths of more
than 1000m. They proposed a conceptual model in which
certain lithological layers (Cenozoic Vildstejn, Cypris, and
Main Seam formation) act as caps for the ascending fluids.
They hypothesize that any ascending fluid forced along
impregnable and impermeable layers, and can only ascent
along fractures at the PPFZ and MLFZ.

Aside from the Cheb Basin, CO2-dominated degassing
occurs at two more degassing centers: Mariánské Lázně and
Karlovy Vary [19–22]. These three resemble each other in
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that all gases are CO2-rich (>99 vol% CO2) with high CO2
flow and the same level of δ13C values, but different levels
of 3He/4He ratios [8, 19]. On the surface, this causes various
degassing phenomena such as more than 100 mineral springs
in Fratiškovy Lázně, Mariánské Lázně, and Karlovy Vary;
Bad Brambach, Bad Elster, and Sybillenbad and surround-
ings; and mofettes in Soos, Hartoušov, and Bublák and north
of Mariánské Lázně [17, 23]. The Cheb Basin is particularly
interesting because of its high Ra values between 3,6 and 5,9
Ra (Ra = measured air-corrected He isotope ratios were
divided by the 3He/4He of air [3He/4Heair = 1,384 × 10−6])
points to almost undisturbed degassing from the lithospheric
mantle [8, 17, 19–21]. In the Cheb Basin, the mineral
springs escape along the WSW-ENE striking faults of the
Eger Graben [23]. The mofettes themselves in Hartoušov
and Bublák and north of Mariánské Lázně strike N-S
and NW-SE [17, 23].

2. Research Area

The Bublák mofette field (BMF) is located in the Cheb
Basin between Hartoušov and Milhostov (Figure 1). It is
roughly 1000m in length and 500m wide. The Plesná river
runs through the area and forms a valley, where wet and
dry mofettes—cold emission spots of CO2—are present.
The thickness of Neogene sediments in the HMF (mud-
stones, sandstones, and lignite coals, deposited in a lacus-
trine environment) amounts to ~90m [24]. The
crystalline basement up to the final depth of the pilot hole
HJB-1 consists of altered or/and weathered Palaeozoic
mica schists.

Wet mofettes are pools of groundwater in which CO2
rises to the surface, hereby leading to the bubbling sound
the area was named after (see [17], supplementary data). Sub-
surface transport of carbon dioxide is often accompanied by
gas bubble collapses that act as noise sources and produce
seismic signals. Flores Estrella et al. [25] locate noise sources
with seismological investigations. Results suggest the pres-
ence of fluid channels to a depth of at least 30m. The gases
consist mainly of CO2 (>99%), with traces of N2, O2, Ar,
CH4, He, and H2 [26, 27]. Helium ratios were used as an indi-
cator for the origin of the gas. As 3He related to the mantle, a
high Ra (

3He/4He) value points to a mantle origin. The high
3He/4He ratios at Bublák of ~5,9 Ra strongly indicate a
subcontinental (lithospheric) mantle origin (6, 32 ± 0, 39
Ra), which is supported by δ13CCO2 from -1,9 up to
-4,2‰, higher than MORB (mid-ocean ridge basalt, [7,
19]). During an observation period between March and
May 2006, an increase in the 3He/4He ratio from 5,9 up to
6,3 Ra at Bublák was observed [26] and interpreted as a hid-
den intrusion of magmatic material from a deeper source of
the lithospheric mantle.

Dry mofettes, on which this work will focus, are
visible at the surface in a change of the vegetation that
occurs together with high degassing rates in the
proximity of small vents (<0,2m diameter) [28]. This
is expressed in crippled vegetation that is less high and
brown-colored because of chlorosis, meaning the insuffi-
cient production of chlorophyll. Different plant species in

the surrounding areas are also found in the dry mofette
areas [29, 30]. Sometimes, the dry mofettes have
vegetation-free depressions where soil CO2 concentration
and CO2 flux are too high for plants to grow [29]. Because
the ground in these areas is saturated with CO2 [28], the
organic material does not decompose as fast as in the sur-
rounding areas and accumulates, which leads to an ele-
vated ground level. No molehills exist in the CO2 mofette
areas and corpses of bugs and larger animals found around
spots of high degassing [31]. For bugs, these act as natural
pitfall traps [30].

Plants in CO2 mofette fields are grouped into three
categories: mofettophobic plants “that strictly avoid geo-
genic soil CO2 at concentrations above 2-3 %, whereas
those that grow directly above strong CO2 emanations
are mofettophilic. Plants, that occur in degassing as well
as in control areas are named mofettovague” [31, 32]. Sass-
manshausen 2010 carried out measurements in the Bublák
area in which he related the different plants to CO2 con-
centration in different depths in the ground. As seen in
[17], the mofettophilic plants consist of low, green, and
brown grasses and mofettovague plants in this area are
tall, brown grasses.

As the ascent of gases mostly depends on the existence of
paths of higher permeability, it is possible to map out these
fault zones by means of the gas flow distribution on the sur-
face [23]. In [28], the gas flux was mapped in the Hartoušov
mofette field (HMF) about a kilometer south of Bublák. They
interpreted the degassing patterns they found as a pull-
apart basin-like structure and suggested that the BMF is
located in a different pull-apart basin, because of the
difference in He-isotope trend and sediment fill ([28],
Figure 10, inset).

A pull-apart basin consists of two parallel master
strike-slip fault segments the so-called principal displace-
ment zones and the oblique-extensional basin sidewall
faults with an angle between them that is usually 30-35°.
The proportion of length to width is usually 3 : 1, and they
are shown as depressional structures [33]. According to
Yuce et al. [34], who analyzed degassing in the Amik
Basin (SE-Turkey), leakage occurs mainly at the basin
sidewall faults.

The goal of this work is to check the pull-apart hypothesis
proposed by [28] by mapping the CO2 gas flux in the BMF
and to compare it with the results from the HMF. During
the course of the measurement, strategy was adjusted to the
BMF and further developed.

3. Field Locations and Methods

3.1. Measurement Strategy and Field Locations. The measure-
ments in this work were carried out during two periods in
2017 (August-September) and 2018 (August-October). The
region (Bublák and Milhostov areas) is located about one
kilometer north of the Hartoušov area, where Kämpf et al.
[17] and Nickschick et al. [28] carried out their studies.

As shown in Nickschick et al. [28], an evenly spaced net
of measurements is not reliable for dry mofette degassing
areas like the Bublák and Milhostov areas because the
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amount of CO2 discharged by single vents can be over- or
underestimated if the sampling position is shifted only by a
few decimeters [28]. They advise to use a measurement grid
that decreases the distance between the points towards the
high degassing zones, followed by proper data analysis.
They used 20m × 20m as the biggest distance for a grid.
In a smaller area of the same region, Kämpf et al. [17]
used a measurement grid with 10m × 10m as the highest
distance, also decreasing towards the high degassing
zones.

Following the methodology of Kämpf et al. [17] and
Nickschick et al. [28] on the one side and being restricted
by the time at disposal on the other side, it was decided to
start with a measurement grid of 50m × 50m in 2017. This
large point spacing for the big grid was chosen to detect high
degassing areas and to quantify the background degassing
while leaving enough time for accurate measurements. The
areas where a high-density grid was placed were shown as
brown color in the drone images. This was only possible
because, as opposed to Hartoušov, the river valley of the

Bublák area is left in its natural state and not agriculturally
used.

While the whole Bublák area is about 415.761m2 wide,
the resulting eight smaller high degassing areas (Figure 2)
are about 6.301m2 wide, amounting to 1,5% of the whole area
(Table 1). This made it possible to focus on the high degas-
sing zones with accurate measurements.

In 2018 (August-October), the high degassing areas were
measured with a smaller spacing that was 2, 5m × 2, 5m in
the degassing center and 5m × 5m or 10m × 10m in the
periphery. Some points were impossible to be measured
as their locations were too wet or overgrown. Overall,
1.122 points were put, of which 1.115 were measured, each
point once.

3.2. Gas Flux Measurements and Meteorological Conditions.
To quantify the rate of discharge at the surface, a portable dif-
fuse flux meter made byWest Systems (Italy, closed-chamber
method) was used. The device includes both a LI-COR LI-
820 CO2 detector (Table 2) and a WS-HC CH4 detector,
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Figure 2: Overview of the Bublák and Milhostov areas. MERX: Milhostov East; MZ: Milhostov Central; MN: Milhostov North; BN: Bublák
North; BN2: Bublák North 2; BN4: Bublák North 4; BNW: Bublák North-West; TR: trees.
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although the CH4 detector was not used because the methane
concentration of the Bublákmofette amounts to 2,5 ppm only
[27] and is overshadowed by the sheer amount of emitted
carbon dioxide.

Some of the fluxes were too high to be measured with
high accuracy as the chamber filled in just a few seconds
and some values were much larger than the accuracy limit
of 600molm-2 d-1 and 26.406 gm-2 d-1, respectively.
Nickschick et al. [28] already encountered this problem. To
get a better accuracy for the data, they took multiple mea-
surements in this case, as the chamber fills too fast and can
only be estimated by repeated measurements.

Calibration of the sensor is only seldom needed and
done by an expert. As such, no calibrations must be done
during measurement of in the field. To calculate the gas
flux, air temperature and barometric pressure also must
be measured in the field. Using these, an accumulation
chamber factor K is calculated which is multiplied with
the value measured in the field in ppm s-1 to obtain the
gas flux in molm-2 d-1. The calculation for K is done with
the following formula (West [36]):

K = 86400 ∗ P

106 ∗ R ∗ Tk

∗
V
A
, ð1Þ

whereK is the accumulation chamber factor, P is the baro-
metric pressure in mbar,R is the gas constant
0,08314510 bar LK-1 mol-1,Tk is the air temperature in
Kelvin,V is the volume of the accumulation chamber in

cubic meters, and A is the area of the accumulation cham-
ber in square meters.

The device uses accumulation chambers with different
volumes (Table 3) from which the accumulating gas is
pumped to the LICOR-Detector. In the accumulation cham-
bers, the gas is mixed by a fan, so that the CO2, which is
denser than air, does not form a separate layer. During
the measurements, the accumulation chambers A (small)
and B (big) were used. While chamber A is better for mea-
suring small fluxes due to its increased sensitivity, chamber
B is more accurate at gas fluxes above 1.000 gm-2 d-1

(West [36]).
While performing a measurement, the chosen chamber

must be placed as airtight as possible on the ground to
prevent an influx of air, especially during windy days
[37]. Then, the measurement is started via the software
“Fluxmeter” on a handheld computer that is connected
to the flux meter by Bluetooth. During measurement, the
software shows a curve with time on the x-axis and ppm
of CO2 or CH4 in the gas in the accumulation chamber
on the y-axis. The user now must find the best fit to the

Table 1: Measurement parameters of the areas.

Year Area name Abbreviation Measured area (m2)
Ratio of measured

area to total area (%)
Number of measured points

50m grid

2017 50m 50m 432.358 100% 179

Detected areas with high degassing

2018

Milhostov East MERX 1.685 0,39% 349

Milhostov Central MZ 703 0,16% 132

Milhostov North MN 1.337 0,31% 159

Bublák North BN 816 0,19% 127

Bublák North 2 BN2 18 0,00% 8

Bublák North 4 BN4 145 0,03% 23

Bublák North-West BNW 612 0,14% 71

Trees TR 985 0,23% 67

Total 6.301 1,46% 936

2017 + 2018 432.358 1.115

Table 2: Technical data LICOR LI-820 (LI-COR, uncertainty and upper limit from [28] and the manufacturer’s manual).

LI-COR LI-820
Measurement range 0-20000 ppm

Accuracy 3 % of measurement Calibration drift: Zero drift <0,15 ppm/°C

Measurement principle Nondispersive infrared Span drift <0,03%/°C

Uncertainty 4% (increases with flux as the chamber is saturated faster) Upper limit
Up to 600molm-2 d-1

accurately measurable

Table 3: Specifications of the accumulation chambers (West [36]).

Chamber A Chamber B

V 2,756∗10−3 m3 V = 6,878∗10−3 m3

A 3, 14∗10−2 m2 A = 7,116∗10−2 m2
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curve presented on the handheld computer. This method
is called the closed chamber method and has been used
since 1998, when Chiodini et al. [37] tested it in a volcanic
area and found it to be a reliable and quick method.

For measurement, the ground must be dry, as water
would show the same signature as CO2 in the infrared LI-
COR sensor and falsify the measurements or damage the
sensor through condensation [37]. To minimize the risk
of this, a desiccant was placed between the accumulation
chamber and the sensor. Additionally, measurements in
dry periods are generally preferred as rain and soil humidity
may influence soil-gas concentrations [38]. This is especially
the case in an area such as this one where beneath the soil is a
layer of clays [39]. To prevent biogenic influence by plants
and to guarantee an airtight environment within the
chamber as much as possible, a hole of 30 cm depth was
dug before measurements.

As seen in Figure 3, the summer of 2018 in Central
Europe including Saxony and working area in the western
Eger Rift was exceptional in being the warmest summer and
one of the driest summers since 1881. This led to areas that
were swampy in the year before being dry and measurable
(e.g., surrounding MZ). It was also possible to measure
directly after digging the holes because the ground was dry
even in 30 cm depth. While 2017 still was relatively warm, it
was sometimes necessary to let the ground dry for a day or
two after digging the hole. This is also reflected in the ther-
mopluviogram below (Figure 3), where the summer of 2018
is the warmest and one of the driest summers on record,

while the summer of 2017 was still warm, but not nearly as
warm as 2018 and a little wetter than average.

3.3. GPS Measurements

3.3.1. Handheld GPS. The points for the 50m grid were calcu-
lated before measuring. To find the correct coordinates in the
field, a handheld Garmin GPSMAP 60CSx was used, as the
device showed the coordinates in real time. The handheld
GPS was used because even though the error of this device
and most handheld GPS is in the range of several meters, in
the densely vegetated Plesná area, it is still more accurate
and quicker than measuring the distance by hand.

3.3.2. Differential GPS. For the areas of high degassing, a
point-to-point distance of 2,5m was used because of the high
differences in gas flux and tectonic control of degassing over
small distances. As the error of the handheld GPS would have
been close to—or sometimes even higher than—the distance
between the points themselves, a differential GPS (D-GPS)
with a higher accuracy than the handheld GPS was used.

The available D-GPS was a 1200+ by Leica, which uses a
reference station that remains stationary during the measure-
ments and a rover antenna which is carried to the data points
and collects data for several minutes. As there was a con-
stantly high number of satellites receivable, a single point
only took two minutes to measure. Because the D-GPS was
only available for two weeks during the second measurement
period, measuring all the points would have taken too long.
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Figure 3: Deviation from long-standing average: summer of 2018 as an exceptional summer. Thermopluviogram of the Free State of Saxony,
Germany (July-October, 1881-2018); DWD (German Weather Service, personal comm. 17.12.2018).
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Therefore, it was decided to take a high-resolution drone
image after digging the holes for the measurements, georefer-
ence it, and then insert the points in ArcGIS (Figure 2).

3.4. Drones. During the measurements, multiple drone
images were taken. At the beginning of the measuring
period in August 2017, an image was taken, providing an
overview of the area. In October 2018, a high-resolution
drone image was taken to reduce the time needed for the
GPS measurements.

To obtain the images, DJI Phantom 4 was used. This
drone provides the possibility to take 4K images and has a
flight time of 30 minutes. The drone can either be controlled
by the user or follow a preset path and automatically take a
picture every second. The resulting pictures were stitched
together, creating an orthophoto, using the software Agisoft.

The drones have built-in GPS for orientation and geotag-
ging of the images. To get more accurate images, Ground
Control Points (GCPs) can be set, whose coordinates were
obtained by using the D-GPS and then used for georeferen-
cing. This method was used for the drone image taken in
October 2018, which shows the northern part of the area
where most dry mofettes are located.

The drone image from 2017 offers less detail but covers
the whole area (Figure 2). It is also less accurate because it

did not use GCPs for georeferencing. However, it was useful
for identifying degassing structures by their brown color
because it was taken in August as opposed to the 2018 image
that was taken in October when many of the plants around
the mofettes already started changing color.

3.5. Geostatistical Data Analysis

3.5.1. Interpolation of Missing Values. To be able to quantify
the gas flux for the whole area as accurately as possible,
the values need to be interpolated for the unmeasured
areas. This was performed using the Software ArcGIS,
which provides various geostatistical methods. After the
prediction was done, the calculated values were divided
into 1m2 sized cells to obtain the calculated values for
each square meter for further calculations.

As the results of this study should be comparable to the
results from Nickschick et al. [28], the same methods for data
analysis were applied. The used methods were arithmetic
mean, ordinary kriging, and trans-Gaussian kriging. An
exception to this is the radial basis function, which was not
used, as its direct interpolation of the measurement points
leads to a severe overestimation of degassing as in Nickschick
et al. [28]; the data of this work did not follow a normal/-
Gaussian distribution (Figure 4(a)), and the standard devia-
tion was very high.
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3.5.2. Arithmetic Mean. Gilbert [40] and Lewicki et al. [41]
said that the arithmetic mean can be used to estimate the
amount of ejected CO2 if it is normally distributed.

As discussed in [28], the arithmetic mean is not suitable
for interpretation due to its high mean and standard devia-
tion that are derived from the skewedness. It is nevertheless
the simplest method to calculate an average and overall
degassing and might be sensible to use in case no computer
with ArcGIS is available and if the person is aware of the
errors done by this method.

3.5.3. Ordinary Kriging. Kriging estimates values for loca-
tions without measured points. It takes the spatial distribu-
tion of the measurement points into consideration but
overestimates minima and underestimates maxima [28],
(Figure 4(b)). Therefore, the standard deviation will be
lower than by using the arithmetic mean, but it will still
overrate the actual amount of degassing. The formula for
kriging is as follows:

Ẑ s0ð Þ = 〠
N

i=1
λiZ sið Þ, ð2Þ

where ZðsiÞ is the measured value at the i-th position, λi is
the unknown weighting for the measured value at the i-th
position, s0 is the predicted position, and N is the number
of measured values [42].

3.5.4. Trans-Gaussian Kriging. For non-Gaussian distribu-
tions of the measured values, all standard geostatistical
methods will provide an incorrect estimation. Normally, a
simple transformation such as a data transformation into a
logarithmic scale suffices, but here, the data is heavily
skewed even after doing so. For trans-Gaussian kriging,
the dataset is transformed by using a power transforma-
tion such as the box-cox transformation to make the data
as normally distributed as possible (Figure 4(c)) and then
interpolated by kriging. Afterwards, the data is trans-
formed back by ArcGIS and can be used for further calcu-
lations. The formula for the Box-cox transformation for
values of λ that are not equal to zero is as follows:

Xλ = Xλ − 1
λ

, ð3Þ

where X is the measured value and λ is the power param-
eter [43].

The value for λ that would best transform the dataset is
-0,093. As ArcGIS only allows values for lambda larger or
equal to -0,1, this value was used instead. Please note that also
other ways of data transformation exist (such as the normal
score transformation in ArcGIS).

4. Results

4.1. Overview of Soil CO2 Survey. The entire investigated area
has a size of 432.358m2 (0,43 km2) in which 1.115 points
have been measured (Figure 5). The highest observed gas flux
is 177.926,17 gm-2 d-1 close to the center of the MZ area. The

lowest measured value is 0,28 gm-2 d-1 and is in the western
edge of the 50m grid. Overall, higher gas fluxes are observed
in the floodplain of the Plesná.

The overall degassing varies by several orders of magni-
tude by using different methods for calculation and visualizes
how improper data analysis leads to severely incorrect esti-
mations. 1.638 t d-1 calculated by using the arithmetic mean
as an overall value for the degassing is likely to be a huge
overestimation due to the influence of the high skewedness.
The true overall degassing per day for the area is likely to
be between 30 t d-1 and 154 t d-1, calculated by trans-
Gaussian kriging and kriging, respectively (Table 4).

As the CO2 is emitted from small vents, high degassing
values occur in their proximity [44] which leads to few mea-
sured values contributing to most of the measured CO2. In
this case, 90% of the total CO2 are discharged by the top 66
highest values which make out 5,9% of all data and 99% by
the top 155 (13,9%) values. This again illustrates the high
skewedness of the data and the influence of the small degas-
sing channels on the overall degassing.

To estimate the amount of degassing from an external
source—in this case from the mantle—the gas fluxes can be
divided into three different categories (as seen in [45]). Pop-
ulation A represents the biogenic background degassing with
25 gm-2 d-1, a value that has been suggested by Kämpf et al.
[17] based on carbon isotope measurements of soil gas. This
value is close to the 27 gm-2 d-1 that were calculated as an
average for the 50m raster and thus a sensible estimation
for the background degassing by plants and soil in this area.
Population B represents a zone of mixture between biogenic
and endogenic degassing with an upper limit of 100 gm-2 d-1.
Every value above this belongs to population C and indicates
endogenous degassing (Table 5).

It can be stated that 56% of all measured data belong to
population C, endogenous. For the surveyed areas, MERX
has the highest percentage (77%) for this population. For
every area except for 50m, population C has an average
degassing two orders of magnitude higher than populations
A and B (Table 5). For population C, area BN24 has the high-
est average with 10.678 gm-2 d-1, making up 62% of the total
measured values in this area. The lowest average of popula-
tion C has 50mwith 336 gm-2 d-1 (3% of all measured values).

4.2. Surveyed Areas. Figures 6 and 7 show the measurement
points for the surveyed areas color-coded by their CO2 soil
gas flux. White dots represent population A, and yellow rep-
resents population B. Population C has been split into values
above 500 gm-2 d-1 which are shown in red and values
between 100 and 500 gm-2 d-1 in green to make the central
areas of the mofettes visible.

4.2.1. 50m. Only 3% of the values in the 50m area belong to
population C as opposed to the average 56% (Table 5). The
highest measured flux is 488,18 gm-2 d-1 in the forest on
the eastern side of the Plesná and the smallest 0,28 gm-2 d-1

near the southwestern corner of the grid, which is also the
smallest measured value overall.

Figure 5 shows that most degassing, higher than back-
ground degassing, is in the Plesná valley and not in the
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agriculturally used fields in the east of the area. An excep-
tion to this is the meadow to the west of the valley where
there is constantly slightly higher degassing than the back-
ground value. The forest where most of the wet mofettes
are located has predominantly low degassing values, except
for its north, where the highest degassing value of the
50m raster was recorded.

4.2.2. Milhostov East (MERX). The Milhostov East area
(Figure 6(a)) is the largest area with the most measure-

ment points (Table 6). Most of the area is elongated in a
N-S direction and would be oval shaped if not for the
degassing close to the field. It consists of multiple anoma-
lies that are distinguishable from each other in Figure 5,
but less in Figure 6(a), as most of the area has endogenous
degassing. The areas with brown vegetation show an over-
lap with areas of endogenous degassing. For example,
degassing decreases towards the solitary bush in the upper
middle of the degassing area.

MERX is the area with the second-highest maximum
degassing (125.773,33 gm-2 d-1). The lowest degassing
value is 8,43 gm-2 d-1. 77% of the measured values belong
to population C.

4.2.3. Milhostov Central (MZ). The Milhostov Central area
(Figure 6(b)) consists of a singular, round anomaly that is
very well visible in the 2017 drone image and Figure 6. The
zone of endogenous degassing is bigger than the zone of brown
vegetation, but otherwise very similar in shape and location.

Table 4: Averages and totals for the whole area through different
methods.

Method Average (gm-2 d-1) Overall (t d-1)

Arithmetic mean 3.996 1.638

Kriging 370 154

Trans-Gaussian kriging 73 30
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Figure 5: Quantified CO2 soil gas flux for 1m
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In its center, there are multiple vegetation-free depres-
sions. In one of them, the highest degassing value in all the
areas (177.926,17 gm-2 d-1) was found. The lowest degassing
value is 6,85 gm-2 d-1. 55% of the measured values belong to
population C.

4.2.4. Milhostov North (MN). The Milhostov North area
(Figure 6(c)) is the northernmost of the measured areas. Like
MERX, it is elongated in a roughly N-S direction. It has a
large degassing anomaly in the south and a smaller one in
the north. The areas with brown vegetation overlap very well
with the areas of endogenous degassing.

66% of the measured values belong to population C. The
highest degassing value is 79.591,73 gm-2 d-1, one of the
moderate values for maximum degassing. The lowest value
in this area is 2,29 gm-2 d-1 (Table 6).

4.2.5. Bublák North (BN24). As both BN2 and BN4 are small
degassing structures, they have been combined with BN for
analytic purposes to form BN24 (Figure 7(a)). BN, the largest
of these areas, has wet mofettes that have been measured
before in addition to the dry degassing area that surrounds
these. One of these wet mofettes has been artificially made
by drilling. It might be either a large, circular anomaly or
multiple clustered small anomalies as there are some points
of midhigh degassing among points of very high degassing.
To the south of the area, there is an offshoot of high degassing
that is obvious in the drone image due to its brown color.

The Bublák North 2 area is the smallest measured degas-
sing area, with an extent of only 18m2. It is located about
40m to the east of BN in an area that is otherwise covered
with water due to a spring close to the road. This degassing
area is elevated and therefore dry and measurable. Nine

Table 5: Estimated parameters and partitioned populations of the measured data in the surveyed areas.

Name Population Proportion (%) Average gas flux (gm-2 d-1)
90% confidence (gm-2 d-1)

Overall (t d-1)
+ −

50m

A (background) 72 11,3 12,1 10,4 0,001

B (background) 25 38,3 41,1 35,5 0,002

C (endogenous) 3 336,1 435,2 237,1 0,002

Total 100 27,3 34,6 20 0,005

MERX

A (background) 5 17,8 19,7 15,9 0,0003

B (background) 18 63,5 68,7 58,4 0,004

C (endogenous) 77 6.779,6 8.830,4 4.728,8 1,83

Total 100 4.911,0 6.413,9 3.408,1 1,83

MZ

A (background) 20 16,8 18,6 15,1 0,0004

B (background) 26 46,8 51,5 42,1 0,002

C (endogenous) 55 8.791,3 13.759,8 3.822,7 0,8

Total 100 6.092,3 9.592,3 2.592,4 0,8

MN

A (background) 15 9,8 11,7 7,8 0,0002

B (background) 19 52,1 57,9 46,2 0,002

C (endogenous) 66 4.643,2 6.299,5 2.986,8 0,56

Total 100 3.549,3 4.923,5 2.175,0 0,56

BN24

A (background) 25 10,1 11,4 8,8 0,0004

B (background) 13 53,7 62,7 44,7 0,001

C (endogenous) 62 10.677,5 13.630,8 7.724,3 1,05

Total 100 6.632,1 8.584,8 4.679,4 1,05

BNW

A (background) 46 6,5 7,7 5,4 0,0002

B (background) 19 57,3 66,4 48,2 0,001

C (endogenous) 36 3.082,0 6.021,0 143,1 0,08

Total 100 1.114,4 2.202,9 25,8 0,08

TR

A (background) 15 12,4 15,3 9,4 0,0001

B (background) 12 57,2 69,9 44,6 0,0005

C (endogenous) 73 2.222,7 3.962,3 483,1 0,11

Total 100 1.634,3 2.921,4 347,1 0,11

Total

A (background) 25 11,4 12,1 10,8 0,003

B (background) 19 52,8 55,3 50,3 0,01

C (endogenous) 56 7.098,0 8.401,7 5.794,3 4,43

Total 100 3.996,0 4.747,7 3.244,2 4,44
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points were placed in a cross shape with a spacing of 1m in
the elevated, circular area of which one could not be mea-
sured as water started collecting in the hole.

Bublák North 4 by itself is the least prominent anomaly,
the maximum of degassing being an order of magnitude
lower than the next largest anomaly (Table 6). Nevertheless,
it is still visible in the drone images (Figure 7(a)) as an area
of brown-colored vegetation exists that is a bit north of the
spots with the highest degassing.

62% of the analyzed data for all 3 areas of Bublák North
belong to population C. The highest measured value is
60.255,82 gm-2 d-1 and the lowest 2,89 gm-2 d-1. In the drone
image, due to its size and coloring, BN is easily spotted. BN2
also has an obvious coloring, and BN4 is less visible.

4.2.6. Bublák North-West (BNW). The BNW dry degassing
area (Figure 7(b)) was named after the wet mofette Bublák
North-West, which is located in the east of that area [17].
Degassing is the highest towards the Plesná and the wet mof-
ette and low in between. The change of color in the vegeta-
tion is less obvious in this area compared to other ones,
even when looking at the 2017 drone image that is usually
better at showing these structures. Figure 7(b) reveals BNW
as two separate anomalies of endogenous degassing with a
small zone of background degassing in between.

Maximum degassing in this area is 46.386,81 gm-2 d-1

in the anomaly close to the Plesná, with a minimum of
1,35 gm-2 d-1, thus being the area with the lowest maximum.

36% of the measured values belong to population C, the
smallest share in any of the high degassing areas.

4.2.7. Trees (TR). The trees’ area (Figure 7(c)) sits close to a
forested area. Due to the shadow in the drone image, the dif-
ferent coloring of the vegetation is hard to see but exists. The
2017 drone image shows areas of brown grass further south
of the measured area, which was not possible to see in the
field in 2018. The amount of endogenous degassing generally
increases with distance to the forested zones. Any further
observations on the shape of the degassing zones are hard
to make, as not enough points have been placed and mea-
sured towards the east.

The highest degassing occurs in the northeast of the
area where there are several vegetation-free spots
(49.889,41 gm-2 d-1) and is lowest in the forested area with
4,06 gm-2 d-1. 73% of the measured points belong to pop-
ulation C.

5. Discussion

5.1. Measurement Strategy and Field Locations under
Consideration of Mofette Vegetation. The zonation of vegeta-
tion in mofette areas can be used as a very important indica-
tion to subdivide the areas. According to Figure 8, the
mofettophobic zone is located where CO2 gas flux amounts
to <25 gm-2 d-1; the mofettovague zone is defined by CO2
gas fluxes between 25 and 500 gm-2 d-1. Mofettophilic plants
grow at CO2 gas fluxes > 500 gm−2 d−1.

55
58

25
0

55
58

22
5

55
58

20
0

55
58

25
0

55
58

22
5

55
58

20
0

55
58

25
0

55
58

22
5

55
58

20
0

55
58

25
0

55
58

22
5

55
58

20
0

317825 317850 317875 317825 317850 317875

317825 317850 317875317825 317850 317875

Measurement points
Flux (g m−2 d−1)

25-100
< 25 > 500

100-500
Plesná
Wet_Mofette

(c)

Figure 6: Soil CO2 gas flux for (a) MERX, (b) MZ, and (c) MN. Left: October 2018 drone image with partitioned populations. Right: August
2017 drone image.
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Sassmannshausen [30] mapped BN24 and MERX botan-
ically and specified mofettophobic, mofettovague, and mofet-
tophilic plant communities and demonstrated a correlation
between them and the CO2 soil gas concentration in different
depths. This work proves, as first in the area, the relationship
between vegetation and CO2 gas flux. This is not surprising,
as gas concentration and gas flux are mostly related [17, 28]
but make mapping of CO2 gas flux easier because the point
spacing can be adjusted according to plant zonality to the
presumed gas flux. Areas with mofettophilic vegetation
should, for high accuracy, be measured with a point spacing
of 2,5m. In mofettovague areas, this can be stretched to a dis-
tance of 5m. Mofettophobically marked areas around a mof-
ette can have a spacing of 10m. Placing at least one row of
points around a mofette in the mofettophobic zone would
ensure better kriging results.

This relationship is not as clear for BNW, the area with
the lowest average degassing and percentage of values in
population C except for the 50m grid. Neither the 2017
nor the 2018 drone image provides clear information about
the location of high degassing. Mapping of gas flux solely
based on the vegetation will be difficult in such a case
and will certainly lead to oversight of some dry mofettes.
Other problems for this approach are agriculturally used
areas, as there is no chance for the characteristic vegetation
to grow. Botanic zonation could be used for defining a
measurement strategy for CO2 gas flux measurements in
the highest degassing areas of the agriculturally not used
Plesná valley.

5.1.1. GPS Measurements and Drones. The drone images
were a great help during the measurements, especially for
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Figure 7: Soil CO2 gas flux for (a) BN24, (b) BNW, and (c) TR. Left: October 2018 drone image with partitioned populations. Right: August
2017 drone image.

Table 6: Main parameters of the surveyed areas.

Area
Extension Average flux Median Min. flux Max. flux

Number of points
m2 gm-2 d-1 gm-2 d-1 gm-2 d-1 gm-2 d-1

50m 432.358 27 14 0,28 488,18 179

MERX 1.685 5.257 326 8,43 125.773,33 349

MZ 703 6.092 128 6,85 177.926,17 132

MN 1.337 3.549 261 2,29 79.591,73 159

BN24 979 6.632 209 2,89 60.255,82 158

BNW 612 1.083 34 1,35 46.386,81 71

TR 985 1.634 334 4,06 49.889,41 67
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locating the high degassing areas. They allow for a better
overview than in the field and are good for verifying the high
degassing areas. It is sensible to take the images in spring or
early summer as the contrast between the types of vegetation
is high (Figures 6 and 7).

The combination of GPS measurements and drone
images has been proven to be efficient, accurate, and useful.
Measuring every single point would have taken at least 37
hours of pure measurement time. Putting the points with
ArcGIS still took around 12 hours but freed up valuable time
in the field. This method however requires thorough work in
the field as one needs to be sure where each point is. Points
covered by foliage need to have their coordinates taken with
the GPS. Ideally, points should be left untouched between
digging the hole and taking drone pictures so that they do
not get buried.

5.1.2. Measurement Grid and Data Analysis. Having a
point spacing of 50m × 50m for the overview grid had
advantages, but also disadvantages. A grid of this size

made it possible to measure the high degassing areas very
accurately, which was necessary for the study. However,
problems that were encountered during data analysis
would not have been as bad, if a 20m × 20m grid would
have been used. Finding the correct parameters for trans-
Gaussian kriging proved to be difficult due to the poor
point distribution (few high distances, many small
distances).

This leads to the trans-Gaussian kriging predicting high
degassing values for areas that probably do not actually have
these as there is no change in vegetation. This problem occurs
especially in areas where high degassing values (population
C) are on the outer edge of the grid. This is especially striking
around BN2 area (Figure 5), where all the measured points
have degassing values above 100 gm-2 d-1 which leads to a
calculated area of high degassing that is much larger than
what would be assumed from observations in the field. On
the other hand, this partially outweighs the oversight of
potential moderate degassing spots that are not visible on
the orthophoto or by vegetation changes.
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CO2 gas flux and location and direction of (a) and (b).
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For further measurements, the overview raster should be
kept to a point distance of 20m × 20m and areas of high-
density measurements should be around 10m larger than
the mofettovague zone to avoid problems with data analysis.
Alternatively, a small spacing could be kept for the entire
BMF zone, which however would not be economical due to
the harsh and sturdy vegetation.

5.2. CO2 Degassing at the Počátky Plesná Fault Zone:
Comparison of Bublák and Hartoušov Mofette Fields. In
Figure 9, the results from the gas flux measurements of
Nickschick et al. [28] which include the results from Kämpf
et al. [17] and this study are shown. Overall, 4.647 measure-
ments were carried out in an area of 780.000m2 between
2009 and 2018 (April–October). The overall degassing for
the HMF is likely somewhere between 23 t d-1 and 97 t d-1

and for the BMF between 30 t d-1 and 154 t d-1 with a
respective average of 65,2 gm-2 d-1 and 73 gm-2 d-1 for
trans-Gaussian kriging. We favor the values of 30 t d-1

and 23 t d-1, as they are the results of the geostatistically
most solid estimation. There are N-S, NNW-SSE, and

NW-SE striking degassing elements present in both.
Therefore, the two mofette fields are comparable in their
CO2 gas flux and tectonics.

From the original interpretation of the fault appearance,
some modifications had to be transferred to the location of
the PPFZ. Its western part should be moved to the east, to
where the N-S striking degassing is located. No changes are
necessary for the eastern part.

The distribution of the degassing areas leads to the fol-
lowing two possible interpretations keeping in mind the
pull-apart aspect:

(1) There exist two pull-apart basin-like degassing struc-
tures as hypothesized in Nickschick et al. [28]. In this
case, the wet mofettes in the BMF form the southern
basin sidewall fault as the areas with the highest
degassing occur north of them. The dry mofettes
would form one of the principal displacement zones.
This would mean that, to confirm this theory, survey-
ing for dry degassing areas north of the measured
area would be needed.
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(2) Contrary to information from Nickschick et al. [28],
only one pull-apart basin-like degassing structure
exists. TheHMF and BMFwould be part of the north-
ern or southern basin sidewall of a pull-apart basin.

The second theory seems to fit the observations better,
as the length to width ratio of such a basin could be
around 3 : 1 with an acute angle of around 30°, as most
of the earths pull-apart structures do. In Nickschick et al.
[28] and the first theory, this is not kept in mind as the
suggested pull-apart basins are not long enough. However,
both theories have the problem that, except for the river
valley, there is no explicitly depressive topography and
the sediment thickness is less in the center of the sug-
gested pull-apart basin than in the margin ([28],
Figure 9). This is contrary to what would be expected
[34]. Yuce at al. [34] also located the zones of the highest
degassing rates at the basin sidewalls. The Bublák dry
degassing areas do not follow this direction, but rather
the direction of what would be a principal displacement
zone, which is also the case for some of the data from
Nickschick et al. [28].

A more plausible theory might be that there exists a pat-
tern of en-echelon faults that show the earliest stages of fault-
ing [46] with the active fault segments oriented in N-S
(Figure 9). This is in accordance with tectonic interpretation
of the PPFZ shear zone fault segments [15, 47], seismological
results according to Vavryčuk [16], and reflection seismic
evidence of tectonic activity of the PPFZ by Halpaap et al.
[48]. Bankwitz et al. [15] pointed out that the surface of the
PPFZ corresponds to an about 1 km wide sinistral shear zone
consisting of short NNE and NNW striking segments in km
scale. The zigzag course of the Plesna river is related to these
segments, interpreted as sinistral P- (=NNE) and sinistral
Riedel shears (=NNW) inside of the PPFZ. Peterek et al.
[47] detected displacement (significant uplift of the eastern
flanks of the PPFZ) of age-different river terraces of the Ohře
(Eger) river valley at the area where the valley is crossing the
PPFZ as evidence of the tectonic activity of the PPFZ from
Mid Pleistocene up to Holocene. Inside the PPFZ, Halpaap
et al. [48] detected the complete absence of faulting in the
sediment strata; meanwhile, the crystalline basement is
strongly faulted. We interpreted the degassing structures
at the BMF and HMF according to our own results and
literature data as pattern of en-echelon faults that show
reactivation of preexisting faults at the earliest stages of
faulting (Figure 9).

6. Conclusions and Outlook

This study presents the results of CO2 gas flux measurements
of a cold mantle-derived CO2 release in the western Eger Rift,
geodynamically most active area of the European Cenozoic
Rift System [8].

The CO2 gas flux measurements yielded various results:

(i) The experiments carried out here continue gas flux
measurements of the Hartoušov mofette field [17,
28], located 1 km south of the working area. As a

new technique, drone-based orthophotos were used
in combination with knowledge of plant zonation
in CO2 mofette fields. For cases where only rough
knowledge of the gas flux is necessary, mapping the
vegetation can suffice. This, however, is only reliable
for areas with high degassing averages that are not
agriculturally used.

(ii) Mofette vegetation can be used as a guide for a rea-
sonable grid spacing, ranging from 2,5m in mofetto-
philic areas to 10m in mofettophobic areas around a
dry mofette. For data analysis, a point spacing of
50m was proved to be problematic. Better results
can be achieved by smaller grids, for example, 20m
point spacing as in Nickschick et al. [28].

(iii) The average, by trans-Gaussian kriging-calculated
degassing for the BMF, is 30 t d-1 for an area of
0,43 km2. For the HMF, it is 23 t d-1 for an area of
0,35 km2. The average degassing values are in the
same magnitude of order and show that the two
areas are comparable.

(iv) The hypothesis of pull-apart basins from Nickschick
et al. [28] was tested. During the interpretation of the
data and using new results from Kämpf et al. [17]
and Nickschick et al. [28], it was found that the
degassing in the BMF is not in accordance with this
interpretation, based on the direction of degassing as
well as topography and sediment fill of the suggested
basins. Emanate from our own results and literature
data, a new model was proposed in which en-
echelon faults show beginning faulting while reacti-
vating preexisting faults. The en-echelon faults
inside of the PPFZ act as fluid channels to depth
(CO2 conduits).
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A 3 km deep research borehole KFD1 was drilled in the Koyna reservoir-triggered seismicity region, Western India, between
December 2016 and May 2017. The 1967 M 6.3 Koyna earthquake had generated a NNE-SSW trending surface fissure zone in
the Nanel-Donichawadi-Kadoli sector. KFD1 is located ~5 km south of Kadoli along the trend of the Donichawadi fault zone.
Online gas monitoring was carried out during drilling of KFD1 from 1315m to 2831m depth to sample and study the
composition of crustal gases. Formation gases CO2, CH4, H2, and He were only observed during water flushing of ~100m
intervals following coring runs. Laboratory analyses of gas samples collected between 1737m and 2831m depth revealed
concentrations of up to 1200 ppmv CO2, 186 ppmv CH4, 139 ppmv H2, and 12.8 ppmv He. Zones enriched in gases are mostly
below the 2100m depth with significant He enhancement ranging from 4.6 to 7.6 ppmv above the atmospheric value. The He-
rich zones correlate well with the zones of anomalous physical and mechanical properties identified from geophysical logs and
are characterized by high fracture density as revealed from borehole images, indicating that the borehole punctured multiple
fracture zones. The helium concentrations are consistent with those previously observed over the surface fissures near Kadoli,
suggesting a southward extension of the Donichawadi fault zone up to the KFD1 site and confirming that the fault zone is
permeable even after 50 years of the 1967 Koyna earthquake. 3He/4He ratios of eleven gas samples fall between 0 426 ± 0 022
and 0 912 ± 0 059 Ra, with 4He/20Ne values between 0 3449 ± 0 0091 and 0 751 ± 0 020. Air-corrected helium isotope ratios
indicate that helium is a mixture of atmospheric and crustal radiogenic components but no mantle contribution within 2σ
analytical uncertainties.

1. Introduction

It is known that fluids are responsible for various processes
occurring at seismogenic depths of active fault zones [1],
but if and how fluid overpressure is linked with these pro-
cesses, the origin and magnitude of fluid overpressure, and
the role of fluid pressures in controlling the strength of fault
zones are still under debate [2–4]. Fluid migration and fluid-
rock interaction play a role in metamorphic reactions, melt-
ing and crystallization processes, mass and heat transport,
and the deep biosphere and rheological behaviour of rocks
in the Earth’s crust.

Deep drilling provides an opportunity to examine pris-
tine fluids from the subsurface. In many cases of deep dril-
ling, drilling mud is circulated to stabilize the borehole, to
cool the drill bit, and to drag out the rock chips (cuttings)
from the borehole. Formation fluids and gases return to the
surface with the drilling mud, where they can be monitored
and sampled. Mud gas logging is a common technique in
the oil and gas industry to evaluate hydrocarbon reservoir
rocks and for safety reasons. In the past few decades, online
mud gas monitoring and sampling has been carried out in
association with several scientific deep drilling programmes
in crystalline rocks to obtain information on crustal gases
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[5–7]. Hydrocarbons, He, Rn, CO2, H2S, and H2 are usually
enriched in subsurface formation fluids relative to the atmo-
sphere, which therefore make these gases suitable for detec-
tion of fluid-bearing horizons including shear zones, open
fractures, and other zones with enhanced permeability. Also,
a number of studies aimed at detecting geochemical precur-
sors of earthquakes have been carried out as there are strong
evidences of preferential degassing at active fault zones [8, 9].
Temporal changes in Rn, He, CO2, N2, and CH4 have been
recognized as potential tracers of fault systems [10–17].
However, interpretation in terms of the source of the leaking
gas is not straightforward as thermal, radiogenic, and geody-
namic processes may be involved in degassing at active faults
resulting in a complex pattern of degassing from the crust
both in space and time [18].

The continuous fluid analysis during drilling of the KTB
(German Continental Deep Drilling Program) boreholes
led to determining the composition of gases dissolved in
drilling fluid and identifying several fluid flow zones with
enhanced gas concentrations above the atmospheric abun-
dances [7, 19]. Subsequently, online monitoring of fluids
and gases from circulating drilling mud has been successfully
conducted in several scientific drilling projects in crystalline
and sedimentary strata with a focus on fault zones, e.g., the
San Andreas Fault Observatory at Depth (SAFOD) [7, 20–
22], the Wenchuan Fault Zone drilling project [23], and the
Nankai Trough Seismogenic Zone Experiment (NanTro-
SEIZE) [24–26]. Online gas monitoring during drilling
through fault zones provides information on the origin and
spatial distribution of formation gases at seismogenic depths,
gas migration, and the fault zone permeability architecture.

The Koyna region, situated in western India, is a well-
known site of reservoir-triggered seismicity (RTS), where
triggered earthquakes have been occurring in a restricted area
of 30 × 20 km2 since the impoundment of the Koyna reser-
voir in 1962 [27–34]. There were no earthquakes reported
in the Koyna region prior to impoundment of the reservoir
within 50 km of the Koyna dam, but the seismic activity
started in the months following the impoundment and
increased gradually during the next few years culminating
in the M~6.3 Koyna earthquake of December 10, 1967 [29,
35]. The RTS was further enhanced by impoundment of the
nearby located Warna reservoir in 1985 [36]. Besides the
largest triggered earthquake ofM~6.3, the region has experi-
enced 22 earthquakes of M ≥ 5, about 200 earthquakes of
M > 4, and several thousand smaller earthquakes in the past
55 years. The region continues to be active with recurrent,
low magnitude earthquakes. A strong correlation between
earthquake occurrences and the annual loading and unload-
ing cycles of the Koyna and Warna reservoirs has been
established from observations during the past few decades
[29, 34, 37]. However, a model to comprehend the genesis
of reservoir-triggered earthquakes has remained elusive
likely due to lack of direct observations from the near-field
of earthquakes. A major research programme involving sci-
entific deep drilling investigations in the Koyna seismogenic
zone was taken up in the year 2012 to improve our under-
standing of the mechanism of triggered earthquakes in the
region through near-field observations. As part of this

research initiative, a 3 km deep pilot borehole KFD1 was
drilled between December 2016 and May 2017 at Gothane
(17o17′57″N, 73o44′19″E), ~10 km SE of Koyna dam
(Figure 1). The ground elevation with respect to the mean
sea level is 930m. The pilot hole drilling provided valuable
base information for the proposed main borehole to deploy
a deep fault zone observatory at ~5 km depth [38, 39].

The pilot hole site is located in close proximity of the
Donichawadi fissure zone, the surface manifestation of the
1967 M 6.3 Koyna earthquake (Figure 1(a)). Although
ground fissures and cracks were identified at many localities
in the region, a regular pattern and continuity of the fissures
was evident over a length of 4 km in the Nanel-Donichawadi-
Kadoli sector [40]. A soil-helium survey conducted during
1996-1997 across the fissure zone, 5 km north of the KFD1
drill site, showed helium anomalies up to 7 ppm above atmo-
spheric abundance of 5.24 ppm even 30 years after the 1967
earthquake, signifying the activity of the Donichawadi fissure
zone through which formation gases are escaping [41]
(Figure 1(b)). Along the same alignment of the Donichawadi
fissure zone, small cracks were seen in Randiv village, 12 km
south-west of Kadoli [40]. Sathe et al. [42] suggested that this
fissure zone extends from Baje to Randiv via Donichawadi
and Kadoli, which was later supported by Talwani [31]
(Figure 1(a)). However, the continuity of the fissures from
Donichawadi to Randiv did not gain support from the
detailed examination of hill slopes between these two loca-
tions [40]. Therefore, it is not clear whether the Donichawadi
fault extends further to the south of Kadoli. On the other
hand, the trend of the fissure zone is consistent with the seis-
mic activity in the Koyna region during the past few decades
[34]. As the Koyna pilot hole site is located close to the Doni-
chawadi fissure zone, we consider that investigations in
KFD1would shed new light on the presence of the active fault
zone in the area and the southward extension of the Donicha-
wadi fissure zone.

In the present study, we have carried out online gas mon-
itoring during KFD1 mud drilling and, for the first time,
also during air hammer drilling. Eleven gas samples were
collected during water flushing after core runs for off-site
noble gas isotope studies. The data from online gas analysis
(OLGA) and helium isotope data from off-line gas samples
are discussed in the context of abundance and composition
of gases present in the pilot borehole KFD1, detection of
potential fluid-bearing horizons and shear/fracture zones,
and confirmation of possible southward extension of the still
active Donichawadi fissure zone.

2. Methods

2.1. KFD1 Drilling Operations. Drilling of the Koyna pilot
hole KFD1 was mainly done using the air hammer technique
except at a few depths where fluid loss or water ingress zones
were encountered and at depths where coring was done, in
which mud rotary drilling was performed. KFD1 was drilled
in three phases. During phase I (December 20, 2016, to Jan-
uary 8, 2017), the borehole was drilled from the surface to
502m followed by casing and cementation. During phase II
(January 11 to March 12, 2017), the borehole penetrated
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the basalt-granite intersection at 1251m and reached a depth
of 1503m, where geophysical logging from 500m to 1500m
was conducted in the open hole before the borehole was
cased and cemented. Finally, during phase III (March 17 to
June 11, 2017), the borehole reached the final depth of
3014m. Cores were obtained using a 9m long core barrel
at intermittent depths starting from 1679m to 2912m dur-
ing eight coring runs. The borehole passed through the base
of the Deccan basalt column at 1251m and continued
1763m in the underlying granitic basement. All depths are
referenced to the kelly bushing, which was located at 3.5m
elevation with respect to ground level. The basement rocks,
comprised mainly of cratonic (tonalite-trondhjemite-grano-
diorite) gneisses of peninsular India, occur as interlayering
of granite, granite gneiss, and varying proportions of mig-
matitic gneiss [43].

2.2. Experimental Setup for Online Gas Monitoring at KFD1.
The online mud gas monitoring was set up at the KFD1
drill site to determine and analyse the gases which are
extracted from the drilling fluid. Gases were routinely mon-
itored in one-minute intervals during all drilling phases (air
hammer drilling, core drilling) and during water flushing
from the borehole. However, only gas extraction and analysis
during water flushing showed the presence of formation
gases (i.e., nonatmospheric). Generally, gas from drilling
mud comprises air and other components that are mechani-
cally released either as the drill bit crushes the rock or when
the drilling intersects permeable strata. The separation of
gas from the drilling mud is done mechanically using a
custom-built mud gas separator installed in the so-called
“possum belly” at the head of the shale shaker screens. The
mud gas is extracted from the returning mud and continu-
ously pumped through a plastic tube to the on-site labora-
tory, where the gas composition is determined. Mud gas
always contains a portion of air as the mud tanks and pumps
are open to the atmosphere. The formation gases identified in
drilling mud derive either from the pore space of the crushed
rock or from fluids entering the borehole though open frac-
tures/fault zones. The technique is operationally simple and
comparatively inexpensive as it can be easily deployed on
drill rigs and requires no additional rig time. However, the
technique only works if drill mud circulation is established.
The technical details for online mud gas monitoring are dis-
cussed in Erzinger et al. [7]. For air hammer drilling, pressur-
ized air is applied in order to run the air hammer and to lift
the cuttings to the surface. As the volume of atmospheric
gases pumped down the hole is extremely high compared to
the concentration of formation gases in crystalline rock,
any formation gas that enters the borehole will be highly
diluted. The cuttings are separated from the returning gas
in a Mathena™ shale gas separator and a portion of the
returning gas is introduced to the nearby OLGA laboratory
through a plastic tube (Figure 2). The gas flow is adjusted
with a flow meter and a membrane pump to build up vac-
uum, and a water trap condenses the water. On site, the dry
gas is analysed with a quadrupole mass spectrometer (QMS,
Pfeiffer OmniStar™ GSD 300 with mass range 0-100 amu)
to determine relative gas concentrations. The gas is finally

pumped through glass tubes for sampling gases for off-site
isotope studies. With the present experimental setup at the
KFD1 drill site, the gases N2, O2, Ar, CO2, CH4, He, and H2
are determined at 1-minute sampling intervals with a detec-
tion limit of 1 ppmv (parts per million by volume). Prior
to gas monitoring at Koyna, the mass spectrometer has
been calibrated for the mass scale (to measure at the peak
maximum) and for quantification of gas concentrations.
For determination of gas concentrations, the measured ion
currents are inputted to a solution matrix and the individ-
ual concentrations of the components in the gas to be ana-
lysed are determined via calibration factors. The calculated
concentrations are automatically normalized to 100 vol.-%.
Due to the normalization, the concentration determination is
within a certain range independent of the inlet pressure of
the gas. Nevertheless, the calibration measurements are per-
formed at the same conditions, including gas inlet pressure,
as for the gas monitoring experiment (atmospheric pressure).

The calibration factors used for concentration determi-
nation are calculated from the analysis of air and a certi-
fied gas mixture, composed of N2 (64.2 vol.-%), CH4
(30.3 vol.-%), CO2 (5.12 vol.-%), ethane (1985 ppmv), pro-
pane (500 ppmv), Ar (499 ppmv), He (473 ppmv), and H2S
(454 ppmv). Since all calibration factors are given as relative
values, a fixed calibration factor (internal standard) is defined
with the value 1. In the present study, 40Ar (m/e = 40) is used
as the internal standard, where all other calibration factors
relate to this value. Apart from determination of the calibra-
tion factors, the measurement of calibration gas is also used
to determine the standard deviations of the measured values.
For that purpose, ion currents are averaged over 11 measure-
ment cycles, and the following relative 2σ standard deviation
values are obtained for different gas concentration ranges:
100-0.1 vol.-%: ±1%, 1000-100 ppmv: ±2%, 100-10 ppmv:
±5%, <10ppmv: ±10%.

During online measurements, a record of relative gas
concentrations versus time is obtained. The data is later con-
verted into gas concentrations versus depth using lag depth
versus time data provided by a commercial mud logging
company. The lag depth corresponds to the drill bit depth,
corrected for the depth drilled during the time interval that
the gas needs to reach the surface. During coring operations,
the drilling mud is replaced by water after each coring run
in order to prepare for air hammer drilling, as the lifting
capacity of air hammer drilling is not sufficient to directly
blow out the drilling mud of a mud-filled borehole. In the
next step, the water in the borehole is progressively flushed
out from top to bottom of the borehole in ~100m intervals
(Figure 3). Significant amounts of formation gases were
detected when the water column was running through the
Mathena™ separator. These observed gas enhancements rep-
resent the integrated concentration of gas in the respective
~100m depth interval. Sixteen gas samples were collected
from different depths in the granitic basement section during
the water flushing after core runs, as listed in Table 1. With
known total volume of the Mathena separator (~12m3) and
water volume introduced to the separator (2.49-3.51m3),
the absolute concentration of helium in each water col-
umn can be estimated. Table 1 shows the absolute helium
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concentrations in each water column in millimole, corrected
for atmospheric helium input, according to

Heair‐corrected = Hemeasured − Heair ∗
O2 measured
O2 air

1

Before the water column is introduced into the Mathena
separator, the complete separator volume is exchanged sev-
eral times with air. Hence, any input of residual gas from
the degassing of the previous water column seems less likely,
which is underlined by the observed significant variation in
H2 concentration between the sample RIH20 (139 ppmv)
and the sample RIH21 (50 ppmv). Two core runs were sep-
arated by an interval of air hammer drilling, except the 5th

and 6th core runs and the 7th and 8th core runs which were
done consecutively.

2.3. Borehole Spectral Gamma Ray Logging. Spectral gamma
ray logs were taken in association with geophysical well log-
ging in the pilot borehole KFD1. A standard natural gamma
ray spectrometry sonde from Schlumberger® was lowered in

the borehole, and data was acquired in the open hole sections
500-1500m and 1500-3000m at a logging speed of 240m/h.
Prior to the measurements, the sonde was calibrated with ref-
erence sources of 40K, 238U, and 232Th. The spectral gamma
ray log measures the natural gamma radiation emanating
from a formation split into contributions from each of the
major radioisotopic sources K, Th, and U. The characteristic
peaks in potassium at 1.46MeV, the thorium series at
2.62MeV, and the uranium series at 1.76MeV are caused
by the decay of 40K and short-lived daughter products of
the uranium (208Tl) and thorium (214Bi) decay chain. A mul-
tichannel analyser is used to determine the amount of radia-
tion coming from the energies associated with each of these
major peaks. From the response of the tool and the number
of counts in each energy window, the individual concentra-
tions of K, Th, and U in the formation are determined.

2.4. Laboratory Investigations. Sixteen gas samples are
analysed with a QMS for the chemical gas composition
(4He, 40Ar, N2, O2, CH4, CO2, and H2), with a gas chroma-
tographer (SRI 8610C) equipped with a flame ionization
detector using hydrogen as the carrier gas for hydrocarbons
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Figure 1: (a) Map of the Koyna region showing the locations of the 1967M 6.3 Koyna earthquake (red star) and the pilot borehole KFD1. The
trace of the Donichawadi fissure zone (dashed lines), formed during 1967 earthquake [31, 40], and the study area (square) where the soil-
helium surveys were conducted during 1996-1997 are also shown. Inset shows the location of Koyna within the Deccan Traps province
(shaded green) on the outline map of India. (b) Map showing the coincidence of the helium anomalies established by soil-helium
measurements along 12 traverses (AA′, BB′,…, LL′) with coseismic en echelon fissures (thick lines) from the 1967 earthquake (Gupta
et al. [41]).
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(C1-C4). The gas chromatograph was calibrated with a refer-
ence gas (CH4: 4990ppmv, C2H6: 297.8 ppmv, C3H8:
200.3 ppmv, i-C4H10: 99.4 ppmv, n-C4H10: 101.7 ppmv, and
residual gas: N2 with traces of CO2, H2, and He), followed
by eleven measurements of the calibration gas to determine
accuracy and precision. Average values of the measurements
deviate <2% from the calibration gas concentration for all
measured gas species. Relative 2-sigma standard deviations
are ≤1% for CH4, ≤2% for C2H6 and C3H8, and ≤5% for
i/n-C4H10, indicating that the determinations of all gas spe-
cies were precise and unbiased.

Eleven samples are analysed for noble gas isotopes with a
VG 5400 noble gas mass spectrometer. The following noble
gas nuclides have been investigated with the noble gas mass

spectrometer: 3He, 4He, 20Ne, 21Ne, 22Ne, 36Ar, 38Ar, 40Ar,
84Kr, and 132Xe. The procedure for noble gas isotope analyses
includes gas purification, mass spectrometric analysis, and
data processing and is briefly described in the following
(see paper by Niedermann et al. [44] for details). A portion
of gas with a predefined volume is introduced in the puri-
fication line at constant pressure. Water vapour is con-
densed in a dry-ice-cooled cold trap. Removal of nitrogen,
oxygen, and carbon dioxide is accomplished by passing
the sample to two titanium sponge getters, which are cycli-
cally heated. Two Zr-Al getters extract hydrogen, hydrocar-
bons, and the remaining carbon dioxide. The cleaned gas is
then transferred to two cryogenic cold heads. The former
allows adsorption of argon, krypton, and xenon at 50K

Air compressor 
(24000 L/min)

Cuttings

Gas pipeline

Mathena
separator

Exhaust

Data
processing 

unit

Water trap

Pump

Gas mass
spectrometer

Ar, CO2, H2, He,
N2, O2, CH4

Sampling
device

Gas out

Flow meter
(needle valve)

OLGA laboratory

Figure 2: Schematic diagram showing the air hammer drilling setup and major components of the OLGA laboratory at the drill site. The
Mathena shale gas separator is used to separate gas from borehole cuttings, and the gas is then pumped through a plastic tube to the
nearby OLGA laboratory where the gases are determined.
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temperature, while helium and neon are collected with the
second cold head at 11K. After noble gas adsorption at the
cold heads, they are stepwise heated for individual noble
gas release and determination. The second cryogenic cold
head is heated to 35K for helium and afterwards to 120K
for neon release. Background concentrations of argon and
hydrocarbons are suppressed by a stainless steel frit and an
activated charcoal finger that is cooled with liquid nitrogen.
Ar, Kr, and Xe are released and measured together by heating
the first cold head to 190K. The measurements in this study
are corrected for initial (“blank”) gas concentrations and
influences of atmospheric gas following Niedermann et al.
[44]. Concentrations of the blanks are typically (in cm3

STP) as follows: 4He: ~5 × 10−12, 20Ne: ~0 5 × 10−12, 40Ar: ~
5 × 10−10, 84Kr: ~0 05 × 10−12, and 132Xe: ~0 02 × 10−12 [44,
45]. These concentrations are well below the concentrations
in the samples; therefore, a correction was not necessary.
Systematic errors by, e.g., incorrect adjustment or inaccu-
rate calibration may bias the accuracy of a noble gas
measurement. Such systematic errors shift all measured
values in a certain direction. These errors can only be
estimated but are likely to be small compared to statistical
errors in most cases. Determinable systematic errors in noble
gas analytics are, for example, the time-dependent change of

a measured value over the measurement time (up to 40min)
of the measurement cycles (typically 11). Such errors are
corrected by extrapolation to the time of gas inlet into
the mass spectrometer. All data have been corrected for
isobaric interferences and mass discrimination effects.
Error limits given in this paper correspond to 2-sigma stan-
dard deviations (95.5%) and include statistical uncertainties
of the measurement as well as uncertainties of sensitivity
and systematic errors of mass discrimination determinations,
blanks, and interferences.

3. Data Processing and Results

Except for helium, all noble gas isotopic ratios of our study
are indistinguishable from air. Due to clearly distinct
helium isotope compositions of different reservoirs and
the lower sensitivity for atmospheric contamination, helium
isotopes constitute a capable tool to identify the origin of
fluids from depth. Helium is not accumulated in the atmo-
sphere, and therefore, the relative atmospheric concentration
of helium is low (5.24 ppm). Helium isotope ratios are gener-
ally stated as 3He/4He and denoted in atmospheric ratios Ra
( 3He/4He air = 1 39 × 10−6 = 1 Ra). The continental crust is
depleted in primordial noble gas nuclides, and its average

Figure 3: Schematic diagram showing (from left to right) replacement of drilling mud by water after each coring run, and the water in the
borehole is then progressively flushed out from top to bottom of the pilot borehole KFD1 in ~100m intervals.
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helium isotope composition (<0.05Ra) is governed by 3He
from the reaction 6Li (n,α) 3H(β-) 3He and 4He from the
decay of uranium and thorium. Sublithospheric, astheno-
spheric, and deep mantle reservoirs are characterized by
3He/4He ratios of >1Ra.

Correction of the measured helium isotopic ratios for
atmospheric helium is required as gas samples contain a con-
tribution of atmospheric gases. 4He/20Ne or 4He/36Ar ratios
are mostly used to determine the degree of atmospheric con-
tamination. 20Ne and 36Ar are both primordial, i.e., only to a
negligible extent affected by ingrowth through radiogenic,
nucleogenic, or fissiogenic processes in the continental crust.
For our study, the 4He/20Ne ratio is used to correct the mea-
sured 3He/4He ratios in the gas samples according to a
method first described by Craig et al. [46], assuming that
the continental crust is depleted in primordial noble gas
nuclides and 20Ne completely derives from the atmosphere.

Online gas monitoring during drilling has been per-
formed in the Koyna pilot borehole KFD1 starting from the
1315m to 2831m depth in the granite-gneiss basement sec-
tion. In the case of air hammer drilling, the formation gases
suffered dilution with the air that was pumped into the bore-
hole, as evident from the gas concentrations that are similar
to that of air. Similarly, for the rare cases of mud drilling,
no formation gases are detected as the volume of the drilled
rock was very low compared to the drilling mud that was
pumped downhole. We therefore do not report any gas data
from air hammer drilling and mud drilling. The present
study is based on data mostly from gas monitoring during
water flushing and off-site laboratory studies on gas samples.

The formation gases analysed from online gas monitor-
ing in the 1642-2831m section during water flushing after
the 7th and 8th coring runs are plotted in Figure 4. Sixteen

gas samples from 1737m to 2831m are analysed for N2,
O2, Ar, CO2, CH4, H2, and He. The molecular composition
of the gas samples is reported in Table 1. Online gas mon-
itoring together with laboratory analyses of gas samples
show that the most abundant formation-derived gases
from KFD1 are CO2, CH4, H2, and He. The other gases such
as N2, O2, and Ar derive from the atmospheric input in the
drilling fluid, as indicated by relative proportions of concen-
trations of these gases indistinguishable from air. All hydro-
carbons (C2H6, C3H8, i-C4H10, and n-C4H10) except CH4
show negligible concentrations. Therefore, the present work
emphasises on CO2, CH4, H2, and He data sets. The concen-
trations of CO2 reach up to 1200ppmv (excluding an outlier
with 32200 ppmv), CH4 up to 186 ppmv, H2 up to 139 ppmv,
and He up to 12.8 ppmv. The data also indicates that most
gas-rich zones generally occur below the 2100m depth in
the borehole. The measured helium concentrations are
observed to be low at ~1800m, increase substantially at the
~2217m depth, and maintain the increased level up to the
~2831m depth. Two prominent peaks, between 2121m and
2217m and between 2610m and 2687m, are observed.

Eleven gas samples collected from the depth section
1833-2831m are also analysed for noble gas isotopes. Except
for helium, abundances and isotope ratios of all noble gases
are atmospheric and not reported here. The measured values
of 4He/20Ne and 3He/4He along with air-corrected 3He/4He
ratios, the atmospheric contribution to the total helium,
and the crustal and mantle-derived helium are listed in
Table 2. Air correction of helium isotope ratios has been
applied as 4He/20Ne ratios for all the samples in the present
study are higher than the atmospheric component of 0.319.
The data shows that the measured 3He/4He ratios are in the
range 0.43-0.91Ra, with 4He/20Ne values between 0.34 and
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Figure 4: Plot showing concentration versus depth profiles of CH4, H2,
4He, and CO2 obtained from measurements on gas samples collected

during water flushing after core run 7/8.

8 Geofluids



0.71, which confirms that the samples are a mixture of atmo-
spheric helium and helium from crustal heat production.
The low isotope ratios (<1) further confirm that there is
no mantle contribution within the analytical uncertainties.
The measured 4He/20Ne ratios are higher for gas samples
below the 2100m depth (Figure 5(a)). Assuming a value of
0.319 for the 4He/20Ne ratio for the atmospheric component,
the calculated contribution of air in our samples ranges from
43% to 93% with an average value of 61%. Within 2σ analyt-
ical uncertainties, the mantle contribution to the total helium
budget is zero for all samples. All samples are a mixture of
atmospheric helium and helium from crustal origin (i.e.,
helium from radioactive decay of uranium and thorium in
the continental crust). The same can be seen in the diagram
3He/4He versus 4He/20Ne (Figure 5(b)), where all data fall
on a hyperbolic mixing curve between air and a crustal
helium end-member with 3He/4He = 0 02 (i.e., the average
crustal production ratio, [47, 48]).

3.1. Comparison between Helium Concentrations from QMS
and Noble Gas Isotope Measurements. A comparison has
been made between 4He concentrations obtained from
QMS and noble gas isotope measurements for the depth sec-
tion 1737-2831m. The mass resolution of the QMS is not suf-
ficient to separate 3He (m = 3 016) from HD (m = 3 022);
therefore, 3He can only be determined by noble gas isotope
mass spectrometer measurements. Two samples from the
1737m and 2687m depth were not analysed for noble gas
isotopes, and therefore, 4He concentration from isotope
analysis for those samples are not reported here. As shown
in Figure 6, 4He concentrations from QMS (Table 1) and
from noble gas isotope mass spectrometer measurements
(Table 2) are in good agreement. Noble gas concentrations
determined by noble gas isotope mass spectrometer measure-
ments have been calculated from noble gas nuclide pressure
and gas sample inlet pressure. The latter was determined
during QMS analysis. We assume that the sample pressure
measured by the QMS corresponds to the gas sample inlet
pressure when being introduced to the gas line of the

noble gas isotope mass spectrometer measurements. The vol-
ume of our sample cylinders for all samples is 250 cc. Given a
dead volume of 2 cc for the gas inlet, pressure reduction at the
sample inlet in the gas line of the noble gas isotope mass spec-
trometer is <1%.

In contrast to helium concentrations measured by the
noble gas isotope mass spectrometer, the helium concentra-
tions measured by QMS are automatically normalized to
100% as total gas concentration. If the QMS measurement
considers all gas species present in the gas phase, then both
methods should result in the same helium concentration
values (in ppmv). A comparison between the two data sets
shows a discrepancy in helium concentration values in the
range 0.4-9.9% with an average value of 4.9% and no system-
atic trend. For four samples, the QMS measurement yields
higher helium concentration values, whereas seven samples
show the opposite. Given an analytical uncertainty of ~10%
for helium concentrations, determined by both methods,
the agreement between both data sets is convincing.

4. Discussion

The maximum helium concentrations detected in the 3 km
deep pilot borehole KFD1 at Gothane is 12.8 ppmv (by both
QMS and noble gas isotope measurements), more than
7ppmv higher than the atmospheric helium abundance of
5.24 ppmv. Earlier soil-gas helium surveys followed by core
drilling carried out between 1995 and 1997 across the Doni-
chawadi fissure zone near Kadoli village provide strong evi-
dence that the fissure zone represents the surface rupture
zone of the 1967 earthquake [41]. Helium concentrations
exceeding the atmospheric value by 1-7 ppmv coinciding
with the surface fissures, which fall off sharply to background
value of 0.2 ppmv above atmosphere at a distance of 40-60m
on either side of the fissures, confirm that the fissures consti-
tute the surface expression of a NNE-SSW-oriented seismic
fault and that the fault zone had not healed even 30 years
after the 1967 earthquake (Figure 1(b)). Elevated helium con-
centrations detected at depths below 2100m in the Koyna

Table 2: Noble gas composition of gas samples collected during water flushing after core run 7/8 in the pilot hole KFD1 at Gothane, near
Koyna, Western India.

Sample
Depth
(m)

4He
(ppmv)

±
20Ne

(ppmv)
±

40Ar
(ppmv)

± 4He/20Ne ±
3He/4He
(Ra)

± Crustal
contribution (%)

Atmospheric
contribution (%)

RIH14 1833 5.96 0.67 17.5 2.0 9900 1100 0.3449 0.0091 0.912 0.059 7.5 92.5

RIH15 1929 6.67 0.75 16.6 1.9 9400 1100 0.406 0.011 0.782 0.032 21.4 78.6

RIH16 2025 7.88 0.88 17.5 2.0 10000 1100 0.455 0.012 0.705 0.036 29.8 70.2

RIH17 2121 7.12 0.80 16.4 1.8 9300 1000 0.440 0.012 0.703 0.050 27.5 72.5

RIH18 2217 12.8 1.4 17.1 1.9 9300 1000 0.751 0.020 0.426 0.022 57.5 42.5

RIH19 2313 10.7 1.2 17.3 1.9 9700 1100 0.624 0.017 0.522 0.027 48.9 51.1

RIH20 2409 12.2 1.4 18.2 2.0 10200 1100 0.682 0.018 0.482 0.034 53.2 46.8

RIH21 2514 11.3 1.3 17.3 1.9 9900 1100 0.659 0.017 0.479 0.020 51.6 48.4

RIH22 2610 10.2 1.1 17.3 1.9 9900 1100 0.593 0.016 0.547 0.028 46.2 53.8

RIH24 2763 9.8 1.1 17.1 1.9 9800 1100 0.574 0.015 0.546 0.018 44.4 55.6

RIH25 2831 10.2 1.1 17.6 2.0 9900 1100 0.588 0.016 0.556 0.030 45.7 54.3

Depths are referenced to the kelly bushing, which was located at 3.5 m elevation with respect to ground level. Gas samples collected during running in and
flushing out of water are designated by the prefix RIH. All errors are 2σ.

9Geofluids



pilot borehole KFD1 of the present study are comparable to
concentrations observed more than 20 years ago in the Doni-
chawadi fissure zone. Additionally, 3He/4He and 4He/20Ne
data from the present study reveal that helium gas obtained
from the pilot borehole comprises atmospheric helium and

variable contributions of crustal radiogenic helium with no
mantle helium.

In general, helium could be a mixture of atmospheric
helium (3He/4He = 1Ra; [46, 47]) with different contribu-
tions of crustal helium (3He/4He < 0 1 Ra) and mantle-
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Figure 5: Plot showing (a) 4He/20Ne versus depth and (b) 4He/20Ne versus 3He/4He, obtained from isotope measurements on gas samples
collected during water flushing after core run 7/8. Error bars indicating uncertainty in the measurement are also shown. Depth of samples
in “m” is indicated along with data points in (b). Inset shows mixing hyperbola between air and the continental crust and two different
mantle end members (6 Ra for the lithospheric and 8Ra for the asthenospheric mantle).
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derived helium (3He/4He > 1Ra, e.g., 6 Ra for the litho-
spheric mantle; [49]). Measured 3He/4He ratios from three
soil-gas samples collected above the Donichawadi fissure
zone fall between 0.59 and 0.63Ra [41]. The reported
3He/4He ratios are not air-corrected, leaving open the
question of any possible mantle contribution to the total
helium budget. With measured helium concentrations of
up to 12.24 ppmv (7ppmv excess helium plus 5.24 ppmv
atmospheric helium) and helium isotope compositions of
0.59-0.63Ra in soil-gas samples, a mantle-derived helium
contribution of ~2% would be possible assuming 20Ne con-
centrations of 16.48 ppmv (atmospheric value). If indeed
the Koyna fault gas would contain such a small but signifi-
cant contribution of a mantle-derived component, questions
would arise on the provenance of mantle helium at Koyna
(e.g., mantle plume degassing) and its migration mecha-
nisms. Basu et al. [50] determined helium isotope ratios of
rock samples from two Deccan alkaline complexes from
northern India to be 10–13Ra. The authors interpret their
findings as evidence to support a lower mantle plume origin
of Deccan Traps volcanism. Our data, however, clearly point
out that no mantle-derived helium is present in any of the
samples obtained from the borehole KFD1.

The present study shows that formation gases (CO2, CH4,
H2, and He) mostly enter the borehole below 2100m, with a
number of zones of significant He enhancement ranging
from 4.6 to 7.6 ppmv above the atmospheric value. The
observed gas-rich zones at depths below 2100m have been
compared with data from downhole geophysical logging
acquired in the borehole KFD1 [51]. The gas-rich zones cor-

relate well with the zones of anomalous physical and
mechanical properties identified from geophysical logs. For
comparison, the resistivity and caliper logs are plotted along
with the helium concentrations (Figure 7). The logs show a
number of localized zones of low resistivity below 2000m
that correspond with the zones of helium enhancement. A
number of such zones are also associated with substantial
enlargement in borehole diameter. The enlargement in bore-
hole diameter in the form of cavities or washout zones is
likely due to the presence of fracture zones in the formation.
Electrical (FMI®) and acoustic (UBI®) images acquired in the
borehole have shown that these zones contain high fracture
density with large number of open fractures, majority of
which are oblique to subvertical in orientation. Two typical
zones with high fracture density, 2141-2151m and 2619-
2629m, discovered by electrical and acoustic borehole image
logs are shown in Figure 7. These zones are in good agree-
ment with those of gas enrichment observed in our study.
On the whole, the present study indicates that the borehole
has punctured multiple fracture zones in the subsurface.
The association of low resistivity zones with high helium
concentrations indicates that the open fractures act as poten-
tial pathways for fluid flow in the borehole.

The borehole KFD1 is located ~5 km to the south of
Kadoli along the trend of the Donichawadi fault zone
(Figure 1(a)). The consistency in concentrations and iso-
tope ratios of soil-gas helium over the fissures near Kadoli
and helium from different depths below 2100m in the
borehole KFD1 suggests that the pilot borehole intersects
the southward extension of the Donichawadi fault zone
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Figure 6: 4He depth profiles from QMS measurements (red) and noble gas isotope analysis (blue) of gas samples collected during water
flushing after core run 7/8. Error bars indicating uncertainty in the measurement are also shown. Samples from 1737m and 2687m
depths were not analysed for noble gas isotopes.

11Geofluids



or its subsidiaries at multiple depths below ~2100m. Results
obtained from both the soil-helium gas study in the Donicha-
wadi fault zone near Kadoli and the present study in the pilot
borehole KFD1 demonstrate the possible connection of the
Donichawadi fault through fractures zones where the gases
migrated from the formation through media such as a bore-
hole. Misra et al. [52] combined field investigations as well as
physical and microstructural studies on basement core sam-
ples obtained from a 1522m deep borehole at Rasati near
Koyna to demonstrate the extension of the surface fissures
into the granite-gneiss basement rocks at different depths
beneath the Deccan flood basalt pile. They also suggested
the association of these fissures with localized fault zones
within the rock unit. Seismological studies including the
analysis of seismograms recorded at a local network of 23
surface broadband stations and 6 borehole seismic stations
show a distinct NNE-SSW trend of seismicity coinciding
with the Donichawadi fault zone, indicating that the fault is
still active [53, 54]. This inference gains support from other
studies carried out in the Koyna region. Shashidhar et al.
[55] carried out detailed studies on the Mw 4.8 earthquake
of 14 April 2012, which is among the best monitored and well
characterized events in the Koyna region. Using the ampli-
tude inversion and the moment tensor inversion techniques,
they show that the depth distribution of the aftershocks

defines a NNE-SSW-trending fault plane dipping about 78°

to the WNW, which is consistent with the trend of the Doni-
chawadi fault. Shashidhar et al. [56] studied the earthquakes
that occurred during January 2016 and May 2017 in the
Koyna region and found that the seismicity is mostly con-
fined to the Donichawadi fault zone during the reservoir
drawdown phase (January-May) but occurred in a wider
region during the reservoir-refilling phase (June-December).
They attributed this pattern to the effect of pore pressure
growth and retreat of the pressure front during loading
and unloading cycles of the reservoir, respectively. All these
studies point out that the seismicity in the Koyna region is
mostly concentrated in the vicinity of the Donichawadi
fault, which is still controlling the seismotectonics of the
Koyna region even 50 years after the occurrence of the
1967 Koyna earthquake.

The present study shows that helium concentration is rel-
atively low above the ~2121m depth (≤7.6 ppmv) followed
by a sudden increase of helium at ~2217m (12.8 ppmv)
which is maintained (9.8-12.7 ppmv) up to ~2831m. To
understand the variations with depth, helium data has been
compared with Th and U data obtained from the spectral
gamma ray log in the borehole KFD1. The decay chains of
235U, 238U, and 232Th are the main sources of radiogenic
helium. The proportion of uranium and thorium for the
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measurements (red diamonds) in the granitic basement section 1500-3000m in the borehole KFD1. High resolution electrical (FMI) and
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current production of 4He is [U+0.24Th], sometimes called
“effective uranium” (eU). Due to different half-life times of
uranium and thorium, this proportion is not constant over
geological times and is time-integrated for the last 2.7Ga
(age of the crystalline basement rocks [57]), [U+0.19Th].

Plotting helium concentrations against [U+0.19Th],
averaged over the same ~100m depth intervals as for helium,
displays a positive correlation for all data points below
2000m (Figure 8). A linear fit (R2 = 0 70) yields 3.14 ppmv
helium per ppm [U+0.19Th]. An interesting observation is
that for the shallow samples (<2000m), the correlation
between [U+0.19Th] and He is not valid. Assuming that
the downhole logging data for U and Th are appropriate,
the corresponding helium concentration should be between
10 and 14 ppmv, much higher than observed (≤7 ppmv,
Figure 8). The helium-bearing water column from depths <
2000m may therefore have undergone significant loss of
helium. A possible explanation for helium lost from the water
column would be partial helium degassing in the upper two
kilometres of the water column in the borehole [48, 58].
Other mechanisms to explain the apparent helium lost in
the upper part of the borehole, e.g., diffusion or lower perme-
ability, are less suitable to explain the trend of increasing
helium lost with shallower depth.

It should be noted that for all gases investigated in
our study (CH4, CO2, H2, and He), significant increase
of gas concentrations is observed below the 2100m depth
(Figure 4). Helium (radiogenic) and hydrogen (radiolytic)
might be produced by U and Th decay in situ, but this
is a little likely for CO2 and CH4. Organic material, which

could serve as a source for in situ production of CO2 and
CH4, was not reported in cuttings and cores from KFD1.
Moreover, the possibility for generation of organic matter
in intact granite-gneiss formation is extremely remote. The
only possibility appears to be fracture zones intersecting the
borehole in the granitic basement that could serve as poten-
tial locales of organic matter or siderophilic bacteria trans-
ported along with fluids from the overlying rock mass. As
described in the previous section, the granitic basement for-
mation below the 2000m depth is highly fractured at several
depths, which may provide the favourable pathways for fluids
to flow in the borehole. Moreover, it is also not clear whether
U and Th are located in the rock matrix, as fluids in the frac-
tures could have served as carriers for U and Th. We there-
fore interpret the helium data as partially deriving from
formation pore space around the borehole and partially flow-
ing through open fractures in the borehole. This indicates
fluid-controlled migration through permeable strata such as
fractures/faults at depths below 2100m resulting in high
helium concentrations relative to depths above 2100m.
Eventually, the presence of permeable fracture/fault zones
will have important implications for the pore pressure evolu-
tion at depths and the occurrence of reservoir-triggered
earthquakes in the Koyna region.

In the present study, online gas monitoring has not
shown significant inflow of formation gases during both
air hammer and mud drilling. In the case of the former,
formation gases in crystalline rock were diluted with the
volumes of air pumped down the hole, and in the case
of the latter, this was due to the mud weight and the lower
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Figure 8: (a) Plot showing depth distribution of [U+0.19Th] (black open diamonds) and He (red diamonds). [U+0.19Th] values are averaged
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surface to volume ratio of the drill core. However, as gas
extraction and analysis during water flushing following each
core run showed the presence of anomalous formation gases,
the study opens up a new approach to study crustal gases in
such scenarios.

Our study, together with the results from the previous
soil-gas helium study, demonstrates the presence of helium
at seismogenic depths in this region. This suggests that con-
tinuous monitoring of deeper gas emanations in the subsur-
face could be useful to understand temporal gas variations
in the fault zones, which in turn could be useful for earth-
quake precursory studies in this region.

5. Conclusions

Online gas analyses and off-line noble gas isotope studies
on eleven gas samples collected during water flushing in
the Koyna pilot borehole KFD1 brings out the following
conclusions:

(1) Formation gases (CO2, CH4, H2, and He) mostly
enter the borehole at different depths below
2100m, with significant He enhancement ranging
from 4.6 to 7.6 ppmv above the atmospheric value.
The He-rich zones correlate well with the zones of
anomalous physical and mechanical properties
delineated from geophysical logs and are character-
ized by high fracture density as revealed from bore-
hole images, indicating fluid-controlled migration
through permeable strata such as fractures/faults at
those depths

(2) The helium concentrations measured in the borehole
below the 2100m depth are in good agreement with
the concentrations observed at the surface more than
20 years ago, which confirms that the Donichawadi
fault zone is still permeable, 50 years after the 1967
M 6.3 Koyna earthquake

(3) Air-corrected helium isotope ratios indicate that
helium is composed of atmospheric helium and
variable contributions of crustal radiogenic helium
with no mantle helium input within 2σ analytical
uncertainties

(4) The presence of helium at seismogenic depths in this
region is evident; however, a deeper understanding of
fluid migration in time and space and its link to fault
processes requires further investigations
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Taiwan is tectonically situated in an oblique collision zone between the Philippine Sea Plate (PSP) and the Eurasian Plate (EP).
Continuous observations of gamma rays at the Yangmingshan (YMSG) station and soil radon at the Tapingti (TPT) station
were recorded in the volcanic area and around a major fault zone, respectively, in Taiwan for seismic studies. A number of
anomalous high gamma ray counts and radon concentrations at certain times were found. It is noted that significant increases
of soil radon concentrations were observed and followed by the increase in gamma rays a few days to a few weeks before
earthquakes that occurred in northeastern Taiwan. Earthquakes such as these are usually related to the subduction of the PSP
beneath the EP to the north along the subduction zone in northern Taiwan (e.g., ML = 6 4, April 20, 2015). It is suggested that
the preseismic activity may be associated with slow geodynamic processes at the subduction interface, leading to the PSP
movement triggering radon enhancements at the TPT station. Furthermore, the further movement of the PSP might be blocked
by the EP, with the accumulated elastic stress resulting in the increase of gamma rays due to the increase in porosity and
fractures below the YMSG station. The continuous monitoring of the multiple parameters can improve the understanding of the
relationship between the observed radon and gamma ray variations and the regional crustal stress/strain in north and
northeastern Taiwan.

1. Introduction

The island of Taiwan is the result of an oblique collision zone,
with a convergence rate of about 8 cm/yr in the direction
of 306° [1], between the Philippine Sea Plate (PSP) and the
Eurasian Plate (EP) (Figure 1). In the south, the EP under-
thrusts the PSP to the east along the Manila trench, while
to the north, the PSP subducts beneath the EP along the Ryu-
kyu Arc and induces spreading of the Okinawa Trough. The
interaction of these two plates generates many earthquakes.
The Plio-Pleistocene volcanism of the Tatun Volcano Group

(TVG) is situated both at the northern tip of Taiwan and the
western tip of the Ryukyu Arc, which might be associated
with the opening of the Okinawa Trough and the postcol-
lisional extension [2–4]. According to previous radiometric
dating investigations, two major eruptions of the TVG
occurred at 2.5–2.8Ma and 0.8–0.2Ma [5–10]. Juang [11]
considered the TVG extinct because the last major volca-
nism occurred from 0.8 to 0.2 BP. Also, Chen and Shen
[12] reviewed some records of historical eruptions in
northern Taiwan and suggested that volcanism of the TVG
has ended.
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However, Yang et al. [13, 14] and Ohba et al. [15] sug-
gested that a magma chamber might still exist beneath the
TVG area based on a high 3He/4He ratio from fumarolic
gas and the high CO2/H2O ratio of magmatic components.
Konstantinou et al. [16] and Wen et al. [17] proposed that
magma chambers might exist at depths of 7 to 20 km as indi-
cated by the seismicity characteristics and attenuation struc-
ture. Lin [18] proposed the presence of a deep magma
reservoir in the lower crust using S-wave shadow and P-
wave delay. In recent years, there have been an increasing
number of studies in the TVG area focusing on geochemical
investigations and monitoring of the gas compositions, soil
flux, and hot spring water [19–27] and seismological and
geological research, such as seismicity, seismic variations,
and ground deformation [16, 28–33], which has provided

more evidences that the TVG could still be active. As the
TVG is located close to the Taipei metropolis and two
nuclear power plants, long-term monitoring is necessary for
providing possible early warnings of volcano-related hazards
and major earthquakes.

Radon (222Rn) is the major radioactive gas in this volca-
nic area. To investigate volcanic activity in the volcanic areas,
the monitoring of radon level variations has been considered
as a useful tool [20, 27, 34–38]. This research provides
another way to record gamma rays related to radon gas emis-
sion from underground towards the surface. The anomalous
gamma rays may be associated with the radioactive material
released during crustal fracturing due to plate motions and
geodynamic processes [39]. The objective of this paper is to
assess the feasibility of using the gamma ray method to
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monitor seismic and volcanic activities in northern Taiwan.
The location of the gamma ray station in the Yangmingshan
(YMSG) area near the Taiwan Volcano Observatory at Tatun
(TVO) was chosen for the first gamma ray observations in a
volcanic region of Taiwan. In this study, gamma rays were
continually monitored from July 1, 2014, to June 1, 2015.
The potential for using a gamma ray anomaly as the possible
precursor of earthquake and/or volcanic activity in northern
Taiwan was further evaluated on this basis. In order to eval-
uate the accuracy of possible anomalous gamma ray changes,
the radon variations at the Tapingti (TPT) station were cho-
sen for comparison, being located about 70 km southwest of
the YMSG gamma ray station.

2. Methodology

Radon is a naturally radioactive noble gas, widely distributed
in various places throughout the Earth’s crust. Radon is gen-
erated in the uranium decay series. The emission of energy
from radon can be in the form of alpha or beta particles
and gamma rays. Thus, gamma radiation can be used for
indirectly determining the radon concentration.

The YMSG monitoring station is equipped with a gamma
ray spectrometer with a scintillation counter inside a container
made of 7 cm thick lead, inserted in a High-Density Polyeth-
ylene (HDPE) tube at a depth of 2 meters (Figure 2). The
NE110 gamma ray is a plastic scintillator with a size of
400mm × 400mm × 400mm, connected to photomultipliers
with a diameter of 7.6 cm. Any cosmic gamma rays from
atmospheric sources can be prevented from reaching the
scintillation counter by using the lead box as a decay chamber
to provide passive shielding. When radon gas migrates into
the lead box, specific gamma rays may be emitted from

214Pb and 214Bi as decay products in the uranium decay series
after radon. The energy of the window channel is limited
within the range of 250 to 700 keV, which includes the
response of gamma rays at 351 keV for 214Pb and 609 keV
for 214Bi. The pulse of the chosen energy signal is converted
to generate electron currents by the photomultipliers, and
then, they are recorded by the discriminator and computer.
The description of a similar operation and setting was
described in detail by Giuliani et al. [40] and Fu et al. [39].
Meteorological records (e.g., atmospheric pressure, tempera-
ture, humidity, and hourly precipitation) are available from a
meteorological station of the Central Weather Bureau
(CWB) of Taiwan, which is located at a distance of 1 km from
the YMSG gamma ray station. Measurements are recorded
once every hour and immediately wirelessly transmitted to
the server at the Institute of Earth Sciences, Academia Sinica,
from the gamma ray and meteorological stations.

The methodology of the operation at the TPT radon
station follows that as described in detail by Fu et al. [41].
Seismic data were acquired from the earthquake catalogs of
the CWB. In total, there were 482 seismic events with magni-
tudes (ML) ranging from 1.4 to 6.7 during the monitoring
period in the Taiwan area.

3. Results

The gamma ray results along with meteorological data
recorded on an hourly basis at the YMSG station were pre-
sented in Figure 3. The gamma counting rate was observed
to vary from 589 to 25,020 cph (counts per hour) with an
average value of 3,172 cph. During the same period, atmo-
spheric pressure (Patm) varies from 924 to 958mbar, atmo-
spheric humidity (Hatm) from 31 to 100%, and atmospheric
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temperature (Tatm) from 4.4 to 31.4°C, with the mean value
of 946mbar, 82.3%, and 18.5°C, respectively. Temporal vari-
ations of the meteorological factors are not evident. After the
initial adjustment for the detector, the gamma counting rate
decreases to a low background value of about 1,100 cph for
the period from March 15 to June 1, 2015. Substantial
increases in the gamma counting rate were observed period-
ically over the observation period. A wide range of radon gas
concentrations in the soil at the TPT station from 7,337 to
31,931Bq/m3 with an average value of 15,589Bq/m3 was
observed and is shown in Figure 4.

4. Discussion

4.1. The Influence of Meteorological Parameters. Some earlier
investigations have revealed that changes in gamma rays may
be affected by meteorological factors, such as atmospheric
pressure, humidity, temperature, and precipitation [39, 42–
46]. Therefore, it is necessary for meteorological effects to
be taken into consideration when analyzing gamma ray
results. Fu et al. [39] proposed that the air temperature had
significant influence on the gamma ray measurements in
eastern Taiwan due to a high correlation coefficient between
the air temperature and the presence of the gamma ray. How-
ever, the influences of meteorological pressure, humidity,
and temperature on gamma ray variations were relatively
small due to the extremely low correlation coefficients of
0.0178, 0.0022, and 0.0139, respectively, for the study period
(Table 1). These low correlation coefficients indicated that

the gamma variations at the YMSG station are not mainly
controlled by meteorological parameters.

Fu et al. [39] presumed that the significant decrease in
temperature cause reduced sensitivity of electrical sensors.
In this study, the marginal effect of atmospheric temperature
at the YMSG station, which is situated in a mountainous
area (approximately 700m a.s.l.), may be associated with
the relatively small fluctuation of underground temperatures
because of the tree shade. To evaluate this possibility, the in
situ temperature measurement with a gamma sensor in the
monitoring station should be considered in the future.

The temporary, abrupt increase in gamma ray was
observed periodically, which may be related to heavy rain-
fall or precipitation accumulation. This sudden increase in
the gamma dose was usually followed by a rapid return to
background levels within a few hours after the rain stopped.
These observations suggest that short-term (few hours)
fluctuations in the rise of gamma rays were partially influ-
enced by a heavy precipitation event, as has been similarly
described before [43, 47–49].

For the TPT station, Fu et al. [41] have pointed out that
the effects of meteorological parameters on soil radon con-
centration were insignificant. Therefore, meteorological
effects were not taken into consideration during the duration
of soil radon concentration anomalies at the TPT station.

4.2. The Relationship between Gamma Ray and Radon
Variations and Seismicity. The time series gamma ray data
from YMSG was plotted with seismic events, rainfall records,
and the radon concentrations of TPT for a period from
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June 1, 2014, to June 1, 2015, in Figure 4. Many substantial
increases in gamma ray and radon concentrations were
recorded periodically, and slight diurnal variations were also
recorded as shown by the grey line in Figure 4(a). The 24-
hour running average of the gamma counting rate and radon
concentrations are shown as red and blue lines, respectively,
in Figure 4(a) to distinguish their background values. The
threshold values were determined using the mean value plus
one standard deviation as shown by the grey dashed lines.

The magnitude and depth of the earthquakes were plot-
ted in Figures 4(b) and 4(c), respectively. The seismic event
data included the magnitude and depth of the earthquakes,
which are sorted by the distances between the YMSG station
and the epicenter of the earthquakes for discussing the spatial

distribution of the seismic events. The earthquakes at differ-
ent distances are plotted in different colors as black, red,
green, and yellow circles for distances less than 30 km, 30 to
100 km, 100 to 180 km, and greater than 180 km, respectively.
To show the intensity of seismic activity, the accumulated
numbers of earthquakes at different distances are also
included (Figure 4(d)). The distribution of some specific seis-
mic events is marked in Figure 1, including earthquakes hav-
ing a magnitude ≥ 5, an earthquake swarm, and a local
earthquake with an epicentral distance less than 30 km to
the monitoring station, and the catalog of those earthquakes
is listed in Table 2.

The temporal variation of gamma rays and radon
shows similar patterns, whereas some high gamma ray
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and radon concentration peaks in the entire spectrum can
also be observed. In addition, it is noted that the increase of
soil radon concentrations usually occurred before the
change in gamma ray counts. For calculating the anomalies,
the anomalous thresholds are found using the average value
plus one to three standard deviations [50–52]. In this study,
the precursory anomalies were determined as when the
running average exceeds one standard deviation, which
then can be used to correlate with seismic events (Figure 4
and Table 2).

A comparison of gamma ray data and earthquakes
detected by the CWB over the monitoring period indicates
that the presence of gamma ray anomalies was quite often
accompanied by seismic activity, except for fourteen of
twenty-seven marked earthquakes with magnitudes ≥ 5 (1,
2, 3, 4, 5, 9, 14, 15, 16, 18, 19, 22, 25, and 26 in Figure 1
and Table 2). The Events 14 and 22 are considered to be trig-
gered by an earlier earthquake series due to different focal
mechanisms and will not be further discussed. Some short-
term impulsive gamma ray increases were also recorded with
peak values greater than the threshold value before the
Events a, b, c, d, f, h, and i. It is noted that the magnitude
of those events is smaller than five with a hypocenter depth
deeper than 40 km or an epicenter distance of <30 km to
the monitoring station. In addition, four significant long-
term increases of the gamma ray were also observed from
September 15 to 25, 2014, from November 2 to 17, 2014,
from December 11, 2014, to January 3, 2015, and from Feb-
ruary 28 to March 10, 2015. These anomalies could not be
correlated with any significant earthquake, except for the
third period. However, the accumulated number of earth-
quakes displays unusually high seismic activity, such as S1,
S2, S3, and S4, which may be related to gamma ray anomaly
periods as shown by the red bars in Figure 4(a). These four
seismic swarms occurred at a depth of 4 to 50 km from
September 26 to 29, 2014, with magnitude 2.0 to 4.4 for S1;
at a depth of 4.9 to 71 km from November 20 to 22, 2014,
with magnitude 2.7 to 5.2 for S2; at a depth of 23 to 31 km

on January 7, 2015, with magnitude 3.4 to 5.5 for S3; and at
a depth of 6 to 93 km from March 12 to 14, 2015, with mag-
nitude 2.2 to 4.6 for S4, respectively. The distance between
the epicenters of these four seismic swarms and the YMSG
station was approximately 50 to 130 km.

Similarly, the presence of radon anomalies at the TPT
station could also be connected with marked seismic events
with a magnitude ≥ 5, except for the Events 1, 2, 3, 5, 9, 11,
12, 13, 14, 15, 16, 19, 22, 25, and 26 in Figure 1 and two local
earthquakes (Events e and g). It is noted that the soil radon
obviously increased during April 24 to May 3, 2015, and
there was a sudden drop in radon concentrations on May 3
followed by an earthquake swarm (S5), which occurred at
depths of 11-14 km fromMay 1 to 15, 2015, with magnitudes
4.2 to 4.9. The distance was approximately 70 km from the
epicenter of the earthquake swarm (S5) to the TPT station
as shown in Figure 1.

Each gamma ray and radon anomaly is assigned to a def-
inite earthquake and could only be correlated with the pre-
cursory anomalous increase a few days to a few weeks
before the event occurrence. Each precursory time was illus-
trated in Figure 5, and the precursory catalog of each seismic
event is listed in Table 2.

Figure 5 shows an example for the preearthquake anom-
alous period of gamma ray and radon results from March 29
to April 22, 2015, before Event 20. Here, ΔTGamma and
ΔTRadon are the time differences between the start time of
an anomaly and the earthquake event for the gamma ray
and radon anomalies, respectively. In Figure 5, the radon at
TPT rose progressively until April 7, 2015, with a peak value
of about 23 kBq/m3. A temporal decrease in radon occurred
from April 7 to 9, 2015, and the value returned to the back-
ground value with a slight variation before Events 20 to 24.
Meanwhile, a significant increase in gamma rays at the
YMSG was observed from April 7 to 11, 2015, with a peak
value of 6,000 cph. Then, a progressive decrease happened
from April 11 to 19, 2015, when the gamma counting rates
returned to the background value, followed by Events 20 to
24, which occurred at depths of 29–38 km with magnitudes
of 5.0 to 6.4 on April 20, 2015. The distance was approxi-
mately 150 km from the epicenter of the largest earthquake
(ML = 6 4) to the YMSG station. In this case, the significant
changes in radon and gamma ray were recorded as precur-
sors about 21 days and 12 days, respectively, before Event
20, which occurred on April 20, 2015.

4.3. Spatial Variation of Related Earthquakes. Most large
events could be linked to anomalous changes in gamma rays
and radon at both stations (Table 2), and few events were
only associated with one of the two anomalies. Anomalies
in gamma and/or radon accompanying the relevant earth-
quake, which can be called the precursory event (PE), and
the distribution of those events are shown in Figure 1. For
YMSG, two groups of earthquakes may be recognized based
on the epicenter distance.

Group A included the PE with an epicenter distance of
<30 km and showed anomalous gamma ray changes over a
period of a few days (e.g., Event h). The PE with epicenter
distances of 30 to 180 km showed anomalies in gamma rays

Table 1: Correlations between gamma ray variations and
meteorological parameters, including atmospheric pressure (Patm),
temperature (Tatm), and humidity (Hatm) during different time
periods.

γ-Rays & Patm γ-Rays & Tatm γ-Rays & Hatm

2014/07 0.2306∗ 0.0339 0.0064

2014/08 0.1056 0.0585 0.0504

2014/09 0.1105 0.0253 0.0091

2014/10 0.021 0.0095 0.0041

2014/11 0.0316 0.0124 0.0267

2014/12 0.249 0.0171 0.1124

2015/01 0.1932 0.0285 0.3428

2015/02 0.0082 0.0053 0.0405

2015/03 0.0004 0.1215 0.3099

2015/04 0.2202 0.0326 0.3606

2015/05 0.1838 0.02 0.3988
∗R-squared values.
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over several days to weeks (e.g., Events 10, 17, and 20) which
was identified as Group B. It was noted that no anomaly was
found when the distance of the earthquake epicenter was far-
ther than 180 km, such as Events 1, 2, 3, 5, 9, 15, and 16.

A diagram showing the relationship between the depth of
the PE and latitude location and the seismic velocity struc-
ture along the a-a′ line (Figure 1) is presented in Figure 6.
The seismic Vp structure was found by using a local
earthquake tomography model developed by Wu et al.
[53]. The yellow dashed line indicates the possible location
of the subduction zone as highlighted by contoured Vp/Vs

values higher than 1.78 [54]. It is noteworthy that a series
of the PE located along the subduction zone progressively
deepen to the north from ~28 to 268 km deep, except for
Event 8. This suggests that an anomaly of gamma rays at
the YMSG station may be connected with the geodynamics
process within the subduction zone in north and north-
eastern Taiwan.

For the TPT, Fu et al. [41] proposed that radon anomalies
at the TPT station could be found when a small earthquake
has hypocenters shallower than 15 km within 30 km of the
monitoring station or when a large earthquake has deeper

Table 2: Catalog of gamma ray and radon anomalies and related earthquakes occurring in Taiwan from July 1, 2014, to June 1, 2015.

No.1 Date Long. (°E) Lat. (°N) Mag. (ML) Depth (km) Distance (km) ΔTRadon
2 (day) ΔTGamma

2 (day) Type

1 2014/7/8 07:06 122.41 23.29 5.2 38.8 224 None None —

2 2014/7/17 14:11 121.36 22.25 5.3 19.1 322 None None —

3 2014/8/6 11:46 121.46 22.23 5.1 84.2 324 None None —

4 2014/9/21 05:14 121.54 23.59 5 31.5 173 21 None C

5 2014/9/25 18:35 121.3 22.74 5.3 18 269 None None —

6 2014/10/8 02:08 121.56 23.65 5.2 33.4 167 15 10 C

7 2014/10/26 12:47 122.23 24.75 5 86.0 81 8 3 W

8 2014/11/20 01:46 122.02 24.89 5.2 13.9 55 17 17 O

9 2014/11/21 11:29 120.13 20.65 5.8 71.3 520 None None —

10 2014/12/11 05:03 122.17 25.7 6.7 268.6 86 23 14 W

11 2014/12/31 11:06 121.79 24.89 5.1 68.9 37 None 20 W

12 2014/12/31 15:54 122.6 24.55 5.6 96.1 125 None 20 W

13 2015/1/5 13:53 122.04 24.74 5.1 73.8 67 None 20 L

14 2015/1/7 12:48 121.7 24.26 5.5 30.4 100 None Unknown C

15 2015/1/19 11:48 121.57 22.76 5 117.9 265 None None —

16 2015/2/14 04:06 121.46 22.66 6.3 27.8 276 None None —

17 2015/2/27 00:50 122.29 24.68 5.3 97.6 90 13 11 L

18 2015/3/23 18:13 121.76 23.7 6.2 38.4 162 9 None C

19 2015/4/6 19:37 122.75 24.4 5.4 79.4 146 None None —

20 2015/4/20 09:42 122.37 24.05 6.4 30.6 147 21 12 I

21 2015/4/20 09:49 122.49 24.02 5 30.7 157 21 12 I

22 2015/4/20 19:20 121.75 23.63 5.5 38.3 170 Unknown Unknown C

23 2015/4/20 19:45 122.41 24.12 6.2 33.9 143 21 12 I

24 2015/4/20 19:59 122.39 24.01 6 29.4 152 21 12 I

25 2015/4/26 04:01 122.44 24.03 5.7 34.8 153 Unknown Unknown —

26 2015/5/3 21:09 122.42 23.94 5 24.8 160 None None —

27 2015/5/26 08:56 122.49 23.87 5 28.9 171 7 6 I

a 2014/7/26 00:43 122.11 24.92 4 101 61 None 4 —

b 2014/8/1 12:38 121.6 24.58 4 6.1 64 None 3 —

c 2014/8/5 08:34 121.67 24.4 3.6 38 84 None 3 —

d 2014/8/16 02:51 121.53 24.92 3.8 84 26 None 7 —

e 2014/8/17 06:52 121.04 24.72 2.3 6.2 71 3 None —

f 2014/8/24 20:39 122.09 24.3 4 57.5 109 None 6 —

g 2014/10/19 17:50 121.1 24.68 2.9 6 70 4 None —

h 2014/11/18 07:22 121.56 25.16 2.8 2.5 1 None 2 —

i 2015/5/7 04:04 121.33 24.1 4.4 68 119 None 4 —

j 2015/5/9 20:32 121.23 24.66 3.5 10 64 1 None —
1The label of relevant earthquakes marked in Figures 1 and 4. 2The time difference between the start time of an anomaly and the earthquake event. “Unknown”
indicates that the relationship between an anomaly and the earthquake cannot be identified.
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hypocenters (>20 km) at a greater distance (>45 km). In this
paper, the similar anomalies in radon are also confirmed
before the near- and far-field earthquakes, such as Events 6,
7, 8, 10, 17, 18, 20, 21, 23, 24, 27, e, g, and j. The preearth-
quake activities of the far-field events may be transmitted to
the region below the TPT site along the major decollement
(e.g., [55, 56]) and can facilitate the release of soil gases when
squeezed. Hence, radon anomalies could be detected at the
TPT station away from the large event [41].

Some fault plane solution diagrams of the studied earth-
quakes were plotted in Figure 1, and five predominant pat-
terns can be classified. Similarly, Kao et al. [57] proposed
five major seismogenic structures in the southernmost Ryu-
kyu Arc-Taiwan region. They were (a) the Collision Seismic

Zone (CSZ, C type), associated with the relative plate conver-
gence between the EP and the PSP along the Longitudinal
Valley (e.g., Event 6), (b) the Interface Seismic Zone (ISZ, I
type), related to a plate boundary between the EP and the
PSP with low-angle thrust faulting to the north with a depth
range of 10 to 30 km (e.g., Events 20, 21, 23, 24, and 27), (c)
the Wadati-Benioff Seismic Zone (WBSZ, W type), indicat-
ing that the earthquakes deeper than ~60 km occurred within
the Wadati-Benioff zone striking east to west and extending
westward beneath NE Taiwan (e.g., Events 7, 10, 11, and
12), (d) the Lateral Compression Seismic Zone (LCSZ, L
type), related to a mixture of thrust and oblique strike-slip
with P-axes in approximately an east-west direction, roughly
parallel to the local strike of the trench-arc system thrust or
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oblique-thrust faulting (e.g., Events 13 and 17), and (e) the
Okinawa Seismic Zone (OSZ, O type), reflecting the gradual
changing state of strain associated with the crustal deforma-
tion of the Okinawa opening with a characteristic of shallow
earthquakes occurring (e.g., Event 8).

The dependent relationship between the epicenter dis-
tance to the YMSG site and the magnitude of the PE was
shown in Figure 7(a). A good correlation (R = 0 66) was
obtained between these variables. The best-fit line may be
used to estimate the magnitude of an earthquake with a given
epicenter distance. In other words, a larger magnitude of the
PE might be distributed in greater epicenter distances of the
YMSG station. As mentioned above, when the distance of
the earthquake epicenter was farther than 180 km, no anom-
aly was detected. And the distributions of the PE, including I
type, L type, O type, W type, and specific events, get closer
towards the YMSG station.

The good correlation between the magnitude of PE and
precursory time (ΔTGamma) was presented in Figure 7(b).
The moderate correlation (R = 0 59) indicates that it is possi-
ble to forecast the magnitude of an impending earthquake. A
longer precursory time of gamma ray anomalies appears to
be associated with a larger upcoming earthquake, especially
the occurrence of I type and W type with high probability.
We also found that an anomaly of C type was recorded in
only one (Event 6) out of five events, suggesting that C type
may be not sensitive for the YMSG station but valuable for
the TPT station (Table 2).

The YMSG station is located at the western end of the
subduction system in the northern Taiwan area, where the
PSP is subducting northward beneath the EP. Further-
more, this region is still seismically active due to continuous
convergence and volcanic activity, with changes in high-
pressure fluid affected by a deeper pump system [58]. Some
microcracks may be also developed during this process, caus-
ing the short duration gamma ray anomalies. Similarly,
Padrón et al. [59] found that crustal deformation and fractur-
ing during high seismic activity enhance the release of radio-
genic helium produced in the crust. Lee et al. [23] reported a
short-term negative anomaly of 3He/4He ratios, which indi-
cated that the radiogenic gas release of crustal components
affected the degassing system for the short term.

It may be suggested that due to continuous convergence,
the preseismic slow slip may occur around the subduction
zone before the event. The volumetric expansions of the EP
around northern Taiwan then released the additional radio-
genic gas from the crustal component. The increase in
gamma rays can be attributed to the expansion around the
YMSG that produced new fractures for gas and fluid migra-
tions, potentially associated with the slow slip (e.g., Events
6, 7, 8, 10, 17, 20, 21, 23, 24, and 27). A similar explanation
of the preseismic slow slip before the Tohoku earthquake
was illustrated by Orihara et al. [60].

Hence, based upon the above-mentioned points, the pre-
liminary outline of anomalous data regarding relevant earth-
quakes can be concluded, which may be associated with the
dynamics of the subduction process.

4.4. Relationship between the Tectonic Setting and the
Mechanism for Anomalous Signals. The geodynamic setting
of the arc-continent collision in Taiwan is well defined by
the oblique collision between the PSP and the EP, with the
former plate moving about 8 cm/year [1]. To the north of
the island lies the Ryukyu subduction zone, which results
from the subduction of the PSP beneath the EP. A schematic
diagram of the proposed physical mechanism based on the
anomalies in radon at TPT and changes in gamma rays at
YMSG is shown in Figure 8. Stages 1 to 2 are considered to
have occurred successively before the significant earthquake,
which occurred along the subduction region. During Stage 1,
the prestress caused by the northwestern movement of the
PSP may be transmitted by collision with the Kuanyin High
along the major decollement to trigger radon enhancements
due to the development of microcracks below the TPT sta-
tion, while no significant changes at the YMSG station occur
during this stage. The description of the similar model for
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TPT was described in detail by Fu et al. [41]. At Stage 2,
further movement of the PSP may be locked by the EP
and accumulated elastic stress results in the increase of
radiogenic materials, such as gamma rays and radon gas,
due to an increase in the porosity and fractures below the
YMSG station.

Based on GPS observations, Rau et al. [61] and Ching
et al. [62] concluded that crustal deformations showed the
transition of surface strain in the type of tectonic activity
from an arc-continent collision to a subduction/back-arc
opening in northern Taiwan. Continental collision (around
the TPT region) to extension (around the YMSG region)
may be associated with the similar geodynamic process of
stage 1 to stage 2, respectively, at different time scales.

Therefore, anomalous signals from gamma rays and
radon that are attributed to changes in pore pressure by the
Coulomb stress changes may be attributed to near/far-
field earthquakes or strain-induced changes in permeability
within the preparation zone of the earthquake [63–65].
During the build-up of stress by preseismic activity, some
of the existing features and the permeability of the fault zone
are ruptured. The highly porous and permeable fault zones
are then filled with gas and fluid. These closing and opening
processes within the fault system are induced by the tectonic
stress, which may be responsible for the episodic and/or peri-
odic seismicity in northern and northeastern Taiwan.

5. Conclusions

The major findings of this study are listed below:

(1) Gamma ray variations are monitored at the YMSG
monitoring station, located in the volcanic area of
north Taiwan. Results of the temporal gamma ray var-
iations are compared withmeteorological records. The
marginal effect of atmospheric parameters is observed
in gamma ray measurements at the YMSG station

(2) Under continuous monitoring, many anomalously
high radon values at TPT and gamma rays at YMSG

were observed a few days to a few weeks before the
seismic events

(3) Two groups of earthquakes can be identified at the
YMSG station based on relevant earthquakes: earth-
quakes with shallower hypocenters and that are con-
centrated within 30 km of the monitoring station
with a smaller magnitude and the earthquakes with
deeper hypocenters and that are distributed at greater
distances (~30 to 180 km) from the monitoring site

(4) The precursory changes in soil radon at the TPT sta-
tion and gamma rays at the YMSG station may repre-
sent the preparation stage of an earthquake. When
the observed precursory signals from these two sta-
tions with time delay occur, the possible impending
large earthquake around the plate boundary in north-
eastern Taiwan can then be expected, which is
located approximately between latitudes 23.9°N and
26.7°N and longitudes 121.3°E and 122.6°E

(5) Both radon and gamma ray measurements provide
a useful tool and act as a good indicator for explor-
ing earthquake precursors, especially in north and
northeastern Taiwan
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In this study, closed-system Fischer-Tropsch synthesis was conducted at 380°C and 30MPa for 72 h with magnetite as a catalyst.
The isotopic composition of the closed-system Fischer-Tropsch synthesis gas and the composition of known abiogenic gas were
systematically studied, and the deep Songliao Basin gas was also investigated. The results show that closed-system Fischer-
Tropsch synthesis of gaseous hydrocarbon isotopes exhibits a partial reverse order, which includes the reverse order of methane
and ethane such as δ13C-C1>δ13C-C2<δ13C-C3 and δ2H-C1>δ2H-C2<δ2H-C3. Furthermore, experimental data on the control of
NaBH4 content indicates that the carbon isotopes demonstrate a reverse order on condition that the H2/CO2 (mole ratio) is
equal to or greater than 4.0; meanwhile, the hydrogen isotopes show a normal order. The deep Songliao Basin hydrocarbon gas
component is similar to thermogenic gas and has a trend of a transition to oceanic hydrothermal system abiogenic gas. In
addition, the deep Songliao Basin gas isotopic pattern is different from both Lost City and Kidd Creek where the deep Basin gas
carbon isotopic pattern has a reverse order, and the hydrogen isotopic pattern has a normal order. Therefore, the deep Basin gas
might be a mixture of the oil-type gas and the coal-formed gas, which could be the cause of the isotopic reverse.

1. Introduction

Generally, hydrocarbons are mainly derived from microbial
decomposition of organic matter [1–3] and organic matter
thermal degradation [2, 4]. However, abiogenic hydrocar-
bons are produced by chemical reactions that do not directly
involve organic matter and are present in trace amounts in
high-temperature volcanic/geothermal fluids and magma
systems [5–7]. The researchers found that a large proportion
of abiotic hydrocarbons (up to 90 vol.%) associated with
low-temperature gas-water rock interactions were present
in Precambrian crystalline shield, submarine peridotite

hydrothermal system, continental ophiolite, and serpenti-
nized ultramafic rocks in peridotite blocks [8–12]. Abiogenic
gas associated with continental serpentinized ultramafic rock
systems have been found in many countries from North
America, Europe, and Asia to Oceania [8, 13–18]. Typical
characteristics of the gas include a high concentration of
methane (CH4, usually greater than 80 vol. %), variable
amounts of hydrogen (H2) and C2+ alkanes (ethane, propane,
and butane), and typical combinations of stable C and H iso-
topes of CH4, which overlap only partially with biological
(thermal) gases [9, 19]. In fact, abiogenic gas is related to a
process known as Fischer-Tropsch synthesis (FTS) [20–22].
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Fischer-Tropsch synthesis (FTS) was first developed by
German chemists Franz Fischer and Hans Tropsch in 1926,
and it is a chemical process that converts carbon monoxide
from coal into liquid hydrocarbon-based fuels and lubricants
[23]. Usually, it can be defined as a heterogeneous catalytic
reduction of carbon dioxide using molecular hydrogen,
which is widely considered to be a process that may lead to
the presence of organic compounds in meteorites, subma-
rine hydrothermal systems, and igneous rocks [24–29].
Organic compounds produced by Fischer-Tropsch synthesis
(FTS) are used to explain the existence of hydrocarbons in
igneous rocks and hydrothermal fluids, and they are
involved in a variety of geological processes, including the
production of methane and hydrocarbons deep in the crust,
which provides nutrients for microorganisms in under-
ground and hydrothermal environments ([30]; Szamtmari,
1989; [22, 27, 31–33]).

It has previously been observed that some abiogenic CO2
and biogenic hydrocarbon gas reservoirs have been found
successively in the Xujiaweizi fault depression of the Songliao
Basin [34, 35]. Most of these gases are produced by Ro >
2 0% source rocks and have carbon isotopic reversals
(δ13C − C1 > δ13C − C2; δ

13C − C2 > δ13C − C3) [36]. Their
genetic origin has been debated for a long time (e.g., Guo
et al. 1997; [37–41]), mainly because of their common carbon
isotopic reversals. Previous studies have found that the deep
natural gas in the Songliao Basin is dominated by hydrocar-
bon gas. The carbon isotope composition of methane is rela-
tively heavy (>-30.0‰), and the carbon isotopic reversal
trend is general, so it is believed that there are abiogenic
alkane gases in the Xujiaweizi fault depression, which is con-
sidered to be related to mantle degassing ([42]; Guo et al.
1997; [43, 44]). Others have argued that the mixing of differ-
ent types of natural gas formed by organic matter in the same
formation is the main reason for those results [45]. In this
study, the experimental data and the isotopic composition
of abiogenic gas were systematically studied with closed-
system Fischer-Tropsch synthesis and pyrolysis at 380°C
and 30MPa, and the deep Songliao Basin gas was also inves-
tigated to provide more information for exploring the
sources of the deep Songliao Basin gas.

2. Geological Setting

Songliao Basin is a complex faulted basin in which the Lower
Cretaceous is dominated by faulted sedimentation and
contains a natural gas reservoir, and the Upper Cretaceous
is dominated by depression sedimentation and contains a
petroleum reservoir [46]. The Xujiaweizi fault depression
is located in the north part of the Songliao Basin
(Figure 1(a)). From younger to older, the deep strata of
the Xujiaweizi fault depression comprise the Denglouku
Formation, Yingcheng Formation, Shahezi Formation, and
Huoshiling Formation (Figure 1(b)) [36]. Among these, the
deposition periods of the Huoshiling and Yingcheng forma-
tions were the main developing times for volcanic rocks in
fault depression, the deposition period of Shahezi Formation
was the main developing period for hydrocarbon source
rocks in the fault depressions, and the Denglouku Formation

was the regional cap rock of the natural gas in the deep fault
depression [41].

The Xujiaweizi fault depression mainly develops two sets
of source rocks of the Lower Cretaceous Shahezi Formation
(K1sh) and Yingcheng Formation (K1yc). The source rocks
of Shahezi Formation are widely distributed, mainly in the
central, western, and northern parts of the fault depression,
with a thickness of more than 200m, whereas source rocks
in the Yingcheng Formation are mainly distributed in the
Xuzhong area and the southern part of the fault depression
with a maximum thickness of 160m. The TOC average
values of Shahezi Formation and Yingcheng Formation are
2.43% and 1.41%, respectively [47]. The organic matter types
are mainly type III, and the vitrinite reflectance Ro average
values are 2.36% and 2.24%, respectively [47]. Both sets of
source rocks are in stages of high to overmature evolution.
The main deep gas reservoir types include the Denglouku
structural gas reservoir, Yingcheng Formation volcanic litho-
logic gas reservoir and basement lithologic gas reservoir. The
Xujiaweizi fault depression is the most abundant hydrocar-
bon gas reservoir in volcanic rocks around the world [48]
with proven gas reserves exceeding 250 billion cubic meters
that have been discovered since the milestone well XS1 was
drilled in 2002. Gas fields, such as Wangjiatun, Songfangtun,
Changde, Nongan, and Qingshen, have been discovered in
the Xujiaweizi fault depression and its surroundings.

3. Fischer-Tropsch Synthesis

Abiogenic synthesis of hydrocarbons has been discussed
since 1940 [49]. Many methods have been described, and
although the researchers have not yet reached a conclusion,
it is generally believed that hydrocarbons could be produced
by reduction of CO2 via an aqueous Fischer-Tropsch synthe-
sis (FTS) reaction. The Fischer-Tropsch reaction is a com-
mon industrial process invented by German scientists
Franz Fischer and Hans Tropsch in the 1920s. The mass bal-
ance equation is as follows:

2n + 1 H2 + nCO⟶ CnH2n+2 + nH2O 1

Although the first study of FTS began in the early 20th
century, the mechanism of hydrocarbon formation from
CO and H2 is still controversial because the whole process
is a very complex binding chain that is simultaneously and
continuously reacting on the surface of changing metal-
oxide-carbide [50–52]. The composition of FTS products dif-
fers essentially from the equilibrium composition [53–55].
FTS is a process controlled by kinetics, and the distribution
of products depends on the properties of catalysts and syn-
thesis conditions. The main initial step is to adsorb H2 and
CO on the metal surface. The activity and selectivity of cata-
lysts depend mainly on the properties of CO adsorption-
desorption-dissociation. Compared to H2, CO can be
adsorbed on metal and oxide surfaces [56]. The simple rules
of FTS indicate that more olefins and carbon dioxide are
formed on iron catalysts, whereas more alkanes and water
are produced on nickel and cobalt catalysts [53]. In hydro-
thermal systems, carbon dioxide is the most likely reactant,
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and many laboratory experiments [57–63] have shown that
saturated hydrocarbons and other organic compounds can
be generated by FTS reactions with carbon dioxide as an indi-
rect carbon source. In addition, it has been suggested that in
this case, the first stage of the FTS reaction is to form CO by
reducing CO2 by H2:

CO2 + H2 ⟷ CO +H2O 2

4. Experiments and Methods

4.1. Experimental Conditions and Materials. The Xujiaweizi
fault depression is a gas-bearing fault depression with the
highest exploration degree in the Songliao Basin. The buried
depth of the gas reservoir is generally 3000-4000m with an
average of approximately 3500m [64]. The paleogeothermal
gradient in the Xujiaweizi fault depression is higher than
the present average value of 4°C/100m with a maximum of
5°C/100m at the end of the Cretaceous (~65Ma) [65, 66].
The maximum temperatures experienced by reservoirs and
source rocks thus occurred before the end of the Cretaceous,
except in some areas where they may have been influenced by
volcanic activity [66, 67]. In this study, the chosen laboratory
conditions (380°C and 30MPa) of the Fischer-Tropsch syn-
thesis experiments might be representative of the thermody-
namic conditions of the Songliao reservoir. In addition, two
types of material were selected to carry on the Fischer-
Tropsch reaction, including the sodium materials, which
are NaHCO3 and NaBH4. NaHCO3 is prepared by CO2 that
is taken from the Fangshen-9 Well in the Songliao Basin,
China. It has been established that the CO2 in the
Fangshen-9Well has an abiogenic origin. Therefore, the pur-
pose of choosing CO2 in the Fangshen-9 Well to simulate the
formation process of deep gas in the Songliao Basin was to
make the simulation as realistic as possible, allowing for the
exploration of the origins of the gas. The CO2 and NaOH
solution is fully reacted and crystallized to obtain NaHCO3.
After these two kinds of materials are mixed, the NaHCO3
heating decomposition produces water that reacts with
NaBH4 to produce the hydrogen. At a certain temperature
and pressure, the hydrogen and carbon dioxide undergo
Fischer-Tropsch synthesis. Magnetite is a ubiquitous compo-
nent of ultramafic-hosted hydrothermal systems (Alt &
Shanks, 2003), which is why it was selected for this series of
experiments. Magnetite was used as the catalyst in the exper-
iment, and the chemical reaction equation was as follows:

2NaHCO3 = Na2CO3 + H2O + CO2

NaBH4 + 2H2O = NaBO2 + 4H2

CO2 + H2 ⟶ CH4 + C2H6 + C3H8+⋯+H2O
3

4.2. Experimental Procedure. The pyrolysis experiment was
conducted in a closed system following the procedures
described in detail by Tao [68]. All pyrolysis experiments
were performed in gold cell reactors (50mm × 4mm).
Approximately 5mg of NaBH4, 5mg of magnetite, and
40mg of NaHCO3 prepared by CO2 were taken from the
Fangshen-9 Well in the Songliao Basin, China, and were

loaded into one gold tube, which was then welded on one
end. The gold tube was flushed with argon for approximately
15 minutes to ensure complete removal of air and then sealed
in an argon atmosphere using arc welding. After that, the
sealed gold was placed in a stainless-steel pressure cooker,
and then approximately 10ml of water was placed in a con-
tainer connected to a pressurized water line. The pressure
device consisted of an air compressor and a booster pump
that drives high pressure water into an autoclave. The sample
in the autoclave was heated to a target temperature in a single
oven. During pyrolysis, the pressure in the autoclave was
adjusted by adding water from the pump or removing water
from the autoclave through a leak valve. The experiment was
carried out at a temperature of 380°C and a pressure of
30MPa for up to 72 h.

4.3. Product Analysis. The pyrolysis products of Fischer-
Tropsch synthesis include hydrocarbon gases and nonhydro-
carbon gases. In the analysis of hydrocarbon composition,
the gold cell was placed in a vacuum system and pierced with
a needle, and the gas products were released and collected by
a Toppler pump for quantitative analysis. Then, the compo-
sition of the gas products was analyzed using Agilent
6890N-Wasson gas chromatography with a PoraPLOT Q
capillary column (50m × 0 53mm id). The oven temperature
was maintained at 70°C for 6min, then increased from 70°C
to 130°C at 15°C/min, from 130°C to 180°C at 25°C/min,
and then maintained at 180°C for 4min. Nitrogen was used
as a carrier gas, and experiments were carried out at 180°C
using FID and TCD detectors. C1-C5 hydrocarbons, H2S,
H2, and CO2 (detection limits of CO2 and H2: 40 ppmv;
H2S: 150 ppmv; HC: 10ppmv; precision 2%; 10% at the
detection limit) were quantitatively analyzed by using the
external standard method.

Gas carbon isotope analysis was performed by gas
chromatography-isotope ratio mass spectrometry (GV
IsoPrime™ GC-IRMS) with a capillary column
(30m × 0 32mm). The temperature program was as follows:
using helium as a carrier gas, the oven temperature was kept
at 60°C for 3min, rose to 180°C with a 25°C/min heating pro-
gram, then held at 180°C for 10min. Gas samples were ana-
lyzed in duplicates, and the stable carbon isotopic values
are reported in the δ-notation in per mil (‰) relative to
VPDB. Precision for individual components in the molecular
δ13C analysis is ±0.3‰.

GC-IRMS (Finnigan Delta Plus XL) with a capillary col-
umn (HP-PLOT, 30m × 0 32mm) was used to analyze the
hydrogen isotope of hydrocarbon gases (C1-C3). The temper-
ature program is as follows: the temperature was held at 50°C
for 7min, and then the temperature rose to 180°C at a rate of
30°C/min. The stable hydrogen isotopic ratio (δ2H) values
are reported in the δ-notation in per mil (‰) relative to
VSMOW and the reproducibility and precision of isotope
values are expected to be ±3‰.

5. Results and Discussion

5.1. Gas Isotope Composition. The Fischer-Tropsch synthesis
experiments were carried out under closed-system gold tube-
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high pressure vessels at 380°C and 30MPa. The gas yields and
gas isotopic compositions are shown in Table 1. The results
show that the carbon isotopes (PDB, ‰) and hydrogen
isotopes (SMOW, ‰) of gaseous hydrocarbons exhibited
normal order or partial reverse order, which is the reverse
order of methane and ethane, such as δ13C − C1 > δ13C −
C2 < δ13C − C3 and δ2H − C1 > δ2H − C2 < δ2H − C3
(Figure 2). Hu et al. [69] also observed that the carbon iso-
topes have a reverse order or partial reverse order, whereas
the Fischer-Tropsch synthesis experiments were carried out
under a closed system with an iron-based catalyst for CO
and H2 at 270-300°C, 0.7-2.0MPa. Other scholars have
reported that hydrogen isotopes show δ2H − C1 > δ2H −
C2 < δ2H − C3 in a hydrothermal system; however, the
carbon isotopes of gaseous hydrocarbons are heavier with
an increase in carbon number, and carbon isotopes have a
normal order [21, 70]. Fu et al. [71] indicated that carbon iso-
topes do not have a reverse order in a closed system with an
iron-based catalyst for CO and H2 at 400

°C, 50MPa. In addi-
tion, Fischer-Tropsch synthesis experiments were carried out
in an open system with an iron-based catalyst for CO and H2
at 260-300°C, 3MPa, by Taran et al. [72]; the results showed
that the carbon isotopes of gaseous hydrocarbons were
reversed only for a low conversion rate of CO, and they con-
sidered that other processes (such as a simple mixing of two
or more end members) or other P-T conditions of the carbon
reduction could be responsible for the “inverse” isotopic
trend found in meteorites and some natural gases. To this
end, FTS experiments were carried out while controlling
the NaBH4 content (Table 1). According to Zhang & Duan
[73], the ethane was probably oxidized when the mantle-
derived gas was migrated to the crust. Mantle fluids rose to
the boundary of lithosphere-asthenosphere, and the compo-
sition of the fluids changed from the mixture of H2O-CH4-
H2-C2H6 to the mixture of H2O-CO2-CO. The mantle fluids
H2/CO2 (mole ratio) are generally less than 1.2 under the
conditions of high temperature and high pressure. The FTS
experimental gaseous hydrocarbons with the control of
NaBH4 carbon content and hydrogen isotope patterns are
shown in Figure 3. When the H2/CO2 (mole ratio) is less than
1.2, the gas carbon isotopes are a normal order and show a
linear increase in carbon numbers; when the H2/CO2 (mole
ratio) is more than 1.2, the carbon isotopes of methane are
heavier than ethane, and the carbon isotopes of C2+ are
heavier and show a linear increase in carbon numbers. When
the H2/CO2 (mole ratio) is equal to or greater than 4.0, the
carbon isotopes have a reverse order. Compared to carbon
isotopes, the hydrogen isotopes show δ2H − C1 < δ2H −
C2 > δ2H − C3 when H2/CO2 (mole ratio) is less than 4.0,
and the hydrogen isotopes of propane are close to ethane
with an increase in H2/CO2 (mole ratio). When H2/CO2
(mole ratio) is equal to or greater than 4.0, the hydrogen
isotopes of propane are heavier than ethane, and the
hydrogen isotopes show a normal order.

5.2. The Characteristics of Abiogenic Gas. Sherwood Lollar
et al. [74] used stable isotope signatures to suggest that CH4
and higher hydrocarbon gases (ethane, propane, and butane)

at Kidd Creek mine on the Canadian Shield are pro-
duced abiogenically by water-rock interactions, such as
surface-catalyzed polymerization [24, 53], metamorphism
of graphite-carbonate bearing rocks [75–77], and other
gas-water-rock alteration reactions, such as serpentiniza-
tion [20, 78–83].

According to Sherwood-Lollar et al. [11], the isotopic
pattern of abiogenic gas of Precambrian Shield sites in
Canada is shown in Figure 4(a). It was indicated that δ13C
of methane is the heaviest, which is distributed in -32‰
~-36‰ (PDB); however, δ13C of ethane is in -36‰~-39‰
which is the lightest in hydrocarbon gas, and C1-C2 shows a
depletion trend while C2-C5 shows a consistent trend of iso-
topic enrichment in 13C with increasing molecular weight.
The pattern of hydrogen isotopic variation had consistent
2H enrichment with increasing molecular weight, which is a
positive sequence (Figure 4(b)). Proskurowski et al. (2008)
pointed out that the carbon isotope compositions of C1 to
C4 hydrocarbons from Lost City fluids are increasingly nega-
tive (δ13C ranges from -9‰ to -16‰, PDB) with increasing
chain length (Figure 4(a)). The hydrogen isotopic composi-
tion of Lost City C1 to C3 hydrocarbons shows a similar,
although less defined, trend in which molecules with longer
chain lengths have similar or slightly lower δ2H values
(-120‰ to -170‰, SMOW) relative to shorter-chain alkanes
(Figure 4(b)). As shown in Figure 4, the carbon and hydrogen
of the closed-system FTS gaseous hydrocarbon are distrib-
uted between the Kidd Creek and Lost City.

5.3. The Deep Gas in the Songliao Basin and Abiogenic Gas

5.3.1. Gas Component. The composition of the deep Songliao
Basin hydrocarbon gas [41, 84], Fischer-Tropsch experimen-
tal gas (Table 1), and the abiogenic gas of Kidd Creek [11] is
shown in Figure 5. As shown in Figure 5, the deep Songliao
Basin hydrocarbon gas is similar to thermogenic gas but has
a different variation with abiogenic gas and has a trend of a
transition to oceanic hydrothermal system abiogenic gas
(Proskurowski et al. 2008). Therefore, the deep Basin gas
might be a mixture of the oil-type gas and the coal-formed
gas, which could be the cause of the isotopic reverse; the
closed-system FTS gas is similar to the hydrothermal system
and has a trend of transition to the Kidd Creek (Figure 5).

5.3.2. Isotopic Characteristics. Previous studies have found
that natural gases in the deep strata of the Songliao Basin
are dominated by alkane gases, the carbon isotope com-
position of methane is heavier (>-30.0‰) and the carbon
isotopic reversal trend is general [41]. The carbon iso-
topes of the deep Songliao Basin hydrocarbon gas become
more depleted in 13C with increasing molecular mass
(δ13C − C1 > δ13C − C2 > δ13C − C3 > δ13C − C4), which is
a reverse order [41]. Wang et al. [84] suggested that natural
gases from the Songliao Basin show two different distribu-
tion patterns of δ13C values due to differences in precursors
and mechanisms of hydrocarbon formation as well as the
kinetic isotope fractionation of alkane carbon isotopes.
Alkanes formed by the degradation of sedimentary organic
matter show lighter δ13C-C1 values (-30.2‰~-58.3‰) with
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a normal distribution of δ13C values for methane homo-
logues. Abiogenic natural gases show heavier δ13C-C1 values
(-30.5‰~-16.7‰) with a reverse distribution of δ13C values
similar to alkanes from the Murchison meteorite and poly-
merization, whereas the δ2H values are featured by a normal
distribution. Figure 6 shows the carbon-hydrogen isotope
variation with carbon numbers (data from Proskurowski
et al. 2008; [11, 84]). As shown in Figure 6, the deep
Songliao Basin gas isotopic pattern is different for both Lost
City and Kidd Creek in which the deep Basin gas carbon
isotopic pattern has a reverse order, and the pattern of
hydrogen has a normal order. The abiogenic gas of Kidd
Creek only shows δ13C − C1 > δ13C − C2, yet the carbon
isotopes of C2+ have a normal order, and the carbon and
hydrogen isotopes of the Lost City are the reverse order.

5.3.3. Isotope Fractionation. According to previously
reported data ([21, 69, 71, 72]; Proskurowski et al. 2008;
[84, 85]), the CO/CO2 and methane carbon isotope

fractionation diagram was added up for different natural
environments and experimental conditions (Figure 7). Over-
all, the CO2 and methane carbon fractionation is between
15‰ and 25‰ in the natural environments, and under
experimental conditions, the CO/CO2 and methane carbon
isotope fractionation changed greatly between 8‰ and
40‰, which is related to the conversion rate [69, 72]. The
conversion of CO/CO2 and carbon isotope fractionation
has a negative correlation. It should be noted that the meth-
ane carbon isotope variation is limited to the deep Songliao
Basin gas which seems to have nothing to do with the CO2
carbon isotope (Figure 7). The results suggest that the con-
version of mantle CO2 to synthesize methane is low, and
there is a supplement of organic CO2, which implied that
there is a complicated relationship between the two.

During the formation of abiogenic gas, hydrogen isotope
fractionation also occurred (Figure 8). As shown in Figure 8,
the carbon isotope and hydrogen isotope fractionation all
occurred in abiogenic synthesis to methane, and the
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Figure 2: The isotopic pattern of the Fischer-Tropsch synthesis gas at different pyrolysis times. (a) The carbon isotopic pattern and (b) the
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carbon isotope fractionation increased with the conversion
as the hydrogen isotope fractionation decreased with the
conversion. It is estimated that the methane carbon iso-
tope fractionation was in the 20‰ and 25‰, and the early
hydrogen isotope fractionation was 170‰ while the late
fractionation was 80‰. The carbon isotope and hydrogen
isotope fractionation of the condensate oil was 20‰ and
180‰. Closed-system Fischer-Tropsch synthesis experi-
mental data (Table 1) shows that a carbon isotope of
methane has increased with a decrease in C1/C2, which
means that the carbon isotope fractionation is reduced
and is probably related to high conversion and polymeri-
zation [11, 84].

6. Conclusion

Closed-system Fischer-Tropsch synthesis and pyrolysis were
carried out at 380°C and 30MPa; the experimental data and
the isotopic composition of abiogenic gas were systematically
studied, and the deep Songliao Basin gas was also investi-
gated in this study, producing following preliminary
conclusions:

(1) The results show that carbon isotopes and hydrogen
isotopes of Fischer-Tropsch synthesis gaseous hydrocarbons
exhibit normal order or partial reverse order, which is the
reverse order of methane and ethane such that δ13C − C1 >
δ13C − C2 < δ13C − C3 and δ2H − C1 > δ2H − C2 < δ2H − C3.
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(2) It is suggested that carbon isotopes of gaseous hydro-
carbons showed a reversal or a reverse order only at low con-
version rates of CO2; when the H2/CO2 (mole ratio) is equal
to or greater than 4.0, the carbon isotopes show a reverse
order, while the hydrogen isotopes show a normal order.

(3) The gas component and isotopic pattern suggests
that the deep Songliao Basin gas might be a mixture of
oil-type gas and coal-formed gas, which could be the cause
of the isotopic reverse.
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The Podong Permian ultramafic intrusion is only one ultramafic intrusion with massif Ni-Cu sulfide mineralization in the
Pobei layered mafic-ultramafic complex, western China. It is obviously different in sulfide mineralization from the nearby
coeval Poyi ultramafic intrusion with the largest disseminated Ni-Cu sulfide mineralization and mantle plume contribution
(Zhang et al., 2017). The type and addition mechanism of the confirmed crustal contaminations and possible mantle plume
involved in the intrusion formation require evidences from carbon and noble gas isotopic compositions. In the present study, we
have measured C, He, Ne, and Ar isotopic compositions of volatiles from magmatic minerals in the Podong ultramafic
intrusion. The results show that olivine, pyroxene, and plagioclase minerals in the Podong intrusion have variable δ13C of CO2
(-24.5‰ to -3.2‰). The CH4, C2H6, C3H8, and C4H10 hydrocarbon gases show normal or partial reversal distribution patterns
of carbon isotope with carbon number and light δ13C1 value of CH4, indicating the hydrocarbon gases of biogenic origin. The
δ13C of CO2 and CH4 suggested the magmatic volatile of the mantle mixed with the volatiles of thermogenic and crustal origins.
Carbon and noble gas isotopes indicated that the Podong intrusion could have a different petrogenesis from the Poyi ultramafic
intrusion. Two types of contaminated crustal materials can be identified as crustal fluids from subducted altered oceanic crust
(AOC) in the lithospheric mantle source and a part of the siliceous crust. The carbon isotopes for different minerals show that
magma spent some time crystallizing in a magma chamber during which assimilation of crustal material occurred. Subduction-
devolatilization of altered oceanic crust could be the best mechanism that transported large proportion of ASF (air-saturated
fluid) and crustal components into the mantle source. The mantle plume existing beneath the Poyi intrusion could provide less
contribution of real materials of silicate and fluid components.

1. Introduction

The Pobei Permian mafic-ultramafic complex is the largest
layered complex in China and is composed mainly of more
than 20 ultramafic intrusions hosting Ni-Cu sulfide miner-
alization, which intruded in an early-stage large gabbro
intrusion [1–6]. These ultramafic intrusions were assumed
to be formed by asthenosphere mantle upwelling induced
by a mantle plume [1, 6–11] or lithosphere delamination-

induced basaltic magmatism in a convergent postcollision
tectonic geodynamic setting [2, 12–14]. There is about
10Ma difference of formation age between early-stage gabbro
intrusion and lately ultramafic intrusions [3]; therefore, each
ultramafic intrusion could be considered as an individual
intrusive event.

The Podong ultramafic intrusion in the Pobei complex is
only one ultramafic intrusion with massif Ni-Cu sulfide
mineralization [3, 4]. The Podong intrusion is composed
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mainly of lherzolite, websterite, troctolite, gabbro, olivine gab-
bronorite, and norite, whereas the nearby coeval Poyi (No. 1)
ultramafic intrusion contains dunite, wehrlite, troctolite, oliv-
ine clinopyroxenite, and olivine gabbro [3, 4]. The Podong
Ni-Cu mineralization occurs in gabbronorite (±olivine) with
high Ni grade, whereas the Poyi intrusion in the west end of
the Pobei complex hosts disseminated sulfide deposit in troc-
tolite and peridotite ultramafic rocks with low Ni grade [4].
The zircon U-Pb age of gabbronorite in the Podong intrusion
is 270 ± 2 7Ma [3] or 273 5 ± 2 9Ma [4].

The Podong ultramafic intrusion shows pronounced
negative anomalies of Nb, Ta, Ti, Zr, and Hf high field
strength elements. The external fluids and siliceous crustal
assimilations may have triggered sulfide saturation in the
mineralization of the Podong magma [3, 4]. The εNd(t)
(-0.61–+1.92) and variable (87Sr/86Sr)i (0.7055–0.7090)
indicated that the Podong parental magma experienced
0–13wt% contamination of the upper crust [3]. However,
the 0–13wt% upper crust suggested by Sr-Nd isotopes
which cannot fully account for the negative Nb-Ta anom-
alies [3, 4]. Meanwhile, the sulfur isotopic compositions
(0.82-2.02‰) cannot completely rule out the addition of
external sulfur or fluids in the Podong intrusion [3].

On the other hand, the carbon and noble gas isotopic
compositions revealed the information of mantle plume in

the Poyi ultramafic intrusion [10], but indicated the different
petrogenesis of No. 4 and 10 ultramafic intrusions at the west
end of the Pobei complex, which showed a mixture of differ-
ent portion of lithospheric mantle, crust, and air [11]. Hence,
the type of contaminated crustal materials and the contri-
bution of the mantle plume in the formation of the
Podong intrusion require constraints from C and He-Ne-
Ar isotopic compositions. An integrated study of C and
He-Ne-Ar isotopes of magmatic minerals in the Podong
ultramafic intrusion has been carried out to constrain the
origins of volatiles, to reveal the type and mechanism of the
contaminated crustal material, and to provide insight into
the petrogenesis of the Podong ultramafic intrusion.

2. Geological Background

The Podong ultramafic intrusion is located at the center of the
Pobei mafic-ultramafic complex in the northeastern margin of
the Tarim Craton, western China. The Pobei complex is
associated temporally and spatially with the Cantoushan,
Bijiashan, Hongshishan, Xuanwoling, and Zhongposhan
mafic-ultramafic complexes in the Beishan Paleozoic rift
(Figure 1). These coeval Paleozoic magmatisms were intruded
extensively into the Proterozoic and Carboniferous strata and
hosted the Ni-Cu-Fe mineralization [2, 5, 6, 15, 16].
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The Pobei mafic-ultramafic complex is ~36 km in length
and ~8 km in width on the surface (Figure 1). The downward
extension of the intrusion exceeds 2400m [10]. It is pre-
dominantly composed of an early-stage huge gabbroic
intrusion intruded by more than 20 small sulfide-
mineralized ultramafic-troctolitic intrusions, including Poyi
(No. 1), Posan (No. 3), Posi (No. 4), and Poshi (No. 10)
ultramafic intrusions [2, 5, 13]. The contacts between the
ultramafic-troctolite intrusions and the gabbroic intrusion
show clear intrusive relations. Country rocks are Proterozoic
schists, gneiss, and gneissic granite (Figure 1).

The ultramafic intrusions are commonly composed of
dunite, peridotite, pyroxenite, troctolite, and gabbro with
significant cumulate rhythmic layers of magmatic minerals
[2, 5, 6, 13, 15, 17]. The contacts among the ultramafic

rocks are gradational. The formation ages of the ultramafic
intrusions and the early-stage gabbro intrusion are signifi-
cantly different (Figure 1). The zircon U-Pb isotope ages
are 269 9 ± 1 7Ma for the Poyi ultramafic intrusion [2],
275 8 ± 2 7Ma for the Posan intrusion [9], and 284 0 ±
2 2Ma for the Poshi intrusion [1]. The gabbro intrusion
has a zircon U-Pb isotope age of 276 1 ± 1 9Ma [2].

The Podong intrusion surface exposure is ∼1400m in
length and 80–400m in width, with a downward extension
> 600m (Figure 2) [3]. Immediate country rocks are Late
Paleozoic gabbros (Figure 2). Many dolerite dykes are
present in the south and east of the Podong intrusion and
have a zircon U-Pb age of ∼280 5 ± 2 0Ma [2]. Drilling
confirmed that Podong Ni-Cu sulfide mineralization formed
an economic sulfide deposit as steeply dipping net-texture
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Figure 2: Geological sketch map (a) and vertical cross sections at exploration line 7 (b) and line 9 (c) of the Podong ultramafic intrusion,
China (after [4]).
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sulfide lenses at lines 7 to 9; Ni-Cu sulfide mineralization is
mostly associated with gabbronorite at the center of the
intrusion. The sulfide minerals commonly interstitial in the
silicate matrix are dominated by pyrrhotite with minor
pentlandite and chalcopyrite [3, 4, 18].

3. Sampling and Analytical Methods

3.1. Samples. Twenty-three peridotite, pyroxenite, troctolite,
olivine gabbronorite, and gabbro samples used in this study
were sampled from three drill cores (ZK7-3, ZK9-3, and
ZK11-3) at exploration lines 7, 9, and 11, respectively, in
the Podong ultramafic intrusion. The locations of explora-
tion lines with drilled holes are shown in Figure 2, and
the representative exploration profiles and sample locations
are shown in Figures 2(b) and 2(c). All the rock samples
were cut into polished thin sections. The microscopic
petrology is observed using both reflected- and transmitted-
light microscopy.

The mineral compositions, texture, and other petro-
graphical characteristics of the Podong ultramafic intrusion
are reported in reference [3] and are similar to the Poyi
intrusion [10]. Olivine, pyroxene, and plagioclase magmatic

minerals have different types of fluid inclusions and trapped
the volatiles in different stages of magmatism (Figure 3).
Partial alteration of olivine by serpentine plus secondary
magnetite and clinopyroxene by tremolite are observed in
the Podong ultramafic intrusion. Plagioclase is generally
pristine, with a negligible alteration in the samples.

3.2. Sample Preparation. All the rock samples were observed
using petrography microscopy, and the least altered samples
were selected for mineral separation. The rock samples were
cut into small pieces. The selected rock pieces without
weathered surface, visible secondary veins were crushed
and sieved 0.2–0.3mm in diameter portions. The mineral
separates were first of all selected by magnetic separation
and followed by hand-picking using a binocular microscope.

The samples for carbon isotopic analysis were immersed
in 0.3M HCl for 24 h and then ultrasonically cleansed with
analytical grade CH2Cl2, which can remove possible sec-
ondary organic components, after which they were rinsed
with distilled water until the pH value of the rinsing water
reached about 7. The samples for noble gas isotopic analy-
sis were washed with 5% HNO3 in an ultrasonic bath to
remove possible secondary radiogenic components [19].
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Figure 3: Microphotos of different types of fluid inclusions in the Podong ultramafic intrusion, China. (a) Primary fluid inclusions in
pyroxene of sample PD73-1, plane polarized light (-); (b) primary fluid inclusions in olivine of sample PD73-2, plane polarized light (-);
(c) secondary fluid inclusions in plagioclase of sample PD73-5, perpendicular polarized light (+). Olv = olivine; Pyx = pyroxene;
Pl = plagioclase; Phl = phlogopite; Po = pyrrhotite.
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The cleaned mineral separates were baked at 110°C prior to
analysis [10, 20–22].

3.3. Analytical Methods

3.3.1. Carbon Isotope Analysis. Carbon isotopes of CO2 and
CH4, C2H6, C3H8, and C4H10 hydrocarbon gases were
analyzed by a GC-C-MS system using a stepwise heating
extraction procedure. Carbon isotopes are expressed as
δ13C ‰ = 13C/12C sample/ 13C/12C PDB − 1 × 103 (where
PDB (Pee Dee Belemnite) is the reference standard). A
well-established online stepwise heating method was used
for the extraction of volatiles from the magmatic mineral
separates [21, 23, 24].

The gas extraction apparatus is composed of a U-shaped
quartz tube, a cold trap, and an adsorption trap of molecular
sieve; it is directly connected to a gas chromatography-
combustion-mass spectrometry (GC-C-MS) system. The
sample of ab. 1 g was loaded into the quartz tube and was
degassed in helium carrier gas to remove potentially
surface-adsorbed gases at 200°C for 4 h. The molecular sieve
was activated at 400°C. The CO2 and hydrocarbon gases were
released for 1 h heating at each interval at 3 temperature
intervals of 200-400°C, 400-700°C, and 700-1200°C based
on volatile releasing patterns in the Pobei complex [10],
and were adsorbed and collected using the molecular sieve
tube with liquid nitrogen cooling. Then, the CO2 and hydro-
carbon gases were released and introduced into an Agilent
6890 GC-Delta Plus XP-MS system by helium carrier gas
for carbon isotope analysis in the Key Lab of Petroleum
Resources, CAS, Lanzhou, China. The extraction and
analysis methods of volatiles were described in detail by
[10, 21, 25]. The reported δ13C (relative to V-PDB)
values have a relative error less than 1.01‰.

3.3.2. He, Ne, and Ar Isotope Analysis. The noble gas isotopes
from olivine and pyroxene separates were measured using an
online vacuum heating Noblesse mass spectrometer system
in the Key Lab of Petroleum Resources, CAS, Lanzhou,
China. The sample of about 500mg was wrapped using
aluminum foil and was loaded into the Mo crucible of
the sample chamber. The aluminum foil and Mo crucible
were preheated for >24h at 600°C and 1700°C, respec-
tively. The noble gas extraction line and the sample were
heated at 150°C for >24 h prior to analysis to remove atmo-
spheric or possibly solar-implanted noble gases adsorbed in
the samples.

The volatiles in the sample were extracted by one-step
heating at 1200°C. The active gases were removed firstly by
using a spongy titanium furnace at 800°C. H2 was removed
by Zr-Al getters at room temperature. The purified noble
gases were adsorbed in a cryogenic trap at a temperature of
8K for 20min. Then, He, Ne, and Ar gases were released
for isotope analysis at the cryogenic trap temperature of
15K, 50K, and 100K, respectively. The volume of He, Ne,
and Ar was determined for calibration of their concentration.
The air of Lanzhou city collected from the top of Gaolan
Mountain in Lanzhou city, China was used as an internal
standard, which was measured before each sample. No

significant fluctuations were observed during sample anal-
ysis. Finally, the measured data were calculated after mea-
suring the voltage ratio of relevant ions from both the
standard sample and the sample obtained. The extraction
and analysis methods of volatiles are described in detail
by [10, 22, 26].

The effect of helium pressure on mass shift was examined
and corrected. The mass interferences at m/z = 22 of (20Ne)+
and (22Ne)+ from (40Ar)2+ and (12C16O2)

2+ were corrected
using CO2

2+/CO2
+ = 0 004. The details of Ne and data

correction procedures were described in detail in [22, 26, 27].

4. Results

4.1. The Carbon Isotopic Compositions. The carbon isotopic
compositions of CO2 and CH4, C2H6, C3H8, and C4H10
hydrocarbon gases from the olivine (Olv), pyroxene (Pyx),
and plagioclase (Pl) separates in the Podong ultramafic
intrusion are listed in Table 1.

The Podong magmatic minerals have variable δ13C
values of CO2 (-24.5‰ to -3.2‰). The δ13CCO2

range is
similar to the Poyi ultramafic intrusion (-33.6–-2.2‰) in
the Pobei complex, China [10], the coeval Zhubu ultramafic
intrusion (-22.8–-7.1‰) in the Emeishan large igneous
province (LIP) [28], and the coeval Noril’sk ultramafic
intrusion (-25.3–-19.0‰) in Siberia LIP [20] which were
related to mantle plume. δ13CCO2

values increase from
olivine (-24.5–-4.5‰, av. -14.3‰), pyroxene (-22.9–-3.2‰,
av. -11.05‰), to plagioclase (-17.2–-6.7‰, av. -11.7‰).

The carbon isotopes of hydrocarbon gases in the Podong
intrusion vary in a large range. δ13CCH4

ranges from -42.6 to

-18.4‰, δ13CC2H6
= −34 0–-18.7‰, δ13CC3H8

= −38 4–-7.0‰,

and δ13CC4H10
= −30 9–-22.5‰. The hydrocarbon gases

in most of the samples show normal distribution patterns
of carbon isotopes with carbon number (Figure 4(a)),
and some samples show (partial) reversal distribution
patterns (Figure 4(b)), implying different origins of
hydrocarbon gases.

4.2. The He, Ne, and Ar Isotopic Compositions. The He, Ne,
and Ar abundances and isotopic compositions of the mineral
separates in the Podong ultramafic intrusion are listed in
Table 2. 3He/4He ratios are reported as the R/Ra ratios (i.e.,
measured 3He/4He normalized to the atmospheric ratio,
Ra = 1 39 × 10–6). The analytical uncertainties for 3He/4He,
20Ne/22Ne, 21Ne/22Ne, and 40Ar/36Ar ratios are listed as 1σ
in Table 2.

The 4He abundances of olivine and pyroxene min-
erals in peridotite, pyroxenite, and gabbro in the Podong
ultramafic intrusion range from 3 94 × 10−6 cm3 · STP/g
to 51 81 × 10−6 cm3 · STP/g, av. 31 61 × 10−6 cm3 · STP/g.
The average value of 4He abundances in pyroxene
(30 73 × 10−6 cm3 · STP/g) is lower than that in olivine
(av. 37 38 × 10−6 cm3 · STP/g). Podong samples show
higher 4He abundance than the Jinchuan mafic-ultramafic
intrusion (0 01‐2 56 × 10−6 cm3 · STP/g) [22] and the Poyi
ultramafic intrusion (0 03‐1 09 × 10−6 cm3 · STP/g) [10],
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Figure 4: The normal (a) and partial reversal (b) carbon isotopic distribution patterns of CH4, C2H6, C3H8, and C4H10 with carbon number in
the Podong ultramafic intrusion, China.

Table 1: The carbon isotopic compositions (‰, V-PDB) of the mineral separates in the Podong mafic-ultramafic intrusion, China.

Sample no. Rock Mineral T (°C) δ13CCO2
δ13CCH4

δ13CC2H6
δ13CC3H8

δ13CC4H10

PD73-2

Olivine Olv 200-400 -24.5 -26.4

Gabbro 400-700 -15.7 -31.8 -24.8 -23.2 -29.8

700-1200 -11.3 -35.5 -23.7 -24.0 -30.9

PD73-3

Gabbro Pyx 200-400 -10.5

400-700 -15.2 -34.7

700-1200 -6.3 -38.9

PD73-4

Gabbro Pyx 200-400 -18 -21.1 -20.5

400-700 -10.6 -20.3

700-1200 -5.4 -27.9 -27.9 -38.4

PD73-5

Gabbro Pl 200-400 -17.2 -29.8

400-700 -11.2 -29.0

700-1200 -6.7 -18.9 -26.8 -7.0

PD73-7

Gabbro Pyx 200-400 -20.4 -42.6

400-700 -10.4 -40.9

700-1200 -9.2 -32.4 -24.6 -27.8 -22.5

PD93-3

Gabbro Pyx 200-400 -8.5 -31.5

400-700 -4.3 -22.6

700-1200 -6.8 -22.3 -18.7

PD93-4

Olivine Olv 200-400 -22.7 -18.4

Gabbro 400-700 -7.1 -28.0 -21.4

700-1200 -4.5 -27.1 -23.5

PD93-5

Olivine Pyx 200-400 -22.9

Gabbro 400-700 -20.3 -30.1 -29.7

700-1200 -16.0 -30.3 -20.8 -29.8

PD93-7

Olivine Pyx 200-400 -14.8

Gabbro 400-700 -9.8 -35.8 -34 -28.7

700-1200 -10.7 -31.2 -22.5 -25.7

PD93-8

Gabbro Pyx 200-400 -17.9 -40.0

400-700 -6.1 -36.4 -26.7 -27.9 -24.5

700-1200 -6.0 -31.5 -24.6

PD93-9

Gabbro Pyx 200-400 -8.4 -26.0 -19.6 -26.3

400-700 -3.6 -28.3 -23.6 -30.0

700-1200 -3.2 -27.2

Olv: olivine; Pyx: pyroxene; Pl: plagioclase.
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China (Figure 5(a)). The Jinchuan mafic-ultramafic intru-
sion in western China hosts the third largest Ni-Cu sulfide
deposit in the world and is of a much older formation age
(8.31Ma) [28] than the Podong intrusion. It should have
more radiogenic 4He∗ ingrowths produced by U and Th
decay after crystallization.

The 3He/4He ratios of olivine and pyroxene minerals in the
Podong ultramafic intrusion range from 0.29 to 1.25 Ra, av.
0.90 Ra. Olivine in the Podong intrusion shows lower 3He/4He
ratios (0.60-1.03 Ra, av. 0.82 Ra) than pyroxene (0.29-1.25 Ra,
av. 0.92 Ra). The 3He/4He ratios of Podong samples are higher
than the value of continental crust [29, 30], lower than the

values of the subcontinental lithospheric mantle (SCLM,
6.1 Ra) [31–33], arc-related volcanic fluids (5 37 ± 1 87Ra)
[34], typical MORB (8 ± 1Ra) [35], and OIB (~8-50 Ra) [30,
36, 37]. Podong samples show lower 3He/4He ratios than the
nearby coeval Poyi intrusion (1.13-6.15 Ra) [10] and coeval
mafic-ultramafic intrusions in the Emeishan LIP (0.078-4.34
Ra, av. 0.78 Ra) [38] but have higher 3He/4He ratios than
the Jinchuan mafic-ultramafic intrusion, China [22]
(Figure 5(a)) with more radiogenic 4He∗ ingrowths.

The 20Ne abundances of the Podong intrusion range
from 0.17 to 33 60 × 10−6 cm3 · STP/g with a mean of
9 09 × 10−6 cm3 · STP/g. The 20Ne/22Ne ratios in the

Table 2: He, Ne, and Ar abundances and isotopic compositions of the magmatic mineral separates in the Podong mafic-ultramafic intrusion,
western China.

No. Rock Mineral
Contents

(10−6 cm3·STP/g)
3He/4He 20Ne/22Ne 21Ne/22Ne 40Ar/36Ar

4He 20Ne 40Ar (Ra) 1σ R 1σ R 1σ R 1σ

PD73-1 Pl lherzolite Pyx 9.49 0.54 41.96 1.16 0.09 9.75 0.23 0.034 0.013 293.05 1.60

PD73-2 Olv gabbro Olv 33.04 9.55 359.12 0.62 0.03 9.65 0.01 0.029 0.001 297.86 0.50

PD73-4 Gabbro Pl 27.04 11.50 11.48 1.02 0.04 9.68 0.01 0.029 0.001 126.48 0.52

PD73-5 Gabbro Pyx 25.06 18.95 682.78 0.90 0.05 9.59 0.21 0.028 0.001 297.19 0.43

PD73-6 Gabbro Pyx 45.76 3.43 4.15 0.72 0.02 9.75 0.01 0.029 0.002 177.03 7.30

PD73-7 Gabbro Pyx 29.05 4.60 96.68 1.24 0.03 9.49 0.32 0.028 0.001 295.19 0.78

PD93-1 Pl lherzolite Pyx 19.75 0.19 22.34 0.41 0.04 0.031 0.001 395.2 1.10

PD93-2 Pl lherzolite Pyx 3.94 0.17 15.25 1.25 0.15 10.66 0.49 0.032 0.001 398.11 1.50

PD93-3 Gabbro Pyx 51.81 33.60 68.55 1.10 0.03 9.81 0.01 0.029 0.002 291.92 1.50

PD93-4 Olv gabbro Olv 41.72 21.26 744.56 1.03 0.04 9.70 0.01 0.029 0.003 294.92 0.40

PD93-7 Olv gabbro Pyx 50.24 14.40 490.15 1.01 0.04 9.81 0.01 0.028 0.001 301.11 0.52

PD93-6 Gabbro Pyx 35.07 11.92 451.08 0.84 0.04 9.68 0.01 0.030 0.001 296.23 0.51

PD93-8 Gabbro Pyx 41.69 1.17 154.42 0.90 0.03 0.023 0.004 296.15 0.73

PD93-9 Gabbro Pyx 27.83 4.83 185.88 0.98 0.03 9.31 0.51 0.028 0.001 304.69 0.71

PD113-1 Pyroxenite Pyx 32.70 0.23 18.24 0.29 0.02 0.031 0.001 285.29 9.69
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Figure 5: Plots of 3He/4He versus 4He contents (a) and 20Ne/22Ne versus 21Ne/22Ne (b) in the Podong ultramafic intrusion, China. Olv:
olivine; Pyx: pyroxene; Gbr: gabbro; OlGbr: olive gabbro; Pyt: pyroxenite; Plht: plagioclase lherzolite; ATM: atmosphere [29, 39]; MFL: the
mass fractionation line [29, 39]; CC: continental crust [29]; Nucl.: nucleogenic; L-K: Loihi- Kilauea line [26]; MORB: mid-ocean ridge
basalts [58].
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Podong intrusion vary from 9.31 to 10.66, and the
21Ne/22Ne ratios range from 0.027 to 0.035 (Figure 5(b)).
The 20Ne/22Ne ratios are lower than the mantle (12.5),
higher than the atmospheric value (9.8) [29, 39, 40]. The
21Ne/22Ne ratios are within the ranges of the atmosphere
(0.029) and the solar value (0.033) and are lower than
the crust (0.47) and the upper mantle (0.074) [39–43].
20Ne/22Ne and 21Ne/22Ne are plotted around Air and
show a trend to the L-K line (Figure 5(b)).

The 40Ar abundances of the Podong intrusion range from
4.15 to 744 56 × 10−6 cm3 · STP/g, which is much higher than
the Jinchuan intrusion (0 04‐21 70 × 10−6 cm3 · STP/g) [22]
and the Poyi intrusion (0 14‐0 50 × 10−6 cm3 · STP/g) [10].
The 40Ar/36Ar ratios in the Podong intrusion vary from
285.29 to 398.11, which are close to the atmosphere (295.5)
and lower than the crust (1650–170000) and the mantle
(295.5-8000) [36, 42, 44–46].

5. Discussion

5.1. The Origins of Magmatic Volatiles. The volatiles had
occurred in the Poyi and Podong intrusions (Figure 3) and
had played a key role in the processes of triggering sulfide sat-
uration and mineralization [3, 4, 10, 11]. The CO2 and CH4
volatiles and noble gases released from the Podong samples
could be derived from three potential sources: (1) primary
volatiles in the Podong magmatism, including mantle-
derived volatiles from partial melting of mantle source and
contaminated crustal volatiles from subducted plate or coun-
try rocks, (2) in situ radiogenic noble gas ingrowths produced
by U, Th, and K decay after mineral crystallization, and
(3) secondary volatiles added by subsequent alteration or
regional metamorphism and contaminated air and cosmo-
genic noble gases. The third source of volatiles absorbed
on sample surface is likely negligible in the Podong samples
due to fresh core samples with less alteration or meta-
morphism, as well as sample pretreatment before analysis
[22, 41, 47]. Therefore, volatiles released from the Podong
samples could be derived from magmatism and radio-
genic noble gas ingrowths and can trace the origins of
the volatiles.

The volatiles of different origins exhibit markedly differ-
ent C, He, Ne, and Ar isotopic compositions, which can be
used to reveal their sources [10, 21, 22, 28, 37, 48]. The
3He/4He and 40Ar/36Ar ratios in the Podong intrusion are
mainly plotted around the atmosphere (ATM) with a trend
toward continental crust and old oceanic crust end-
members [22, 29, 39, 49] (crust, Figure 6). The 20Ne/22Ne
and 21Ne/22Ne ratios of most Podong samples were also plot-
ted around the ATM and show a trend to the L-K line and
MORB (i.e., upper mantle, DMM) (Figure 5(b)) [27, 29, 50].

Low 3He/4He ratios of Podong samples could be inter-
preted as in situ radiogenic 4He ingrowths, crust and air-
saturated fluid additions (Figures 5(a) and 6), because
mantle-derived He signatures are often diluted by the
addition of in situ radiogenic 4He [43] and/or crustal He
[29, 30]. The radiogenic ingrowths produced by U, Th, and
K decay after crystallization can be deduced by calculation

or be identified by the relationship between isotopic ratios
and contents of He and Ar.

The amounts of radiogenic 4He∗ contents in the
Podong intrusion can be calculated using Graham et al.’s
(1987) equation:

4He∗ = 2 80 × 10−8 4 35 + Th/U U · t cm3 · STP/g , 1

where t is the formation time in Myr, [U] is the uranium
concentration in ppm, and Th/U is the atomic ratio of Th
and U. Using average contents of whole rock Th (0.15,
0.24, and 0.11 ppm) and U (0.04, 0.08, and 0.06 ppm) for
lherzolite, pyroxenite, and gabbro, respectively [3, 4], and
the crystallization age of the gabbro (270Ma) in the
Podong intrusion [4], the estimated radiogenic 4He∗ con-
tents are 2.45, 4.45, and 2 80 × 10−6 cm3 · STP/g for lherzo-
lite, pyroxenite and gabbro, respectively.

The whole rock K contents (0.07, 0.08, and 0.14wt%)
for lherzolite, pyroxenite and gabbro [3, 4] were used to
estimate the radiogenic 40Ar∗ contents as 0.11, 0.13 and
0.22× 10-6 cm3·STP/g in lherzolite, Pyroxenite and Gabbro,
respectively.

The estimated radiogenic 4He∗ and 40Ar∗ contents in
the Podong ultramafic intrusion range from 2.45 to 4 45 ×
10−6 cm3 · STP/g and from 0.11 to 0 23 × 10−6 cm3 · STP/g,
respectively, and are much lower than the measured values
(Table 2). There is no obvious correlation between 3He/4He
and 4He contents, which can rule out significant radiogenic
4He∗ ingrowths in the Podong samples (Figure 5(a)). The
obvious correlation between 40Ar/36Ar ratios and 40Ar
contents indicated a certain amount of radiogenic 40Ar∗

ingrowths (Figures 7(a) and 7(b)). 3He/4He and 40Ar/36Ar
ratios after deducting radiogenic 4He∗ and 40Ar∗ contents
show similar ranges to measured values and indicate a large
proportion of air and crust origins (Figure 6).
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Figure 6: Plot of 40Ar/36Ar versus 3He/4He ratios in the Podong
intrusion, China (after [49]). ATM: atmosphere [29, 39]; Crust:
continental crust; MORB: depleted mantle for MORB; MP: mantle
plume [34, 35]. Data sources: the Poyi ultramafic intrusion, China
(#1) [10].
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The CO2 and hydrocarbon gases from different origins
show distinct carbon isotopic compositions and distribution
patterns, which can be used to constrain various terrestrial
reservoirs [10, 21, 22, 37, 48, 51]. The CO2 and CH4
released at 200-400°C were mainly released from second-
ary fluid inclusions and cracked primary fluid inclusions
(Figure 3(b)), since the atmospheric component adsorbed
in the samples is generally degassed at low temperature
during step heating [49]. δ13CCO2

and δ13CCH4
values at

200-400°C are plotted into the range associated with methane
oxidation and crustal origins (Figure 8(a)) and proved the
origin of secondary processes, i.e., alteration.

The CO2 and hydrocarbon gases released at 400-700°C
and 700-1200°C temperature intervals from the Podong
samples were mainly released from the fluid inclusions
trapped during the magmatic process (Figure 3(a)). δ13CCO2

and δ13CCH4
are plotted into the ranges of the mantle, ther-

mogenic, and crust-methane oxidation origins (Figure 8(a))
[10, 49, 52], indicating that the Podong volatiles originated
from the mantle (i.e., abiogenic origin) [53, 54] and were
mixed with thermogenic and crustal components. The
mantle origin of volatiles is supported by (partial) reversal
carbon isotopic distribution pattern of the hydrocarbon gases
(Figure 4(b)), i.e., abiogenic hydrocarbon gases. It is also
supported by sulfur isotopes of sulfide separates (0.82-
2.02‰) [3], similar to typical mantle values (0 ± 2‰). The
thermogenic origin refers to the gases formed by thermal
decomposition of biogenic organic matter under high geo-
logical temperature and pressure conditions and implies a
sedimentary source [48]. The crust and thermogenic origins
are supported by a normal carbon isotopic distribution
pattern (Figure 4(a)).

280

310

340

370

400

10
40

A
r/

36
A

r
100 1000 10000

40Ar(10−6 cm3 STP/g)  

Pyx-Gbr
Olv-OlGbr
Pyx-OlGbr

Pyx-Pyt
Pyx-Plht

b

(a)

40
A

r/
36

A
r

40Ar(10−6 cm3 STP/g)  

Pyx-Gbr
Olv-OlGbr
Pyx-OlGbr

Pyx-Pyt
Pyx-Plht

285

290

295

300

305

10 100 1000

(b)

Figure 7: Plots of 40Ar/36Ar versus 40Ar contents (a) and partial enlarged (b) in the Podong intrusion, China.
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The C, He, and Ar isotopes depict a mixture of different
end-members for the Podong mafic-ultramafic rocks. The
proportions of each end-member can be estimated by
mass balance calculations of He and Ar isotopic mixing
models. The air-saturated fluid (ASF) has low 3He/4He
(1 Ra) and 40Ar/36Ar (298.6) [29, 55]; recycled oceanic
crust has low 3He/4He (0.005 Ra) [30] and 40Ar/36Ar
(350) [56]. The upper mantle (UM) or subcontinental
lithospheric mantle (SCLM) has high 3He/4He (6.1 Ra)
[31–33] and 40Ar/36Ar (2000) ratios [31]. The SCLM and
crust are considered as the only two end-members of the
He isotopic mixing model to calculate the proportions of
SCLM and crust components due to very low He concen-
tration and the shortest atmospheric residence time (1 to
10 million years) in the atmosphere [22]. Calculation
shows 5-26%, av. 18% for SCLM, av. 10% for altered oce-
anic crust, and av. 72% for ASF, i.e., ATM, when radio-
genic 4He∗ has been corrected from silicate mineral
separates. The most ATM component could be volatiles
from ASF.

5.2. The Additions of Air and Crustal Volatiles. The carbon
and noble gas isotopic compositions indicated that a large
proportion of air and crustal components had been mixed
in the Podong mantle-derived magma (Figures 4(b) and
5(a)). The low 3He/4He ratios and calculated contents of
radiogenic 4He∗ imply a large proportion of crustal origin
in the Podong intrusion, which was supported by pro-
nounced negative Nb-Ta anomalies and whole-rock Sr-Nd
isotopes [4]. Large proportions of air are suggested by low
40Ar/36Ar and 21Ne/22Ne ratios in the Podong samples.

The type of assimilated crustal materials in the Podong
intrusion was inferred as siliceous materials of the upper
crust, pre-Permian sedimentary rocks in region [3], or crustal
fluid [4]. The crust siliceous materials contaminated in the
Podong magma can not only result in low 3He/4He ratios
but also cause the rising of both 40Ar/36Ar and 21Ne/22Ne
ratios. Meanwhile, a large proportion of siliceous materials
(at least 0–13wt% [3]) should cause a significant increase in
the SiO2 content of the magma system, i.e., more felsic rocks.
All of those are not observed in the Podong intrusion
(Figure 6). Therefore, large proportions of contaminated
crust materials could be fluids, but siliceous materials, as
shown above in the calculations of He and Ar isotopic
mixing models.

The siliceous and fluids are two types of crustal materials
that could exist in the Podong magma. Xue et al. argued
that 0–13wt% crustal contamination suggested by Sr-Nd
isotopes in the Podong parental magma cannot fully
account for the observed negative Nb-Ta anomalies in
the rocks [3], which implied more crustal materials related
to negative Nb-Ta anomalies. The fluids associated with
the subducted plate could be the best candidate without
siliceous materials.

The δ13CCO2
vs. δ13CCH4

plotted the Podong samples into
ranges of thermogenic, crust-methane oxidation, and mantle
(Figure 8(a)). The normal δ13C distribution pattern from
CH4 to C4H10 observed in most Podong samples suggests
that hydrocarbon gases should be biogenic organic matters,

i.e., contaminated crustal components in Podong magma
could derive from sedimentary organic matters (Figure 4(a)),
including sedimentary organic matters from country rocks
of magma chamber or/and subducted plate in the magma
source. The δ13CCO2

values increase from olivine, pyroxene,
to plagioclase and constrain that crustal materials with
heavy δ13C were added into magma during crystalliza-
tion in the magma chamber. Therefore, assimilation of
crustal material should occur during crystallizing in the
magma chamber.

A large proportion of atmosphere component in the
Podong intrusion is suggested by Ne and Ar isotopes
(Figures 5(b) and 7(b)). 20Ne/22Ne and 21Ne/22Ne ratios in
the Podong intrusion are mainly plotted around ATM
(Figure 5(b)); 40Ar/36Ar vs. 3He/4He diagram also indicated
a large proportion of air in the Podong magma
(Figures 5(a), 7(a), and 7(b)). The 40Ar/36Ar and 21Ne/22Ne
ratios in the Podong intrusion are very low and could be
related to the incorporation of atmospheric components
[57] or recycled oceanic crust in the source materials [58],
although the radiogenic 40Ar∗ ingrowths were suggested by
calculation and the relationship of 40Ar/36Ar versus 40Ar
content (Figure 7(a)). The δ13CCO2

and 3He/4He ratios of
the Podong ultramafic intrusion plotted a trend of the
altered oceanic crust (AOC, Figure 8(b)), so a large pro-
portion of atmosphere component could be related to
the ASF devolatilization of recycled oceanic crust in the
magma source.

5.3. The Petrogenesis and Dynamic Settings of Intrusion.
Carbon and noble gas isotopes indicate that the Podong
intrusion could have a different petrogenesis from the Poyi
ultramafic intrusion (Figures 6 and 8(b)). C-He-Ar and
Sr-Nd isotopes indicate that the Podong and Poyi ultra-
mafic intrusions did not share the same mantle source
[3]. It is supported by the significant difference of Sr-Nd
isotope compositions between the Podong and Poyi coeval
mafic-ultramafic intrusions [3]. The Podong intrusion
shows lower calculated εNd(t) values and higher initial
(87Sr/86Sr)i ratios than the coeval Poyi mafic-ultramafic
intrusion (see Figure 10a in reference [3]). The Podong
ultramafic intrusion could have a magma source of litho-
spheric mantle, which was metasomatized by slab-derived
fluids and/or subducted sediment-derived melt during the
previous subduction processes [3]. The Podong magma
should be formed by the partial melting of metasomatized
lithospheric mantle material with higher (87Sr/86Sr)i and
lower εNd(t) than Poyi intrusion and was contaminated
by the crustal components in the magma chamber.

The δ13CCO2
, 3He/4He, and 40Ar/36Ar ratios of the

Podong ultramafic intrusion are plotted around the air
(ATM) with a trend to the altered oceanic crust (AOC,
Figures 6 and 8(b)) and are different from the Poyi ultramafic
intrusion. The Poyi intrusion showed a trend to mantle
plume with high 3He/4He and 40Ar/36Ar ratios [10]
(Figure 8(b)). Mantle plume has a 3He/4He value of
~12.7 Ra [36] and 40Ar36Ar of 1200 [50]. The high
3He/4He ratios of 8-50 Ra observed in many mantle
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plumes are from an ancient reservoir created within the
first 100 Myr of solar system histories [36, 59, 60]. The
noble gas isotopes had not completely homogenized in
the mantle due to low recycling efficiency in the mantle
compared to the lithophile elements [59]. The primordial
noble gases that supply mantle plumes are not distributed
throughout the whole lower mantle or are localized in a
region of the deep mantle [59]. The mantle plume existing
beneath the Poyi intrusion could provide less contribution
of real materials (e.g., of silicate and fluid components) in
the Podong magma because the associated Podong mafic
dykes show similar Sr-Nd isotope ranges to the coeval Poyi
mafic-ultramafic intrusion [3], i.e., Podong magmatism
could be a little older (270 ± 2 7Ma [3] or 273 5 ± 2 9Ma
[4]) than the Poyi magma (269 9 ± 1 7Ma [2]) associated
mantle plume.

The ATM and crustal components added in the Podong
magma could be derived from either subducted sedimen-
tary organic matter in the mantle source or contaminations
from country rocks in magma chambers or rising conduit.
The subduction of the oceanic crust can effectively trans-
port air and crust components into the mantle [7, 40, 50]
because the recycled oceanic crust has low He contents,
extremely low 3He/4He (<0.1 Ra) [61], and relatively low
40Ar/36Ar (350) [46]; meanwhile, subducted oceanic crust
has variable δ13CCO2

values ranging from -26‰ for type I
organic-rich sediments of altered ocean crust (AOC) to 0‰
for marine carbonate [10, 62, 63].

The correlations between 3He/4He ratio vs. both
40Ar/36Ar and δ13CCO2

indicated the contribution from
altered oceanic crust (AOC, Figures 6 and 8) in the
Podong intrusion [64, 65]. δ13C2 > δ13C3 in most samples
demonstrate type I organic materials from oceanic sedimen-
tary [48]. The δ13CCO2

and δ13CCH4
variations in the Podong

volatiles are suggestive of methane oxidative activity
(Figure 8(a)), which provides further evidence of a contri-
bution from altered oceanic crust [10]. All the evidences
make the subducted altered ocean crust (AOC) as probable
end-member to explain the C-He-Ne-Ar isotopic composi-
tions of the Podong samples (Figure 8(b)). This is consistent
with a subduction-modified mantle source suggested by
LILE rich and Nb and Ta depletion [4, 13] because
subduction-related magma is commonly characterized by
pronounced negative Nb-Ta anomalies.

The noble gases are stored in sedimentary organic matter
with air-saturated fluid (ASF) and are highly soluble in
hydrous minerals such as amphibole and phlogopite [44].
The fluid-related components from the altered oceanic
crust with low K, U, and Th contents could be the favorite
candidate for added air and crustal components, which
were supported by contributions from water or other vol-
atile phases in the Podong intrusion [3, 4]. The water and
other fluids in the parental magma were indicated by com-
mon occurrence of hornblende and phlogopite in the
intrusion (Figure 3(c)) [3]. Enhanced recycling of sub-
ducted altered oceanic components to the mantle source
region can account for the relatively low ratios of He,
Ne, and Ar isotopes.

6. Conclusions

The C and He-Ne-Ar isotopic data of the Podong ultramafic
intrusion provide the evidence for air and crustal origins as
well as petrogenesis.

(1) Most of the Podong magmatic minerals show normal
carbon isotopic distribution patterns of CH4, C2H6,
C3H8, and C4H10 that indicated hydrocarbon gases
of sedimentary origin. The variable δ13CCO2

and light

δ13CCH4
suggested that the mantle-derived magmatic

volatiles were mixed with thermogenic and crustal
components

(2) Low 3He/4He, 21Ne/22Ne, and 40Ar/36Ar ratios
indicated a large proportion of air and crustal com-
ponents mixed in the Podong intrusion. Two types
of contaminated crustal materials can be identified
as crustal fluids from the altered oceanic crust and
siliceous crust materials. The crustal materials of
country rock were assimilated during magma crystal-
lizing in the chamber

(3) Carbon and noble gas isotopes indicated that the
Podong intrusion could have a different petrogenesis
from the nearby coeval Poyi ultramafic intrusion.
Subducted oceanic plate added air and crustal fluids
released from altered oceanic crust with a large
proportion of ASF into the magma SCLM source.
The mantle plume beneath the Poyi intrusion could
contribute less real material of silicate and fluid
components
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Additional Points

Highlight. The Podong ultramafic intrusion hosts the only
massif Ni-Cu sulfide mineralization in the Pobei layered
mafic-ultramafic complex, China, and had different petro-
genesis with fewer mantle plume contributions from the
nearby coeval the Poyi intrusion related mantle plume
(Zhang et al., Chem. Geol., 2017).
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TheWudalianchi monogenetic volcanic field (WMVF) is located in the Songliao basin within a major continental rift system in NE
China. Bubbling springs and diffuse degassing from soils are typical features of the WMVF. Chemical compositions and C-He
isotope analyses revealed that the cold spring gases might originate from the enriched upper mantle (EM), which resulted from
the mixing between slab materials (subducted organic sediments and carbonates) in the mantle transition zone (MTZ) and the
ambient depleted mantle. These EM-derived volatiles experienced variable degrees of crustal input, including both continental
organic metasediments and crustal carbonates during their ascending path to the surface. The estimated results of the degassing
CO2 fluxes, combined with previous geophysical evidence, suggest that the CO2 degassing activities become weaker from early
to late in Quaternary.

1. Introduction

Continental rift systems, together with the related intraplate
volcanism, have been regarded as a possible trigger of deep-
derived CO2 degassing into the atmosphere and long-term
climate change [1–6]. Positive spatial correlation between
CO2 discharges and the extensional tectonic regimes con-
firms that the continental rift systems are critical pathways
for deep carbon degassing from the Earth’s interior to the
exosphere [6]. Research on continental rift lengths and
paleoatmospheric CO2 concentrations over the last 200 mil-
lion years also indicates that continental fragmentation may
control the atmospheric CO2 levels via massive CO2 degas-
sing in rift systems [4]. Intraplate volcanism along continen-
tal rift systems is primarily derived from the metasomatized
mantle [7]. Under these conditions, the reduction of the peri-

dotite solidus due to the presence of volatiles allows for
partial melting of the upper mantle at depth and thus for
the release of large amounts of CO2 into the atmosphere via
extensive volcanism [4, 5, 8, 9].

The Songliao basin in NE China has experienced
long-term extension-induced continental rifting since the
Late Mesozoic as indicated by many intraplate volcanoes
(Figure 1(a)) [10]. Based on both petrogenesis and geophys-
ical evidences, these Cenozoic volcanic activities have been
considered to be linked to the stagnant Pacific slab materials
in the mantle transition zone (MTZ) [11–15]. However, the
origin and evolution of magma degassing in the continental
rift system involving the deep subduction of oceanic slab
are poorly understood [16, 17]. Located at the northern
margin of the Songliao continental rift system in East Asia
(Figure 1(a)), the Wudalianchi monogenetic volcanic field

Hindawi
Geofluids
Volume 2019, Article ID 8053579, 14 pages
https://doi.org/10.1155/2019/8053579

https://orcid.org/0000-0002-6583-9048
https://orcid.org/0000-0002-8137-6477
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8053579


N

120 °E 130 °E

50 °N

45 °N

40 °N

Russia
XGLH

XKKL

WMVF
NMH

China

Scale
300 km

300 km

1500

Figure 1(b)

Mongolia Harbin

So
ng

lia
o b

as
in

Lesser Khingan ranges

Fu
sh

un
-M

ish
an

 F.

G
re

at
er

 K
hi

ng
an

 ra
ng

es
Xi

ng
an

-M
on

go
lia

n 
fo

ld
 b

elt

Changchun

AES

Ta
n-

Lu
 fa

ul
t

JPH

CBS

Se
a 
of

 Ja
pa
n

LG

WMVF

CBS

Figure 1(a)
SLB

Eurasian plate

North
Korea

KD
7 cm/yr

NCC Pacific
plate

(a)

N

125°55′ 126°05′ 126°15′ 126°25′

125°55′125°45′ 126°05′ 126°15′ 126°25′

126°35′

48°
45′

48°
40′

48°
35′

48°
30′

Weishan

Gelaqiu

Figure 1(c) Laoheishan

Bijiashan

Huoshaoshan

Longmenshan

Molabu

Xiaogushan
E. Jiaodebu

W. Jiaodebu

Pool 5 Pool 4

Pool 3

Pool 2

Pool 1

Wohushan

Lianhuashan

Laoshantou
Nemuoer river

Yaoquanshan

Spring cluster 2

Spring
cluster 1

Shilong
river

Wudalianchi town

Figure column
for Figure 1(b)

Wudalianchi
county

Speculated faults

Middle and Late
Pleistocene volcanic rock

Early Pleistocene
volcanic rock

Quaternary
fluvial deposit

Rivers and lakes

Monogenetic
volcanoes

Holocene
volcanic rock

(b)

Figure 1: Continued.

2 Geofluids



(WMVF) is characterized by extensive CO2 degassing, i.e.,
cold bubbling springs, diffused CO2 emissions from soils,
and volcanogenic fault systems (Figure 1(b)). CO2 is supposed
to be of mainly magmatic origin, but the mechanisms of deep
CO2 formation are still debated. Some authors [18–21] indi-
cated a binary mixing between the depleted mantle- and
upper crust-derived volatiles. Other authors [22] hypothe-
sized partial melting of a subcontinental lithospheric mantle
(SCLM) metasomatized by ancient fluids.

In this paper, we report the first soil CO2 flux measure-
ments in the WMVF. Additionally, new data on the chemical
and C-He isotopic composition of gases associated with four
cold springs located in the area are presented and used to
gain insights into the mechanisms responsible for CO2 for-
mation at depth.

2. Geological Setting

The Wudalianchi monogenetic volcanic field (WMVF) is an
active K-rich volcanic region located in a continental rift sys-
tem in NE China (Figure 1(a)). Its latest eruption dates back
to 1721 AD (e.g., Laoheishan and Huoshaoshan volcanoes,
Figures 1(b) and 1(c)) [23, 24]. The WMVF basement con-
sists of Archean granites, Mesozoic andesite, and granite
intrusions [25]. Limestones and marine carbonate sediments
have been present in outcrops in the ambient Songliao basin
since the Mesozoic age [26, 27]. During the Cenozoic period,
dispersed calc-alkaline, tholeiitic, and alkali basaltic rocks
were formed in Northeastern China [10], which constitute

the eastern part of the Asian tectono-magmatic province that
extends from Lake Baikal, Siberia, to Eastern China [28].

Cenozoic volcanic activity has formed 800 km2 of lava
flows, which includes the middle Pleistocene to Holocene
volcanic activity in WMVF (Figure 1(b)) [23, 24]. These
fissure-central-type eruptions are controlled by NE- to
NNW-striking fractures or deep faults [23, 29], which are
linked to the continental rift systems in East Asia [30, 31].
Deep buried faults provided potential rising channels for
the magma [23], which finally led to the unique volcanic
landscapes seen nowadays in WMVF [24], such as linear
rows of scoria cones (Figures 1(b) and 1(c)), dominant
tectonic weakness direction enlarged by erosion (e.g.,
Huoshaoshan volcanic cone, Figure 2(e)), and overlapping
scoria cones (e.g., Wohushan volcanic cone, Figure 1(c)).
All of these features were used in the past to locate feeding fis-
sures beneath the monogenetic volcanoes in continental rift
systems [32].

Seismic tomography studies have shown the presence of a
magma reservoir under the Weishan volcano in WMVF
(Figures 1(b) and 1(c)), which is considered as evidence for
partial melting in a shallow magma chamber at 7~13 km
depth [33]. Surface manifestation of such activity is mainly
expressed as cold-mineral bubbling springs with high pCO2
and low water temperature (generally between 4 and 7°C),
prevalently distributed on the flanks or at the margin of the
active volcanic cones (Figure 1(c)) [18, 21], and located
roughly at the same elevation (about 300 to 320m.a.s.l.,
Figure 1(c)). The Hualin spring (HLQ) is located at the east-
ern slope of the Huoshaoshan volcanic cone (Figures 1(c)
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Figure 1: (a) Geological and tectonic map showing the locations of major faults and Cenozoic basaltic volcanic fields in NE China (modified
from Liu et al. [10]). The inset shows the location of Eastern China. Abbreviations of Cenozoic volcanic fields in NE China are as follows:
WMVF: Wudalianchi monogenetic volcanic field; XK: Xunke; KL: Keluo; NMH: Nuominhe; XGLH: Xiaogulihe; AES: Aershan; JPH:
Jingpohu; LG: Longgang; CBS: Changbaishan; KD: Kuandian; SLB: Songliao basin; NCC: North China craton. (b) Geological map of
WMVF (modified from Zhao et al. [23]). (c) Geomorphologic map showing the location of monogenetic volcanoes and cold springs in
WMVF. Red dots represent the location of the soil CO2 flux survey, and the stars represent the sample locations.
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and 2(b)) and shows the highest water temperature (24°C)
in the WMVF. The North, South, and Fanhua cold springs
are located east of the Yaoquanshan volcano and west of the
Shilong river (Figure 1(c)) and are characterized by water
temperatures lower than 10°C.

3. Sampling and Analytical Methods

3.1. Soil CO2 Flux Measurements. Soil CO2 fluxes were
measured in situ using soil diffuse gas flux meters based on
the accumulation chamber method (Figure 2(d)), which
was firstly reported by Chiodini et al. [34]. The edge of the

inverted cylindrical chamber was sealed with damp soil to
diminish air contamination of the soil gases in the chamber
[35]. The measurement sites were located near the main
volcano-structural features of the region and preferentially
placed on uncovered ground to minimize the influence of
the vegetation on the measured fluxes (Figure 1(c)). The
temperature was measured in situ at a depth of 10 cm, and
the location was recorded (measured with a Garmin
GPSMAP 60SCx) at each measurement point (see details in
Supplementary Material). 92 measurement points were made
during stable suitable weather and similar atmospheric con-
ditions in August and September 2017. In order to compare
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Figure 2: Photos showing the Fanhua spring (a), Hualin spring in August 2017 (b) and April 2019 (c), basaltic lava flow under the thin
pumiceous deposits beside the Laoheishan volcanic cone (d), and dominant tectonic weakness direction enlarged by erosion in the
Huoshaoshan volcanic cone (e).
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the CO2 emission rate of the new erupted region with that of
the whole WMVF, additional 38 points were considered on
the southeastern slope of the Laoheishan volcanic cone
(Figures 1(c) and 2(d)), whose last activity occurred about
300 years ago.

3.2. Spring Gas Sampling and Composition Analysis. Gas
samples from four cold bubbling springs (Figures 1(c) and 2)
were collected by means of the drainage method using
lead-bearing glass bottles [16]. The temperature of the
spring water was measured in situ using a portable ther-
mometer. Chemical and isotopic compositions of the gas
samples were measured in the Key Laboratory of Petroleum
Resources Research, Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS), Lanzhou, China.
The chemical composition of the gas samples was deter-
mined using a MAT 271 mass spectrometer. The δ13CCO2
was analyzed with a Delta Plus XP mass spectrometer. All
samples were analyzed for the helium isotope composition
(3He/4He) using a Noblesse noble gas mass spectrometer.
Detailed analytical procedures are described in Luo et al.
[36] and Zhang et al. [37].

4. Results

4.1. Degassing Flux of Soil CO2. We obtained a broad
range of soil CO2 fluxes (1.1 to 161.5 gm−2 d−1) and soil
temperatures (18.1°C to 33.3°C; Supplementary Table S1),
which demonstrate high variability of soil CO2 emissions
in WMVF. In the log probability plot (Figure 3(a)), our
analytical data could be basically divided into the
following three groups by two inflection points on the
skewed curve [38]: less than 5 gm−2 d−1 (Group A), 5-
60 gm−2 d−1 (Group B), and more than 60 gm−2 d−1

(Group C), characterized by average soil CO2 flux values
of 3.5 gm−2 d−1, 17.6 gm−2 d−1, and 92.1 gm−2 d−1,
respectively (Figure 3(a)). These groups may represent
different sources of soil CO2 based on Chiodini et al. [39]:
(i) biological source with low soil CO2 flux (e.g., soil
respiration or pedochemical process, Group A) and (ii)
geological source with high soil CO2 flux (e.g., magmatic
or hydrothermal related carbon degassing, Group C). In
particular, Group B with intermediate soil CO2 fluxes may
represent the mixture of biological and geological sources
(Figure 3(a)). The average soil CO2 flux of the whole
WMVF was calculated using the weighted mean method,
which is 18.7 gm−2 d−1. Using the same statistical method,
an average soil CO2 flux of 11.8 gm−2 d−1 was obtained for
the SE slope of the Laoheishan volcanic cone (Figure 3(b)).

Caracausi et al. [40] proposed that size-normalized CO2
fluxes inversely correlate with the ages from the last erup-
tions, which means that active outgassing of volatiles from
magmatic bodies would occur for a long time after the last
volcanic activity. However, the average soil CO2 flux in the
SE slope of the Laoheishan volcanic cone, which experienced
the latest eruption, is lower than that in the whole WMVF
(Figure 3). Considering the dispersed cold springs, and the
decoupling of soil temperatures and CO2 fluxes (with a corre-
lation coefficient of 0.0714) in WMVF, we suggest that the

resulting weak degassing is due to the solidification and/or
cooling down of the underlying magma body beneath the
Laoheishan in about 300 years. Our proposal is in good
agreement with crustal electric conductivity studies that a
rivet-shaped block with high resistivity, which was consid-
ered as the result of solidified magma chamber, is distrib-
uted beneath the Laoheishan-Huoshaoshan volcanic chain
(Figure 1) [41].

In this study, 50 sequential Gaussian simulations were
performed over a grid of 108001 square cells (1 × 1m) cover-
ing an area of 0.11 km2 in the southeastern slope of the Lao-
heishan volcano (Figure 4). Total CO2 output in the selected
area of the Laoheishan volcano (ca. 0.11 km2) is 536.3 t/yr
(σ = 43 2 t/d), which is a preliminary survey or first-order
estimation of diffusive CO2 degassing in WMVF.

4.2. Chemical and C-He Isotopic Compositions of Cold Spring
Gases. The chemical and C-He isotopic compositions of gases
from the WMVF cold springs are listed in Table 1. Our ana-
lytical results are in excellent agreement with previous studies
(Supplementary Table S3) [18–22], which suggest no distinct
changes in chemical and isotopic compositions of the spring
gases during the last 20 years.

4.2.1. Chemical Composition. Our results show that most of
the gas samples from the Wudalianchi cold springs are char-
acterized by high CO2 content (higher than 90%) and low O2
content (lower than 1.29%) and N2 content (3.2%-8.7%)
(Table 1), with the exception of the samples from the Fanhua
spring (FHQ17 and FHQ18), which are characterized by low
CO2 content (76.7%-80.2%) and relatively high O2 (~3.66%)
and N2 content (15.8%-22.6%). N2/Ar ratios of the WMVF
samples in this study range from 27 to 75, suggesting an
interaction between helium-rich components, air-saturated
water (ASW, N2/Ar ≈ 40, temperature dependent), and air
(N2/Ar = 83 6) [44, 45], as shown by the linear trend from
the high He/Ar to ASW and air endpoints (Figure 5(a)).
CO2/

3He ratios ( 0 1‐29 5 × 109; Table 1 and Figure 6)
were calculated using CO2/He and 3He/4He ratios, which
overlap those of typical arc-related volatiles ( 4 5‐29 × 109,
[46]) and depleted mantle (1 5 × 109, [46]), indicating CO2
addition and/or loss during volatile ascending processes
(Figure 5(b)).

4.2.2. C-He Isotopic Compositions. The isotopic composition
of carbon and helium has been successfully used to quantify
the carbonate vs. sediment contribution from subducted slab
material recycling [46] and the mantle vs. crustal contribu-
tion [44], respectively, in hydrothermal and volcanic gases
worldwide.

The δ13C-CO2 values of the spring gas samples from the
WMVF fall between −7.3‰ and −2.5‰ (versus VPDB,
Table 1), overlapping with the compositional fields reported
for arc-related volatiles (−9.1‰ to −1.3‰, [46]). Some sam-
ples show relatively heavier carbon isotope compositions
when compared to upper mantle values (−6 5 ± 2 5‰,
[46]), suggesting a possible contribution from inorganic
carbon-rich components (carbonate rocks, 0 ± 2‰, [53]).
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Measured 3He/4He ratios (RM) of the WMVF gas sam-
ples range between 2 26RA and 3 18RA (Table 1), suggest-
ing an obvious contribution from the mantle-derived 3He
(Figures 5–7). Such intermediate helium ratios are lower
than those of both the depleted MORB-source mantle
(DMM, 8 ± 1RA, [52]) and the subcontinental lithospheric
mantle (SCLM, 3He/4He = 6 1 ± 0 9RA, [50]), which point
to a mixed origin of volatiles from the upper mantle and an
end member with high radiogenic 4He (e.g., crustal materials,
0 02RA, [42]) (Table 2 and Figure 7). As the X values are
high (>150) for all the samples of this study (Table 1), there is
little difference between measured (RM/RA) and air-corrected

(RC/RA) helium ratios (Table 1), which indicates little influ-
ence from air contamination. Gas samples from the Fanhua
spring show higher 4He/20Ne (145-359) and He/Ar ratios
(0.28-0.43) (Table 1) than those of the air (4He/20Ne = 0 32,
[42]; He/Ar = 0 0005, [54]), which indicate that the high N2
and low CO2 contents do not result from the air contamina-
tion in the Fanhua spring gases.

5. Discussion

5.1. Carbon Provenance of Volatiles in WMVF. Zhang et al.
[16] proposed that the upper mantle (DMM) and slab-
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derived components related to the deep subduction of the
Pacific plate, including the slab carbonate (CAR) and sub-
ducted organic sediments (ORS), are involved in the CO2
inventory of the volatiles in the Changbaishan volcanic fields
in NE China, which are similar to those from arc volcanism
[46, 58–60]. The CO2/

3He ratio remains constant as the gas
phase separates from molten basalt, because of the similar
solubilities of CO2 and He in melts [61]. Figure 6(a) shows
the relationship between CO2/

3He ratios and δ13C values
of cold spring gases in the WMVF, whereas the CO2/

3He
ratios of the dataset show marked disparity (Table 1;
Figures 5(b) and 6).

Samples with CO2/
3He ratios lower than that of DMM

are thought to result from the physical-chemical fraction-
ation of CO2 to He [46, 61] or variable CO2/

3He ratios of

continental crustal contribution [62]. However, these sam-
ples with low CO2/

3He ratios in the WMVF basically have
constant 3He/4He (RA) ratios when compared to those within
the three end members (Figures 7 and 6(b)), which eliminate
the additional contribution from the crustal origin. Phase
separation within the shallow aquifer can potentially frac-
tionate elemental CO2/

3He ratios due to the greater solubility
of CO2 in the aqueous solution relative to that of the helium
[43, 63], especially in low-temperature systems. For example,
Sano et al. [64] suggested that a positive correlation between
observed CO2/

3He ratios and temperatures of fumaroles and
springs results from the differences in solubility. We thus
suggest that the He-CO2 fractionation in the cold shallow
aquifer would act as the first-order controlling factor on these
low CO2/

3He samples, including gas samples from the

Table 1: Chemical and C-He isotopic compositions of the spring gases in the WMVF.

Sample
no.

T N2 O2 Ar CO2 CH4 He
He/Ar N2/Ar

4He/20Ne RM/RA X RC/RA
δ13C
(‰)

CO2/
3He

(×109)(°C) (%) (%) (%) (%) (%) (ppm)

NYQ17 9.2 8.0 0.35 0.16 91.1 0.07 129 0.08 50 182 2.64 713 2.64 −7.2 1.9

NYQ18 7.7 8.7 0.55 0.18 90.5 0.14 278 0.15 49 153 3.10 597 3.10 −5.6 0.8

BYQ17 7.8 3.4 0.32 0.06 95.8 0.10 379 0.64 58 685 2.26 2675 2.26 −7.3 0.8

BYQ18 6.5 3.2 0.25 0.07 96.5 0.38 18 0.03 46 40 3.16 155 3.17 −6.0 12.1

HLQ17 19.8 4.6 0.88 0.08 94.1 0.02 10 0.01 58 38 2.34 150 2.35 −5.0 29.5

HLQ18 24.0 4.9 1.29 0.09 93.7 0.04 433 0.48 54 72 2.97 281 2.98 −2.6 0.5

FHQ17 12.7 15.8 3.66 0.25 80.2 0.08 718 0.28 62 145 2.81 568 2.81 −4.3 0.3

FHQ18 16.0 22.6 0.21 0.43 76.7 0.89 1845 0.43 53 359 3.18 1401 3.18 −2.5 0.1

(1) RM/RA is the observed 3He/4He ratio divided by the 3He/4He ratio in the air (1 39 × 10−6, [42]). (2) X = 4He/20Ne M/ 4He/20Ne Air × βNe/βHe , where
β represents the Bunsen coefficients assuming a groundwater recharge temperature of 10°C (βNe/βHe = 1.25, [43]), (4He/20Ne)M is the measured ratio of
samples, and (4He/20Ne)Air is the ratio of the air (0.32, [42]). (3) RC/RA is the air-corrected Helium isotope ratio by applying the following formula
[44]: RC/RA = RM/RA × X − 1 / X − 1 .
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Figure 5: Triangle plot of N2-He-Ar (a) and CO2-
3He-4He (b) for the cold spring gases in WMVF (modified from Giggenbach et al. [47]).

Filled and open symbols represent, respectively, data in this study and published data in [18–22, 48]. The compiled data in previous studies are
available in Supplementary Table S3. Abbreviations: NYQ: South spring; BYQ: North spring; FHQ: Fanhua spring; HLQ: Hualin spring;
ASW: air-saturated water; Arc average: arc-related volatiles (3He/4He = 5 4 ± 1 9RA, [49]; CO2/3He = 4 5‐29 × 109, [46]); SCLM:
subcontinental lithospheric mantle (3He/4He = 6 1 ± 0 9RA, [50]; CO2/3He = 4 × 109, [51]); DMM: depleted MORB-source mantle
(3He/4He = 8 ± 1RA, [52]; CO2/3He = 1 5 × 109, [46]).
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Fanhua spring, which are characterized by relatively high N2
contents, low CO2 contents, and low CO2/

3He ratios
(Table 1; Figures 5 and 6). Considering this process, the orig-

inal CO2/
3He ratios of gas samples may be higher than the

observed values, as shown by the black arrow in Figure 6(a).
Samples within the mixing trajectories have contributions

from DMM, ORS, and CAR end members (Figure 6(a))
[16, 46] and are used to calculate the proportion of their
contributions to the total carbon inventory in the WMVF,
as shown in Table 2. In this calculation, elemental fraction-
ation and its effect on C-He isotope systematics are not
considered. We took the average δ13C (−18.5‰) of meta-
morphosed reduced carbon as that of the ORS end mem-
ber when considering the potential fractionation during
the subduction [16, 65]. If the contribution from continen-
tal crustal materials is not taken into account, an average
proportion of subducted organic sediments (ORS) would
be 24% (Table 2). The upper mantle and slab carbonate-
derived carbon are the principal contributors to the carbon
budget, with an average total contribution of 76% (Table 2),
which is analogous to carbon inventories of worldwide arc
magma-related volatiles [46, 58–60].

The diagram of 3He/4He (RA) versus CO2/
3He ratios of

volcanic or hydrothermal volatiles has provided important
constraints on the origin of carbon [35, 61]. In Figure 6(b),
the 3He/4He values of the studied samples within the mix-
ing curves (Figure 6(a)) are negatively correlated with
CO2/

3He ratios (R2 = 0 587), further supporting the mixing
between DMM or EM end member (both with high-RA
and low-CO2/

3He ratios) and subducted slab materials
(CAR/ORS end member with low-RA and high-CO2/

3He
ratios) [67]. However, these samples are obviously located
away from the above mixing line (Figure 5(b)), which
shows a binary mixing trend between EM-derived volatiles
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Figure 6: (a) δ13C (‰) versus CO2/
3He ratios for cold spring gases from WMVF. The yellow arrow denotes the effects of He-CO2

fractionation on the samples outside the mixing envelope. (b) 3He/4He (RA) versus CO2/
3He ratios for cold spring gases from WMVF.

Abbreviations and reference values for end members are as follows: CAR: carbonate rocks (δ13C = 0 ± 2‰, [53]); ORS: organic sediments
(δ13C = −18 5‰, [35]). The 3He/4He (RA) ratios of CAR and ORS end members are assumed to be 0 02RA [66] and the CO2/

3He values
ranging from 1012 to 1014 [62]. The CO2/

3He ratios of DMM are ranging from 7 5 × 108 to 3 × 109, with an average of 1 5 × 109 [46]. The
continental crustal source has a wide range of CO2/

3He ratios based on [62]. Data source and symbols are as in Figure 5.
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and continental crustalmaterialswith variableCO2/
3He ratios

(Figure 6(b)) [62].

5.2. Origin and Evolution of the Volatiles in the WMVF

5.2.1. C-He Isotope Systematics and End-Member Parameters.
In the C-He isotope systematics based on Van Soest et al.
[59], 3He/4He ratios coupled with δ13CCO2 values were
applied to quantitatively constrain the evolution of volatiles
(Figure 8). Following the deep subduction scenario, upper
mantle (DMM), slab carbonate (CAR), and organic sedi-
ments (ORS) are involved in the origin of volatiles in the
WMVF, which exhibited variable contribution of continental
crustal components, including organic metasediments (COS)
and crustal carbonate (CAR) during their ascending process
(Figures 6(b) and 8). Reference values for associated param-
eters of end members used in the modelling calculation are
listed in Table 3.

Helium concentration of the ORS end member was cal-
culated based on the U-Th decay of the global subducting
sediments (GLOSS with high SiO2 content; see details in
the Supplementary Material) with reservoir accumulation
age of 2.2Ga in the MTZ constrained by the lead isotope
[13]. The COS end member was assumed to have a helium
ratio equal to that of the bulk continental crust (0 02RA,
[66]). Considering the potential fractionation effects of
the He-CO2 system, the samples with lower CO2/

3He
ratios than DMM (Figure 6) were not considered for fur-
ther discussion when calculating the C-He isotope system-
atics (Figure 8). The results of the C-He isotope mixing
calculations between different end members are listed in
Supplementary Tables S5 and S6.

5.2.2. Nature of the Upper Mantle Enriched by CAR and ORS
with respect to Melts beneath the WMVF. Melting of sub-
ducted carbonates (CAR) and/or organic sediments (ORS)
would release volatiles, i.e., carbon dioxide [70], and generate
hydrous-carbonated plumes (HCPs, [71]) and ORS-related
silicate melts under the P-T conditions of the MTZ. Based
on the C-He isotope systematics, binary mixing between car-

bonate and ambient depleted upper mantle was first consid-
ered to produce the carbonated peridotite (CP) (Figure 8).
Interaction between CP and ORS-derived silicate melts
would produce enriched upper mantle (EM), which is
considered as the primary source of WMVF volatiles
(Figures 6(b) and 8).

The best-fit mixing trajectory with K = 1 71 for mixing
between ORS and CP was estimated based on an optimal
CO2/

3He ratio of 1013 due to the lack of carbon contents in
the assumed ORS end member, which lies above all the
WMVF samples (Figure 8). K represents the ratio of He/C
values between CP and ORS according to Van Soest et al.
[59]. The carbon content (12618 ppm) in the ORS end mem-
ber is obtained by calculation of the optimal K coefficient
(1.71). The reasonable upper and lower limits for the CP-
ORS mixing are marked by mixing trajectories with K values
of 17.1 and 0.171, which yield CO2/

3He ratios of 1014 and
1012 [62], respectively.

As indicated by the C-He isotope systematics, EM-like
3He/4He and δ13C ratios beneath WMVF are marked by
5 8RA and −9.7‰ (5 5‐6 1RA, −10.3 to −9.1‰; Figures 8
and 9(b)), respectively. Such C-He isotopes indicate an
involvement of 10% (in average; ranging from 8% to 13%)
carbonate and 13% (in average; ranging from 11% to 15%)
ORS-derived silicate melts in the depleted mantle source,
along with the Nd-Mg isotope information from potassic
basalts in the WMVF (Supplementary Material). Partial
melting of the enriched upper mantle (EM) source would
produce basaltic magmas and concomitant initial volatiles
in the WMVF (Figures 8 and 9(b)).

5.2.3. Crustal Contribution of the Ascending EM-Derived
Volatiles. Previous studies have shown that up to 6 km of sed-
iments piled up and underwent significant heating subsi-
dence associated with the early Cretaceous rifting in the
Songliao basin [29, 31]. Buried materials consisted of carbon-
ate sediments (CAR) and shallow organic metasediments
(COS) [26, 27]. CO2/

3He ratios and C-He isotope values of
the gas samples in the WMVF display obvious mixing evolu-
tion trends between the EM source and crustal components

Table 2: Estimated carbon sources for the spring gas samples in WMVF.

Sample no. Reference δ13C (‰) CO2/
3He (×109) Carbon inventory

DMM ORS CAR M+C

HLQ17 This study −5.0 29.5 0.05 0.25 0.70 0.75

NYQ17 This study −7.2 1.9 0.79 0.11 0.10 0.89

BYQ18 This study −6.0 12.1 0.12 0.28 0.60 0.72

HL2 [21] −5.3 18.8 0.08 0.26 0.66 0.74

FH2 [21] −8.2 5.1 0.29 0.34 0.37 0.66

BY1 [21] −6.5 28.5 0.05 0.33 0.61 0.66

NYQ [18] −5.1 27.0 0.06 0.26 0.69 0.76

WBQ [18] −5.8 97.6 0.02 0.30 0.68 0.70

DZT [18] −7.4 2.3 0.65 0.17 0.18 0.83

SG2 [20] −6.6 1.7 0.88 0.05 0.07 0.95

Average 0.30 0.24 0.46 0.76
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which consists of different proportions of COS and CAR
(Figures 6(b) and 8). As indicated by the C-He isotope mix-
ing calculation, the proportion of crustal components
(including COS and CAR) ranges from 30% to 60% of the
overall carbon budget of the EM source-derived volatiles
(Figure 8). In this binary mixing model, continental carbon-
ate sediments (CAR) represent 45% to 82% of the crustal
components (Figure 8).

5.3. Genetic Model of Deep CO2 Emissions in the Songliao
Continental Rift System. C-He isotope systematics provide
constraint on the source region of volatiles collected at the
surface in the WMVF. Following the Pacific oceanic crust
deep subduction scenario, we proposed a two-stage model
to explain the evolution process of cold spring gases in the
WMVF. Firstly, the interactions between the depleted mantle
and carbonated silicate melts (CAR and ORS) derived from a
stagnant Pacific oceanic slab in the mantle transition zone
(MTZ) produce an enriched upper mantle beneath WMVF
(Figure 9(b)); secondly, EM-derived initial volatiles under-
went different proportions of crustal input, including car-
bonates (CAR) and organic metasediments (COS) in the
continental crust during their arising process (Figures 6(b),
8, and 9(a)). Deep-fed CO2 is emitted into the atmosphere
through spring bubbles and diffusive soil CO2 emissions in
the adjacent areas (Figures 9(a)).

This model provides an integrated constraint on the
source region of cold spring gases (e.g., He and C isotopes)

for further understanding the carbon cycling processes in
the Songliao continental rift system beneath East Asia, which
is supported by petrogenesis of potassic basalts erupted in
1721 AD [11–13] and evidence from seismic tomographic
studies [14, 72]. The interactions between the MTZ-derived
melts and the ambient upper mantle provide a plausible
hypothesis to explain the lithospheric thinning, extensive
continental rifting, Cenozoic intraplate basaltic volcanism,
and magma-related degassing in East Asia (Figure 9(b))
[14, 16, 71].

6. Conclusions

Our modeling calculated results indicate that the average soil
CO2 flux in the Laoheishan volcano (11.8 gm−2 d−1) is lower
than that of the whole WMVF (18.7 gm−2 d−1), which sug-
gest weak degassing of the solidified underlying magma body
beneath the Laoheishan volcano. On the basis of the C-He
isotope mixing simulation results, we propose a two-stage
model to constrain the provenance and evolution of volatiles
in the WMVF. The first stage is concerned with the interac-
tions between the depleted upper mantle (DMM) and the
accumulated Pacific oceanic slab materials (CAR and ORS)
in the MTZ and finally results in the formation of the
enriched mantle source region (EM), which is considered
as the primary source of cold spring gases in the WMVF.
The second stage is related to the crustal contamination
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Figure 8: C-He isotope systematics showing a two-stage model for cold spring gases in WMVF. Stage 1: interactions between slab-derived
melts (CAR and ORS) in MTZ and the depleted upper mantle (DMM); stage 2: the different proportions of crustal contribution (COS and
CAR) during the ascending process of EM-derived volatiles. COS represents the continental organic metasediments.

Table 3: Reference values for associated parameters of DMM, CAR, ORS, and COS end members used in C-He isotope systematics.

End member δ13CCO2 (‰) C contents (ppm) 3He/4He (RA) He contents (ppm) CO2/
3He (×109)

DMM −6.5a 1920b 8a 0.0288b 1.5a

CAR 0c 11400d 0.05e 0.00023d 1000-100000f

ORS −18.5g 12618j 0.05e 0.0667j 1000-100000f

COS −11h Unknown 0.02i Unknown 0.1-100000f

Data sources: a[46], b[37], c[53], d[59], e[68], f[62], g[65], h[69], and i[66]. jCalculated based on U-Th decay.
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(including continental organic metasediments and carbon-
ates) when the CO2-dominated gases rise to the surface.
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Supplementary Materials

The Supplementary Materials file provides additional table-
s/figures and data mentioned in the revised manuscript,
including (1) measured soil CO2 fluxes of whole WMVF
(Table S1) and SE slope of the Laoheishan volcanic cone
(Table S2), (2) chemical and C-He isotopic compositions
of spring gases in this and previous studies (Table S3),
(3) detailed reference values for associated parameters
(Table S4) and results (Table S5 and S6) in C-He isotope
systematics, and (4) detailed reference values for associated
parameters (Table S7) and results (Table S8 and Figure S1)
in the Nd-Mg isotope coupling calculation. (Supplementary
Materials)
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Nisyros Island (Greece) is an active volcano hosting a high-enthalpy geothermal system. During June 2013, an extensive survey
on Hg concentrations in different matrices (fumarolic fluids, atmosphere, soils, and plants) was carried out at the Lakki Plain, an
intracaldera area affected by widespread soil and fumarolic degassing. Concentrations of gaseous elemental mercury (GEM),
together with H2S and CO2, were simultaneously measured in both the fumarolic emissions and the atmosphere around them.
At the same time, 130 samples of top soils and 31 samples of plants (Cistus creticus and salvifolius and Erica arborea and
manipuliflora) were collected for Hg analysis. Mercury concentrations in fumarolic gases ranged from 10,500 to 46,300 ng/m3,
while Hg concentrations in the air ranged from high background values in the Lakki Plain caldera (10-36 ng/m3) up to
7100 ng/m3 in the fumarolic areas. Outside the caldera, the concentrations were relatively low (2-5 ng/m3). The positive
correlation with both CO2 and H2S in air highlighted the importance of hydrothermal gases as carrier for GEM. On the
other hand, soil Hg concentrations (0.023-13.7 μg/g) showed no significant correlations with CO2 and H2S in the soil gases,
whereas it showed a positive correlation with total S content and an inverse one with the soil pH, evidencing the complexity
of the processes involving Hg carried by hydrothermal gases while passing through the soil. Total Hg concentrations in
plant leaves (0.010-0.112 μg/g) had no direct correlation with soil Hg, with Cistus leaves containing higher values of Hg
with respect to Erica. Even though GEM concentrations in the air within the caldera are sometimes orders of magnitude
above the global background, they should not be considered dangerous to human health. Values exceeding the WHO
guideline value of 1000 ng/m3 are very rare (<0.1%) and only found very close to the main fumarolic vents, where the access
to tourists is prohibited.

1. Introduction

Volcanoes and geothermal areas are natural sources of envi-
ronment pollutants potentially dangerous for human health.
Paroxysmal eruptions and passive degassing emit huge
amounts of gases such as CO2, H2S, SO2, and HF, including
gaseous elemental mercury (GEM) [1–4]. Trace metals, being
associated with uprising gases, are usually found at consider-

able concentrations in hydrothermal fluids [5]. Even at very
low concentrations, they can have a strong impact on the
atmosphere and hydrosphere and consequently on the bio-
sphere [6].

Among the volcanic trace volatile elements, mercury
(Hg) is one of the most environmentally significant [7]
because of its extreme mobility and toxicity [8]. The biogeo-
chemistry of Hg is extremely complex due to the exchanges
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between atmospheric, terrestrial, and marine pools [9]. These
processes are mainly driven by microbial activity, dark abi-
otic and photochemical reactions affecting Hg speciation
and bioaccumulation [10]. It is emitted in several forms: ele-
mental (metallic) Hg and inorganic and organic Hg com-
pounds. Metallic Hg (Hg0) is highly volatile due to its high
vapour pressure and may experience long-range transport
in the air due to its relatively long half-life in the atmo-
sphere (1-2 years [11]). Monovalent and divalent Hg are
both soluble in water; divalent Hg (HgII) is more stable
and common in the environment than monovalent (HgI).
This form also may undergo complexation, precipitation
with inorganic ligands, and sorption onto the soil matrix.
The toxicological properties of Hg for the environment
and human health depend on the physical and chemical
form in which it occurs. Hg vapours, for example, are very
dangerous if inhaled, due to their ability to reach the lungs
causing pulmonary oedema, pain, and peeling of the respi-
ratory epithelium of the bronchi [12, 13].

Mercury, as a constituent of volcanic and geothermal
fluids [14, 15], is discharged in water and released into the
atmosphere as Hg0 being associated with reducing noncon-
densable gases [16, 17].

In the last decades, many authors underlined the correla-
tion between Hg and H2S in discharged hydrothermal fluids
(e.g., [18]), as testified by the formation of solid cinnabar
(HgS) at the fumarolic vents. Hydrogen sulphide is a toxic
pollutant; it is corrosive and poses severe concerns for human
health [19, 20].

Nisyros Island is a quiescent volcano releasing hydro-
thermal gases from several fumarolic emissions and also dif-
fusively through the soil. The hydrothermal fluids of Nisyros
are rich in H2S [21–23], and their diffuse emission creates an
extremely acidic environment in soils affected by the hydro-
thermal degassing [24, 25].

Here, we report the results of an extensive survey on Hg
concentrations in different media (fumarolic fluids, atmo-
sphere, soils, and plants) at the Lakki Plain, an area inten-
sively impacted by hydrothermal degassing on Nisyros
Island. Even though the geogenic degassing of Nisyros Island
has been greatly studied, most of the research conducted was
mainly concentrated on the gaseous C compounds and the
noble gas composition of the fumaroles. The significance
and novelty of this work, with respect to the existing litera-
ture, is to add Hg on the puzzle. Furthermore, to the best of
our knowledge, this is so far the first study that attempts to
define the Hg cycling in an active volcanic/geothermal sys-
tem by taking into consideration such a great variety of
media. Gaseous elemental mercury (GEM) concentrations,
together with H2S and CO2 in soil gas, were determined in
both the fumarolic emissions and ambient air. Similarly, the
relationships between fumarolic activity and Hg in the soils
were investigated, comparing Hg concentrations to tempera-
ture, pH, hydrothermal gas, and the elemental concentra-
tions of C, N, and S measured in the same soils. Leaves of
two plant species (Cistus and Erica) were also collected and
their Hg and S contents determined. Finally, a preliminary
estimation of the Hg output to the atmosphere from the
hydrothermal area of Nisyros was carried out.

2. Study Area

Nisyros Island (Figure 1) is a quiescent volcano located in the
easternmost volcanic group of the South Aegean Active Vol-
canic Arc (SAAVA [26]). The volcanic edifice developed in
the last 200 ka through five distinguished stages [27, 28] led
to the formation of a caldera of about 4 km in diameter.
The most recent activity consisted of hydrothermal explo-
sions forming several phreatic craters, the last of which
occurred in 1887 [27]. The Lakki Plain (Figure 1) represents
the southeastern remnants of the calderic depression after the
emplacement of a series of volcanic domes filling up the
northwestern part. Fumarolic fields are currently active in
this area, mainly within the hydrothermal craters strongly
controlled by fracturing along the main NW- and NE-
trending active fault systems [29], and are fed by a >1000m
deep hydrothermal system having a temperature of 300-
350°C [30, 31]. The hydrothermal craters form three main
groups (Figure 1): the oldest comprises the Kaminakia cra-
ters, the second consists of the Stefanos crater, whereas the
third corresponds to the youngest area where a postcalderic
dome (Lofos) is placed and includes the Phlegeton, Megalos
Polybotes, and Mikros Polybotes craters [31, 32]. Water
vapour (91-99%) is the main component of the fumarolic
fluids, followed by CO2 and H2S [22]. The estimated total
CO2 and H2S outputs are close to 1 kg/s and <0.3 kg/s,
respectively [31, 32].

3. Materials and Methods

After the collection of few samples in 2009 and 2010, a mul-
tidisciplinary field campaign was carried out on June 2013 at
the Lakki Plain, where soil gases, soils, and vegetation were
sampled, and Hg, H2S, and CO2 concentrations in the air
were measured.

A total of 106 soil gas samples was collected at the Lakki
Plain mostly in the fumarolic areas of Kaminakia, Stefanos,
Mikros Polybotes, and Phlegeton craters and in the areas
of Ramos and Lofos (Figure 1). Soil gases were sampled at
50 cm depth using a Teflon tube of 5mm ID equipped with
a tight plastic syringe to avoid air contamination. Soil gas
sampling sites were the same as those of the top soils. H2S
and CO2 analysis was carried out on the overpressurised
vials using a Micro GC MSHA CP-4900 having 3 indepen-
dent modules. Soil temperature was measured at 20 cm
depth by using thermal probes and a digital thermometer;
these measurements were carried out 10–15min after the
insertion of the thermal probe in the soil in order to achieve
thermal equilibrium.

Top soils were collected from the first 3 cm depth at 130
spots at the Lakki Plain. Soil samples were dried, homoge-
nized, and powdered. An aliquot of the homogenized sam-
ples was used for the analysis of total Hg, which was
performed using a DMA-80 analyser (an atomic absorption
spectrophotometer, Milestone, Wesleyan University, Mid-
dletown, CT, USA). About 10mg of dry soil was loaded
into specific nickel boats and analysed according to the
US-EPA 7473 method [33]. Accuracy was checked by run-
ning replicates of the reference materials NCSDC7701
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(0 015 ± 0 006mg/kg) and MESS3 (0 091 ± 0 009mg/kg).
Bench quality control material was measured at the start
of each analytical run (set of 15 samples) for quality assur-
ance and control. The measured values were, on average,
within ±8% of the recommended values.

Total C, N, and S were analysed on powdered samples by
elemental analysis (Elementar Vario EL Cube, Hanau). The
technique is based on “purge and trap” separation (C, N,
and S), following high-temperature incineration (induction
furnace) in a pure oxygen atmosphere and at a constant tem-
perature exceeding 1150°C for the sample, with WO3 as cat-
alyst. Helium was used as the carrier gas. Detection limits
were 0.04wt% for C and 0.003wt% for N and S.

Soil pH values were measured using a specific com-
bination electrode on soil suspensions that were made
with deionized water with a soil/solution weight ratio of
1/2.5 [34].

A passive biomonitoring survey was carried out in order
to determine the total Hg content in two local spontaneous
plants and evaluate the possible contamination by Hg gas
emissions. The collected vegetation consisted of 17 leaf sam-
ples of the genus Erica (manipuliflora and arborea spp.) and
14 leaf samples of the genus Cistus (creticus and salvifolius
spp.). Both the plant species have evergreen leaves and grow
widespread as small shrubs (10-50 cm height) in the Lakki
Plain where soil degassing is at a lower level. To enhance
the interpretation, soil samples were collected along a buffer
area of few tens of centimetres close to the sampled plants.

One sample of vegetation and soil was collected outside the
caldera as local background blank. The sampling sites and
the sampled plants were chosen randomly; for each site, three
separate plants in a buffer area of 1.5m were sampled and
merged to obtain the final sample. Vegetation samples were
dried in the oven at temperature below 40°C and powdered
by agate planetary ball mill to avoid contamination. Analysis
of total Hg was made with the use of PerkinElmer Inc. SMS
100 Solid Mercury Analysis. Each sample was heated in an
oxygen-rich furnace to release all the decomposition prod-
ucts including Hg. These products were then carried in a
stream of O2 to a catalytic section of the furnace; halogens
and/or oxides of N and S were trapped on the catalyst. The
remaining vapour was then carried to an amalgamation cell
that selectively trapped Hg. After the system was flushed with
O2 to remove any remaining gas or decomposition products,
the amalgamation cell was rapidly heated, releasing Hg
vapour. Flowing O2 carried the Hg vapour through an absor-
bance cell positioned in the light path of a single wavelength
atomic absorption spectrophotometer. Absorbance was mea-
sured at the 253.7 nm wavelength as a function of the Hg
concentration in the sample.

Collection of total gaseous mercury (TGM) was per-
formed with gold-coated bead traps (Au traps), through
which atmospheric air was pumped at flow rates between
0.5 and 0.6 L/min [35] over collection periods ranging
from 2 to 60min. At three fumaroles, the gas was col-
lected downstream of a vapour condenser sucking with a
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Figure 1: Simplified geologic map of the island of Nisyros (a) and sampling areas within the Lakki Plain (b). A = Stefanos crater;
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graduated 100mL syringe and sent to the same Au traps
through a three-way valve [36]. The collected Hg was
then measured by cold vapour atomic fluorescence spec-
trometry (CVAFS), based on the conventional thermal-
desorption amalgamation technique (relative standard
deviation < 15%; EPAMethod IO-5; [33, 35, 37]). The results
obtained were multiplied by the sampling volume and
expressed in ng/m3.

The simultaneous real-time measurements of gaseous
elemental mercury (GEM), CO2, H2S, and meteorological
parameters (air temperature, pressure, and relative humidity)
were carried out by coupling portable instruments (similarly
to what was proposed by [20]). GEM was measured with a
Lumex® RA-915M, which is an atomic absorption spectrom-
eter with a Zeeman effect with high-frequency modulation of
light polarization (ZAAS-HFMLP). The separation of the
spectral lines (at λ = 254 nm) is operated by a permanent
external magnetic field, into which a source of radiation
(Hg lamp) is placed [38, 39]. The Zeeman background cor-
rection and the multipath analytical cell provide high selec-
tivity and sensitivity [39]. The instrument operates at a flow
rate of 10 L/min, whereas its rechargeable battery allows up
to 8 h of continuous measurements. The detection limit is
2 ng/m3, while the accuracy of the method is 20% from 2 to
50,000 ng/m3 [38, 39]. The remaining parameters were mea-
sured with a Multi-GAS analyser manufactured by INGV-
Palermo. Atmospheric gas was drawn into the sampler with
an air pump at 1.2 L/min through a 1 μm Teflon membrane
particle filter and was pumped through a CO2/H2O gas
detector (Licor LI-840 NDIR closed-path spectrometer) and
a series of electrochemical sensors for SO2 (0–200 ppm;
3ST/F electrochemical sensor by City Technology Ltd.) and
H2S (0–50 pm; EZ3H electrochemical sensor by City Tech-
nology Ltd.) detection. The sensors were housed in a
weather-proof box mounted on a backpack frame and were
calibrated, before and after fieldwork, with standard calibra-
tion gases (200 ppm SO2, 50 ppm H2S, and 3014 ppm CO2)
mixed with ultrapure nitrogen to provide a range of desired
concentrations [4, 40].

The spatial coordinates for each concentration value were
simultaneously acquired through a GPS signal. All instru-
ments were synchronized and set to high-frequency acquisi-
tion (every two seconds: 0.5Hz). Measurements were carried
out along four (Polybotes, Kaminakia, Stefanos, and Lofos)
transect walks (about 15 km path, with a mean speed of
1.5 km/h) across the Lakki Plain caldera. The raw data have
been processed by a dedicated software (RatioCalc [41]) that
allows a derivation of mass ratios of various compounds (e.g.,
CO2/H2S, GEM/CO2, and GEM/H2S).

Dataset from the gas soil and air surveys were used to
define the threshold values of Hg, H2S, and CO2. Data were
processed following Sinclair’s portioning method extracting
the main populations [42]. This method consists in the defi-
nition of single populations through the inflection points
(main populations) or changes in direction (secondary pop-
ulations) of the curvature on the probability plot by visual
analysis. Finally, data were plotted by using the GIS platform;
distribution maps were drawn and ranked according to the
identified populations.

4. Results

4.1. Fumarolic Gases and Atmosphere. In 2009, TGM was
measured with Au traps in the atmosphere at 9 sampling sites
at different distances from the main fumarolic vents. These
sampling sites were previously investigated by D’Alessandro
et al. [43] measuring H2S concentrations in the atmosphere
with passive samplers. The traps were placed in a range of
distance always longer than 10m and up to about 2 km from
the fumarolic vent. Mercury values ranged from 9.4 to
420 ng/m3 (Table 1). Although not directly comparable due
to the different and sometimes not overlapping measuring
time intervals (2-60min for TGM and 4 hours to 5 days
for H2S), the two datasets show a positive correlation
(Figure 2), with the highest values close to the fumaroles
and the lowest on the caldera rim.

In 2010, further 5 measurements with Au traps were per-
formed. Two measurements were made in the atmosphere at
less than 1m far from the two main fumarolic vents and gave
concentrations of 2360 and 4530ng/m3 (Table 1). Three
fumarolic vents were investigated by performing measure-
ments on the undiluted hydrothermal fluid collected at the
outlet of a condenser; results provided values from 10,500
to 46,300 ng/m3 (Table 1). The composition of the contem-
poraneously collected gases was published by [44].

In 2013, GEM measured with Lumex® gave atmospheric
concentrations from 2 to 7132 ng/m3. Values measured with
the Multi-GAS ranged from 393 μmol/mol, which is the
background atmospheric value, up to saturation of the sensor
(~4000 μmol/mol) for CO2, from 0.2μmol/mol up to satura-
tion of the sensor (~60μmol/mol) for H2S, and from 0.39 to
1.34μmol/mol for SO2. Saturated values, about 0.1% for CO2
and 1.6% for H2S, were not considered for Hg/CO2 and
Hg/H2S calculations.

4.2. Soils. All parameters measured in the soil samples of the
fumarolic areas of the Lakki Plain are shown in Table 2. Total
Hg ranged from 0.023 to 13.7μg/g of dry soil. Soil tempera-
tures measured at 20 cm depth varied between 25.5 and
100°C, while concentrations of H2S and CO2 at 50 cm depth
ranged from <0.001 to 17.8% vol and from 0.28 to 75.3%
vol, respectively. Elemental C, N, and S contents in the soil
were in the range 0.06-2.63, 0.004-0.23, and 0.014-56.3
weight %, respectively. Soil pH varied from 0.71 to 7.30.

4.3. Plants. Total Hg concentrations in the leaves collected
from the Lakki Plain are summarized in Table 3. Data analy-
sis showed the Hg range from 0.014 to 0.066 μg/g for Erica
leaves and from 0.010 to 0.112μg/g for Cistus leaves. The
Hg concentrations in the soils sampled near the plants vary
from 0.045 to 0.619μg/g with a pH ranging from 4.21 to
5.55 (Table 2). The highest pH value is 7.30 and was
measured outside the caldera; the value is representative
of the local background for the soils collected close to the
plants (Table 2).

5. Discussion

5.1. Mercury in the Fumarolic Fluids of Nisyros. Analyses of
Hg directly on fumarolic fluids have rarely been performed.
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The values reported in literature related to several fumaroles
worldwide [3, 35, 45–49] cover a broad range from 1400 to
1,828,000 ng/m3 (Table 4). The values resulting from the
three fumaroles sampled at Nisyros fall within this range.
Correlating the obtained Hg values with the major composi-
tion of the fumarolic gases [44], Hg/H2S and Hg/CO2 ratios
ranging from 0 36 × 10−7 to 3 3 × 10−7 and from 0 76 × 10−8
to 3 5 × 10−8, respectively, were observed. The results
obtained are coherent with values provided by other fuma-
rolic fields at world scale (Table 4).

The measured Hg/H2S and Hg/CO2 ratios should be
regarded as lower limit values since water soluble HgII species
plausibly are lost within the fumarolic condensate collected
by the sampling device. As evidenced in previous studies,
the lost Hg fraction could represent a significant part of the
total emitted Hg. Bagnato et al. [49] suggested that up to
70% of the total Hg emitted from the Bocca Grande (BG)

fumarole (Phlegrean Fields, southern Italy) remained in the
collected condensate. However, of the 70 fumarolic samples
in which Nakagawa [36, 45, 46] measured Hg both in the
gas and in the condensed vapour, only in 8 of the samples
was the Hg found in the condensed fraction that represented
more than 20% of the total. Nevertheless, further studies will
be necessary to ascertain the quantity of Hg lost in the con-
densed steam in the fumaroles of Nisyros.

5.2. Mercury in the Atmosphere of the Lakki Plain Area. Back-
ground values of atmospheric GEM in pristine unpolluted
areas in the northern hemisphere are below 2ng/m3, though
a decreasing trend in the last decades was recognized [50]. In
volcanic/geothermal areas, measured values are often signif-
icantly higher than the natural background (tens to hundreds
of ng/m3, Table 5). This holds true also for the fumarolic area
of the Lakki Plain at Nisyros both for the point measure-
ments with Au traps and for measurements performed along
transects with Lumex®.

The data acquired in the air with the Lumex® and Multi-
GAS were plotted as described by Sinclair [42] and are
shown in Figure 3. The CO2 probability plot (Figure 3(a))
identifies three main populations (A, B, and C). The A pop-
ulation comprises 64.6% of the data with values ranging
from 392 to 431 ppm and refers to the local atmospheric
CO2 background, which is close to the global atmospheric
value of unpolluted air in 2013 (395 ppm [51]). Population
B (33.3% of the data; CO2 431-561 ppm) is the population
with CO2 level slightly higher than average atmospheric
air, probably due to diffuse soil degassing. Population
C (2.1% of the data) includes the highest values (up
to >4000 ppm), indicating a significant fumarolic CO2 con-
tribution to the atmosphere.

Based on the probability plot (Figure 3(b)), the H2S
dataset can be divided into four populations: A includes very
low H2S concentrations (<0.47 ppm, 5% of the values); B
population with values from 0.47 to 2.11 ppm (50% of
the data) indicating a slight fumarolic contribution; C

Table 1: Total gaseous mercury (TGM) measured with Au traps in the atmosphere and in hydrothermal fluids at Nisyros.

Sample Date (dd/mm/yyyy) Time (min) Flux (dm3/min) Volume (m3) TGM (ng/m3)

Stefanos 1 (4) 31/08/2009 5 0.5 0.0025 266

Stefanos 2 (5) 31/08/2009 5 0.5 0.0025 163

Emporio (24) 01/09/2009 50 0.5 0.025 17.3

Volcano Cafe (8) 01/09/2009 30 0.5 0.015 54.1

Polybotes bottom (2) 02/09/2009 2 0.5 0.0010 222

Polybotes rim (3) 02/09/2009 5 0.5 0.0025 133

Kaminakia (9) 03/09/2009 5 0.5 0.0025 420

Phlegeton (1) 04/09/2009 5 0.5 0.0025 188

Nikia (19) 06/09/2009 60 0.6 0.036 9.4

Phlegeton 31/08/2010 5 0.5 0.0025 4530

Kaminakia 31/08/2010 5 0.5 0.0025 2360

AM fumarole 31/08/2010 n.a. n.a. 0.00025 46,300

K6 fumarole 31/08/2010 n.a. n.a. 0.0002 41,200

PP9S fumarole 31/08/2010 n.a. n.a. 0.0002 10,500

Sampling sites of 2009 and IDs in brackets are the same as in [43]; fumaroles sampled in 2010 are the same as in [44]. n.a. = not applicable.
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Figure 2: Total gaseous mercury in the atmosphere vs. atmospheric
H2S concentrations. H2S data from [43].
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Table 2: Analytical composition of soils and soil gases at the Lakki caldera.

Site E N Hg (μg/g) N (%) C (%) S (%) pH H2S (%) CH4 (%) CO2 (%) T (°C @ 20 cm)

1∗ 518465 4049840 0.023 n.d. n.d. 0.014 7.30 n.d. n.d. n.d. n.m.

Mandraki 512418 4051816 0.039 n.d. n.d. n.d. n.m. n.d. n.d. n.d. n.m.

2∗ 515026 4047948 0.18 n.d. n.d. 1.319 4.60 n.d. n.d. n.d. n.m.

3∗ 515008 4047754 0.40 n.d. n.d. 0.728 5.20 n.d. n.d. n.d. n.m.

4∗ 514836 4047603 0.58 n.d. n.d. 0.723 4.74 n.d. n.d. n.d. n.m.

5∗ 514702 4047912 0.40 n.d. n.d. 0.524 4.70 n.d. n.d. n.d. n.m.

6∗ 514617 4048285 0.40 n.d. n.d. 0.392 5.55 n.d. n.d. n.d. n.m.

7∗ 514608 4048481 0.37 n.d. n.d. 0.306 4.95 n.d. n.d. n.d. n.m.

8∗ 514541 4048566 0.49 n.d. n.d. 0.786 4.86 n.d. n.d. n.d. n.m.

9∗ 514659 4048676 0.54 n.d. n.d. 0.451 4.21 n.d. n.d. n.d. n.m.

10∗ 514830 4048652 0.14 n.d. n.d. 1.049 4.80 n.d. n.d. n.d. n.m.

11∗ 514861 4048610 0.21 n.d. n.d. 1.115 5.02 n.d. n.d. n.d. n.m.

12∗ 514979 4048382 0.18 n.d. n.d. 0.575 5.16 n.d. n.d. n.d. n.m.

13∗ 515081 4048259 0.15 n.d. n.d. 1.155 4.92 n.d. n.d. n.d. n.m.

14∗ 515130 4048399 0.25 n.d. n.d. 0.741 5.31 n.d. n.d. n.d. n.m.

15∗ 515210 4048719 0.21 n.d. n.d. 0.764 5.48 n.d. n.d. n.d. n.m.

16∗ 515402 4048152 0.36 n.d. n.d. 0.666 4.87 n.d. n.d. n.d. n.m.

17∗ 515296 4048377 0.64 n.d. n.d. 0.426 5.04 n.d. n.d. n.d. n.m.

N-St-1 514990 4048141 0.28 n.d. n.d. 9.215 2.42 n.d. n.d. n.d. n.m.

N-St-3 515020 4048123 0.39 n.d. n.d. 1.643 2.66 n.d. n.d. n.d. n.m.

N-St-5 515050 4048108 1.57 n.d. n.d. 7.278 2.70 n.d. n.d. n.d. n.m.

N-St-7 515096 4048083 1.28 n.d. n.d. 8.566 2.58 n.d. n.d. n.d. n.m.

N-St-9 515156 4048052 0.42 n.d. n.d. 6.960 2.07 n.d. n.d. n.d. n.m.

N-St-10 515131 4048186 0.29 n.d. n.d. 3.988 2.31 n.d. n.d. n.d. n.m.

N-St-11 515119 4048163 0.25 n.d. n.d. 2.415 2.97 n.d. n.d. n.d. n.m.

N-St-13 515092 4048121 1.25 n.d. n.d. 4.263 3.04 n.d. n.d. n.d. n.m.

N-St-15 515048 4048049 1.77 n.d. n.d. 6.231 2.71 n.d. n.d. n.d. n.m.

N-St-17 515032 4048046 1.25 n.d. n.d. 9.823 2.65 n.d. n.d. n.d. n.m.

N-St-19 515015 4047998 0.81 n.d. n.d. 17.844 1.92 n.d. n.d. n.d. n.m.

N-St-21 514998 4047968 0.31 n.d. n.d. 7.576 2.63 n.d. n.d. n.d. n.m.

N-St-23 515115 4048009 0.39 n.d. n.d. 11.536 2.00 n.d. n.d. n.d. n.m.

N-St-24 515160 4048086 0.61 n.d. n.d. 10.849 2.13 n.d. n.d. n.d. n.m.

N-St-27 515021 4048167 0.20 n.d. n.d. 6.597 2.12 n.d. n.d. n.d. n.m.

N-St-28 514958 4048098 0.31 n.d. n.d. 4.751 2.05 n.d. n.d. n.d. n.m.

023 A 514689 4048508 1.59 0.053 0.800 8.447 1.87 10.28 0.092 47.35 n.m.

024 A 514677 4048516 0.72 0.024 0.261 0.869 2.79 17.75 0.15 75.27 n.m.

025 A 514663 4048529 1.78 0.021 0.421 2.569 1.96 14.93 0.13 64.31 n.m.

026 A 514652 4048510 0.15 0.018 0.060 0.779 2.98 7.63 0.083 45.21 n.m.

027 A 514667 4048507 0.23 0.027 0.103 1.632 2.92 10.20 0.11 53.84 n.m.

028 A 514695 4048526 0.21 0.035 0.097 8.916 1.14 6.82 0.067 35.73 n.m.

029 A 514706 4048510 0.71 0.011 0.070 3.492 2.77 n.d. n.d. n.d. n.m.

030 A 514661 4048504 0.34 0.013 0.328 1.245 2.60 17.83 0.15 75.22 n.m.

031 A 514644 4048505 1.48 0.009 0.074 6.968 2.02 7.01 0.073 38.55 n.m.

032 A 514635 4048488 0.33 0.013 0.095 1.986 2.99 5.67 0.071 36.07 n.m.

033 A 514643 4048490 3.44 0.007 0.198 16.260 1.30 10.06 0.10 56.13 n.m.

034 A 514621 4048490 0.41 0.019 0.070 2.536 2.96 n.d. n.d. n.d. n.m.

035 A 515124 4048615 0.81 0.020 0.443 24.468 1.05 n.d. n.d. n.d. n.m.
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Table 2: Continued.

Site E N Hg (μg/g) N (%) C (%) S (%) pH H2S (%) CH4 (%) CO2 (%) T (°C @ 20 cm)

036 A 515148 4048631 0.46 0.065 0.424 1.057 2.58 bdl 0.04 9.26 n.m.

037 A 515157 4048651 1.09 0.009 0.159 0.915 2.73 0.005 0.011 5.80 n.m.

039 A 515475 4048182 0.34 0.022 0.367 0.783 4.15 bdl 0.0002 2.27 n.m.

040 A 515500 4048166 0.68 0.040 0.693 1.045 3.15 bdl 0.0004 8.99 n.m.

041 A 515510 4048159 5.03 0.016 0.418 2.593 1.39 0.66 0.48 26.32 n.m.

042 A 515535 4048127 0.76 0.032 0.388 33.506 1.92 0.19 0.24 13.25 n.m.

043 A 515553 4048105 0.54 0.021 0.228 1.973 3.35 0.012 0.0019 13.50 n.m.

044 A 515554 4048112 0.33 0.079 0.974 2.424 3.73 bdl 0.0005 1.60 n.m.

045 A 515394 4048180 0.62 0.019 0.434 4.352 2.79 0.013 0.14 13.10 n.m.

047 A 515465 4048096 0.19 0.035 0.587 0.254 4.80 bdl 0.0005 7.66 n.m.

048 A 515409 4048079 0.11 0.010 0.255 1.322 2.88 0.016 0.11 8.36 n.m.

049 A 515414 4048050 0.79 0.020 0.961 2.672 1.87 bdl 0.49 30.67 n.m.

050 A 515418 4048013 0.61 0.022 0.935 2.159 1.64 2.15 0.90 43.68 n.m.

051 A 515432 4048003 0.32 0.011 0.151 1.512 3.32 bdl 0.22 27.23 n.m.

053 A 515482 4047984 1.05 0.016 0.259 3.954 3.28 0.022 0.25 25.17 n.m.

054 A 515512 4047995 0.15 0.021 0.220 0.933 3.27 n.d. n.d. n.d. n.m.

186 A 515546 4048080 1.22 0.023 0.243 4.280 3.45 0.10 0.30 25.24 n.m.

189 A 515530 4047998 0.14 0.027 0.173 1.238 3.41 bdl 0.0015 5.25 n.m.

212 A 515204 4048707 0.37 0.093 1.777 1.018 3.77 bdl 0.0003 3.36 n.m.

239 A 514958 4048062 0.20 0.009 0.164 40.328 1.33 0.19 0.023 2.80 n.m.

240 A 514990 4048077 0.31 0.006 0.107 4.842 2.48 n.d. n.d. n.d. n.m.

241 A 515032 4048070 0.81 0.022 0.382 5.690 1.25 17.12 0.68 72.01 n.m.

242 A 515024 4048127 0.23 0.021 0.081 1.653 3.47 0.10 0.028 7.30 n.m.

244 A 515088 4048170 0.39 0.024 0.194 1.497 3.17 0.015 0.052 13.83 n.m.

247 A 515100 4048146 0.34 0.034 0.451 1.752 2.80 0.006 0.0008 9.53 n.m.

248 A 515122 4048111 0.41 0.014 0.178 3.216 2.23 1.67 0.16 20.21 n.m.

249 A 515107 4048092 0.21 0.032 0.782 5.172 2.00 n.d. n.d. n.d. n.m.

251 A 515081 4048103 1.44 0.059 0.637 4.563 2.73 bdl 0.0005 9.50 n.m.

254 A 515013 4048047 0.82 0.046 1.047 3.610 1.59 13.75 0.58 61.71 n.m.

255 A 515039 4048033 0.63 0.051 0.780 56.276 2.22 14.97 0.70 68.74 n.m.

256 A 515020 4047981 0.58 0.013 0.252 2.399 1.55 0.087 0.052 6.46 n.m.

257 A 514986 4047992 0.58 0.024 0.728 2.908 1.68 1.79 0.26 29.13 n.m.

259 A 515143 4048093 0.48 0.009 0.152 10.040 1.77 6.86 0.22 32.79 n.m.

N301 515310 4048583 0.30 0.058 0.868 0.727 4.35 bdl 0.0002 0.40 27.3

N302 515384 4048514 0.33 0.031 0.596 0.695 4.09 bdl 0.0005 0.86 30.5

N303 515479 4048463 0.70 0.230 2.625 1.521 3.75 0.048 0.0004 1.55 30.5

N304 514864 4048679 0.47 0.006 0.073 1.956 1.66 9.97 0.21 62.78 66.2

N305 514856 4048673 0.33 0.007 0.091 3.981 1.45 12.63 0.21 63.93 100.0

N307 514848 4048677 0.47 0.010 0.118 3.730 1.28 16.84 0.26 74.73 53.5

N308 514851 4048680 0.27 0.009 0.088 3.461 1.22 16.47 0.25 74.90 61.1

N309 515695 4048364 0.41 0.031 0.419 8.140 3.39 0.008 0.077 21.24 32.2

N310 515688 4048334 0.50 0.149 1.875 1.215 3.56 0.11 0.0018 20.25 31.1

N311 515663 4048292 0.15 0.200 2.337 1.172 3.61 0.002 0.0015 8.10 30.9

N312 515658 4048288 0.13 0.030 0.427 2.740 3.15 bdl 0.006 26.14 34.9

N313 515227 4048688 0.17 0.046 0.612 0.407 4.20 bdl 0.0005 0.99 36.7

N314 515207 4048667 0.64 0.022 0.300 2.017 2.65 bdl Bdl 2.07 33.6

N315 515190 4048650 0.26 0.104 2.265 0.772 3.66 bdl 0.0006 6.09 38.9

N316 515173 4048628 0.21 0.058 1.144 0.953 3.52 bdl 0.001 10.21 44.4

N317 515153 4048604 0.22 0.020 0.563 16.470 1.15 0.025 0.06 12.64 54.0
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population (2.11-57 ppm, 43.5% of the data) indicating a
significant H2S input into the atmosphere; D population
(1.5% of the data) includes values > 57 ppm of H2S up to
saturation of the sensor in the vicinity of the active fuma-
roles, suggesting a significant contribution of the hydro-
thermal fluids released from the subsurface.

Three distinct populations can be recognized (A < 8 5,
B from 8.5 to 44.9, and C up to 7132 ng/m3; 12.2%,
82.8%, and 5.0%, respectively) for GEM concentrations in
the air (Figure 3(c)) that were measured with the Lumex®
instrumentation.

In Figure 4, an example of H2S, CO2, and GEM concen-
trations measured in the atmosphere through transect walk

within the Lakki Plain is shown. GEM, H2S, and CO2 con-
centration peaks, in correspondence with the fumaroles of
Phlegeton, show a good match, confirming the interdepen-
dence of these gaseous compounds and their common ori-
gin from the fumaroles. The main fumarolic emissions
were clearly highlighted by anomalously high Hg concentra-
tions (up to ~600 ng/m3) with respect to the surrounding air
masses (~30 ng/m3). GEM concentrations above back-
ground values measured away from the main fumarolic
vents were probably due to soil degassing. The Lakki Plain
and especially the main hydrothermal craters are sites of
strong hydrothermal degassing with CO2 fluxes up to
6175 g/m2/day [52]. Mercury fluxes from the soil have not

Table 2: Continued.

Site E N Hg (μg/g) N (%) C (%) S (%) pH H2S (%) CH4 (%) CO2 (%) T (°C @ 20 cm)

N318 515134 4048595 0.32 0.028 0.743 5.035 1.50 0.68 0.10 15.61 51.5

N319 515109 4048583 0.17 0.016 0.171 3.427 1.32 0.004 0.044 10.57 45.9

N320 515095 4048585 0.47 0.029 0.801 3.667 1.49 1.15 0.13 20.46 59.4

N321 515092 4048601 0.70 0.007 0.069 1.620 2.34 0.006 0.03 6.39 43.0

N323 515126 4048638 2.15 0.004 0.109 11.050 1.15 11.38 0.46 59.42 69.8

N324 515139 4048658 0.28 n.d. n.d. n.d. 0.78 bdl 0.67 75.00 53.0

N325 515162 4048676 0.23 0.006 0.125 2.415 1.18 0.19 0.09 13.18 48.0

N326 515174 4048697 1.12 0.008 0.245 2.506 1.34 1.61 0.17 21.95 56.4

N327 515621 4048254 0.15 0.016 0.373 3.286 1.48 8.75 1.26 69.20 59.5

N328 515640 4048269 0.29 0.049 0.358 0.900 2.74 bdl 0.16 15.86 28.3

N329 515590 4048259 0.22 0.127 1.928 1.711 3.60 bdl 0.0005 0.38 30.2

N330 515573 4048248 0.44 0.069 0.847 1.570 3.91 bdl 0.0007 3.30 31.8

N331 515526 4048255 0.19 0.099 0.907 1.025 4.67 bdl 0.0005 0.65 30.0

N332 515484 4048245 0.49 0.041 0.717 1.986 3.38 bdl 0.0006 0.50 29.0

N334 515452 4048158 0.19 0.132 2.133 0.675 3.53 0.002 0.0004 3.50 27.8

N335 515486 4048116 0.24 0.085 2.210 0.455 4.15 0.009 0.0005 6.25 33.5

N336 515510 4048081 13.7 0.055 1.812 14.620 0.75 bdl 0.0005 0.28 25.5

N337 515504 4048034 0.056 0.020 0.400 0.352 3.28 bdl 0.0014 8.66 32.0

N338 515473 4048051 0.10 0.034 0.597 0.308 4.10 bdl 0.0005 7.66 33.9

N339 515476 4048008 0.10 0.033 0.751 0.373 4.16 bdl 0.0003 12.43 32.3

N340 515442 4048027 0.31 0.067 1.680 1.502 3.40 bdl 0.0005 14.50 31.9

N341 515444 4048067 0.25 0.039 0.615 1.095 3.07 bdl 0.0005 6.79 31.9

N342 515431 4048111 0.48 0.010 0.124 0.843 4.08 bdl 0.0004 6.16 34.2

N343 515418 4048135 1.15 0.040 0.409 0.825 3.26 0.066 bdl 6.76 31.2

N344 514870 4047612 0.64 0.012 0.194 2.015 2.61 0.038 0.16 26.36 42.8

N345 514849 4047608 0.49 0.065 0.320 0.501 3.41 0.044 0.077 12.06 51.3

N346 514830 4047587 0.12 0.025 0.605 2.853 0.98 0.33 0.48 39.57 56.8

N347 514847 4047594 0.72 0.010 0.138 2.454 3.37 0.004 0.054 17.16 42.9

N348 514857 4047579 0.36 0.008 0.426 1.658 1.34 0.72 0.28 27.30 56.9

N349 514866 4047588 2.75 0.015 0.953 0.475 2.24 bdl 0.009 8.08 43.4

N350 514841 4047574 0.33 0.012 0.675 2.538 0.85 bdl 0.27 20.88 58.1

N351 514849 4047568 0.64 0.010 0.298 4.228 0.72 1.76 0.69 36.59 62.8

N352 514868 4047562 6.93 0.011 0.665 7.972 0.71 7.16 1.91 74.48 51.7

N353 514881 4047577 9.00 0.009 0.241 1.968 0.80 bdl 0.094 6.63 51.8

Sites 1 and Mandraki are background sites outside the Lakki caldera. n.d. = not determined; n.m. = not measured; bdl = below detection limit (<0.002 for
H2S; <0.0002 for CH4). Easting (E) and northing (N) are expressed as UTM coordinates WGS84, all sites belonging to sector 35S. Data of S concentrations
and pH of samples from 1 to 17 and from N-St-1 to N-St-28 are taken from [24]. ∗Samples collected close to the plants of Table 3.
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Table 3: Hg and S concentrations in plant leaves collected in the Lakki Pain, Nisyros.

ID Erica ID Cistus
Total Hg (μg/g) Total S (μg/g) Total Hg (μg/g) Total S (μg/g)

1 NY-E 0.026 1180 1 NY-C 0.010 1080
2 NY-E 0.046 6340 2 NY-C 0.037 5950
3 NY-E 0.028 2210 3 NY-C 0.022 2420
4 NY-E 0.014 2310
5 NY-E 0.025 1410 5 NY-C 0.055 2550
6 NY-E 0.019 1540 6 NY-C 0.019 2290
7 NY-E 0.016 2840 7 NY-C 0.056 5290
8 NY-E 0.066 2560 8 NY-C 0.112 3350
9 NY-E 0.036 3630
10 NY-E 0.023 4360
11 NY-E 0.039 4280 11 NY-C 0.025 3570
12 NY-E 0.030 1480 12 NY-C 0.028 2430
13 NY-E 0.036 2960 13 NY-C 0.095 4260
14 NY-E 0.065 2640 14 NY-C 0.027 2340
15 NY-E 0.024 2110 15 NY-C 0.029 2860
16 NY-E 0.023 2540 16 NY-C 0.077 3610
17 NY-E 0.034 1460 17 NY-C 0.112 3140

Soil samples identified with the numbers from 1 to 17 in Table 2 were collected close to the plant samples with the above corresponding numbers.

Table 4: Total gaseous mercury (TGM) concentrations in fumarolic gases.

Area TGM (ng/m3) References

Fumaroles Japan (>100 sites) 1400-1,828,000 [36, 45, 46]

Kilauea, Hawaii (U.S.A.) 274-1031 [47]

Colima volcano (Mexico) 470-1442 [47]

White Island, New Zealand (fumarole 3) 22,000-38,000 [48]

Yellowstone caldera, U.S.A. (9 fumaroles) 415-30,000 [3]

Solfatara di Pozzuoli, Italy (fumarole BG) 93,500 [49]

Nisyros, Greece 10,500-46,300 This study

Table 5: Atmospheric Hg concentrations, Hg/S and Hg/CO2 ratios, and total Hg outputs of fumarolic fields at closed-conduit volcanic systems.

Area Hg atmosphere (ng/m3) Hg/S (×10-6) Hg/CO2 (×10-8)
Total Hg

output (kg/a)
References

Las Pailas, Rincon de la Vieja, Costa Rica n.r. 8.4 0.14-1.7 0.8-2.4 [4]

Las Hornillas, Miravalles volcano, Costa Rica n.r. 2.01 0.35-10 4-12 [4]

Poas, Costa Rica n.r. 0.03 n.r. 1.6-2 [4]

Tatun volcanic field, Taiwan 5.5-292 2.4-5 4-40 5-50 [71]

La Fossa crater, Vulcano, Italy 4.8-339 0.48-1.3 6 ± 0 3 0.4-7 [72]

Yellowstone caldera, U.S.A. n.r. n.r. 0.16-0.26 15-56 [3]

Mt. Lassen fumaroles, Cascades, U.S.A. n.r. n.r. 2-22 96-167 [3]

Solfatara di Pozzuoli, Italy n.r. n.r. 1.3 7 [49]

Solfatara di Pozzuoli, Italy n.r. n.r. 1.34 2 [54]

La Soufriere, Guadeloupe, Lesser Antilles 15-189 3.2 n.r. 0.8 [73]

Nea Kameni, Greece 4.5-121 n.r. 0.1-0.34 0.2-2 [53]

White Island, New Zealand 73-89 0.13-0.25 1.43-2.47 n.r. [48]ß

Nisyros, Greece (fumaroles) n.a. 0.03-0.16 0.76-3.5 0.7 This study

Nisyros, Greece (atmosphere: Au traps) 9.4-420 n.a. n.a. n.a. This study

Nisyros, Greece (atmosphere: Lumex®) 2-7132 11-68 1.5-8.2 1.9 This study

n.r. = not reported; n.a. = not applicable.
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been measured at Nisyros, but as reported from the litera-
ture [3, 49, 53, 54], soils at geothermal and hydrothermal
systems also emit gaseous Hg. Nevertheless, the previous
authors found Hg fluxes (1-2000 μg/m2/day) that are
many orders of magnitude lower than those of CO2, with
the latter gas often acting as carrier for Hg.

5.3. Mercury in the Soil. The soils of the Lakki Plain are
strongly weathered by past and present fumarolic activity.
This can be recognized by the widespread presence of sec-
ondary alteration minerals, mainly sulfates [24, 25]. The
main drivers of the alteration process are fumarolic H2O
and H2S. The former is the main carrier of thermal energy,
which is reflected in soil temperatures reaching up to the

boiling temperature of water. Soil temperatures provide indi-
cations regarding the hydrothermal uprising gases, allowing
the identification of the actively degassing areas. High tem-
peratures are to be considered related to both high fluxes of
hydrothermal fluids and the enrichment of the hydrothermal
component in the soil gases. The temperature distribution
map at 20 cm depth indicates temperatures above 30°C in
all the investigated sites, except for some points along the
western flank of the Kaminakia crater (Figure 5(a)). Higher
temperatures, from 50 to 100°C, were recorded at the south-
ern part of the Stefanos crater, at Phlegeton and Mikros
Polybotes (Figure 5(a)).

Hydrogen sulphide in the fumarolic gases of Nisyros is
the third most abundant species after H2O and CO2 [22].
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Figure 3: Probability plots of CO2 (a), H2S (b), and GEM (c) concentrations in the atmosphere of the Lakki Plain.
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In the soil gases, on a dry basis, it represents up to nearly 18%
vol. Within the soil, H2S is oxidised by atmospheric O2 form-
ing sulfuric acid [55, 56], by the net reaction

H2S + 2O2 →H2SO4 1

Such reaction is responsible for the high S contents of the
analysed soils (median ~2%, max ~56% (Table 2)) and the
very low values of soil pH (from 0.71 to 5.55 (Table 2)). Both
parameters show an inverse relationship (Figure 6(a)) indi-
cating that, at the most actively exhaling zones, more sulfuric
acid is produced and more sulfur is deposited.

The total amount of Hg trapped in the soil was plotted
in a probability plot. As for the Hg concentrations in the
air, three populations were detected (Figure 7); a secondary
population containing the higher values was detected as
indicated by the black arrow in Figure 7. High Hg con-
centrations were measured in the soil close to the main
fumarolic vents (Figure 5(b)). As for sulfur, the inverse
relationship between soil Hg and soil pH (Figure 6(b))
supports the transport and the deposition of Hg by fuma-
rolic fluids. Daskalopoulou et al. [24] evidenced that also
other volatile elements like As, Bi, Pb, Sb, Se, and Te are
enriched in the soils of the Lakki Plain that are mostly
affected by hydrothermal gases.

The accumulation of Hg in the soil matrix does not
depend solely on the amount of Hg carried by the uprising
hydrothermal gases but also on the soil retention capacity.
Many studies demonstrated that Hg in soils shows generally
a good correlation with soil organic matter (SOM). Ottesen
et al. [57] evidenced such positive correlation at the conti-
nental scale, based on the analysis of more than 4000 soil
samples from 33 countries in Europe. Martin et al. [58] found
that the same correlation holds true for the volcanic soils of
Mt. Etna. Elemental carbon, which can be considered a proxy
for SOM, in the soils of the Lakki Plain does not show any
correlation with the measured Hg values. This probably
depends on the fact that most of the sampled soils are totally

devoid of vegetation, limiting the presence of SOM to some
vegetal debris and microbial communities. The low content
of SOMmay therefore not contribute much to Hg accumula-
tion in the soils of the Lakki Plain. Sulphide, which could also
react with Hg, is also very scarce in the surface soil levels due
to the oxidising environment [24].

Soil temperatures are thought to play an important role
in Hg retention in soils. This parameter has probably a con-
trasting effect because higher soil temperatures indicate
stronger hydrothermal gases transporting more Hg from
the depth, but at the same time, higher soil temperatures pre-
suppose also a faster remobilization of Hg from the soils
because of its high volatility [3].

Although hydrothermal gases like CO2 and H2S
show their maxima close to the main fumarolic areas
(Figures 5(d) and 5(e)), no correlation with soil Hg could
be evidenced (p value 0.77 and 0.83, respectively, and corre-
lation index 0.04 and 0.02, respectively). However, even
though both soil and gas samples were collected at the same
time and in the same place, they are not totally comparable
as CO2 and H2S were measured on the gas phase collected
at the 50 cm depth while Hg was measured on the solid
phase at the soil surface. Nevertheless, a better correlation
was expected.

5.4. Mercury in the Plants. Plant leaves present lower con-
centrations with respect to the soils where they grow, while
the local background in both plant leaves and soils shows
very low concentrations in total Hg. Results show a range
of values regarding the total Hg concentrations that seem
to be positively correlated with the intensity of the fumarolic
activity. The highest concentrations were measured in sites
located close to the hydrothermal drill and the craters of
Stefanos, Phlegeton, Mikros Polybotes, and Kaminakia,
confirming the impact of the hydrothermal activity on
the surrounding environment.

Regarding the availability of soil Hg to plants, it is consid-
ered to be low as there is a tendency for Hg to accumulate in
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the roots, indicating that the roots serve as a barrier to Hg
uptake [59, 60]. Mercury concentration in aboveground
parts of plants appears to depend largely on foliar uptake
of Hg0 volatilized from the soil [61, 62] and therefore on
the age of the plant and the time of day and year [63].
The transfer of Hg (gaseous forms) from the atmosphere

occurs by dry and wet deposition (rain and snow) and
enters into the organism by the stomata of the leaves
through the transpiration process [59, 61, 64, 65]. The
soil-plant correlation diagram (Figures 8(a) and 8(b)) shows
that Cistus samples were enriched in Hg with respect to
Erica presenting a moderately good positive correlation.
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Taking into consideration that Hg uptake is mostly through
the leaves and the samples of both species were collected on
the same day, the relatively high concentrations of total Hg
in the Cistus samples can be justified by the higher specific
surface area of its leaflets with respect to Erica’s. Addition-
ally, equally important factors that should be taken into
consideration are the solar radiation and the humidity.
These two factors along with the specific surface area of
the leaflets may possibly explain the elevated Hg concentra-
tion of the local background sample that was noticed at
Erica. It is worth mentioning that the local background
samples of both species were collected at a place located
close to the sea, at noontime during summer period.

On the other hand, sulfur is an essential macronutrient
for plant growth. Its uptake and distribution are tightly con-
trolled by the environmentally induced changes in nutrient
demand [66, 67]. Therefore, the high concentrations in S as
well as the good correlation between the soil and plant sam-
ples in both species can be regarded as mainly caused by its
uptake by the roots through the metabolic processes of the
plants (Figures 8(c) and 8(d)). Nevertheless, the contribution
of the transpiration process via the stomata of the leaves may
also be important.

5.5. Environmental and Human Health Issues. Mercury is
considered to be among the most toxic metals that could be
taken by the human body through different pathways [13],
especially concerning methylated species. Furthermore, its
deleterious effects can be enhanced through its biomagnifica-
tion along the trophic chain [11]. One of the primary uptake
paths of Hg is through the inhalation of GEM. For the World
Health Organization [68], atmospheric concentrations of Hg
in the range of 15,000–30,000 ng/m3 may have adverse effects
on humans (tremors, renal tubular effects, change in plasma
enzymes, and others). However, using an uncertainty factor
of 20, the same organization proposed a guideline value for
Hg concentration in air of 1000 ng/m3 [68].

At the same time, the US Occupational Safety and Health
Administration considered a permissible occupational expo-
sure limit for GEM of 100,000 ng/m3 in the air [69], while the
National (US) Institute for Occupational Safety and Health
(NIOSH) established a recommended exposure limit for
GEM of 50,000 ng/m3 as a time-weighted average (TWA)
for up to a 10 h workday and a 40h workweek [69]. The
American Conference of Governmental Industrial Hygienists
assigned to GEM a threshold limit value of 25,000 ng/m3 as a
TWA for a normal 8 h workday and a 40 h workweek [69].
The minimum risk level (MRL) for chronic inhalation of
GEM is 200ng/m3 [69, 70]. The MRL is an estimate of the
daily human exposure to a hazardous substance that is likely
to be without appreciable risk of adverse health effects over
a specified duration of exposure. The US EPA reference
concentration for inhalation is calculated to be 300ng/m3

(TWA) [69].
Taking into consideration the above limits and thresh-

olds, it may be deduced that, although the atmospheric
GEM concentrations within the Nisyros Caldera are some-
times many orders of magnitude above the global back-
ground, they do not represent a general hazard for human
health. The area is yearly visited by many tens of thousands
of tourists, but the zones where they arrive show GEM con-
centrations rarely exceeding the MRL. Areas exceeding the
WHO guideline value of 1000 ng/m3 are very close to the
main fumarolic vents where tourists are not allowed to go
and where other toxic gases of higher danger are present
(i.e., H2S [19]). Moreover, people who work all day in the
area (ticket operators, owner, and employees of the Volcano
Café) spend most of their time in areas with atmospheric
GEM concentrations well below the occupational limits and
generally also below the MRL. Probably, only volcanologists
that take gas samples from the main fumaroles may be
exposed to atmospheric GEM levels of a few thousands of
ng/m3 for some hour, which has still to be considered a low
exposition. Even though results propose no particular risk,
a more complete survey is highly suggested to have a more
accurate picture.

5.6. Total Output from the Hydrothermal System of Nisyros. It
has long been established that the contribution of volcanic
activity to the total natural emissions of Hg to the atmo-
sphere is substantial [2, 4, 47]. However, due to the limited
number of data available, significant uncertainties on the
annual emissions of volcanic Hg still remain. Estimates range
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between 0.6 and 1000 t/a representing a proportion that var-
ies from <1% up to 50% of total natural emissions [2, 4, and
references therein]. The strongest contribution (90%) of the
total output of volcanic Hg derives from explosive eruptions
while the rest derives from passive degassing [2]. Emissions
of single open-conduit volcanoes like Etna (Italy), Ambrim
(Vanuatu), or Masaya (Nicaragua) are in the order of units
to tens of t/a [4], pointing to strong underestimation of global
volcanic outputs lower than 50 t/a. The contribution of fuma-
rolic emissions from closed-conduit volcanoes is instead very
limited as it is found in the range from 0.2 to 167 kg/a
(0.0002-0.167 t/a (Table 5)).

Most of the Hg flux estimations from volcanic systems
have been indirectly obtained cross-correlating the measured

SO2 fluxes with the Hg/SO2 ratios measured in the volcanic
plume [4]. Such method cannot be used for low-
temperature fumarolic areas because magmatic SO2 is
strongly scrubbed by the hydrothermal system. To obtain
output estimates for such areas, different methods have been
proposed. One of which is the measurement of Hg fluxes
from the soils with accumulation chambers (dynamic flux
chambers or static closed chambers) and the consequent
integration of the fluxes over the whole hydrothermal area.
Such method was applied only few times [49, 53, 54].
Another method is the cross-correlation of the total CO2
release of the fumarolic area with the Hg/CO2 ratio being
measured either in the fumarolic fluids or in the air close to
the vents [4]. Both methods give the order of magnitude of
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the Hg output, but they coherently confirm much lower out-
puts of fumarolic areas with respect to open-conduit volca-
noes. Following the second approach, a rough estimation of
the Hg output of Nisyros can be obtained considering the
total CO2 output, as determined by Bagnato et al. [53], which
is 84 t/d, and the Hg/CO2 ratios measured in the fumaroles
that range from 0 8 × 10−8 to 3 5 × 10−8 (median value =
2 3 × 10−8) or in the air ranging from 1 5 × 10−8 to 8 2 ×
10−8 (median value = 6 3 × 10−8), corresponding to the total
Hg output of 0.7 and 1.9 kg/a, respectively. Such figures
fall in the lower range of the outlet values for fumarolic
areas (Table 5).

6. Conclusions

Mercury and its compounds are highly toxic for humans
and ecosystems. Volcanic and hydrothermal emissions are
major natural sources of Hg in the atmosphere. At Nisyros,
a potentially active volcano with intense and widespread
degassing activity, real-time measurements of GEM showed
concentrations up to 7132 ng/m3 within the Lakki Plain.
The good correlation between Hg and the main fumarolic
gases (H2O, CO2, and H2S) confirms the hydrothermal ori-
gin of the former. In the fumarolic gases, Hg was estimated
in the range 10,500-46,300 ng/m3; these values should be
considered the lower limit due to the plausible Hg loss

within the condensing fumarolic vapour. Relatively high
Hg concentrations were also identified in the soils; the accu-
mulation of Hg in the soil matrix is dependent on both the
amount carried by the upflowing hydrothermal gases and
the soil ability to fix a part of it. The lack of vegetation at
the crater area maybe responsible of the poor correlation
between elemental C and Hg in the soil. No bioavailability
through the roots was noticed in the plants collected at the
Lakki Plain. The slightly high concentrations of the vegeta-
tion samples could have therefore been caused by the tran-
spiration process that takes place in the stomata of the
leaves, making Cistus a better candidate for biomonitoring
investigations with respect to Erica due to the greater spe-
cific area of its leaves.

The aforementioned synoptic analysis of the results
highlights that more than one matrix can be affected by
hydrothermal Hg from the degassing activity. Furthermore,
it underscores that Hg concentrations are positively
correlated with the distance of the sample/measurement
from the emission point. Even though the measured Hg
concentrations were enhanced and at cases exceed the
WHO limits in terms of inhalation, they seem to be of minor
risk for human health as the exposure is for a limited time
and the access for nonvolcanologists is prohibited. However,
an uptake originating from the trophic chain should not
be disregarded.
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A geogenic CO2 emitting site (mofette U1) at the banks of the Laacher See, Eifel Mountains, was chosen to study the relationship
between heavy postvolcanic soil degassing and vegetation during spring season. To test any interrelation between soil CO2
degassing and vegetation, soil chemism (pH, water content, conductivity, and humus content) and vegetation studies (number
of species, plant-soil coverage) were performed. Geogenic soil degassing patterns of carbon dioxide and oxygen were clearly
inhomogeneous, resembling soil porosity and distinct permeation channels within the soil. CO2 concentrations ranged from
zero to 100%. Soil CO2 increased, while soil oxygen decreased with increasing soil depth. There was a reasonable correlation
between CO2 degassing and soil pH as well as soil conductivity. Soil organic matter (SOM) resembled soil water distribution.
The number of plant species (from a total of 69 species) as well as plant coverage strongly followed geogenic CO2 degassing.
The total number of growing species was highest in low CO2 soils (max. 17 species per m2) and lowest at high CO2-emitting
sites (one species per m2). Plant coverage followed the same pattern. Total plant coverage reached values of up to 84% in slightly
degassing soils and only 5-6% on heavy CO2-venting sites. One plant species proved to be highly mofettophilic (marsh sedge,
Carex acutiformis) and strictly grew on CO2 degassing sites. Most other species like grove windflower, spring fumewort, fig
buttercup, wood bluegrass, addersmeat, and common snowberry showed a mofettophobic behavior and strictly avoided
degassing areas. Specific plant species can thus be used to detect and monitor pre- or postvolcanic CO2 degassing.

1. Introduction

Mofettes are sites with dry CO2 gas exhalations at ambient
temperatures. The gaseous CO2 originates from magma
chambers or from Earth mantle degassing. It moves upward
through fissures and cracks within the rocks [1–3]. Along
its path, it reacts with wet and dry soil phases, finally exerting
its influence on organisms living either within the subterra-
nean soil or directly on the soil surface [4–10]. Depending
on the local geological and hydrogeological conditions, the
upward migration of CO2 gas may appear at the surface
either as dry CO2 emanation (mofette) or as CO2-rich min-
eral water. Several publications already described the effects
of the potentially acidic gas of dry CO2 emanations on the

soil phase [11–13], on soil insects, nematode worms, and
spiders [14–16], on soil microbiota [for review see [5]], and
on vegetation. Most authors describe the effects of enhanced
geogenic CO2 on physiological and ecophysiological pro-
cesses, or anatomical and morphological adaptations of
plants [6–8, 17–22]. Only a few references can be found
on the special vegetation of these sites—the mofette vegeta-
tion [17, 23–26].

The present paper studies a natural, terrestrial mofette
site at the Laacher See volcano, where CO2 from the Laacher
See volcano still reaches the surface, influencing ecosystems.
The quiet volcano is part of the east Eifel Volcanic field
belonging to the West European Rift System. The last erup-
tive phase of the Laacher See volcano is about 13,000 years
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ago [27]. The aim of this work was to find out to which extent
geogenic CO2 concentrations within the soil influence soil
chemism and allow or inhibit plant life. It was furthermore
of great interest to figure out whether specific plant species
can be used as biological indicators to detect and monitor
otherwise nondetected volcanic CO2 emissions.

2. Material and Methods

2.1. Site Description. The study area “U1 mofette”
(Figure 1(a)) is located on the first terrace on the eastern
inner flanks of the Laacher See Volcano, Eifel Mountains,
Germany (see also [28]), just 5m from the southern wall of
the ruins of the so-called Jesuiten-Villa (a two-stored stone
house used by the monks to celebrate their free days). It
belongs to the cadastral district “Bei der rechten Erde” and
extents parallel to the banks of the Laacher See. The terrace
is the result of the second drainage phase of the lake per-
formed in 1844 (first drainage in 1164; [29]). As the area is
located within a forest, mostly half-light and only rarely
full-light conditions prevail, with some heavily shaded parts
at the upper left part of the area. Topographically, the U1
area is flat with the highest part in the SE corner
(Figure 1(b)). The first 54m of the 80-90m long area was

under investigation. In the lake close to the mofette area,
CO2 bubbles indicate visible geogenic gas emission [30].

2.1.1. Sampling and Measurements. The area was chosen to
study the relationship between geogenic soil degassing of
carbon dioxide and the prevailing vegetation and between
soil gas and selected geochemical and soil biological parame-
ters. Seven transects with 2m spacing and a total length of
54m were laid out parallel to the lakeshore line. The hiking
trail marked the western (lower) end of the study area
(Figures 1(a) and 1(b)). All measurements were made at each
2m intersection of the transect lines, resulting in 224 individ-
ual sample spots. Soil gas concentrations (CO2 and O2) were
measured at all 224 spots at four different soil depths (10, 20,
40, and 60 cm), by coring holes into the soil and inserting gas
tight tubing. During the measurements, the holes were closed
with a lid to avoid air mixing during the actual measure-
ments. The gas measurements were carried out with a porta-
ble landfill gas analyser GA2000 (Geotechnical Instruments,
England) equipped with water and dust filters. Problems
occurred when the ground was wet or waterlogged, as liquid
water would damage the sensitive cells of the analyser. Poly-
ethylene and Teflon tubing (1 cm diameter) was used to
enlarge the measuring radius. Readings were recorded after
several seconds to one minute.

WestEast

(a)

0

Crossw
ise

 tra
nsec

t (m
)

10
15
20
25
30

H
ei

gh
t (

cm
) 35

40
45

2 4 6 8 10 12 14
0

2
4

6 8
101214

16 18 20 22 24 26 28 30 32 34
Lengthwise transect (m)

Topography (cm)

36 38 40 42 44 46 48 50 52 54
45
40
35
30
25
20
15
10
5
0

5

)

10
15
20
25
30
35
40

4
6 8

1012121212222122222200
11111444441141114444444414444422

55555555555555555555555555555555555555555555555555555

(b)

Figure 1: Photo from the U1 mofette as seen from north to south in June 2015. The dominating ground vegetation in the mofette is marsh
sedge (Carex acutiformis). Several linden trees and oaks grow on the edge. The eastern bank of the Laacher See and the walking trail are
located on the right side of the picture (a). Topography of the U1 mofette at the lower terrace of the eastern rim of the Laacher See caldera
viewed from the Western side. North side is left and south right of the picture (b).
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Gas flux was performed at each grid intersection using a
portable diffuse carbon dioxide flux meter system (West
Systems Portable diffuse flux meter carbon dioxide high-
flux, Pisa, Italy). The device consists of an accumulation
chamber (type B), a CO2 IR detector (Polytron, Dräger),
and a PDA palmtop (Brand, Acer n300) for data commu-
nication, evaluation, and storage.

The CO2 flux measurement method is based on the
measurement of rising CO2 concentration versus time in
terms of ppm s-1. If the gas concentration inside the cham-
ber is constant, linear regression is used to calculate the
gas flux F [moles·m-2·day-1] by the following equation:

F = K ∗ s 1

where K is the accumulation chamber factor and s is the
slope of the flux curve, determined by linear regression.

K is calculated by the following equation:

K = 86400 ∗ P
106 ∗ R ∗ T

∗
V
A

2

where P is the barometric pressure (hPa), R is the gas con-
stant 0.08314510 (L·bar·K-1·mol-1), T is the air temperature
(K), V is the chamber net volume (6 186∗10−3 m3), and A is
the chamber inlet net area (3 140∗10−2 m2). P was measured
with the GA2000 and T with a thermocouple thermometer.

2.2. Soil Analysis. After determination of the soil gas, soil
cores were taken very close to the points of the gas measure-
ments. A standard soil borer (Pürkhauer; Thomas Müller,
Germany) was used, and samples were taken between soil
depths of 7 to 13 cm. This depth range was thought to reflect
the main rooting horizon of herbaceous plants [31]; this soil
depth is also the approximate range of the aerated surface soil
[32]. The fresh samples were placed in small airtight plastic
cylinders and stored cool until analysis.

Soil water content was determined by drying the soil
samples of known fresh weight at 75°C for three days in an
oven and reweighing after cooling to room temperature in a
desiccator. Dry soil samples were ground, and soil pH was
measured with a pH electrode (WTW, Germany) in bi-
distilled water (750mg dry soil in 15ml water). After pH
determination, soil conductivity was determined in the same
solution using a conductivity meter (inoLab Multi 9420 IDS,
WTW, Germany).

To determine soil organic matter (SOM), 1 g of ground,
dry soil was heated (450°C for 18 hours) in an oven (muffle
furnace; Heraeus, Germany), cooled to room temperature
in a desiccator, and reweighed (for details see [33]).

2.3. Vegetation Analysis. Vegetation cover was estimated
according to [34]. Londo’s decimal scale has some advan-
tages over the most commonly used scale of [35]. The deci-
mal scale is a pure dominance scale that uses smaller steps
of maximal 10%. The more precise information about the
plots’ vegetation cover leads to better correlations with the
abiotic factors. On the other hand, a transformation into

the Braun-Blanquet scale can be arranged without great
difficulty [36].

All measurements were carried out at stabile weather
conditions during a one-week period in February 2013. Veg-
etation analysis was done in May 2013.

2.4. Statistical Analysis. Statistical analysis was carried out
using MS Excel (Microsoft, USA), SigmaPlot 11.0 (Systat
Software, USA), and SPSS (SPSS, USA). Multivariable sta-
tistical analysis was done using multiattribute analysis
basedoncanonical correspondence analysis (CCA;CANOCO
4.5 program). Probable correlations between plant habitat
parameters, plant species composition, and plant distribution
can thus be detected [37].

3. Results and Discussion

3.1. Degassing Patterns

3.1.1. Soil Gas Concentrations. Geogenic CO2 degassing was
clearly heterogeneous within the selected area. At 10 cm soil
depth, high [CO2] were found in a line running nearly diag-
onal from the left upper corner to the area close to the lower
right part (Figure 2(a)). At this depth, CO2 extremes evolved
as isolated islands surrounded by lower values.

Soil gas concentrations clearly changed with soil depth.
Carbon dioxide increased with increasing soil depth
whereas oxygen values decreased at deeper soil horizons
(Figures 2(a)–(d) and 3(a)–(d)). Yet the principal “diago-
nal” degassing pattern was still visible although at a soil
depth of 60 cm the whole area showed highly increased
CO2 values. Thus, at deeper soil horizons, a clear broadening
of the degassing pattern occurs which narrows when the gas
moves upward to the soil surface. Sometimes, the narrowing
of CO2 concentrations at lower soil depths is evident as small
channels are formed showing the vertical gas-transducing
chimneys. The transect illustration shows the modification
of gas permeation pathways with soil depth.

There are two selected transects of the U1 mofette
(Figure 4). The upper panel nicely shows two CO2 gas chim-
neys (at 12m and 42m) emerging at a soil depth of ca. 30 cm
further narrowing to a diameter of less than 50 cm finishing
at the very soil surface. Gas concentration at the surface thus
reaches 80-100% CO2. Another CO2 channel (at 36m) does
not reach the actual soil surface but ends at 10 cm soil depth
(Figure 4). A less permeable or impermeable soil layer tran-
siently or permanently locks the permeating gas in pockets.

The same is true for oxygen, although in this case a nar-
rowing of oxygen channels with increasing soil depths is vis-
ible (Figure 4(b)). Between 8 and 14m and at point 48m and
54m, high O2 concentrations can be measured even at a soil
depth of 40-50 cm. At 54m, oxygen concentrations are high
at even deeper soil levels (Figure 4). At these locations, con-
trol plants (mofettophobes) could easily grow.

Also for oxygen, a more or less diagonal concentration
pattern from the left upper corner to the right lower corner
of the area is seen (Figures 3(a)–3(d)). Yet in contrast to the
[CO2], an inverse pattern is found for [O2] (Figures 2 and
3). At spots with high [CO2], low [O2] is found and vice
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versa. If CO2 migrates towards the surface, mainly by diffu-
sion and advective processes, it leads to a dilution of the in
situ soil gas composition. Vodnik et al. [10] have already
published the inverse proportionality between carbon diox-
ide and oxygen concentrations at mofette sites.

Oxygen concentrations < 2% were only apparent at soil
depths below 40 cm. Nevertheless, even at a soil depth of
20 cm, the main rooting zone of many plants, [O2] below
15% (slightly hypoxic conditions) can be found inmany spots.

3.1.2. CO2 Fluxes. Additional to the CO2 concentrations, soil
CO2 fluxes within the U1 mofette were determined directly
on the soil surface (Figure 5). Care was taken to avoid the

inclusion of vegetation inside the accumulation chamber.
As measurements were performed in February, also, biotic
CO2 evolution by the soil edaphon is expected to be reduced
due to the cooler winter temperatures. Postvolcanic soil CO2
fluxes nicely paralleled soil CO2 concentrations. Again, CO2
fluxes were clearly inhomogeneous within the area and a
diagonal degassing pattern of enhanced CO2 flux is seen
through the mofette area with the highest CO2 emission rates
in the upper left corner of the area. Rates of 600 moles CO2
m-2 soil surface day-1 were seen in two heavily degassing
islands (Figure 5). As with the [CO2], the upper right corner
and the lower left part of the mofette still act as control sites
(2-8 moles CO2 m

-2 soil surface day-1).
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Figure 3: (a–d) Soil O2 concentrations within the U1 mofette. Measurements were performed at each intersection of the 1 × 2m grid. O2
concentrations at four different soil depths are given: (a) 10 cm, (b) 20 cm, (c) 40 cm, and (d) 60 cm. The colour bar indicates the gas
concentration ranges. Orientation of the site as in Figure 1(b). CO2 concentrations are given in %.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
100
90
80
70
60
50
40
30
20
10
8
6
4
<2

CO2 10 cm (2/2013)

0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(a)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54

CO2 20 cm (2/2013)

0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

100
90
80
70
60
50
40
30
20
10
8
6
4
<2

(b)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

CO2 40 cm (2/2013)

36 38 40 42 44 46 48 50 52 54
0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

100
90
80
70
60
50
40
30
20
10
8
6
4
<2

(c)

CO2 60 cm (2/2013)

0 2 4 6 8 10 12 14
0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
100
90
80
70
60
50
40
30
20
10
8
6
4
<2

(d)

Figure 2: (a–d) Soil CO2 concentrations within the U1 mofette (14 × 54m). Measurements were done at each intersection of the 1 × 2m grid.
CO2 concentrations at four different soil depths are given: (a) 10 cm, (b) 20 cm, (c) 40 cm, and (d) 60 cm. The colour bar indicates the gas
concentration ranges. Orientation of the site as in Figure 1(b). CO2 concentrations are given in %.
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3.1.3. Gas Permeation Barriers. Interestingly, soil penetration
data underline the gas permeation pathways established by
gas concentration measurements. Soil rigidity data obtained
with a penetrologger clearly mark the microsites of low and
high gas permeability (Figure 6(b)). Higher soil density or
compactness occurs in loamy or otherwise clogged soil parts
or in soil with a high skeleton content (stones, stone frag-
ments). These soil characteristics reduce or even do not
permit at all the upward migration of the CO2 gas toward
the surface.

Following the data from the soil surface down to a soil
depth of 80 cm, it becomes clear that the higher the soil resis-
tance, the lower the actual CO2 penetration or concentration.
Soil hardness is extremely heterogeneous within the area but
increases with soil depth. Due to the inhomogeneity of this
parameter, a three-dimensional network of vertical and hor-
izontal soil channels is formed allowing gas penetration only
in distinct directions. A three-dimensional pattern of easy
penetration and prohibited sites is thus formed. The picture

of soil gas concentrations nicely mirrors this diffusional bar-
rier pattern (Figures 2 and 6(b)).

Even the extractable skeleton content in the soil some-
how reflects the gas emission pattern (Figure 6(a)). The top-
soil has a low content of stones and fragments in high gas
emission zones (diagonal line from top left to bottom right),
whereas in the upper right corner of the mofette, 50% of dry
matter belongs to the soil skeleton. Naturally, the stone frag-
ments are not a perfect hindrance to gas permeation per se.
Penetrating gas could easily circumvent isolated stone frag-
ments within the soil. The concentration of stones just
reflects the presence of larger blocks and a solid lithosphere
in the lower ground.

3.2. Physicochemical Soil Parameters

3.2.1. Soil Water. Figure 6(c) shows values for the soil water
content within the mofette area. At the time of our measure-
ments, the water content of the area ranged between 10 and
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Figure 4: Vertical sections of CO2 (a) and O2 (b) concentrations showing the prevailing gas channels. Two different transects for the two
different gases were chosen. (a) CO2 concentrations are shown in linear transect 4. Up to five CO2 channels can be seen from which four
are reaching the soil surface. (b) Transect 6 is used to illustrate oxygen channels through the soil. CO2 concentrations are given in %.

0
0
2
4
6
8

10
12
14

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Lengthwise transect (m)

CO2 soil gas flux (moles m−2 d−1) (Eifel 2013)

36 38 40 42 44 46 48 50 52 54
>100
100
90
80
70
60
50
40
30
20
10
8
6
4
<2

Cr
os

sw
ise

 tr
an

se
ct

 (m
)
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30%, with an average between 20 and 30%. Dry sites with a
water content less than 10% occurred in larger islands on
the upper border and a site in the upper right corner. Also,
around the lower margin (14-16m), a drier island was seen.
Only three very small islands in the upper left corner con-
tained more water and reached values of up to 60%. The
position of these islands corresponds to the position of
the three main vents, characterized by high CO2 fluxes
and high soil CO2 concentrations at 10 cm depth and
thereunder (Figures 2 and 5).

3.2.2. Soil pH. Ascending geogenic carbon dioxide permeates
through different soil phases, and due to its high solubility in
water, it dissolves in soil water according to temperature,
atmospheric pressure, and actual gas concentration and/or
flux. Dissolved CO2 rapidly dissociates in water producing
protons thus acidifying the aqueous soil phases as long as
buffering capacities are below a certain limit [38–40]. To
check whether the CO2-permeated mofette soil already
shows acidification, soil pH was determined within the U1
mofette at each grid intersection (Figure 6(d)). It can be said
cum grano salis that there is a reasonable correlation between
soil pH and the prevailing CO2 concentrations. The mea-
sured values ranged between pH3.6 and pH6.4 with a clear
diagonal pattern where slightly more acidic soils prevail.
Higher pH values (around 5.5 to 6) occur at microsites with
lower CO2 concentrations/fluxes. Yet two regions clearly dif-
fer. At the right end of the area and between 10 and 20m
(lowest transect) in front of the area, pH values are quite

low (pH ca. 4.4-4.0) although [CO2] concentrations are not
enhanced. [10, 41] already described this pH-lowering effect
with accordant results from mofette fields in Slovenia
whereas [42] found no effects for three Japanese CO2 springs
[see also [12, 13]]. Our findings are in line with a recent study
of [43] which showed that persistent CO2 leakage affects the
soil chemical composition, altering soil from slight alkaline to
acidic over a period of 38 treatments days. [44] laid a transect
through a gas vent in Italy and found that across the tran-
sition zone, between vent core and background, soil pH
values dropped quickly from 4.5 to 3.8, which resulted in
a clear influence on the chemical composition of the soil.
Most oxide concentrations decreased, while parameters
such as cation exchange capacity, loss on ignition, and total
organic carbon began to increase. These chemical soil con-
ditions will certainly affect nutrient availability or uptake
[7], root functioning [45, 46], and the above ground pro-
cesses of photosynthesis [7, 19].

3.2.3. Soil Organic Matter. Stagnant soil water and hypoxic
soil conditions should also affect the formation of soil organic
matter [SOM; [11, 47, 48]]. Therefore, the total SOM content
was analysed in all soil samples (Figure 6(f)). Positive rela-
tionships between SOM and soil water have been published
several times [49–51]. The accumulation of dead biomass in
wet soils is thought to be the consequence of a disturbed
mineralisation. It may be explained by the oxygen require-
ment of most litter-decomposing animals, fungi, and bacte-
ria. A sufficient oxygen supply cannot be maintained when

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Soil skeleton (%)

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
>50
50
45
40
35
30
25
20
15
10
5

0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(a)

Soil penetration (MPa) in 20 cm depth

0
7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
<1.0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(b)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54

Water content (%)

>60
60
55
50
45
40
35
30
25
20
15
<10

0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(c)

pH

>6.0
6.0
5.0
4.8
4.6
4.4
4.2
4.0
<4.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(d)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54

Soil conductivity (𝜇S)

400
300
275
250
225
200
175
150
125
100
75
50

0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(e)

SOM (%)
<10
12
14
16
18
20
25
30
35
40
45
50

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Lengthwise transect (m)

36 38 40 42 44 46 48 50 52 54
0
2
4
6
8

10

Cr
os

sw
ise

 tr
an

se
ct

 (m
)

12
14

(f)

Figure 6: (a–f) Soil skeleton content (a) and soil rigidity (b) of the U1 mofette as measured by stone extraction and weight and by soil
penetration using a penetrologger. Water content (c), soil pH (d), soil conductivity (e), and soil organic matter (SOM) (f) are also given.
Orientation of the site as in Figure 1(b).
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the soil pores are filled with water because the diffusion rate
of oxygen in water is 10,000 times lower than that in a gas-
eous medium [52]. In mephitic soils, oxygen is deprived by
the pure presence of enhanced CO2. The SOM pattern of
the mofette (Figure 6(f)) largely reflects the distribution of
soil water (Figure 6(c)) with the highest SOM contents in
the upper left and right corner of the mofette area.

3.3. Vegetation

3.3.1. Number of Plant Species. In the present study, 69 differ-
ent plant species were counted within the mofette area during
a quantitative species survey in May 2013 (Table 1). Most
species could be determined to the species level. In four juve-
nile and pathogenically affected specimens, only the genus
could be determined (Cirsium, Chaerophyllum, Dryopteris,
and Epilobium). The plants found are in good agreement
with those found by others in that area [53–55]. As the total
number of species as well as the soil coverage of each single
species was estimated in each 2m2 square, occurrence and
soil coverage of each species could well be correlated with
the degassing pattern of CO2 and O2 in the soil.

Comparing the pattern of the number of species per area
within the U1 mofette with the prevailing CO2 degassing pat-
tern, it becomes evident that high species numbers (up to 17
per 2m2) only occur at sites of diminished CO2 presence
(Figures 2 and 7). Two locations with a high number of spe-
cies become apparent. On the left upper corner, a diagonal
pattern (from 7/16 to 2/2) and a spot on the lower middle
(3/30 to 3/44) are evident. Both areas are defined by very
low [CO2]. In contrast, the species number is small at sites
of higher CO2 emission (CO2 diagonal emission). One to
four different species are found at CO2 extremes.

3.3.2. Plant Coverage. The same observation is made when
plant coverage is correlated with the CO2 degassing pattern
(Figure 7(b)). The plant coverage of 41 to 84% is found only
at sites of low CO2 emission. A linear transect from the upper
left corner to the upper right corner of the area shows high
plant coverages at low CO2 concentrations. A larger island
in the middle of the area also shows high plant coverage
and low CO2 concentrations at lower soil levels (Figure 7).
At high CO2 concentrations (and fluxes), plant coverage
can be as low as 4-10%. These results are in line with findings
of [44] who reported on a naturally occurring gas vent
located within a Mediterranean pasture ecosystem (Latera
geothermal field, central Italy). They found no vegetation
within the 6m wide center of the vent where CO2
concentrations > 95% were determined; an approximately
20m wide halo surrounding the core formed a transition
zone, over which a gradual decrease in [CO2] and a rapid
decrease in CO2 fluxes could be observed. In the transition
zone, grasses dominated near the vent core. They were pro-
gressively replaced by clover and a greater plant diversity dis-
tant from the vent center. However, this study had not
provided a full characterization of the botanical taxa.

3.3.3. Mofettophilic and Mofettophobic Plants. Correlating
the growth patterns of selected plants and the degassing pat-
tern within the designated mofette area, it turns out that just

one single plant species clearly follows the degassing pattern
of CO2. Marsh sedge (Carex acutiformis Ehrh.) grows in
great densities directly above strongly degassing areas within

Table 1: List of species of the U1 mofette found during a
quantitative survey in May 2013.

Herbaceous
plants/ferns

Alliaria petiolata Anemone nemorosa

Carex acutiformis Carex hirsutella

Cardamine hirsuta
Cerastium
holosteoides

Chaerophyllum spec. Cirsium spec.

Corydalis solida Dactylis glomerata

Dentaria bulbifera
Deschampsia
cespitosa

Dianthus
carthusianorum

Dryopteris filix-mas

Dryopteris spec. Epilobium spec.

Equisetum spec. Galeopsis tetrahit

Galium aparine Galium odoratum

Geranium
robertianum

Geum urbanum

Hieraciummurorum
Hypericum
perforatum

Lapsana communis Melica mutica

Mercurialis perennis Moehringia trinervia

Mycelis muralis Poa annua

Poa nemoralis
Polygonatum
multiflorum

Polygonum spec.

Potentilla sterilis Ranunculus ficaria

Senecio sylvaticus Stellaria holostea

Stellaria media Taraxacum officinale

Teucrium scordium Veronica arvensis

Veronica
chamaedrys

Veronica hederifolia

Veronica officinale Vinca minor

Shrubs and
subshrubs

Cornus sanguinea Crataegus monogyna

Crataegus
oxyacantha

Euonymus europaeus

Hedera helix

Lonicera
periclymenum Rosa spec.
Ribes petraeum

Rubus fruticosus agg. Sambucus nigra

Symphoricarpos
albus

Syringa vulgaris

Trees

Acer platanoides Acer pseudoplatanus

Carpinus betulus Fagus sylvatica

Fraxinus excelsior Malus domestica

Prunus avium
Quercus petraea

Tilia platyphyllos

Mosses

Atrichum
undulatum

Plagiomnium affine
Polytrichum
commune
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the mofette (Figure 1(a); Figure 8). There is no growth of
Carex on the top right and lower left corner with less or
nearly no CO2 emission. Being a highlight to half-light loving
species, marsh sedge is absent on the top left corner of the
area, although CO2 emission is maximal. The dense canopy
formed by beech and limewood trees strongly prevents its
growth. Mirroring the CO2 degassing pattern, Carex acutifor-
mis is thought to be the only eu-mofettophilic (CO2-indicat-
ing) species in the study area. It is worth mentioning that
on other sites also Carex species have a high affinity for
CO2 and act as geogas bioindicators. In NW-Czech mofette
areas, Carex nigra is strictly mofettophilic, whereas in a
Yellowstone NP site, Carex aquatica plays that part (Pfanz,
Tercek, King, unpubl).

Quite in contrast to the growth pattern of Carex acutifor-
mis are those of grove windflower (Anemone nemorosa),
spring fumewort (Corydalis solida), fig buttercup (Ranuncu-
lus ficaria), wood bluegrass (Poa nemoralis), two-flower
melic grass (Melica mutica), and addersmeat (Stellaria
holostea) (Figure 9).

These species clearly avoid growing on degassing sites
and occur only on control plots. The growth pattern of some
species marks a linear or half-moon-like structure in the
upper left corner of the site (running from 7/10-16 to 2/2).
This is true for A. nemorosa, P. nemoralis, S. holostea, and
R. ficaria (Figure 9). To a certain extent, it is also true for Car-
pinus betulus, Melica mutica, and Corydalis solida (not
shown). The upper right part of the area and the lower part
in front are also covered.

Two other species like common snowberry (Symphori-
carpos albus) and Robert geranium (Geranium robertianum)
cover the lower part of the nongassing area (Figure 10), while
common periwinkle (Vinca minor), bulbiferous coralwort
(Dentaria bulbifera), and common honeysuckle (Lonicera
periclymenum) occupy the nongassing locations at the right
rim of the area. Depending on the species, specific mofetto-
phobic plants overgrew either the whole control site or just
the light degassing sites. In some cases, mofettophobes grew
only at certain low-gas locations. This observation may be
explained by the differences in soil permeability, soil water,
soil pH, nutrient availability, and shading by tree canopy.

3.3.4. CCA. Canonical correspondence analyses (CCA) were
carried out on all environmental and individual species
abundance data [37]. In order to exclude random results,
plant species were used only if soil coverage of individuals

was higher than 5% per area. Species response curves were
performed on plant species, with at least one representative
from each of the species groups distinguished in CCA. The
category “mofettophilic and mofettophobic” [according to
[17]] was assessed from CCA diagrams and species response
curves for those species, which had their optimum (higher
densities) in patches with >2-3% CO2 concentrations.

The canonical correspondence analyses CCA (Figures 11(a)–
11(b)) revealed strong correlations between environmental
measures and plant species.

The strongest environmental vectors separated the plant
species into two to three species groups (Figure 11). Group
1 corresponded to high CO2 concentration and consisted of
one single species, namely, marsh sedge (Carex acutiformis;
Figure 8). In some analyses, also, Tilia platyphyllos was added
to that group. In contrast, group 2 was grouped clearly at the
lowest CO2 emission sites and consisted of more species
(Vinca minor, Symphoricarpos albus, Stellaria holostea, Poa
nemoralis, andMelica mutica). Group 3 consisted of varying
plant species and was grouped around either slightly acidic
soil pH values, soil moisture, SOM, or soil density. Depend-
ing on analysis, several species stayed near the plot origin of
the diagram, revealing neither positive nor negative correla-
tions to any of the respective environmental measures.

CCA thus corroborate the findings of the distribution of
species according to the geogenic soil gas emission. Marsh
sedge proved to be the only real “eu-mofettophilic” plant spe-
cies within the measured area.

4. Conclusion

Postvolcanic CO2 gas leakage still occurs around the Laacher
See resulting in distinct, dry CO2 emanations sites (mofettes).
Our results indicate that this CO2 degassing significantly
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Figure 7: Species number per area (a) and total plant coverage (b) within the U1 mofette. The number of different plant species per 2m2 area
is given. Plant/soil coverage is given in percent plant surface area per given soil surface. Orientation of the site as in Figure 1(b).
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affects the terrestrial soil ecosystem. The living organisms
within this ecosystem appear to have adapted to the locally
high CO2 concentrations through species substitution or

adaption, with a shift towards hypoxic and acidophilic adap-
tations. In the case of plants, an azonally growing helophyte,
namely, marsh sedge (C. acutiformis), is able to grow on
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Figure 9: Growth sites (in % coverage) of selected mofettophobic plants within the study site. From top left to bottom right: Anemone
nemorosa, Corydalis solida, Ranunculus ficaria, Poa nemoralis, Melica mutica, and Stellaria holostea. The colour bar decodes the coverage
of the plant. Orientation of the site as in Figure 1(b).
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Figure 10: Growth sites (in % coverage) of selected mofettophobic to mofettovague plants within the study site. From top left to bottom right:
Symphoricarpos albus, Geranium robertianum, Vinca minor, Lonicera periclymenum, and Dentaria bulbifera. The colour bar decodes the
coverage of the plant. Orientation of the site as in Figure 1(b).

9Geofluids



highly gas-emitting soils. Its ability to supply oxygen to its
roots enables the sedge to establish at hypoxic and concomi-
tantly acidic soils. In this area, C. acutiformis is the only really
eu-mofettophilic plant species which can be used to biologi-
cally indicate geogenic CO2 emissions. Yet in other mofettic
places, there are different Carex species showing a high affin-
ity for CO2; they act as geogas bioindicators. In NW Czech
mofette areas, Carex nigra is strictly mofettophilic, whereas
in a Yellowstone NP site, Carex aquatica plays that part
(Pfanz, Tercek, King, unpubl).

The competent, botanical characterization of mofette
sites and the identification of eu-mofettophilic (CO2 indicat-
ing) and mofettophobic (CO2-avoiding) plant species may
help to map gas-emitting tectonic structures with a combina-
tion of vegetation data, supported by [CO2] measurements,
and may provide easily detectable plant indicators for geo-
genic (pre- or postvolcanic) CO2 emission.

Whether knowledge on CO2 gas indicator plants will also
help to identify gas leaks in artificial CO2 storage fields (CCS)
is still a matter of debate.

Data Availability

We cannot share the data with other colleagues at present on
a public scale as we are producing more scientific papers with
these data. In this case, we have a time series over several
years where these data are included. After publishing the
follow-up papers, we may allow public access to the data.

Additional Points

Highlights. Indicative plants can hint geogenic carbon diox-
ide exhalations—mofettophilic plants. Most plants avoid

growth on high degassing sites—mofettophobic plants. Gas
diffusion clearly follows cracks and soil fissures and is not
homogeneous within the area. Geogenic soil CO2 gas flux
clearly follows gas concentration patterns.
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Figure 11: (a–b) CCA (CANOCO 4.5) of selected soil parameters, CO2 concentrations in (a) 20 cm and (b) 40 cm soil depths (arrows), and
plant species (triangles) in the U1 mofette. AnemNemo: Anemone nemorosa; CareAcut: Carex acutiformis; LoniPeri: Lonicera periclymenum;
MeliMuti: Melica mutica; PoaNemo: Poa nemoralis; RanuFica: Ranunculus ficaria; StelHolo: Stellaria holostea; SymphAlb: Symphoricarpos
album; TiliPlat: Tilia platyphyllos; VincMino: Vinca minor. Eigenvalues for (a): 0.529, 0.425, 0.267, and 0.066, and (b): 0.460, 0.341, 0.210,
and 0.046 (data sampling in February and May 2013).
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The Haima cold seeps are active cold seep areas that were recently discovered on the northwestern slope of the South China Sea
(SCS). Three piston cores (CL30, CL44, and CL47) were collected within an area characterized by bottom simulating reflectors
to the west of Haima cold seeps. Porewater profiles of the three cores exhibit typical kink-type feature, which is attributed to
elevated methane flux (CL30) and bubble irrigation (CL44 and CL47). By simulating the porewater profiles of SO4

2-, CH4,
PO4

3-, Ca2+, Mg2+, and dissolved inorganic carbon (DIC) in CL44 and CL47 using a steady-state reaction-transport model, we
estimated that the dissolved SO4

2- was predominantly consumed by anaerobic oxidation of methane (AOM) at rates of
74.3mmolm−2 yr−1 in CL44 and 85.0mmolm−2 yr−1 in CL47. The relatively high AOM rates were sustained by free gas
dissolution rather than local methanogenesis. Based on the diffusive Ba2+ fluxes and the excess barium contents in the sediments
slightly above the current SMTZ, we estimated that methane fluxes at core CL44 and CL47 have persisted for ca. 3 kyr and 0.8-
1.6 kyr, respectively. The non-steady-state modeling for CL30 predicted that a recent increase in upward dissolved methane flux
was initiated ca. 85 yr ago. However, the required time for the formation of the barium front above the SMTZ at this core is
much longer (ca. 2.2-4.2 kyr), which suggests that the depth of SMTZ possibly has fluctuated due to episodic changes in
methane flux. Furthermore, using the model-derived fractions of different DIC sources and the δ13CDIC mass balance
calculation, we estimated that the δ13C values of the external methane in cores CL30, CL44, and CL47 are -74.1‰, -75.4‰, and
-66.7‰, respectively, indicating the microbial origin of methane. Our results suggest that methane seepage in the broader area
surrounding the Haima cold seeps probably has persisted at least hundreds to thousands of years with changing methane fluxes.

1. Introduction

Methane in marine sediments as dissolved gas in porewater
or free gas (bubbles) depending on its in situ solubility is a
significant component of the global carbon cycle. Methane
could also exist in an ice-like solid as gas hydrate if the in situ
gas hydrate solubility concentration is oversaturated at suit-
able pressure-temperature conditions [1]. The base of the
gas hydrate reservoir in marine sediments is present as a

characteristic discontinuity known as a bottom-simulating
reflector (BSR), which results from the occurrence of free
gas beneath the gas hydrate stability zone (GHSZ) [2].
The great majority of methane is consumed by the micro-
bial consortium via anaerobic oxidation of methane within
the sulfate-methane transition zone (SMTZ) where methane
meets sulfate diffusing downwards from seawater (AOM:
CH4 + SO4

2‐ →HCO3
‐ +HS‐ +H2O) [3, 4]. Through this,

reaction methane is converted to dissolved inorganic carbon
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(DIC) which could be partially removed from solution by
authigenic carbonate precipitation [5, 6]. Therefore, AOM
largely prevents dissolved methane from entering water col-
umn and plays a significant role in marine carbon cycling.

Gas bubble rise is a particularly effective mechanism for
transporting methane through the sediment and into the
bottom water because gas ascension can be faster than bub-
ble dissolution [7] and methane gas cannot directly be con-
sumed by microorganisms [8]. The rising methane gas
bubbles emitting from the seafloor can mix bottom seawater
down into the sediment column over several meters. The
resulting kink-type porewater profiles are supposed to be
stable for several years to decades even after active gas bubble
ebullition has ceased [7]. Enhancement in upward meth-
ane flux could also result in kink-type or concave-up pore-
water profiles [9–12]. Hence, these types of nonlinear
porewater profiles can thus be used to estimate the timing
of (sub)recent methane pulse and provide insights into the
dynamics of methane seepage and the underlying gas hydrate
reservoir [10, 11, 13, 14].

At the steady-state condition, Ba2+ diffusing upward
into the sulfate-bearing zone above the SMTZ precipitates
as barite and forms the authigenic barium fronts (Ba2+ +
SO4

2‐ → BaSO4) [15]. When buried beneath the sulfate-
bearing zone, barite tends to dissolve and release Ba2+ into
the porewater below the SMTZ due to unsaturation. Through
this cycling, authigenic barium fronts would be stably devel-
oped just above the SMTZ [15–17]. The content of authi-
genic barite depends on the upward diffusive Ba2+ flux and
the duration that the SMTZ has persisted at a given depth
interval. The time required for barium front formation above
the SMTZ could thus be calculated based on the depth-
integrated excess barium contents and the porewater dis-
solved barium concentration gradients assuming a constant
upward Ba2+ flux. Therefore, the authigenic barium fronts
in sediments can be used to trace present and past SMTZ
and associated methane release events as well as the duration
of methane seepage that has persisted under a given methane
flux [16–20].

Methane seepages are widespread on the northern slope
of the South China Sea (SCS) as revealed by authigenic car-
bonates collected at more than 30 cold seep sites [21–26].
The Haima cold seeps were recently discovered on the north-
western slope of SCS [25]. Several sites with gas bubbling
identified by hydroacoustic anomalies, and shallow gas
hydrates were found around this area [27–31]. Recent studies
have shown a pronounced temporal change in methane seep-
ages and a potential lateral migration of methane-bearing
fluid along more permeable sand-bearing layer at Haima cold
seeps [25, 32, 33]. Nevertheless, our quantitative understand-
ing of the methane dynamics in this area remains scarce.

In this study, we present porewater geochemical data of
three piston cores (CL30, CL44, and CL47) collected to the
west of Haima cold seeps, including concentrations of sulfate
(SO4

2-), calcium (Ca2+), magnesium (Mg2+), barium (Ba2+),
phosphate (PO4

3-), methane (CH4), and DIC as well as the
carbon isotopic compositions of DIC. Using a steady-state
reaction-transport model, we quantify the methane turnover
rates in CL44 and CL47 which are mainly supplied by rising

free gas. The kink in the porewater profiles of CL30 was
reconstructed using a non-steady-state modeling approach
assuming a recent increase in methane flux. In addition,
authigenic Ba enrichments were used to constrain the dura-
tions that the current or past methane seepages have per-
sisted. Furthermore, a simple mass balance model of DIC
and δ13CDIC was applied to explore the methane source.

2. Geological Background

The northern SCS is characterized as a Cenozoic, Atlantic-
type passive continental margin [34], where the marginal
basins generally underwent two stages of evolution, including
the rift stage and the postrift thermal subsidence stage [35].
Qiongdongnan Basin is a northeastern trended Cenozoic
sedimentary basin which developed on the northwestern part
of the SCS [36]. Covered by sedimentary materials of up to
10 km, the depositional environment of the basin initially
transformed from lacustrine to marine conditions and later
from neritic to bathyal, starting from Eocene till present
[37]. During the rifting stage, numerous half-grabens and
sags were developed. After that, postrift thermal subsidence
occurred and a thick sediment sequence dominated by mud-
stones was deposited in the basin since Miocene. Collectively,
the sedimentation rates and the present-day geothermal gra-
dient are both high in the Qiongdongnan Basin [38]. The
thick sediment sequences, high geothermal gradient along
with faulting and/or diapirism, have facilitated the genera-
tion and migration of the hydrocarbons in the basin [39].
The widely distributed bottom-simulating reflectors and gas
chimneys identified in the Qiongdongnan Basin were linked
to the accumulation of gas hydrate [40, 41].

The active Haima cold seeps have been discovered in the
southern uplift belt of the Qiongdongnan Basin on the lower
continental slope of the northwestern SCS during R/V
Haiyang-6 cruises in 2015 and 2016. Abundant chemosyn-
thetic communities, methane-derived authigenic carbonates,
and massive gas hydrates were found at the Haima cold
seeps [25]. The dating of bivalve shells and seep carbonates
revealed episodic changes in seepage activity [25]. Other fea-
tures of methane seeps, such as acoustic plume, acoustic void,
chimney structures, and pockmarks, were also reported at the
Haima cold seeps and its surrounding area [27–31, 42]. The
sampling sites are ca. 20 to 30 kilometers west of the Haima
cold seeps, where BSR is well developed (Fang Y., unpub-
lished data). The bathymetric investigation has shown a rela-
tively flat topography, and the water depths range from 1250
to 1300m in the study area (Figure 1).

3. Materials and Methods

3.1. Sampling and Analytical Methods. Three piston cores
(CL30, CL44, and CL47) were collected from the southern
Qiongdongnan Basin west to the Haima cold seeps at water
depths ranging from 1255m to 1301m during the R/V
Haiyang-4 cruise conducted by Guangzhou Marine Geolog-
ical Survey in 2014 (Figure 1 and Table 1). The sediments
of the three cores mainly consist of greyish-green silty clay.
Notably, the sediments at the bottom of core CL44 yielded
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a strong odour of hydrogen sulfide. Porewater samples
were then collected onboard using Rhizon samplers with
pore sizes of the porous part of approximately 0.2mm at
intervals of 20 cm for CL44 and 60 cm for CL30 and CL47.
All the porewater samples were preserved at ~4°C until
further analyses.

PO4
3- concentrations were measured onboard using the

spectrophotometric method according to Grasshoff et al.
[43] with a UV-Vis spectrophotometer (Hitachi U5100).
The precision for phosphate was ±3.0%. 10ml of sediments
was added to 20ml empty vials onboard to replace the
10ml headspace needed for the chromatograph injection.
The concentrations of hydrocarbon gas were measured
onboard using the gas chromatograph method (Agilent
7890N). The precision for methane measurements was
±2.5% [44]. Porosity and density were determined from the
weight loss before and after freeze-drying of the wet sedi-
ments using a cutting ring with definite mass (15 g) and vol-
ume (9.82 cm3) onboard at core CL44. The porosity and
density were calculated assuming a density of the porewater
of 1.0 g cm-3.

The offshore analyses of porewater samples for core CL44
and for cores CL30 and CL47 were performed at the Nanjing
University and the Third Institute of Oceanography, State
Oceanic Administration, respectively. For core CL44, SO4

2-,
Ca2+, and Mg2+ were measured using the standard method
of ion chromatography (Metrohm 790-1, Metrosep A Supp
4-250/Metrosep C 2-150). The relative standard deviation
was less than 3%. Ba2+ concentrations were measured by
inductively coupled plasma mass spectrometry (ICP-MS,
Finnigan Element II). Before measurement, samples were
prepared by diluting in 2% HNO3 with 10 ppb of Rh as an
internal standard. The analytical precisions were estimated
to be <5% for Ba2+. For cores CL30 and CL47, SO4

2-, Ca2+,
andMg2+ concentrations were determined on a Thermo Dio-
nex ICS-1100 ion chromatograph after a 500-fold dilution
using ultrapure water [44]. Porewater samples were prepared
by diluting in 2% HNO3 with 10 ppb of Tb as an internal
standard before analysis for Ba2+ using the ICP-MS (Thermo
Fisher iCAPQ). The analytical precisions were estimated to
be <5% for Ba2+.

For core CL44, DIC concentrations and δ13CDIC values
were determined using a continuous flow mass spectrometer
(Thermo Fisher Delta-Plus). 0.5ml porewater was treated
with pure H3PO4 in a glass vial at 25°C. The CO2 produced
was stripped with He and transferred into the mass spec-
trometer through the measurement of the δ13C value [45].
For cores CL30 and CL47, the DIC concentrations and car-
bon isotopic ratios were determined via a continuous flow
mass spectrometer (Thermo Delta V Advantage). A 0.2ml
porewater sample was treated with pure H3PO4 in a glass
vial at 25°C. The CO2 produced was stripped with He
and transferred into the mass spectrometer through which
the δ13C values were measured. The analytical precisions
were better than 0.2‰ for δ13C and better than 2% for DIC
concentration [44].

The particulate organic carbon (POC) contents were
determined using the potassium dichromate wet oxidation
method. The relative standard deviation of the POC content
is <1.5%. The aluminium (Al), silicon (Si), and titanium (Ti)
concentrations of the sediment samples at cores CL30, CL44,
and CL47 were analyzed using PANalytical AXIOSX X-ray
fluorescence spectrometry (XRF). The analytical precisions
were estimated to be <2% for Al, Si, and Ti. The contents of
Ba, zircon (Zr), and rubidium (Rb) in bulk sediments were
determined using a PerkinElmer Optima 4300DV ICP-OES
after digestion using HCl, HF, and HClO4 acid mixture.
Rhodium was added as an internal standard for calculating
the concentrations of the trace elements. The analytical pre-
cisions were estimated to be <2% for Ba, Zr, and Rb. The
carbonate (CaCO3) contents of the sediment samples were
determined by titration with EDTA standard solution. The
analytical precisions were estimated to be <2%. For grain
size measurements, approximately 0.5 g of the unground
sample was treated with 10% (v/v) H2O2 for 48 h to oxidize
organic matter and then dispersed and homogenized in
sodium hexametaphosphate solution using ultrasonic vibra-
tion for 30 s before being analyzed by a laser grain size ana-
lyzer (Mastersizer 2000). The detection limit ranged from
0.5 μm to 2000μm. Particles < 4 μm in size were classified

China

South China Sea

Study area
BSR

SO49-37KL

(a)

m
0
−2000
−3000
−4000
−6000 ROV1 ROV2CL47

CL44
CL30

BSR

(b)

Figure 1: (a) Location of the study area. The grey area represents
the subsurface area lineated by seismic investigation. The location
of the reference core SO49-37KL (blue circle) is also shown. (b)
Locations of sampling sites (red dots) and the Haima cold seeps
(blue dots).

Table 1: Information on the studied cores from the northwestern
South China Sea.

Site Water depth (m)
Seafloor

temperature (°C)
Core length (cm)

CL30 1255 3.3 630

CL44 1279 3.2 752

CL47 1301 3.1 775
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as clay, 4 to 63μm as silt, and larger than 63μm as sand. The
analytical precision is better than 3%.

3.2. Diffusive Flux Calculation. To calculate the diffusive
Ba2+ fluxes below the kink at cores CL30, CL44, and CL47,
equations (1) and (2) were used assuming a steady-state
condition [46]:

Jx = −φDs
dC
dx

, 1

Ds =
D0

1 − ln φ 2 , 2

where Jx represents the diffusive flux of Ba
2+ (mmolm-2 yr-1),

φ is the porosity, D0 is the diffusion coefficient for seawa-
ter (m2 s-1), DS is the diffusion coefficient for sediments
(m2 s-1), C is the concentration of barium (mmol l-1), and
x is the sediment depth (m). The average of sediment poros-
ity of core CL44 (0.69) is applied to cores CL30 and CL47.

3.3. Estimating the Accumulation Time of Diagenetic Barite.
The total amount of excess Ba within the interval of the bar-
ium peak was calculated using an integral equation:

Ax =
v

u
Cx ⋅ ρ ⋅ 1 − φ , 3

where v
uCx is the integral value of barium concentration

in a peak from a depth interval from u to v, ρ and φ are the
average grain density and porosity of the sediments,
respectively.

Under the premise of a constant diffusive upward flux of
Ba2+ into the sulfate-bearing zone, the time needed for bar-
ium front formation was calculated using the equation:

tx =
Ax

Jx
4

In this case, tx is the time for barite enrichment, Ax is the
depth-integrated excess barium content within a peak, and Jx
is the upward diffusive flux of Ba2+. The diffusive flux was cal-
culated using equations (1) and (2). Ds is the tortuosity- and
temperature-corrected diffusion coefficient of Ba2+ in the
sediment, calculated from the diffusion coefficient in free
solution (D0) of 4.64, 4.62, and 4 61 × 10−6 cm2 s-1 (3.3, 3.2,
and 3.1°C) for CL30, CL44, and CL47, respectively, according
to Boudreau [47].

3.4. Reaction-Transport Model. A one-dimensional, steady-
state, and reaction-transport model was applied to simulate
one solid (POC) and six dissolved species including SO4

2-,
CH4, DIC, PO4

3-, Ca2+, and Mg2+. The model is modified
from previous simulations of methane-rich sediments [48–
51], and a full description of the model is shown in Supple-
mentary Materials. All the reactions considered in the model
and the expression of kinetic rate are listed in Table 2.

Solid species are transported through the sediments only
by burial with prescribed compaction, which is justified
because we are only concerned with the anoxic diagenesis
below the bioturbated zone. For sites CL44 and CL47, solutes
are considered to be transported by molecular diffusion,
porewater burial, and gas bubble irrigation, whereas for site
CL30, solutes are regarded to be transported by molecular
diffusion and porewater burial. Rising gas bubbles facilitate

Table 2: Rate expressions of the reactions considered in the model.

Rate Kinetic rate law∗

Total POC degradation (wt.% C yr-1) RPOC = 0 16 ⋅ a0 +
x
vs

−0 95
⋅ POC

POM degradation via sulfate reduction (mmol cm-3 yr-1 of SO4
2-) RSR = 0 5 ⋅ RPOC ⋅

KSO2−
4
/ SO2−

4 + KSO2−
4

f POC

Methanogenesis (mmol cm-3 yr-1 of CH4) RMG = 0 5 ⋅ RPOC ⋅
KSO2−

4
/ SO2−

4 + KSO2−
4

f POC

Anaerobic oxidation of methane (mmol cm-3 yr-1 of CH4) RAOM = kAOM ⋅ SO2−
4 CH4

Authigenic Ca-carbonate precipitation (mmol cm-3 yr-1 of Ca2+) RCP‐Ca = kCa ⋅
Ca2+ ⋅ CO2−

3
KSP

− 1

Authigenic Mg-carbonate precipitation (mmol cm-3 yr-1 of Mg2+) RCP‐Mg = kMg ⋅
Mg2+ ⋅ CO2−

3
KSP

− 1

Gas bubble irrigation (mmol cm-3 yr-1) RBui = α1 ⋅
exp Lirr−x/α2

1 + exp Lirr−x/α2
⋅ C0 − Cx

Gas bubble dissolution (mmol cm-3 yr-1 of CH4) Rdiss = kMB ⋅ LMB − CH4
∗fPOC converts between POC (dry wt.%) and DIC (mmol cm-3 of porewater): f POC =MWC/10Φ/ 1 −Φ /ρS, where MWC is the molecular weight of carbon
(12 gmol-1), ρS is the density of dry sediments, and Φ is the porosity.
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the exchange of porewater and bottom water as they move
through tube structures in soft sediments [7]. Although this
process was not observed directly, there are evidences imply-
ing that it is a significant pathway for transporting methane
into the upper 10m of sediment at sites CL44 and CL47
and driving the mixture of porewater and seawater in the
upper two meters (see Section 5.1). The induced porewater
mixing process was described as a nonlocal transport mech-
anism whose rate for each species is proportional to the dif-
ference between solute concentrations at the sediment
surface C0 (mmol cm-3) and at depth below the sediment
surface Cx (mmol cm-3) (RBui, Table 2). Bubble irrigation
is described by parameters α1 (yr

-1) and α2 (cm) that define
the irrigation intensity and its attenuation below the irri-
gation depth Lirr (cm), respectively [49]. The latter can be
determined by visual inspection of the porewater data (see
Results) whereas α1 is a model fitting parameter. For the sake
of parsimony, α2 is assumed to be constant for both sites.

Although dissolution of gas was allowed to occur over
the whole sediment column, the rising methane gas was
not explicitly modeled. The rate of gas dissolution, Rdiss
(mmol cm-3 yr-1), was described using a pseudo-first-order
kinetic expression of the departure from the local methane
gas solubility concentration, LMB (mmol cm-3), where kMB
(yr-1) is the kinetic constant for gas bubble dissolution
(Table 2). Methane only dissolves if the porewater is under-
saturated with respect to LMB:

CH4 g → CH4 aq  for CH4 ≤ LMB 5

LMB was calculated for the in situ salinity, temperature,
and pressure using the algorithm in [52]. kMB was con-
strained using the dissolved sulfate and DIC data (see below).

Major biogeochemical reactions considered in the model
are particulate organic matter (POM) degradation via sulfate
reduction, methanogenesis, AOM, and authigenic carbonate
precipitation. Organic matter mineralization via aerobic res-
piration, denitrification, and metal oxide reduction were
ignored since these processes mainly occur in the surface sed-
iments which were mostly lost during coring.

POM is chemically defined as CH2O POP rP, where
CH2O and POP denote particulate organic carbon and phos-
phate, respectively. The total rate of POM mineralization,
RPOC (wt.% Cyr-1), is calculated by the power law model
from [53] that considers the initial age of organic matter in
surface sediments, a0 (yr) (Table S2). POM mineralization
coupled to sulfate reduction follows the stoichiometry:

2CH2O POP rP + SO4
2− + 2rPH+

→ 2HCO3
− +H2S + 2rPPO4

3− 6

where rP is the ratios of particulate organic phosphate to
carbon. It is assumed to be the typical ratios as 1/106 [48].

When sulfate is almost completely consumed, the
remaining POM is degraded via methanogenesis:

2CH2O POP rP → CO2 + CH4 + 2rPPO4
3− 7

The dominant pathways of methanogenesis in marine
sediments are organic matter fermentation and CO2 reduc-
tion [54]. Their net reactions at steady state are balanced with
equivalent amounts of CO2 and CH4 being produced per
mole of POM degraded [55]. Therefore, the reaction of
methanogenesis is a net reaction.

Methane is considered to be consumed by AOM [3]:

CH4 + SO4
2− →HCO3

− +HS− +H2O 8

The rate constant for AOM, kAOM (cm3 mmol-1 yr-1), is
tuned to the sulfate profiles within the SMTZ.

The loss of Ca2+ and Mg2+ resulting from the precipita-
tion of authigenic carbonates as Ca-calcite and Mg-calcite
Ca2+, Mg2+ + HCO3

‐ → Ca, Mg CO3 + H+ was simu-
lated in the model using the thermodynamic solubility con-
stant as defined in [56] (Table 2). A typical porewater pH
value of 7.6 was used to calculate CO3

2- from modeled DIC
concentrations [57]. Ca, Mg CO3 was not simulated explic-
itly in the model.

The length of the simulated model domain was set to
1000 cm. Upper boundary conditions for all species were
imposed as fixed concentrations (Dirichlet boundary) using
measured values in the uppermost sediment layer where
available. For CL44 and CL47, a zero concentration gradient
(Neumann-type boundary) was imposed at the lower bound-
ary for all the species. For CL30, a zero concentration gradi-
ent was imposed at the lower boundary for all the species
except CH4. CH4 concentration at the lower boundary was
a tunable parameter constrained from the SO4

2- profile.
The model was solved using the NDSolve object of MATHE-
MATICA V. 10.0. The steady-state simulations were run for
107 yrs to achieve the steady state with a mass conservation of
>99%. Further details on the model solutions can be found in
Supplementary Materials. For the non-steady-state modeling
of CL30, a fixed methane concentration in equilibrium with
the gas hydrate solubility constrained by local seafloor tem-
perature, pressure, and salinity was defined as the lower
boundary of methane [58]. The extrapolation of sulfate con-
centrations in the upper 3.5m to zero was taken as the initial
condition prior to the increase in methane flux (Supplemen-
tary Materials). The basic model construction and kinetic
rate expressions as well as the upper and lower boundary
conditions for other species were identical to those in the
steady-state model.

4. Results

4.1. General Geochemical Trends. The depth profiles of SO4
2-

concentration showed kink-type features at all the three cores
(Figures 2–4 and Table 3). At site CL30, SO4

2- concentrations
decreased gradually above a kink at ~3.5mbsf and the gradi-
ent became steeper below that depth towards the SMTZ at
~4.7mbsf (Figure 2). In contrast, SO4

2- concentrations at
sites CL44 and CL47 displayed near-seawater values in the
upper ~2mbsf above the kinks and then decreased sharply
down to the SMTZ located at ~7 and ~6.8mbsf, respectively
(Figures 3 and 4). Ca2+ and Mg2+ concentrations showed
similar trends, with gradual decrease in the upper layers at
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core CL30 and close to seawater concentration above the
kinks at cores CL44 and CL47. Ca2+ and Mg2+ concentra-
tions declined sharply below the kinks due to ongoing car-
bonate precipitation and reached minimum at the SMTZ
(Figures 2–4 and Table 3). Concentrations of DIC and
PO4

3- showed opposite trends to SO4
2-, being depleted within

the upper layer and enriched below it with the maximum at
the STMZ (Figures 2–4 and Table 3). Moreover, CH4 con-
centrations at the three cores sharply increased below the
SMTZ. The scatter in the CH4 contents was due to the degas-
sing during core retrieval. The DIC concentrations increased
with depth and reached maximum at the SMTZ, with oppo-
site trends of δ13CDIC values (minimum values: -46.4‰ for
CL30, -41.0‰ for CL44, and -38.8‰ for CL47) (Figures 2–
4 and Table 3).

Vertical profiles of CL30, CL44, and CL47 for pore-
water barium concentrations and sediment barium contents
together with barium/aluminium (Ba/Al) ratios are shown
in Figure 5. Dissolved Ba2+ concentrations display maxima
of 60.8, 38.6, and 58.5 μM below the SMTZ, respectively,
and decreased upward towards the SMTZ (Figure 5). Bulk sed-
iment Ba concentrations range from 306 to 957mgkg-1

(Table S6) with averages of 461mgkg-1 for CL30, 502mgkg-1

for CL44, and 502mgkg-1 for CL47. High Ba concentrations
of bulk sediments at each core occur over narrow depth

intervals (0.3–0.8m) above the present SMTZ (Figure 5).
Peak Ba concentrations within these zones reach 957, 741,
and 790mgkg-1 and appear at approximately 4.3, 5.9, and
6.3mbsf at cores CL30, CL44, and CL47, respectively. The
refractory amount of solid phase barium at these cores
amounts to 530, 550, and 590mgkg-1, respectively, which is
considered to represent the “background” levels of solid
phase barium [16]. Ba contents were normalized to Al in
order to account for variations in lithology. Depth intervals
with Ba content higher than these “background” levels are
referred to as “Ba fronts.” At each core examined, the Ba
fronts exist within 1.5m above the depth of current SMTZ
(Figure 5). The distance between the peak Ba concentration
and the depth of sulfate depletion is approximately 0.4m at
CL30, 1.1m at CL44, and 0.5m at CL47.

POC contents at all the sites did not follow a general
downward trend with average contents as 0.97% for CL30,
1.05% for CL44, and 1.05% for CL47 (Figures 2–4 and
Table S6). The sediments in the study cores are mainly
composed of silt and clay. At sites CL30 and CL44, the
relative fractions of silt and clay are nearly constant with
depth and the fractions of sand remain low values with
depth except at ~320 cm in CL30 displaying elevated sand
fraction (Figure S2). At site CL47, the sand fractions are
low with depth in the interval of 0–200 cm, followed by
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Figure 2: Measured (dots) and simulated (curves) depth profiles of core CL30. Down-depth concentration of particulate organic carbon
(POC), sulfate (SO4
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an increase in sand fraction with two peaks at the depth of
~270 and ~430 cm. Below 500 cm, the sand fraction almost
decreased to zero (Figure S2).

4.2. Timing of Authigenic Barite Front Accumulation.
Dissolved barium fluxes towards the SMTZ were
1.58mmolm-2 yr-1 for CL30, 1.54mmolm-2 yr-1 for CL44,
and 1.61mmolm-2 yr-1 for CL47. The calculated time
required for the formation of barite front is about 3.2, 3.0,
and 1.3 kyr for the three cores, respectively, using an average
porosity of 0.69 taken from CL44 (Table S5). Variations
of porosity from 0.65 to 0.75 yield the time for barite front
formation ranging between 2.2 and 4.2 kyr for CL30 and
between 0.8 and 1.6 kyr for CL47. Sensitivity tests of the
background Ba content, Ba2+ fluxes, and porosity are
shown in Figures S5&S6.

4.3. Reaction-Transport Modeling. The modeled profiles and
reaction rates are shown in Figures 2–4 and Table 4, respec-
tively. The model parameters used to derive these results are
listed in Tables S2-S4. The steady-state modeling reproduced
the measured concentrations of SO4

2-, DIC, Ca2+, Mg2+, and
PO4

3- at sites CL44, CL47, and CL30 above the kink with
obvious discrepancies between modeled and measured
concentrations of CH4 due to aforementioned degassing

during core recovery (Figures 2–4). At site CL30, the model
failed to reproduce the concentration gradients of SO4

2-,
DIC, Ca2+, Mg2+, and PO4

3- below the kink (~3.5mbsf)
which is likely caused by a transient condition that is not
considered in the steady-state model.

The sulfate concentration profile with a kink at site CL30
(Figure 2) could be explained by a recent increase in upward
methane flux [9]. The linear extrapolation of the sulfate con-
centrations in the upper 3.5m to zero sulfate concentration
was taken as the initial condition for the non-steady-state
model. Under this condition, the sulfate profile was fitted
by a fixed CH4 concentration (67mM) at the lower boundary
in equilibrium with the gas hydrate solubility under the
conditions of in situ S, T , and P. A sudden increase in CH4
concentration reproduces the observed SO4

2- concentration
profile after running the model for ~85 yr (Figure 6). The
increase in methane flux resulted in a prominent increase
in the depth-integrated AOM rate from 30.1mmolm-2 y-1

(t = 0 yr) to 140mmolm-2 y-1 (t = 85 yr).
The initial age of the organic matter was tuned until a

good fit was obtained for the PO4
3-. The mean total depth-

integrated rates of POC degradation were about 3 times
higher at sites CL44 and CL47 (55.2 and 58.1mmolm-2 yr-1)
than that at site CL30 (18.8mmolm-2 yr-1) (Table 4). The
rates of POC degradation through sulfate reduction
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(POCSR) were 7.6, 23.9, and 25.1mmolm-2 yr-1 at cores
CL30, CL44, and CL47, respectively. In contrast to the rel-
atively low rates of POCSR, AOM dominated the sulfate
consumption with rates of 30.1, 74.3, and 84.7mmolm-2 yr-1

for CL30, CL44, and CL47, respectively. The AOM rates were
mainly sustained by an external methane source, and metha-
nogenesis contributed only a negligible amount of methane
(Table 4). The AOM consumes almost all the CH4 with ben-
thic CH4 fluxes of 0.49, 2.0, and 2.7mmolm-2 yr-1 at sites
CL30, CL44, and CL47, respectively.

5. Discussion

5.1. Formation Mechanisms of the Nonlinear Porewater
Profiles. The sulfate concentration profiles of the porewater
in marine sediments depend on the availability of labile
organic matter amenable to sulfate reducers, diffusive/advec-
tive methane flux, and depositional conditions [9, 59–64].
Combination of these factors would result in linear, kink,
concave-up, concave-down, and sigmoidal (S-shape) type
sulfate concentration trends in marine sediments [9].

The porewater profiles of the three study cores exhibit
kink-type features. The plausible mechanisms for the occur-
rence of the kink-type profile include (1) irrigation and sea-

water intrusion due to biological, physical, and hydrological
processes; (2) changes in the sedimentation rate or porosity
due to depositional events; and (3) changes in methane
flux and upward advection of fluid [14]. Bioirrigation has
been shown to generally occur in a decimeter scale in the sur-
face sediments [65, 66]. In fact, no macroorganisms were
observed in the study cores below the upper few centime-
ters of sediment. The lithology of the upper two-three
meters of the sediments in the study cores was dominated
by fine-grained hemipelagic sediments mainly consisting of
silty clay without any discernible abnormal deposition
(Figure S2). Although deep-water turbidity current channel
and fan systems are well developed in the study region [67],
the homogeneous grain size distributions in cores CL44
and CL47 reveal that the sediment above the kinks of
sulfate was not impacted by turbidites, which are typically
characterized by upward grading in grain size. The C-M
plot also suggests the absence of turbidites in the study
cores (Figure S2 [68]). Moreover, by comparing the depth
profiles of CaCO3 content in CL44 and CL47 with that in
an adjacent core (SO49-37KL) with established Marine
Isotope Stage, we found that the upper ~2m sediments of
CL44 and CL47 represent normal hemipelagic background
deposition during the Holocene (Figure S3) [69, 70]. The
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Table 3: Concentrations and isotope ratios of various dissolved components at cores CL30, CL44, and CL47.

Depth (cmbsf) CH4 (mM) SO4
2- (mM) Ca2+ (mM) Mg2+ (mM) PO4

3- (μM) Ba2+ (μM) DIC (mM) δ13CDIC (‰, VPDB)

CL30

55 0.0016 26.7 10.9 47.9 27.0 23.0 6.0 -20.4

110 0.0012 24.4 10.5 48.3 31.5 19.8 7.6 -26.0

170 0.0010 21.7 9.5 47.6 41.0 17.9 10.1 -31.9

230 0.0051 19.0 8.9 47.5 49.9 17.6 11.1 -35.4

290 0.0012 15.4 7.9 46.5 39.2 9.9 12.4 -38.0

350 0.0000 13.1 7.0 46.1 45.5 20.0 14.3 -40.5

410 0.0056 5.3 4.5 44.3 97.2 16.1 19.2 -45.7

470 0.8752 1.0 3.7 43.8 112 46.5 22.8 -46.4

530 3.2660 0.4 3.5 43.1 122 53.5 23.0 -40.0

590 0.1318 0.2 3.4 43.7 116 60.8 23.7 -35.7

CL44

10 0.0012 27.9 7.4 52.7 11.9 0.3 2.2 -10.9

30 0.0004 27.9 7.4 52.4 10.1 0.3 2.6 -10.5

50 0.0008 27.6 7.5 54.1 10.4 0.2 3.0 -12.1

70 0.0003 27.2 7.0 52.7 9.3 0.2 3.0 -14.8

90 0.0020 27.3 7.3 53.8 9.6 0.2 2.4 -10.9

110 0.0005 26.7 7.2 54.0 9.1 0.2 2.4 -11.6

130 0.0005 27.4 7.2 54.5 8.3 0.2 2.4 -11.9

150 0.0008 26.9 7.3 54.3 7.1 0.2 2.5 -14.1

170 0.0007 27.5 7.5 54.3 8.1 0.2 3.0 -13.1

190 0.0006 27.5 7.3 54.7 10.9 0.2 2.5 -12.1

210 0.0005 25.6 7.3 54.6 13.2 0.2 3.8 -17.2

230 0.0017 25.9 7.0 54.2 13.7 0.2 3.5 -18.5

250 0.0009 25.3 6.9 52.5 17.7 0.2 4.6 -20.4

270 0.0018 24.1 6.3 51.6 22.3 0.3 5.5 -24.0

290 0.0018 22.6 6.2 52.6 22.6 0.4 5.9 -23.1

310 0.0014 21.5 6.0 53.0 35.1 0.3 6.8 -25.0

330 0.0011 19.0 5.5 51.6 35.6 0.3 7.7 -28.8

350 0.0017 19.7 5.1 51.0 47.3 0.3 8.1 -24.3

370 0.0020 17.9 4.9 50.5 49.8 0.3 8.8 -30.1

390 0.0015 16.4 4.6 50.5 50.8 0.4 9.5 -31.2

410 0.0020 16.0 4.2 49.7 54.9 0.6 10.2 -31.9

430 0.0012 15.6 3.9 47.8 52.1 0.5 11.0 -33.4

450 0.0021 15.4 3.7 48.4 56.5 0.5 11.6 -35.1

470 0.0022 13.2 3.6 50.3 55.4 0.6 12.0 -35.7

490 0.0019 12.8 3.1 48.0 63.6 0.7 13.1 -35.8

510 0.0026 12.0 2.7 48.4 67.1 0.8 13.1 -39.9

530 0.0027 10.0 2.4 47.5 81.9 1.0 15.5 -39.1

550 0.0024 8.9 2.2 47.4 88.0 1.3 16.3 -39.3

570 0.0034 5.6 2.0 45.5 96.7 2.5 18.2 -40.5

590 0.0039 4.7 1.8 44.6 101 4.9 19.5 -41.0

610 0.0028 3.7 1.7 44.5 103 11.0 18.9 -39.7

630 0.0022 2.7 1.6 44.2 57.0 19.3 20.5 -40.5

650 0.0442 2.3 1.7 43.3 111 22.2 19.9 -39.6

670 0.5139 2.1 1.8 44.7 109 31.7 21.1 -37.1

690 1.1022 0.9 1.4 44.5 107 37.9 20.4 -37.4

710 2.5450 0.8 1.3 43.9 102 38.6 21.5 -36.1

730 0.0086 0.9 1.4 44.6 105 37.4 20 -36.8
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relatively constant ratios of Ti/Al, Si/Al, and Zr/Rb above the
kinks indicate a stable input of detrital fraction (Figure S4).
In contrast, the layers at the interval of ~1.4 to ~4.2mbsf in
CL44 and ~1.8 to ~5mbsf in CL47 exhibiting high Si, Ti,
and Zr/Rb contents and coarser grain sizes (Figure S4)
suggest elevated input of detrital fraction during sea-level
lowstands [71, 72]. In addition, the flat seafloor topography
in the study area also precludes the occurrence of abrupt
depositional event such as landslide (Figure 1). Therefore, it
is unlikely that the irrigation-like feature in CL44 and CL47
was caused by mass-transport deposits [44]. Furthermore,
there is no indicator for upward fluid advection at sites
CL44 and CL47.

We argue that the cause for the formation of the
irrigation-like porewater profiles is probably the bubble irri-
gation by rising free gas through escaping tubes [7, 12, 51].
Such features were observed at the nearby Haima cold seeps
and attributed to bubble irrigation or a recent increase in
methane flux [33]. Moreover, BSR and acoustic blanking
which are indicative of free gas accumulation were identified
in the study area (Fang Y., unpublished data). Hence, gas
bubble irrigation is the most likely mechanism to explain
the observed profiles at cores CL44 and CL47.

At core CL30, the sediments consist of homogenous silty
clay without discernible abnormal deposition and the sul-
fate concentrations decrease gradually without maintaining
seawater-like values above the kink at 3.5mbsf (Figure 2).
We thus hypothesize that the kink in the sulfate profile at
core CL30 results from a (sub)recent increase in the upward
methane flux, similar to the scenario reported in the Sea of
Marmara, the continental margin offshore Pakistan, the slope
area south of Svalbard, the Niger Delta, the southern SCS,
and so on [10–13, 44]. A simplified numerical model exer-
cise, assuming a diffusional porewater system with POCSR
and AOM as the only biogeochemical reactions, was used
to demonstrate this scenario (Figure 6). The assumption of
diffusive transport of porewater species is warranted because

it has been suggested that porewater solute distributions are
dominated by diffusion even if free gas transport and fluid
advection exist [14, 73].

The current barite front is located at about 4.2-6.4mbsf,
very close to the current SMTZ (4.7-7mbsf), indicating that
the barite front might form in the recent past to the present
day induced by a recent enhancement of methane flux [11].
Actually, the measured SO4

2- concentration profile can be
reproduced after a sudden increase in CH4 concentration
lasting for ~85 yr. On the other hand, based on the calculated
diffusive Ba2+ fluxes and the depth-integrated Ba contents,
the time required to form the observed authigenic barite
front above the current SMTZ is about 2.2-4.2 kyr for CL30,
given the uncertainties of porosity. The difference of esti-
mated duration of constant methane flux between these two
approaches may suggest that the barite front was not a result
of the recent increase in methane flux inducing the kink-type
sulfate profile. Instead, it is more likely that the SMTZ has
experienced several fluctuations in depth, considering the
episodic pulses of upward methane flux which have occurred
in this area as shown by previous studies [25, 32, 33]. How-
ever, this decoupled record between sediments and pore-
waters is commonly observed at cold seeps [74–77] and is
considered to reflect the variations of methane fluxes and
the resulting SMTZ in the sedimentary column [74]. Obser-
vations and numerical modeling suggest that the response
of porewater geochemical signatures is more rapid on time-
scales of months to centuries than the accumulation of authi-
genic barite deposits on timescales of decades to hundred
thousands of years [11, 12, 14, 16–19, 74]. On the whole,
our results suggest that combining porewater data with sedi-
mentary barite front records may provide important clues for
better understanding of the evolution of methane seepage.

5.2. Methane-Related Carbon Cycling and Source of Methane.
Based on the simulation results derived from the steady-state
modeling, AOM consumed ~80%, 76%, and 77% of sulfate in

Table 3: Continued.

Depth (cmbsf) CH4 (mM) SO4
2- (mM) Ca2+ (mM) Mg2+ (mM) PO4

3- (μM) Ba2+ (μM) DIC (mM) δ13CDIC (‰, VPDB)

750 1.1475 1.1 1.2 43.0 86.8 36.0 19.2 -33.3

CL47

55 0.0008 24.9 9.2 33.1 18.3 21.3 6.7 -21.1

110 0.0006 21.1

170 0.0004 26.0 10.9 39.7 16.4 13.6 6.8 -22.9

230 0.0008 28.2

290 0.0008 21.9 10.0 40.2 13.8 14.8 10.0 -28.5

350 0.0009 44.7

410 0.0009 16.5 8.8 39.8 43.1 13.9 13.7 -32.1

470 0.0006 12.7 7.8 40.4 66.4 16.9 15.9 -34.0

530 0.0006 9.3 6.5 40.0 65.9 13.7 18.2 -34.7

590 0.0007 5.4 4.9 39.7 66.4 25.9 20.6 -38.2

650 0.0773 1.1 4.5 39.8 76.3 52.0 24.2 -38.8

710 0.7947 1.2 4.6 40.6 74.5 58.5 23.5 -37.4

770 0.7692 1.4 70.2 22.1 -32.1

10 Geofluids



105 15 20 25 30 35

0

1

2

3

4

5

6

7

0 400 800 1200

Ba/Al [(g g−1)×1,000)]

Ba (mg kg−1)

Currrent
barite front

D
ep

th
 (m

bs
f)

500 100 150

0

1

2

3

4

5

6

7

100 20 30

Ba2+ (µM)

SO4
2− (mM)

SMTZ

SO4
2−

Ba2+
Ba(total)
Ba/Al

(a)

500 100 150

0

1

2

3

4

5

6

7

8

100 20 30

Ba2+ (µM)

SO4
2− (mM)

SMTZ

D
ep

th
 (m

bs
f)

105 15 20 25

0

1

2

3

4

5

6

7

8

0 400 800 1200

Ba/Al [(g g−1)×1,000]

Ba (mg kg−1)

Currrent
barite front

SO4
2−

Ba2+
Ba(total)
Ba/Al

(b)

500 100 150

0

1

2

3

4

5

6

7

8

100 20 30

Ba2+ (µM)

SO4
2− (mM)

SMTZ

D
ep

th
 (m

bs
f)

105 15 20 25

0

1

2

3

4

5

6

7

8

0 400 800 1200

Ba/Al [(g g−1)×1,000]

Ba (mg kg−1)

Currrent
barite front

SO4
2−

Ba2+
Ba(total)
Ba/Al

(c)

Figure 5: Concentration depth profiles of dissolved barium (Ba2+), sulfate (SO4
2-), and solid-phase total barium (Batotal), barium/aluminium

ratios (Ba/Al), and diagenetic barium (shown as red peaks) for cores CL30 (a), CL44 (b), and CL47 (c). Blue bands mark the SMTZ. Pink dash
lines indicate the background barium contents based on the distribution of barium content. Barium contents above background represent
diagenetic barite enrichments (red polygons).

11Geofluids



CL30, CL44, and CL47, respectively. AOM thus acts as an
efficient barrier preventing methane from being released into
the water column at the studied cores. This is supported by
the low δ13CDIC values at the SMTZs mainly derived from
methane. AOM increases porewater alkalinity by producing
bicarbonate and results in the precipitation of authigenic car-
bonates as shown by the decrease in Ca2+ and Mg2+ concen-
trations with depth (Figures 3–6).

In addition, the δ13CDIC values below the SMTZ become
more positive than those at the SMTZ. The reversal in
δ13CDIC below the SMTZ is caused by the generation of
13C-enriched DIC via local methanogenesis at the methano-
genic zone [63, 78]. The 13C-enriched DIC would migrate into

the SMTZ from the methanogenic zone and “dilute” the 12C
pool of DIC in porewater. Thus, in a closed system, DIC gen-
erated by local methanogenesis is an important source of DIC
in the carbon budget within the SMTZ [78, 79].

Based on the modeling results of methane turnovers, the
depth-intergrated AOM rates at cores CL30, CL44, and CL47
are about 8 to 21 times of the in situ methanogenesis rates
(Table 4). Therefore, the relative proportions of external
methane sources contributed to the total methane pool are
88%, 95%, and 95% at cores CL30, CL44, and CL47, respec-
tively. This indicates that the majority of methane fuelling
AOM at the SMTZ was sourced from subsurface sediments.
There are two general pathways for producing methane in
marine sediments, including microbial methane generated
via CO2 reduction or the fermentation of reduced carbon
substrates (e.g., acetate and methanol; [80]) and thermogenic
methane formed via thermal cracking of organic matter
and/or heavy hydrocarbons [81]. The δ13C values of methane
are generally distinct between these two types of methane.
The δ13C values of microbial methane typically range from
−50‰ to −110‰ [80], whereas those of thermogenic meth-
ane range from −30‰ to −50‰ [81].

Because δ13C values of headspace methane in the sedi-
ments are absent in the study area, porewater DIC content
and δ13CDIC are utilized to constrain the origin of methane.
Generally, porewater DIC in marine sediments is mainly
derived from (1) the DIC that is diffusing from the overlying
seawater into the sediments or the seawater DIC trapped
within sediments during burial, (2) the DIC generated by
the degradation of sedimentary organic matter, (3) the DIC
produced by AOM, and (4) the residual DIC derived from
methanogenesis [82, 83]. In order to obtain the carbon isoto-
pic composition of DIC derived from external methane, we
applied a simple four-end-member mixing model. The four
end-members are (1) seawater-derived DIC trapped within
sediments during burial (SW), (2) DIC produced by POCSR,
(3) DIC derived from external methane (EM) via AOM, and
(4) DIC generated by in situmethanogenesis (ME). Note that
methane production via local methanogenesis was assumed
to be competently recycled by AOM. As a result, the carbon
isotopic composition of DIC produced by local methanogen-
esis was identical to that of organic matter (OM) [82–84]. In

Table 4: Depth-integrated simulated turnover rates and benthic methane fluxes based on the steady-state modeling.

CL30 CL44 CL47 Unit

FPOC: total POC mineralization rate 18.8 55.2 58.1 mmolm−2 yr−1 of C

FOSR : sulfate reduction via POC degradation 7.6 23.9 25.1 mmolm−2 yr−1 of SO4
2−

FME: methane formation via POC degradation 3.6 3.7 4.0 mmolm−2 yr−1 of CH4

FDISS: gas dissolution 28.4 73.3 84.7 mmolm−2 yr−1 of CH4

FAOM: anaerobic oxidation of methane 30.1 74.3 85.0 mmolm−2 yr−1 of CH4

FCP−Ca: authigenic CaCO3 precipitation 3.0 2.2 5.6 mmolm−2 yr−1 of C

FCP−Mg: authigenic MgCO3 precipitation 5.4 7.1 0 mmolm−2 yr−1 of C

Sulfate consumed by AOM 79.8 75.7 77.2 %

Benthic flux of CH4 at SWI 0.5 1.9 2.7 mmolm−2 yr−1 of CH4

Percentage of CH4 flux from depth 88.0 95.0 95.3 %

Percentage of CH4 consumed by AOM 94.1 96.5 95.8 %
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Figure 6: Evolution of the sulfate profile over time from simulation
of non-steady-state porewater profiles of core CL30.
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a closed system, δ13C balance of the porewater DIC pool at
the SMTZ can be expressed by

δ13Cex = XSW ∗ δ13CSW + XOSR

∗ δ13COM + XAOM ∗ δ13CEM

+ XME ∗ δ13COM ,
9

where X is the proportion of DIC contributed to the total
DIC pool and the subscripts SW, OSR, AOM, and ME
refer to DIC derived from seawater, organic matter, exter-
nal methane, and local methanogenesis, respectively. The
XSW values are estimated as typical seawater DIC concentra-
tion (2.1mM) divided by DIC concentration at the SMTZ,
and the δ13CSW is assumed to be 0‰. The δ13C value of sed-
imentary organic matter in sediment of the SCS (−20‰;
[85]) is used for the δ13COM. The overall δ

13C of DIC derived

from methanogenesis is equal to the δ13COM assuming that
methane produced by local methanogenesis was completely
converted to DIC by AOM [84]. The contribution fractions
of OSR, AOM, and local methanogenesis shown as XOSR ,
XAOM, and XME are calculated from the steady-state model-
ing. The δ13Cex can be acquired from a regression of pore-
water δ13CDIC × DIC vs. DIC (Figure 7). The regression
commonly shows linear in seep-impacted sediments, thus
providing definitive δ13CDIC supplied to porewater [82, 86,
87]. The δ13Cex values and the contribution fractions esti-
mated from the model are listed in Table 5. The estimated
δ13CEM values in the shallow sediments are -74.1‰ (CL30),
-75.4‰ (CL44), and -66.7‰ (CL47), suggesting the external
methane migrating into the shallow sediments is microbial in
origin [83, 88]. The absence of higher hydrocarbons in head-
space gas samples also supports the microbial origin of meth-
ane in the study area.
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Figure 7: Plots of DIC vs.DIC × δ13DIC. The δ13Cex were calculated using the linear regression ofDIC × δ13C vs. DIC for CL30 (a), CL44 (b),
and CL47 (c).

Table 5: Fractions of DIC from different sources contributed to the total DIC pool and δ13C values from different sources.

Core
ID

δ13CSMTZ (‰,
VPDB)

δ13Cex (‰,
VPDB)

δ13CSW (‰,
VPDB)

δ13COM (‰,
VPDB)

XSW
(%)

XME
(%)

XOSR
(%)

XAOM
(%)

δ13Cmethane (‰,
VPDB)

CL30 -46.4 -48.1 0 -20 9.8 6.6 28.0 55.5 -74.1

CL44 -41.0 -46.1 0 -20 9.8 5.3 34.3 50.6 -75.4

CL47 -38.8 -43.1 0 -20 8.7 5.2 32.9 53.1 -66.7
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Previous studies have suggested that microbial meth-
ane was the main hydrocarbon source with minor contri-
butions of oil-derived compounds and pyrolysis gas at the
Haima cold seeps [32, 33, 89, 90]. Gas chimney structures,
which are well developed around the Haima cold seeps,
might serve as conduits for the upward migration of bio-
genic gas from the underlying free gas reservoir beneath
the GHSZ to shallow sediments [29, 42]. This observation
suggests that microbial methane at the study sites might
be derived from an underlying free gas reservoir trapped
beneath the GHSZ.

5.3. Implications of the Time Constraint on Methane Seepage.
Based on the diffusive dissolved barium flux and the excess
barium content in the sediments, the time for the observed
barite enrichments just above the current SMTZ is esti-
mated to be about 3 kyr and 0.8-1.6 kyr for CL44 and
CL47, respectively, given the uncertainties of porosity.
These results suggest that the SMTZ has been fixed at the
current sediment depth for a time period of at least several
thousand years at these sites. The irrigation-type sulfate
profiles are possibly maintained by continuous mixing of
seawater into the sediment over these time periods, like
the case in the pockmark sediments of Congo Fan [74]. Fur-
thermore, the depth of SMTZ was speculated to have fluctu-
ated due to variations in methane flux as suggested by the
difference in the estimated duration of the barite enrich-
ment and the recent increase methane flux at CL30. Overall,
our results show that the methane flux has been fluctuating
over the last hundreds to thousands of years in the vicinity
of Haima cold seeps.

In fact, methane seepages around the Haima cold seeps
are characterized by distinct periodicity of seep activities dur-
ing the past several thousands of years. Radiocarbon ages of
bivalve shells suggest that a major seepage event occurred
during the period of 6.1 to 5.1 ka B.P., followed by a subordi-
nate seepage event spanning from 3.9 to 2.9 ka B.P. at the
Haima cold seeps [25]. The widespread occurrence of dead
bivalves on the seafloor reflects a decline in current seepage
intensity [25]. Moreover, modeling of porewater profiles at
the Haima cold seeps predicts that gas hydrate formation in
the seepage center started at least 150 yr B.P. and the subse-
quent sealing of gas hydrates favored the lateral migration
of methane-rich fluids in the coarser, more permeable inter-
val [33]. Sedimentation dynamics, including sediment insta-
bilities and mass wasting, may trigger the destabilization of
the gas hydrate reservoir and the resulting occurrence of
methane seepage. The evolution and fate of methane seepage
are also considered to be affected by local fluid flow dynamics
and associated migration of both free gas and methane-rich
fluids along fractures, as well as the redirection of gas sup-
ply from the reservoir due to pore space clogging by gas
hydrate in shallow sediments [25, 33]. The exact mecha-
nism of the changes in methane flux around the Haima cold
seeps area is beyond the scope of this study. Despite this,
our quantitative study provides some constraint on the
duration of methane seepage and may have implication
for understanding the evolution of methane seepage in the
petroliferous Qiongdongnan Basin.

6. Conclusions

This study is aimed at understanding the methane source
and turnover as well as provide some constraints on the
timing of methane seepage to the west of “Haima cold seeps.”
The steady-state reaction-transport modeling of SO4

2-, CH4,
DIC, PO4

3-, Ca2+, and Mg2+ in CL44 and CL47 suggests
that gas bubble transport may lead to the irrigation-like
feature in the upper 2m and relatively high AOM rates
(74.3mmolm−2 yr−1 for CL44 and 85.0mmolm−2 yr−1 for
CL47). The time required for the enrichment of authigenic
barium fronts slightly above the current SMTZ is approxi-
mately 3 kyr for CL44 and 0.8-1.6 kyr for CL47, respectively.
In contrast, a recent increase in methane flux (prior to
~85 yr) is the likely cause of the kink at 3.5m of the sulfate
profile in CL30 demonstrated by the transient-state model-
ing. The estimated time required for the formation of the
diagenetic barium peak just above the current SMTZ was
2.2-4.2 kyr at this core. The discrepancy in the time estimates
constrained by two different approaches suggests that the
position of SMTZ possibly has fluctuated due to variation
in methane flux at the site. In addition, based on the four
DIC end-member mixing calculation, the δ13C values of the
external methane in cores CL30, CL44, and CL47 are
-74.1‰, -75.4‰, and -66.7‰, respectively. This is indicative
of the biogenic origin of external methane from an underly-
ing reservoir. Our results suggest that methane seepage exists
in a broader area in the vicinity of the “Haima cold seeps”
and the methane fluxes may have fluctuated frequently for
the last several hundreds to thousands of years.
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Supplementary Materials

In Table S1, reaction terms of all species used in the model
are listed. Table S2 presents the summary of model parame-
ters and boundary conditions used in the steady-state model,
whereas Table S3 lists the derived and measured parameters
used in the steady-state model. Parameters used in the
nonsteady-state model are listed in Table S4. In Table S5,
porosity and dry grain density of core CL44 are listed.
Table S6 lists the solid-phase element contents, Ba/Al,
Ti/Al, Si/Al, and Zr/Rb ratios, as well as POC and CaCO3
contents of cores CL30, CL44, and CL47. Table S7 shows
the grain size parameters of the studied cores. In addition,
Figure S1 displays the measured (symbols) and modelled
(curve) porosity of core CL44. Figure S2 shows the grain size
parameters of the sediment cores. Figure S3 displays the
downcore variations in carbonate contents and the age
models of the studied cores. Figure S4 shows the Ti/Al, Si/Al,
Zr/Rb, and carbonate contents of the sediments cores.
Figure S5 details the uncertainty evaluation of the forma-
tion times of the diagenetic barium enrichments consider-
ing variable solid-phase barium background contents and
porosities, whereas Figure S6 shows the uncertainty evalua-
tion of the formation times of the diagenetic barium enrich-
ments considering variable Ba2+ fluxes and porosities. In
summary, Tables S1–S4 are the detailed descriptions of the
reaction-transport models. Tables S5–S7 and Figure S1 are
the datasets of the geotechnical and geochemical proxies of
sediment samples, which contribute to the concentration
depth profiles in Figure 5 of this manuscript. Figures S2–S4
show downcore variations in the geotechnical and geochem-
ical proxies of sediment cores. Figures S5 and S6 are the sen-
sitivity analysis of the formation times of the diagenetic
barium enrichments. (Supplementary Materials)
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Geochemical investigations carried out on submarine hydrothermal fluids vented offshore the Pontine Islands (Tyrrhenian Sea)
revealed the existence of gas vents to the W of Zannone Island and SW of Ventotene Island. The geochemical features of the
CO2-rich gas samples show a clear mantle-derived signature with 3He/4He of 3.72-3.75 Ra and 1.33 Ra at Zannone and
Ventotene, respectively. Gas geochemistry denotes how CO2-rich gases undergo fractionation processes due to CO2
dissolution to a variable extent favoring enrichment in the less soluble gas species, i.e., CH4, N2, and He. The carbon isotope
composition of CO2, expressed as δ13C vs. V-PDB, ranges from -0.71 and -6.16‰ at Zannone to 1.93‰ at Ventotene.
Preliminary geothermometric and geobarometric estimations indicate equilibrium temperatures in the range of 150-200°C at
Zannone and >200°C at Ventotene besides H2O pressures in the range of 5 bar and 20 bar at Zannone and Ventotene,
respectively. Although the latest volcanic activity at the Pontine Archipelago is dated Middle Pleistocene, the combination of
the new geochemical information along with geothermometric estimations indicates that cooling magmas are likely releasing
enough thermal energy to form an efficient hydrothermal system.

1. Introduction

The Central Mediterranean Sea and the Italian Peninsula
have been affected by intense Neogene and Quaternary
Volcanism. In this sector, the geodynamic processes, framed
in the Alpine Orogeny, are expressed by the subduction of
the Adriatic microplate under the Eurasian plate and by the
opening of the Tyrrhenian back-arc basin [1–4]. These differ-
ent processes had a prominent role in the genesis, evolution,
and migration of partial melts [5–12]. The igneous activity of
the Tyrrhenian Sea and its eastern margin triggers the devel-
opment of several geothermal systems. Hydrothermal fields
in the Southern Tyrrhenian Sea are present around sea-
mounts [13–15], in the Aeolian Archipelago [16–19], in front
of Capo Vaticano [20, 21], along the coast of Ischia Island

[17], and in the Bay of Naples [22, 23]. All these zones are
characterized by CO2-rich emissions and are commonly
associated with the occurrence of magmatic bodies under-
neath the seafloor. It is accepted that seeping processes are
driven by active tectonic lineaments able to control the
emission rates and likely responsible for past explosive
events [24]. Geochemical features of the thermal fluids
provide important information on both the current status
of cooling magma batches intruding the upper crust and
interaction processes taking place between rising fluids
and hosting rocks.

The Pontine Archipelago hosts some examples of
submarine geothermal systems connected to a quiescent
magmatic activity. The Plio-Pleistocene volcanic rocks from
the Pontine Island Volcanoes have a hybrid geochemical
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composition showing island arc and OIB signatures ([9] and
references therein). Cadoux et al. [25] pointed out that
Pontine Volcanism switched from orogenic magmas
emplaced in a syn- to late-collisional context to transitional-
type magmas emplaced in a late- to post-collisional stage.
The current status of the Pontine Island Volcanism is only
expressed by a persistent submarine hydrothermal activity.
Several wide and depressed hydrothermal areas have recently
been discovered offshore the island of Zannone during
morphobathymetric investigations [26, 27] and to the
SW of the Ventotene coast during deep diving activity.
The hydrothermal activity takes place mainly along NE-SW-
and NW-SE-oriented tectonic structures, dissecting the
Latium and Campanian continental margins in structural
highs (e.g., Ponza-Zannone high) and deep sedimentary
basins (e.g., Ventotene and Palmarola basins).

Starting from the first constraints provided by the
geochemical features of the hydrothermal fluids collected off-

shore the Zannone Island during the “Bolle” cruise in 2014,
further investigations were carried out by the oceanographic
cruise in 2017 with the aim of obtaining useful insights on the
submarine hydrothermal systems of the Pontine Islands.

This paper describes and discusses the geochemical
features of the submarine hydrothermal fluids discharged
offshore the Zannone and Ventotene islands focusing on
the geochemical features of the vented gases. The results
show how thermal energy of magmatic origin is still available
over the archipelago providing significant perspectives for
geothermal energy exploration.

2. Geovolcanological and
Hydrothermal Settings

The Pontine Archipelago is located in the Central Tyrrhenian
Sea, less than 30 km to the west of the Italian coast, and is
composed of five major islands, from NW to SE: Palmarola,
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Figure 1: (a) Sketch map of the central Tyrrhenian margin with the location of the areas investigated; (b) location map of the Zannone
studied sites (after Martorelli et al. [27]). See Ingrassia et al. [26] and Martorelli et al. [27] for further information; (c) location map of the
VEN site lying south to the island of Ventotene.
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Ponza, Zannone, Ventotene, and Santo Stefano (Figure 1(a)).
The volcanic rocks are emplaced over a metamorphic base-
ment overlaid by a Meso-Cenozoic sedimentary succession
made up of Late Triassic to Eocene clays, dolostones,
limestones, and marls, followed by Miocene flysch deposits
[28, 29]. Over the whole archipelago, the prevolcanic sub-
stratum only crops out in the northeastern side of Zannone
Island [29]. The compressive stress regime has driven the
development of a north to northeast verging fold-thrust
belt made of a pile of nappes [28]. Starting from the
Plio-Pleistocene age, the Alpine belt underwent an exten-
sional deformation [1, 30–32], which has alternatively been
interpreted as either a back-arc extension related to an
ongoing subduction [33] or as a consequence of a hot
asthenosphere flow resulting from the cessation of Adriatic
plate subduction [34] or as a divergent plate boundary [35].

The archipelago consists of two different sectors: the
northwestern (including Ponza, Palmarola, and Zannone
Islands) and the southeastern (including Ventotene and
Santo Stefano Islands). The volcanic rocks from the north-
western group display several differences in terms of age
and composition in contrast to the rocks forming the
southeastern group. Ponza, Palmarola, and Zannone are
characterized by the emplacement of calc-alkaline and per-
alkaline rhyolites showing an age of 4.2 to 1.5Ma [25]. Only
the island of Ponza exhibits a 1.0Ma old trachytic episode
[25, 36–38]. The Pleistocene trachytes are K-alkaline in com-
position and show a close similarity to the Campanian and
Ernici-Roccamonfina products [8, 9, 25, 37]. Paone [39]
suggested that calc-alkaline and peralkaline rhyolites were
originated from partial melting of a mafic lower crust.
On the contrary, Conte et al. [40] indicated that they were
derived by fractional crystallization processes of basic
orogenic magmas derived from a metasomatised mantle
source. The volcanic products include lava flows, domes,
and hydromagmatic tuffs.

During the Middle Pleistocene, the volcanic activity
shifted eastward to the Ventotene-Santo Stefano area. The
development of the two edifices was accompanied by a
compositional change. They are indeed mainly represented
by basalts and trachybasalts, with minor quantities of
shoshonites, latites, and phonolites [9]. They show an age
of 0.8-0.13Ma [41, 42] and are made of lava flows, domes,
and pyroclastic materials as fallout, flow, and surge deposits.
Pyroclastics are characterized by the presence of sialic, mafic,
and ultramafic xenoliths [43].

Submarine hydrothermal systems were recently identi-
fied off the islands of Zannone and Ventotene. Off the coast
of Zannone, active venting of hydrothermal fluids is located
in the northwestern and in the eastern sectors of the insular
shelf (Figure 1(b)). Their spatial distribution suggests an
active role of the NE-SW-oriented faults affecting the
Tyrrhenian offshore of the Latium and Campanian regions.
The hydrothermal fields are large depressions up to 10-15m
deep, lying between 110 and 150m water depth marked by
an NNW-SSE elongated shape interpreted as the coalescence
of craters connected to explosive events [26]. The depressions
developed on sandy wedges considered as low-stand deposits
are topped by a thin layer made of mud-sand deposits of the

Holocene age. The hydrothermal fluids are vented all over
the depressions and consist of both bubbling gas and thermal
water discharges.

An unknown hydrothermal area was discovered off the
southwestern coast of Ventotene at a depth of 80m by diving
activity (Figure 1(c)), revealing the presence of bubbling
gases. The area was characterized by the presence of warm
waters seeping through the seafloor as shown by white
patches of bacterial mats made of sulfur precipitates, as well
as by several mounds and cones covered by hydrothermal
oxides and sulphides (Figure 2). The volcanic rocks outcrop-
ping at the seafloor consist of a porphyritic volcanic rock
with olivine and pyroxene phenocrysts set in an altered
groundmass (Di Bella M., personal communication).

3. Sampling and Analytical Methods

During the 2017 cruise, three vertical casts for water column
profiles were carried out using a rosette equipped with a CTD
(Conductivity Temperature Depth) and Niskin bottles.
Locations and coordinates (UTM-WGS84) of the sites stud-
ied are listed in Table 1 and plotted in Figure 1. Fourteen
marine water samples were collected from different depths
and at the sea bottom (see Tables 1 and 2) for geochemical
analyses of the circulating waters and the dissolved gases.
Two thermal water samples were collected using a Remote
Operated Vehicle (ROV) by a syringe operated by the
ROV arm, by inserting a syringe directly into the vent
and sucking the water. The temperature at the seafloor
was measured using a customized INGV waterproof smart
temperature sensor, built to directly operate inside the
hydrothermal vents up to a depth of 600m. The water
samples were collected in triplicate and stored as “as is

Figure 2: Bubbling gases and white patches associated with warm
waters vented off Ventotene Island. The hydrothermal fluids occur
on a flat area, in water depth varying from 80 to 85m.

Table 1: Location and information of the collected samples. The
coordinate reference system is UTM WGS84 zone 33N.

Site Locality Date Depth (m) North East

Z1 Zannone Feb 2017 134 4537446 340310

Z2 Zannone Feb 2017 127 4537416 340409

ZDA Zannone Feb 2017 147 4539421 345021

VEN Ventotene Aug 2018 80 4515668 365025
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sample” (i.e., not filtered and not acidified), filtered
(0.45 μm filter), and “filtered and acidified” (HNO3
Suprapur-grade acid). The samples for dissolved gas anal-
ysis were collected directly from the Niskin bottles and
stored in 240ml glass serum-type bottles sealed in the field
by silicon/rubber septa using special pliers. All the samples
were collected to avoid even the tiniest bubbles to prevent
atmospheric contamination and stored on-board upside-
down with the necks immersed in water.

The vented gases were collected by Remote Operated
Vehicles (ROV) at Zannone and by diving at Ventotene.
The gases offshore Zannone areas were collected in 2014
[27] and in 2017 (this work) using a ROV equipped with a
gas sampling system made up of four small funnels con-
nected to 240ml serum-type bottles. The system was fitted
to the front of the ROV with the inverted funnels slipped
inside the bottle necks (Figure 3). The ROV pilot placed the
system over a gas vent, and the funnel allowed the gas bub-
bles to be driven into the bottle, where the gas accumulated
displacing the seawater out of the bottle. At the end of the
dive, when the ROV was back to the surface, an operator
sealed the bottles with a gas-tight cap when they were still
underwater operating on board of a rubber boat. All the sam-
ples collected in the serum-type bottles were stored upside-
down with the necks submerged in seawater to minimize
gas exchanges with the atmosphere through the cap before
undergoing laboratory analysis [44]. A deep-sea dive was car-
ried out in August 2018 off the SW Ventotene coast (Figure 1
and Table 1) to collect the bubbling gases directly from the
emission points at the seafloor using an inverted funnel con-
nected to two-way glass bottles. The equipment was filled by
marine water to avoid any atmospheric contamination; then,
the funnel was placed over the venting gas, and the gas
sample was collected by water displacement.

One gas sample from Ventotene and two gas samples
from Zannone were analyzed.

The chemical and isotope analysis of dissolved and
bubbling gases as well as of the collected waters was carried
out at the geochemical laboratories of INGV-Palermo.
T°C, pH, and electrical conductivity EC in all the marine
water samples were determined by on-board measurements.
The pH and EC were measured by electronic instruments
calibrated in situ using buffer solutions. In the laboratory,
the chemical analysis of the major and minor ions was
carried out by ion chromatography (Dionex ICS-1100) on
both filtered (0.45 μm), acidified (100ml HNO3 Suprapur)
water samples (Na, K, Mg, and Ca), as well as on
untreated samples (F, Cl, Br, and SO4). The HCO3 concentra-
tion was determined by standard titration procedures with
hydrochloric acid.

Table 2: Chemical analyses of the water samples. Concentrations in mg/l. Local seawater composition is reported for comparison.

Sample ID Site
Depth
(m)

Type
Sampling
method

T
(°C)

pH
EC

(mS/cm)
Li Na K Mg Ca F Cl Br SO4 HCO3

2 Z1 50
Water
column

Niskin 14.5 8.19 45.95 bdl 12189 453 1439 471 bdl 22036 bdl 3118 171

5 Z1 134
Water
column

Niskin 14.4 8.04 45.86 bdl 12488 484 1492 503 bdl 21775 bdl 3032 189

9 Z2 127
Water
column

Niskin 14.4 8.19 45.84 bdl 12471 486 1487 489 bdl 21874 bdl 2865 189

13 ZDA 120
Water
column

Niskin 14.3 8.22 45.78 bdl 12189 476 1454 482 bdl 21904 bdl 2950 171

14 ZDA 147
Water
column

Niskin 14.3 8.19 45.78 bdl 12482 481 1479 492 bdl 21977 bdl 2964 171

15 Z2 124
Thermal
waters

ROV 60 n.a. n.a. bdl 12234 457 1443 465 bdl 22705 bdl 3165 n.a.

16 ZDA 145
Thermal
waters

ROV 56 n.a. n.a. bdl 12210 450 1438 476 bdl 22302 bdl 3121 n.a.

Seawater 8.15 0.17 10468 348 1331 411 1.3 18952 65 2648 135

n.a. = not analyzed. bdl = below detection limits (detection limits for Li = 2 12E‐02; F = 4 78E‐02; Br = 1 91E‐01).

Figure 3: Sampling system for the bubbling gases off Zannone
(depth in the range of 120-150m bsl). The ROV was equipped
with a homemade sampling system composed of four small
funnels connected to 240ml serum-type bottles. The system, fitted
to the front of the ROV, allows to collect bubbles by placing the
funnel on the venting gases (see text for more information).
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The chemical composition of the dissolved and bubbling
gases was determined by gas chromatography (GC) using an
Agilent equipped with a double TCD-FID detector and
argon as carrier gas. Typical analytical uncertainties were
within ±5%. The bubbling gas samples had been admitted
to the GC by a syringe, while the dissolved gases were
extracted from the 240ml water samples after equilibration
at constant temperature with a host gas (high-purity argon)
injected into the sample bottle through the rubber septum
(for further details see [45, 46]).

The He-isotope ratio in the bubbling gases was analyzed
by the injection of the gas to the purification line directly
from the sample bottles. The isotope composition of dis-
solved He was analyzed by headspace equilibration, follow-
ing the method proposed by Italiano et al. [46]. After
purification in the high vacuum, He and Ne were then cryo-
genically separated and admitted into mass spectrometers.
The 3He/4He ratio was determined by a GVI Helix SFT static
vacuum mass spectrometer. The 4He/20Ne ratio was evalu-
ated by peak intensities on the same Helix SFT mass spec-
trometer. Helium isotope composition is expressed as R/Ra,
namely, 3He/4He of the sample versus the atmospheric
3He/4He (RA = 1 386 × 10−6). Some values were corrected
for the atmospheric contamination of the sample (RC/RA)
on the basis of the 4He/20Ne ratio [47]. Typical uncertainties
in the range of low 3He samples are within ±5%.

The carbon isotope composition of CO2 (δ13C) of the
bubbling gases was analyzed by a Delta Plus XP IRMS
equipped with a Thermo TRACE GC interfaced with
Thermo GC/C III. The Thermo TRACE gas chromatograph
was equipped with a Poraplot-Q column (30m × 0 32mm
i.d.), and the oven was held at a constant temperature of
50°C with the flow rate of carrier gas (He 5.6 grade) kept at
a constant flux of 0.8 cc/min.

δ13C values of the total dissolved carbon (δ13CTDC) were
measured on 0.2ml of water sample introduced in bottles
where high-purity helium was injected to remove atmo-
spheric CO2 (Thermo Scientific GasBench II). The device
consists of an autosampler tray kept in a thermostatic rack.
150–200 μl of 100% H3PO4 was automatically injected into
the vials kept at 70°C for 18 h. Then, the temperature of the
thermostatic rack was lowered to 25°C, and the carbon iso-
tope composition of CO2 produced by acidification was ana-
lyzed by a Thermo Scientific Delta V Advantage continuous
flow mass spectrometer coupled with Thermo Scientific
GasBench II. The results are reported as δ13C‰ vs. V-PDB
(Vienna-Pee Dee Belemnite) standard; standard deviation
of the 13C/12C ratio was ±0.15‰.

4. Results

The analytical results including chemical isotopic ratios of
helium, carbon, and 4He/20Ne are listed in Tables 2, 3,
and 4. Data for local seawater composition are reported
as a reference. The hot waters discharged by hydrothermal
vents at Zannone show an outlet temperature up to 60°C.
The concentration of the major ions (Na+, K+, Mg2+, Ca2+,
Cl-, SO4

2-, and HCO3
-) is particularly high with respect to

those of local seawater (Table 2), and Cl is the dominant

anion in all samples, with a concentration approximately
higher by 10% than seawater.

The composition of the dissolved gases from offshore
Zannone is listed in Table 3 and expressed in ccSTP/L (cm3

at Standard Temperature and Pressure per liter of seawater).
The concentrations of dissolved CO2, CH4, and CO are
orders of magnitude higher than those in the ASSW
(air-saturated seawater).

Bubbling gases from the submarine gas vents of Zannone
and Ventotene show a dominance of CO2 with concentra-
tions above 90% by vol (Table 3). The typical atmospheric
species O2 and N2 display low values: O2 in the range of
0.16% vol at both localities, whereas the N2 content increases
from 1.4% at Ventotene to 3.4% at Zannone. The CH4
concentration is below 1%.

The 3He/4He isotope ratios in the dissolved gases
show values similar to those of atmospheric air
(3He/4He = 1 386 × 10−6). The 4He/20Ne ratio (Table 4)
shows a slight deviation from 0.283 which is assumed to be
representative for 4He/20Ne in ASSW [48]. The 4He/20Ne
ratio of the bubbling gases is above 25 indicating low atmo-
spheric contamination, whereas the R/Ra (3He/4He of the
sample versus the atmospheric 3He/4He) ratio increases from
1.33 Ra at Ventotene (sample #19) to 3.72-3.75 Ra at
Zannone (samples #17 and 18).

The δ13CCO2 values for the bubbling gases from Zannone
are -0.71 and -6.16‰ (samples #17 and 18), while those
of δ13CTDC determined in the dissolved gases ranges
between -0.35‰ and -1.51‰ (Table 4). In contrast, the
bubbling gases from Ventotene (sample #19) display a posi-
tive δ13CCO2 value (1.93‰). In this study, the carbon isotope
composition of methane was determined in the bubbling
gases from Zannone (samples #17 and 18) only, and the
recorded values are -45.5 and -44.2‰ (Table 4).

5. Discussion

5.1. Marine and Thermal Waters. The scenario of the hydro-
thermal fluids vented at the Pontine Island seafloor is very
similar in terms of deposits, gas bubbles, and thermal waters
seepage to that of the submarine environment of the Aeolian
Islands and other hydrothermal systems of the Mediterra-
nean area. As shown by the analytical results, the geochemi-
cal features of the waters and gases collected off Zannone and
Ventotene are also very similar to those taken off the Greek
Islands (e.g., Milos and Kos [49–51]) and the Aeolian Islands
(e.g., Panarea [52]).

As already observed, for the thermal waters vented off
Panarea Island [52], the water samples from Zannone are
enriched in anions and cations with respect to those of
the local seawater (Table 2). The distribution of samples
in the Na vs. Cl and Na+K vs. Ca diagrams (Figures 4(a)
and 4(b)) suggests the existence of a “concentrated seawater,”
likely related to boiling of seawater heated by the ascending
hot gases. The release of calcium and potassium from host
rocks, and the consequent concentration increase of those
cations into the thermal waters with respect to the local sea-
water, can be explained by exchange reactions enhanced by
H+ from the acidic volcanic fluids. As an example, a reaction

5Geofluids



like 1 5KAlSi3O8 + H+ = 0 5KAl3Si3O10 OH 2 + K+ + 3SiO2
is a typical hydrothermal alteration moving potassium from
K-feldspars to hydrothermal fluids. Similar alteration reac-

tions involving plagioclase and other minerals of the volcanic
rocks are responsible for the enrichment in calcium and
sodium [52, 53].

Table 4: Helium and carbon isotopic composition of the dissolved (D) and bubbling gases (B). The 3He/4He ratios are normalized to the
atmospheric helium isotopic composition and expressed as R/Ra where R is the isotopic ratio of the sample and Ra the atmospheric one.

Sample ID Site Depth (m) Type Sampling method R/Ra He/Ne R/Rac Error δ13CCO2 δ13CCH4 δ13CTDIC CO2/
3He

5 Z1 134 D Niskin 0.91 0.283 — 0.0152 — n.a. -0.52

9 Z2 127 D Niskin 0.91 0.316 — 0.0143 — n.a. -1.51

13 ZDA 120 D Niskin 0.80 0.344 — 0.0140 — n.a. -0.35

14 ZDA 147 D Niskin 0.87 0.511 — 0.0178 — n.a. -0.53

17 Z2 127 B ROV 3.72 92.19 3.73 0.0325 -0.71 -45.50 — 5 86E + 09
18 Z2 125 B ROV 3.75 51.78 3.76 0.0302 -6.16 -44.28 —

19 VEN 80 B Two-way glass bottle 1.33 25.26 1.34 0.0230 1.93 n.a — 1 14E + 11
11-BT1∗ ZGP 129 B ROV 3.49 7.71 3.60 0.02420 n.a. -43.70 —

12-BT1∗ ZGP 129 B ROV 3.50 7.11 3.62 0.02434 n.a. n.a. —

13-BT4∗ ZGP 127 B ROV 3.41 5.47 3.56 0.02395 n.a. n.a. —

R/Rac is the
3He/4He ratio corrected for the atmospheric contamination (see text for details). n.a. = not analyzed; ∗ Data and labels after Martorelli et al. [27].

Table 3: Chemical composition of the dissolved (D) and bubbling gases (B).

Sample ID Site Depth (m) Type Sampling method He H2 O2 N2 CO CH4 CO2

1 Z1 20 D Niskin bdl bdl 3.53 9.24 2 69E‐05 3 1E‐04 0.46

2 Z1 50 D Niskin bdl bdl 3.36 9.66 2 69E‐05 3 8E‐04 0.48

3 Z1 80 D Niskin bdl 1 53E‐04 3.79 9.40 2 15E‐05 3 8E‐04 0.46

4 Z1 100 D Niskin bdl bdl 3.79 9.82 2 85E‐05 4 7E‐04 0.64

5 Z1 134 D Niskin bdl 1 87E‐04 3.56 6.66 2 07E‐05 3 7E‐04 0.53

6 Z2 50 D Niskin bdl bdl 3.74 9.56 1 71E‐05 4 7E‐04 0.42

7 Z2 80 D Niskin bdl bdl 3.63 9.37 2 85E‐05 4 0E‐04 0.45

8 Z2 100 D Niskin bdl bdl 4.38 9.49 bdl 3 0E‐04 0.42

9 Z2 127 D Niskin bdl bdl 3.55 9.81 2 69E‐05 4 6E‐04 0.64

10 ZDA 50 D Niskin bdl 1 68E‐03 4.16 8.06 bdl 6E‐05 0.41

11 ZDA 80 D Niskin bdl 6 28E‐04 4.43 8.93 bdl 1 22E‐04 0.43

12 ZDA 100 D Niskin bdl bdl 2.61 6.50 9 11E‐05 2 9E‐04 0.41

13 ZDA 120 D Niskin bdl 1 73E‐04 4.62 9.10 3 98E‐05 1 5E‐04 0.78

14 ZDA 147 D Niskin bdl bdl 4.83 9.84 2 27E‐05 4 9E‐04 0.73

ASSW 4.80E‐05 4.80 9.60 1.0E‐6 0.24

17 Z2 127 B ROV 3 12E‐03 1 19E‐02 0.016 3.410 3 7E‐05 0.985 94.62

17 Rec Z2 127 B ROV 3 12E‐03 1 19E‐02 — 3.353 3 7E‐05 0.986 94.68

18 Z2 125 B ROV 5 63E‐02 1E‐03 15.26 77.57 2 2E‐04 9 0.145

18 Rec Z2 125 B ROV 1 85E‐01 3 28E‐03 — 69.31 7 22E‐04 29 0.475

19 VEN 80 B Two-way glass bottle 4 6E‐04 bdl 0.18 1.37 1 82E‐04 0.163 98.17

11-BT1∗ ZGP 129 B ROV 7 9E‐03 7 0E‐04 1 9E‐04 2 6E‐04 50.94

12-BT1∗ ZGP 129 B ROV 8 2E‐03 9 0E‐04 1 3E‐04 2 6E‐04 55.08

13-BT4∗ ZGP 127 B ROV 5 8E‐03 bdl 1 9E‐04 1 9E‐04 54.22

Dissolved gas concentrations are given in ccSTP per liter of seawater. Bubbling gas composition is expressed in vol%. Values for ASSW (air-saturated seawaters)
are reported as reference. bdl = below detection limits (detection limits for He, H2, and CO in the dissolved gases = 5E‐06 ccSTP; detection limits for He and H2

in the bubbling gases = 2E‐06). Rec = recalculated concentrations; see text for details. ∗Reactive gases and labels after Martorelli et al. [27].
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The chloride concentration is sometimes higher than
that of the local seawater due to phase separation [54] or
from the dissolution of magmatic hydrogen chloride [55].
According to the Na+K vs. Mg diagram (Figure 4(c)),
the water samples are slightly depleted in magnesium in
comparison to a “concentrated seawater” having a Na+K
content of around 13000mg/l. Magnesium is commonly
removed from solution when seawater is heated or dur-
ing high-T reactions with rocks [56, 57]. The general

decrease in magnesium concentration is caused by the for-
mation of Mg-rich secondary minerals during water-rock
reactions [58].

Italiano and Nuccio [52] interpreted all the above-
mentioned features as a mixing of seawater with thermalized
marine waters modified by high-temperature interactions
with the hosting rocks and proposed the existence of a deep
geothermal system fed by magmatic fluids released by a cool-
ing magma body.

25000

24000

23000
15

16

2

13
5

14

9

Cl
–

Na+

22000

21000

SW

20000

19000

18000

17000
10000

0
0 5000 10000 11000 12000 13000 14000 15000 16000

Water samples from Zannone

(a)

600

520

440

360

15

16

2

13 14

9

5

Ca
2+

Na++ K+

SW

0
0 9600 11200 12800 14400 16000

Water samples from Zannone

(b)

15

162

13

5

14

9

M
g2+

Na++ K+

SW

1600

1440

1280

600

2500

Water samples from Zannone

11200 12800 14400 16000
0

0

(c)

Figure 4: Geochemical features of water samples from Zannone. The star indicates the local seawater. (a) Na vs. Cl (mg/l) binary diagram;
(b, c) Ca and Mg vs. Na+K concentrations (mg/l).
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5.2. Bubbling and Dissolved Gases. The analytical results for
all the dissolved gases from Zannone have been plotted in
the CO2-O2-N2 ternary diagram (Figure 5(a)). Samples fall-
ing along the ASSW-CO2 mixing line clearly suggest the
presence of a CO2-rich input. The occurrence of gas-water
interaction (GWI) is highlighted in the O2-CO2-CH4 ternary
diagram (Figure 5(b)) since samples experienced enrichment
in the less soluble species (such as CH4) along with CO2 dis-
solution. Our results for dissolved gases are in agreement
with those reported by Martorelli et al. ([27]; see Table 3
and Figure 4).

The bubbling gases were collected by ROV at Zannone
(125-127m depth; Table 3) and by divers at Ventotene
(80m depth). The ROV sampling techniques provided sam-
ples with variable atmospheric contamination. Sample #19
taken by divers at Ventotene and one sample (#17) collected
by ROV in 2017 at Zannone are CO2-dominated (94.6-
98.1 vol%) and thus denote theirmagmatic origin as expected.
Gas-water interaction (GWI) processes may however affect
the final composition of gases collected in the marine
environment causing (i) the dissolution of highly soluble
species, (ii) CO2 fractionation, and (iii) enrichment in
atmospheric components dissolved in seawater (i.e., N2
and O2).

Contrastingly, sample #18 in Table 3 displays high
amounts of atmospheric-derived components (O2 and N2)
associated with a very low CO2 and high CH4 and helium
contents. Besides the high O2 and N2 content, that is related
to atmospheric contamination of the sample, the high helium
and CH4 concentrations (564 ppm and 9% by volume,
respectively) are worth of notice, as a consequence of a
large extent of GWI. Considering that the gases released
by hydrothermal systems derive from reducing environ-
ments and are thus expected to be O2 free, we recalculated

their composition subtracting the atmospheric contamina-
tion. Assuming that sample #17, after the removal of air con-
tamination, represents the pristine gas concentration, we
restored the gas composition considering the concentration
ratios of the less soluble gases (He/CH4, He/N2). Table 3
displays for gas samples #17 and 18 both the analytical results
and the recalculated gas composition (labeled as “Rec”).

The isotopic analysis of helium of sample #17 provides a
further indication that only the sampling bottle used for the
gas-chromatographic analysis suffered an accidental contam-
ination. As shown in Table 4, both samples #17 and 18
display consistent results with high 4He/20Ne ratios denoting
negligible air contamination.

5.3. Origin of the Vented Fluids. The helium isotope ratios
determined for all the dissolved gases collected within the
hydrothermal field off Zannone show atmospheric contami-
nation to variable extents as revealed by the 4He/20Ne ratios
close to the atmospheric one (0.283; [48]). On the R/Ra
(uncorrected) vs. 4He/20Ne diagram in Figure 6, they cluster
very close to the typical ASSW (air-saturated seawater) end-
member. On the other hand, the bubbling gases sampled at
Ventotene and Zannone suffer a negligible atmospheric con-
tamination as shown by the high 4He/20Ne ratio (>25). The
corrected values range from 1.34 at Ventotene (sample #19)
to 3.73-3.76 at Zannone (samples #17 and 18), clearly indi-
cating a contribution of mantle-derived He [59]. On the
R/Ra (uncorrected) vs. 4He/20Ne diagram (Figure 6), the
bubbling gases from Ventotene and Zannone plot in the
intermediate zone separating the uncontaminated MORB
and the crustal ranges, relatively close to the binary mixing
line between an atmospheric and a contaminated mantle
source. The 3He/4He ratio (3.72-3.75Ra) observed at
Zannone (samples #17 and 18) is comparable to those at

N2
1000

20

40 2 718
11
10

14
513

4
9

3

60

80

100

0 20
CO2 × 10 O2

40 60 80

Dissolved gases from Zannone

100

80

60ASSW

40

20

0

(a)

O2

CO2 × 5 CH4 × 104

Dissolved gases from Zannone

ASSW

CO
2

 in
jec

tio
n

CO
2
 dissolution

CH
4  addition

1000

20

40

60

80

100

0 20 40 60 80 100

80

6010
11

13
12

1
8
2 3 6

7
49

14

40

20

0

(b)

Figure 5: Geochemical relationships for dissolved gases. The star indicates the ASSW (air-saturated seawater). (a) The relative concentrations
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Stromboli, Panarea, and Basiluzzo (2.8-4.4 Ra; [16, 60]),
while the lower value (1.33Ra) observed at Ventotene
(sample #19) displays a strong affinity with the helium iso-
tope composition of gases from the Roman Comagmatic
Province (lower than 2Ra; [61, 62]). It is worth of notice that
the helium isotopic ratios (Table 4) for samples collected off
Zannone in 2014 and 2017 provide consistent results with
3He/4He in the range of 3.56-3.70Ra that highlight the mag-
matic contribution to the vented gases. Outcomes from the
R/Ra (uncorrected) vs. 4He/20Ne diagram (Figure 6) suggest
that the helium isotope composition in the gases from
Zannone and Ventotene can be interpreted as a mixture of
a mantle and a crustal component or a fractionated He
depleted in 3He because of the long-lasting degassing of the
magmatic bodies; however, it denotes the presence of
magmatic gases in agreement with the chemical composition.

The carbon isotope composition of methane (in the range
from -45.5 to -44.2‰) in the bubbling gases from Zannone
(samples #17 and 18) indicates a clear thermogenic deriva-
tion ruling out any biogenic contribution. The inorganic ori-
gin of the hydrothermal gases is confirmed by the δ13CCO2,
being -0.71‰ (sample #17) and -6.16‰ (sample #18) and
by the δ13CTDC of the CO2 dissolved in the water samples
ranging from -1.51‰ to -0.35‰. As CO2 is a common gas
coming from a variety of sources marked by different δ13C
signatures, the typical isotopic signature of the different
sources has to be considered. Typical δ13C values for some
of them are organic CO2 in the range of -24‰ [63], mantle
CO2 δ

13C = ‐6 ± 2‰ [64], and CO2 from marine carbonates
δ13C = ∼0 ± 2‰ [65]. Moreover, the high reactivity of carbon
dioxide and its high solubility in marine waters are responsi-
ble fractionation processes able to modify the pristine isotope
composition. Therefore, identifying the exact source/sources

involved in the CO2 production is not always possible using
only CO2 data. According to these limitations, the isotope
signature of the CO2 from Zannone (δ13CCO2 = ‐0 71 and
-6.16‰) could be carefully considered as a mixture of a
gaseous contribution derived from a crustal source and a
magmatic CO2 component. The heavier value obtained for
the bubbling gases from Ventotene (δ13CCO2 = 1 93‰ ; sam-
ple #19) can be interpreted as a stronger contribution of
“crustal” CO2 or, alternatively, it highlights a less GWI
during gas uprising. Considering the CO2/

3He ratios of
samples #17 and 19 (Zannone and Ventotene islands;
Table 4) besides the δ13CCO2 values, a higher contribution
of crustal, probably limestone-type products, can be pro-
posed for gases vented at Ventotene in contrast to a larger
contribution of magmatic-type volatiles for Zannone island.

According toMartorelli et al. [27], the mantle component
identified in the hydrothermal fluids currently vented off-
shore Zannon originates in residual magma batches intruded
into the crust and never erupted. Direct mantle degassing has
been excluded [27] due to permeability limitations induced
by the local crustal thickness of about 25 km (see Italiano
et al. [66] for further information). Considering that the
crustal thickness all along the Tyrrhenian margin of Central
Italy is comparable [67], we may also expect that the
mantle-derived signature identified at Ventotene is related
to the degassing of magma bodies intruded at a relatively
shallow crustal level.

With regard to the crustal component, recent studies (i.e.,
Martelli et al. [68, 69]) pointed out that the Plio-Quaternary
volcanic activity from the Roman Comagmatic Province and
from the central and eastern sectors of the Aeolian Island
reflects an origin in a mantle source contaminated by crustal
fluids related to the subduction of the Ionian-Adriatic plate.
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Figure 6: Helium isotopic ratios (as R/Ra) and 4He/20Ne relationships. The theoretical black lines represent binary mixing trends for
atmospheric helium with helium from crust and mantle sources. The assumed end-members are ASSW (yellow star) with Ra = 1 and
He/Ne ratio = 0 267; crust with R/Ra = 0 01 and 4He/20Ne = 5000; MORB-type mantle with R/Ra = 8 and 4He/20Ne = 1000;
contaminated mantle by crustal fluids due to subduction of continental crust having Ra = 3 5 and 4He/20Ne = 1000. Data for bubbling
gases from Panarea and Basiluzzo [16], Stromboli [60], Vulsini [61], and Alban Hills [62] are plotted for comparison.
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Moreover, Conte et al. [40] assumed that the genesis of the
Pontine magmas has to be referred to as partial melting
processes of a mantle source contaminated by crustal compo-
nents recycled via subduction. Hence, contamination of the
mantle reservoir might be the main factor responsible for
the crustal component observed in the hydrothermal fluids.

In order to constrain the magmatic source of the geother-
mal fluids, the R/Rac-

87Sr/86Sr diagram (He-Sr relationship)
is used (Figure 7). The plot shows binary mixing trends
between a crustal end-member and two mantle end-
members represented by MORB and SCEM (Subcontinental
European Mantle; [70]). He and Sr data from volcanic edi-
fices of the Tyrrhenian area have also been plotted for com-
parison; most of them refer to values obtained for the same
rock sample [15, 68]. The He isotopic ratio observed at
Zannone was interpreted [27] as a degassing of cooling
mantle-derived magmas having a composition similar to
the Pleistocene trachytes (i.e., the Ventotene basalts/trachy-
basalts). With regard to the hydrothermal fluids emitted
SW of Ventotene Island, three different Pleistocene samples
belonging to the shoshonitic-type suite outcropping over
the island are plotted assuming that those rock types release
helium with the same isotopic ratio determined in the
bubbling gas (1.34Rac). The Sr isotopic ratios for those

rocks are basalts 87Sr/86Sr = 0 70709 [71], trachybasalts
87Sr/86Sr = 0 70758 [71], and phonolites87Sr/86Sr = 0 7089
[72]. The diagram highlights that the helium isotope ratio
of 1.34Rac is consistent with a crust-mantle mixture for all
the three Ventotene samples, as they plot within the 5 and
10 binary mixing lines between the values of Roccamonfina
and those of the Roman Comagmatic Province (Alban Hills
and Vulsini). These results suggest that the Ventotene
gases may be deriving from a magmatic source, simply
reproducing a crust-mantle mixture. Both basic (basaltic/-
trachybasaltic) and intermediatemagmas (phonolitic) derived
from a contaminated mantle source can attain the recorded
helium isotopic ratio. Furthermore, they rule out the possi-
bility that the current exhalative activity can be supplied by
acidic magmas of anatectic origin.

5.4. Geothermometric and Geobarometric Considerations.
Following the assumption that the submarine hydrothermal
fluids vented at Zannone and Ventotene may equilibrate
inside a geothermal reservoir at some level beneath the sea-
floor, we propose the existence of a reservoir kept at boiling
conditions by the thermal energy released by cooling magma
batches intruded at shallow crustal levels. We constrained
the chemical-physical conditions (pressure, temperature,
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Figure 7: 87Sr/86Sr versus R/Rac for solid and gas samples from the Tyrrhenian area (modified after Martorelli et al. [27]). The lines are binary
mixing between MORB-type mantle and SCEM-type mantle (Subcontinental European Mantle; Dunai and Baur [70]) with a crustal end-
member. Numbers (2, 5, 10, and 20) indicate the k value (k = He/Sr crust/ He/Sr mantle) for each curve. Assumed values for mantle and
crust end-members: 3He/4Heradiogenic = 0 01 Ra [77]; 3He/4HeMORB = 8Ra [78]; 3He/4HeSCEM = 6 5Ra [70]; 87Sr/86Srradiogenic = 0 720 [79];

and 87Sr/86Srasthenosphere = 0 7030 [80]. Hecont crust = 5 × 10−5 cm3 STP/g [81]; HeHIMU = 5 × 10−7 cm3 STP/g [78]; Srcont crust = 333 ppm [82];
and SrMORB = 16 4 ppm [83]. Data after D'Antonio et al. [71], Barberi et al. [72], Martelli et al. [68], and Italiano et al. [15].
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and redox) that buffer the chemical composition of the
hydrothermal fluids at the reservoir level, using the reac-
tive gases CO, CH4, and CO2 as already used for geother-
mometric and geobarometric estimations in geothermal
systems (e.g., Giggenbach [73], Fiebig et al. [74], and refer-
ences therein) and also for submarine hydrothermal fluids
[52]. Among the reactive gases, hydrogen was not consid-
ered due to its reactivity that causes unpredictable H2
losses during fluid upraising.

Giggenbach [75] and Italiano and Nuccio [52]
observed how the temperature estimations based on the
system H2O, CO2, CH4, and CO assumed to be at boiling
conditions are reasonably valid in the range between 100
and 400°C.

In the case of the fluids vented off the Zannone and
Ventotene islands, further assumptions and limitations are
taken into account as we deal with fluids collected at a depth
greater than 120m bsl. Considering the very high CO2
solubility in seawater during gas-water interaction (GWI)
processes and the observed enrichment of CO and CH4
(Table 3), we expect that the CO2/CO and CO2/CH4 ratios
have been modified during thermal fluid upraise. As
observed by Italiano et al. [44], the system adopted is more
sensitive to the CO and CH4 concentrations than that of
CO2, implying that although GWI induces modifications in
the chemical composition, the estimated equilibrium temper-
atures do not change very much even in the case of, even
large, CO2 content changes. The solubility coefficients of
CO and CH4 are similar and about one order of magnitude
lower than that of CO2; thus, they do not alter their abun-
dance ratios (see Section 2 of Supplementary Materials
(available here)). Moreover, the slow CO and CH4 reaction
kinetics allows them to keep the deep equilibrium conditions
during fluids’ upraising. Equations (5) and (6) in Section 1 of
Supplementary Materials show how the equilibrium con-
stants are a function of temperature and oxygen fugacity.
The water molecule dissociation (H2O =H2 + ½O2) is a
function of temperature, and the f O2 is buffered by the
mineral assemblage (quartz, olivine, hematite, magnetite,
and nickel) of the host volcanic rocks.

Only the bubbling gases are considered for the geother-
mometric estimations, and the results plotted on the already
adopted temperature f O2 graph (Figure 8(a)) show that even
in the case of the Pontine Islands, the samples fall between
two theoretical f O2 buffers proving that equilibrium is
attained at the geothermal system level. The estimations
show equilibrium temperatures of 156°C for Zannone
(sample #17) and 213°C for Ventotene (sample #19). These
results indicate the existence of a geothermal system
beneath each of the two islands. The estimated geotempera-
tures have been used to constrain the depth of the geother-
mal reservoir, namely, its PH2O according to the T–PH2O
relationship for 2M and NaCl-saturated waters (log f H2O =
5 479‐2047/T; [76]). PH2O results to be of 5 and 20 bar at
Zannone (sample #17) and Ventotene (sample #19), respec-
tively (Figure 8(b)). Moreover, the geothermometric and
geobarometric estimations for the bubbling gases collected
at Zannone by Martorelli et al. [27] (samples 11-BT1, 12-
BT1, and 13-BT4 in Table 3) indicate consistent results

with equilibrium temperatures in the range of 190-200°C
and PH2O of 13-18 bars (Figure 8).

6. Concluding Remarks

The Zannone and Ventotene offshore is widely floored by
hydrothermal features. Active seeping occurs along regional
tectonic lineaments affecting the Central Tyrrhenian conti-
nental margin. Faults and fractures create several releasing
zones broadly marked by different fluid-escape morphologies
such as cones, mounds, and pockmarks. The vented fluids are
composed of bubbling gases and hot thermal waters dis-
charged at temperatures up to 60°C. The occurrence of
GWI processes, highlighted by the chemical composition of
dissolved and bubbling gases, is responsible for the geochem-
ical features of the collected gas phase. Helium and carbon
isotope analyses indicate that geothermal fluids are the result
of a mixing of mantle and crustal components: the mantle
component comes from residual magma batches intruded
at shallow crustal depths, whereas the crustal contribution
mainly reflects the metasomatism of the upper mantle by
crustal fluids recycled via subduction of the Adriatic plate.

Geothermobarometric estimations as well as the
chemical composition of fluids collected in the Pontine
Archipelago (marine waters, hot thermal waters, and bub-
bling gases) mark the occurrence of geothermal systems
located at various depths beneath the seafloor. The vented
thermal waters display the enrichment of major ions in com-
parison to the local seawater, reflecting mixing of seawater
with marine water modified by high-temperature interaction
with the hosting rocks. The calculated equilibrium tempera-
tures fall in the range 150-400°C already estimated for the
Aeolian Islands (Figure 8). At Zannone and Ventotene, the
helium isotopic signature (1.34-3.76Rac) clearly indicates a
magmatic input probably provided by the same cooling
magmatic bodies trapped in the shallow crust that feed the
geothermal reservoirs. Our future challenge is to search for
brand new hydrothermal features on the seafloor all around
the Pontine Islands in order to constrain the total energy
budget for the Pontine Archipelago.

Data Availability

The data on gas and water geochemistry used to support the
findings of this study are included within the article. In order
to strengthen our assumptions, we used some geochemical
data from previously reported studies which have been cited.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was financially supported by Ritmare funds. The
authors are extremely grateful to Francesco Salerno, Mariano
Tantillo, Aldo Sollami, and Ygor Oliveri for their support in
the laboratory work. The authors wish to thank Mr. Roberto

12 Geofluids



Rinaldi for his invaluable discovery and sampling of the gas
bubbling of Ventotene.

Supplementary Materials

The supplementary materials detail the method applied
in this paper to calculate the equilibrium temperatures
(Section 1). Moreover, the solubility coefficients of the main
species composing the hydrothermal gas emissions are listed
in Section 2. (Supplementary Materials)

References

[1] A. Malinverno and W. B. F. Ryan, “Extension in the Tyrrhe-
nian Sea and shortening in the Apennines as result of arc
migration driven by sinking of the lithosphere,” Tectonics,
vol. 5, no. 2, pp. 227–245, 1986.

[2] L. Jolivet and C. Faccenna, “Mediterranean extension and
the Africa-Eurasia collision,” Tectonics, vol. 19, no. 6,
pp. 1095–1106, 2000.

[3] R. Sartori, “The Tyrrhenian backarc basin and subduction of
the Ionian lithosphere,” Episodes, vol. 26, no. 3, pp. 217–221,
2003.

[4] C. Faccenna, C. Piromallo, A. Crespo-Blanc, L. Jolivet, and
F. Rossetti, “Lateral slab deformation and the origin of the
western Mediterranean arcs,” Tectonics, vol. 23, no. 1, 2004.

[5] A. Argnani and C. Savelli, “Cenozoic volcanism and tectonics
in the southern Tyrrhenian Sea: space-time distribution and
geodynamic significance,” Journal of Geodynamics, vol. 27,
no. 4-5, pp. 409–432, 1999.

[6] A. Peccerillo, “Potassic and ultrapotassic magmatism: com-
positional characteristics, genesis and geologic significance,”
Episodes, vol. 15, no. 4, pp. 243–251, 1992.

[7] A. Peccerillo, “Multiple mantle metasomatism in Central-
Southern Italy: geochemical effects, timing and geodynamic
implications,” Geology, vol. 27, no. 4, pp. 315–318, 1999.

[8] A. Peccerillo, Ed., Plio-Quaternary Volcanism in Italy.
Petrology, Geochemistry, Geodynamics, Springer-Verlag Berlin
Heidelberg, 2005.

[9] A. Peccerillo, Ed., Cenozoic Volcanism in the Tyrrhenian Sea
Region, Springer International Publishing, 2nd edition, 2017.

[10] M. Lustrino, “Phanerozoic geodynamic evolution of the
circum-Italian realm,” International Geology Review, vol. 42,
no. 8, pp. 724–757, 2000.

[11] C. Savelli, “Late Oligocene to recent episodes of magmatism in
and around the Tyrrhenian Sea: implications for the processes
of opening in a young inter-arc basin of intra-orogenic
(Mediterranean) type,” Tectonophysics, vol. 146, no. 1-4,
pp. 163–181, 1988.

[12] C. Savelli, “Two-stage progression of volcanism (8–0 Ma) in
the Central Mediterranean (southern Italy),” Journal of Geody-
namics, vol. 31, no. 4, pp. 393–410, 2001.

[13] J. Lupton, C. de Ronde, M. Sprovieri et al., “Active hydrother-
mal discharge on the submarine Aeolian Arc,” Journal of
Geophysical Research, vol. 116, no. B2, 2011.

[14] S. L. Walker, S. Carey, K. L. Bell et al., Near-bottom water
column anomalies associated with active hydrothermal venting
at Aeolian arc volcanoes, Tyrrhenian Sea, Italy, American
Geophysical Union, 2012.

[15] F. Italiano, A. de Santis, P. Favali, M. Rainone, S. Rusi, and
P. Signanini, “The Marsili volcanic seamount (southern

Tyrrhenian Sea): a potential offshore geothermal resource,”
Energies, vol. 7, no. 7, pp. 4068–4086, 2014.

[16] F. Italiano, “Hydrothermal fluids vented at shallow depths
at the Aeolian islands: relationships with volcanic and geo-
thermal systems,” FOG Freiberg Online Geology, vol. 22,
pp. 55–60, 2009.

[17] T. L. Maugeri, G. Bianconi, F. Canganella et al., “Shallow
hydrothermal vents in the southern Tyrrhenian Sea,” Chemis-
try and Ecology, vol. 26, Supplement 1, pp. 285–298, 2010.

[18] T. Monecke, S. Petersen, M. D. Hannington et al., “Explosion
craters associated with shallow submarine gas venting off
Panarea island, Italy,” Bulletin of Volcanology, vol. 74, no. 9,
pp. 1937–1944, 2012.

[19] S. Graziani, S. E. Beaubien, S. Bigi, and S. Lombardi, “Spatial
and temporal pCO2 marine monitoring near Panarea Island
(Italy) using multiple low-cost GasPro sensors,” Environmen-
tal Science & Technology, vol. 48, no. 20, pp. 12126–12133,
2014.

[20] M. Loreto, F. Pepe, R. De Ritis et al., “On the relationships
between tectonics and volcanism in the offshore Capo Vati-
cano, SE Tyrrhenian Sea, during the Plio-Pleistocene,” Rendi-
conti Online della Società Geologica Italiana, vol. 31, no. 1,
pp. 85–98, 2014.

[21] M. F. Loreto, F. Italiano, D. Deponte, L. Facchin, and F. Zgur,
“Mantle degassing on a near shore volcano, SE Tyrrhenian
Sea,” Terra Nova, vol. 27, no. 3, pp. 195–205, 2015.

[22] S. Passaro, S. Genovese, M. Sacchi et al., “First hydroacoustic
evidence of marine, active fluid vents in the Naples Bay
continental shelf (Southern Italy),” Journal of Volcanology
and Geothermal Research, vol. 285, pp. 29–35, 2014.

[23] S. Passaro, S. Tamburrino, M. Vallefuoco et al., “Seafloor dom-
ing driven by degassing processes unveils sprouting volcanism
in coastal areas,” Scientific Reports, vol. 6, no. 1, article 22448,
2016.

[24] J. Heinicke, F. Italiano, R. Maugeri et al., “Evidence of tectonic
control on active arc volcanism: the Panarea-Stromboli
tectonic link inferred by submarine hydrothermal vents
monitoring (Aeolian arc, Italy),” Geophysical Research Letters,
vol. 36, no. 4, 2009.

[25] A. Cadoux, D. L. Pinti, C. Aznar, S. Chiesa, and P. Y. Gillot,
“New chronological and geochemical constraints on the gene-
sis and geological evolution of Ponza and Palmarola volcanic
islands (Tyrrhenian Sea, Italy),” Lithos, vol. 81, no. 1-4,
pp. 121–151, 2005.

[26] M. Ingrassia, E. Martorelli, A. Bosman, L. Macelloni,
A. Sposato, and F. L. Chiocci, “The Zannone Giant Pockmark:
first evidence of a giant complex seeping structure in shallow-
water, central Mediterranean Sea, Italy,” Marine Geology,
vol. 363, pp. 38–51, 2015.

[27] E. Martorelli, F. Italiano, M. Ingrassia et al., “Evidence of a
shallow water submarine hydrothermal field off Zannone
Island from morphological and geochemical characterization:
implications for Tyrrhenian Sea Quaternary volcanism,”
Journal of Geophysical Research: Solid Earth, vol. 121,
no. 12, pp. 8396–8414, 2016.

[28] R. Bartole, D. Savelli, M. Tramontana, and F. C. Wezel, “Struc-
tural and sedimentary features in the Tyrrhenian margin off
Campania, southern Italy,” Marine Geology, vol. 55, no. 3-4,
pp. 163–180, 1984.

[29] D. De Rita, R. Funiciello, D. Pantosti, F. Salvini, A. Sposato,
and M. Velonà, “Geological and structural characteristics of

13Geofluids

http://downloads.hindawi.com/journals/geofluids/2019/8759609.f1.pdf


the Pontine Islands (Italy) and implications with the evolution
of the Tyrrhenian margin,” Memorie della Societa Geologica
Italiana, vol. 36, no. 7, pp. 55–65, 1986.

[30] N. Zitellini, M. Marani, and A. Borsetti, “Post-orogenic
tectonic evolution of Palmarola and Ventotene basins (Pontine
Archipelago),” Memorie della Societa Geologica Italiana,
vol. 27, pp. 121–131, 1984.

[31] M. I. Marani, M. A. Taviani, F. A. Trincardi, A. Argnani, A. M.
Borsetti, and N. Zitellini, “Pleistocene progradation and post-
glacial events of the NE Tyrrhenian continental shelf between
the Tiber river delta and Capo Circeo,” Memorie della Societa
Geologica Italiana, vol. 36, pp. 67–89, 1986.

[32] M.Marani and N. Zitellini, “Rift structures and wrench tecton-
ics along the continental slope between Civitavecchia and C.
Circeo,” Memorie della Societa Geologica Italiana, vol. 35,
no. 2, pp. 453–457, 1986.

[33] A. Frepoli and A. Amato, “Contemporaneous extension and
compression in the Northern Apennines from earthquake
fault-plane solutions,” Geophysical Journal International,
vol. 129, no. 2, pp. 368–388, 1997.

[34] L. Carmignani and R. Kligfield, “Crustal extension in the
northern Apennines: the transition from compression to
extension in the Alpi Apuane core complex,” Tectonics,
vol. 9, no. 6, pp. 1275–1303, 1990.

[35] S. Stein and G. F. Sella, “Pleistocene change from convergence
to extension in the Apennines as a consequence of Adria
microplate motion,” in The Adria Microplate: GPS Geodesy,
Tectonics and Hazards, N. Pinter, G. Gyula, J. Weber, S. Stein,
and D. Medak, Eds., vol. 61 of Nato Science Series: IV: Earth
and Environmental Sciences, pp. 21–34, Springer, Dordrecht,
Netherlands, 2006.

[36] F. Bellucci, M. Grimaldi, L. Lirer, and A. Rapolla, “Structure
and geological evolution of the island of Ponza, Italy:
inferences from geological and gravimetric data,” Journal of
Volcanology and Geothermal Research, vol. 79, no. 1-2,
pp. 87–96, 1997.

[37] A. M. Conte and D. Dolfi, “Petrological and geochemical
characteristics of Plio-Pleistocene volcanics from Ponza Island
(Tyrrhenian Sea, Italy),” Mineralogy and Petrology, vol. 74,
no. 1, pp. 75–94, 2002.

[38] E. Martorelli, F. L. Chiocci, A. M. Conte, M. Bellino, and
A. Bosman, “Affioramenti vulcanici sottomarini dell'Arcipe-
lago Pontino occidentale: caratteri petrologici e morfoacus-
tici,” in GEOITALIA 2003: 4 Forum Italiano di Scienze Della
Terra - Federazione Italiana di Scienze Della Terra, pp. 16–
18, Bellaria, Italia, 2003.

[39] A. Paone, “Petrogenesis of trachyte and rhyolite magmas on
Ponza Island (Italy) and its relationship to the Campanian
magmatism,” Journal of Volcanology and Geothermal
Research, vol. 267, pp. 15–29, 2013.

[40] A. M. Conte, C. Perinelli, G. Bianchini, C. Natali, E. Martorelli,
and F. L. Chiocci, “New insights on the petrology of submarine
volcanics from the Western Pontine Archipelago (Tyrrhenian
Sea, Italy),” Journal of Volcanology and Geothermal Research,
vol. 327, pp. 223–239, 2016.

[41] N. Métrich, Mecanismes d’evolution a l’origine des magmas
potassiques d’Italie centrale et meridionale. Exemples du Mt.
Somme-Vesuve, des Champs Phlegreens et de l’Ile de Ventotene,
[Ph.D. thesis], University Paris-Sud, Orsay, 1985.

[42] N. Metrich, R. Santacroce, and C. Savelli, “Ventotene, a potas-
sic quaternary volcano in central Tyrrhenian Sea,” Rendiconti

della Società Italiana di Mineralogia e Petrologia, vol. 43,
pp. 1195–1213, 1988.

[43] B. De Vivo, K. Torok, R. A. Ayuso, A. Lima, and L. Lirer,
“Fluid inclusion evidence for magmatic silicate/saline/CO2
immiscibility and geochemistry of alkaline xenoliths from
Ventotene Island, Italy,” Geochimica et Cosmochimica Acta,
vol. 59, no. 14, pp. 2941–2953, 1995.

[44] F. Italiano, A. Sasmaz, G. Yuce, and O. O. Okan, “Thermal
fluids along the East Anatolian Fault Zone (EAFZ): geochem-
ical features and relationships with the tectonic setting,”
Chemical Geology, vol. 339, pp. 103–114, 2013.

[45] F. Italiano, P. Bonfanti, M. Ditta, R. Petrini, and F. Slejko,
“Helium and carbon isotopes in the dissolved gases of Friuli
region (NE Italy): geochemical evidence of CO2 production
and degassing over a seismically active area,” Chemical Geol-
ogy, vol. 266, no. 1-2, pp. 76–85, 2009.

[46] F. Italiano, G. Yuce, I. T. Uysal, M. Gasparon, and G. Morelli,
“Insights into mantle-type volatiles contribution from dis-
solved gases in artesian waters of the Great Artesian Basin,
Australia,” Chemical Geology, vol. 378-379, pp. 75–88,
2014.

[47] Y. Sano and H. Wakita, “Precise measurement of helium
isotopes in terrestrial gases,” Bulletin of the Chemical Society
of Japan, vol. 61, no. 4, pp. 1153–1157, 1988.

[48] J. Holocher, F. Peeters, W. Aeschbach-Hertig et al., “Experi-
mental investigations on the formation of excess air in quasi-
saturated porous media,” Geochimica et Cosmochimica Acta,
vol. 66, no. 23, pp. 4103–4117, 2002.

[49] P. R. Dando, D. Stüben, and S. P. Varnavas, “Hydrothermal-
ism in the Mediterranean Sea,” Progress in Oceanography,
vol. 44, no. 1-3, pp. 333–367, 1999.

[50] W. D’Alessandro, K. Daskalopoulou, S. Calabrese, M. Longo,
K. Kyriakopoulos, and A. L. Gagliano, “Gas geochemistry
and preliminary CO2 output estimation from the island of
Kos (Greece),” in , Article ID 17332EGU General Assembly
Conference Abstracts, vol. 19, Vienna, Austria, 2017.

[51] K. Daskalopoulou, A. L. Gagliano, S. Calabrese et al., “Gas
geochemistry and CO2 output estimation at the island of
Milos, Greece,” Journal of Volcanology and Geothermal
Research, vol. 365, pp. 13–22, 2018.

[52] F. Italiano and P. M. Nuccio, “Geochemical investigations of
submarine volcanic exhalations to the east of Panarea, Aeolian
Islands, Italy,” Journal of Volcanology and Geothermal
Research, vol. 46, no. 1-2, pp. 125–141, 1991.

[53] F. Italiano and C. Caruso, “Detection of fresh and thermal
waters over an island with extinct volcanism: the island of
Salina (Aeolian arc, Italy),” Procedia Earth and Planetary
Science, vol. 4, pp. 39–49, 2011.

[54] K. L. Von Damm, L. G. Buttermore, S. E. Oosting et al., “Direct
observation of the evolution of a seafloor ‘black smoker’ from
vapor to brine,” Earth and Planetary Science Letters, vol. 149,
no. 1-4, pp. 101–111, 1997.

[55] A. H. Truesdell, J. R. Haizlip, H. Armannsson, and
F. D'Amore, “Origin and transport of chloride in superheated
geothermal steam,” Geothermics, vol. 18, no. 1-2, pp. 295–304,
1989.

[56] R. M. Prol-Ledesma, C. Canet, M. A. Torres-Vera, M. J.
Forrest, and M. A. Armienta, “Vent fluid chemistry in Bahía
Concepción coastal submarine hydrothermal system, Baja
California Sur, Mexico,” Journal of Volcanology and Geo-
thermal Research, vol. 137, no. 4, pp. 311–328, 2004.

14 Geofluids



[57] E. Valsami-Jones, E. Baltatzis, E. H. Bailey et al., “The geo-
chemistry of fluids from an active shallow submarine
hydrothermal system: Milos island, Hellenic volcanic arc,”
Journal of Volcanology and Geothermal Research, vol. 148,
no. 1-2, pp. 130–151, 2005.

[58] H. D. Schulz and M. Zabel, Eds., Marine Geochemistry,
Springer-Verlag Berlin Heidelberg, 2nd edition, 2006.

[59] C. J. Ballentine, R. Burgess, and B. Marty, “Tracing fluid origin,
transport and interaction in the crust,” Reviews in Mineralogy
and Geochemistry, vol. 47, no. 1, pp. 539–614, 2002.

[60] S. Inguaggiato and A. Rizzo, “Dissolved helium isotope
ratios in ground-waters: a new technique based on gas–water
re-equilibration and its application to Stromboli volcanic sys-
tem,” Applied Geochemistry, vol. 19, no. 5, pp. 665–673, 2004.

[61] A. Minissale, W. C. Evans, G. Magro, and O. Vaselli, “Multiple
source components in gas manifestations from north-central
Italy,” Chemical Geology, vol. 142, no. 3-4, pp. 175–192, 1997.

[62] M. L. Carapezza and L. Tarchini, “Accidental gas emission
from shallow pressurized aquifers at Alban Hills volcano
(Rome, Italy): geochemical evidence of magmatic degassing?,”
Journal of Volcanology and Geothermal Research, vol. 165,
no. 1-2, pp. 5–16, 2007.

[63] P. Deines, D. Langmuir, and R. S. Harmon, “Stable carbon
isotope ratios and the existence of a gas phase in the evolution
of carbonate ground waters,” Geochimica et Cosmochimica
Acta, vol. 38, no. 7, pp. 1147–1164, 1974.

[64] Y. Sano and B. Marty, “Origin of carbon in fumarolic gas from
island arcs,” Chemical Geology, vol. 119, no. 1-4, pp. 265–274,
1995.

[65] J. Veizer, D. Ala, K. Azmy et al., “87Sr/86Sr, δ13C and δ18O evo-
lution of Phanerozoic seawater,” Chemical Geology, vol. 161,
no. 1-3, pp. 59–88, 1999.

[66] F. Italiano, M. Martelli, G. Martinelli, and P. M. Nuccio,
“Geochemical evidence of melt intrusions along lithospheric
faults of the Southern Apennines, Italy: Geodynamic and
seismogenic implications,” Journal of Geophysical Research:
Solid Earth, vol. 105, no. B6, pp. 13569–13578, 2000.

[67] A. Minissale, “Origin, transport and discharge of CO2 in cen-
tral Italy,” Earth-Science Reviews, vol. 66, no. 1-2, pp. 89–141,
2004.

[68] M. Martelli, P. M. Nuccio, F. M. Stuart, R. Burgess, R. M.
Ellam, and F. Italiano, “Helium–strontium isotope constraints
on mantle evolution beneath the Roman Comagmatic
Province, Italy,” Earth and Planetary Science Letters, vol. 224,
no. 3-4, pp. 295–308, 2004.

[69] M.Martelli, P. M. Nuccio, F. M. Stuart, V. di Liberto, and R. M.
Ellam, “Constraints on mantle source and interactions from
He-Sr isotope variation in Italian Plio-Quaternary volcanism,”
Geochemistry, Geophysics, Geosystems, vol. 9, no. 2, 2008.

[70] T. J. Dunai and H. Baur, “Helium, neon, and argon systematics
of the European subcontinental mantle: implications for its
geochemical evolution,” Geochimica et Cosmochimica Acta,
vol. 59, no. 13, pp. 2767–2783, 1995.

[71] M. D'Antonio, L. Civetta, and P. di Girolamo, “Mantle source
heterogeneity in the Campanian region (south Italy) as
inferred from geochemical and isotopic features of mafic
volcanic rocks with shoshonitic affinity,” Mineralogy and
Petrology, vol. 67, no. 3-4, pp. 163–192, 1999.

[72] F. Barberi, S. Borsi, G. Ferrara, and F. Innocenti, “Contributo
alla conoscenza vulcanologica e magmatologica delle Isole

dell’Archipelago Pontino,” Memorie della Societa Geologica
Italiana, vol. 6, no. 4, pp. 581–606, 1967.

[73] W. F. Giggenbach, “Geothermal gas equilibria,” Geochimica et
Cosmochimica Acta, vol. 44, no. 12, pp. 2021–2032, 1980.

[74] J. Fiebig, G. Chiodini, S. Caliro, A. Rizzo, J. Spangenberg, and
J. C. Hunziker, “Chemical and isotopic equilibrium between
CO2 and CH4 in fumarolic gas discharges: generation of CH4
in arc magmatic-hydrothermal systems,” Geochimica et
Cosmochimica Acta, vol. 68, no. 10, pp. 2321–2334, 2004.

[75] W. F. Giggenbach, “Redox processes governing the chemistry
of fumarolic gas discharges fromWhite Island, New Zealand,”
Applied Geochemistry, vol. 2, no. 2, pp. 143–161, 1987.

[76] G. Chiodini, L. Marini, and M. Russo, “Geochemical evidence
for the existence of high-temperature hydrothermal brines at
Vesuvio volcano, Italy,” Geochimica et Cosmochimica Acta,
vol. 65, no. 13, pp. 2129–2147, 2001.

[77] R. K. O'Nions and E. R. Oxburgh, “Helium, volatile fluxes and
the development of continental crust,” Earth and Planetary
Science Letters, vol. 90, no. 3, pp. 331–347, 1988.

[78] M. Moreira and M. D. Kurz, “Subducted oceanic litho-
sphere and the origin of the ‘High μ’ basalt helium isotopic
signature,” Earth and Planetary Science Letters, vol. 189,
no. 1-2, pp. 49–57, 2001.

[79] C. J. Hawkesworth and R. Vollmer, “Crustal contamination
versus enriched mantle: 143Nd/144Nd and 87Sr/86Sr evidence
from the Italian volcanics,” Contributions to Mineralogy and
Petrology, vol. 69, no. 2, pp. 151–165, 1979.

[80] B. Marty, T. Trull, P. Lussiez, I. Basile, and J. C. Tanguy, “He,
Ar, O, Sr and Nd isotope constraints on the origin and evolu-
tion of Mount Etna magmatism,” Earth and Planetary Science
Letters, vol. 126, no. 1-3, pp. 23–39, 1994.

[81] C. J. Allègre, T. Staudacher, and P. Sarda, “Rare gas systemat-
ics: formation of the atmosphere, evolution and structure of
the Earth’s mantle,” Earth and Planetary Science Letters,
vol. 81, no. 2-3, pp. 127–150, 1987.

[82] K. Hans Wedepohl, “The composition of the continental
crust,” Geochimica et Cosmochimica Acta, vol. 59, no. 7,
pp. 1217–1232, 1995.

[83] D. R. Hilton, J. A. Hoogewerff, M. J. Van Bergen, and
K. Hammerschmidt, “Mapping magma sources in the east
Sunda-Banda arcs, Indonesia: constraints from helium iso-
topes,” Geochimica et Cosmochimica Acta, vol. 56, no. 2,
pp. 851–859, 1992.

[84] H. P. Eugster and D. R. Wones, “Stability relations of the
ferruginous biotite, annite,” Journal of Petrology, vol. 3, no. 1,
pp. 82–125, 1962.

15Geofluids



Research Article
The Distribution of Dissolved Methane and Its Air-Sea Flux in the
Plume of a Seep Field, Lingtou Promontory, South China Sea

Pengfei Di ,1 Dong Feng ,1,2,3 and Duofu Chen 2,3

1CAS Key Laboratory of Ocean and Marginal Sea Geology, South China Sea Institute of Oceanology, Chinese Academy of Sciences,
Guangzhou, Guangdong 510301, China
2Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology,
Qingdao 266061, China
3Shanghai Engineering Research Center of Hadal Science and Technology, College of Marine Sciences, Shanghai Ocean University,
Shanghai 201306, China

Correspondence should be addressed to Pengfei Di; pfd@scsio.ac.cn

Received 24 January 2019; Accepted 18 June 2019; Published 14 July 2019

Academic Editor: Giovanni Martinelli

Copyright © 2019 Pengfei Di et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Methane (CH4), the most abundant hydrocarbon gas in the atmosphere, plays an important role in global climate change.
Quantifying the dissolved methane and its air-sea flux from hydrocarbon seeps is therefore of great importance. Large
quantities of natural gas are emitted from the seafloor to the coastal ocean near the Lingtou Promontory, South China Sea.
We quantified concentrations of methane in surface and bottom waters at 48 stations in a 56 km2 study area. High spatial
variability in dissolved methane concentrations was observed in the surface mixed layer (0.5m water depth) and bottom water
(water-sediment interface), with values ranging from 2.90 nmol L−1 to 13570.02 nmol L−1 and from 4.98 nmol L−1 to
31740.02 nmol L−1, respectively. The significant difference between concentrations of dissolved methane in surface and
bottom waters suggests that most of the methane emitted from the seafloor is dissolved in the water column. The dissolution
of methane in seawater may result in local oxygen depletion that may lead to ecological effects. The δ13C values of dissolved
methane ranging from −59.76‰ to −48.59‰ indicate a mixture of biogenic and thermogenic gas sources. The average air-sea
methane flux of Yinggehai Basin was 672.57 μmol m−2 d−1, which cannot be ignored in environment assessment. Coastal
regions, especially with hydrocarbon seeps in shallow waters of the continental margin, may therefore be an important source
of methane to the atmosphere.

1. Introduction

After water vapor and CO2, methane (CH4) is the most
important greenhouse gas in the atmosphere and plays an
important role in global climate change. Methane is produced
in oceanic sediments either by methanogens or through the
breakdown of organic molecules [1, 2]. Modern-day atmo-
spheric methane concentrations of 1.77 ppmv (parts per mil-
lion by volume) are more than twice the preindustrial value of
0.71 ppm [3, 4]. Compared with carbon dioxide, methane is a
more potent greenhouse gas, having a global warming poten-
tial that is 23 times higher on a 100 yr timescale [3, 4]. It is
estimated that methane is released into the atmosphere
worldwide at a rate of about 503–610 Tg yr−1 [5]. Although

hydrocarbon seeps release about 8–65 Tg yr−1 of methane
into the ocean [6], only 4–15 Tg yr−1 of methane is released
into the atmosphere, accounting for about 1%–2% of the
global atmospheric methane flux [7–12]. These values reveal
that methane undergoes a complicated set of processes
(involving both anaerobic and aerobic oxidation) in the
ocean, with more than 85% of methane being consumed
before reaching to the sea surface [13–16]. However, there
is still substantial uncertainty surrounding estimates of the
size and nature of methane sources and sinks and how their
variations can affect atmospheric methane concentrations.

Natural hydrocarbon seeps in marine environments are
widely distributed on the seabed of almost all continental
margins, which are important sources of methane and other
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greenhouse gases to the ocean and the atmosphere [9, 17–
19]. Quantifying methane discharge from hydrocarbon seeps
and its flux to the atmosphere is a major unsolved issue
regarding the marine methane cycle. Hydrocarbon seeps
may release methane dissolved in pore waters or, in the case
of oversaturation, in the form of gas bubbles into the ocean
[9, 17, 18, 20, 21]. When methane is emitted as gas bubbles,
a fraction of the methane in the bubbles dissolves in the sea-
water via gas exchange during the bubbles’ transport to the
seawater surface, and the methane flux depends on release
depth, bubble diameter, and the buoyancy force of the plume
[22–24]. Methane can be released directly into the atmo-
sphere from rising gas bubbles mainly in shallow waters
(<100 m) while methane bubbles emitted from deep waters
tend to become fully dissolved in the water column before
reaching to the ocean surface. It has been shown that the flux
and vertical transport of this methane are controlled by phys-
ical processes such as vertical mixing, turbulent diffusion,
and upwelling [24, 25]. Bubble dissolution leads to patches
of higher methane concentrations in the water column (from
tens of nmol L−1 up to several μmol L−1), for example, in the
Coal Oil Point seep field [19]. However, the dissolved meth-
ane flux arising from the dissolution of gas bubbles during
transit through the water column or from the discharge of
methane-rich pore fluids from the sediment into the water
column is particularly difficult to quantify. The quantifica-
tion of this indirect flux is critical for understanding the
marine hydrocarbon contribution to the total atmospheric
methane source.

Coastal regions are important sources of methane (13 Tg
CH4 yr

−1) to the atmosphere [5, 26, 27]. Hundreds of hydro-
carbon seeps are discovered in the coastal regions of Yingge-
hai Basin [28–30]. However, the distribution of dissolved
methane and its air-sea fluxes has not been quantified.
Sources and sinks of the seeping methane remain unclear.
Here, we determined the distribution of dissolved methane
from seawater samples and estimated the methane air-sea
flux in the Lingtou Promontory seep area.

2. Study Area

The Yinggehai Basin, located to the southwest of Hainan
Island (16°50′–20°00′N, 107°00–111°50′E), is one of the
world’s largest hydrocarbon seep regions [28, 31–33]. The
basin is characterized by abundant hydrocarbon seeps, pock-
marks, and mud volcanoes on the seabed [28, 31–33]. More
than 120 hydrocarbon seeps have been found on the seabed
at water depths of <50 m along the eastern edge of the basin
near the western coast of Hainan Island. At these seeps, the
gas rises to the sea surface to form a nearshore bubble zone
[28]. The total gas flux emitted from these hydrocarbon seeps
to the water surface has been estimated as 294–956 m3 yr−1

based on the displacement of water estimated using an inverted
funnel [28], whereas a total methane flux of 4 84 × 104 to
6 84 × 104 m3 yr−1has been estimated for these seeps based
on extrapolation of data obtained over 420 h using a gas flux
measuring device on one hydrocarbon seep [29, 30, 34].

The Lingtou Promontory seep field is one of the most
active areas in the Yinggehai Basin for natural hydrocarbon

seepage [29, 30]. Over 20 perennial hydrocarbon seeps are
emitting gases within an area measuring approximately 580
m × 160m located ~300 m offshore Lingtou Promontory in
Hainan Province, at water depths of 3–20 m (Figure 1(a)).
It has been observed that gas bubbles (each up to 1–2 cm in
diameter) are being emitted continuously from the hydrocar-
bon seeps on the seafloor (Figures 1(b) and 1(c)) and that
these bubbles rise to the sea surface at about 10 cm s-1 and
release their gases into the atmosphere [29, 30, 35]. Methane
is released at rates ranging from 0 807 × 104 to 1 14 × 104
m3 yr−1 from 20 hydrocarbon seeps in the Lingtou Promon-
tory seep area, assuming that the hydrocarbon seeps have a
similar gas flux [29, 30]. However, this region has not been
surveyed for dissolved methane distributions and air-sea
fluxes to date.

3. Methods

On 19–20 August 2015, 96 seawater samples were sampled at
48 stations to quantify the dissolved methane concentration
distribution along 4 west-east (W-E) transects from near-
shore to the Yinggehai Basin (Figure 1(a) and Table 1). Sam-
pling was carried out with a 5 L Niskin bottle coupled to a
conductivity-temperature-depth (CTD) probe (RBR XR420)
and a dissolved oxygen sensor (RBR) for the online monitor-
ing of salinity, temperature, pressure, and dissolved oxygen
(DO) concentrations in surface waters (0.5 m depth sampling
level) and at the sea-sediment interface (bottom-water sam-
ples). The CTD sensors were calibrated to a temperature
range of 2–35°C with a resolution of 0.002°C, to a salinity
range of 0–70 mS cm−1 with a resolution of 0.001 mS cm−1,
and to a depth range of 0–6000 m with a resolution of
0.001 m. The dissolved O2 sensor could detect within the
range 0–500 μM (saturation 0–120%) with a resolution
of <1 μM (saturation 0.4%) [36].

All water samples, once collected, were stored in 122 mL
crimp-top sample bottles. All sample bottles were flushed
with two volumes of water and filled completely to eliminate
bubbles. Two to three drops of saturated HgCl2 were added
to the samples after collection, and the bottles were immedi-
ately capped with butyl rubber stoppers and crimp-sealed. To
prevent the headspace gas from escaping through the rubber
stopper, all bottles were stored stopper-side down until anal-
ysis. All samples were transported to the laboratory, and a
10 mL N2 headspace was introduced into each bottle as
described by Valentine et al. [37]. Two aliquots of the head-
space were each analyzed for methane using a Wasson/HP
complete gas composition analyzer at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Science (CAS),
Guangzhou, China. Replicate analyses of samples yielded a
precision of ±2% for samples with methane content. The
methane concentration dissolved in seawater was calculated
as described in Johnson et al. [38]:

CL = CG
βRT
22 356 + VG

VL
, 1

where CL is the concentration of the gas to be measured in
the liquid phase before equilibrium, CG is the concentration
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of the gas to be measured in the gas phase after equilib-
rium, β is the Bunsen solubility of the gas to be mea-
sured (L L−1 atm.−1), R is the gas constant (L atm.
mol−1 K−1), and 22.356 is the molecular volume of meth-
ane (L mol−1).

Seawater samples with high dissolved methane concen-
trations were analyzed to determine the stable carbon isotope
composition of methane. Stable carbon isotope analyses were
conducted using an isotope ratio mass spectrometer at the
Guangzhou Institute of Geochemistry, CAS, Guangzhou,
China. All isotopic ratios are presented in the δ notation with
respect to the Vienna Pee Dee Belemnite (VPDB) standard
and have an analytical error of <1‰.

The air-sea methane flux (F) was calculated as described
in Leifer and MacDonald [39]:

F = Kw Cw − Ca , 2

where Kw is the transfer velocity for methane at in situ tem-
peratures (cm hr−1), Cw is the measured dissolved methane
concentration in seawater (nM), and Ca is the air-
equilibrated seawater methane concentration (nM), which
was calculated for in situ temperatures and salinities using
the Bunsen solubility data of Wiesenburg and Guinasso
[40]. We have assumed, for these calculations, an atmo-
spheric methane mixing ratio of 1.80 ppmv, which in turn
assumes an annual increase of ~7 ppbv [3]. The resulting flux
is given in units of μmol m−2 d−1. The determination of the
transfer velocity, Kw, has been thoroughly discussed in Wan-
ninkhof et al. [41]. For our purposes, we used the following
relationship, as suggested by Wanninkhof [42], for wind
speeds of <15m s−1:

Kw = 0 24 ∗U2 ScCH4
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Figure 1: (a) Bathymetric map of the hydrocarbon seep area near Lingtou Promontory. The red dots show the distribution of the nearshore
hydrocarbon seeps, and the black dots are the seawater sample grid. (b) Photograph of rising irregular gas bubbles from a seep site. (c) Gas
bubbles at the sea surface.
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Table 1: The CH4 concentrations of bottom and surface seawater, as well as the O2 concentration, temperature, water depth, salinity of all the
sites, and the δ13CCH4

values in seawater and bubbles from the Lingtou Promontory seep area.

Station Latitude Longitude
Water depth

(m)

CH4
concentration
(nmol L−1)

δ13C
(‰)

O2 concentration
(mL)

Salinity
(‰)

Temperature
(°C)

Dot 1 18°41′52″ 108°41′13″ 0.50 3.18 — 7.81 32.72 29.67

4.10 10.00 — 8.13 32.62 29.38

Dot 2 18°41′37″ 108°40′29″ 0.50 11.27 — 7.57 33.14 29.37

5.31 5472.08 — 7.82 33.21 29.16

Dot 3 18°41′58″ 108°39′30″ 0.50 7.19 — 7.42 33.41 29.21

6.48 9.93 — 7.91 33.38 29.13

Dot 4 18°41′58″ 108°38′57″ 0.50 12.09 — 7.49 33.48 28.92

7.10 11.06 — 7.94 33.37 29.00

Dot 5 18°42′02″ 108°38′28″ 0.50 19.74 — 7.31 33.49 29.12

7.50 23.80 — 7.38 33.33 29.09

Dot 6 18°42′01″ 108°37′51″ 0.50 36.10 — 7.59 33.43 28.82

8.07 10.95 — 7.49 33.26 28.61

Dot 7 18°42′02″ 108°37′01″ 0.50 19.55 — 7.43 33.39 28.84

7.30 4.98 — 7.63 33.35 28.71

Dot 8 18°41′57″ 108°35′58″ 0.50 64.70 — 7.48 33.36 28.74

5.34 28.54 — 7.82 33.24 28.74

Dot 9 18°41′58″ 108°35′00″ 0.50 9.65 — 7.39 33.39 28.71

6.30 26.31 — 7.64 33.32 28.68

Dot 10 18°42′01″ 108°34′00″ 0.50 68.95 — 6.94 33.36 28.86

7.67 9.13 — 7.23 33.36 28.78

Dot 11 18°42′27″ 108°34′02″ 0.50 7.62 — 7.01 33.37 28.96

6.41 79.85 — 7.47 33.36 28.81

Dot 12 18°42′27″ 108°35′01″ 0.50 1500.49 — 7.29 33.39 28.90

6.55 17.73 — 7.27 33.27 28.88

Dot 13 18°42′32″ 108°36′00″ 0.50 975.45 — 6.85 33.47 29.21

5.22 50.36 — 7.19 33.39 29.05

Dot 14 18°42′43″ 108°38′31″ 0.50 11.43 — 7.02 33.41 29.42

5.94 7.35 — 7.23 33.32 29.31

Dot 15 18°42′28″ 108°38′35″ 0.50 12.45 — 6.93 33.4 29.27

7.36 45.40 — 7.15 33.38 29.23

Dot 16 18°42′25″ 108°39′02″ 0.50 10.56 7.17 33.38 29.28

6.11 11.54 7.41 33.33 29.21

Dot 17 18°42′24″ 108°39′34″ 0.50 6.80 — 6.96 33.36 29.32

7.38 65.62 — 7.13 33.38 29.28

Dot 18 18°42′33″ 108°39′59″ 0.50 26.09 — 7.04 33.35 29.47

6.79 22.54 — 7.26 33.31 29.45

Dot 19 18°42′30″ 108°40′31″ 0.50 4140.60 — 7.12 33.23 29.68

6.42 17.98 — 7.38 32.98 29.66

Dot 20 18°42′35″ 108°41′05″ 0.50 16.67 — 7.18 33.17 30.04

5.48 9.01 — 7.67 33.15 30.02

Dot 21 18°41′59″ 108°41′04″ 0.50 19.15 — 7.22 33.17 29.98

4.94 9.42 — 7.85 33.22 29.93

Dot 22 18°41′59″ 108°41′29″ 0.50 14.95 — 7.58 32.96 30.32

4.7 390.64 — 8.08 32.93 30.31
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Table 1: Continued.

Station Latitude Longitude
Water depth

(m)

CH4
concentration
(nmol L−1)

δ13C
(‰)

O2 concentration
(mL)

Salinity
(‰)

Temperature
(°C)

Dot 23 18°40′59″ 108°40′59″ 0.50 12318.50 −59.17 7.15 33.04 29.55

3.44 2313.53 — 7.23 33.08 29.49

Dot 24
18°41′
59.5″ 108°40′29″ 0.50 45.89 — 7.2 33.34 29.29

4.45 31740.02 −59.54 7.36 33.34 29.28

Dot 25 18°40′59″ 108°40′03″ 0.50 13577.35 −59.76 7.26 33.34 29.23

4.45 — — 7.39 33.33 29.22

Dot 26 18°40′56″ 108°39′15″ 0.5 33.25 — 7.16 33.37 29.19

3.72 209.05 — 7.12 33.38 29.16

Dot 27 18°40′59″ 108°38′59″ 0.5 171.06 — 7.18 33.39 29.22

5.55 10.04 — 7.2 33.23 29.17

Dot 28
18°40′
59.9″ 108°38′29″ 0.5 12.23 — 7.12 33.38 29.31

6.08 435.28 — 7.22 33.34 29.23

Dot 29
18°40′
59.5″ 108°37′59″ 0.5 8.84 — 7.17 33.38 29.22

7.01 8.69 — 7.26 33.29 29.12

Dot 30
18°40′
59.3″ 108°36′58″ 0.5 107.98 — 7.2 33.39 28.68

7.03 22.35 — 7.19 33.33 28.65

Dot 31
18°40′
59.7″

108°35′
58.2″

0.5 6.17 — 7.15 33.39 28.71

5.74 23386.77 −48.59 7.2 33.25 28.66

Dot 32 18°41′01″ 108°34′
59.4″

0.50 2.90 — 7.09 33.37 29.03

5.75 9.99 — 7.25 33.27 28.87

Dot 33
18°40′
59.7″ 108°33′58″ 0.50 22.08 — 7.08 33.34 28.93

6.96 5.17 — 7.2 33.32 28.75

Dot 34
18°41′
31.6″ 108°34′00″ 0.50 9.80 — 7.04 33.35 29.05

10.38 171.94 — 7.29 33.12 28.79

Dot 35
18°41′
29.4″ 108°35′01″ 0.50 115.34 — 7.14 33.36 29.07

9.76 107.83 — 7.3 33.32 29.04

Dot 36
18°41′
28.6″ 108°36′02″ 0.50 7.82 — 7.08 33.39 28.86

6.52 101.58 — 7.23 33.28 28.85

Dot 37
18°41′
28.9″ 108°37′01″ 0.50 8.51 — 7.18 33.45 28.94

5.27 547.26 — 7.22 33.3 28.81

Dot 38
18°41′
29.8″ 108°38′01″ 0.50 4.01 — 7.07 33.47 29.53

6.70 573.54 — 7.17 33.35 29.14

Dot 39
18°41′
29.9″

108°38′
38.6″

0.5 7.69 — 7.04 33.43 29.57

8.21 4.98 — 7.24 33.34 29.15

Dot 40
18°41′
29.8″ 108°39′01″ 0.5 250.93 — 7.14 33.65 29.49

8.06 162.68 — 7.29 33.59 29.19

Dot 41
18°41′
29.3″

108°39′
30.7″

0.5 24.02 — 7.01 33.66 29.49

7.59 9.10 — 7.18 33.64 29.18

Dot 42 18°41′29″ 108°40′01″ 0.5 7.75 — 7.24 33.35 29.56

6.99 65.26 — 7.35 33.37 29.41

Dot 43
18°41′
28.4″

108°40′
31.1″

0.5 4.13 — 7.33 33.44 29.75

6.37 233.55 — 7.42 33.34 29.65

Dot 44
18°41′
58.4″

108°39′
59.7″

0.5 28.80 — 7.1 33.8 29.59

5.81 21.07 — 7.38 33.72 29.53
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where U is the average wind speed at 10m above the water
surface at the time of measurement and ScCH4

was deter-
mined from Wanninkhof [42] using

ScCH4
= A + Bt + Ct2 +Dt3 + Et4, 4

where t is the in situ temperature (°C). Values for constants A
(2102.2), B (−131.54), C (4.4931), D (−0.08676), and E
(0.00070663) were taken from Wanninkhof [42].

Average wind speed data were measured using a revolv-
ing vane anemometer (GM8901, range: 0.3–45m s−1) at
0.5m above sea level on-board and corrected to a standard
height of 10m by applying the following power law:

Vh

V10
= h

10
0 13

, 5

where Vh is the mean wind speed at a height of h, V10 is the
mean wind speed at 10m, and h is the effective height of the
anemometer above the mean sea level. The air-sea flux was
calculated for all the surface water samples. Owing to the
potential inaccuracy of wind speed measurements and the
parameterizations of the gas transfer velocity, there may be
uncertainties surrounding the air-sea flux data.

4. Results and Discussion

4.1. Concentrations of Dissolved Methane. Methane concen-
trations for the 96 seawater samples collected at the Ling-
tou Promontory seep area are all above ~2nmol L−1 of
the atmospheric equilibrium concentration (Table 1) [43].
The methane concentrations of surface seawater samples
range from 2.90 nmol L−1 to an anomalously high value
of 13577.35 nmol L−1 close to the hydrocarbon seep sites
(Figure 2(a)). The average concentration for the surface

seawater samples is 704.40 nmol L−1, which is much higher
than the maximal value in surface waters (~1800 nmol L−1)
measured in the Santa Barbara Channel (Coal Oil Point),
one of the most active known hydrocarbon seep areas in the
world [39]. The methane concentrations of the bottom-
water samples range from 4.98 nmol L−1 to 31740.02 nmol L−1

with an average value of 1376.75 nmol L−0.1. The dissolved
methane concentration data for the bottom-water samples
reveal a distinct gas plume situated at the seafloor
(Figure 2(b)). The anomalously high concentrations of meth-
ane dissolved in bottom waters are higher than the surface
methane concentrations but much lower than the maximum
methane concentration (2500 μmol L−1) measured by the
methane sensor at the hydrocarbon seep sites [29] as well as
thecalculated saturatedmethaneconcentration(1413μML−1)
for conditions of 29°C, 0.538mol kg−1 salinity, and 1.26 bar
pressure [44]. Similar results have been reported in other
gas seepage areas, such as the North Sea, south of the Dogger
Bank, and Tommeliten, the central North Sea [45]. The
difference value of the dissolved methane concentrations
between surface waters and bottom waters may be attributed
to removal by microbial methane oxidation and lateral dis-
persion by physical transport, favored by strong tidal cur-
rents and ocean current [43, 45–47].

Exceptionally high methane concentrations usually point
to hydrocarbon seepage. Measurements of methane concen-
tration can be used to detect a gas plume situated near the
seafloor, and the transect profiles can reveal discrete maxima
that indicate whether the methane released from gas bubbles
was emitted from the hydrocarbon seeps or from a horizon
where methane from different sources converge. We divided
our data into four transects from north to south along the
shore. Along the fourth transect, two stations with extremely
high methane concentrations were found to be associated
with locations of intense hydrocarbon seepage at water
depths of 3–20m (Figure 3). One station with high methane

Table 1: Continued.

Station Latitude Longitude
Water depth

(m)

CH4
concentration
(nmol L−1)

δ13C
(‰)

O2 concentration
(mL)

Salinity
(‰)

Temperature
(°C)

Dot 45
18°41′
31.2″

108°41′
11.8″

0.5 153.62 — 7.46 33.16 30.09

6.15 122.29 — 7.93 33.14 29.98

Dot 46
18°40′
54.6″ 108°41′04″ 0.5 551.39 — 7.72 33.15 30.2

5.23 495.30 — 8.12 33.12 30.12

Dot 47
18°40′
58.7″

108°41′
29.2″

0.5 7.73 — 7.9 32.86 30.42

5.35 169.94 — 8.02 32.76 30.25

Dot 48
18°41′
32.4″

108°41′
35.4″

0.5 19.05 — 7.89 32.79 30.49

3.45 187.42 — 8.32 32.61 30.41

Dot 49 18°42′0.2″ 108°41′
28.1″

0.5 14.00 — 8.05 32.82 30.49

3.6 11.92 — 8.59 32.7 30.3

YG∗ 18°41′
15.7″

108°41′
37.0″ 5.00 — −35.98 — — —

Ys-1∗ 18°41.136′ 108°41.304′ 0.50 — −35.51 — — —

∗Data are taken from Huang et al. [28] and Di et al. [35].
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concentrations is close to the shore of the Lingtou Promon-
tory at the surface, which indicates that methane was
released from a horizon where different sources of methane
converge. The other station with high methane concentra-
tions is far offshore and in bottom waters, which indicates
that methane was released from gas bubbles emitted from
the hydrocarbon seeps. The high methane concentrations
in bottom waters along the second and third transects,
which eventually decrease offshore (Figure 3), indicate that
methane is released from seafloor seeps. Surface methane
concentrations were mostly in equilibrium with atmospheric
concentrations along the second and third transects. Dis-
solved methane concentrations along the north transect
were lower than in the other three transects, and surface
methane concentrations were mostly in equilibrium with
the atmosphere except for two locations (Figure 3), indicat-
ing that methane was being transported from nearby sea-
floor emissions by ocean currents. A similar result has
been observed at 20m water depth in the Coal Oil Point seep
field near Santa Barbara, California [39].

4.2. Controls on Methane Distribution. Owing to the shallow
depths (<20m) and strong tidal currents, thermal or haline
stratification does not occur in the Lingtou Promontory seep
area because there are no salinity and temperature gradients
between the surface and bottom waters (Figure 4). Due to the
strong tidal currents and ocean currents, the dissolved O2
concentrations remain in approximate equilibrium with
atmospheric concentrations, with no gradients between the
surface and bottom waters (Figure 4). In addition, the
dissolved methane concentrations are not correlated with
dissolved O2 concentration, salinity, and temperature
(Figure 4). Although dissolved methane concentrations in
bottom waters were statistically higher than that in surface
waters, the difference (on average ~48.8%) was much larger

than that in the nearshore shallow coast area of the North
Sea (on average ~14%) [43], because gas bubbles are trans-
ported a long distance by ocean currents when they have
risen to the sea surface. Hence, on account of the shallow
depths and well-mixed water column, there is a loss of meth-
ane between the bottom and surface waters, unlike in deeper
and stratified areas such as Tommeliten and south of the
Dogger Bank [43].

The observed bubble emissions are responsible for gener-
ating the gas plume in the Lingtou Promontory (Figure 1).
The methane maxima above the seafloor observed in the
vertical profiles indicate a gaseous methane input from the
seabed. Furthermore, the fact that methane maxima were
observed above the seafloor suggests gas deposition from
bubble dissolution. When gas bubbles rise through the water
column, they expand because of the decrease in hydrostatic
pressure and at the same time decrease in volume because
of dissolution [48]. Owing to the dominating effect of the
decrease in bubble size, the net buoyancy force decreases dur-
ing ascent, and methane is deposited at water depths where
hydrostatic equilibrium is reached and bubbles cannot con-
tinue moving. However, on account of the shallow water
depths, the gas bubbles (d = 1 – 2 cm) contain approximately
95% methane on reaching the sea surface [24]. Therefore,
there is little loss of methane from gas bubbles as they ascend
from the bottom to the surface.

4.3. Air-Sea Methane Flux. Air-sea methane emission
fluxes were estimated for water sampled at 0.5m water
depth in the surface mixed layer. The estimated fluxes
range between 1.4 and 13058.44 μmolm−2 d−1 in the near-
shore Lingtou Promontory (Figure 5). The median value is
672.57 μmolm−2 d−1, which is approximately four times
the reported rate of methane emission in Santa Barbara
Channel (Coal Oil Point; 180 μmolm−2 d−1), one of the
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Figure 2: The distribution of dissolved methane concentrations in bottom waters and surface waters, respectively. The plot was generated
using the Ocean Data View Version 4.5.7 (https://odv.awi.de) gridding weighted averages.
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most active marine seep areas in the world [39]. The mean
value is 18 times higher than the global average flux values
for continental shelves (21.6 to 36.29 μmolm−2 d−1 [26])
and four orders of magnitude higher than values charac-
teristic of the open ocean (0.2–0.5μmolm−2 d−1) [49].
However, it has been estimated that 0 807 × 104 to 1 14
× 104 m3 yr−1 of methane is emitted from hydrocarbon
seeps [29, 30]. The total air-sea flux of methane in the
nearshore Lingtou Promontory seep area is negligible
compared with the flux of the methane bubbles. By anal-
ogy with the Lingtou Promontory seep area, other coastal
regions of the Yinggehai Basin, such as the Yinggehai riv-

ulet mouth, Yazhou Bay, the Nanshan Promontory, and
the Tianya Promontory (shallower than 50m), may emit
more than 672.57 μmolm−2 d−1 of methane to the atmo-
sphere [28]. Therefore, the coastal regions of the Yinggehai
Basin in the hydrocarbon seep areas are significant sources
of methane to the atmosphere, and the air-sea methane
fluxes were probably underestimates.

4.4. Methane Source. Methane-rich fluids forming gas flares
at the seafloor migrate along faults and/or stratigraphic
boundaries. Orange et al. [50] and Forrest et al. [51] have
shown that the linear arrangement of hydrocarbon seeps on
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Figure 3: East-west transects of dissolved methane concentrations at the Lingtou Promontory seep area. The red stars are the starting point.
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the seabed is controlled by a neighboring fault. All gas bubble
flares located along the shore of Hanna Island are in the
vicinity of the No. 1 Fault [28, 35]. Generally, anomalously
high methane concentrations in seawater are associated with
hydrocarbon seeps, such as the COP seep area and the west-
ern Spitsbergen shelf, which are in turn related to adjacent

faults [39, 52–55]. In the Lingtou Promontory seep area, we
further suggest that the sandy sediments facilitate the migra-
tion of methane-rich fluid to the seafloor. Hence, we assume
fluid migration along structural pathways, particularly the
No. 1 Fault. In addition, according to the seismic profile of
the central diapir zone in the Yinggehai Basin, methane-
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Figure 4: Dissolved methane concentrations in relation to dissolved oxygen concentration (a), salinity (b), and temperature (c) and
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rich fluids may be expelled by mud diapirs and migrate along
the dipping strata [56]. A similar phenomenon was also
reported for the offshore Prins Karls Forland at ~250m water
depth [57].

To further constrain the sources of methane, we mea-
sured the stable carbon isotopic composition of dissolved
methane in four water samples with high methane concen-
trations that had been collected from Lingtou Promontory
seep area. The δ13CCH4

values of two of these samples were

−59.76‰ and −48.59‰ (Table 1). The fact that δ13CCH4
values in a sea-surface and sea-sediment interface sample
are similar suggests that aerobic microbial oxidation is negli-
gible in shallow waters (<10m).

The δ13CCH4
values of gas bubbles collected from seeps

and from the sea surface in the study area are −35.98‰
and −35.51‰, respectively (Table 1) [28, 35]. These δ13

CCH4
values are distinctly higher than those measured in sea-

water, which reflects the mixing of methane from gas bubbles
with biogenic methane generated in sediments. Without
background δ13CCH4

values from the bottom and the surface
ocean, we could not fully establish the mixing fraction of the
methane. Notably, we were able to smell sulfurous odors in
sediments collected in the shallow waters of the Lingtou
Promontory seep area. It is concluded that the methane orig-
inally discharged at the seafloor was oxidized before sam-
pling. However, we do not discount the possibility that the
methane could have been removed by migration or preferen-
tial microbial oxidation [58, 59].

5. Conclusions

We observed high spatial variability in dissolved methane
concentrations in surface and bottom waters in the Lingtou
Promontory seep area. Dissolved methane concentrations
in surface waters and bottom waters range from 2.90 to
13577.35 nmol L−1 and from 4.98 to 31740.02 nmol L−1,
respectively, indicating oversaturation at all stations. The
persistent anomalously high methane concentrations in sea-
water indicate an efficient transfer of dissolved methane from
the seafloor to the surface waters. Furthermore, δ13C values
of the dissolved methane in the studied seawater range from

−59.76‰ to −48.59‰, indicating a mixed thermogenic and
biogenic methane from the sediment. The measured average
methane flux (~672.57 μmolm−2 s−1) is much higher than
values characteristic of continental shelves. It is suggested
that the coastal regions of Yinggehai Basin may emit more
than 672.57μmolm−2 d−1 of methane to the atmosphere.
Coastal regions, especially shallow hydrocarbon seep areas,
on the continental margin may therefore be an important
hot spot of methane emissions to the atmosphere.
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The compositional carbon isotopic series δ13C-CH4<δ13C-C2H6<δ13C-C3H8<δ13C-C4H10 is common in thermogenic gases. With
the exploration of deeper strata, however, isotopic reversals (δ13C-CH4>δ13C-C2H6>δ13C-C3H8) in overmature unconventional
shale gases and conventional (coal-derived) gases have been identified. Paleozoic gases in the southern Ordos Basin, China, with
partial or complete isotopic reversals, were studied as examples of isotopic fractionation in overmature coal-derived gases.
Isotopic compositions of gases of different maturities from the Ordos Basin and shale gases from around the world were
compared. Results indicate that carbon isotopic series are related to maturity. Complete isotopic reversal occurs mostly in
regions with vitrinite reflectance Ro > 2 4%. Where 2 4% > Ro > 2 0%, almost all gases display partial isotopic reversal, with
δ13C-CH4>δ13C-C2H6 or δ

13C-C2H6>δ13C-C3H8. Carbon isotopic reversal in coal-derived gases is not caused by abiotic origin,
the mixing of gases from different types of source rock, abiotic polymerization, wet gas cracking, and other mechanisms that
contribute to reversal in shale gases. Based on the unique structure of coaly source rock and the geology of the Ordos Basin,
closed-system aromatization-polycondensation reactions are considered the most likely cause of carbon isotopic reversal. During
the reactions, isotopically light gases are generated by recombination of previously formed hydrocarbons and residual kerogen-
coal. Hydrogen isotopic reversal in the southern Ordos Basin might also be caused by aromatization-polycondensation reactions.

1. Introduction

The carbon isotopic composition of natural gas can be used
to determine its origin, source, and maturity [1, 2]. In
thermogenic gas reactions, 12C–12C bonds usually break
before 12C–13C bonds, resulting in kinetic isotopic fraction-
ation [2] and causing natural gas to follow two evolutionary
trends, with carbon isotopes becoming heavier as the compo-
nent carbon number increases, forming a positive isotopic
series with δ13C-CH4<δ13C-C2H6<δ13C-C3H8<δ13C-C4H10,
and with each component C becoming enriched in 13C as
gas maturity increases [1].

As exploration of Paleozoic gas in the Ordos Basin has
expanded into the southern part of the basin, more gases
have been found to have carbon and hydrogen isotopic
reversals. Most previous studies have attributed the partial

carbon isotopic reversal (δ13C-CH4<δ13C-C2H6>δ13C-
C3H8) of Ordos gases to the mixing of gases generated from
different source rocks [3], (Yang et al., 2012), [4–7]. Recent
studies have reported complete carbon isotopic reversals
(δ13C-CH4>δ13C-C2H6>δ13C-C3H8) in Ordos gases [8–12],
with all suggesting that such reversals are caused by high
temperatures (>200°C), with isotopic reversal in shale gas
having the same mechanism. However, there are problems
with this explanation as follows: (1) shale gas is an oil-type
gas generated from type I and type II kerogen, whereas Ordos
gas is mainly coal derived and generated from type III
kerogen, with different gas-generation reactions occurring
in these sources; (2) complete carbon isotopic reversal is
universal in overmature shale gases [13–15], but not all
overmature coal-derived gas has complete carbon isotopic
reversals, as in gas from the southern Ordos Basin [16]; and
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(3) gases in the southern Ordos Basin display unique charac-
teristics that differ from those of overmature shale gas, such
as the evolutionary trend of hydrogen isotopes.

Here, the geochemical characteristics of southern Ordos
gas and shale gas are compared, with isotopic fractionation
of overmature coal-derived gas being considered separately
from shale gas. Geochemical data for gases from other fields
in the Ordos Basin with different maturities are considered to
elucidate isotopic evolution in the Ordos Basin. The cause of
hydrogen isotopic reversal in the southern Ordos Basin is
also discussed.

2. Geological Setting

The Ordos Basin is the second largest sedimentary basin in
China, with Paleozoic strata occurring over an area of
>250,000 km2 [16]. This basin is a petroliferous cratonic
basin with stable subsidence, depression displacement,
visible torsion, and multiple cycles of deposition [8]. Several
giant gas fields, each containing >100 billion cubic metres
(bcm) of proven gas reserves, have been discovered in the
Paleozoic strata of the basin, with most gas being in the
upper Paleozoic reservoirs such as the Sulige, Shenmu,
Daniudi, and Yan’an gas fields. Upper Paleozoic and lower
Paleozoic-Ordovician carbonate rocks provide the reservoir
in the Jingbian field (Figure 1). Exploration of the Jingbian
field has increased recently, with many wells being drilled
in the overmature southern Jingbian area, targeting both
lower and upper Paleozoic gas systems [16] and providing
an unprecedented opportunity to improve our understand-
ing of the geochemistry of overmature gas systems.

2.1. Source Rocks. The predominant source rock of Paleozoic
gases is Carboniferous-Permian (C-P) coal and mud-
stone. Ordovician marine carbonates contribute only minor
amounts of gas owing to their low organic content. Previous
studies indicate that gases of the Sulige, Daniudi, Shenmu,
Wushenqi, Yulin, Zizhou, and Mizhi fields were all produced
from upper Paleozoic coaly source rocks [4, 17–20]. The
origin of Jingbian gas, from the lower Paleozoic-Ordovician
Majiagou formation, is still unresolved, although the prevail-
ing view is that it was produced mainly from upper Paleozoic
coal measures, migrated downward, and mixed with oil-type
gas from lower Paleozoic-Ordovician source rocks [11, 21].

2.2. Reservoirs. The two main reservoirs in the Paleozoic
strata of the Ordos Basin are the upper C-P paralic and con-
tinental clastic reservoir and lower Paleozoic (Ordovician)
marine carbonate reservoir. Most natural gas from the Sulige,
Daniudi, Shenmu,Wushenqi, Yulin, Zizhou, andMizhi fields
is produced from the upper Paleozoic reservoirs, with tight
sandstones of the Permian Shanxi and Xiashihezi formations
being the major reservoirs. Gas of the Jingbian field is pro-
duced from both the upper and lower Paleozoic reservoirs,
with the major lower Paleozoic reservoir being the fifth
member (O1m5) of the Majiagou formation.

2.3. Caprocks. Caprocks of the lower Paleozoic reservoirs
are Carboniferous bauxitic mudstones that are <10m thick,
coal measures that are 15–40m thick, and argillaceous

dolomite and marlstone [21]. The regional seal of the
upper Paleozoic reservoirs consists of stable, laterally distrib-
uted, Shangshihezi and Shiqianfeng formation lacustrine
mudstones [16].

2.4. Thermal History and Gas Charge Model. During the Late
Triassic-Early Jurassic (T3-J1), at the threshold of hydrocar-
bon generation, the gas first accumulated within C-P source
rocks. During the Late Jurassic-Early Cretaceous (J-K1),
>1000m of J-K1 sediment was deposited, with a maximum
depth of >4000m and a maximum palaeogeothermal tem-
perature of 160–200°C. Most C-P gases were generated
during this period and migrated to nearby upper Paleozoic
C-P reservoirs between source rocks. Driven by buoyancy
and abnormal pressure, the gases also migrated directly
upward or downward into the lower Paleozoic reservoirs
over distances of <200m [16, 21, 22]. From the end of the
Early Cretaceous, thick strata were eroded and gas generation
terminated, with the temperature reducing to the current
99.6–113.5°C [23].

3. Sampling and Analysis

3.1. Data Analyses. Geochemical characteristics of 199 gas
samples from Paleozoic reservoirs in the Ordos Basin gas
fields, including the Jingbian, Yan’an, Sulige, Shenmu, and
Daniudi fields (Figure 1), are presented in Table 1. The data
pertain to 94 samples from previous studies [9, 16], 41 from
newly collected samples in this study, and 64 recorded in the
geochemical database of the Exploration and Development
Research Institute, Changqing Oil Company (EDRICOC),
Xi’an, China. Eight of the 27 samples of Feng et al. [9] were
analysed for rare-gas isotopes (Table 1). Data for the gas
samples were obtained using similar techniques [11, 16]
to ensure consistency. The maturity of the upper Paleozoic
source rocks in the Ordos Basin increases from north to
south, and the gases come from similar source rocks, so
a comparison of isotopic compositions of gases in these
fields may provide information on the evolution of coal-
derived gases based on geological setting. Lower Paleozoic
South Jingbian gases are included in the discussion of the
origin of isotopic reversal. Shale gas from the Sichuan Basin
and other basins with different maturities is included to
provide information on differences between coal-derived
and oil-type gases (data for shale gas were obtained from
[13–16, 24–31]). Shale gases also display isotopic reversal
in high maturity conditions, providing insight into the ori-
gin of unusual geochemical characteristics of overmature
coal-derived gases.

3.2. Geochemical and C–H Isotopic Analyses. Analyses of
gas composition and C and H isotopic ratios were con-
ducted at the Institute of Petroleum Exploration and
Development (RIPED), Langfang, China. A Hewlett Packard
HP7890A capillary gas chromatograph was used to deter-
mine hydrocarbon compositions with a PLOT Al2O3 column
(50m × 0 53mm).

Carbon isotopic compositions were determined by gas
chromatography–combustion–isotope ratio mass spectrometry
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(GC–C–IRMS; Thermo Delta V Advantage). Each sample
was analysed three times, yielding an analytical precision
of ±0.3‰. Results are reported relative to Vienna Pee
Dee Belemnite (VPDB). Hydrogen isotopes were ana-
lysed by GC–thermal conversion–IRMS (GC–TC–IRMS;
Finnigan MAT 253), using a HP-PLOTQ GC column
(30m × 0 32mm). Analytical precision was ±3‰. Hydro-
gen isotopic compositions are reported relative to Vienna
Standard Mean Ocean Water (VSMOW). The detailed
analytical procedure is described in Feng et al. [9].

3.3. He Isotopic Composition. Seventeen gas samples were
analysed at RIPED for He content and 3He/4He ratios using
a sampling system attached to an IRMS. The natural gas cyl-
inder was connected to the injection port of the instrument
through a pressure relief valve, with the pipeline evacuated
to ultrahigh vacuum. Sampling was controlled by an injec-
tion valve, and the gas was purified of hydrocarbons, N2,
O2, CO2, H2S, and H2, by a zirconium base furnace. He,
Ne, Ar, Kr, and Xe were separated cryogenically and analysed
by MS. Based on internationally recognized contents of inert
gases in air, the relative standard deviations of He content
and 3He/4He ratio were ±3.4% and ±4.5%, respectively.

4. Results

4.1. Natural Gas Composition. Southern Ordos Basin gases
from the Yan’an and South Jingbian gas fields are of
high dryness, with dryness coefficients C1/C1–5 > 0 962
(Table 1), and their cumulative contents of heavier hydrocar-
bon components (C2–5) are low (Figure 2). Ethane content is
0.05%–2.68% (mean 0.51%), and propane content is <0.60%
for Paleozoic gases from both fields. Concentrations of non-
hydrocarbon gases, including CO2 and N2, vary widely. CO2
and N2 concentrations in the Yan’an gas field are relatively
low at 0.56%–31.54% (mean 4.38%) and 0.00%–32.68%

(mean 5.23%), respectively, whereas the nonhydrocarbon
content of South Jingbian gas is high, with its methane
content being relatively low. The CO2 content of lower
Paleozoic gas from the Jingbian gas field is 0.44%–31.54%
(mean 6.61%), whereas the N2 content of upper Paleozoic
gas is 0.26%–33.7% (mean 7.07%). The high CO2 content of
lower Paleozoic South Jingbian gas is probably due to its
carbonate reservoir. Upper Paleozoic gases are contained in
Carboniferous-Permian reservoirs, whereas lower Paleozoic
gases are from Ordovician carbonate reservoirs, and it is
likely that the high CO2 content of the latter arose from
the cracking of Ordovician carbonates. High temperatures
are necessary for the thermal cracking of carbonate,
whereas the existence of acidic water in the Ordovician
reservoir [16] makes the generation of CO2 possible at
any temperature.

Gases from the central and northern Ordos Basin (Sulige,
Shenmu, and Daniudi fields) have compositions different to
those of gases from the southern basin (South Jingbian and
Yan’an fields; Figure 2). Gases from the central and northern
fields are relatively wet, with dryness coefficients < 0 983
(mean 0.941); their heavy hydrocarbon contents are higher
(ethane mean 3.04%); and nonhydrocarbon contents lower
(N2 and CO2 means 1.86% and 3.07%, respectively). These
characteristics are consistent with the Ro distribution of
source rocks in the Ordos Basin (Figure 1). Differences in
hydrocarbon content indicate that gases from the southern
Ordos Basin have been exposed to higher palaeogeother-
mal stress and were generated in a later evolutionary
stage, whereas their nonhydrocarbon content could be
explained by some secondary mechanism occurring in a
late maturity stage.

4.2. Carbon Isotopic Compositions of Alkanes and CO2. Gas
δ13C-CH4 values in the upper Paleozoic reservoir of the
South Jingbian and Yan’an gas fields range from −21.02‰
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(b) stratigraphic column of the Paleozoic strata of the Ordos Basin (after [16]); (c) cross section for Ordos Basin (after [16]).
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to −33.62‰ (SD 2.57‰) and −27.5‰ to −30.8‰ (SD
0.85‰), respectively, with heavier isotopic compositions
than those of upper Paleozoic coal-derived gases from other
Ordos Basin gas fields such as the Sulige, Shenmu, and
Daniudi fields (Table 1; Figure 3). In contrast, most upper
Paleozoic gases from the southern Ordos Basin have unusu-
ally light δ13C-C2H6 values, with those of South Jingbian
gas averaging −31.5‰ and Yan’an gas averaging −34.8‰,
which are lighter than typical coal-derived gases (≥29‰).
Equivalent vitrinite reflectance values of the sources of gases
of the upper Paleozoic South Jingbian and Yan’an are in the
range 1.14–5.39%Ro (SD 1.45%Ro) and 1.80–3.09%Ro (SD
0.34%Ro), respectively, with the reflectance values of most
of these gases being in the range 2.0–3.5%Ro, based on the
relationship proposed by Dai et al. [32] for gases generated
from type III kerogen-coal (δ13C‐CH4 = 14 12; 34.39%Ro),
consistent with measured vitrinite reflectance of coal source
rocks in the upper Paleozoic strata (Figure 1).

Compared with upper Paleozoic South Jingbian gases,
lower Paleozoic gases contain alkanes more depleted in 13C,
with δ13C-CH4 values of −27.00‰ to −36.48‰ (mean
−32.05‰, SD 1.72‰) and δ13C-C2H6 values of −28.10‰
to −39.42‰ (mean −35.06‰, SD 2.21‰). The equivalent
vitrinite reflectance of lower Paleozoic gas sources, calculated
as proposed by Dai et al. [32] for coal-derived gas, is in the
range 0.71–3.35%Ro (mean 1.50%Ro, SD 0.48%Ro). Calcu-
lated Ro values for lower Paleozoic source rocks of South
Jingbian gas are lower than those of upper Paleozoic source
rocks in the same region (Figure 1), indicating two possibili-
ties: that the gas is not coal-derived and the calculation
method is therefore inapplicable or that the gases were
generated from other coal source rocks of lower maturity
than the upper Paleozoic source rocks. Jurassic coaly source
rock has lower maturity than C-P coaly source rock, although
it produces mainly oil and there is no pathway for any gas
generated to migrate to the lower Paleozoic reservoir,
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11Geofluids



precluding the second possibility. Type I and type II kerogen
occur in lower Paleozoic Ordovician source rocks [11, 34], so
oil-type gases generated there could be mixed with lower
Paleozoic gases, and the Ro–δ

13C-CH4 relationship is not
applicable to mixed gases. It appears, therefore, that geo-
chemical differences between lower and upper Paleozoic
South Jingbian gases indicate that they are produced from
different sources.

Thrasher and Fleet [35] reported that the δ13C values for
large gas accumulations (over 15 vol.% of CO2) are in the
range −10‰ to 0‰, suggesting an inorganic origin. In
contrast, gas accumulations that have less than 15 vol.% of
CO2 and low δ13C-CO2 values (<10‰) are of organic origin.
Dai et al. [33] reviewed the distribution of δ13C-CO2 values
in Chinese basins and proposed a model of CO2 production
in which gases of organic origin contain <15% CO2 with
δ13C-CO2 values below −10‰, whereas gases of inorganic
origin contain >60% CO2 with δ13C-CO2 values of −8‰ to
−3‰. The δ13C-CO2 values of 23 Ordos Basin gas samples
range from −12.9‰ to 10.9‰, with 20 having values above
−8% (Figure 3(b), Table 1), indicating an inorganic origin.
Considering that a unit of thick limestone occurs in the
Benxi (C2b) and Taiyuan (P1t) formations in the Ordos
Basin, it is likely that CO2 was produced by the cracking
of inorganic carbonates. The C-P coaly source rock gener-
ated organic acid while approaching and reaching matura-
tion [16], with the palaeotemperature reaching 160–200°C.
These factors created a favourable environment for the
generation of CO2.

4.3. Hydrogen Isotopic Composition. The hydrogen isotopic
composition of methane (δD-CH4) of natural gas in the
southern Ordos Basin is heavy compared with that of the

other gas fields (Figure 4(a)). Yan’an gas δD-CH4 values
range from −163.0‰ to −170.0‰ (mean −166.6‰, SD
1.98‰). Lower Paleozoic South Jingbian gases have similar
hydrogen isotopic compositions, with δD-CH4 values of
−157‰ to −171‰ (mean −165.33‰, SD 4.85‰). The heavy
δD-CH4 values of Yan’an and South Jingbian gases are
consistent with their high maturities. The hydrogen isotopic
compositions of ethane (δD-C2H6) of southern Ordos Basin
gases are light compared with those of gases from all other
Ordos Basin fields (Table 1). The δD-C2H6 values of Yan’an
gases range from −167.0‰ to −197.0‰ (mean −184.3‰, SD
6.91‰), whereas those of South Jingbian gases range from
−173.0‰ to −191.0‰ (mean −182.0‰, SD 5.89‰). Gases
of the southern Ordos Basin thus display hydrogen isotopic
reversal (δD-CH4>δD-C2H6) (Figure 4(b)).

4.4. Carbon Isotopic Reversal in Gases from the Southern
Ordos Basin. Carbon isotopic reversal is a distinctive feature
of Paleozoic natural gas of the southern Ordos Basin
(Figure 5). The lower Paleozoic South Jingbian gases all dis-
play partial reversal (δ13C-CH4>δ13C-C2H6<δ13C-C3H8),
whereas upper Paleozoic gases display partial (δ13C-CH4>
δ13C-C2H6<δ13C-C3H8) or complete (δ13C-CH4>δ13C-
C2H6>δ13C-C3H8) reversals, and Yan’an gases display com-
plete reversals. For all Ordos Basin upper Paleozoic gas
fields, there is a strong relationship between maturity (indi-
cated by Ro values) and carbon isotopic series (Figures 1(a)
and 5; Table 2).

On the basis of the new data and the results of previous
studies, some preliminary conclusions can be drawn as
follows. A large portion of the gases with complete carbon
isotopic reversal appears in regions with Ro > 2 4%, but not
all gases from such regions display complete reversal (some
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have partial reversals); in regions with 2 4% > Ro > 2 0%,
almost all gases display partial reversals, some with δ13C-
CH4>δ13C-C2H6 and others with δ13C-C2H6>δ13C-C3H8;
and most gases from regions with Ro < 2 0% display posi-
tive carbon isotopic series. The correlation between carbon
isotopic series in Paleozoic Ordos Basin gases and gas
maturity indicates that isotopic reversal may be caused
by elevated temperatures.

4.5. Carbon Isotopic Evolution in Gases of Different Maturity.
As observed for shale gases of varying maturity, carbon isoto-
pic compositions of methane and ethane indicate different
evolutionary trends, with δ13C-CH4 values increasing with
decreasing wetness and δ13C-C2H6 values first increasing
and then decreasing with decreasing wetness (Figure 6).
The evolution of mainly coal-derived natural gases in the

Paleozoic strata of the Ordos Basin can be divided into two
zones in terms of δ13C-C2H6 versus wetness trends: a prerol-
lover zone with wetness of >2.0% and a rollover zone with
wetness of <2.0% (Figure 6(a)). Paleozoic gases from the
South Jingbian and Yan’an fields are distributed mainly in
the rollover zone, where δ13C-C2H6 values become more
negative with decreasing wetness. Upper Paleozoic gases
from the Sulige, Shenmu, and Daniudi fields are distributed
in the prerollover zone, where δ13C values of ethane become
heavier with decreasing wetness (Figure 6(a)). δ13C-C2H6
rollover occurs with wetness of <2.0% (this study), whereas
for shale gases it occurs with wetness of <5.0% [15]. A possi-
ble cause of this difference is that at the same maturity level,
shale gases that originated from types I and II kerogen
contain more wet gases than do coal-derived gases that orig-
inated from type III kerogen, owing to the different structures
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of parent sources. In the case of shale gas, the retained petro-
leum could closely contact the kerogen and/or source rock
mineralogy, so the cracking rate of the crude oil is much ear-

lier than the conventional gas formation [36]. The δ13C-
C2H6 content of Ordos gases increases with decreasing
wetness (Figure 6(b)).
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Figure 5: Carbon isotopic series of alkane gases in (a) Yan’an and upper Paleozoic South Jingbian gas fields; (b) lower Paleozoic South
Jingbian field; (c) southern Sulige field; and (d) Daniudi, northern Sulige, and Shenmu gas fields.

Table 2: Relationship between maturity and carbon isotopic series in the Ordos Basin.

Gas field Source rock maturity Carbon isotopic series Detailed carbon isotopic series

Yan’an/South Jingbian Ro > 2 4% Complete reversal δ13C-CH4>δ13C-C2H6>δ13C-C3H8

South Jingbian Ro > 2 0% Partial reversal δ13C-CH4>δ13C-C2H6<δ13C-C3H8

South Sulige Ro > 2 0% Partial reversal δ13C-CH4<δ13C-C2H6>δ13C-C3H8

North Sulige, Shenmu, and Daniudi Ro < 2 0% Positive series δ13C-CH4<δ13C-C2H6<δ13C-C3H8
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5. Discussion

5.1. Source of Natural Gas. Numerous models have been
proposed to identify the origin of hydrocarbon gases.
One of the most widely used models is the Bernard dia-
gram, which combines (C1/C2+C3) and δ13C-CH4 values.
Whiticar [37] modified the diagram after Bernard et al.
[38] and Faber and Stahl [39] to identify primary gases
and gases altered by secondary effects. Based on previous
work, Dai et al. [40] developed a similar model by plotting
(C1/C2+C3) versus δ13C-CH4 values for natural gases with
different origins from various basins in China, with the
model being especially applicable for gas identification in
China. A modified Dai plot (Figure 7) of the data in
Table 1 reveals that most gases of the Sulige, Shenmu,
and Daniudi fields are derived from type III kerogen coaly
source rocks, supporting results of previous studies [16].
However, the source of Paleozoic gases in the southern
Ordos Basin is more complicated. As shown in Figure 7,
data for most upper Paleozoic South Jingbian and Yan’an
gases plot in the field of “coal-type gas,” whereas data for
lower Paleozoic gases of South Jingbian plot in either the
field of “cracking gas from oil and type II kerogen” or
the field of “coal-type gas.” This pattern indicates that
the upper Paleozoic gas of the southern Ordos Basin is
mainly coal-type gas derived from coaly source rocks,
whereas the lower Paleozoic gas of the southern Ordos
Basin is a mixture of coal-type gas and oil-type gas.
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5.2. Origin of Carbon Isotopic Reversals

5.2.1. Possible Causes for the Carbon Isotopic Reversals. There
are four possible causes of carbon isotopic reversal as follows.

(1) Inorganic Origin. Inorganic gases are formed by Fischer-
Tropsch synthesis when mantle degassing releases CO2 or
CO, forming hydrocarbons by reduction with reversed
carbon isotopic compositions [41]. Such gases are typically
characterized by δ13C-CH4>δ13C-C2H6>δ13C-C3H8>δ13C-
C4H10, with δ13C-CH4>− 25‰ [42]. Of the 107 Paleozoic
gas samples from the southern Ordos Basin, 15 have
complete carbon isotope reversal (δ13C-CH4>δ13C-C2H6>
δ13C-C3H8), whereas others have partial reversal with δ13C-
CH4>δ13C-C2H6<δ13C-C3H8, or there are no δ13C-C3H8
data (Table 1). The δ13C-CH4 value is less than −25‰ for
all except three samples. As the 3He/4He value of mantle
helium is higher than that of crust-sourced helium, the ratio
R/Ra, a comparison of the 3He/4He ratio of sample (R)
against the atmospheric ratio (Ra), can be used to distinguish
whether mantle-derived inorganic gas was injected into the
natural gas-producing system [40]. Mantle-sourced helium
in all cases has R/Ra ratios of >0.1 [42]. R/Ra values for gases
in the southern Ordos are all <0.1. It is therefore concluded
that the helium in the Paleozoic gases of the southern Ordos
Basin is not mantle-derived, suggesting an “organic origin” of
the associated hydrocarbon gases.

(2) Mixing. Some studies have suggested that the isotopic
reversal observed in the southern Ordos Basin was caused

by the mixing of coal-derived and oil-type gases from source
rock containing type I-II kerogen [3], (Yang et al., 2012),
[4, 7]. This cause can easily be excluded. To generate gas
mixtures with the light carbon isotopic composition of
ethane, the oil-type gas end-member should have δ13C-
C2H6 lighter than the mixed gases. δ13C-C2H6 values of
most samples are less than −32‰, with the lightest being
−39.42‰ (Table 1); however, the lightest δ13C-C2H6
values of oil-type gases found in Paleozoic reservoirs range
from −30.0‰ to −32.0‰ [10, 43]. Even with all of the ethane
in the mixture being oil-type gas, it would not account for the
carbon isotopic characteristics observed here.

(3) Wet-Gas Cracking. This model involves the mixing of
primary gas generated directly from kerogen cracking and
secondary gas generated from intermediate kerogen prod-
ucts. The wet-gas cracking model produces a positive
relationship between ln(C2/C3) and δ13C-C2H6–δ

13C-C3H8
with increasing thermal stress [44] during the secondary
cracking process and an initial increase followed by a rapid
decrease in iso-butane/n-butane (iC4/nC4) ratios with respect
to the decrease in wetness (due to the lower stability of iC4
than nC4 at high maturity; [15]). The relationship between
ln(C2/C3) and δ13C-C2H6–δ

13C-C3H8 in the Ordos data
(Figure 8(a)) indicates that secondary cracking of wet gas
does not occur in gases of the southern Ordos Basin. If crack-
ing was the main cause of isotopic reversal, the trend of
ln(C2/C3) would be expected to first decrease and then
increase with increasing δ13C-C2H6–δ

13C-C3H8, as shown
for Barnett and Fayetteville shale gases [44]. This trend is
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not evident here (Figure 8(a)), indicating that wet-gas
cracking cannot be the main cause of carbon isotopic
reversal in the southern Ordos Basin. There is no obvious
rollover pattern of iC4/nC4 versus wetness in Ordos Basin
data (Figure 8(b)), suggesting that cracking of wet gas may
have occurred.

(4) Abiotic Polymerization. Under conditions of ultrahigh
temperatures and pressures, similar to those at which
inorganic gases are generated, polymerization processes
could alter carbon isotope distributions to be similar to those
of inorganic gases [45]. If abiotic polymerization occurred,
carbon isotopic separation of 1000ln(σC2–C1) would be
expected to decrease as thermal stress increased. As more
wet gases were polymerized with increasing thermal
stress, wetness would be expected to increase. Taking
1000ln(σC2–C1) as an indicator of thermal stress, the dryness
indicator C1/(C2+C3) should decrease with decreasing
1000ln(σC2–C1) if the gases were generated by polymeriza-
tion. Zeng et al. [45] suggested that gases from the Songliao
field with isotopic reversals were generated by abiotic poly-
merization, and the trend for their data is plotted in
Figure 9 for comparison. As shown in Figure 9, there is an
initial increase and then decrease of C1/(C2+C3) ratios with
increasing 1000ln(σC2–C1) values for the Songliao gases.
However, for data from the present study, C1/(C2+C3) ratios
of Ordos Basin gases continue to increase with increasing
1000ln(σC2–C1) (Figure 9). If the gas had been generated by
polymerization, C1/(C2+C3) ratios should decrease in the
high-maturity stage. Abiotic polymerization thus cannot be
the main cause of carbon isotopic reversal in gases of the
southern Ordos Basin.

Other models have been proposed to explain carbon
isotopic reversal in overmature shale gases, including mass
transport [46], water-kerogen redox reactions [47, 48], and
other reactions involving transition metals [13, 49]. How-
ever, as southern Ordos Basin gases are stored in organic-
poor sandstone and carbonates, fractionation through gas
movement is unlikely to be the main cause of isotopic rever-
sal. Nor could the other reactions be the cause because the
conditions required for these reactions do not occur in the
Ordos Basin.

5.2.2. Closed-System Aromatization-Polycondensation Model.
It is clear that geological conditions should be taken into
account in explaining carbon isotopic reversal of southern
Ordos Basin gases. Dieckmann et al. [50] conducted closed-
system pyrolysis experiments with a type III kerogen Taglu
Sequence sample, demonstrating that large amounts of gas
are generated at extreme levels of thermal stress, with δ13C
values of methane falling to values 10‰ lighter than those
of open systems. They suggested that neoformed materials
produced during low-maturity stages become active at
high maturities (Ro > 2 5%) and recombine with residual
kerogen or coal to form gases through aromatization-
polycondensation reactions. Furthermore, Erdmann and
Horsfield [51] have shown that closed-system pyrolysis of
type II/III kerogen of the heater formation results in recom-
bination reactions, which act as sources of gas beyond the

normal thermal conditions of oil-to-gas cracking, with
aromatic compounds, phenols, and short n-alkyl chains
being the main products formed from type III kerogen.
Aromatization-polycondensation reactions are well known
as major processes taking place during coal maturation
[52–54]. In the mechanism proposed by Dieckmann et al.
[50] and Erdmann and Horsfield [51], some neoformed
macromolecules with relatively light carbon isotopic compo-
sitions were generated in low-maturity stages and preserved
in the closed system. In overmature stages, these neoformed
macromolecules react with residual kerogen or coal to form
short-chain alkanes depleted in 13C. Such reactions could
generate alkanes with light carbon isotopic compositions in
the overmature stage.

Mahlstedt and Horsfield [36] showed that the results of
Dieckmann et al. [50] and Erdmann and Horsfield [51] were
applicable to natural maturation and also discovered that the
ability of source rocks to generate late gas (the gas generated
through aromatization-polycondensation at high maturity)
is related to the initial organic-matter structure, depositional
environment, and precursor biota. The heterogeneous aro-
matic and/or phenolic type II/III and type III coals from
fluvial-deltaic-terrestrial environments are most favourable
for late gas generation (Yang et al., 2015). The C-P source
rock of the Ordos Basin contains Shanxi (P1s), Taiyuan
(P1t), and Benxi (C2b) coals and mudstones, with these coaly
source rocks having been precipitated in such an environ-
ment, with the shore and shallow water delta environment
gradually transitioning to a tidal flat or terrestrial swamp.
Over long periods, large areas of coal seam sediment were
formed. The maceral composition of the source rocks
includes vitrinite (Table 3), indicating a terrestrial origin.
The sedimentary environment of the upper Paleozoic source
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rocks indicates that they were favourable precursors for late
gas generation.

The geological setting of the southern Ordos Basin pro-
vides conditions similar to those essential for such reactions,
including type III coaly source rock, high thermal maturity,
and a closed system. Most southern Ordos Basin gases were
formed from thick coaly source rocks with high maturities
and high quality. Large amounts of gas were generated in
short time periods and stored in nearby tight sandstone
reservoirs with thick caprocks and with gas migration being
hindered by the stable basement. Paleozoic gas thus accumu-
lated near its source. Therefore, southern Ordos Basin gas
fields have conditions approximating closed systems in
which aromatization-polycondensation reactions may occur.

A special example for comparison is the gas of the Kela2
gas field in the Tarim Basin, which was also generated from
overmature (Ro > 2 0%) coaly source rocks, but do not
display carbon isotopic reversal [16], because the Kela2 gas
field is an open system, with neoformed materials having
expired before the overmature stage.

If aromatization-polycondensation reactions took place
in the southern Ordos Basin gas fields under study here, the
gases generated would contain isotopically light methane,
ethane, and propane. However, as the amounts of metha-
ne> ethane>propane in the residual alkanes generated from
kerogen cracking, a small addition of newly formed gas
would result in rollover of δ13C-C3H8, whereas rollover of
δ13C-CH4 would require a larger amount. This would result
in two trends: (1) with increasing maturity, rollover of
δ13C-C3H8 would occur first, followed by δ13C-C2H6, and
although isotopically light C1 was added, residual heavy C1
would dominate the gas mixture with insignificant changes
in δ13C-CH4, and rollover of δ13C-CH4 would occur last;
(2) as 13C3 became depleted more rapidly than 13C1 and
13C2, reversal of δ

13C-C2H6 and δ
13C-C3H8 would occur first,

with reversal of δ13C-CH4 and δ13C-C2H6 occurring later.

The evolution of carbon isotopic compositions in Ordos
Basin gas fields appears to follow these two processes
(Figures 6(a), 6(b) and 10(a)). The rollover points of δ13C-
CH4, δ

13C-C2H6, and δ13C-C3H8 occur at different wetness
and thermal maturities, with wetness of δ13C-CH4, δ

13C-
C2H6, and δ13C-C3H8 being 1.2%, 2.0%, and 5.0%,
respectively (Figures 6(a), 10(a) and 10(b)). With respect to
increasing maturity in the whole basin, the reversal of
δ13C-C3H8<δ13C-C2H6 occurs first in the south Sulige
field (Ro 2.0%–2.6%), then reversal of δ13C-C2H6<δ13C-
CH4 occurs in the South Jingbian field (2 0% < Ro < 3 8%),
whereas complete reversal occurs only where Ro > 2 4%.

5.3. Hydrogen Isotopic Reversal.A unique characteristic of the
southern Ordos Basin gas fields is the hydrogen isotopic
reversal (δD-CH4>δD-C2H6). Rollover of δD-CH4 has been
observed in overmature shale gases worldwide [13–15].
Although southern Ordos Basin gases show a rollover of
δD-C2H6 (Figure 11(a)), Figure 11(b) indicates that δD-
CH4 values continue to increase as wetness decreases, which
differs from the trend observed for overmature shale gases,
although both gas types display hydrogen isotopic reversal
(δD-CH4>δD-C2H6).

The hydrogen isotopic reversal of methane has been
reported in overmature unconventional and conventional
gases [13–15]. The temperature of the reservoirs can reach
200–350°C, and at such temperatures, hydrocarbon reactions
can be impacted by the presence of water [47] and redox-
active transition metals [58]. Most previous studies attrib-
uted the phenomenon to isotopic exchange between CH4
and H2O at high temperatures, leading to reversal of δD-
CH4 and δD-C2H6 and rollover of δD-CH4 with increasing
maturity. Gases that have undergone isotopic exchange
between CH4 and H2O can be recognized by increasing
CO2 content with decreasing wetness and decreasing δ13C-
CO2 with decreasing wetness [15].

Table 3: Geochemical parameters of upper Paleozoic source rocks of Ordos Basin [55, 56].

Item

Organic
carbon (%)

Chloroform
bitumen A (%)

Total hydrocarbon (ppm)
Maceral composition (%)

Vitrinite Fusinite Inertinite
Max/min
Average

Shanxi formation
Coal

89.17/49.28
73.6

2.45/0.1
0.8

6699.93/519.9
2539.8

90.2/43.8
73.6

54/6.3
24

12.3/0
4.6

Mudstone
19.29/0.07

2.25
0.5/0.0024

0.04
524.96/519.85

163.8
47/8
20.5

87/51.8
72

20.3/0
7.4

Taiyuan formation

Coal
83.2/3.83
74.7

1.96/0.03
0.61

4463/222
1757.1

98.8/21.2
64.2

63.7/1.3
32.1

15.1/0
3.7

Mudstone
23.38/0.1
3.33

2.95/0.003
0.12

1904.64/15
361.6

82/8.3
38

89.3/15.3
53.3

34.5/0.3
8.4

Limestone
6.29/0.11
1.41

0.43/0.0026
0.08

2194.53/88.92
493.2

Benxi formation
Coal

80.26/55.38
70.8

0.97/0.41
0.77

93.3/72
87.2

25.2/6.7
16

2.8/0
1.4

Mudstone
11.71/0.05

2.54
0.44/0.0024

0.065
1466.34/12.51

322.73
47.8/12.3
24.5

59.8/12.3
44

39.5/0.3
18.2

Note: this table has also been used in Liu et al., [57].
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Evolutionary trends of CO2 content and δ13C-CO2 with
decreasing wetness are illustrated in Figure 12. CO2 contents
of southern Ordos Basin gases are higher than those of other
gases in the Ordos Basin (Figure 12(a)), but there is no
apparent relationship between δ13C-CO2 and wetness
(Figure 12(b)). Figure 3(b) indicates that CO2 is of inorganic
origin, and its δ13C-CO2 values are much heavier than those
of overmature shale gases. These factors indicate that the
high CO2 contents were not generated from reactions of
CH4 and H2O, and isotopic exchange between CH4 and
H2O at high temperatures cannot be the cause of hydrogen

isotopic reversal in the southern Ordos Basin. Moreover,
recent work on the clumped isotopic composition of
methane indicates that all hydrogen atoms in methane (and
ethane and propane) are from organic matter and that a
contribution of hydrogen from water is unlikely [59].

The main difference between the hydrogen isotopic
compositions of southern Ordos Basin gases and other
overmature gases is that rollover of hydrogen isotopes in
the former occurs with δD-C2H6 whereas the latter occurs
with δD-CH4. This is attributed to simultaneous rollover of
carbon and hydrogen isotopes (i.e., both carbon and
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hydrogen isotopes of methane continue increasing with
maturity, whereas those of ethane increase at first and then
decrease, indicating that the rollover of carbon and hydrogen
isotopes occur through the same process, possibly at the
same time).

In the late gas-generation stage, when the first formed
moieties recombined with residual kerogen to form methane
and ethane, the process should have followed a similar isoto-
pic fractionation rule to that of primary gas generation. That
is, the 12C–12C bonds in all C-1H molecules have lower
activation energy (are easier to break) than those in mole-
cules containing at least one 2H, and the remaining reactants
(the residual kerogen) become 2H-enriched, whereas the gas
products become 2H-depleted [60]. In the late gas-generation
stage, the cracking of earlier-generated C6+ moieties would
have released alkanes with lighter hydrogen isotopic compo-
sitions than those of alkanes originating from late kerogen.
These gases with light hydrogen isotopes mixed with the
existing gases with much heavier hydrogen isotopes, causing
the isotopic rollover of ethane. As the amount of ethane was
much smaller than that of methane, a small amount of
mixing would have easily caused the hydrogen isotopic
composition of the mixed ethane to be lighter, resulting
in the rollover. This is consistent with the recent work
of Ni et al. [61].

6. Conclusions

(1) Paleozoic natural gases in the southern Ordos Basin
display carbon isotopic reversals, and the gases are
not of inorganic origin. Modelled carbon isotope
trends of mixed gases containing varying proportions
of oil-type and coal-derived gases show that carbon

isotopic reversals are not caused by the mixing of
different types of gases. Moreover, because of the
different geological setting between conventional
coal-derived gas and unconventional shale gas, the
mechanisms for carbon isotopic reversal in shale
gas could not be applied to explain the reversal in
southern Ordos gases. The wetness of southern
Ordos gases decreases rather than increases with
incremental increases in thermal stress, indicating
that abiotic polymerization was not the cause of the
carbon isotopic reversal

(2) Given the evolutionary trend of δ13C-CH4, δ
13C-

C2H6, and δ13C-C3H8 and the geological background
of the southern Ordos Basin, carbon isotopic reversal
in southern Ordos gases is best explained by a closed-
system aromatization-polycondensation model, dur-
ing which some neoformed macromolecules with
relatively light carbon isotopic compositions were
generated at a low-maturity stage and preserved in
the closed system. During the overmature stage,
these neoformed macromolecules reacted with the
residual kerogen/coal structure to form short-chain
alkanes depleted in 13C through aromatization-
polycondensation reactions. The evolutionary trend
of δD-CH4 and δD-C2H6 in the Ordos Basin also
suggests that the hydrogen isotopic reversal was
caused by aromatization-polycondensation reactions
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20 Geofluids



Disclosure

The manuscript has been presented at the 2019 Goldschmidt
as a short abstract: https://goldschmidt.info/2019/abstracts/
abstractView?id=2019005642.

Conflicts of Interest

The author declares no conflicts of interest.

Acknowledgments

The author thanks Professor W. Z. Zhang and Q. F. Kong of
the Petroleum Exploration and Development Research
Institute, Changqing Oilfield Company, PetroChina, for
contributing data and supporting sample collection. The
author also appreciates the careful reviews and constructive
suggestions of the anonymous reviewers. This study was
supported by the National Natural Science Foundation for
Young Scientists of China (Grant No. 41702161).

References

[1] W. J. Stahl and B. D. Carey Jr., “Source-rock identification by
isotope analyses of natural gases from fields in the Val Verde
and Delaware basins, west Texas,” Chemical Geology, vol. 16,
no. 4, pp. 257–267, 1975.

[2] Y. Tang, J. K. Perry, P. D. Jenden, and M. Schoell, “Mathemat-
ical modeling of stable carbon isotope ratios in natural gases,”
Geochimica et Cosmochimica Acta, vol. 64, no. 15, pp. 2673–
2687, 2000.

[3] A. P. Hu, J. Li, W. Z. Zhang, Z. S. Li, L. Hou, and Q. Y. Liu,
“Geochemical characteristics and origin of gases from the
Upper, Lower Paleozoic and the Mesozoic reservoirs in the
Ordos Basin, China,” Science in China Series D: Earth Sciences,
vol. 51, no. S1, Supplement I, pp. 183–194, 2008.

[4] J. Dai, D. Gong, Y. Ni, C. Yu, and W. Wu, “Genetic types of
alkane gases in giant gas fields with proven reserves over
1000×108m3 in China,” Energy Exploration & Exploitation,
vol. 32, no. 1, pp. 1–18, 2014.

[5] D. Gong, J. Li, I. Ablimit et al., “Geochemical characteristics of
natural gases related to late Paleozoic coal measures in China,”
Marine and Petroleum Geology, vol. 96, pp. 474–500, 2018.

[6] C. Yu, S. P. Huang, D. Y. Gong, F. R. Liao, J. Li, and Q. W. Sun,
“Partial reversal cause of carbon and hydrogen isotope compo-
sitions of natural gas: a case study in Sulige gas field, Ordos
Basin,” Acta Petrolei Sinica, vol. 34, Supplement 1, pp. 92–
101, 2013.

[7] J. Zhao, W. Zhang, J. Li, Q. Cao, and Y. Fan, “Genesis of tight
sand gas in the Ordos Basin, China,” Organic Geochemistry,
vol. 74, pp. 76–84, 2014.

[8] J. X. Dai, Y. Y. Ni, S. P. Huang et al., “Origins of secondary
negative carbon isotopic series in natural gas,” Natural Gas
Geoscience, vol. 27, no. 1, pp. 1–7, 2016.

[9] Z. Feng, D. Liu, S. Huang, D. Gong, and W. Peng, “Geochem-
ical characteristics and genesis of natural gas in the Yan’an gas
field, Ordos Basin, China,” Organic Geochemistry, vol. 102,
pp. 67–76, 2016.

[10] Q. F. Kong, W. Z. Zhang, J. F. Li, and C. L. Zan, “Origin of nat-
ural gas in Ordovician in the west of Jingbian Gasfield, Ordos
Basin,” Natural Gas Geoscience, vol. 21, no. 1, pp. 71–80, 2016.

[11] D. Liu, W. Zhang, Q. Kong, Z. Feng, C. Fang, and W. Peng,
“Lower Paleozoic source rocks and natural gas origins in
Ordos Basin, NWChina,” Petroleum Exploration and Develop-
ment, vol. 43, no. 4, pp. 591–601, 2016.

[12] X. Xia, J. Chen, R. Braun, and Y. Tang, “Isotopic reversals with
respect to maturity trends due to mixing of primary and
secondary products in source rocks,” Chemical Geology,
vol. 339, pp. 205–212, 2013.

[13] R. C. Burruss and C. D. Laughrey, “Carbon and hydrogen
isotopic reversals in deep basin gas: evidence for limits to the
stability of hydrocarbons,” Organic Geochemistry, vol. 41,
no. 12, pp. 1285–1296, 2010.

[14] B. Tilley and K. Muehlenbachs, “Isotope reversals and
universal stages and trends of gas maturation in sealed, self-
contained petroleum systems,” Chemical Geology, vol. 339,
pp. 194–204, 2013.

[15] J. Zumberge, K. Ferworn, and S. Brown, “Isotopic reversal
(‘rollover’) in shale gases produced from the Mississippian
Barnett and Fayetteville formations,” Marine and Petroleum
Geology, vol. 31, no. 1, pp. 43–52, 2012.

[16] J. X. Dai, C. N. Zou, and W. Li, Large Coal-Derived Gas Fields
in China and Their Sources, Science Press, Beijing, 2014.

[17] H. Guoyi, L. Jin, S. Xiuqin, H. Zhongxi et al., “The origin of
natural gas and the hydrocarbon charging history of the Yulin
gas field in the Ordos Basin, China,” International Journal of
Coal Geology, vol. 81, no. 4, pp. 381–391, 2010.

[18] S. Huang, X. Fang, D. Liu, C. Fang, and T. Huang, “Natural gas
genesis and sources in the Zizhou gas field, Ordos Basin,
China,” International Journal of Coal Geology, vol. 152, no. SI,
pp. 132–143, 2015.

[19] S. Huang, C. Yu, D. Gong, W. Wu, and F. Liao, “Stable carbon
isotopic characteristics of alkane gases in tight sandstone gas
fields and the gas source in China,” Energy Exploration &
Exploitation, vol. 32, no. 1, pp. 75–92, 2014.

[20] X. Wu, Q. Liu, J. Zhu et al., “Geochemical characteristics of
tight gas and gas-source correlation in the Daniudi gas field,
the Ordos Basin, China,” Marine and Petroleum Geology,
vol. 79, pp. 412–425, 2017.

[21] J. Dai, J. Li, X. Luo et al., “Stable carbon isotope compositions
and source rock geochemistry of the giant gas accumulations
in the Ordos Basin, China,” Organic Geochemistry, vol. 36,
no. 12, pp. 1617–1635, 2005.

[22] R. Yang, Z. He, G. Qiu, Z. Jin, D. Sun, and X. Jin, “A late
Triassic gravity flow depositional system in the southern
Ordos Basin,” Petroleum Exploration and Development,
vol. 41, no. 6, pp. 724–733, 2014.

[23] Z. He and C. Deng, “Discovery and exploration in Jingbian gas
field of Ordos Basin,” Marine Origin Petroleum Geology,
vol. 10, no. 2, pp. 37–42, 2005.

[24] R. J. Hill, D. M. Jarvie, J. Zumberge, M. Henry, and R. M.
Pollastro, “Oil and gas geochemistry and petroleum systems
of the Fort Worth Basin,” AAPG Bulletin, vol. 91, no. 4,
pp. 445–473, 2007.

[25] R. C. Johnson and D. D. Rice, “Occurrence and geochemistry
of natural gases, Piceance Basin, Northwest Colorado,” AAPG
Bulletin, vol. 77, pp. 980–998, 1990.

[26] A. M. Martini, L. M. Walter, and J. C. McIntosh, “Iden-
tification of microbial and thermogenic gas components
from Upper Devonian black shale cores, Illinois and
Michigan basins,” AAPG Bulletin, vol. 92, no. 3, pp. 327–
339, 2008.

21Geofluids

https://goldschmidt.info/2019/abstracts/abstractView?id=2019005642
https://goldschmidt.info/2019/abstracts/abstractView?id=2019005642


[27] S. G. Osborn and J. C. McIntosh, “Chemical and isotopic
tracers of the contribution of microbial gas in Devonian
organic-rich shales and reservoir sandstones, northern Appa-
lachian Basin,” Applied Geochemistry, vol. 25, no. 3, pp. 456–
471, 2010.

[28] J. C. Pashin, M. R. McIntyre-Redden, S. D. Mann, D. C.
Kopaska-Merkel, M. Varonka, and W. Orem, “Relationships
between water and gas chemistry in mature coalbed methane
reservoirs of the Black Warrior Basin,” International Journal
of Coal Geology, vol. 126, pp. 92–105, 2014.

[29] N. D. Rodriguez and R. P. Philp, “Geochemical characteri-
zation of gases from the Mississippian Barnett Shale, Fort
Worth Basin, Texas,” AAPG Bulletin, vol. 94, no. 11,
pp. 1641–1656, 2010.

[30] D. Strąpoć, M. Mastalerz, A. Schimmelmann, A. Drobniak,
and N. R. Hasenmueller, “Geochemical constraints on the
origin and volume of gas in the New Albany Shale
(Devonian–Mississippian), eastern Illinois Basin,” AAPG
Bulletin, vol. 94, no. 11, pp. 1713–1740, 2010.

[31] W. Wu, D. Dong, C. Yu, and D. Liu, “Geochemical character-
istics of shale gas in Xiasiwan area, Ordos Basin,” Energy
Exploration & Exploitation, vol. 33, no. 1, pp. 25–41, 2015.

[32] J. X. Dai and H. Qi, “Relationship of δ13C-Ro of coal-
derived gas in China,” Chinese Science Bulletin, vol. 34,
pp. 690–692, 1989.

[33] J. X. Dai, Y. Song, C. Dai, and D. Wang, “Geochemistry and
accumulation of carbon dioxide gases in China,” AAPG Bulle-
tin, vol. 80, pp. 1615–1626, 1996.

[34] Q. Liu, M. Chen, W. Liu, J. Li, P. Han, and Y. Guo, “Origin of
natural gas from the Ordovician paleo-weathering crust and
gas-filling model in Jingbian gas field, Ordos Basin, China,”
Journal of Asian Earth Sciences, vol. 35, no. 1, pp. 74–88, 2009.

[35] J. Thrasher and A. J. Fleet, “Predicting the risk of carbon
dioxide “pollution” in petroleum reservoirs,” in Organic geo-
chemistry: Developments and applications to energy, climate,
environment and human history: Proceedings 17th Interna-
tional Meeting on Organic Geochemistry, pp. 1086–1088, San
Sebastian, Spain, September 1995.

[36] N. Mahlstedt and B. Horsfield, “Metagenetic methane
generation in gas shales I. Screening protocols using immature
samples,” Marine and Petroleum Geology, vol. 31, no. 1,
pp. 27–42, 2012.

[37] M. J. Whiticar, “Stable isotope geochemistry of coals, humic
kerogens and related natural gases,” International Journal of
Coal Geology, vol. 32, no. 1-4, pp. 191–215, 1996.

[38] B. B. Bernard, J. M. Brooks, and W. M. Sackett, “Light
hydrocarbons in recent Texas continental shelf and slope
sediments,” Journal of Geophysical Research, vol. 83, no. C8,
pp. 4053–4061, 1978.

[39] E. Faber and W. Stahl, “Geochemical surface exploration
for hydrocarbons in North Sea,” AAPG Bulletin, vol. 68,
pp. 363–386, 1984.

[40] J. X. Dai, X. G. Pei, and H. F. Qi, China Natural Gas Geology,
vol. 1, Petroleum Industry Press, Beijing, 1992.

[41] T. M. McCollom and J. S. Seewald, “Carbon isotope composi-
tion of organic compounds produced by abiotic synthesis
under hydrothermal conditions,” Earth and Planetary Science
Letters, vol. 243, no. 1-2, pp. 74–84, 2006.

[42] P. D. Jenden, D. R. Hilton, I. R. Kaplan, and H. Craig,
“Abiogenic hydrocarbons and mantle helium in oil and gas
fields,” in The Future of Energy Gases - USGS Professional

Paper 1570, D. G. Howell, Ed., pp. 31–56, United States
Geological Survey, 1993.

[43] J. K. Mi, X. M. Wang, and G. Y. Zhu, “Origin determina-
tion of gas from Jingbian gas field in Ordos basin collective
through the geochemistry of gas from inclusions and source
rock pyrolysis,” Acta Petrologica Sinica, vol. 28, no. 3,
pp. 859–869, 2012.

[44] A. A. Prinzhofer and A. Y. Huc, “Genetic and post-genetic
molecular and isotopic fractionations in natural gases,” Chem-
ical Geology, vol. 126, no. 3-4, pp. 281–290, 1995.

[45] H. Zeng, J. Li, and Q. Huo, “A review of alkane gas geochem-
istry in the Xujiaweizi fault-depression, Songliao Basin,”
Marine and Petroleum Geology, vol. 43, pp. 284–296, 2013.

[46] Q. R. Passey, K. M. Bohacs, W. L. Esch, R. Klimentidis, and
S. Sinha, “From oil-prone source rock to gas-producing shale
reservoir – geologic and petrophysical characterization of
unconventional shale-gas reservoir,” in Proceedings of Interna-
tional Oil and Gas Conference and Exhibition in China, Bei-
jing, China, June 2010.

[47] M. D. Lewan, “Experiments on the role of water in petroleum
formation,” Geochimica et Cosmochimica Acta, vol. 61, no. 17,
pp. 3691–3723, 1997.

[48] L. C. Price, “A possible deep-basin high-rank gas machine via
water organic-matter redox reactions,” in Geologic Studies of
Deep Natural Gas Resources, T. S. Dyman and V. A. Kuuskraa,
Eds., pp. H1–H29, USGS, Denver, 2001.

[49] Y. Tang and X. Y. Xia, “Quantitative assessment of shale gas
potential based on its special generation and accumulation pro-
cesses,” in AAPG Convention and Exhibition of AAPG Search
and Discovery Article #90124, Houston, TX, USA, April 2011.

[50] V. Dieckmann, R. Ondrak, B. Cramer, and B. Horsfield, “Deep
basin gas: new insights from kinetic modelling and isotopic
fractionation in deep-formed gas precursors,” Marine and
Petroleum Geology, vol. 23, no. 2, pp. 183–199, 2006.

[51] M. Erdmann and B. Horsfield, “Enhanced late gas generation
potential of petroleum source rocks via recombination reac-
tions: evidence from the Norwegian North Sea,” Geochimica
et Cosmochimica Acta, vol. 70, no. 15, pp. 3943–3956, 2006.

[52] F. Behar, M. Vandenbroucke, S. C. Teermann, P. G. Hatcher,
C. Leblond, and O. Lerat, “Experimental simulation of gas
generation from coals and a marine kerogen,” Chemical
Geology, vol. 126, no. 3-4, pp. 247–260, 1995.

[53] J. R. Levine and W. E. Edmunds, Structural geology, tectonics,
and coalification, Carboniferous Geology of the Anthracite
Fields of Eastern Pennsylvania and New England, Geological
Society of America, Coal Division, 1993.

[54] M. Teichmuller and R. Teichmuller, “The significance of
coalification studies to geology: a review,” Bulletin des Centres
de Recherches Exploration-Production Elf-Aquitaine, vol. 5,
no. 2, pp. 491–534, 1981.

[55] Z. X. He, A. Q. Fei, and T. H.Wang, The Ordos Basin Evolution
and Hydrocarbon, Petroleum Industry Press, Beijing, 2003.

[56] Z. X. He, J. H. Fu, S. L. Xi, S. T. Fu, and H. P. Bao, “Geological
features of Sulige gas field,” Acta Petrologica Sinica, vol. 24,
no. 2, pp. 6–12, 2003.

[57] D. Liu, C. Yu, S. Huang, C. Fang, Z. Feng, and Q. Kong, “Using
light hydrocarbons to identify the depositional environment of
source rocks in the Ordos Basin, central China,” Energy Explo-
ration & Exploitation, vol. 33, no. 6, pp. 869–890, 2015.

[58] J. S. Seewald, M. Y. Zolotov, and T. McCollom, “Experimental
investigation of single carbon compounds under hydrothermal

22 Geofluids



conditions,” Geochimica et Cosmochimica Acta, vol. 70, no. 2,
pp. 446–460, 2006.

[59] X. Xia and Y. Gao, “Mechanism of linear covariations between
isotopic compositions of natural gaseous hydrocarbons,”
Organic Geochemistry, vol. 113, pp. 115–123, 2017.

[60] Y. Tang, Y. Huang, G. S. Ellis et al., “A kinetic model for
thermally induced hydrogen and carbon isotope fractionation
of individual n-alkanes in crude oil,” Geochimica et Cosmochi-
mica Acta, vol. 69, no. 18, pp. 4505–4520, 2005.

[61] Y. Ni, J. Gao, J. Chen, F. Liao, J. Liu, and D. Zhang, “Gas
generation and its isotope composition during coal pyrolysis:
potential mechanism of isotope rollover,” Fuel, vol. 231,
pp. 387–395, 2018.

23Geofluids



Research Article
Evidence of Tectonic Control on the Geochemical Features of the
Volatiles Vented along the Nebrodi-Peloritani Mts
(Southern Apennine Chain, Italy)

Francesco Italiano,1 Pietro Bonfanti ,2 and Salvatore Roberto Maugeri 2

1Istituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione di Palermo, 90146, Italy
2Istituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione di Catania Osservatorio Etneo, 95125, Italy

Correspondence should be addressed to Pietro Bonfanti; pietro.bonfanti@ingv.it

Received 15 February 2019; Revised 30 April 2019; Accepted 30 May 2019; Published 4 July 2019

Academic Editor: Andrew H. Manning

Copyright © 2019 Francesco Italiano et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Investigations carried out over the southernmost portion of the Apennine chain (Nebrodi-Peloritani Mountains, Sicily, Italy) reveal
a close connection between the tectonic setting and the regional degassing of CO2-dominated volatiles. The geochemical features of
the collected gases show that the pristine composition has been modified by gas-water interaction (GWI) and degassing processes.
The 3He/4He isotopic ratio in the range of 0.7-2.8 Ra highlights variable contributions of mantle-derived helium, representing an
unusual feature for the crustal regime of the study areas characterized by the widespread presence of 4He-producer
metamorphic rocks. The degassing of mantle helium is coherent with the tectonics and related to the NW-SE extensional regime
of the Calabro-Peloritan Arc (CPA). We propose that the degassing regime as well as the geochemical features of both the
dissolved and bubbling gases is closely connected to the strain accumulation rate, inducing almost no temporal changes and
insignificant deep-originated fluid contributions to the locked fault volumes. Investigations including discrete and continuous
monitoring and degassing-rate estimations are useful tools to gain a better insight into the evolution of seismogenesis,
considering the fault rupture as the final stage of a seismic cycle.

1. Introduction

Results of studies on fluid/fault relationships have widely
shown the role of fluids both as triggering agents of seismic
shocks and as fast carriers of information on processes
occurring at deep levels, making them useful tools in gaining
a better insight into the evolution of seismogenic processes.
The Apennines are well known to be a still-developing chain,
with tectonic movements driven by a large number of active
faults often recognized as seismogenetic [1, 2]. The Southern
portion of the Apennines, the Calabro-Peloritan Arc (CPA),
develops over an area that has been struck by some of the
most destructive seismic events ever seen in Europe (e.g.,
Messina 1908 and Calabria 1905, 1783). Indeed, its compli-
cated tectonic setting has been satisfactorily constrained only
in recent times and remains under investigation. The CPA is

a major tectonic structure running across northeastern
Sicily and Calabria (Figure 1). The Nebrodi and Peloritani
mountains stretch E-W along the Northern Ionian and
Tyrrhenian coasts for about 100 km.

The presence of thermal springs besides the degassing
occurring over some areas (evidenced by bubbling gases in
thermal waters and shallow sea waters) is a clue to the close
connection of the fluids’ circulation pattern with the local
tectonic structures. This paper accounts for the results of a
fluid collection carried out over the Nebrodi and Peloritani
Mts over the period 2004-2006. More samples collected in
2002, 2003, and 2007 were added to the time series of some
of the most important sites. The survey aimed at defining
the origin as well as the interactions of the fluids circulating
over the area in order to evaluate possible relationships with
local tectonic structures.
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Improving the knowledge of the geochemical features of
the fluids and their behaviour in the geodynamic context of
the area can provide new information leading to a better
understanding of local tectonic settings along with new tools
for an insight into the development of the seismogenesis
(stress accumulation, deformation, strain release, etc.).

The study area is characterized by the venting of geother-
mal fluids over both the Tyrrhenian and Ionian coasts, as well
as by gas emissions over areas crossed by the Aeolian-
Tindari-Letojanni fault (ATLF) system (Figure 1). The gases
are mainly dissolved in groundwater and vented as a separate
phase only in a few sites.

2. Geologic and Tectonic Setting

The current tectonic framework of the Calabro-Peloritan Arc
(CPA) results from the N-S Africa-Eurasia convergence
during the Neogene-Quaternary at a rate of 1–2 cm/yr during
the last 5–6My [3–7]. Despite this, a rapid E to SE motion
affected the CPA at a rate of 5–6 cm/yr, with an uplift
between 0.5 and 1.2mm/year, in the last 1–0.7My, mainly
accommodated by normal faulting [8–10]. This NE corner
of the chain exhibits an uplift with the highest rate in proxim-
ity to the Messina Strait (along the Ionian coast) and lower
uplift rates along the Tyrrhenian coasts [11].

The motion is related to the roll-back of the subjacent
Ionian transitional to oceanic slab and back-arc expansion
in the Tyrrhenian Sea [12–14]. During the middle-late

Pleistocene, roll-back and subduction slowed to less than
1 cm/yr [15].

The current structural framework of northern Sicily is the
result of the Plio-Pleistocene activation of a complex network
of fractures related to a W-E trending right-lateral regional
shear zone extending from the Pantelleria Rift to the Aeolian
Islands [16–20]. Some of these structures are still active and
responsible for the shallow seismicity occurring both in
inland Sicily and in the northern offshore in the Tyrrhenian
Sea. Focal mechanisms are typically characterized by strike-
slip and oblique kinematics consistent with low-dip NW-SE
to NNW-SSE trending P-axes [21–26], roughly consistent
with the global convergence direction between the European
and African plates [11, 27–31].

The seismological and geodetic data depict two main
crustal domains marked by different stress regimes: a com-
pressive domain in the northern Sicilian offshore and an
extensional domain in northeastern Sicily and southern
Calabria [24, 32–36]. The transition between the two
domains occurs along the Aeolian-Tindari-Letojanni fault
(ATLF) system which has been interpreted as a transfer
crustal zone between the northern Sicily offshore thrust belt
in the Tyrrhenian Sea and the accretionary wedge offshore
the eastern Calabria in the Ionian Sea [29, 32, 37] or as a
lithospheric tear fault bounding the western edge of the
subducting Ionian slab [13, 38–41]. Extension, however,
although at an immature tectonic stage, also occurs in a
narrow band to the west of the ATLF in northern Sicily as
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documented by seismology and structural studies [25, 42].
In the field, the ATLF is formed by NW-SE-oriented en
echelon segments characterized by prevailing right-
transpressional movements in the Aeolian sector [43, 44]
and by transtensional motion in the northern Sicily sector
[45]. Seismological, geological, and geodetic data evidence
that the ATLF is very active with more than 1500 earthquakes
(maximummagnitude = 4 5) occurring in the past 30 years
in its northern portion. Fault plane solutions reveal prevail-
ing normal faulting coupled with dextral solutions along
the inland part of the ATLF [25]. Figure 1 summarizes the
above-mentioned information alongside the distribution of
the sampling sites.

Recent geodetic observations coupled to geological
constraints have served to better elucidate the interplay of
crustal blocks of the Nebrodi-Peloritani area [46]. The ATLF
juxtaposes north-south contraction between Sicily and the
Tyrrhenian block with northwest-southeast extension in
northeastern Sicily and Calabria (Nebrodi-Peloritani chains).
As a matter of fact, the Africa-Eurasia convergence in Sicily
and southern Calabria is nowadays expressed by two
different tectonic and geodynamic domains: a roughly N-S
compression over the western region caused by continental
collision and a NW-SE extension to the east (Calabro-
Peloritan Arc) related to the S-E-directed expansion. The
ATLF right-lateral shear zone accommodates the different
deformation patterns of these two domains from the
Ionian Sea (north of Mt. Etna) to the Aeolian Islands
across the Peloritani chain, thus crossing our study area.

3. Methods

3.1. Field Investigations and Sample Collection. A suite of 158
samples taken at 67 different sites has been collected along
the Nebrodi-Peloritani chain, the southernmost portion of
the Apennines. They include natural springs, fountains, and
boreholes as well as bubbling gases from thermal and cold
ponds spread over an area > 2500 km2.

Table 1 lists the sample locations, the coordinates (in
WGS84 notation), and the field data; Table 2, the analytical
results for the dissolved gases (43 from the Nebrodi sector
and 19 on the Peloritani sector); and Table 3 (8 different
sites), the bubbling (free) gases. The samples are listed
using ID numbers as well as the site names. The ID number
identifies the site; thus, bubbling and dissolved gases taken
at the same site display the same ID number but are listed
in different tables.

To carry out dissolved gas analyses, water samples were
collected and stored in 240ml Pyrex bottles sealed in the field
using silicon/Teflon septa and purpose-built pliers, following
the methodology and instrumentation described in Italiano
et al. [47–49]. All of the samples were collected taking
care to avoid even the tiniest bubbles in order to prevent
atmospheric contamination.

To recover a pure gas sample, we collected gas bubbles
using an inverted funnel placed on top the bubbles, driving
them towards a Pyrex bottle of about 50ml in volume with
two vacuum-type valves at both ends. The sampling bottle
was washed by the gas coming from the funnel and the

sample taken by closing the two valves after a volume of at
least one order of magnitude larger than that of the sampling
bottle had been passed through.

All of the samples (dissolved and free gases) were
analyzed for the chemical and isotopic composition of
carbon (CO2) and He.

3.2. Analytical Methods. Field measurements of temperature,
pH, redox potential (Eh), and electrical conductivity (EC)
were performed by a multiparameter device (Multi 350i,
Weilheim) (Table 1).

In the laboratory, the chemical and isotopic composition
(He and C) of the bubbling and dissolved gases were
determined using the same analytical equipment. The dis-
solved gases were extracted after equilibrium was reached
at constant temperature with a host-gas (high-purity
argon) injected in the sample bottle through the rubber
septum (for further details, see Italiano et al. [47, 49]).
Chemical analyses were carried out by gas chromatography
(PerkinElmer Clarus 500 equipped with a double TCD-FID
detector) using argon as the carrier gas. Typical uncertainties
are within ±5%.

Helium isotope analyses were performed on gas fractions
extracted following the same procedure as for the gas chro-
matography and purified following methods described in
the literature [50–52]. The purified helium fraction (either
of dissolved or of bubbling gases) was analyzed by a static
vacuum mass spectrometer (GVI5400TFT) that allows the
simultaneous detection of 3He and 4He ion beams, thereby
keeping the 3He/4He error of measurement to very low
values. Typical uncertainties in the range of low-3He samples
are within ±1%. During the same analytical procedure, the
4He/20Ne ratio was measured by peak intensities on the
mass spectrometer.

The isotopic composition of the total dissolved carbon
(δ13CTDC) was measured in a sample of 2ml of water
introduced into containers injected with high-purity helium
to remove atmospheric CO2. The water samples were
acidified with phosphorus pentoxide in an autosampler to
ensure complete release of CO2 from acidified waters. CO2
was then directly admitted to a continuous flow mass
spectrometer (AP2003). The results are reported in δ‰ units
relative to the V-PDB (Vienna Pee Dee Belemnite) standard;
standard deviation of the 13C/12C ratio was ±0.2‰.

4. Results

4.1. Chemical and Isotopic Composition. Table 2 shows the
chemical and isotopic data of the bubbling gases as well as
their He and C isotopic compositions and 4He/20Ne and
CO2/

3He ratios.
CO2 is by far the main component of the bubbling gases

with concentrations always above 90%, but sample Rodì
Milici (after [53]) which has a composition dominated by
N2 (96.1%) with CO2 content is as low as 0.01% with a large
amount of O2. The sample is largely air contaminated and
also suffered from gas-water interactions as shown by the
high helium and negligible CO2 content (Table 2). The
composition of the dissolved gas phase was calculated from
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Table 1: List of the sample sites with their location and field data.

Sample # Site name Type Latitude Longitude Date T (°C) pH EC (μS cm-1) Eh (mV)

1 Boffe S 4218339 493362 31/05/2006 17.3 6.6 567 11.7

2 Usignolo S 4223182 495604 31/05/2006 14 7.4 307 183

3 Belvedere W 4213960 500401 31/05/2006 n.d. 6.2 373 n.d.

4 Margherita S 4223774 494811 31/05/2006 17.2 6.8 n.d. n.d.

5 Lettosanto S 4203485 446098 26/10/2006 14.5 8.1 430 320

6 Sampieri S 4201594 453979 26/10/2006 22 7.2 313 141

7 Leone S 4215364 476353 26/10/2006 15 7.7 439 234

8 S. Mamma S 4201769 463060 26/10/2006 17.9 7.8 743 251

9 Ramosa S 4210970 459344 26/10/2006 18.9 6.6 795 -18.7

10 Ficuzza S 4209011 455969 31/10/2006 20.1 6.6 807 218

11 Moglie S 4201393 467921 31/10/2006 13.1 8.1 286 256

12 Piliegi S 4200639 469645 31/10/2006 13.4 7.2 454 158

13 Cesarò S 4188208 475206 31/10/2006 15.7 7.4 414 153

14 Torti S 4194100 469379 31/10/2006 10.1 7.1 117.4 163

15 Muto S 4199383 467806 31/10/2006 11.2 7.5 224 151

16 Sulipani S 4210175 493398 16/11/2006 12.7 6.8 251 244

17 Giangalia S 4206137 494519 16/11/2006 10.1 8.0 333 297

18 Pace S 4204674 492680 16/11/2006 11.3 8.0 278 195

19 Sfaranda S 4212196 485181 16/11/2006 14.9 7.1 349 212

20 Agrifoglio S 4210452 471272 16/11/2006 15.9 7.9 983 195

21 Mezzalora S 4188364 467379 22/11/2006 9.7 8.4 487 59

22 Margio Salice S 4192999 484963 22/11/2006 11.9 7.9 511 124

23 Chiusitta S 4197148 484907 22/11/2006 9 7.5 382 172

24 Tre Arie S 4198001 486223 22/11/2006 9 8.0 291 58

25 Zarbata S 4196816 490269 22/11/2006 9.7 7.3 330 196

26 S. Domenica S 4209724 470900 22/11/2006 13.8 7.5 358 205.8

27 Piano Soprano S 4207559 489767 22/11/2006 11.7 7.4 397 220

28 Casitti S 4208940 487512 22/11/2006 11.4 8.0 287 193

29 Jardini S 4205291 482034 23/11/2006 11.4 7.8 321 193.8

30 Fossaneve S 4204120 482502 23/11/2006 8.6 7.6 126.5 19

31 Titi bassa S 4207272 481640 23/11/2006 13.9 7.4 434 198

32 S. Anna S 4209106 481785 23/11/2006 12 7.5 387 177

33 Balestra S 4204036 482514 23/11/2006 7.2 7.1 109 132

34 S. Pietro S 4205385 479831 23/11/2006 13.8 7.8 264 181

35 Filipelli S 4208702 477706 23/11/2006 10.5 7.8 367 187

36 Iria S 4209929 468000 29/11/2006 15.6 7.7 848 147

37 Abate S 4208184 473990 29/11/2006 14.5 7.7 309 106

38 Feudo S 4218642 480320 29/11/2006 15.4 6.3 300 280

39 Favarotta S 4210817 476145 29/11/2006 13.7 7.5 388 261

40 Palamara W 4204231 455414 20/12/2006 17 7.5 648 101

41 Neviera S 4197698 443048 20/12/2006 10.6 6.9 161.9 35

42 Ramata S 4193148 445498 20/12/2006 10.4 7.5 378 -28

43 Nocita S 4193948 459898 20/12/2006 8.0 7.0 57 69

44 Marino SPA 1 W 4206888 537429 08/01/2004 28.1 6.12 6070 -178.5

45 Marino SPA 2 W 4206888 537429 07/04/2004 22.3 6.07 2120 112.9

45 Marino SPA 2 W 4206888 537429 06/05/2004 23.3 6.11 2270 158.0

45 Marino SPA 2 W 4206888 537429 18/10/2004 25 6.13 2630 -228.0

46 Parco Giochi W 4206515 537444 04/02/2004 16.5 7.1 980 67.5
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the gas-chromatographic analyses, combining the solubility
coefficients (Bunsen coefficient “β,” ccgas/mlwater STP) of
each gas species, the volume of gas extracted (cm3), and
the volume of the water sample and the equilibration tem-
perature, as shown in the following equation:

GC = Ggc ∗Vγe + Ggc ∗ βG ∗VW VW−1

∗ Vγe ∗
Vγ−1i
100 ,

1

where GC is the concentration of the selected gas specie,
Ggc is its concentration measured by gas chromatography
(vol%), and Vγe and Vγi represent the extracted and
introduced gas volumes, respectively, while VW is the
volume of the analyzed water sample (see also [47, 49]
for further details). All volumes are carefully measured at
the equilibration temperature. Data for dissolved gas com-
positions are expressed in cm3STP/LH2O and listed in
Tables 3(a) and 3(b), as well as the amount of dissolved
air (air% in Tables 3(a) and 3(b)). The air content estima-
tion is based on the oxygen content and represents the
minimum amount of dissolved air at the sampling site.
Oxygen, in fact, can be consumed because of bacterial
activity as well as oxidation reactions likely occurring dur-
ing the water circulation; the percentage of atmospheric
components during infiltration might be much higher. As
we assume that the deep volatiles are oxygen-free, we
recalculated the gas composition removing the atmospheric

components (since atmospheric nitrogen is calculated from
the oxygen content, for some sites, it might be underesti-
mated). The gas analyses recalculated in vol%, allowing us a
comparison with the analytical results of the bubbling gases,
are listed in Tables 4(a) and 4(b) together with the helium
and carbon isotopic compositions and the He/Ne ratios.

5. Discussion

5.1. Fluid Geochemistry. The chemical composition of the
bubbling gases (Table 2) shows that CO2 is the most abun-
dant component with the concentration always above 95%
by vol. The only exception is represented by the sample #67
(Rodì Milici, Table 2; after [53]), whose CO2 content is the
lowest of the entire dataset. Considering the high He concen-
tration, this sample is a very fractionated gas, which lost
almost all the CO2 likely for intense GWI. It is noteworthy
that it was possible to recover a free gas phase only over the
Peloritani chain. The main difference in the gas chemistry
is related to the amount of CH4 and N2 (Table 2) that besides
CO2 are the main components in crustal gases. All the CO2-
dominated volatiles are here classified as of deep origin,
where the term “deep” may indicate an origin from either
crustal or mantle/magmatic environments.

The composition of the dissolved gases (Tables 3(a)
and 3(b)) shows the presence of air-derived gases (N2
and O2) along with the nonatmospheric gases CO2 and
CH4. The estimated amount of dissolved air is significantly
lower in the samples collected from the Peloritani chain

Table 1: Continued.

Sample # Site name Type Latitude Longitude Date T (°C) pH EC (μS cm-1) Eh (mV)

47 Berlinghieri W 4206465 537262 04/02/2004 21.5 7.2 1002 124.5

48 La Magnolia 1 W 4206434 537276 01/06/2005 31.1 5.65 41000 -70.8

49 Granata S 4206973 537759 23/03/2005 22.5 5.96 35600 -10

50 Granata 1 S 4206973 537759 24/03/2005 22.1 6.14 992 161

51 Calavà B 4226175 493509 28/08/2002 n.d. n.d. n.d. n.d.

52 Terme Vigliatore S 4221034 513801 27/02/2006 30.4 6.8 4030 n.d.

53 Chiappe S 4195686 512328 01/03/2007 16 n.d. 524 -274

54 Pintaudi W 4211772 500245 26/01/2006 18.2 7.93 5100 -223

55 Biondo W 4213979 498283 26/01/2006 16.5 6.67 557 n.d.

56 Fetente S 4226066 494050 27/02/2006 14.9 7.40 6990 210

57 La Malfa W 4226742 523732 12/01/2007 n.d. n.d. n.d. n.d.

58 Acqua rugiada S 4216468 519311 25/02/2004 n.d. n.d. n.d. n.d.

59 Pezzino W 4206270 452884 19/02/2004 17.3 7.20 1032 455

60 Canneto W 4208324 446323 19/02/2004 15.8 7.43 1028 453

61 Maio W 4222264 517189 11/04/2007 22.8 7.15 597 n.d.

62 Fontana WP43 S 4214022 536220 18/01/2007 n.d. n.d. n.d. n.d.

63 Scuderi S 4211597 536559 18/01/2007 n.d. n.d. n.d. n.d.

64 La Magnolia 2 W 4206434 537276 28/04/2005 n.d. n.d. n.d. n.d.

65 Alì B 4206058 537395 28/08/2002 n.d. n.d. n.d. n.d.

66 Gas in seawater B 4206473 538547 23/03/2005 n.d. n.d. n.d. n.d.

67 Rodì Milici ∗ B 4216796 513441 n.a. n.d. n.d. n.d. n.d.

Geographical coordinates UTMWGS84; EC: electrical conductivity; S: spring; W: well; B: bubbling gas; n.d.: not analyzed; n.a.: not available. ∗Data after [53].
See Figure 1 for sample locations.
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than in those from the Nebrodi Mts. (Tables 3(a) and
3(b)): it ranges between 8.94 and 84.53% for the latter
samples and from 0.01 to 53% for the former (Peloritani
chain) with the exception of two samples (#62 and 63,
Table 1(b)) showing air content as high as 87 and 88%,
respectively. The relationships between atmospheric (O2)
and nonatmospheric gas species in the dissolved gases
(Tables 3(a) and 3(b)) are shown in Figure 2.

The arrows show the trends produced by the addition of
CO2 and CH4 to an atmospheric gas assemblage as well as the
effect of gas-water interactions (GWI) on the CO2 dissolu-
tion. The graph clearly shows the presence of fluids from a
crustal and/or a mantle source over the whole study area that
interact with the groundwater changing their original
atmospheric-derived gas assemblage. Gas-water interactions
(GWI) allow dissolution of deep gas species as a consequence
of the solubility coefficients of each of them, the temperature,
and the flux intensity towards the surface.

The recalculated gas analyses show that even in the
case of dissolved gases, the deep volatiles are always made
by a CO2-dominated gas assemblage despite a widely dif-
ferent extent of atmospheric contamination, namely, the

air-derived/deep-originated volatile mixing proportion
(Tables 3(a) and 3(b)).

It is worth noting that the investigated area is from 30 to
more than 60 km away from the volcanic districts of Mt Etna
and the Aeolian Islands and there is no evidence of melt
intrusions in shallow crustal levels supporting the release
of mantle-derived volatiles as already observed in other
portions of the Southern Apennines [54].

5.2. Helium and Carbon Isotopes. The helium and carbon
systematics may provide the necessary information to
constrain the origin of the CO2-dominated volatiles. It is well
accepted that the isotopic ratio of helium is a very sensitive
tracer of volatile mixing in volcanic and tectonic systems
located near the Earth’s surface. During earth evolution and
differentiation, the production of radiogenic 4He (alpha par-
ticles) as a function of U and Th concentrations modified the
pristine 3He/4He ratio leading to a wide range of isotopic
ratios both in the crust (from less than 0.01 to 0.05Ra, where
Ra is the atmospheric 3He/4He value of 1 39 × 10−6) and in
the mantle (e.g., 1 2 ± 0 1 × 10−5; ~8Ra; [55–58]; 6.5Ra in
the Sub Continental European Mantle (SCEM) [59]).

Table 2: Chemical and isotopic composition of the bubbling gases from vents located along the Peloritani chain.

Site ID Site Data He Ne O2 N2 CH4 CO2 δ13C R/Ra ε He/Ne CO2/
3He

48 La Magnolia 1 23/03/2005 < < < 3.26 3.4E-02 95.9 -2.15 < < < <
48 La Magnolia 1 28/04/2005 4.7E-03 3.6E-05 0.03 2.0 2.1E-02 95.9 -2.15 0.67 0.0035 132.11 2.17E+10

48 La Magnolia 1 02/03/2006 4.7E-03 4.3E-05 24.0 6.0 2.2E-03 71.3 < 0.67 0.0049 108.66 1.63E+10

49 Granata 28/08/2002 1.5E-04 3.6E-06 < 0.27 4.6E-03 99.7 < 0.70 0.0161 24.23 6.77E+11

49 Granata 11/09/2002 1.8E-04 1.3E-05 < 0.40 1.2E-02 99.5 -1.03 0.70 0.0255 14.20 5.76E+11

49 Granata 23/03/2005 1.8E-04 1.6E-05 < 0.73 5.7E-03 98.3 -1.13 0.68 0.0076 11.36 5.72E+11

49 Granata 28/04/2005 1.6E-04 9.4E-06 < 0.81 7.2E-03 98.1 < 0.68 0.0104 17.48 6.33E+11

49 Granata 02/03/2006 2.4E-04 5.1E-05 0.0 1.1 1.5E-06 97.8 -1.30 0.90 0.0131 4.63 3.32E+11

49 Granata 06/04/2006 1.8E-04 2.6E-05 0.7 4.1 5.4E-03 93.7 < 0.71 0.0108 7.18 5.11E+11

51 Calavà 28/08/2002 2.0E-03 1.8E-05 0.41 1.62 5.4E-01 97.38 < 2.48 0.0243 115.35 1.39E+10

51 Calavà 11/09/2002 2.7E-03 3.2E-05 0.62 2.35 6.9E-01 96.40 < 2.46 0.0233 84.10 1.06E+10

51 Calavà 25/02/2004 2.5E-03 1.4E-05 0.73 2.75 8.1E-01 95.72 < 2.50 0.0206 171.03 1.12E+10

51 Calavà 01/04/2004 1.9E-03 1.3E-05 0.47 2.12 5.6E-01 95.68 < 2.55 0.0206 146.63 1.40E+10

51 Calavà 26/05/2004 1.5E-03 6.9E-06 0.35 1.61 5.1E-01 98.24 < 2.52 0.0239 216.59 1.87E+10

51 Calavà 28/06/2004 1.5E-03 1.9E-05 0.42 1.63 5.6E-01 97.17 < 2.54 0.0301 80.29 1.80E+10

51 Calavà 18/07/2004 2.1E-03 2.5E-05 0.28 1.62 5.2E-01 97.73 < 2.52 0.0321 84.43 1.30E+10

51 Calavà 15/10/2004 < < 2.68 11.06 4.4E-01 84.46 < < < < <
51 Calavà 15/05/2005 2.2E-03 1.4E-05 0.48 2.22 6.7E-01 96.52 < 2.47 0.0129 150.42 1.30E+10

51 Calavà 12/08/2005 1.7E-03 1.1E-05 0.2 1.65 5.4E-01 97.38 < 2.49 0.0094 160.56 1.64E+10

52 Terme Vigliatore 06/05/2004 1.0E-05 8.7E-06 0.046 4.8E-03 99.76 < 1.51 0.2850 1.21 4.53E+12

52 Terme Vigliatore∗ — < < < 4 × 10−2 6.0E-05 99.9 < < < <
64 La Magnolia 2 28/04/2005 3.1E-03 5.1E-05 < 1.44 1.5E-02 97.0 < 0.67 0.0043 60.26 3.36E+10

65 Alì 28/08/2002 1.5E-04 6.2E-06 < 0.3 4.6E-03 99.7 < 0.70 0.0161 24.23 6.75E+11

65 Alì 11/09/2002 1.8E-04 1.3E-05 1.4 5.7 1.2E-02 93.5 < 0.70 0.0255 14.20 5.40E+11

65 Alì 11/11/2003 1.6E-04 1.7E-05 < 1.0 4.8E-03 99.5 < 0.67 0.0392 9.67 6.63E+11

66 Gas in sea water 23/03/2005 6.6E-03 < 0.3 4.2 6.0E-02 96.4 -1.71

67 Rodì Milici ∗ — 8 1 × 10−2 < 1.36 96.1 1.3E-01 0.01 < 2.14 < 99.52 5.4E+04

Data in vol%; <: below detection limits or not analyzed; ε: error of the isotopic determination reported for all of the R/Ra data. ∗Data after [53].
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Table 3: Chemical composition of the dissolved gas phase.

(a)

Sample # Site name Type Date He Ne O2 N2 CH4 CO2 Air%

1 Boffe S 31/05/2006 2.94E-05 1.02E-04 4.73 11.09 8.45E-05 39.62 24.38

2 Usignolo S 31/05/2006 1.11E-04 1.64E-04 2.33 11.19 2.40E-04 1.37 44.82

3 Belvedere W 31/05/2006 5.96E-05 1.90E-04 2.70 14.65 1.48E-04 69.10 8.93

4 Margherita S 31/05/2006 6.76E-05 2.11E-04 4.71 10.30 7.20E-05 13.07 47.96

5 Lettosanto S 26/10/2006 2.72E-05 7.05E-05 5.27 11.81 1.01E-04 1.27 82.09

6 Sampieri S 26/10/2006 3.76E-05 7.43E-05 4.79 11.07 4.35E-05 8.27 56.71

7 Leone S 26/10/2006 2.05E-05 6.65E-05 5.58 12.78 < 4.69 69.25

8 S. Mamma S 26/10/2006 1.37E-05 4.60E-05 5.20 11.40 4.35E-05 3.66 73.46

9 Ramosa S 26/10/2006 2.55E-05 7.88E-05 2.61 11.85 1.23E-03 47.40 12.04

10 Ficuzza S 31/10/2006 3.04E-05 9.50E-05 2.61 12.21 5.07E-04 37.70 35.57

11 Moglie S 31/10/2006 3,20E-05 8.94E-05 5.26 11.84 3.62E-04 1.27 81.86

12 Piliegi S 31/10/2006 4.15E-05 1.25E-04 3.08 12.11 2.03E-03 21.24 24.17

13 Cesarò S 31/10/2006 1.09E-05 2.82E-05 4.96 11.20 < 4.29 69.33

14 Torti S 31/10/2006 2.83E-05 8.11E-05 6.82 16.89 2.04E-04 6.90 63.69

15 Muto S 31/10/2006 2.37E-05 7.80E-05 5.28 11.31 2.39E-04 1.27 84.53

16 Sulipani S 16/11/2006 2.23E-05 5.61E-05 1.88 11.78 1.53E-05 20.26 15.87

17 Giangalia S 16/11/2006 2.29E-05 8.80E-05 4.92 10.31 3.71E-04 2.23 80.62

18 Pace S 16/11/2006 3.53E-05 1.11E-04 4.76 11.39 2.82E-04 3.17 70.47

19 Sfaranda S 16/11/2006 5.80E-05 1.69E-04 4.98 10.32 1.99E-04 8.22 60.59

20 Agrifoglio S 16/11/2006 2.53E-05 8.65E-05 4.28 10.97 6.65E-05 8.54 51.48

21 Mezzalora S 22/11/2006 2.52E-05 4.79E-05 1.96 7.28 9.89E-03 2.14 49.24

22 Margio Salice S 22/11/2006 1.09E-05 3.25E-05 5.57 11.48 3.71E-04 3.95 75.87

23 Chiusitta S 22/11/2006 1.32E-05 5.46E-05 3.38 10.67 2.83E-04 9.65 40.80

24 Tre Arie S 22/11/2006 1.84E-05 6.91E-05 4.38 9.61 5.62E-05 2.87 74.32

25 Zarbata S 22/11/2006 3.21E-05 6.77E-05 3.26 11.42 5.20E-05 12.39 34.47

26 S. Domenica S 22/11/2006 2.24E-05 8.16E-05 2.58 10.03 2.55E-05 6.60 38.39

27 Piano Soprano S 22/11/2006 2.52E-05 7.90E-05 3.08 9.76 < 12.39 34.87

28 Casitti S 22/11/2006 1.80E-05 5.08E-05 5.23 11.51 < 1.34 82.71

29 Jardini S 23/11/2006 2.64E-05 6.72E-05 5.43 13.72 3.05E-04 3.12 69.67

30 Fossaneve S 23/11/2006 2.12E-05 6.31E-05 4.87 11.27 5.64E-03 .1.39 79.43

31 Titi bassa S 23/11/2006 2.04E-05 6.36E-05 3.84 10.68 1.94E-05 6.75 51.62

32 S. Anna S 23/11/2006 3.53E-05 1.19E-04 5.16 13.06 3.81E-05 4.74 64.28

33 Balestra S 23/11/2006 1.47E-05 5.33E-05 3.35 11.45 < 9.53 39.39

34 S. Pietro S 23/11/2006 1.57E-05 5.45E-05 4.39 9.79 4.04E-05 1.97 77.75

35 Filipelli S 23/11/2006 1.80E-05 5.68E-05 5.04 11.94 2.46E-03 4.34 67.60

36 Iria S 29/11/2006 2.85E-05 9.63E-05 3.31 12.07 2.03E-04 7.84 40.73

37 Abate S 29/11/2006 2.84E-05 7.94E-05 5.22 11.22 3.11E-05 2.80 77.65

38 Feudo S 29/11/2006 2.10E-05 6.81E-05 4.60 10.88 2.33E-05 30.64 28.51

39 Favarotta S 29/11/2006 3.60E-05 8.44E-05 4.95 11.56 2.33E-05 6.13 62.50

40 Palamara W 20/12/2006 4.74E-05 1.37E-04 3.70 14.21 1.61E-03 12.22 35.14

41 Neviera S 20/12/2006 4.21E-05 1.20E-04 2.05 11.83 1.75E-03 13.42 21.47

42 Ramata S 20/12/2006 3.16E-05 9.53E-05 4.46 11.13 1.07E-03 8.45 53.00

43 Nocita S 20/12/2006 4.39E-05 1.12E-04 4.90 10.50 5.83E-04 4.20 71.52

ASW 4.06E-05 5 9.80 1.00E-06 0.23
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(b)

Sample # Site name Type Date He Ne O2 N2 CH4 CO2 Air%

44 Marino SPA 1 W 08/01/2004 4.84E-04 8.38E-05 0.27 3.05 1.32E-02 509.71 0.15

44 Marino SPA 1 W 07/04/2004 2.57E-04 7.26E-05 0.23 2.61 9.24E-03 615.63 0.21

44 Marino SPA 1 W 06/05/2004 1.03E-04 3.51E-05 0.21 2.83 7.57E-03 499.69 0.12

44 Marino SPA 1 W 18/10/2004 1.61E-04 8.22E-05 0.10 3.54 6.40E-03 502.41 0.06

45 Marino SPA 2 W 08/01/2004 2.26E-04 6.10E-05 0.99 3.10 1.94E-03 664.14 0.43

45 Marino SPA 2 W 07/04/2004 1.47E-04 5.87E-05 0.84 2.62 7.45E-04 616.56 0.06

45 Marino SPA 2 W 06/05/2004 9.49E-05 2.71E-05 0.87 2.74 1.00E-03 606.51 0.43

45 Marino SPA 2 W 18/10/2004 6.94E-05 7.15E-05 0.10 3.54 6.40E-03 502.41 0.39

46 Parco Giochi W 04/02/2004 2.64E-03 3.02E-04 2.05 17.02 1.22E-04 18.30 15.67

46 Parco Giochi W 03/03/2004 2.49E-03 1.25E-04 3.48 < < 13.00 32.58

46 Parco Giochi W 07/04/2004 1.07E-03 2.36E-04 1.84 43.65 < 32.07 6.80

46 Parco Giochi W 06/05/2004 1.12E-03 1.99E-04 3.76 16.36 < 9.83 35.90

46 Parco Giochi W 12/10/2004 1.33E-03 1.30E-04 1.98 16.51 8.41E-04 55.01 7.69

46 Parco Giochi W 18/10/2004 2.65E-03 1.22E-04 2.56 17.38 3.99E-04 48.95 10.63

46 Parco Giochi W 28/12/2004 2.89E-04 1.50E-04 3.42 12.71 4.65E-04 18.13 28.55

46 Parco Giochi W 10/02/2005 1.22E-03 2.51E-04 2.62 13.10 < 17.73 22.36

46 Parco Giochi W 09/03/2005 6.10E-05 1.20E-04 3.42 14.60 6.49E-03 14.17 30.42

46 Parco Giochi W 29/04/2005 1.06E-03 2.59E-04 1.72 14.02 2.28E-04 14.30 16.35

46 Parco Giochi W 01/06/2005 2.12E-03 1.06E-04 2.93 16.14 1.01E-04 16.23 23.75

47 Berlinghieri W 04/02/2004 1.34E-03 1.38E-04 1.66 10.14 6.98E-04 20.25 14.80

47 Berlinghieri W 03/03/2004 1.86E-03 1.40E-04 2.11 11.45 1.91E-03 22.12 16.93

47 Berlinghieri W 07/04/2004 1.36E-03 1.72E-04 2.27 11.12 2.35E-03 22.45 18.10

47 Berlinghieri W 06/05/2004 1.37E-03 1.69E-04 3.10 15.31 6.38E-05 24.56 20.61

47 Berlinghieri W 08/07/2004 6.68E-04 2.37E-04 2.86 11.79 < 16.71 26.11

47 Berlinghieri W 12/10/2004 5.68E-04 1.47E-04 2.27 12.70 6.15E-04 20.44 18.31

47 Berlinghieri W 18/10/2004 3.11E-04 8.79E-05 2.04 14.06 5.69E-03 20.21 16.05

47 Berlinghieri W 03/03/2006 1.19E-03 8.36E-05 0.06 5.65 3.65E-04 0.49 2.95

47 Berlinghieri W 06/04/2006 1.16E-03 8.84E-05 0.88 6.86 9.86E-05 0.51 30.49

48 La Magnolia W 01/06/2005 < < 0.13 4.29 8.84E-03 535.13 0.07

48 La Magnolia W 29/06/2005 3.10E-04 7.83E-05 0.10 0.99 3.37E-03 483.37 0.06

48 La Magnolia W 04/08/2005 7.27E-05 1.08E-05 0.06 2.26 4.62E-03 488.27 0.04

48 La Magnolia W 14/09/2005 3.19E-05 3.01E-05 0.03 1.04 2.32E-03 52.67 0.16

48 La Magnolia W 14/02/2006 6.77E-05 3.61E-05 0.08 3.68 9.07E-03 1065.52 0.12

48 La Magnolia W 14/06/2006 < < 0.12 2.31 4.74E-03 71.70 0.44

48 La Magnolia W 18/07/2006 6.32E-05 3.52E-05 0.04 0.90 3.05E-03 795.63 0.01

49 Granata S 23/03/2005 2.90E-05 1.01E-04 0.04 4.47 7.05E-04 373.87 0.03

49 Granata S 13/10/2005 2.03E-05 1.56E-05 0.03 8.56 1.01E-03 359.08 0.02

49 Granata S 02/03/2006 1.96E-05 3.62E-05 0.20 12.67 7.71E-04 39.24 1.11

49 Granata S 06/04/2006 6.25E-05 3.73E-05 0.02 6.47 6.10E-04 29.76 0.12

50 Granata 1 S 24/03/2005 7.08E-05 1.14E-04 0.03 3.92 < 310.31 0.02

50 Granata 1 S 28/04/2005 4.12E-05 5.80E-05 0.05 4.15 3.93E-04 348.19 0.04

52 Terme Vigliatore S 27/02/2006 2.12E-05 3.67E-05 0.08 2.11 4.20E-03 530.14 0.05

52 Terme Vigliatore S 27/04/2006 1.68E-05 3.92E-05 0.05 1.74 4.85E-03 609.16 0.03

52 Terme Vigliatore S 26/05/2006 7.27E-05 1.66E-04 0.08 7.79 7.45E-03 763.34 0.02

52 Terme Vigliatore S 26/06/2006 4.48E-05 4.63E-05 0.05 2.88 4.37E-03 617.45 0.02

53 Chiappe S 01/03/2007 4.85E-05 1.37E-04 0.03 7.76 3.79 22.21 0.27

53 S. Giorgio S 11/10/2006 4.30E-03 1.60E-04 0.05 18.30 6.18E-01 432.18 0.03

53 S. Giorgio S 18/02/2007 < < 0.02 10.41 8.20E-03 43.02 0.12
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The helium isotopic ratio observed in the gases dissolved
in the groundwater of the Nebrodi and Peloritani chains,
ranging from 0.5 to 1.85Ra (Tables 4(a) and 4(b)) and
increasing to 0.67-2.54Ra (Table 2) in the bubbling gases of
the Peloritani area, indicating significant 3He injections, thus
pointing to a mantle origin for those volatiles.

Figure 3 plots the 3He/4He ratios (expressed as R/Ra
values) versus the 4He/20Ne ratio and includes results of both
dissolved (Tables 4(a) and 4(b)) and bubbling (Table 2)
gases. Assuming all neon to be of atmospheric origin, the
4He/20Ne ratio provides an indication of the presence of an
atmospheric-derived component in the gas assemblage.

The plot shows that the dissolved gases, although
extracted from groundwater equilibrated with the atmo-
sphere, display 4He/20Ne ratios remarkably higher than the
ASW. In particular, the ratios over the Peloritani Mts are
higher than those from the Nebrodi Mts, most likely as a
consequence of a larger contribution of CO2-dominated,
He-rich gases. Moreover, the isotopic composition of helium
in both dissolved and bubbling gases of the Peloritani sam-
ples denotes a broadly higher contribution of mantle-type
helium that might seem surprising, considering the geology
of this portion of the chain, with its outcrops of high-grade
metamorphic rocks (micaschists, gneiss) normally enriched
in radioactive, 4He-producing elements.

The CO2-
3He-4He plot of Figure 4 shows the occurrence

of GWI, inducing CO2 loss, as bicarbonate ions in the pH
range of the collected waters (Table 1).

The information is consistent with that from the geo-
chemical features of the dissolved helium and its isotopic
composition. The affinity of the heavy 13C for the liquid
phase is responsible for the observed C fractionation depict-
ing the increasing δ13C trend of the dissolved carbon species
(total dissolved carbon (TDC)). The process is commonly

observed in CO2-rich waters (e.g., Eastern Alps [47] and
Southern Apennines [60]) with the exception of waters with
the presence of gas bubbling (gas oversaturated) where C
isotopic fractionation is induced by CO2 escaping (e.g., East
Anatolian Fault Zone (EAFZ) [48]; Figure 5).

To evaluate the extent that mantle volatiles contribute to
the dissolved gas phase and to the soils, as well as elemental
fractionations between He and CO2, the correlations between
CO2/

3He versus CO2 (Figure 6(a)) and He (Figure 6(b))
were evaluated.

The CO2/
3He ratios along the Nebrodi-Peloritani chain

spans over five orders of magnitude (from 5 × 108 to
5 × 1013) covering the range proposed for mantle (2 × 109
for MORBs [61]) and crustal continental fluids (1014 [62]).
The samples from the two sections of the chain, however,
span over different ranges: 1010-1012 for the Nebrodi area
and the whole range for the Peloritani chain.

Since He isotope ratios can only be modified by the
admixture of He with a different isotopic signature, i.e., from
a different reservoir, the coexistence of low 3He/4He ratios
(namely, high crustal He component) and low, mantle-like
CO2/

3He ratios suggests that the ratio is modified by a mixing
of crustal and mantle-derived helium, or alternatively, the
crustal component ratios span over a wide range due to
chemical CO2 fractionation.

The data are plotted on Figures 6(a) and 6(b) where the
arrows in (a) display two concomitant trends here inter-
preted as (1) CO2 addition to the ASW-type waters because
of regional degassing and (2) increase in helium concentra-
tion because of CO2 loss during GWI. Almost all the samples
from the Nebrodi Mts and a group of samples from the
Peloritani show CO2/

3He ratios in the range of 1010-1012

broadly lower than the ratios detected for the dissolved gases
from the Peloritani area.

Table 3: Continued.

Sample # Site name Type Date He Ne O2 N2 CH4 CO2 Air%

54 Pintaudi W 26/01/2006 2.45E-05 4.85E-05 3.54 10.81 7.23E-03 8.26 44.79

54 Pintaudi W 27/02/2006 3.01E-05 7.49E-05 3.96 10.41 3.25E-03 6.75 53.63

55 Biondo W 26/01/2006 1.86E-05 4.00E-05 0.09 11.51 1.26E-03 0.44 2.23

55 Biondo W 27/02/2006 3.53E-05 6.32E-05 0.15 12.42 4.97E-03 1.79 3.07

55 Biondo W 26/06/2006 3.38E-05 4.02E-05 0.01 10.5 4.81E-04 0.41 0.36

55 Biondo W 10/10/2006 2.91E-05 4.39E-05 0.03 11.68 1.20E-02 0.55 0.73

56 Fetente S 27/02/2006 2.91E-05 4.39E-05 4.73 10.34 2.95E-05 10.12 53.71

57 La Malfa W 12/01/2007 3.88E-05 1.19E-04 2.45 10.32 1.15E-04 37.92 13.84

58 Acqua rugiada S 25/02/2004 2.17E-04 7.45E-05 0.16 5.96 2.40E-02 482.20 0.10

59 Pezzino W 19/02/2004 3.64E-05 1.12E-04 4.23 9.25 < 12.31 46.91

60 Canneto W 19/02/2004 4.97E-05 1.64E-04 2.34 10.78 < 19.23 20.70

61 Maio W 11/04/2007 < < 0.26 16.97 1.82E-03 25.02 1.75

62 Fontana WP43 S 18/01/2007 2.58E-05 7.51E-05 5.51 11.38 2.92E-05 1.23 87.01

63 Scuderi S 18/01/2007 5.43E-05 1.35E-04 5.92 12.11 < 1.18 88.17

ASW 4.06E-05 5 9.80 1.00E-06 0.23

Data in ccSTP/LH2O. (a) Samples from the Nebrodi Mts; (b) samples from the Peloritani Mts. The site number is the same as reported on the graphs. S: spring;
W: well; <: below detection limits or not analyzed.
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Table 4: (a, b) Recalculated chemical composition for the Nebrodi (a) and Peloritani Mts. (b) after air removal. Isotopic composition of He
and total dissolved carbon are reported as well as the He/Ne and CO2/

3He ratios.

(a)

Sample # Site name Type Date He Ne N2 CH4 CO2 He/Ne R/Ra ε CO2/
3He δ13CTDC

2 Usignolo S 31/05/2006 1.4E-03 2.0E-03 45.98 2.9E-03 16.66 0.677 0.86 0.018 1.04E+10 -13.00

6 Sampieri S 26/10/2006 3.6E-04 7.1E-04 9.01 4.2E-04 79.19 0.51 0.60 0.015 2.65E+11 -15.04

21 Mezzalora S 22/11/2006 4.4E-04 8.3E-04 31.87 1.7E-01 37.05 0.527 0.83 0.046 7.34E+10 -8.68

25 Zarbata S 22/11/2006 1.8E-04 3.8E-04 19.77 2.9E-04 69.83 0.474 0.86 0.031 3.24E+11 -12.42

39 Favarotta S 29/11/2006 4.2E-04 9.9E-04 10.44 2.7E-04 72.17 0.427 0.90 0.031 1.36E+11 -12.82

(b)

Sample # Site name Type Date He Ne N2 CH4 CO2 He/Ne R/Ra Error CO2/
3He δ13CCO2

44 Marino SPA 1 W 08/01/2004 9.4E-05 5.5E-04 0.49 2.6E-03 99.50 5.78 0.67 0.01 1.13E+12 <
44 Marino SPA 1 W 07/04/2004 < < 0.43 2.1E-03 99.57 3.54 0.69 0.011 2.48E+12 <
44 Marino SPA 1 W 06/05/2004 < < 0.47 1.7E-03 99.53 2.93 0.71 0.04 4.92E+12 <
44 Marino SPA 1 W 18/10/2004 4.2E-05 1.5E-04 0.35 1.5E-03 99.65 1.95 0.71 0.014 3.16E+12 <
45 Marino SPA 2 W 08/01/2004 2.0E-05 6.0E-05 0.49 1.5E-03 99.51 3.71 0.66 0.017 3.19E+12 <
45 Marino SPA 2 W 07/04/2004 3.2E-05 6.2E-05 0.66 1.3E-03 99.33 2.5 0.74 0.026 4.10E+12 <
45 Marino SPA 2 W 06/05/2004 3.4E-05 1.3E-04 0.19 2.9E-04 99.81 3.5 0.7 0.027 6.58E+12 <
45 Marino SPA 2 W 18/10/2004 < 0.0E+00 0.17 1.4E-04 99.83 0.97 0.78 0.024 6.68E+12 <
46 Parco Giochi W 04/02/2004 < 0.0E+00 0.14 8.7E-05 99.86 8.73 0.7 0.007 7.09E+09 <
46 Parco Giochi W 03/03/2004 2.4E-05 5.9E-05 0.17 1.2E-04 99.83 19.97 0.69 0.006 5.43E+09 <
46 Parco Giochi W 07/04/2004 1.6E-05 5.5E-05 0.18 1.7E-04 99.81 4.54 0.69 0.009 3.13E+10 <
46 Parco Giochi W 06/05/2004 1.4E-05 1.3E-05 0.66 1.3E-03 99.33 5.64 0.68 0.013 9.26E+09 <
46 Parco Giochi W 12/10/2004 8.4E-03 7.3E-02 35.33 3.9E-04 58.03 10.27 0.63 0.006 4.69E+10 <
46 Parco Giochi W 18/10/2004 3.8E-02 7.5E-01 24.68 < 63.10 21.76 0.63 0.007 2.10E+10 <
46 Parco Giochi W 28/12/2004 1.5E-03 6.7E-03 51.85 < 44.36 1.93 0.65 0.006 6.95E+10 <
46 Parco Giochi W 10/02/2005 5.8E-03 3.3E-02 31.26 < 51.19 4.87 0.64 0.006 1.64E+10 <
46 Parco Giochi W 09/03/2005 3.7E+00 9.6E+01 0.00 < < 0.51 1.19 0.037 1.40E+11 <
46 Parco Giochi W 29/04/2005 2.0E-03 2.0E-02 17.46 1.2E-03 81.06 4.114 0.63 0.005 1.53E+10 <
46 Parco Giochi W 01/06/2005 4.3E-03 9.4E-02 18.29 6.5E-04 79.44 19.916 0.63 0.004 8.81E+09 <
47 Berlinghieri W 04/02/2004 1.2E-03 2.3E-03 18.53 1.9E-03 74.06 9.76 0.67 0.006 1.6E+10 <
47 Berlinghieri W 03/03/2004 4.7E-03 2.3E-02 24.62 0.0E+00 68.27 13.26 0.67 0.006 1.27E+10 <
47 Berlinghieri W 07/04/2004 2.7E-04 1.4E-04 25.57 2.9E-02 63.23 7.91 0.67 0.01 1.76E+10 <
47 Berlinghieri W 06/05/2004 4.2E-03 1.7E-02 36.03 9.1E-04 56.90 8.08 0.68 0.013 1.9E+10 <
47 Berlinghieri W 08/07/2004 7.9E-03 1.6E-01 30.21 3.7E-04 60.22 2.82 0.67 0.009 2.7E+10 <
47 Berlinghieri W 12/10/2004 0.0E+00 0.0E+00 51.41 2.8E-04 48.37 3.87 0.69 0.01 3.75E+10 <
47 Berlinghieri W 18/10/2004 4.9E-03 4.8E-02 22.01 2.6E-03 74.12 3.53 0.64 0.016 7.34E+10 <
47 Berlinghieri W 03/03/2006 6.3E-03 8.3E-02 21.06 6.4E-03 74.56 14.2 0.67 0.006 4.38E+08 -8.61

47 Berlinghieri W 06/04/2006 4.6E-03 3.7E-02 19.25 8.0E-03 76.45 13.12 0.62 0.009 5.07E+08 -8.25

48 La Magnolia W 01/06/2005 4.0E-03 3.2E-02 22.22 1.9E-04 71.98 < < < 1.79E+12 <
48 La Magnolia W 29/06/2005 2.9E-03 8.1E-03 20.61 0.0E+00 72.10 3.961 0.69 0.007 7.13E+12 <
48 La Magnolia W 04/08/2005 2.0E-03 7.6E-03 23.96 2.1E-03 70.65 6.72 0.67 0.014 1.34E+13 <
48 La Magnolia W 14/09/2005 1.0E-03 3.6E-03 28.28 1.9E-02 66.30 1.06 0.82 0.021 6.35E+11 <
48 La Magnolia W 14/02/2006 1.4E-03 0.0E+00 15.40 6.6E-03 81.17 1.87 0.84 0.016 8.79E+12 0.54

48 La Magnolia W 14/06/2006 3.1E-03 0.0E+00 21.78 3.1E-03 72.25 < < < 1.41E+12 <
48 La Magnolia W 18/07/2006 6.3E-03 0.0E+00 23.63 1.2E-02 68.98 1.8 0.58 0.012 2.52E+13 <
49 Granata S 23/03/2005 2.0E-02 2.8E-01 88.94 6.0E-03 8.05 0.29 0.72 0.08 1.29E+13 1.82

49 Granata S 13/10/2005 2.0E-02 2.6E-01 63.16 1.7E-03 8.85 1.31 0.71 0.027 1.79E+13 <
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It is of note that only samples from the Peloritani
Mts show an antirelated CO2/

3He-He relationship as a
consequence of GWI processes with CO2 loss due to dissolu-
tion. In addition, the CO2/

3He ratio vs. [CO2] content
(Figure 6(b)) demonstrates a correlation trend indicating
that whatever the GWI-induced CO2 loss, samples from the
Nebrodi Mts are characterized by broadly lower CO2
content. The group of samples from the Peloritani area,
marked by low He content with high 3He/4He ratios, denotes
a different composition of the pristine gas phase.

6. Fluid/Fault Relationships

The active degassing of CO2-dominated volatiles is consid-
ered responsible for the deep-originated dissolved gases we
detected in the groundwater collected over the Nebrodi-
Peloritani area. Although it was almost unexpected in the
geologic context of the Southern Apennines, the evidence
that a large amount of CO2-dominated volatiles feeds
the groundwater circulating over the study area indicates
the close connection of the fluids’ geochemistry with the
ATLF tectonic structure.

There is no evidence of melt intrusions in shallow crustal
levels capable of releasing 3He-enriched fluids as already
detected in other Apennine areas (e.g., [54]); thus, we pro-
pose that the presence of mantle fluids is related to litho-
spheric structures that, enhancing the vertical permeability,
allow depressurization at the level of the upper mantle and
the degassing of deep-originated fluids. A possible circulation
model can be summarized as follows: CO2-dominated fluids
are produced by the partial melting of the upper mantle
induced by depressurization due to lithospheric faults; the
mantle-originated fluids are driven toward the surface
through the 25-30 km thick crustal layers by the ATLF zone;
the mantle volatiles permeate shallow crustal levels where
crustal-type helium (4He) is originated by a wide range of
metamorphic rocks; a further mixing occurs as the volatiles
move across the groundwater circulating at relatively shallow
depths where they suffer GWI (e.g., gas dissolution as a
function of Bunsen coefficients and boundary pressure and
temperature conditions) and mix with the atmospheric
components (mainly represented by O2 and N2).

The upraising of large amounts of mantle-originated
volatiles (as shown by the 3He content) at Alì Terme (Ionian

Table 4: Continued.

Sample # Site name Type Date He Ne N2 CH4 CO2 He/Ne R/Ra Error CO2/
3He δ13CCO2

49 Granata S 02/03/2006 < < 0.67 7.6E-04 99.33 0.54 0.73 0.012 1.97E+12 3.03

49 Granata S 06/04/2006 < < 0.54 9.3E-04 99.45 1.68 0.71 0.011 4.84E+11 <
50 Granata 1 S 24/03/2005 5.7E-05 2.3E-04 0.75 1.6E-03 99.25 0.62 0.62 0.008 5.09E+12 <
50 Granata 1 S 28/04/2005 1.5E-05 1.0E-04 0.17 7.0E-04 99.83 0.71 0.91 0.026 6.68E+12 <
52 Terme Vigliatore S 27/02/2006 6.5E-06 6.9E-06 0.44 9.4E-04 99.56 0.58 0.98 0.116 1.84E+13 <
52 Terme Vigliatore S 27/04/2006 2.3E-04 5.6E-04 1.83 4.3E-03 98.16 0.43 0.76 0.015 3.44E+13 <
52 Terme Vigliatore S 26/05/2006 3.5E+01 6.5E+01 0.00 < < 0.44 0.77 0.008 9.8E+12 <
52 Terme Vigliatore S 26/06/2006 7.2E-06 2.6E-05 0.33 8.5E-04 99.67 0.97 0.48 0.009 2.08E+13 <
53 Chiappe S 01/03/2007 < < 0.79 3.0E-03 99.20 0.353 0.69 < 4.76E+11 -7.09

53 S. Giorgio S 11/10/2006 8.6E-05 1.5E-04 2.82 6.4E-03 97.16 26.859 1.85 0.026 3.9E+10 -15.94

53 S. Giorgio S 18/02/2007 4.1E-06 3.0E-06 0.10 3.8E-04 99.90 < < < < -16.33

54 Pintaudi W 26/01/2006 < < 2.50 4.7E-03 97.49 0.506 0.81 0.041 3.00E+11 <
54 Pintaudi W 27/02/2006 < < 1.38 4.3E-03 98.60 0.402 0.99 0.056 1.63E+11 <
55 Biondo W 26/01/2006 < < 0.21 3.6E-04 99.79 0.466 0.79 0.043 2.16E+10 <
55 Biondo W 27/02/2006 < < 0.00 < < 0.56 0.7 0.036 5.19E+10 <
55 Biondo W 26/06/2006 7.7E-06 2.2E-06 1.16 1.9E-04 98.84 0.84 0.7 0.026 1.67E+10 <
55 Biondo W 10/10/2006 5.5E-06 7.2E-06 2.31 2.7E-04 97.68 < < < < <
56 Fetente S 27/02/2006 3.8E-05 2.1E-05 23.59 1.5E-03 76.14 0.66 1.3 0.071 1.93E+11 <
57 La Malfa W 12/01/2007 1.7E-04 2.9E-04 17.77 1.7E-03 82.21 0.326 0.79 < 8.93E+11 -13.82

58 Acqua rugiada S 25/02/2004 2.3E-05 1.4E-05 1.23 < 98.77 2.91 1.13 0.022 1.41E+12 <
59 Pezzino W 19/02/2004 1.2E-05 8.3E-06 1.15 1.1E-04 98.85 0.33 1.21 0.232 2.01E+11 <
60 Canneto W 19/02/2004 1.1E-04 0.0E+00 3.73 3.1E-05 96.26 0.3 1.11 0.155 2.52E+11 <
61 Maio W 11/04/2007 4.1E+01 5.9E+01 0.00 < < 0.343 < < 4.21E+10 -16.77

62 Fontana WP43 S 18/01/2007 4.0E-06 2.3E-06 0.37 7.9E-04 99.63 0.403 0.81 < 1.88E+10 <
63 Scuderi S 18/01/2007 < < 0.39 8.4E-04 99.61 0.506 0.84 < 1.93E+11 <
Data in vol%. See text for details. <: below detection limits or not analyzed; ε: error of the isotopic determination reported for all of the R/Ra data.
Carbon isotopic ratios are expressed as δ‰ units vs. PDB. δ13CTDC and δ13CCO2r: isotopic composition of the total inorganic carbon and
recalculated gaseous CO2, respectively.
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Sea) and Capo Calavà (Tyrrhenian Sea) coincides with areas
where the ATLF zone crosses the E-W-trending normal
faults [63] on the Tyrrhenian Sea and the NE-SW normal
structure of the Ionian Sea. The latter area that includes
the eastern Peloritani area (Messina Strait and Ionian
coasts, Figure 1) is shaped by a complex network of nor-
mal and transtensional faults [64] with extensional and
right-lateral transtensional tectonics in the southern
Messina Strait. This complex tectonic network looks to
be able to generate high permeability zones where mantle
volatiles can be driven to the surface, in full agreement
with the obtained results.

On the other hand, the area is characterized by high
strain rate (SR) [65], where the contemporary creeping of
the upper and the lower crust may produce that high perme-
ability zone where the mantle fluids move towards the
surface without significant temporal changes, in full agree-
ment with our findings. In terms of the escape of fluids, we
found the highest CO2 flow rates at the eastern side of the
area (Peloritani chain). By contrast, the Nebrodi area, to the
west of the ATLF, seems to accumulate strain at lower rates
acting as a locked fault marked by lower CO2 degassing rates
and lower mantle volatile content. The ATLF zone cannot be
simply described as a boundary line; however, it is a zone
where many different fault segments separate locked fault
volumes from areas where dilatancy goes on. Following the
model proposed by Riguzzi et al. [65], the elastic energy
accumulates in those areas where faults are locked and the
strain rate (SR) is lower. High SR areas can be interpreted
as regions where both the upper and the lower crust are
creeping or alternatively where tectonic loading is more
effective. Vice versa, lower strain rates suggest the presence
of locked faults in a later stage in the seismic cycle [65].
Doglioni et al. [66] proposed that during an interseismic
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period, the brittle-ductile transition zone separates the brittle
upper crustal layers, where the faults are almost locked, from
the deeper shear zones where the ductile deep crust/shallow
mantle layers are constantly creeping. In terms of the geo-
chemical features of the fluids and their temporal behaviour,
this model implies that deep, mantle-originated volatiles
(marked, for example, by high helium isotopic ratios) are
continuously released at the level of the ductile, upper mantle
level. They cannot easily move toward the surface over areas

marked by very low SR due to absence of creeping that is the
lack of discontinuities where fluids can move across. Con-
trastingly significant contribution of mantle-type fluids and
high degassing rates can be expected over areas undergoing
dilatancy, namely, where high SR produce measurable crustal
deformation due to creeping activity that allows a fast and, in
terms of masses, significant contribution of mantle-derived
volatiles.

The CPA is one of the highest seismic risk-prone terri-
tories in Italy and includes areas with both high and low
strain rate accumulation [65], thus representing a suitable
test site to better understand the behaviour of the fluids with
respect to the tectonic setting.

7. Conclusions

The investigations carried out on the volatiles vented over the
CPA show that a huge amount of CO2 is daily dissolved in
the groundwater. The dissolved gases carry helium with a
typical, although variable, mantle signature here interpreted
as induced by the lithospheric character of the ATLF.

During the evolution of the seismic cycle, deep litho-
spheric faults are able to drive mantle-derived fluids to the
surface and to change the mixing proportions with the
shallow fluids. Following the model proposed by Doglioni
et al. [66], we may detect significant contribution of deep
fluids over an area accumulating strain at a high rate in full
agreement with the geochemical features of the fluids vented
over the Peloritani and Nebrodi mountains. Due to high
seismicity of the area, further investigations, including dis-
crete and continuous monitoring activity as well as accurate
estimations of the degassing rates, may provide a better
insight in defining the role of the fluids during the final stage
of a seismic cycle. Overall, an integrated approach coupling
fluid geochemistry with accurate mapping of the actual SR
analysis could represent an effective tool in order to better
constrain those areas exposed to high seismic risk.
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Forty-five gas samples have been collected from natural gas manifestations at the island of Kos—the majority of which are found
underwater along the southern coast of the island. On land, two anomalous degassing areas have been recognized. These areas are
mainly characterized by the lack of vegetation and after long dry periods by the presence of sulfate salt efflorescence. Carbon dioxide
is the prevailing gas species (ranging from 88 to 99%), while minor amounts of N2 (up to 7.5%) and CH4 (up to 2.1%) are also
present. Significant contents of H2 (up to 0.2%) and H2S (up to 0.3%) are found in the on-land manifestations. Only one of the
underwater manifestations is generally rich in N2 (up to 98.9%) with CH4 concentrations of up to 11.7% and occasionally
extremely low CO2 amounts (down to 0.09%). Isotope composition of He ranges from 0.85 to 6.71 R/RA, indicating a
sometimes-strong mantle contribution; the highest values measured are found in the two highly degassing areas of Paradise
beach and Volcania. C-isotope composition of CO2 ranges from -20.1 to 0.64‰ vs. V-PDB, with the majority of the values
being concentrated at around -1‰ and therefore proposing a mixed mantle—limestone origin. Isotope composition of CH4
ranges from -21.5 to +2.8‰ vs. V-PDB for C and from -143 to +36‰ vs. V-SMOW for H, pointing to a geothermal origin with
sometimes-evident secondary oxidation processes. The dataset presented in this work consists of sites that were repeatedly
sampled in the last few years, with some of which being also sampled just before and immediately after the magnitude 6.6
earthquake that occurred on the 20th of July 2017 about 15 km ENE of the island of Kos. Changes in the degassing areas along
with significant variations in the geochemical parameters of the released gases were observed both before and after the seismic
event; however, no coherent model explaining those changes was obtained. CO2 flux measurements showed values of up to
about 104 g × m−2 × d−1 in both the areas of Volcania and Kokkino Nero, 5 × 104 g ×m−2 × d−1 at Paradise beach, and 8 × 105 g
×m−2 × d−1 at Therma spring. CO2 output estimations gave values of 24.6, 16.8, 12.7, and 20 6 t × d−1, respectively, for the
above four areas. The total output of the island is 74 7 t × d−1 and is comparable to those of the other active volcanic/geothermal
systems of Greece (Nisyros, Nea Kameni, Milos, Methana, and Sousaki).

1. Introduction

The southern Aegean Sea is one of the most tectonically
active regions of western Eurasia, where fast convergence of

the Aegean microplate and the Eastern Mediterranean litho-
sphere (the front part of the African plate) occurs. The Afri-
can plate subducts underneath the Aegean-Anatolian
microplate at a rate of about 1 cm/a [1, 2], and the microplate
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overrides the Eastern Mediterranean [3], resulting also in the
generation of a volcanic arc [4]. The South Active Aegean
Volcanic Arc (SAAVA) was built on Paleozoic-Mesozoic
basement rocks (Alpine basement) that were deformed
during the Tertiary by the Hellenide orogeny [5]. During
the Lower Pliocene, the rate of convergence between the
two continental margins increased and initiated the volca-
nism and the development of several hydrothermal systems
at the SAAVA (e.g., [4, 6–10]).

Kos island is part of the Kos-Nisyros-Gyali volcanic sys-
tem of the SAAVA, located at the SE edge of the Aegean Sea
and formed at around 5Ma, at the beginning of the Pliocene
[1, 3, 11–13]. The geologic units of Kos consist of alluvial
deposits with greenschists and flysch in the northern part
of the island, lacustrine and terrestrial deposits of the Plio-
cene age in the central part with tuffs, and ignimbrites of
the Quaternary age that cover the southern part of the island
[14]. The most prominent volcanic formation on the island is
the Kos Plateau Tuff (KPT). It is related to a caldera formed
by an explosive eruption that occurred 161 ka ago, which is
considered to be the largest explosive Quaternary eruption
in the Eastern Mediterranean [15]. The tectonic evolution
of the island is controlled by the dominant WNW-ESE and
NE-SW faults, which are related to extensional processes
and volcanic activity that took place during the Pleistocene
and Pliocene [16, 17]. The volcanic island of Kos has been
active for at least 3 million years [18] and continued to be
active until recent times (e.g., [4, 6–10]). Some geothermal
areas of particular interest have been identified in the island.
The Volcania area is located 1 km northeast from the rim of
Kefalos caldera [19]. It consists of a 1 km diameter basin with
14 small circular areas with evident signs of present and/or
past hydrothermal alteration mainly arranged along two
intersecting lineaments. These areas (5-20m across) are
devoid of vegetation and are usually covered by whitish
altered deposits that contain sulfates and occasionally native
sulfur [19]. Furthermore, hydrothermal activity is noticeable
along the island with the most important sites being (i) the
thermal spring of Therma, which is emerging on the beach
close to Cape Fokas [20], (ii) the ferruginous spring of
Kokkino Nero rich in CO2 [21], and (iii) the intensively
degassing area of Paradise beach at Kefalos Bay.

Geogenic carbon emissions have a critical impact on the
carbon cycle [22, 23] and are regarded as one of the reasons
of global climate changes on long time scales. Gas emissions
from such sources strongly contribute to the increasing con-
centrations of greenhouse gases in the atmosphere, with
methane and carbon dioxide playing a fundamental role
[24, 25]. Moreover, earth degassing defines relations among
flux, tectonic structures [26, 27], and volcanic activity [28,
29]. The aim of this study is to estimate the total CO2 output
of Kos island and to investigate the possible relation of these
manifestations and anomalous areas with the geodynami-
cally active area of Greece. This work presents new chemical
and isotope data about the main gas manifestations of the
island both on land and underwater. The collected data are
interpreted together with literature data in order to deter-
mine the origin of the gases and the postgenetic processes
that affect them. Finally, some considerations about possible

variations on gas geochemistry induced by the earthquake
(Mw = 6 6) on the 20th of July 2017 with an epicenter close
to the island are made.

2. Methods

Bubbling gases of Kos island were sampled using an inverted
funnel positioned above the emission point of the highest
flux, whereas soil gases were collected by inserting a pipe in
the soil at >50 cm in depth and driving the gas by a syringe
and a 3-way valve. Dry gases were collected in glass flasks
equipped with two stopcocks.

In the laboratory, the concentrations of He, H2, H2S, O2,
N2, CO2, and CH4 on the samples were analysed by an Agi-
lent 7890B gas chromatograph combined with a Micro GC
analyser by INFICON. A single amount of gas sample is
simultaneously split into the loops of the two combined sys-
tems. Concentrations of CO2 and H2S have been determined
by the Micro GC analyser with He as the carrier and
equipped with a PoraPLOT U column and TCD detector
while all the other gases had been determined by the GC sys-
tem with Ar as the carrier and equipped with a 4m Carbo-
sieve S II column. A TCD detector was used to measure the
concentrations of He, H2, O2, and N2 and a FID detector
for that of CH4. The analytical errors were less than 10%
for He and less than 5% for the remaining gases.

The 13C/12C ratios of CO2 (expressed as δ13C-CO2‰ V-
PDB) were measured with a Finnigan Delta S mass spectrom-
eter after purification of the gas mixture by standard proce-
dures using cryogenic traps (precision ±1σ = 0 1‰).
Carbon and hydrogen isotopes of CH4 were measured using
a Thermo TRACE GC interfaced to a Delta Plus XP gas
source mass spectrometer and equipped with a Thermo
GC/C III (for carbon) and with GC/TC peripherals (for
hydrogen). The 13C/12C ratios are reported as δ13C-CH4
values with respect to the V-PDB standard (±1σ = 0 2‰)
while the 2H/1H ratios are reported as δ2H-CH4 values with
respect to the V-SMOW standard (±1σ = 2 0‰).

The abundance and isotope composition of He, and the
4He/20Ne ratios, were determined by separately admitting
He and Ne into a split flight tube mass spectrometer (Helix
SFT). Helium isotope compositions are given as R/RA, where
R is the (3He/4He) ratio of the sample and RA is the atmo-
spheric (3He/4He) ratio (RA = 1 386 × 10–6). The analytical
errors were generally <1%. The 4He/20Ne ratio was used to
correct the measured values for the atmospheric contamina-
tion, and the corrected values are indicated as RC/RA [30].
The analytical results of the collected samples as well as their
coordinates are presented in Table 1.

Flux maps were drawn according to the dataset obtained
from the three field campaigns that took place in the period
fromOctober 2015 to October 2017 (Table 2). Measurements
were always made during dry and stable weather conditions.
CO2 flux was measured at Volcania, Kokkino Nero, Paradise
beach, and Therma with the accumulation chamber method
at more than 600 sites (>500 points per km2) with portable
soil fluxmeters (West Systems, Italy) based on the accumula-
tion chamber method [31]. Flux values were determined at
each site from the rate of CO2 concentration increase in the

2 Geofluids
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chamber and are expressed in grams per square meter per
day (g × m−2 × d−1) after conversion from volumetric to mass
concentrations considering atmospheric pressure and tem-
perature values. IR spectrometers with different measure-
ment ranges (0 – 20mmol × mol−1 for the Licor LI820 and
double range of 0 – 10mmol × mol−1 and 0 – 1000mmol ×
mol−1, respectively, for the Dräger Polytron) were used. This
resulted in a measuring range of 10 – 20000 g ×m−2 × d−1 for
the Licor LI820 spectrometer with accumulation chamber A
and a range of up to 900000 g × m−2 × d−1 for the Dräger
Polytron spectrometer with accumulation chamber B and
high measuring range—the reproducibility being always bet-
ter than 20%. Chamber A has an area of 0.031m2 and a vol-
ume of 0.0028m3, while chamber B has the same area and a
volume of 0.0062m3. Particular care was taken to follow the
recommendations for flux measurements in volcanic/-
geothermal environments made by Lewicki et al. [32].

The soil temperature was measured only at few places
and only in the last campaign by means of a digital thermo-
couple (error ± 0 3°C in the range from -100 to 200°C).

The CO2 datasets acquired from Volcania, Kokkino
Nero, and Therma were used to estimate the total CO2 flux
from these areas.

To define the CO2 threshold value, CO2 flux data were
processed following the Sinclair’s portioning method extract-
ing the main populations (Table 2; [33]). This method con-
sists in the definition of single populations through the
inflection points (main populations) or changes in direction
(secondary populations) of the curvature on the probability
plot by visual analysis.

Following the stochastic simulation approach, CO2 flux
maps were drawn. The data were converted by normal score
transformation to follow a Gaussian distribution. The nor-
mal score transformed data was used to compute omnidirec-
tional variograms and interpolated with the sequential
Gaussian simulation (sGs) method by using the executable
“sgsim” of GSLIB [34] and performing 100 equiprobable
realizations for each area. The grid resolution was 5 × 5m.
The final maps were produced averaging the results of the
100 realizations, using the E-type postprocessing method.

Zonal Statistics on the three CO2 flux maps, performed
by using the ArcMap 10.3 (ESRI) Spatial Analyst tool, was
used to estimate the total CO2 output considering only flux
values above the background threshold value for each area.

3. Results

In the period from 2009 to 2017, 10 sampling campaigns took
place in the island of Kos and 45 gas samples were collected.
Twenty-three of them were collected underwater at various
depths (<10m; Figure 1); five are soil gases whereas the
remaining ones are gases bubbling in thermal waters. Litera-
ture data were also taken into consideration for comparison
[14, 35, 36]. Names, sampling date, coordinates, chemical
concentrations, and isotope values are presented on
Table 1. Additionally, during the last three campaigns, more
than 600 CO2 flux measurements were performed covering
part of the island (both on land and on the sea surface)
including 4 intensively degassing areas: 135000m2 in
Volcania (445 points), 250000m2 in Kokkino Nero (133
points), 1100m2 in Therma (29 points), and 600m2 in Para-
dise beach (12 points). Results of the flux measurements are
presented in Table S1.

3.1. Gas Geochemistry. Gases collected from Kos island show
that CO2 is the prevailing gas species (generally more than
800000 μmol ×mol−1 and up to 995000 μmol × mol−1;
Figure 2). The majority of these samples display N2/O2 ratios
higher than those of air and/or air-saturated water (ASW),
indicating that the atmospheric component of meteoric
water has been modified by redox reactions that took place
either in the subsoil or in the aquifers. However, few samples
present high concentrations of atmospheric gases (O2 up to
99000 μmol × mol−1 and N2 up to 989000 μmol ×mol−1),
pointing to a strong contamination by an atmospheric com-
ponent (Figure 2(b)). Helium ranges from 0.34 to 511 μmol
×mol−1, while CH4 ranges from 40 to 118000 μmol × mo
l−1. Hydrogen and H2S, typical hydrothermal gases, present
significant concentrations (up to 1900 and 2700 μmol × mo
l−1, respectively) in the soil gases, whereas in the underwater
emissions, they are mostly below detection limits.

The isotope composition of He shows values from 0.85 to
6.71 R/RA with the highest values being found in the Paradise
beach samples. Regarding the 4He/20Ne ratio, values of up to
1066 are observed. Carbon isotope composition of CO2 in the
island is in the range of -20.07 to +0.64‰ vs. V-PDB,
although almost all samples fall within a narrower range
(-3.5 and 0‰). The isotope composition of CH4 varies from
-21.5 to -2.8‰ vs. V-PDB for C and from -143 to +36‰ vs.
V-SMOW for H.

3.2. CO2 Fluxes and Soil Temperatures. CO2 flux measure-
ments for the areas under investigation gave values that range
from <0.1 to 898000 g × m−2 × d−1. The highest values were
measured in Paradise beach and Therma spring (median
9540 and 15100; maximum 23100 and 898000 g × m−2 × d−1,
respectively) with the use of the floating chamber method.
The two soil degassing areas of Volcania and Kokkino Nero

Table 2: Statistics on the populations identified in the CO2 flux
dataset.

Site Pop. Count
Min Max Mean St. dev.

Log CO2 (g ×m−2 × d−1)

Volcania

A 19 -1.000 0.763 0.362 0.446

B 405 0.778 3.332 2.147 0.641

C 16 3.423 4.001 3.619 0.183

Kokkino Nero

A 22 -0.356 1.289 0.818 0.378

B 95 1.378 3.464 2.572 0.594

C 13 3.534 4.158 3.786 0.219

Therma
B 13 1.127 4.024 2.755 0.845

C 17 4.042 5.953 4.793 0.603

Paradise C 12 2.754 4.726 4.031 0.604
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showed the following median values: 169 g × m−2 × d−1 and
345 g × m−2 × d−1, respectively, whereas the maximum
values were 10200 g ×m−2 × d−1 and 14400 g ×m−2 × d−1,
respectively. Due to failure of the temperature probe, the
temperature was not measured in the first campaign. Only
few measurements were made in the second and third
campaigns, and they were mainly concentrated in the
highest CO2 flux measuring points. These measurements
were taken at 50 cm in depth and gave values that were
approaching the annual mean atmospheric temperature
(22°C) excluding significant water vapour upflow at both
Volcania and Kokkino Nero.

The portioning method of Sinclair [33] was applied
to extract data populations from the dataset. Three main
populations, i.e., “background (A),” “intermediate (B),”
and “hydrothermal (C)” (Table 2), were identified from
the CO2 flux datasets. The “background” population
includes values from 0 1 to~5 8 g ×m−2 × d−1 at Volcania
and values from 0.44 to 19 g ×m−2 × d−1 at Kokkino
Nero; background population was not identified in the
dataset acquired from Therma while at Paradise beach,
only the “hydrothermal” population was present. The
“intermediate” population includes values from ~6 to
2000 g × m−2 × d−1 at Volcania, values from 23 to 2500
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g ×m−2 × d−1 at Kokkino Nero, and values from 13 to
150 g × m−2 × d−1 at Therma. The “hydrothermal” popu-
lation includes values from 2500 to ~15000 g × m−2 ×
d−1 at Volcania and Kokkino Nero and values of up
to 53100 and 898000 g ×m−2 × d−1 for Paradise beach
and Therma, respectively.

Table 2 summarizes the number of points contributing to
each population of the dataset and the statistical parameters.

According to the identification of background population
from the probability plot, the threshold values used for esti-
mation of the CO2 flux from the Volcania area were 6 g ×
m−2 × d−1 and 23 g ×m−2 × d−1 for Kokkino Nero, while no
background value was used for Paradise beach and Therma.

4. Discussion

4.1. Origin of the Gases and Secondary Processes Affecting
Their Composition. Carbon dioxide is the carrier phase for
mantle-derived fluids. The combination of C and He isotope
ratios is a useful tool to evaluate the origin of fluids. Helium

isotope ratios are used to distinguish between crustal and
upper mantle-derived components. In order to identify gen-
eral controls on the CO2 characteristics of Kos island, we
plotted the data on a CO2-

3He-4He ternary diagram
(Figure 3; [40]). The binary mixing trajectories between
MORB-type mantle fluids (R/RA = 8, CO2/3He = 2 × 109)
and various crustal volatile endmembers (0.01 RA, CO2/3He
= 1010-1015), as well as the general trends expected from
addition and/or loss of a particular volatile phase, are also
plotted in the diagram. Results propose a mantle origin for
He that at points arrives close to the MORB endmember.
Samples from Agia Irini and Therma represent products of
variable amounts of mixing between mantle-derived and
crustal volatiles with a preferential CO2 addition and/or He
loss. On the other hand, Agia Irini 2 is found on the base of
the triangle with CO2/

3He ratios lower than those of the
MORB, indicating CO2 removal, possibly caused by the
higher solubility of CO2 with respect to He in aquatic envi-
ronments (Figure 3(b)).

For the evaluation of the geologic processes’ effects, the
CO2-He data are plotted on the R/RA vs. 4He/20Ne and
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Figure 2: (a) CO2-N2-CH4 and (b) CO2-N2-O2 ternary diagrams. On diagram (b), the typical values of air and ASSW after [39] are also
plotted.
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CO2/
3He vs. δ13C-CO2 binary diagrams (Figure 4). In the

aforementioned diagrams, the binary mixing curves that dis-
play the trends drawn by mixtures of the atmospheric com-
ponent with different mantle and crustal sources [30], as
well as the typical values of sediment, limestone, and
mantle-derived CO2 [41], are also plotted. Literature data of
gas manifestations along the SAAVA [14, 35, 36, 42–44] are
plotted for comparison.

Only few samples show an important atmospheric con-
tribution for He, as they plot close to the atmospheric end-
member (Figure 4(a)). Most of the samples display a mixed
crustal-mantle contribution always within the range of the
SAAVA samples (up to 85% of mantle contribution). In par-
ticular, samples from Therma, Kokkino Nero, and Agia Irini
present medium to low mantle contributions for He (up to
35% considering a MORB-type source), whereas data of Par-
adise beach, Kefalos, and Volcania display a relatively higher
range (75-80%) with respect to the aforementioned areas.

The distribution of the RC/RA values seems to follow a
geographical distribution with the highest values collected

in the western part of the island, while the lower ones are
concentrated in the eastern part (Figure 5). Many volcanic
systems show an approximately regular radial distribution
of the R/RA values with the highest values being found close
to the main volcanic or geothermal vents. Examples can be
found at Nevado del Ruiz [45], Mt. Ontake [46], Lesser Antil-
les islands [47], Cascades [48], and Mt. Elbrus [49]. Such
geographical pattern is generally explained with an increase
in the contribution of both crustal (radiogenic) and
atmospheric He components when the aquifer water reequi-
librates with air, going from the main magmatic feeding
system towards the peripheral areas [50]. However, in
the present case, no active or recent volcanic conduit can
be recognized on the island. Nevertheless, it is worth not-
ing that the westernmost sampled gas manifestations are
found along the supposed margin of the caldera that
formed after the KPT explosive eruption. Along the mar-
gin of this structure, many other volcanic systems have
been grown since that eruption (i.e., Nisyros, Strongyli,
Pacheia, and Pergousa). It may be therefore hypothesized
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that the westernmost gas manifestations of Kos are con-
nected to a deep mantle source by the presence of the ring
faults of the caldera. At present, in the area, there is no
surface sign of thermal anomalies that could point to the
presence of a geothermal system possibly fed by an
ascending magma batch. On the contrary, the easternmost
sampling sites are found away from the caldera margins,
mostly along the main tectonic structures, and are, at least
in the case of Therma, related to thermal water circulation.
Deep-rooted faults frequently constitute channels of high
permeability that facilitate the migration of mantle fluids
[51]. The strong difference in He isotope composition
between the two groups of sampling sites may be
explained also with the different geologic substrate of the
two areas. In the western part of the island, young volca-
nic formations prevail, while in the eastern part, mostly
older metamorphic rocks crop out. The latter could be
the source of the crustal component that lowers the R/
RA values of the gases collected in the eastern part of Kos.

Moreover, gases collected in Kos along with those of
SAAVA are found in the mixing line between mantle and
limestone endmembers, while the contribution of the organic
sediments is trivial (Figure 4(b)). Samples of Paradise beach,
Volcania, and Kefalos are those with the highest mantle com-
ponent showing CO2/

3He ratios similar to those of the MOR
gases. Samples collected in Agia Irini 2 present CO2/

3He
ratios lower than those of the MOR range indicating a rela-
tive CO2 loss (Figures 3 and 4(b); [52–55]).

Hydrothermal hydrocarbon production can be described
by two main mechanisms that deal with the biotic and abiotic
origins of methane [56]. Considering this, the origin of CH4
can be investigated using the classification diagram of Schoell
[57, 58]. Thermogenic CH4 has been reported to exhibit
δ13C-CH4 values that range from -50 to -30‰ and δ2H-
CH4values ≤ 150‰ (e.g., [57–61]), whereas microbial CH4
usually has δ13C-CH4values ≤ 50‰ (e.g., [60–62]).

Samples collected in Kos island as well as samples of the
SAAVA [43] plot in the field of volcanic geothermal systems
and thus, a geothermal origin is suggested for CH4 (Figure 6).
Exceptions are the samples collected at Kefalos, Agia Irini
2, and Therma, which sometimes present extremely (sample
no. 2 of Therma) positive isotope values (for both C and H),
pointing to CH4 oxidation processes. Inorganic oxidation of
CH4 [63] in some samples cannot be ruled out. However, it
is noticeable that the isotope fractionations of organic oxida-
tion and inorganic oxidation of CH4 follow different fraction-
ation paths. The former follows ΔH/ΔC slopes ranging from
5.9 to 13 ([64] and references therein) and the latter a slope of
21 [63]. Daskalopoulou et al. [43] considered δ13C≈−21‰
and δ2H≈−130‰ values that cluster the majority of the sam-
ples as the most probable values of the isotope composition
of geothermal CH4 in the Greek geothermal systems before
oxidation. Based on that, the ΔH/ΔC values, comprised
between 3.8 and 13.6, are mostly overlapping the typical
range of biogenic oxidation processes pointing towards the
consumption by methanotrophic microorganisms. It is
worth noting that the sites showing signs of methane oxida-
tion are those presenting the lowest gas emission fluxes.
The slower uprise of the gases allows a longer interaction
with the methanotrophic microorganisms before bubble
emission and therefore a higher consumption and a conse-
quent fractionation of methane. This justifies the
sometimes-strongly positive values that, considering the
abovementioned starting δ13C-CH4 value, indicate a residual
fraction of CH4 of about 0.4 [61].

4.2. Possible Influence of Seismic Activity on Fluid
Geochemistry. Fluids play an important role in earthquake
generation by reducing the friction between the fault
blocks [66–68] and transporting upper mantle energy with
geochemical anomalies that occur before, during, and after
earthquakes [69]. Therefore, heat flow and tectonics are
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related to both active faults and geothermal anomalies,
and for that reason, many earthquake epicenters occur
worldwide in areas with elevated heat flow [66, 67]. Many
researchers have studied the relations between seismicity
and geochemistry and have noticed changes in the physi-
cochemical parameters, the ground deformation, the gas
flow rate, and the isotope composition of the gases (e.g.,
Kobe, Japan [70]; Kamchatka, Russia [71]; El Salvador,
Central America [72]; Nisyros, Greece [73]; and Campi
Flegrei, Italy [74]).

An earthquake of Mw~6 6 occurred in the Gulf of
Gökova between the areas of Bodrum and Kos on the 20th

of July 2017. Heavy damages were noticed in both areas with
the strongest intensities being recorded in the latter (United
States Geological Survey (USGS)). Karasözen et al. [38]
attributed this event to a normal fault gently dipping (~37°)
northwards. This fault reached the sea bottom along a more
than 10 km long E-W trending line generating tsunami waves
that added further damages in Kara Ada island, Bodrum, and
Kos island [75, 76].

Our campaigns included the systematic gas collection in
the period from 2009 to 2018, thus including the seismic
event. Three of the sampling sites were specifically
resampled on the 26th of July 2017, 6 days after the main
shock. In almost each area, results indicate a decrease in
CO2 and an increase in both He and CH4 concentrations
postseismically (Figure 7). This can be explained by a
possible CO2 loss and a consequent relative enrichment of
He and CH4; the difference in solubility may lead to
extreme enrichments in the less soluble gases when a gas
mixture rises through nonsaturated waters, especially when
the gas/water ratio is very low [77]. This is probably the
case of the gas collected 10 months before the seismic
event at Agia Irini 2.

Furthermore, the collected gases evidenced variations
in the RC/RA ratios (Figure 8). In particular, all sites but
one (Paradise beach), where He isotopes were measured,

showed increased RC/RA ratios at about 10 months before
the earthquake. On the contrary, Paradise beach shows at
that time a relative minimum, which is subsequently
increased to the highest measured value 6 days after the
earthquake. Helium isotopes at Therma present a slightly
lower value with respect to the previous and subsequent
samples. It is worth mentioning that Therma is the site
closest to the epicenter and also the second site presented
in this work, where He isotopes were measured 6 days
after the seismic event. All seven localities along the island
presentRC/RA ratios greater than those typical for crustal pro-
duction (RC/RA ≈ 0 05; [78]), revealing the presence of
mantle-derived He throughout the fault zones (Table 1;
Figures 3 and4(a)). It isworthnoting that all the sampling sites
can be related to tectonic structures (Figure 1) that represent a
preferential pathway for geogenic degassing. The strain
induced by both the impending earthquake and the subse-
quent aftershock sequence may either induce variations in
the permeability of these tectonic structures [79] or induce
releaseof gases frommagmatic or geothermal systems [36, 73].

The δ13C-CO2 values (Figure 8(a)) show also important
variations that may be attributed to different processes like

(a) degassing of CO2 from the geothermal waters that
results in both the decrease of the CO2 contents in
the geothermal water and the increase of the δ13C
values of the residual dissolved fraction

(b) addition/dissolution of CO2 into groundwater, which
leads to partial dissolution (CO2(aq)), hydration
(HCO3

-
(aq)), and dissociation into HCO3

- and then
CO3

2-. The fractionation factor between HCO3
-
(aq)

and CO2(g) (ε) is temperature dependent [80–82],
and therefore, at temperatures encountered at the
sampling localities (<100°C), gaseous CO2 progresses
towards lower δ13C values with increased dissolution
(i.e., decreasing CO2)
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(c) dissolution/precipitation of the mineral calcite,
where C isotope values become higher in the solid
phase relative to the CO2 in the geothermal water
[83] and, consequently, also in this case, δ13C
values and CO2 contents decrease in the residual
gas phase

(d) mixing of gases with isotopically different CO2

The variation of δ13C-CO2 values in Figure 8(a) is signif-
icantly stronger than the variation of RC/RA values. A strong
decrease in δ13C-CO2 values is observed at Agia Irini 2, 10
months before the seismic event and, coherently with the
variations in the chemical composition, may be attributed
to CO2 dissolution processes. A reduction in gas upflow rate
induced by the impending earthquake can be the cause.
Relatively lower δ13C-CO2 values can be noticed also in the
samples taken at Paradise beach just before and immediately
after the earthquake. Conversely, at other sites, the δ13C
values are increasing either slightly and constantly like in
the case of Agia Irini and Kokkino Nero or more spike like
as seen at Kefalos (10 months before) and Therma (6 days
after). None of these variations could be definitely linked to
a particular process. Mixing of heavier carbon may derive
from fracturing and dissolution of carbonate minerals of
the limestones in the sedimentary series or marbles in the
metamorphic sequence.

Along with the variations in the chemical and isotope
compositions, changes in the degassing areas were also wit-
nessed. In particular, in the submarine manifestations of Par-
adise beach, the degassing area became wider and a
remarkable increase in the flux was observed. Raised water
temperatures (at least at Therma) and gas fluxes were also
recorded in the areas closer to the epicenter (Therma, Agia
Irini, and Agia Irini 2). However, due to the lack of repeated
flux measurements and the sometimes-incoherent temporal
variations in chemical composition, RC/RA and δ13C-CO2,
no conclusions regarding the pre- and postseismic changes
can be reached in the present work.

4.3. Total CO2 Output Estimation. The CO2 total output esti-
mation is performed following a stocatistic approach obtain-
ing the most probable CO2 output value for each of the three
investigated areas (Volcania, Kokkino Nero, and Therma).
Such data processing is used to produce the CO2 distribution
maps for the three areas (Figure 9).

Analysing the “background” populations extracted from
the data, some differences between the datasets are noticed.
The background threshold of Volcania is nearly one order
of magnitude lower than that obtained from Kokkino Nero.
This discrepancy can be referred to the soil assemblage. In
fact, the soil at Volcania is more altered and less covered by
vegetation even in the low-flux areas with respect to the soil
at Kokkino Nero. The strong alteration of the soils in the Vol-
cania area is probably due to past fumarolic activity [19]. The
amount of CO2 produced by the biomass at Volcania is lower
than that produced at Kokkino Nero, and, consequently, the
CO2 threshold value is higher at Kokkino Nero.

The Therma dataset was mainly acquired along the shore
with most of the data acquired on the water surface. The bio-
mass producing CO2 in this area was almost absent, and all
the CO2 upflow can be addressed to the hydrothermal com-
ponent. The intermediate population in the Volcania and
Kokkino Nero areas represents the mixing of the background
component, the hydrothermal component (higher values),
and/or the air mixing/dilution (lower values); the intermedi-
ate population obtained from the Therma dataset can be
addressed to the hydrothermal component mixed with air.
As in this site, the CO2 flux is highly sustained reaching the
extraordinary value of 898000 g ×m−2 × d−1 and the CO2
upflow rate is so high to reduce and in some way prevent
the air dilution. Almost all flux measurements included in
the hydrothermal population were made with the floating
chamber on the water of the artificial pool created for ther-
mal bath purposes. On the contrary, almost all measure-
ments referring to the intermediate population were made
on the shores surrounding the pool. The shores are made of
highly permeable coarse gravel favouring air circulation. This

8
(a) (b)

4

6

2

0

Date

31
/1

/9
3

7/
3/

94

6/
7/

09
10

/8
/1

0
14

/9
/1

1
18

/1
0/

12
22

/1
1/

13
27

/1
2/

14
31

/1
/1

6
6/

3/
17

10
/4

/1
8

15
/5

/1
9

R
C/
R

A

Mw∼6.6

Therma Paradise Kokkinonero Kefalos Agia Irini Agia Irini 2 Volcania

2

−2

0

−4
−19

−21

Date

6/
7/

09

10
/8

/1
0

14
/9

/1
1

18
/1

0/
12

22
/1

1/
13

27
/1

2/
14

31
/1

/1
6

6/
3/

17

10
/4

/1
8

15
/5

/1
9

�훿
13

C-
CO

2 
(‰

 v
s. 

V-
PD

B)

Mw∼6.6

Figure 8: Time series plot of (a) RC/RA ratios and (b) δ13C-CO2 values between 1993 and 2018 in the island of Kos. In order to eliminate the
variable of the atmospheric contamination, the RC/RA values were used. The seismic event on the 20th July 2017 is noted with a gray line.

11Geofluids



may explain also the low amount of data included in the
intermediate population at Therma and its high upper
limit (3225 g ×m−2 × d−1).

The sGs produced an E-type map with the mean expected
value for each cell. The total CO2 output was obtained, for
each area, summing all cell values above the threshold
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Figure 9: Distribution maps of soil CO2 flux measurements at Kos. (c) The map of the central part of the island showing all measured points.
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multiplied by the surface covered by each cell. The total CO2
outputs estimated by sGs for Volcania, Kokkino Nero, and
Therma are 24.6, 16.8, and 20 6 t × d−1, respectively
(Table 3). At Paradise beach, the number of flux measuring
points was not enough to produce a map with the sGs
method. Therefore, to estimate the CO2 output of this area,
we multiplied the output area by the average of the flux
values obtaining a value of 12 7 t × d−1. All the four investi-
gated areas sum up an estimated total CO2 flux for the island
of Kos of about 74 7 t × d−1. Such value falls within the range
reported for the other volcanic/geothermal systems along the
SAAVA (Table 4) where outputs as low as 2.6 (Methana) and
up to 84 t × d−1 (Nisyros) have been obtained. All these
values fall at the lower end of the output estimations of volca-
nic systems worldwide [84, 85] and typical of quiescent vol-
canic systems.

5. Conclusions

Gas emissions are spread over the volcanic island of Kos and
are expressed as hot springs, underwater bubbling, and sul-
fate salt efflorescence. Results have proposed a mixed
mantle-limestone origin for CO2, which is the prevailing
gas species, whereas an up to 85% mantle contribution has
been recognized for He. Gas components such as H2, H2S,
and CH4 have indicated a geothermal origin within a still
not recognized reservoir beneath the island. Gas manifesta-
tions as well as anomalous degassing areas can be related to
important tectonic structures. The active tectonics of the area
often results in seismic activity with the recent earthquake
(20th July 2017—Mw~6 6) causing a tsunami phenomenon

and heavy damages on the island. Variations in both the
chemical and isotope compositions and changes in the degas-
sing areas and the physicochemical parameters of the systems
have been observed. These have been possibly caused due to
changes in mixing ratios of fluids of different origins and in
the flux of uprising gases, although it has not been made pos-
sible to interpret all variations univocally.

The four main degassing areas (Volcania, Paradise
beach, Kokkino Nero, and Therma) that have been
recognized present sometimes very high flux values
(>105 g × m−2 × d−1). The total CO2 output for Kos has
been estimated in 74 7 t × d−1. This estimation has been
in the range of values typical for the volcanic geothermal
systems along the SAAVA and in the lower end of the
worldwide volcanic output estimations
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During July 2016, the first integrated heat flow, CO2, and
3He emission survey was conducted across 0.5 km2 of the summit cone

and crater of Teide volcano, Tenerife, Canary Islands, Spain. The thermal energy released from Teide summit cone by diffuse
degassing was 2.2MW, and the heat flux calculated through Dawson’s method was 8.1MW, difference due to the comparison of
purely convective areas as the crater with diffusive areas as the flanks of the volcano. Diffuse CO2 output was 211 ± 20 t d-1, and
3He emission was estimated to be within a range between 0.35 and 0.89mol y-1. The obtained values of diffuse degassing and
heat fluxes are close to others obtained for similar volcanic areas. The calculation of 3He/heat ratio for the first time in this
volcanic system supports the presence of an important mantle source for the degassing of Teide volcano.

1. Introduction

The Earth’s mantle is an important reservoir for compounds
pertinent to surface and atmospheric processes such as water,
carbon dioxide, sulphur, and noble gases. Advection of heat
to the atmosphere via transportation of these gases remains
an understudied phenomenon despite its potential impor-
tance [1, 2]. Volcanic activity represents focussed conduits
for these fluxes and, as such, represents a key connection
between the mantle and the atmosphere. Accurate measure-
ments of both heat and gas flux from active volcanoes, and
appraisal of their various sources, has contributed to a better
understanding of the mantle-atmosphere link. In this study,
we present the first data about the relationship between 3He
and heat flux in the Teide volcanic system. This work is a
new contribution to 3He global emission estimates.

Volcanoes emit large amounts of gases and volatiles to
the atmosphere. These take the form of visible emanations

through volcanic plumes, fumaroles, and solfataras and
through diffuse degassing (nonvisible emanations). Both
types of gas emissions are controlled by local volcano-
tectonic structures as a result of transport via diffusion and
advection [3].

Among volcanic gases, helium has been considered as a
useful tool in the geochemists’ toolbox [4]. Helium is chem-
ically inert, physically stable, nonbiogenic, sparingly soluble
in water under ambient conditions, almost nonadsorbable,
and, consequently, highly mobile. Due to these properties
and its deep origin, helium is considered a tracer of magmatic
activity and its speed of traversing the crust makes it an excel-
lent precursor of volcanic eruptions [5–7].

There are two naturally occurring isotopes of helium:
4He and 3He, with an atmospheric 3He/4He ratio (RA) of
1.384·10-6 [8]. 4He is produced mainly in the crust as α-parti-
cles from the radioactive decay of 238U, 235U, and 232Th, while
nearly all of the 3He is primordial in origin and, by far, its
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most important source is the Earth’s interior. The 3He/4He
ratio varies from high values (>10-5) in mantle-derived lavas
and fluids to low values (~10-8) in continental regions [9].
Helium production and the degree of tortuosity are the
main parameters that control the uprising mantle-derived
helium from the source to the atmosphere, showing a
decreasing trend of the 3He/4He ratio with the distance in
and around stratovolcanoes [6, 10]. However, in the case
of Tenerife Island, Pérez et al. [11] demonstrated that the
3He/4He ratio remained constant regardless of the distance
to Teide volcano.

In the case of the Canary Islands, the geographical distri-
bution of the 3He/4He ratios shows the highest values on the
westernmost islands (La Palma and El Hierro), which implies
the existence of a helium source derived from the deep
mantle [12–14]. Mass transfer of mantle helium to a fluid is
accompanied by transfer of heat [15]. The presence of
magmatic helium in a hydrothermal fluid therefore implies
direct transport of heat from that magma to the fluid [15].
Previous studies have demonstrated a positive relation
between helium isotopic composition and heat flux [16–18].

The calculated 3He/heat production ratio in the upper
mantle of the Earth is ∼0 5 × 10−12 cm3 STP/J [19] (where
STP is P = 1 atm and T = 25°C) and is spatially heteroge-
neous. For instance, the 3He/heat production ratio associated
with hot-spot volcanism is typically ∼24 × 10−12 cm3 STP/J
[19, 20]. These values are much higher than that estimated
for crustal regimes, ∼1 × 10−15 cm3 STP/J, which are also
dominated by radiogenic 4He production [20]. Therefore,
3He emission and heat flux studies at volcano-geothermal
systems improve understanding not only of those systems
but also the connection between mantle and atmosphere.

The measurement of the total thermal energy flux
through the surface in volcanic areas is used to determinate
changes in the magmatic activity and detecting changes in
the energy balance of the volcanic system as a result of mag-
matic and tectonic processes [3, 21, 22].

The main objectives of this work are to compare 3He
emission estimated through different approaches, describe
those estimates’ relationship with heat flux, and calculate an
indicative 3He/heat production ratio at Teide volcano. It is
important to highlight that it is the first study about the rela-
tionship between 3He and heat flux in the Teide volcanic sys-
tem. As such, this work is a new contributing value to 3He
global emission estimates.

2. Geological Setting

The Canarian archipelago is located in the Atlantic ocean
about 100 km west of the African coast between 27°37′
and 29°25′N and between 13°20′ and 18°10′W (offshore
Morocco). It consists of 7 main islands, decreasing ages
from east to west, with the western islands still in the shield
stage and the eastern-most in the erosional phase [23].
Their genesis continues to attract debate discussed below.

The most widely accepted “working” model is the one
that combines three different hypotheses: hot spot, propagat-
ing fracture, and uplifted block hypothesis. It means that the

islands originate from a thermal anomaly in the mantle
helped by regional fractures for the beginning of magmatism;
meanwhile, the islands are in their present freeboard attitude
due to the action of tectonic forces [24].

Tenerife (2,034 km2) (Figure 1), the central and largest
island of the archipelago, is currently at the zenith of its vol-
canic development [23, 25]. The structure of Tenerife is con-
trolled by a volcano-tectonic rift system with NW, NE, and
NS directions. The oldest visible geological unit on Tenerife
is called the “old basaltic series,” from central Miocene, and
its forms by three strongly eroded edifices distributed in the
corners of the island: Anaga (north-east), Teno (north-west),
and Roque del Conde (south). This unit is formed by basaltic
lavas and pyroclastics with some trachytes and phonolites
[26]. A period of 2-3M.y. of volcanic quiescence and erosion
took place between “old basaltic series” and the eruptions
which formed the younger volcanic series. Las Cañadas vol-
cano grew on the eroded remains of the “old basaltic series”
reaching about 40 km in diameter and 2,700-3,000m of a
complex succession of basalts, trachybasalts, trachytes, and
phonolites that then collapsed 200 ky ago to form Las
Cañadas caldera depression [23]. The caldera is located in
the intersection of the three rifts, and the vertical collapse
was associated with emptying of shallow magma chambers
[27–29]. Other authors suggest the combination of vertical
and lateral collapse for the formation of Las Cañadas cal-
dera [30]. The youngest activity of the island is represented
by basalts, trachytes, and phonolites of Teide-Pico Viejo
volcanic complex and some individual basaltic cones scat-
tered around the island, mainly located on the structural
rift systems (NW, NE, and NS directions), characterized
by the alignment of cinder cones and fissure systems, where
historical eruptions occurred. Those monogenetic cones
represent the most common eruptive activity during the
last 1M.y., and it is possible to easily recognize 297 of these
cones in the island [31].

The 17 km long and 10 km wide caldera is the salient
geomorphological feature of Tenerife partly because it hosts
the highest stratovolcano in the Atlantic Ocean: Teide vol-
cano (3,718m.a.s.l.), a portion of Teide-Pico Viejo volcanic
complex. Teide and Pico Viejo volcanoes overlap to form
an elongate double cone. This volcanic complex was formed
through different eruptive styles, ranging from strombolian
to phreatomagmatic eruptions to cryptodome formation
and dome extrusions [28, 32] forming basaltic, trachytic,
and phonolitic products. The last eruption in this complex,
Chahorra, occurred in 1798 through an adventive cone of
Pico Viejo volcano.

Teide summit cone has been constructed during several
phases. Its eruptive products are mainly phonolitic and
basaltic-trachybasaltic lavas [32]. Persistent degassing activ-
ity has taken place at the summit of the volcano since the last
eruption [33, 34].

Visible degassing in the summit cone of Teide volcano
consists in low temperature fumaroles (around 83°C). Water
is the major component of these fumaroles, followed by CO2,
N2, H2, H2S, Ar, CH4, and CO, a composition typical of
hydrothermal fluids [34, 35]. Diffuse degassing is the princi-
ple degassing mechanism of Teide volcano, with the highest
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rates emanated from the summit cone and crater of Teide
volcano [36, 37].

3. Sampling Procedures, Analytical Methods,
and Data Reduction

During July 2016, a soil gas survey comprised of 170 mea-
surement sites was conducted at the summit cone of Teide
volcano covering an area of 0.5 km2 (Figure 2). The field work
was carried out in the summer in order to minimize meteo-
rological influences. The average distance between points of
the summit cone was 45 meters on the slopes and 10 meters
inside the crater, designed to tightly constrain the areal extent
of visible degassing anomalies and arrive at more accurate
overall estimates, while also achieving an evenly spaced dis-
tribution per domain.

3.1. Soil CO2 Efflux and Temperature Measurements. Mea-
surements of diffuse CO2 were conducted at the soil surface
using the accumulation chamber method [38] by means of
West Systems portable CO2 efflux meters equipped with a

nondispersive infrared CO2 analyzer LICOR-820. This sys-
tem is composed of a double beam infrared carbon dioxide
sensor compensated for temperature and atmospheric pres-
sure and an optical bench of 20,000 ppm of resolution. The
gas flux meter was interfaced to a handheld computer run-
ning data acquisition software.

Soil temperature was determined by inserting a Type K
thermocouple at each sampling site at 15 and 40 cm depth.

3.2. Soil Gas Sampling. At each measurement site, soil gas was
collected in 20 cc glass vials. This was achieved by inserting a
50 cm stainless probe 40 cm depth into the ground connected
to a hypodermic syringe. Residual gas inside the probe was
purged before sampling.

Gaseous species as Ne, H2, O2, N2, CH4, CO2, and H2O
were analyzed by microchromatrography with a VARIAN
model 4900 (Agilent Technologies, USA), using a thermal
conductivity detector and a 20m PoraPLOT Q column
using argon (Ar) as carrier gas. The temperature of the col-
umn and injector was 40°C and 80°C, respectively, and the
injection time was 20ms. The detection limit for CO2 was
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estimated to be about 10 ppmV, and the accuracy of the
measurements was about 2.5% on the basis of standard
sample measurements.

Helium was analyzed by a quadrupole mass spectrometer
Pfeiffer Omnistar 422. The instrument accuracy of helium
concentration was estimated to be ±300 ppb, and the detec-
tion limit for helium is 1 ppm. Atmospheric gas was used
periodically to calibrate the instrument.

The isotopic ratio expressed as δ13C-CO2‰ vs. VPDB
was measured by means of a Thermo Finnigan MAT 253
mass spectrometer. The analytical error for δ13C values is
of ±0 1‰

3.3. Fumarole Sampling. Fumarolic gas samples were also
collected in July 2016. Teide fumarolic activity consists of
fluids discharged at approximately 83.5°C, close to the boil-
ing point of water at 3,718m.a.s.l. (87.5°C). A vent located
inside the rim of the summit crater in the NE sector was
the focus of the sampling effort.

A glass funnel was inserted into the vent and buried to
prevent atmospheric air entering into the sampling system.
The funnel was connected to a preevacuated glass flask filled
with 50ml of an alkaline solution (4N KOH). H2O vapour
condenses and acidic gases as CO2, SO2, and HCl dissolve
into the alkaline solution, while noncondensable gases (N2,
O2, He, H2, CH4, etc.) are concentrated in the gas phase of
the sampling flask [35]. CO2 concentration and CO2/H2O
molar ratio were analyzed by titration following the method
described by Giggenbach and Goguel [39].

For the analysis of helium isotopes, lead-glass con-
tainers were filled with the fumarolic gas discharge. Helium
concentration and 3He/4He isotopic ratios are expressed as
RA = R/Rair, where R is the measured 3He/4He ratio and
Rair is that of the air; 1 384 × 10−6 [8] were analyzed using
a high-precision noble gas mass spectrometer (modified-
VG5400), following the procedure of Sumino et al. [40].
The correction factor for the helium isotope ratio was deter-
mined by measurements of interlaboratory helium standard
named HESJ, with an established 3He/4He value of 20 63 ±
0 10RA [41]. The analytical error for RA was <2%. The mea-
sured 3He/4He ratios were corrected for air contamination
based on the 4He/20Ne ratios measured with the mass spec-
trometer, assuming that all the neon has an atmospheric
origin [16, 42].

3.4. Data Reduction and Spatial Interpolation

3.4.1. 4He Flux Determination. The circulation of gases at
superficial levels of volcanoes is governed by a combination
of diffusive and advective mechanisms. Flows and velocities
of gas moving by advective mechanisms, however, are much
higher than those produced by diffusion. Diffusive and
advective emission values were estimated at each sampling
site as follows.

Diffusion is described by Fick’s law:

Fi = −Dm
dC
dz
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Figure 2: Geological map of Teide volcano summit cone and crater marked with the 170 measurement sites performed in the survey.
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where Dm is the molecular diffusion coefficient (m2 s-1)
and dC is the variation of gas concentration (kgm-3) along
dz (m).

The apparent diffusion coefficient (D) includes the effect
of porosity (n) and tortuosity (τ) of the environment. For
soils, Etiope and Martinelli [43] define this coefficient as

D =Dmn
2 =Dm

n
τ 2

Advection is described by Darcy’s law:

Fi = −Ci
k∇P
μZ

, 3

where Ci is the soil gas concentration (kgm-3), k the perme-
ability (m2), μ the dynamic viscosity of the gas (kgm-1 s-1),
and ∇P the pressure difference (kgm-1 s-2) between two
points spaced at distance Z (m) [43].

Soil intrinsic permeability (k) is a key factor to estimate
the theoretical emission of gases via Darcy’s law. It depends
on the hydraulic permeability (Ks) following Schaap and
Lebron [44]:

k = μ

ρg
Ks, 4

where μ is the gas viscosity (kgm-1 s-1), ρ the gas density
(kgm-3), and g the gravitational constant (m s-2).

In case of Teide volcano, pressure gradients are mostly
generated by the geothermal gradient, which manifests by
convection. We assume in this study, therefore, that the
advective component of gas flux from the deep interior to
the atmosphere is mainly governed by the efficiency of con-
vection at the soil scale. Under this assumption, the pressure
gradient is obtained from:

∇P = Pamb − Psoil = Pamb 1 − Tsoil
Tamb

, 5

where Psoil and Pamb are soil and ambient pressure and Tsoil
and Tamb are soil and ambient temperatures, respectively.

By combining equations (3), (4), and (5), we obtain the
following expression for the convective flux:

Fi = −Ci
KsPamb
ρgZ

1 − Tsoil
Tamb

6

Direct measurements of diffuse CO2 emission FCO2 ,
soil CO2 concentration CCO2 , air temperature (Tamb), and
soil temperature at 40 cm depth (Tsoil) were used to estimate
the hydraulic permeability Ks from equation (6) at each
sampling site. These values were used later to estimate the
convective flux of 4He. To calculate the diffusive emission
component for 4He, we used a 7 × 10−5 as diffusion coeffi-
cient [43] and a value of 0.35 for porosity, as have been used
in similar volcanic areas [45].

3.4.2. 3He Flux Determinations. 3He generally has low abun-
dance, which leads to high analytical uncertainty for most gas
samples. To arrive at an accurate estimate of flux across the
study area, we must interpolate from 3He measurements with
high certainty using robust relationships with other gas
fluxes. The 3He output released to the atmosphere from the
summit cone of Teide volcano can be estimated to be within
the limits calculated by two end-member assumptions:

(1) The 3He/4He ratio in the fumarolic gases (9 34 × 10−6)
is the same across the whole hydrothermal system,
which is to assume the source of all helium is the
same. In this case, 3He emission (mol d-1) is simply
calculated using the 3He/4He ratio and the 4He emis-
sion (mol d-1) using the relationship:

Φ3He = 3He/4He ×Φ4He 7

(2) The 3He flux is wholly derived from deep-seated
source and therefore can be tied to the nonbiogenic
component of the CO2 flux. The estimated diffuse
CO2 emission, the CO2/

4He molar ratio, and the
3He/4He isotopic ratio measured in the fumarolic dis-
charges of Teide can be used to estimate 3He output
using the relationships:

CO2/4He / 3He/4He = CO2/3He ;

Φ3He =ΦCO2/ CO2/3He
8

3.4.3. Heat Flow. CO2 was used as a tracer of hydrothermal
fluids to calculate the heat flow involved in the diffuse degas-
sing process. Chiodini et al. [46] first demonstrated this
method that rests on the assumption that the H2O/CO2 ratio
is recorded, before steam condensation, by fumarolic efflu-
ents. These authors computed the heat flux adding the
following contributions: (1) the heat released by H2O gas
moving from the hydrothermal reservoir to the steam con-
densation zone, (2) the heat given off by CO2 passing from
the hydrothermal reservoir to atmospheric conditions, (3)
the enthalpy of steam condensation at 100°C, and (4) the heat
loss by liquid water on cooling from 100°C to the average
seasonal value.

In the July 2016 survey, the measured H2O/CO2 ratio
was 2.24. On the basis of this ratio, we computed that 473 t
d-1 of steam are condensed to produce the hydrothermal
CO2 output of 211 t d-1 following the procedure described
by Frondini et al. [47]. The released thermal energy associ-
ated with the condensation of 473 t d-1 of steam was esti-
mated on 1 26 × 1012 J d-1.

This value was obtained following two contributions. The
enthalpy of steam condensation at 100°C (1 07 × 1012 J d-1) is
given by the product of the total amount of steam condensed
in one day (4 73 × 108 g) times the enthalpy of evaporation at
100°C (2,257 J g-1) [48]. The heat loss by liquid water on cool-
ing from 100°C to the average seasonal value of 3.2°C
(1 89 × 1011 J d-1) is given by the product of the enthalpy lost
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by 1 g of water (ΔH = 398 7 J g-1) times the mass of water
(4 73 × 108 g).

The heat flux was also calculated following the method
described by Dawson [49]. The method is based on correla-
tion between soil temperature at 15 cm depth (t15) and sur-
face heat flux (q) by the following equation:

q = 5 2 × 10−6t415, 9

where t15 was measured by a portable calorimeter at each
point.

Sequential Gaussian simulation (sGs) using the sGsim
program [50] was used to construct spatial distribution maps
of CO2,

4He, and heat fluxes. The sGs procedure allowed us
to interpolate the different parameters at a nonsampled area
between the sampling points and obtain the uncertainty of
emissions. Emission of the entire area of study was estimated
using these maps.

4. Results and Discussion

4.1. CO2 Fluxes and Isotopic Signatures. Diffuse CO2 efflux
values ranged from below detection to 10,650 gm-2d-1 with
an average value of 879 gm-2d-1. The spatially interpolated
total diffuse CO2 output released from the summit cone of
Teide volcano was calculated as 211 ± 20 t d-1. Similar
results were obtained by Pérez et al. [37]; an emission value
of 180 ± 21 was calculated for the 2009 survey for an area of
0.11 km2.

The diffuse CO2 emission map (Figure 3) shows higher
values located inside the crater, along the crater rim mainly
close to the fumarolic area and towards the north and
north-east flanks. The areas with higher CO2 efflux values
also show relatively high temperatures and appear correlated
to hydrothermal alteration at the surface, suggesting a mainly

advective degasification mechanism governing the gas emis-
sion regime at the study area. The north and north-east
anomalies are probably related to radial fissures propagated
from the volcanic axis [37]. Lower values are observed at
other sectors of the flanks of the cone.

The total diffuse CO2 output is comparable with the
219 ± 36 t d-1 released by Pico do Fogo volcano, Cape Verde,
a similar volcanic system in a similar volcano-tectonic envi-
ronment, measured during a survey in February 2010 [21].

Figure 4 summarizes the CO2 isotopic composition and
indicates that most of the analyzed samples correspond to a
deep-seated source of CO2, with different degrees of atmo-
spheric contributions. The heaviest δ13C(CO2) values, indic-
atives of deep-seated CO2, were measured in soil gases in and
around the summit crater, where fumarolic activity and ther-
mal anomalies occur. The contribution of biogenic CO2 can
be considered negligible, which is consistent with the very
limited vegetation and its related biological activity in the
summit cone of Teide volcano.

4.2. 4He Emission. The total output of 4He from the studied
area was estimated in 1 06 ± 0 2 kg d-1 (265.15mol d-1) with
the highest values observed where fumarolic activity is pres-
ent, along the crater rim, and towards the north and north-
east flanks, coinciding with the highest temperature and
CO2 efflux values measured (Figure 5). The average value of
the convective component exceeded the average value of
the diffusive component by almost an order of magnitude
(4.2 vs. 0.44mgm-2 d-1, respectively). For this reason, we
can assume that most of the diffuse gas emission from the
summit cone of Teide volcano is governed by convection.

Similar studies carried out in other volcanic systems of
the Canary Islands have taken into account only the diffu-
sive component due to the lack of geothermal anomalies in
the surface environment of the study areas. Padrón et al.
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[51] estimate a 4He emission between 15 and 38 kg d-1 from
Cumbre Vieja volcano (La Palma) for an area of 220 km2.
Padrón et al. [7] observed an increase in the diffusive com-
ponent of 4He emission from 9 to 38 kg d-1 of the whole El

Hierro island (278 km2) prior to and during the 2011-2012
submarine eruption that took place 2 km off the southern
coast of the island. In the case of the summit cone of Teide,
with an area of 0.5 km2, the normalized 4He emission rate is
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2.12 kg km-2 d-1, which represents a much higher value than
that calculated for Cumbre Vieja and El Hierro (0.17 and
0.14 kg km-2 d-1, respectively).

The summit cone of Teide value for 4He is comparable to
Pico do Fogo volcano in Cape Verde. Dionis et al. [21] esti-
mated a helium emission of 4.1 kg d-1 from the crater that
has an area of 0.142 km2 by considering a pure convective
emission and a normalized emission rate of 28 kg km-2 d-1.
It is worth noting that Pico do Fogo volcano has experienced
a higher eruptive activity in the historical times (last 500
years) than Teide. This observation might suggest a more

general relationship between 4He emission and volcanic
activity than that demonstrated at the scale of the Cape Verde
archipelago by Dionis et al. [21] using CO2 and

3He emission.

4.3. 3He Emission. Chemical and isotopic composition of
fumarolic gases from the summit crater of Teide volcano
are summarized in Table 1.

Assuming that the 3He/4He ratio analyzed from the
fumaroles is the same for the whole hydrothermal system,
the calculated diffuse 3He emission for the first assumption
is 2 48 × 10−3 mol d-1 (0.89mol y-1). Nevertheless, because

Table 1: Outlet temperature, chemical, and isotopic composition of fumarolic gases from the summit crater of Teide volcano.

T (°C) 4He/20Ne 3He/4He (R/RA) δ13C-CO2 (‰) CO2 (%) Gas steam

Teide fumarole 83.3 33.613 6 723 ± 0 056 −3 13 ± 0 01 98.15 0.251

South ridge

Las Cañadas
caldera

North flank

Fumaroles T = 83.5ºC

CO2 emission
3He emission

Heat flow emission

NNW

SSE

SSW

Condensation
NNW SSW

Input of
endogenous fluids

Pre-Cañadas

Hydrothermal alteration core

Water table

Basalts and basanites

Phonolites
Dikes

Endogenous fluids

Meteoric infiltration

Diffuse degassing

Regional water table
Rainfall

Volcanic-hydrothermal
system 5 km

Aquifer

2 
km

Figure 6: Hydrogeological model of Las Cañadas aquifer in the island of Tenerife. Fluid transport from the volcanic-hydrothermal system to
the atmosphere is shown. Modified from Marrero-Díaz et al. [55].
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we have used the 4He flux calculated before for our estima-
tion, the 3He emission could be overestimated because there
must be some radiogenic 4He from the crust. Anyway, that
amount of 4He from the crust is almost negligible for polyge-
netic volcanoes at oceanic islands as Tenerife [11]. For the
second assumption, we use the CO2 flux calculated before
because we assume that the 3He flux is wholly derived
from deep-seated source. The calculated 3He emission is
9 69 × 10−4 mol d-1 (0.35mol y-1). In this case, some amount
of CO2 derived from magma would be trapped by water in
soil or groundwater during its ascent, so the true 3He flux is
underestimated and should be higher than the estimate. Mar-
rero et al. [52] estimates through a CO2 mass balance that
17 5 × 108 mol y-1 (211 t d-1) of CO2 is discharged by the
groundwaters of Las Cañadas aquifer (144 km2) (Figure 6).
That means that there is a large amount of magmatic CO2
that is trapped in the aquifer during its ascent to the atmo-
sphere, suggesting that 3He emission calculated using the
second assumption is clearly subestimated.

These summit-cone wide values are consistent with the
crater-only value which was reported by Hernández et al.
[53] to be 0.51mol y-1 (after correction of an error observed
in the original calculation).

This work provides one more of the few values reported
to date related to 3He global emission, of which volcanic sys-
tems are highly significant. Other hot spot-type volcanic sys-
tems have shown similar (Piton de la Fournaise, La Réunion
island, 1.1mol y-1) or higher emission values (Kilauea,
Hawaii, 9-14mol y-1) [54], using fumarolic data. Other stud-
ies of soil 3He emission in volcanic areas are rare. Padrón
et al. [51] estimated a total output of 3He in Cumbre Vieja

volcano (La Palma, Canary Islands) of 0.6-0.7mol y-1 consid-
ering a pure diffusive transport mechanism for an area of
220 km2.

4.4. Heat Flow. The computed thermal energy released by
degassing of 1 26 × 1012 J d-1 corresponds to a total heat flow
of 2.21MW. We obtained a value of 8 1 ± 0 97MW using
the Dawson method. In the interpolation map, the areas
with the highest heat flow occurred at the fumarolic areas
inside the crater, the crater rim, and the NE flank
(Figure 7). The fumarolic area in the crater of Teide volcano
has an average temperature of 83.5°C that it is constant since
it began to register in 1993. The major component of these
fumaroles is the water vapour, which originates from the
vaporization of the rainfall water [33] followed by CO2, N2,
H2, H2S, Ar, CH4, and CO, a composition typical of hydro-
thermal fluids [34, 35]. These data suggest that the fumarolic
effluents are made by endogenous gases which cross the
aquifer located somewhere in the postcaldera structure close
to the surface [33]. At the same time, the heat flux in the cra-
ter of Teide volcano has been registered since 2009 and no
significant changes have been detected. Most of the heat flow
measured in Teide volcano is the result of the emitted heat
by the phase change of water from gas to liquid in the con-
densation zone.

The difference between the heat emission calculations
among two different methods is because the method pro-
posed by Chiodini et al. [46] assumes that the H2O/CO2
molar ratio measured in the fumarolic discharges is the same
for the whole hydrothermal system. In this study, we are
comparing areas with higher convective component at the
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Figure 7: Heat flux emission map for the summit cone and crater of Teide volcano.
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crater with areas typified mainly by diffusive component at
the flanks of the volcano, where there are no surface evi-
dences of hydrothermal alteration.

To compare our data with other volcanic systems,
Hernández et al. [3] estimated a total heat flow of 1.24MW
for the Hengill volcanic system; Chiodini et al. [2] reported
the energy released by other volcanic areas as Campi Flegrei
100.8MW, Ischia 40.1MW, Vesuvio cone 16.6MW, Vulcano
crater 21MW, and Comalito cinder cone 0.9MW, and
Dionis et al. [21] estimated a value of 10.3MW released from
the summit crater of Pico do Fogo volcano.

4.5. 3He/Heat Ratio. Following from the end-member
assumptions used to calculate the 3He and heat flux, we calcu-
lated a plausible 3He/heat ratio range from 0 117 × 10−12 to
0 764 × 10−12 cm3 STP J-1, with an average value of 0 370 ×
10−12 cm3 STP J-1. This value is close to the 0.5 × 10-12 cm3

STP J-1 calculated for the 3He/heat ratio for hydrothermal
activity from the upper mantle [19, 20]. Figure 8 shows the
relationship between heat and helium emissions, following
the model of Kennedy et al. [17], which demonstrate that
Teide volcano is a useful window to take measurements of
volatiles and heat from the upper mantle of the Earth to the
atmosphere. By extension, future studies that focus upon
the temporal evolution of heat and volatile emission from
Teide and similar windows to the mantle will improve under-
standing of mantle dynamics and the link between litho-
sphere and atmosphere.

5. Conclusions

Most of the volcano-hydrothermal fluid discharges occur-
ring at the summit cone of Teide volcano occur in the crater
area; yet, other important emission rates were measured
along the north and north-east flanks. These extracrater
emissions are suggestive of a strong structural control in
the degassing process of Teide volcano. Given the prevalence
of structural controls on the expression of volcanic systems
worldwide, we can suggest that other important, yet not as
obvious, emissions are likely to be encountered at other vol-
canic systems.

The estimated global volcanic emission of 3He is 1250 ±
250mol y-1 [54]. The contribution to this estimate emission
obtained by Teide volcano in this work is about 0.62mol y-1,
for an area of 0.5 km2, 0.05% of the total global emission.
This study provides the first estimation of 3He/heat from
the Teide volcanic system and supports theoretical estimates
at a global scale. The calculation of flux supports the pres-
ence of an important mantle source of volatiles and heat to
the atmosphere.
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The fluid phase and the evolution of the condensate gas reservoir in the Lianglitage Formation (O3), Well ZG7-5, Tazhong Uplift,
were studied by integrating the PVTsim and the PetroMod software. The fluid phase was successfully simulated, and the burial,
temperature, pressure, and pressure coefficient histories were reconstructed. The evolution of the fluid phase and its properties
(density, viscosity, and gas-oil ratio) under the ideal and gas washing conditions was also explored. The simulated pressure-
temperature (P‐T) phase diagram confirms that the reservoir fluid is in the condensate gas phase at present, with an order of
critical point-cricondenbar-cricondentherm (CP‐Pm‐Tm). The temperature and pressure show an overall increasing trend
considering the entirety of geological evolution. Under ideal conditions, fluid transition from coexisting gas and liquid phases to
a single condensate gas phase occurred during the Late Cretaceous (80Ma, T = 135 7°C, and P = 58 19MPa). The density and
viscosity of the liquid phase decreased gradually while the density and viscosity of the gas phase and the solution gas-oil ratio
increased during geological processes. With the consideration of gas washing, the critical phase transition time points for 100%
and 50% gas washing fluid are 394Ma, 383Ma, 331Ma, and 23Ma, as well as 266Ma and 23Ma, respectively. The average
liquid phase density, gas phase density, and liquid phase viscosity under 100% gas washing are larger than those under 50% gas
washing before 23Ma (Miocene), while the gas phase viscosity values are similar for both cases. This study visually suggests that
the temperature and pressure histories, which are controlled by the burial history and heat flow evolution, and gas washing have
significant impacts on the formation of the condensate gas reservoirs and evolution of the fluid phase and its features in the
Tazhong Uplift.

1. Introduction

The Tazhong Uplift is the most important oil and gas bearing
area in the Tarim Basin of China. In recent decades, many
different types of petroleum reservoirs have been discovered
in the Tazhong Uplift, and the phase states of reservoir fluids
vary among sand tar, super heavy oil, heavy oil, black oil,
normal oil, light oil, condensate gas, and natural gas [1]. The
condensate gas reservoirs serve as highly valued resources
for energy supply, and their characteristic phase transitions
during the accumulation and exploitation processes make
them valuable for research [2].

Knowledge of the phase state and pressure-volume-
temperature (PVT) properties of reservoir fluids is critical

to the exploration and development of the reservoirs and,
therefore, of interest in petroleum engineering studies [3, 4].
For all conventional and unconventional petroleum reser-
voirs, it is essential to reconstruct the phase evolution history
and the changes in the gas-oil ratio (GOR) and physical
properties of the fluid over time, which are all closely related
to the burial and thermal histories of the fluid [5]. In many
previous works, phase simulation experiments have been
conducted under high temperature and pressure using
PVT-based methods to obtain PVT properties and determine
the phase types of reservoir fluids; however, such experi-
ments are complicated, time-consuming, and difficult to con-
duct [6–10]. In addition, the fluid phase and evolution of
condensate gas reservoirs in the Tazhong Uplift have not
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been intensively studied; there is a lack of systematic studies
on the temperature and pressure recoveries for condensate
gas reservoirs in the area, as well as a lack of the combination
with PVT simulation and basin modeling. Therefore, the
purpose of this study was to explore the fluid phase and evo-
lution of a typical condensate gas reservoir, Well ZG7-5, in
the Tazhong Uplift. We first simulated the phase envelope
and PVT properties of the fluids by using the PVTsim soft-
ware, which is an easy-to-use and widely used software for
the phase simulation of reservoir fluids. We then recon-
structed the burial, temperature, pressure, and pressure coef-
ficient evolution histories of the target reservoir using the
PetroMod software. Finally, we studied the evolution of the
fluid phase and its features (density, viscosity, and solution
GOR) under ideal and gas washing conditions considering
the entirety of geological evolution, by integrating the results
of the PVTsim and the PetroMod software.

2. Geological Setting

The Tarim Basin, encompassing an area of 560,000 km2, is
the largest petroleum-bearing basin in China and is also
one of the most complex superimposed basins in the world
[11, 12]. This basin is characterized by thick sediments,
multiple cycles of uplift and erosion, and complex distribu-
tion of oil and gas accumulations [13]. The Tazhong Uplift
is a long-term inherited paleouplift in the central Tarim
Basin, which was formed during the Caledonian orogeny
and shaped by the Early Hercynian orogeny [14]; its tectonic
framework did not significantly change during the subse-
quent Indosinian-Himalayan orogeny [15]. The oil and gas
in the Tazhong Uplift are mainly distributed in the Cam-
brian, Ordovician, Silurian, and Carboniferous strata, and
most condensate gas reservoirs are found in the Ordovician
reservoirs originated from the Cambrian-Lower Ordovician
strata and the Middle-Upper Ordovician source rocks [16].
The Tazhong Uplift can be subdivided into several belts
including the Tazhong no. 1 fault zone, Tazhong no. 10
structural belt, Tazhong central horst belt, and Tazhong 1-8
buried hill belt [17, 18]. Well ZG7-5 is in the Tazhong no. 1
gas field and is located on the north slope of the Tazhong
Uplift (Figure 1). The borehole depth of Well ZG7-5 reaches
5718m, encountering strata from the Quaternary to the
Ordovician. The condensate gas reservoir was discovered in
the Lianglitage Formation (O3, 5655-5718m) where there is
a daily gas production of 20399m3 but little oil production
(inner report of the Tarim Oil Company, 2016).

3. Materials and Methods

3.1. Fluid Phase Simulation. The PVTsim software by the
Calsep Company specializes in the calculation of fluid prop-
erties, employing several different equations of state (EOS); it
is widely used in oil and gas reservoir studies [20]. The input
data for the PVTsim software include well fluid components
(C1-C30+, molecular weight), constant mass expansion exper-
imental data, and constant volume depletion experimental
data; these were all derived from the PVT analysis report
for Well ZG7-5 (inner report of the Tarim Oil Company,

2016) (Tables 1 and 2). The data in the report were measured
using a phase analyzer (Schlumberger DBR) and a gas chro-
matograph (Agilent 7890A, 6890N). The simulation steps
are as follows: First, the well fluid components (C1-C30+,
molecular weight) listed in Table 1 were input to the
PVTsim software. The original P‐T phase diagram showing
the temperature and pressure of the critical point (CP), cri-
condentherm (Tm), and cricondenbar (Pm) was obtained
after initially simulating with the Peng-Robinson equation
of state (Figure 2(a)). Then, the relevant constant mass
expansion experimental data and constant volume depletion
experimental data listed in Table 2 were used to conduct a
regression calculation. Afterward, the simulated values of
CP, Tm, and Pm were tuned to achieve as much consistency
as possible with the measured values by altering the param-
eters of EOS [21]. The final phase model was determined
when the simulated P‐T phase diagram was close to the
measured one after repeated calculation and tuning; this
simulated phase diagram was regarded as being representa-
tive of the actual fluid in the reservoir (Figure 2(b)). Addi-
tionally, the positional order of the critical point (CP),
cricondentherm (Tm), cricondenbar (Pm), and in situ petro-
leum reservoir conditions (T i, Pi) in the P‐T phase diagram
was used to identify the type of reservoir fluid.

3.2. One-Dimensional Basin Modeling

3.2.1. One-Dimensional Basin Modeling Method. The tem-
perature and pressure histories of the Lianglitage Forma-
tion (O3), Well ZG7-5, were determined by reconstructing
a geological model using the PetroMod 2016 (1D) software
by Schlumberger Limited. The input parameters for this
purpose include stratigraphy (age, thickness, and lithology),
tectonic events (unconformities, erosion time, and erosion
thickness), and boundary conditions (heat flow, paleowater
depth, and sediment-water interface temperature) [22–24].
During the simulation process, the measured temperature
and maturity values were used to validate the modeling
results. The burial, temperature, pressure, and pressure coeffi-
cient evolutionhistories of the target reservoirwere confirmed
when the modeled and measured results were consistent.

3.2.2. Input Data for One-Dimensional Basin Modeling. Ero-
sion events have a significant influence on both the burial
and thermal histories. The modeled stratigraphic succession
of Well ZG7-5 starts from the Quaternary and continues
down to the Lianglitage Formation (Ordovician), excluding
the Jurassic, Devonian, and Upper Silurian strata which
show the effects of multiple tectonic events. The concrete
values of erosion thickness and erosion time were collected
from Zhang et al. [25], Pang et al. [26], and Qi and Liu
[27]. The main deposition and erosion events are listed in
Table 3. The data for stratigraphy (age, thickness, and lithol-
ogy) were gathered from the logging report from the Tarim
Oil Company.

In terms of the boundary conditions, the heat flow values
are vital to unearthing the reservoir thermal maturity history.
Values of heat flow were derived from Qiu et al. [28], Wang
et al. [29], and Feng et al. [30]. The values of the paleowater

2 Geofluids



82° 30´ 83° 30´ 84° 30´83° 00´ 84° 00´

Tazhong

zone

no. 1 fault

0 10 20 km
0 100 200 km

Tazhong
upli�

Manjaer sag

Tabei upli�

North 
slope

Tazhong

no. 10 structural belt

Tazhong
central horst belt

South slope

Bachu upli�

Tazh
ong 1

-8 
burie

d

hill belt

TZ86

TC1

ZG7-5

TZ19

Z12

ZG8

Bachu
upli�

Awati
depression

Tadong
upli�

Tangguzibasi
sag

TZ5

TZ62

TZ21

39°

39°

82° 30´ 83° 30´ 84° 30´83° 00´ 84° 00´

N

Faults Well

00´

30´
39°
30´

39°
00´

Figure 1: Map showing the location of Well ZG7-5 and the geological structures in the Tazhong Uplift (modified from [19]).

Table 1: Well fluid components (C1-C30+) of the Lianglitage (O3) reservoir in Well ZG7-5.

Components Mol% Molecular weight Components Mol% Molecular weight

N2 4.232 28.014 C14 0.334 190

CO2 3.075 44.01 C15 0.260 206

C1 83.083 16.043 C16 0.177 222

C2 0.364 30.07 C17 0.143 237

C3 0.206 44.097 C18 0.118 251

iC4 0.078 58.124 C19 0.102 263

nC4 0.203 58.124 C20 0.091 275

iC5 0.147 72.151 C21 0.089 291

nC5 0.172 72.151 C22 0.085 305

C6 0.280 86.178 C23 0.075 318

C7 0.315 96 C24 0.059 331

C8 1.645 107 C25 0.054 345

C9 1.374 121 C26 0.041 359

C10 1.135 134 C27 0.024 374

C11 0.867 147 C28 0.014 388

C12 0.624 226 C29 0.007 402

C13 0.518 175 C30+ 0.011 416
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Table 2: Experimental data for constant mass expansion and constant volume depletion.

Well
Constant mass expansion experiment Constant volume depletion experiment

Pressure (MPa) Temperature (°C) Liquid vol% of Vd Pressure (MPa) Temperature (°C) Z factor gas

ZG 7-5

61.46∗ 102.6 0.00

56.81 142.6 1.37459.16∗ 122.6 0.00

56.81∗ 142.6 0.00
∗Dew point pressure.
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Figure 2: The original P‐T phase diagram (before regression) and the final P‐T phase diagram (after regression).
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depth (PWD) were estimated by sedimentary facies type and
lithology, which are closely related to variations in the global
sea level. The sediment-water interface temperatures (SWIT)
were calculated using the PetroMod software upon identifi-
cation of the location of the well. The plots for the concrete
boundary conditions are presented in Figure 3. The temper-
ature and maturity values measured for calibration were
taken from the logging report and laboratory measurements
by the Tarim Oil Company.

Finally, evolution of the fluid phase and its features (den-
sity, viscosity, and solution GOR) under ideal and gas wash-
ing conditions was studied by integrating the phase diagram
from running the PVTsim software and the temperature-
pressure values at each critical geological event point, derived
by the PetroMod software.

4. Results and Discussion

4.1. P-T Phase Diagram for the Fluid. As mentioned above,
the final phase diagram for the fluid was arrived at after sev-
eral rounds of calculation and tuning, and the corresponding
fluid features were calculated. Table 4 presents a comparison
between the simulated and measured values of the fluid fea-
tures of Well ZG7-5. The modeled features are consistent
with the measured results. Further, the modeled density of
oil on the ground and the solution GOR show relatively large

errors because oil density was measured with the loss of some
light fractions, and the produced GOR, which slightly differs
from the solution GOR, was measured. These comparisons
illustrate that the modeling results are valid and the method
is effective. The simulated P‐T phase diagram for the fluids
in the Lianglitage reservoir (O3) is displayed in Figure 4. It
can be seen that the temperature and pressure of the critical
point (CP) are -83.8°C and 30.25MPa, respectively, and the
cricondentherm (Tm) and cricondenbar (Pm) are 397.67°C
and 58.95MPa, respectively. Furthermore, the P‐T phase
diagram is divided into the liquid phase zone, the condensate
gas phase zone, the gas phase zone, and the coexistence phase
zone for gas and liquid, by the positional order of the critical
point (CP), cricondentherm (Tm), and cricondenbar (Pm).
Based on the phase zone distribution of the P‐T diagram
and the in situ reservoir conditions (T i = 143 3°C, Pi =
91 66MPa), the in situ reservoir fluid was classified as being
of the condensate gas phase type. Under the conditions of
normal temperature and pressure (20°C, 0.101MPa), the
fluid returns from the condensate gas phase to two separate
phases of gas and liquid, which coincides with the current
product type and macro compositions.

4.2. Histories of Burial, Temperature, Pressure, and Pressure
Coefficient. As can be seen from Figure 5, the measured and
modeled values of temperature and vitrinite reflectance

Table 3: The main deposition and erosion events in Well ZG7-5.

Age (Ma) Strata Depth (m) Erosion thickness (m) Lithology

0 Top N+Q 0 Sandstone, shale

23 Top E 1200 Sandstone

66 Top K 1834 Sandstone, shale

144 Erosion J -150

163 Top J 150 Sandstone, shale

201 Top T 2390 Shale, siltstone, conglomerate

247 Erosion P -150

254 Top P 2906 150 Shale, siltstone, conglomerate

298.9 Top C 3562 Shale, sandstone, limestone

358 Erosion D -700

387 Top D 700 Sandstone

417.6 Erosion S -100

427.4 Top S 4140 100 Sandstone, shale, siltstone

442 Erosion O3s -900

443 Top O3s 4482 900 Shale

453.4 Top O3l1-2 5333 Limestone, sandstone

454.9 Target layer 5457 Limestone

458 Erosion O1ys -250

459.9 Erosion O2yif -100

460.7 Erosion O2t -50

461 Top O2t 50 Limestone

464.7 Top O2yjf 100 Limestone

470 Top O1ys 5711 250 Limestone, dolomite

479.5 Top O1p 6261 Dolomite, limestone

485.4 Base 6761
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(Ro) fit well, indicating the reliability of burial, temperature,
pressure, and pressure coefficient histories modeled using
the PetroMod software.

The burial history overlaying with the thermal maturity
history of Well ZG7-5 is shown in Figure 6, which indicates
that the Tazhong Uplift has experienced multiple stages of
uplift and erosion caused by multiple orogenies. Among all
these orogenies, the Caledonian and Hercynian orogenies

had the most crucial impact on the study area. The Tarim
Basin experienced a period of stable platform development
during the Cambrian-Early Ordovician and encountered a
slight erosion during the Late Middle Ordovician. Subse-
quently, the rapid subsidence and the following strong ero-
sion of strata caused by the Middle Caledonian orogeny
were the significant features of the Late Ordovician. This
orogeny was also characterized by the strongest uplift and
erosion (900m) during the entire geological evolution history
in the study area. During the Late Devonian, the Hercynian
orogeny caused another strong uplift and erosion (700m).
The combined Caledonian and Hercynian orogenies caused
an erosion thickness of more than 2000m, and the Ordovi-
cian strata reached high-mature states (1.3-2.0%Ro) at the
beginning of the Permian period. The orogeny events follow-
ing this period had little impacts on the maturity. Currently,
the Ordovician strata are buried to the maximum depth of
over 6000m.

Figure 7 shows the temperature and pressure histories
of the Lianglitage Formation (O3) in Well ZG7-5. The tem-
perature history is significantly linked with the heat flow
evolution and the burial history, while the pressure history
is correlated with the burial history and lithology. Both
the temperature and pressure histories depict overall
increasing trends from the Ordovician to the present; how-
ever, decreasing trends caused by erosion events, heat flow
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Figure 3: The boundary condition plots for Well ZG7-5.

Table 4: Comparison between simulated and measured features of
the fluid.

Items
Simulated
values

Measured
values

Critical temperature (°C) -83.80 -77.80

Critical pressure (MPa) 30.25 29.25

Cricondentherm (°C) 397.67 386.30

Cricondenbar (MPa) 58.95 57.71

Dew point pressure(142.6°C)
(MPa)

58.00 56.81

Oil density at ground(20°C)
(g/cm3)

0.72 0.80∗

Solution gas-oil ratio (GOR)
(m3/m3)

883 823∗∗

∗Measured with some loss of volatile fractions. ∗∗Produced GOR.
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changes, or lithology variations were also observed. More-
over, the pressure coefficients throughout the evolution
history were also calculated by the results derived from Pet-
roMod (Figure 8). During the early stages, the reservoir was
in normal pressure condition; these conditions changed to
the state of overpressure (pressure coefficient > 1 2) during
the Middle Permian (265Ma) due to the deepening of the
burial depth. After the Miocene, the pressure coefficient
increased rapidly.

4.3. The Evolution of the Fluid Phase and Features

4.3.1. Ideal Conditions. Under ideal conditions, we assumed
that the reservoir was formed without any destruction or
change and the composition of the reservoir fluid was con-
stant during the entire geological process. The simulated
phase envelope and the modeled temperature-pressure
values (labeled as the P‐T line) at each time point of a crit-
ical geological event were overlapped in the same plot to
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investigate the reservoir evolution processes (Figure 9). The
figure clearly shows that the P‐T line goes across the coexist-
ing phase zone of the gas and liquid to the condensate gas
phase zone and the turning point (135.7°C, 58.19MPa) corre-
sponding to the age of 80Ma (Late Cretaceous) appears at the
point of intersection of the two lines. This suggests that the
Lianglitage Formation (O3) existed in the two-phase states
of gas and liquid fromOrdovician to 80Ma (Late Cretaceous)

but, thereafter, turned to the condensate gas phase. This phe-
nomenon clearly indicates that the condensate gas reservoir
was formed after 80Ma (Late Cretaceous) due to the changes
in temperature and pressure conditions, which, in turn, were
the result of the combined effect of multiple orogenies (the
change of burial depth), as well as the heat flow evolution.

The changes in temperature and pressure controlled by
heat flow evolution and multiple orogenies also affected fluid
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features. The evolutions of density, viscosity, and solution
GOR during the entire geological processes are presented in
Figure 10. From Ordovician to 80Ma (Late Cretaceous), the
fluid in the reservoir was composed of coexisting gas and liq-
uid phases. The density of the liquid phase decreased gradu-
ally, while that of the gas fluctuated greatly and generally
increased. On the contrary, the viscosity of the liquid phase
fluctuated greatly, showing an overall decreasing trend and
that of gas gradually increased. The fluctuations in density
and viscosity are synchronized with the wave of burial depth.
After 80Ma (Late Cretaceous), the fluid turned into the con-
densate gas phase with increasing temperature and pressure.
At the same time, the density and viscosity of the gas contin-
ually increased to reach the present values of 0.44 g/cm3 and
0.0693 cP, respectively (Figures 10(a) and 10(b)). In the solu-
tion GOR, the amount of gas increased continuously; an
increasing number of liquid hydrocarbons underwent the
retrograde evaporation processes with continuous deep
burial. This led the solution GOR to depict an overall increas-
ing trend throughout the well-formation history; its value
eventually reached 883m3/m3 (Figure 10(c)). As mentioned
above, after the Middle Permian (265Ma), the overpressure
state dominated the reservoir environment and the pressure
coefficient increased rapidly after the Miocene. It is believed
that the fluid expansion caused by retrograde evaporation is
the main reason for the formation of overpressure. Moreover,
the changes in pressure coefficient are also indirectly related
with the alterations in GOR.

4.3.2. Gas Washing Conditions. From previous studies, it is
known that oil charging occurred mainly in the Late Caledo-
nian and Late Hercynian periods and that the gas filling that
occurred mostly during the Late Himalayan period is one of
the formation mechanisms of the condensate gas reservoirs
in the Tazhong area [31]. In this context, it is hypothesized
that the condensate gas reservoir of Well ZG7-5 was formed
due to gas washing during the Late Himalayan. This assumes
two different gas washing conditions: one, that the initial
methane content is 0% (before being normalized) and that
all the methane was a product of gas washing; therefore,
the degree of gas washing can be set to 100%; the other is
that half the methane (before being normalized) was from

gas washing, and therefore, the gas washing degree can be
set to 50%. The specific fluid components (C1-C30+) for
these two cases are listed in Table 5 (only the amount of
methane was varied; the other components were kept con-
stant). We also assumed that 23Ma (Late Himalayan) was
the time at which the gas washing occurred, based on previ-
ous studies [32, 33]. The methods described above were then
used to study the process of evolution with gas washing. The
fluid phase evolution diagram of the Lianglitage Formation
(O3) in Well ZG7-5, considering gas washing, is shown in
Figure 11. The P‐T phase diagram in Figure 4 was also plot-
ted in Figure 11 to represent the final P‐T phase diagram of
the gas-washed fluid.

In the 100% gas washing case, its initial phase diagram
stayed in the high temperature and low pressure area because
of the limited gas content and its critical point is 344.19°C
and 11.79MPa (Figure 11(a)). The fluid clearly existed as
two phases, gas and liquid, from the Ordovician to the Mid-
dle Devonian (394Ma). The fluid then transitioned quickly
to the liquid phase before 383Ma (Middle Devonian) and
returned to the two-phase state again due to the changes in
temperature and pressure conditions. After 331Ma (Early
Carboniferous), the fluid stayed in the liquid phase but
turned into the condensate gas phase with gas washing in
23Ma (Miocene) (Figure 11(a)).

There are some differences in the phase transition of the
fluid when 50% of the gas was washed compared to when
100% of the gas was washed. The initial phase diagram of
the former is in a lower temperature and higher pressure area
compared to the latter because of its higher gas content, and
its critical point is 149.09°C and 40.59MPa (Figure 11(b)).
The phase of the fluid remained in the two-state phase from
the Ordovician to the Middle Permian (266Ma), lasting lon-
ger than in the 100% gas washing case. Then, from 266 to
247Ma (Middle Permian-Early Triassic), the fluid stayed in
the liquid phase, with only a brief transition to the two-
state phase. Finally, the fluid transitioned from the liquid
phase to the condensate gas phase after gas washing in
23Ma (Miocene). The occurrence time of the gas phase in
the 50% gas washing case is longer than the 100% gas wash-
ing case. Thus, the critical phase turning time points for the
100% and 50% gas-washed fluid are 394, 383, 331, and
23Ma, as well as 266 and 23Ma, respectively.

The evolution of fluid density and viscosity in these two
cases was also studied using the methods described above,
and the results are shown in Figure 12. The figure also clearly
shows the change of phase state. In the 100% gas washing
case, the density of the liquid phase remained basically the
same, fluctuating slightly in the 0.69-0.73 g/cm3 range, while
the gas phase existed for a shorter time but had values that
changed more obviously (Figure 12(a)). Conversely, there
was great fluctuation in the viscosity of the liquid phase but
little fluctuation in the gas phase viscosity (Figure 12(b)).

In the 50% gas washing case, the fluctuations in density
and viscosity were greater than those of the 100% gas wash-
ing case (Figures 12(c) and 12(d)). The density of the liquid
phase first fluctuated greatly, with an overall decreasing
trend, and then gradually increased. The density of the gas
phase shows an increasing trend throughout. The sharp
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changes between 350 and 266Ma (Early Carboniferous-
Middle Permian) are believed to have been caused by the
continuous burial and the high heat flow value during the

Carboniferous and Permian (Figure 12(c)) [34, 35]. The vis-
cosity of the liquid phase also changed greatly while the vis-
cosity of the gas phase increased gradually (Figure 12(d)).
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In general, the average liquid and gas phase densities and the
liquid phase viscosity of the 50% gas washing case are smaller
than those of the 100% gas washing case before 23Ma (Mio-
cene), whereas their gas phase viscosity values are similar.
These results indicate that the degree of gas washing has a
great impact on the fluid phase, phase transition point, and
fluid features.

5. Conclusions

The simulated P‐T phase diagram confirms that the studied
reservoir is presently in the condensate gas phase, in the
order CP‐Pm‐Tm. The modeled burial history shows that
the Tazhong Uplift experienced multiple stages of uplift
and erosion caused by multiple orogenies. The modeled tem-
perature and pressure histories influenced by the burial
history and the evolution of the heat flow show an overall

increasing trend from the Ordovician to the present. The res-
ervoir experienced overpressure after the Middle Permian
(265Ma) because of the increasing pressure caused by the
continuous subsidence; the pressure coefficient also increased
rapidly after the Miocene.

Under ideal conditions, the reservoir fluid was assumed
to have formed without any destruction or change. The sim-
ulated results show that 80Ma (Late Cretaceous, T = 135 7°C,
P = 58 19MPa) was a key point in the phase transition from
the two-state gas and liquid phases to the single-state con-
densate gas phase that led to the formation of the present
condensate gas reservoir. The density and viscosity of the liq-
uid phase decreased gradually while the density and viscosity
of the gas phase increased with the increasing temperature
and pressure during geological processes. The solution
GOR increased throughout the history of the reservoir and
eventually reached 883m3/m3.
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Figure 11: The phase evolution diagram of the fluid in the Lianglitage Formation (O3) in Well ZG7-5, taking gas washing into account.
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Figure 12: Continued.
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Taking the gas washing into consideration, it is hypothe-
sized that the condensate gas reservoir was formed due to gas
washing that occurred in the Late Himalayan (23Ma). The
simulations of gas washing degrees of 100% and 50% were
designed to study how the gas washing affected the evolu-
tionary history of the fluid phase. The results show that the
critical time points in the change in the 100% and 50% gas
washing cases are 394, 383, 331, and 23Ma, as well as 266
and 23Ma, respectively. The average liquid and gas phase
densities and the liquid phase viscosity of the 100% gas wash-
ing case are greater than those of the 50% gas washing case
before 23Ma (Miocene). The gas phase viscosity of the two
cases is similar.

The formation of condensate gas reservoirs in the
Tazhong Uplift is associated not only with the changes in
temperature and pressure controlled by burial history and
the evolution of heat flow but also with the gas washing that
occurred during the Late Himalayan, which played a critical
role in forming the condensate gas reservoirs. This study
confirms that both of these processes could result in the for-
mation of condensate gas reservoirs. Moreover, it indicates
that the method of integrating the PVTsim and the Petro-
Mod software to study the phase simulations and evolution
of a reservoir is useful and effective.
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We report investigations performed at some hydrocarbon gas seeps located in the French Subalpine Chains in zones of outcropping
Jurassic black shales, increasing the reported number of such occurrences in this part of the Alps. We present the characteristics of
each of the seeps, based on soil flux measurements and soil gas measurements. Gases emitted are CH4-rich (87–94%) with the
exception of one site (78.5% CH4 + 8.2% CO2) where an active landslide may induce dilution by atmospheric air. CO2 is
generally measured at low levels (<1.6%). Concentrations in C2H6 are more variable, from less than 1% to more than 2.3%. Gas
is emitted over areas of various sizes. The smallest gas emission area measures only 60 × 20 cm, characterized by a strong
hydrocarbon flux (release of about 100 kg of CH4 per year). At a second site, hydrocarbon emissions are measured over a
surface of 12m2. For this site, methane emission is evaluated at 235 kg per year and CO2 emission is 600 kg per year, 210 kg
being related to gas seepage. At the third site, hydrocarbons are released over a 60m2 area but strong gas venting is restricted to
localized seeps. Methane emission is evaluated at 5.1 tons per year and CO2 emission at 1.58 tons per year, out of which 0.53
tons are attributed to gas seepage. Several historical locations remain uninvestigated at present, and numerous others may still
be unknown. We outline strategies to search for such unrecorded sites. Considering the topography of the potential alpine and
perialpine emission areas, the possibilities to detect gas emissions appear of the size recorded so far seem to be restricted to
ground-based methods or to methods offering the possibility to point orthogonally to the soil towards the seep maximum. If
such sites are to be investigated in the future in the frame of Environmental Baseline Assessment (EBA), even establishing
appropriate monitoring protocols will be challenging.

1. Introduction

The occurrence of natural Earth degassing—and specifically
hydrocarbon degassing—is known since very ancient times.
In Europe, methane seeps are reported since the Roman
period, e.g., in Greece [1], in Turkey [2], and in France [3].
Later, especially during the XIXth century, in conjunction
with the hydrocarbon rush, some of these natural gas releases
were investigated in more detail to assess their exploitability
[3]. Nowadays, the growing interest for natural hydrocarbon
seepage areas has two main angles: firstly, to better under-
stand the production mechanisms of the hydrocarbon gas
phases [4] and specifically to determine if the gas is produced
by thermal or biological processes from organic matter [5, 6]
or by abiotic reactions involving hydrogen [7]; secondly, to
better describe the degassing patterns [8], to identify gas

migration pathways, and to quantify the amounts of gases
released into the atmosphere [4, 9] and the related impacts
onto the global atmospheric methane budget [10]. These
investigations are in relation with environmental concerns
related to the increasing share of unconventional gas exploi-
tation [11] and to natural and man-induced gas emissions
from hydrocarbon fields [12, 13] with a special focus on the
integrity of gas and oil wells [14], including abandoned wells
[15]. It is well established that gas seeps not only induce free
gas emissions but also increase dissolved gas levels in aquifers
[16–18] where their quantifications can be quite challenging
[19, 20]. Here, we focus on the quantification of free gas leaks
at the soil/atmosphere interface [10] where the influence of
external parameters (temperature, soil properties, humidity,
and so on) on the measurements of gas emissions needs to
be taken into account [21].
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Investigations of the most prominent French alpine gas
seep, the Fontaine Ardente du Gua, have been recently
reported [3] together with preliminary reconnaissance of a
gas seep of lesser importance (Rochasson gas seep; [22]).
When comparing the few known occurrences in the French
Subalpine arc to the number of gas seeps reported for Italy
(HYSED database; [23]) and for Switzerland, Germany, and
Austria [5, 24, 25], mainly situated in the molasses basins,
we suspect a significant knowledge gap, even though the lith-
ological and tectonic contexts as well as the thermal history
are not directly comparable. Thanks to an in-depth literature
review, including “grey” historical literature, we localized
several other sites prone to the release of hydrocarbon gases
(Figure 1).

Here, we report field investigations performed at some of
those newly localized sites (red symbols in Figure 1) as, from
South to North, Jonchiers (JON), Molières-Glandaz (MG),
and Châtillon-sur-Cluses (CLU). A fourth site (Rochasson
(ROC)), already monitored in 2015, was investigated again
because a landslide had modified its surface in 2016. Investi-
gations were focused on the quantification and spatial pat-
terns of gas emissions to the atmosphere as contributions to
the greenhouse gas budget. Soil flux measurements using an
accumulation chamber system were performed at all the sites

with the exception of JON. Soil gas analyses allowed estimat-
ing precisely the relative proportions of gas species.

2. Geological Settings

In their article in 1990, mainly focused on CO2 emissions in
the French southeast basin, Blavoux and Dazy [26] men-
tioned the occurrence of mofettes (natural gas seeps) among
which some are methane-bearing including JON, MG, and
the Fontaine Ardente du Gua (FA). For FA, we provided
detailed information in Gal et al. [3]. Gas emissions reported
at the Col de Cabre could not be investigated due to safety
issues as these emissions were encountered during the dril-
ling of a railway tunnel in 1887 [27]. Nonetheless, the prob-
able source rocks for this site are black shale formations
similar to those outcropping at Fontaine Ardente du Gua [3].

The Jonchiers site (JON; Figure 2) is located close to the
town of Buis-les-Baronnies. This seep is associated with black
shale formations of the Oxfordian age [27]. Local inhabitants
discovered this methane seep indirectly by observing persis-
tent flames after having practiced fire clearance (pers. comm.).
Blavoux and Dazy [26] reported an analysis of the gas phase
with dominant CH4 (71.97%) and high concentrations in
CO2 (8.39%) andH2 (5.19%), completed byN2 (9.51%). These

Figure 1: Gas seeps reported at the scale of the alpine chain. The blue inset details the locations of French CH4-rich seeps (in red: investigated
locations).
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authors also reported an isotope analysis of the carbon of the
methane (δ13CCH4 = −39 7‰ vs. PDB), suggesting a domi-
nant thermogenic origin for this gas phase. The location of
this gas seep reported in the subsoil database BSS of the French
Geological Survey (site BSS002BPZV; [28]) revealed to be
erroneous (the real location is 730m to the ESE).

The Molières-Glandaz site (MG; Figure 2) is not reported
in any geological database. Blavoux and Dazy [26] only men-
tioned a location called “les Tiogaux” which corresponds to a
farm. Nevertheless, they report a historical analysis from
1916: 70.16% of CH4, 14.05% of H2, 4.8% of C2H6, 2.89% of
N2, 1.2% of O2, and 0.3% of CO2. This alkane-rich gas is also
seeping from black shale formations of the Callovian to
Oxfordian age. Hints from the inhabitants oriented our
investigations to a dry creek where we detected the seep
organoleptically, through its characteristic hydrocarbon
smell. Inhabitants have known the existence of this gas seep
from immemorial times. It was discovered by observing gas
bubbling in the creek during wet periods.

The Rochasson site (ROC; Figure 2) has been previously
investigated [22]. This gas seep is again located in shale for-
mations and has been only recently discovered in the 1970s
in the course of geological investigations [29]. The gas phase
is dominated by CH4 (95%), with some C2H6 (1.9%) and only
traces of CO2 (0.4%), N2 (0.35%), C3H8 (0.3%), and 4He
(0.007%). For comparison, the neighbouring Fontaine
Ardente du Gua (FA) is less methane-rich (85 to 90%) and
enriched in CO2 (9 to 11%), other gas phases being N2
(1%), Ar (<0.07%), 4He (0.018 to 0.025%), and C2H6
(0.0002 to 0.058%), as measured in 2015 and 2016 [3].

The last investigated site is located much further in the
north of the French Subalpine Chains, close to the munici-

pality of Châtillon-sur-Cluses (CLU; Figure 2). Contrarily
to the other seeps, it is not related to obvious Callovo-
Oxfordian black shale outcrops. The existence of gas emission
is reported since the XIXth century [30], and an analogy was
made with the eternal flames occurring in the Caucasus or
in Turkey (see references to Pliny the Elder in [2]). The gas
was, at that time, collected at 16m depth in argillaceous and
gypsum formations covered by glacial deposits and used to
light houses. Some decades later, a more detailed description
was given by Omer [31]. Two locations were prone to gas
emissions. The first emission zonewas located in the backyard
of a house, and some of the gas emerged from a crack of the
floor inside a room. The second emission zone was located
in a meadow and was discovered by a farmer who observed
a bare surface of about 100 square meters, where the earth
seemed “burned.” After having dug a hole in the ground,
he heard a hissing gas, which caught fire instantly after
approaching a burning match. These two locations are
reported in the French BSS geological database (respectively,
recordings BSS001RKMM and BSS001RKML; [28]). The gas
phase is essentially methane, and production has been attrib-
uted in 1925, without proof, to the degassing of Eocene
lignite-rich formations [32]. It can be noted that Lower
Jurassic marls (Toarcian) outcrop near the site and have been
noted as gas-bearing in a 45m drillhole (BSS001RKML) even
though their thickness cannot be compared to the sites fur-
ther south. We report only the data from the first site, close
to the house. The site owner provided instructive informa-
tion on the zone (M. Dumont, pers. comm.): the area has
been recently subject to a landslide which is currently moni-
tored. Consequently, gas emissions to the atmosphere may be
different from those described in the past.

Figure 2: Overview of the sites: from left to right and from top to bottom: Rochasson (ROC), Châtillon-sur-Cluses (CLU), Jonchiers (JON),
and Molières-Glandaz (MG). FA: Fontaine Ardente du Gua (see [3]).
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3. Materials and Methods

The monitoring uses two well-established methods, soil
gas flux measurements and soil gas concentration mea-
surements. For all sites, soil gas flux measurements at the
soil/atmosphere interface were performed. For most sites,
these flux measurements were completed by soil gas mea-
surements at 1m depth. A detailed overview of these two
techniques can be found in the literature [3, 33]; below, we
provide a summary of the methods used.

Soil gas flux measurements were performed [using the
accumulation chamber technique, with external recirculation]
(Echo Instruments, Slovenia). The […] chamber has a semi-
spherical geometry with a basal area of 0.0289 m2 and a
volume of 0.0018 m3 (soft ground) to 0.0023 m3 (hard
ground) [and is equipped with a fan with tunable speed
for mixing of the headspace gas]. Pressure, temperature
and relative humidity inside the chamber are continuously
monitored. CO2 and CH4 [are measured] by Non-
Dispersive Infra-Red (NDIR) detectors (0 to 5000 ppmv ±
2% and 0 to 10000 ppmv ± 5% […] respectively), O2 and
H2S by electrochemical cells (0 to 25% vol. ± 2% of the
reading and 0 to 10000 ppmv ± 5% of the reading respec-
tively). […] The flux measurement was based on the rate
of CH4 and CO2 accumulation (positive fluxes) and possible
opposite O2 decrease (“negative” fluxes), in the chamber.
Usually positive values indicate fluxes directed from the soil
to the atmosphere and negative values flow from the atmo-
sphere into the soil. [Most flux measurements were performed
directly on the clayey soil surface with little to absent soil litter.
Flux measurements at CLU site were performed on a grassy
soil surface.] [3]

Soil gas concentrations were measured [in a 10 mm hole
drilled down to 1 m depth. A copper] sampling tube was
inserted […] and an Infra-Red Gas Analyzer (IRGA, LFG20
by ADC Gas Analysis Ltd., UK) was plugged, pumping at
low flow rate (200 mL.min-1).[…] [Readings (CH4, CO2
and O2 gas concentrations) are taken once] steady state
conditions [are reached, usually] within tens of seconds.
Analytical precision for CO2 and CH4 was ±0.5% for low
concentration range (0.01–10% vol.), ±3% for higher con-
centrations (10 to 50% vol.) and up to ±5% above 50%
vol […]. The precision for oxygen was ±0.4% full scale
reading (0–25% vol.). [The most methane-rich samples were
collected in Isotubes® for further laboratory characteriza-
tion of the gas phase, encompassing] permanent gases
(CO2, O2, N2, Ar), alkanes (CH4, C2H6 , C3H8) and 4He.
Detection limits are 10 ppm for permanent gases, 2 ppm
for alkanes and 50 ppm for helium. Precision of the mea-
surement is better than 2% at full scale. [3]

Flux measurements preceded soil gas measurements
to avoid introducing artefacts due to altered soil perme-
ability. The only exception is the ROC site where soil
gas was measured during a previous campaign in 2015.
This site was subject to a landslide in between the two
surveys in 2015 and 2017, so that the ground surface
has been totally reshaped and the locations where soil
gas concentrations had been measured two years before
have disappeared.

4. Results and Discussion

4.1. Meteorological Conditions.Meteorological conditions are
known to have adverse effect on soil gas emissions from the
soil under certain conditions, especially when weather is
rainy [21, 34]. The field survey was performed during one
week in early September 2017. During this period, weather
conditions were dry and no rainfall event occurred
(Figure 3). The atmospheric pressure was particularly high.
If high-pressure conditions are sometimes reported to reduce
gas emissions [34], this may not be always the case [33]. Dur-
ing the survey, the pressure conditions were stable. If gas
emissions were reduced by the effect of high-pressure condi-
tions, this effect would have concerned the complete moni-
toring period so that a hypothetical variability of the gas
emissivity linked to pressure effects would be very low. Some
thunderstorms occurred some days before the survey, but the
amounts of rainfall were highly variable from one location to
the other (from less than 10mm up to 30mm). Thunder-
storms are also events that have generally a local influence,
and their impact at a distance of some kilometers to tens of
kilometers may be low to inexistent. We used the indications
of the relative humidity sensor inside the flux chamber to
assess local humidity conditions (Figure 3). Relative humid-
ity in the air pumped from the soil is low, between 31% and
74%, with a mean value of 50.6%. This is in accordance with
limited rainfall amounts and a 10-day period without any
rainfall event at the end of August. The effect of humidity
on gas emissions is thus negligible.

4.2. Soil Gas Fluxes and Soil Gas Concentrations. Data are
presented in Figure 4 as boxplots. Datasets are provided as
supplementary material (available here). At the JON site,
no methane flux measurements could be performed. Soil
background CO2 flux in the surroundings of the seep is
generally low (<1 g·m-2·h-1) and matches with the values
reported for biologically produced CO2 flux [35]. Only one
measurement is higher but still falls in the range of biological
CO2 fluxes reported in summer in France [36]. The CO2 con-
centrations are between 1 and 2% with slight O2 depletion
compared to the atmosphere. Soil gas emitted at the seep is
diluted by atmospheric air as drilling into the clayey forma-
tions, and the subsequent measurements were only possible
to 30 cm of depth. By correcting this dilution, assuming zero
O2, the gas composition was recalculated as follows: high
CH4 concentration (87%); abundant N2 (10%); presence of
CO2 (1.6%), C2H6 (0.87%), and C3H8 (0.235%); and traces
of C4H10 (0.071%), C5H12 (0.019%), and

4He (0.025%).
At the MG site, only soil gas flux was measured (Figure 4)

with the exception of one soil gas measurement sampled at
the vent immediately after the flux measurements. CO2 flux
measurements outside the gas seepage area yielded values
similar to those measured at the JON site. For about one-
third of the measurements, elevated CH4 fluxes were mea-
sured, ranging from less than 30 to 220 g·m-2·h-1. At the most
emissive point, three repeated measurements obtained fluxes
of 220, 182, and 204 g·m-2·h-1. Intrinsic “pulsations” [5] of the
seep can explain this variability as suggested by short-term
changes of flame size [37]. Nonetheless, the variations are

4 Geofluids



M
ea

n 
ai

r t
em

pe
ra

tu
re

 (˚
C)

Ra
in

fa
ll 

am
ou

nt
 (m

m
)

Temp. Greboble-Saint-Geoirs

Temp. Genéve

Rainfall Grenoble
Rainfall Genéve
Rainfall Orange

Temp. Orange

(Rochasson: 37 km SSE)
(Molières-Glandaz: 70 km S)

(Châtillon-sur-Cluses: 41 km ESE)

(Jonchiers: 38 km ENE)

32

30

28

26

24

22

20

18

16

14

12

10

8

8/
1/

17
8/

3/
17

8/
5/

17
8/

7/
17

8/
9/

17
8/

11
/1

7
8/

13
/1

7
8/

15
/1

7
8/

17
/1

7
8/

19
/1

7
8/

21
/1

7
8/

23
/1

7
8/

25
/1

7
8/

27
/1

7
8/

29
/1

7
8/

31
/1

7
9/

2/
17

9/
4/

17
9/

6/
17

9/
8/

17

Sampling
period

25

20

15

10

5

0

(a)

M
ea

n 
se

a l
ev

el
 p

re
ss

ur
e (

hP
a)

 at
 G

en
év

e

M
ea

n 
ai

r t
em

pe
ra

tu
re

 (°
C)

 at
 G

en
év

e

Te
m

pe
ra

tu
re

 in
sid

e fl
ux

 ch
am

be
r (

°C
) 

Ch
am

be
r p

re
ss

ur
e a

t s
ea

 le
ve

l (
hP

a)

1022

1020

1018

1016

1014

1012

1010

1008

1022

1020

1018

1016

1014

1012

1010

1008

32

30

28

26

24

22

20

18

16

14

12

10

8

32

30

28

26

24

22

20

18

16

14

12

10

8

8/
27

/1
7

8/
29

/1
7

8/
31

/1
7

9/
2/

17

9/
4/

17

9/
6/

17

9/
8/

17

Re
la

tiv
e h

um
id

ity
 in

sid
e fl

ux
 ch

am
be

r (
%

)

100

90

80

70

60

50

40

30

20

10

0

(b)

Figure 3: Meteorological parameters before and during the survey. (a) Daily mean air temperatures and rainfall amounts taken at the nearest
airport weather stations (data from https://freemeteo.fr); distance between gas seeps and airports is indicated in the caption. (b) Hourly
pressure and temperature data from Geneva (Genève) airport compared to temperature and pressure data measured using the flux
chamber system during the measurements. Bar chart gives the relative humidity inside the chamber during the measurements.
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relatively weak with a standard deviation of less than ±15%
[38], showing a good reproducibility of the flux measure-
ments. If the lowest measured CH4 flux is comparable to
the upper range of diffuse seepage measured near the FA
gas seep [3], the highest values are similar to some seeps
reported by Etiope [2] in Greece or in Romania. In general,
a strong depletion in oxygen in the chamber is linked to an
increase in methane. The gas phase emitted at the MG site
is CH4-rich (94.2%), with abundant C2H6 (2.36%), residual
N2 (0.65%), and traces of CO2 (0.31%), C3H8 (0.40%),
C4H10 (0.056%), C5H12 (0.006%), and 4He (0.012%).

By comparison, the seepage intensity of the ROC site is
apparently lower (maximum CH4 flux of 54 g·m-2·h-1), but

the size of the degassing area is much larger (a CH4 flux
was detected for more than 80% of the points). The O2 deple-
tion inside the chamber is also lower. The CO2 flux can punc-
tually reach a relatively high value (4.23 g·m-2·h-1) suggesting
that part of the emitted CO2 may originate from the seep.
Strong CO2 enrichment in the soil formations has been
reported earlier at the ROC site [22].

The present-day methane emission at the CLU site is not
as high as it could have been expected from historical litera-
ture. The highest value is only 4.56 g·m-2·h-1, and only 4
points from 40 showed methane emission. Nevertheless, O2
depletion in the chamber was monitored more frequently,
suggesting that even in cases where the CH4 flux is not
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Figure 4: Boxplots for the four monitored locations; from left to right: CO2 flux, CH4 flux, O2 depletion, and, if measured, O2, CH4, and CO2
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detectable, there is still an emission of deep oxygen-free gas
diluting oxygen in the chamber volume [22]. This may be
in relation with the active landslide that could have modified
degassing patterns. Soil gas monitoring confirmed the exis-
tence of high CH4 concentrations. The highest peak value
was 78.5% monitored only during a short period. Lower
CH4 contents were measured in the laboratory (44.5%)
accompanied by abundant nitrogen (47.8), CO2 at 6.6%,
and traces of C2H6 (0.60%), C3H8 (0.009%), C4H10
(0.0015%), and C5H12 (0.0002%). In spite of this supposed
decline of methane supply, strong O2 depletion and associ-
ated CO2 enrichment were also monitored in soil.

4.3. Relationships between Gas Species. The binary plots in
Figure 5 describe the relations between gas species. The

process-based approach [39] can be applied to the CO2-O2
relationship (Figure 5(a)). As expected, measurements at
the JON site (green lozenges in Figure 5(a)) cover a reduced
concentration range and plot close to the replacement line
that characterizes respiration processes occurring in soils
(aerobic respiration consumes 1 mole of O2 to produce 1
mole of CO2). The situation is different for the single sample
taken at the centre of the JON gas seep (grey lozenge in
Figure 5(a)), where O2 is absent and CO2 is present at ca.
2%. Similarly, only one point is available for the MG site
(with on-site and laboratory measurements) so that it is not
possible to characterize the CO2-O2 relation close to the
MG gas seep.

Some of the measurements at the CLU site (small blue
triangles in Figure 5(a)) plot on the replacement line
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especially for relatively low CO2 concentrations (<5%) which
is common in summer in French soils [33]. At a CO2 concen-
tration greater than 9-10%, two behaviours exist. Some mea-
surements (electric-blue-surrounded triangles in Figure 5(a))
plot close to the CH4 oxidation line thus suggesting that part
of the measured CO2 is produced by CH4 oxidation in the
soil (2 moles of O2 are needed to produce one mole of CO2+
H2O). This is coherent with the presence of CH4 in sufficient
amounts to allow for high CO2 production in soil. Otherwise,
with the exception of specific conditions, CH4 amounts in
soils are generally low [40]. Other measurements (black-
surrounded triangles in Figure 5(a)) plot on the replacement
line although their CO2 concentrations may reach very high
values (more than 18% for point CLU36). High CO2 concen-
trations in soils, produced by biological processes, are some-
times reported (up to 12% [33]; up to 13% [41]; and up to
14% [42]) often in soils having high clay contents [43].
Higher concentrations seem to be exceptional even if locally
excessive concentrations of CO2 (up to 40% above the capil-
lary fringe) are reported in the literature [44]. Point CLU36
being exactly on the replacement line, it must be hypothe-
sized that there are local soil characteristics which allow the
high concentrations of CO2 may be in connection with the
landslide phenomenon. Some of the CO2 could be produced
by CH4 oxidation, but in amounts that are not sufficient for
a noticeable deviation from the replacement line towards the
CH4 oxidation line. No influence of dilution of the O2+N2
pool by a deep CO2 endmember in near surface environments
is visible from the CO2-O2 binary plot.

Methane and CO2 concentrations in soil are not well cor-
related for any of the sites (Figure 5(b)). Where biological
processes in soil produce CO2 by using O2 (replacement line
in Figure 5(a)), we would not expect elevated soil CH4
(dashed rectangle in Figure 5(b) for the JON site and for
some CLU points). The situation is different when some
CH4 is present in the soil gas. This is documented only for
the CLU site. For the six measurements containing CH4,
CO2 appears inversely correlated to CH4. The existence of
CH4 oxidation in soil is only established for measurements
with the highest CH4 concentrations (electric-blue triangles
in Figure 5(b)). These measurements also show the existence
of a positive CH4 flux at the soil surface (electric-blue trian-
gles in Figure 5(d)). For these data, CH4 oxidation may
superpose to the biological production of CO2 in soil. For
the black-surrounded triangles, the CO2-O2 relationship
suggests that this is not the case (Figure 5(b)). Consequently,
it is likely that biological processes are responsible even for
very high CO2 concentrations in soil (up to 18%).

A positive CO2 flux was always measureable
(Figure 5(c)). The positive correlation between CO2 flux
and soil CO2 concentration is a common phenomenon in
summer when biological activity is at its highest. The CLU
site again shows a distinct behaviour. Biological CO2 flux is
less strong than at JON (blue triangles in Figure 5(c)). This
can be a consequence of different soil conditions (texture,
water content, and vegetation). Higher CO2 flows (trend 1
compared to trend 2 in Figure 5(c)) demonstrate the addi-
tional production of CO2 by CH4 oxidation closer to the
supposed CH4 seepage areas.

Figure 5(d) corroborates this assumption. The three mea-
surements represented by electric-blue triangles have the
highest CH4 fluxes monitored at the CLU site. Part of the
CO2 release to the atmosphere is thus linked to CH4 oxida-
tion in soil. The CH4 fluxes measured at the ROC site are
more scattered. Below 10 g·m-2·h-1, it is difficult to define a
clear relation between CH4 and CO2 fluxes. Two trends
appear, one with relatively high CO2 fluxes that also includes
points from CLU (trend a) and one with a lower slope
(trend b) reflecting different degrees of CH4 oxidation. The
trend for MG (trend c) has a similar slope to trend a and sug-
gests, here again, a high rate of CO2 production from CH4
oxidation, at overall higher CH4 fluxes, even though this is
in apparent contradiction with the low CO2 concentrations
measured for this site (Figures 5(a) and 5(b)). Figure 5(d)
shows the exponential decline of fluxes over a short distance
(60 cm) from the main vent.

The gas dryness ratio (= C1/ C2 + C3 ) provides some
indication on the origin of alkane gases from the newly sam-
pled methane seeps (Figure 6). The ratio is relatively low,
from 34 (MG) up to 72-77 (CLU and JON, respectively).
The ratio of ROC is in the same range (45) whereas the ratio
of FA is much greater (1300). In the Western Alpine Arc, in
Switzerland, ratios close to 50 are found in deep boreholes
surrounding the Leman lake (Thônex borehole; [45]), ratios
close to 70 have been measured in gas seeps from the Giswil
area [5], and ratios close to 20 were reported for boreholes
located in the alpine flysch formations (Wilen well; [5]). Such
ratios, lesser than 100, are often related to gas production
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through thermogenic processes [46] whereas higher ratios
may be related to a wider panel of production pathways or
to secondary processes or mixing [47]. For the ROC,
MG, and JON sites, situated in similar geological settings
(lithology, geological age), similar mechanisms of light
alkane production may be supposed. The situation may be
different for the CLU site, with a comparable gas dryness
ratios but where the seep likely to be associated with host
rocks of different age and maturity, parameters known to
be of prime importance [2]. For the FA site, if a genetic link
of thermogenic methane generation with argillaceous host
rocks, rich in organic matter, has certainly to be searched
for, the higher dryness points potentially to secondary pro-
cesses such as chemical fractionation upon transport or to
biologically driven processes. This statement applies not only
for alkane gas species but also for the origin of CO2.

4.4. Gas Emissions to the Atmosphere.On the basis of the data
from this study for the JON, MG, ROC, and CLU sites and
previous results for ROC [22] and for FA [3], it is obvious
that the FA site remains the most important spot source
of greenhouse gases (GHG) so far reported in the French
Subalpine Chains. Nevertheless, the other seeps cannot be
neglected altogether, especially if we consider them as indica-
tors of the diffuse flux potentially related to a large number of
undetected macro- or microseeps (see discussion below).

In the absence of flux measurements performed at the
JON site, we refer to the other sites only. Nevertheless, the
similarities in outcropping lithology, hydrographical, and
topographic settings suggest that there may be comparable
gas emission patterns for the JON and MG sites. Both are sit-
uated in creeks within the Middle Jurassic shales. The case of
the MG site is particularly instructive. It is located in a very
narrow riverbed (Figure 2), and the CH4 emission was
detected only in a 20 × 60 cm area (Figure 5(d)). As close as
one meter away from this specific location, no CH4 flux
was measured at the soil surface. MG is thus the archetype
of a tiny gas escape, with a very restricted seepage area, even
though it falls in the macroseep category according to Etiope
[2]. Calculation for MG is performed for the observed
0.12m2 emission area through which the gas is emitted
(not extrapolated to 1m2). Taking into account the variability
of the flux measurement reported above, CH4 emissions can
be estimated between 95 and 100 kg per year (ca. 270 g/day),
with minor CO2 emissions (1 kg). This corresponds to the
amount of CH4 released in two days by the FA seep [3]. This
is a negligible absolute contribution to the overall regional
methane budget, but not imperceptible when considering
the small degassing area. Indeed, Mörner and Etiope [48]
reported CH4 emissions of 20 kg per year at San Vincenzo la
Costa (Italy) but for an area of 300m2 (gas emission from a
mud volcano and not from shales). Etiope et al. [6] reported
seeps in the Appalachians where CH4 emissions may be as
low as 1 g/day (Chestnut Creek). Given the size of the seepage
area, the MG site is thus remarkable.

Flux measurements performed at the ROC site cover an
area of ca. 110m2 over which a CO2 flux was always measure-
able whereas a CH4 flux was detected only on approximately
half of the area (Figure 7). The 2015 dataset on soil gas

measurements is used for comparison [22]. Interpolation
uses standard kriging options in Surfer® software (Golden
Software). Volume calculation of the amounts of gas released
is also done using Surfer® software. The dataset is reduced,
the size of the area is limited, so that definition of the data
distribution and calculation of a variogrammay fail to be suc-
cessful or representative. The 2015 soil gas data indicated that
gas venting was restricted to patchy seeps and two of them
were identified as macroseeps. The 2017 flux measurements
also revealed patchy gas emissions and poor correlation
between CO2 emissions and CH4 emissions. It is not possible
to identify any clear pattern related to geological or morpho-
logical features. When looking at the alkane emissions, little
correspondence is found between soil gas and soil flux data.
This is likely the consequence of a large time span between
the acquisitions and the occurrence of a landslide in between
the two surveys (Figure 2). Nowadays, the ROC site is more
emissive on its western part, which corresponds to the upper
part of the shales’ outcrop. Over an area of ca. 60m2, the
global CH4 emissions (macroseepage + miniseepage [2]) are
evaluated at 5.1 tons per year. Gas seeps with similar annual
releases are reported in Italy or in Romania [2]. The global
CO2 emission reaches 1.58 tons per year, 0.53 tons being
related to gas seepage if a biological contribution to the
CO2 flux of 1.25 g·m-2·h-1 is considered [35].

At the CLU site, our investigations followed a more reg-
ular grid thanks to the flatness of the grassy terrain. The area
of interest is only 50m2 large (Figure 8). Concentration mea-
surements were performed over a half of this area. A CO2 flux
was always perceptible whereas a CH4 flux was measureable
over a surface of 12m2 only. Some decrease of the O2 content
inside the chamber was nevertheless measured even where no
CH4 was noticeable, suggesting that O2 can be used as a
proxy when the CH4 efflux is very low. This is the case in
the vicinity of points CLU22 and CLU28. As for other seeps,
the correspondence between the patterns of CH4 and CO2
fluxes is not always obvious: the highest CO2 fluxes are mea-
sured in the northern part of the area, whereas the highest
CH4 fluxes lie in the southeast corner. There is also a poor
coherence between patterns of soil CH4 concentrations and
CH4 fluxes, especially close to point CLU11 (yellow arrow
in Figure 8(a)), likely due to varying soil properties. As
tortuous the gas emission patterns may be, methane emission
in the atmosphere is not negligible on a yearly basis. Over
12m2, global methane emissions are evaluated around
235 kg per year. CO2 emissions are larger (600 kg per year),
a third of this value being related to the gas seep contribution
if the biological contribution is assumed at 1.25 g·m-2·h-1
[35]. This evaluation needs certainly to be refined as it was
not possible to assess the impact of the landslide phenome-
non onto the gas emission pattern by a sole 1-day monitor-
ing. Given the historical records, methane emissions can be
expected to occur at other locations around the investigated
site so that the overall emissions would be currently
underestimated.

4.5. Are there Other Seepage Areas in the French Alps? An
interesting conclusion can be drawn from the above-
mentioned measurements. The sum of ROC, CLU, and MG
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contributions—and potentially the JON contribution if we
assume it as similar to that of MG—to the CH4 budget is
close to 5.5 tons per year over a total degassing area of only
72m2. This represents 29% of the yearly CH4 emission from
the FA site [3], but the cumulated seepage area of the other
sites is equal to 30% of the surface of the macroseepage and

diffuse seepage areas of FA. The similarities of the different
sites in terms of outcropping source rocks, topography, gas
composition, and emission patterns may lead to the conclu-
sion that we can assume an average annual release of 75 to
80 kg of CH4 per square meter at a typical subalpine black
shale seepage site.
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gas species. The light dot locates the main gas seep as represented in Figure 2 (no soil gas measurement done at this location).
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Several locations could not yet been localized and investi-
gated (Figure 1), and many others may still be unknown or
unreported. Black shale formations outcrop over hundreds
of square kilometers in the French Subalpine Chains, and it
is more than likely that other seepages exist in such a large
area. Based on the knowledge gained on investigated seeps,
the search of new degassing locations should probably focus
on thalwegs and indented valleys crosscutting black shales.
A rough estimate can be done in the case of the MG site. Over
an area of 1 km2, centred on the known gas seep, we can iden-
tify approximately 3.8 km (planar distance) of small valleys
cutting into the outcropping black shales (Figure 9). Extrap-

olating this density to the total surface of black shale outcrops
at the Subalpine Chains leads to tremendously high dis-
tances, which are, in most areas, only accessible by foot, given
the rough topography and the dense vegetation on those
agriculturally mostly unusable badlands.

The assessment of an environmental baseline with
respect to potential uses of methane-containing argillaceous
formations as well as any estimation of GHG releases from
such formations would require a much more stringent
approach to gas seep identification. Gal et al. [3] reported
some aspects of gas detection in the context of environmental
impact assessment-related shale gas exploration/exploitation.
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Figure 8: CLU site: interpolated maps for soil gas concentrations (lines) and fluxes (full fill); point CLU11 is located by the yellow arrow;
(a) CO2 gas; (b) CH4 gas; (c) O2 gas (for O2, the data in g·m-2·h-1 represent the decrease of gas content in the chamber during the
measurement).
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The example of the MG seep is very illustrative in that per-
spective. Contrarily to the FA site, the MG site represents a
small seepage, but the mechanism may be similarly linked to
fault structures, given that leakage rates along faults may be
highly heterogeneous [49]. The MG site can be considered
as point source macroseep. The photographs presented in
Figure 9 illustrate how difficult it is to locate such a seepage
in the field, using currently available monitoring equipment.
Given the natural air movements, a gas detector held 10 cm
above the seep will record maximum CH4 values of only 3%,
in spite of the fact that there is enough CH4 seeping to the soil
surface to light a flame directly above the seep. We noted sig-
nificant variability in the readings even for a very light wind
blowing through the narrow channel formed by the creek

bed. Moving the gas detector some tens of centimeters away
from the source precludes any detection of CH4. This makes
it highly improbable to detect such gas vents with anymethod
outside a very restricted volume around the point of gas emis-
sion. Indeed, the human nose is in the present case one of the
best tools owing to its ability to detect trace gases, such as H2S,
at levels far below the detection limits of common portable
equipment [50].

Future detection of unknown seepage areas will thus be a
difficult task. At the scale we consider here, neither methods
relying on air gas monitoring nor airborne methods will be
easily applicable because of the rapid dispersion of the CH4
in the air. The use of unmanned systems (e.g., drones) may
be possible but the rugged topography and often dense

Figure 9: MG site: (top) overviews of reliefs surrounding the site and relief-shaped geological map (from Google Earth); location of the gas
seep is indicated by the yellow star; MO: shales from the Middle Oxfordian age; UCLO: black shales from the Upper Callovian to the Lower
Oxfordian age. (Middle) Photograph of the site and main thalwegs (dotted lines); right inset: aerial view of thalwegs (from Google Earth); left
inset: topography of the seepage area (the character is in front of the seep). (Bottom) Locations of passive atmosphere monitoring (A, B, and
C) and results of CH4 measurements.
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natural vegetation will limit their use in regions comparable
to the investigated areas of the Subalpine Chains.

At the present technological state of the art, the best way
to proceed will be a fastidious ground monitoring with regu-
lar stops to check for active leakage. Laser systems seem here
to be more appropriate than other detection techniques. The
low concentrations imply that the best results can be
expected if the sensors integrated in the monitoring equip-
ment point directly, orthogonally to the soil. Direct laser
pointing will integrate a CH4 content (often expressed in
ppm) over the distance between the sensor and a reflective
source (soil/rock). In the case of the MG site, our flux
measurements show that several hundreds of ppm of CH4
are emitted each second into the atmosphere at the seep
(up to 1500 ppm·s-1). Even for lower natural fluxes, a laser
beam crossing the emission area, even at some distance, will
detect such a release. Remote methane leak detectors built for
pipeline leakage monitoring may be appropriate candidates.
They often have a sensitivity of 5 ppm·m, a working range
of 0 to 50,000 ppm·m or more, and working distances from
a few decimeters to 30–80m [51–55]. Some sensors also
exist as drone-mounted versions [54]. In the case of the
MG site, such sensors should be able to detect the
observed seepage at 10 to 20m of distance (corresponding
to max. 150 ppm·m and 75ppm·m, respectively), longer
distances being not compatible with the lengths of the
thalweg sections. The counterpart is that such kind of
work implies a huge workload and is time and cost intensive.
It is not adapted to operational day-to-day site surveillance of
hydrocarbon plays.

5. Conclusions

The three newly investigated gas seeps situated in zones
where argillaceous gas-bearing Jurassic host rock outcrop in
the French Subalpine Chains complete our previous investi-
gations reported for the most prominent alpine “eternal fire,”
the Fontaine Ardente du Gua [3]. Again, methane is the
dominant gas phase emitted to the atmosphere, over areas
of variable size ranging from tens of square centimeters to
tens of square meters. The integration of all data so far avail-
able for the French seeps leads to mean flux estimations with
some statistical significance. Considering information from
all macroseepage and miniseepage areas where a positive
CH4 flux is measured, mean CH4 release is calculated at
76–79 kg per square meter per year. This is far above micro-
seepage rates recently reported by Etiope et al. [9] thus con-
firming the superposition of diffuse and focused degassing
processes at macroseeps, highlighting the role of faults and
fractures in gas emissions even from shale formations. Con-
trarily to most oil- and gas-bearing sedimentary basins with
known gas and oil seeps (e.g., the recent inventory for China
[56]), the French alpine seeps seem not linked to tectonic trap
structures, seeping through younger brittle deformations. All
are directly related to outcropping argillaceous host rocks,
but alpine thrusting and faults certainly play an important
role in creating pathways for gas accumulation and migra-
tion, similarly to what was postulated for the Appalachian
Mountains [6]. Linking structural analysis of fault patterns

to gas emissions is certainly one of the most promising
approaches for targeting ground-based investigations aiming
at discovering new emitting structures in the restrained time-
frame of environmental baseline assessment. The gas seeps
described so far were found accidentally, by local inhabitants
through spontaneous or induced ignition, bubbling in water-
bearing creeks or by detecting the particular smell of higher
alkanes or H2S. Systematic “blind” monitoring of black shale
outcrops will probably fail to succeed if ground investigations
are not guided, e.g., by airborne analysis of fault patterns.
Future work will be oriented towards the testing of ground-
based and airborne laser-based detectors to check their
capacities of detection on known seeps. If these tests are
conclusive, then trials in uncovered areas will be performed.

The systematic detection of seeps becomes crucial in the
context of monitoring the potential impact of shale gas
exploration or exploitation as well as of underground storage
of natural gas and CO2. Environmental baseline assessment
is now a well-established prerequisite of Carbon Capture
and Storage (CCS). As we attempt to demonstrate here, it is
highly hypothetical that baseline investigations, as good as
they may be from a technological point of view, will reveal
all natural small-scale gas seeps. When then a site will shift
to an operational stage, leakage from the exploitation infra-
structure may be alleged if so far unreported natural seepage
is discovered. This was the case at the CCS site of Weyburn in
2011 [57, 58]. Several studies have demonstrated the natural
origin of the discovered CO2 emission, related to specific
processes in the soil formations close to the surface [59–61].
Nevertheless, eight years after the allegation has been
raised, research is still ongoing aiming to discard or con-
firm CCS-induced leakage [62, 63]. In the context of shale
gas, the situation is even more complex as the use of chemi-
cals in hydraulic fracturing of the argillaceous host rocks
has raised strong public concerns on health effects, both of
flowback water spills and leaks to surface water or groundwa-
ter resources and of stray gas. [64, 65]. Much effort is put into
optimizing water and groundwater monitoring [66, 67].
Monitoring during the activity of the site may be better
focused than initial investigations of gas emission baselines
over large areas. However, as shown for the Weyburn case,
and other CCS test sites or demonstrators, as well as for
areas with active unconventional gas exploitation, intrinsic
fingerprinting of gas species as well as investigating chem-
ical and isotopic characteristics of groundwater bears a
great potential for system failure detection [68–73] and
will usefully complete the identification and quantification
of gas emanations.
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The Kuche Depression is considered as the most important gas resource potential and gas exploring area with great gas resource
potential and prospect in the Tarim Basin. Based on geochemical experimental analyses and comprehensive geological studies,
the general geochemical characteristics of molecular and isotope compositions of rare gases as well as hydrocarbon gases and
nonhydrocarbon gases are comparatively studied in the Kuche and Southwestern Depressions. Then, their genetic types are
separately identified and gas originations are comprehensively discussed. The main results are as follows. (1) Gas fields in the
Kuche Depression have a higher methane abundance, accompanied with low N2 and CO2 abundances, but the Akemomu gas
field in the Southwestern Depression has a relatively lower average methane abundance, accompanied with high average N2 and
CO2 abundances. The helium abundance of natural gases in gas fields from the Kuche Depression general has 1 order of
magnitude higher than the air value. Comparatively, it has more than 2 orders of magnitude higher than the atmospheric value
in the Akemomu gas field from the Southwestern Depression. The neon, argon, krypton, and xenon abundances in both Kuche
and Southwestern Depressions are lower than the corresponding air values. (2) Natural gases from gas fields in the Kuche
Depression and the Southwestern Depressions are generally typical coal-formed gases. The rare gases in the Kuche Depression
have typical crustal genesis, mainly deriving from the radioactive decay of elements in the crust, while in the Akemomu gas field
from the Southwestern Depression, the rare gases have main crustal genesis with a proportion of 92.5%, probably accompanied
with a little mantled genetic contribution. (3) Natural gases in the Kuche Depression are generally derived from coal measure
source rocks of Jurassic and Triassic, which principally originated from Jurassic in strata period and coals in source rock types.
The Jurassic source rocks account for 55%-75% and the Triassic source rocks account for 25%-45% approximately, while coals
occupy 68% and mudstones occupy 32% separately. Natural gases from the Akemomu gas field in the Southwestern Depression
mainly originated from humic mudstones of marine and continental transitional source rocks of Carboniferous to Permian.

1. Introduction

Rare gases mainly referring to helium, neon, argon, krypton,
xenon, and radon are group zero elements with characteris-
tics of inactive chemical properties, small resistance, heat
conductivity coefficient, easy luminescence, and low melting,

boiling, and solubility, and so on. Although rare gases have
extremely low abundance in nature, their distinctive physical
and chemical properties can be used for tracing formation
and evaluation processes of geological bodies ([1]; Xu et al.,
1994; [2–9]; Xu, 1996; [10–17]). It is considered as one of
the most important hotspots and leading frontiers in
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geosciences. The molecular and isotopic compositions of rare
gases in natural gases can provide a lot of useful geochemical
and geological information. They have extensive prospects
on studies of gas genesis, migration, origination, deep man-
tled fluid action, volcanic moment, and earthquake activities
([1]; Xu et al., 1994; [5]; Liu and Xu, 1987; [18, 19]; Xu, 1996;
[15–17, 20–24]). Because Rn is a radioactive element, the rare
gas studies on oil and gas geology usually include helium,
neon, argon, krypton, and xenon.

Sited in the north of the Tarim Basin, the Kuche Depres-
sion is one of the most important gas-bearing and explora-
tion areas with the highest gas reserves. Many giant gas
fields have been found in the Kulasu and Qiulitage tectonic
belts such as the Kela2, Dina2, Dabei, Keshen2, and Keshen8
gas fields, showing huge gas resource potential and prospect
for further exploration. Presently, many researchers in China
have carried out a lot of studies and discussions on gas
geochemical characteristics, genetic identifications, and gas
originations, as well as mechanisms of gas reservoir forming
and accumulation in the Kuche Depression ([25–33]; Li et al.,
2018). However, geochemical characteristics of rare gases of
the whole Kuche Depression have never been comprehen-
sively and comparatively studied. By means of geochemical
analyses and comprehensive geological studies, molecular
and isotopic compositions of rare gases in the Kela2, Dabei,
Dina2, and Keshen gas fields from the Kuche Depression as
well as the Akemomu gas field from the Southwestern
Depression are comparatively clarified firstly, then their

genetic types are identified and finally gas originations are
comprehensively discussed.

2. Geological Setting

The Tarim Basin is one of the three biggest cratonic and fore-
land superimposed basins and the largest petroliferous basin
in China. It can be divided into Tabei, Tazhong, and Ta’nan
uplifts, as well as Kuche, Northern, Southwestern, and
Southeastern Depressions generally [34, 35]. The Kuche
Depression is a Mesozoic and Cenozoic foreland basin,
having northern monocline, southern gentle anticline,
Qiulitake anticline, and Kelasu and Yiqikelike tectonic belts
as well as Baicheng, Yangxia, and Wushi sags. The Kelasu
tectonic belt is divided into Kela and Kelasu subsalt deep
layers from north to south and 5 segments from west to east
[26, 29]. The Kuche Depression has the most gas resource
potential in the Tarim Basin, and many other large gas fields
with gas reserve beyond 100 billion cubic meters have been
found in recent two decades (Figure 1). Great breakthroughs
have been achieved in the deep strata of the Kulasu and
Qiulitage tectonic belts recently, showing great resource
potential in the deep layer of the Kuche Depression.

The formation of the Kuche Depression from bottom
to top mainly contains Triassic, Jurassic, and Shushanhe
formation (K1s), Baxigai formation (K1b), and Bashijiqike
formation (K1bs) of Lower Cretaceous, Kumugeliemu group
(E1~2km) and Suweiyi formation (E2-3s) of Paleogene, and
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Figure 1: Gas field distribution and structural unit divisions of the Kuche and Southwestern Depressions, Tarim Basin (modified from [25]).
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Jidike formation (N1j), Kangcun formation (N1-2k), and
Kuche formation (N2k) of Neogene, Quaternary (Figure 1).
The main gas-producing layers include the Kumugeliemu
group (E1~2km) in the Paleogene strata and the Bashijiqike
formation (K1bs) and the Baxigai formation (K1b) in the
Lower Cretaceous strata. The gypsummudstone and gypsum
salt layers of the Kumugeliemu group of the Paleogene and
the Jidike formation of the Neogene in the Kuche Depression
are two sets of important regional caprocks. The coal mea-
sure source rocks of Jurassic to Triassic are well developed
in the Kuche Depression. The organic matter of Jurassic
source rocks is mainly Type III, with the thickness of dark
mudstones ranging around 100~600m and coal seams dis-
tributing around 5~40m [28, 30, 33]. The organic matter of
Triassic source rocks is generally Type II2 and Type II1, with
the thickness of dark mudstones ranging around 200~600m
and coal seams reaching 10m separately [28, 30, 33].

For comparing these gas fields from the Kuche Depres-
sion, the Akemomu gas field and the Tazhong I oil and gas
field in the Tarim Basin as well as the Xushen and Changshen
gas fields in the Songliao Basin are adopted. The Tazhong I
oil and gas field is in the Tazhong low uplift of central uplift
and has nearly 300 million tons of proven oil and gas reserves
equivalent in platform margin reef-bank complex carbonate
of Ordovician (Wang et al., 2011; Yang et al., 2011). Natural
gases in the Tazhong I oil and gas field are oil-typed gas and
mainly originated from marine sapropelic source rocks of
Cambrian-Ordovician. The Akemomu gas field is located in
the Southwestern Depression and natural gases are typical
coal-formed gas. The Songliao Basin is located in northeast
China and has an area of about 26 × 104 km2. It is a Mesozoic
and Cenozoic sedimentary basin with fault and depression
dual structures which was developed on late Paleozoic base-
ment. The Xusheng gas field is located in the Xujiaweizi fault
depression, and the main gas reservoir is volcanic rock of the
Yingcheng formation in Cretaceous. The Changshen gas field
is located in the Changling fault depression, and the main
reservoir is volcanic rock of the Yingcheng formation and
clastic rock of the Denglouku formation in Cretaceous. Nat-
ural gases in the Changshen and Xushen gas fields are mixed
gases of organic coal-derived gas and deep inorganic gas [25].

3. Materials and Methods

A total of 21 gas samples including 19 from the Kela2, Dina2,
Dabei, and Keshen gas fields in the Kuche Depression, as well
as 2 from the Akemomu gas field in the Southwestern
Depression, were specially selected and comprehensively
studied, of which 8 were newly analyzed and 13 were col-
lected from the author’s previous researches. The relevant
geochemical experimental analyses are completed in the
Key Laboratory of Gas Reservoir Formation and Develop-
ment of CNPC.

Conventional gas components were determined on an
Agilent 6890N gas chromatograph (GC) equipped with a
thermal conductivity detector (TCD), using helium as
the carrier gas; a 30m × 0 32mm × 20 μm PLOT Q or a
30m × 0 53mm × 25 μm PLOT 5A MS column was used.
The stable carbon isotopic compositions of natural gases

were determined on a Delta plus isotopic mass spectrometer
equipped with an Agilent 6890N GC. Gas components were
separated by gas chromatography, converted to CO2 in a
combustion interface, and then injected into the mass spec-
trometer. Gas samples were analyzed and the stable carbon
isotopic values are reported in conventional δ notation in
per mil (‰) relative to Vienna Pee Dee Belemnite (VPDB)
standards. The reproducibility and accuracy are estimated
to be ±0.5‰ with respect to the VPDB standard.

Molecular composition abundances and isotopic compo-
sitions of rare gases were measured in the Key Laboratory of
Gas Reservoir Formation and Development of CNPC. In
order to reduce impacts of rare gases in the air on sampling
and experimentation and obtain correct rare gas analyzed
results, some special gas sample collecting methods were
adopted [23]. The detailed analytic processes were listed as
follows [15, 23]. (1) A natural gas cylinder was connected
to the injection port of the device through a pressure relief
valve, and a mechanical pump, a molecular pump, and an
ion pump were utilized to obtain low, high, and ultrahigh
vacuum for the stainless steel pipeline separately. (2) The
amount of natural gases was controlled by the sample
injection control valve and vacuum gauge. (3) The active
gases such as hydrocarbon gases, nitrogen (N2), oxygen
(O2), carbon dioxide (CO2), hydrogen sulfide (H2S), and
trace hydrogen gas (H2) were purified by a zirconium base
furnace, and an aspirator pump was used to enrich rare gases
further. (4) The molecular composition abundances of rare
gases were measured after purification. (5) Furthermore, a
cryogenic pump, an activated carbon furnace, and liquid
nitrogen were used to separate the components of helium
(He), neon (Ne), argon (Ar), krypton (Kr), and xenon (Xe)
according to different boiling points of different rare gases.
(6) Finally, the separated rare gases were sent into rare gas
isotope mass spectrometer to determine their isotopic
compositions by method of peak height ratio on ion current
signal intensity. The accuracies of molecular composition
abundances of rare gases helium, neon, argon, krypton, and
xenon were estimated to be ±3.36%, ±3.66%, ±1.32%,
±2.99%, and ±6.96% [23], and the accuracies of isotopic
compositions of rare gases 3He/4He, 20Ne/22Ne, 40Ar/36Ar,
38Ar/36Ar, 129Xe/130Xe, and 132Xe/130Xe were estimated to
be ±4.50%, ±1.32%, ±1.27%, ±1.39%, ±1.63%, ±1.84%, and
±2.13%, respectively.

4. Results and Discussion

4.1.Molecular Compositions of Hydrocarbon, Nonhydrocarbon,
and Rare Gases. Natural gases in the Kela2, Dabei, Dina2,
and Keshen gas fields from the Kuche Depression have high
and wide-ranging methane abundance, mainly ranging
from 87.3% to 98.4% (average is 95.52%). The abundances
of C1-4 distribute around 97.03%~99.26% (average is
98.51%) and the drying coefficient (C1/C1+) is in the range
of 0.892~0.995 (average is 0.972). The abundance of N2
ranges from 0.36% to 1.67% (average is 0.74%), and CO2
ranges around 0.05%~1.42% (average is 0.70%), excluding
H2S. On the contrary, natural gases in the Akemomu gas
field from the Southwestern Depression have a relatively
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low average methane abundance of 80.95% with high
average carbon dioxide and nitrogen abundances of
10.75% and 8.11% separately and a high average drying
coefficient of 0.997.

Compared to hydrocarbon and nonhydrocarbon gases,
rare gas abundance in natural gases is extremely low. The
general geochemical characteristics of each rare gas are as
follows (Figures 2 and 3 and Table 1). (1) The helium
abundance in gas fields from the Kuche Depression mainly
distributes around 32~60 × 10−6 (average is 49 × 10−6), while
it ranges around 1042~1062 × 10−6 (average is 1054 × 10−6)
in the Akemomu gas field from the Southwestern Depres-
sion. (2) The neon abundance mainly distributes around
1 18~3 34 × 10−6 (average is 1 76 × 10−6) in the former and
about 10 26~10 96 × 10−6 (average is 10 608 × 10−6) in the
latter. (3) The argon abundance mainly distributes around
15~55 × 10−6 (average is 27 × 10−6) in the former. But it
ranges around 342~394 × 10−6 (average is 368 × 10−6) in the
latter. (4) The krypton abundance mainly distributes
around 0 005~0 013 × 10−6 (average is 0 008 × 10−6) in
the former. But it ranges around 0 042~0 056 × 10−6 (average
is 0 049 × 10−6) in the latter. (5) The xenon abundance gener-
ally ranges 0 143~0 226 × 10−8 (average is 0 174 × 10−8) in
the former. But it ranges around 1 081~1 402 × 10−8 (average
is 1 22 × 10−8) in the latter.

Generally, the helium abundance in gas fields from the
Kuche Depression is relatively 1 order of magnitude slightly
higher than the air value, but it is more than 2 orders of mag-
nitude in the Akemomu gas field from the Southwestern
Depression. It is obviously not consistent with air from the
distribution pattern of helium (Figure 3), obviously higher
than the air value. The neon, argon, krypton, and xenon
abundances in both areas are usually 1-3 orders lower than
the corresponding air values. The distribution patterns of
neon, argon, krypton, and xenon show that they are generally
consistent with air (Figure 3). The relatively higher neon
content indicates that neon in geological fluids of the gas field
may be affected by air or air-saturated water before or during
oil and gas reservoir forming.

4.2. Isotopic Compositions and Genetic Identification of
Hydrocarbons and Rare Gases

4.2.1. Hydrocarbon Gases. The isotopic ratios of δ13C1 and
δ13C2 in natural gases from the Kuche Depression generally
range around -34.5‰~-26.4‰ (average value is -29.4‰)
and -24.2‰~-16.1‰ (average value is 19.7‰) separately,
while the average carbon isotopic values of δ13C1 and δ13C2
are -25.4‰ and -21.85‰ in the Akemomu gas field from
the Kuche Depression correspondingly (Table 2).

According to the genetic identification index and charts
provided by the former researchers [25, 36, 37], the δ13C2
value of natural gases in the Kela2, Dabei, Dina2, and Keshen
gas fields from the Kuche Depression mainly ranges from
-24.2‰ to -16.1‰ with an average of -19.6‰, which is
obviously heavier than that of typical oil-typed gas in the
Tazhong oil and gas field and can be considered as typical
coal-formed gas (Figure 4). The average isotopic value ethane

value of (21.85‰) natural gases in the Akemomu gas field
from the Southwestern Depression also shows the same
characteristics of coal-formed gas as well.

4.2.2. Helium. Helium has two stable isotopes: 3He and 4He.
3He is a primordial nuclide, while 4He is a radioactive nuclide
which originated from radioactive elements [11, 38, 39]. The
typical values of 3He/4He for air, mantle, and crust are
1 40 × 10–6, 1 1 × 10−5, and 2 × 10−8 separately [12, 14, 40, 41].

The 3He/4He value of natural gases in these gas fields
from the Kuche Depression is generally distributed around
3 33~11 24 × 10−8 (0 024~0 080Ra) with an average of
6 04 × 10−8 (0 043Ra), indicating a typical crustal genesis
characteristics with crustal proportion more than 98.8%
(Table 2 and Figure 5). It is primarily derived from the decay
of crustal radioactive elements, such as uranium (U) and
thorium (Th). The 3He/4He value of natural gases in the Ake-
momu gas field from the Southwestern Depression is chiefly
distributed around 83 1~83 6 × 10−8 (0 0596~0 0597Ra)
with an average of 83 35 × 10−8 (0 05965Ra), showing main
crustal genesis characteristics with crustal proportion around
92.5%, probably accompanied by a little mantled helium
addition (Table 2 and Figure 5).

4.2.3. Neon. Neon has three stable isotopes, 20Ne, 21Ne, and
22Ne, of which 20Ne is a primordial nuclide, 21Ne and 22Ne
are radioactive nuclides [42, 43]. The isotopic ratios of
20Ne/22Ne and 21Ne/22Ne in air usually keep stable, which
are 9.800 and 0.0290 separately. The Mid Ocean Ridge Basalt
(MORB) and Ocean Island Basalt (OIB) which originated
from the mantle generally had an excessive primordial 20Ne
and then lead to a much higher 20Ne/22Ne value than that
of air, while the radioactive elements in the crust such as
uranium, thorium, oxygen, and fluorine (e.g., 18O (n, a)
21Ne and 19F (n, a) 22Ne) formed more enriched 21Ne and
22Ne and then caused a relatively lower 20Ne/22Ne value com-
pared to that of the atmosphere.

The 20Ne/22Ne value of natural gases in gas fields from
the Kuche Depression that ranged 9.50~9.74 with an average
of 9.64 is generally lower than that of air, indicating that neon
has crustal genesis and mainly originated from radioactive
elements in the crust (Figures 6 and 7). In addition, the
20Ne/22Ne values of natural gases in gas fields from the Kuche
Depression are positively correlated with 3He/4He values,
indicating that 20Ne possibly has the similar origination with
3He and 22Ne probably has the similar origination with 4He
(Figure 7). The 20Ne/22Ne value in the Akemomu gas field
from the Southwestern Depression is about 9.71 and 20Ne is
relatively depleted, probably showing that neon has mainly
crustal genesis (Figure 6). On the contrary, the 20Ne/22Ne
value in the Changshen and Xushen gas fields is distributed
around 9.88~10.07 and 20Ne is relatively excessive compared
with air, indicating that neon has an obvious mixture of
mantle-derived genesis.

4.2.4. Argon. Argon generally has three stable isotopes, 36Ar,
38Ar, and 40Ar, of which 36Ar and 38Ar are original nuclides,
40Ar is a radioactive nuclide chiefly derived from the decay
of 40K ([5]; Liu and Xu, 1987; [7, 18]). The isotopic

4 Geofluids



1

10

100

1000

10000

C
om

po
ne

nt
 co

nt
en

t (
10

−
6 )

He

Air content value

Kela2 Dabei Dina2 Keshen Akemomu

(a)

1

10

100

C
om

po
ne

nt
 co

nt
en

t (
10

−
6 )

Ne

Air content value

Kela 2 Dabei Dina2 Keshen Akemomu

(b)

1

10

100

1000

10000

100000

C
om

po
ne

nt
 co

nt
en

t (
10

−
6 )

Ar

Air content value

Kela 2 Dabei Dina2 Keshen Akemomu

(c)

Figure 2: Continued.
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compositions of argon in air are stable; the atmospheric
40Ar/36Ar and 38Ar/36Ar are 295.5 and 0.188 separately
[5, 7, 20, 21]. Because of the uneven distribution of 40K
on the earth, the isotopic ratios of argon vary greatly in
the crust and mantle.

The 40Ar/36Ar value of natural gases in gas fields from the
Kuche Depression mainly distributes around 387~1323
(average of 659) and generally has a negative correlation with
3He/4He value, indicating that rare gas argon has typical
crustal-derived genesis (Table 2 and Figure 8). The variation
of argon isotope in the Kuche Depression is mainly caused by
the uneven distribution of 40K and possibly effected by
different mixing ratios of air or air-saturated water during
gas reservoir forming to some extent. In the Akemomu gas
field from the Southern Depression, the 40Ar/36Ar value is
relatively high and mainly distributed around 1653~1665
with an average of 1659, and the 3He/4He value is mainly
distributed around 8 31~8 36 × 10−7 with an average value

of 8 34 × 10−7, indicating that rare gases have main crustal
genesis possibly with a few mantle-derived contribution
(Figure 8). However, the isotopic ratio of 3He/4He of natural
gases in the Changshen and Xushen gas fields is generally
larger than that of atmospheric value and has an obvious
positive relationship with 40Ar/36Ar, indicating that rare
gases are of obvious mantle genesis mixing.

4.2.5. Xenon. Xenon has nine stable isotopes, of which 129Xe,
130Xe, 131Xe, 132Xe, 134Xe, and 136Xe are relatively useful in
gas genetic identification. 129Xe in earth’s materials princi-
pally originated from the radioactive decay of the extinct
129I, and 131~136Xe are usually derived from 238U or extinct
244Pu [17]. Because of short half-lives of 129I (18Ma) and
244Pu (82Ma), their decayed products 129Xe and 131~136Xe
are totally trapped in the mantle [44]. So, the relative excess
of 129Xe and its positive correlation with 131~136Xe in MORB
show their origination of decay from 129I and 244Pu in the
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Figure 2: Histogram of helium, neon, argon, krypton, and xenon abundances in some gas fields from the Kuche and Southwestern
Depressions, Tarim Basin.
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Table 1: Molecular composition of hydrocarbon, nonhydrocarbon, and rare gases in some gas fields from the Kuche and Southwestern
Depressions, Tarim Basin.

Tectonic unit Gas field Strata
CH4
(%)

CO2
(%)

N2
(%)

C1-4
(%)

C1/C1+
He

(10-6)
Ne

(10-6)
Ar

(10-6)
Kr

(10-6)
Xe

(10-8)
References

Kuche Depression

Kela2

E 98.4 0.05 0.69 99.26 0.991 55 1.79 35 0.011 0.224

[15]

K1, E 97.5 0.60 0.37 99.03 0.985 41 3.34 19 0.005 0.167

K1, E 93.7 0.53 0.36 99.11 0.995 52 1.82 26 0.009 0.172

K1, E 98.1 0.70 0.56 98.74 0.994 53 1.77 20 0.007 0.166

K1, E 97.4 0.69 0.38 98.93 0.985 59 1.46 19 0.006 0.162

K1, E 98.3 0.69 0.58 98.73 0.994 53 1.73 27 0.009 0.180

K1, E 97.7 0.43 0.36 99.2 0.985 48
This paper

K1, E 97.5 0.64 0.38 98.97 0.984 52

Dabei

K1bs 95.8 1.42 0.44 98.15 0.976 59 1.73 18 0.008 0.204

[23]

K1bs 97.1 0.81 0.58 98.61 0.984 57 1.52 37 0.010 0.176

K1bs 94.8 1.27 1.67 97.03 0.977 57 1.55 15 0.007 0.151

K1bs 95.3 1.29 0.71 98.05 0.97 57 2.04 55 0.013 0.226

K1bs 94.3 1.27 0.99 97.71 0.965 60 1.74 24 0.007 0.143

Dina

E 87.3 0.59 1.58 97.83 0.892 38 1.18 25 0.008 0.144

This paper

E 88.5 0.33 1.11 97.95 0.904 40

E 89.1 0.36 1.08 98.34 0.906 33

Keshen

K1bs 97.9 0.61 0.86 98.53 0.994 36 2.05 30 0.008 0.151

K1bs 98.3 0.30 0.72 98.98 0.993 45 1.40 30 0.007 0.178

K1bs 97.9 0.78 0.70 98.45 0.994 32 1.30 23 0.008 0.165

Southwestern
Depression

Akemomu
K 81.1 10.20 8.40 81.40 0.996 1046 10.26 342 0.042 1.081

K 80.8 11.30 7.80 80.89 0.997 1062 10.96 394 0.056 1.402

Air 5.24 18.18 9340 1.140 8.7
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mantle [11, 13, 17], while a relative excess of 131~136Xe rather
than 129Xe generally reflects the origination of spontaneous
fission from 238U in the crust.

The 129Xe/130Xe value of natural gases in gas fields from
the Kuche Depression ranges around 6.301~6.471 with an
average of 6.422 and distributes around 6.389~6.437 with
an average of 6.413 in the Akemomu gas field from the
Southwest Depression (Table 2). The 132Xe/130Xe value of
natural gases ranges around 6.628~6.809 with an average of
6.705 in the former and 6.754~6.828 with an average of
6.791 in the latter (Table 2). The relatively depleted 129Xe
and the excessive 132Xe in gas fields from the Kuche Depres-
sion as well as the Akemomu gas field from the Southwestern
Depression indicate that xenon has chiefly crustal-derived
genesis (Figure 9), while the Changshen and Xushen gas
fields in the Songliao Basin have a relatively excessive 129Xe
rather than 132Xe, showing that xenon is obviously mixed
with mantle-derived genesis [23].

4.3. Gas Source Correlation. Previous genetic identification of
hydrocarbon gas isotopes shows that natural gases of the
Kela2, Dina2, Dabei, and Keshen gas fields in the Kuche
Depression are typical coal-formed gases (Figure 4), princi-
pally generated from coal measure source rocks in the Kuche
Depression. According to the correlation between methane

isotope (δ13C1,‰) of coal-formed gas and thermal evolution
maturity (Ro, %) of coal measure source rocks [36, 37],
δ13C1 = 14 131lg Ro − 34 39, the calculated maturity of
coal-formed gases of these gas fields in the Kuche Depression
is generally around 0.97%~3.68%. According to the relation-
ship between coal-formed gas wetness (W, %) and maturity
(Ro, %) (Dai et al., 2016), Ro = −0 419lnW + 1 908, the
calculated maturity of coal-formed gases of these gas fields
in the Kuche Depression is about 0.96%~2.2%. From the
comparison on the above calculated maturities, the former
is more close to the actual thermal evolution of coal measure
source rocks of Jurassic-Triassic in the Kuche Depression
with maturity from mature to high mature even overmature.
So, natural gases of these gas fields in the Kuche Depression
generally originated from coal measure source rocks of
Jurassic and Triassic with maturity from mature to high
mature even overmature on conventional hydrocarbon
gas source correlation.

Rare gases play a very important and useful role in
identifying gas genesis and origination, enabling us to verify
and deepen the understandings on conventional gas source
correlation further. The average value of 3He/4He in gas fields
from the Kuche Depression is about 6 04 × 10−8, showing
typical crustal-derived characteristics, so the chronological
cumulative effect of argon isotopes can be adopted on gas
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Figure 4: Genetic identification of δ13C1 and δ
13C2 for natural gases of some gas fields from the Kuche and Southwestern Depressions, Tarim

Basin (modified from [25, 36]).
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source correlation in this area. Considering the carbonate
source rocks having relatively old geologic age, the 40Ar/36Ar
value of 387~1323 for natural gases in the Kuche Depression
is obviously less than the calculated value of 2088~3686 from
source rocks of Cambrian to Ordovician, so the carbonate
source rocks of Cambrian to Ordovician can be excluded
firstly. Coal measure source rocks of Triassic to Jurassic are
greatly deposited in the Kuche Depression in the Mesozoic
and Cenozoic periods. The average value of 40Ar/36Ar (659)
in natural gases from the Kuche Depression mainly falls in
the estimated range of gases generated from the Jurassic
source rocks (571~767) and relatively deviates from the esti-
mated range of gases generated from the Triassic source
rocks (767~920). So, it can be concluded that natural gases
of the Kuche Depression are probably derived from the coal
measure source rocks of Jurassic and Triassic, principally
from the Jurassic source rocks. According to obvious differ-
ences on 40Ar/36Ar value of natural gases that originated
from different periods of source rocks, the calculated propor-
tions of the Jurassic source rocks account for 55%-75% and
the Triassic source rocks account for 25%-45%. As we know,
the Jurassic source rocks are main coal measure source rocks
and usually have a relatively higher gas potential, while the
Triassic source rocks are main lake mudstone source rocks
and generally have a relatively lower gas potential. The
estimated proportion of the Jurassic and Triassic source

rocks shows that the contribution of the Jurassic source
rock is obviously higher than that of the Triassic source
rock. The above evaluated result is generally according to
the current mainstream viewpoints that the Jurassic source
rock is the main source rocks for natural gases in the Kuche
Depression when taking gas generation potential into
account ([27, 28, 33–35, 45]; Li et al., 2005; [25, 46]).

Furthermore, because of great differences on kalium-
bearing minerals in mudstones and coals, the 40Ar/36Ar
values of natural gases that originated from mudstones and
coals have obvious differences [18, 47]. Natural gases derived
from mudstones usually have relatively higher 40Ar/36Ar
values while natural gases derived from coal rocks generally
have relatively lower 40Ar/36Ar values. It can be used to
discuss the proportional contributions of mudstones and
coals in coal measure source rocks. According to the above
methods, assuming that the maximum 40Ar/36Ar value of
natural gases in the Kuche Depression represented the
maximum end-member value for gas that originated from
mudstones and the minimum 40Ar/36Ar value of experimen-
tal thermal simulation gas on coals (341) represented the
minimum end-member value for gas that originated from
coals, the proportional contributions of coals and mudstones
on coal measure source rocks of Jurassic and Triassic in
the Kuche Depression are preliminarily evaluated. The
results show that the contributed proportions of coals and

1

10

100

1000

10000

0.01 0.1 1 10

H
e (

10
−

6 )

R/Ra

Typical
mantle
derived
area

(mantle derived
proportion > 12%)

(crustal derived
proportion > 98.8%)

(crustal derived
proportion 98 ~ 88%)

Main crustal
derived area

Obvious
mantle
derived
mixed area

Typical crustal
derived area

Kuche
Depression 

M
antle derived proportion > 96%

Southwestern
Depression 

Mantle contrib
ution 

increasing 

Kela2
Dina
Akemomu

Changshen and Xushen
Dabei
Keshen
Air

Figure 5: Genetic identification of He-R/Ra for some gas fields from the Kuche and Southwestern Depressions, Tarim Basin (chart modified
from [23]).

10 Geofluids



Neair = 18.18 ×10−6

20
N

e/
22

N
e a

ir 
= 

9.
8

Obvious mantle
derived mixed area

Crustal derived area

Kuche
Depression

Changshen
and Xushen

Southwestern
Depression

100.0

10.0

1.0

N
e (

10
−
6
)

0.1

9.2 9.4 9.6 9.8 10
20Ne/22Ne

10.2 10.4

Kela2
Dabei
Keshen
Dina

10.6

Akemomu
Air
Changshen and Xushen

Figure 6: Genetic identification of Ne-20Ne/22Ne for some gas fields from the Kuche and Southwestern Depressions, Tarim Basin.

Kuche 
depression

Possible mantle
derived mixed area

Changshen 
and Xushen

depression

Obvious
mantle derived

mixed area

Main crustal
derived area

Kuche
Depression

Typical mantle 
derived area

Typical crustal
derived area

Changshen
and Xushen

Southwestern
Depression

1.E−04

1.E−05

1.E−06

1.E−07

3 H
e/

4 H
e

20Ne/22Ne

1.E−08

1.E−09
9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8 11

Akemomu
Changshen and Xushen
Air

Kela 2
Dabei
Dina
Keshen

Figure 7: Genesis identification of 3He/4He-20Ne/22Ne for some gas fields from the Kuche and Southwestern Depressions, Tarim Basin (chart
modified from [23]).

11Geofluids



mudstones in coal measure source rocks of Jurassic and
Triassic are 68% and 32%, respectively. In addition, adopting
the average δ13C1 of -29.38‰ of natural gases in the Kuche
Depression and taking the reported heaviest δ13C1 of
-25.1‰ [48] and the lightest δ13C1 of -36.9‰ [25] in the
Kuche Depression as the end-member values of natural gases
from coals and mudstones, the evaluated contributions of
coals and mudstones from coal measure source rocks of
Jurassic and Triassic in the Kuche Depression are around
64% and 36%, respectively. The two methods have nearly
the same results which show that the evaluated result is
correct and reliable.

Natural gases from the Akemomu gas field in the
Southwestern Depressions are generally typical coal-formed
gases (Figure 4). The drying coefficients of natural gas and
carbon isotope ratios of methane indicate that Akemomu
gas source rocks have high maturity. The natural gases in
the Akemomu gas field have a relatively higher helium and
argon contents and argon isotope than those of gas fields
from the Kuche Depression, showings their obvious differ-
ences on gas geochemical characteristics and originations.
Coal measure source rocks of Triassic to Jurassic and marine
and continental transitional source rocks of Carboniferous to
Permian are developed in the Southwestern Depression. The
average value of 40Ar/36Ar (1659) of natural gases from the
Akemomu gas field is obviously larger than the estimated
value of gas generated from the source rocks of Jurassic to
Triassic (571~920), and the higher argon isotope indicates
that their source rock has a relatively longer accumulating

time for gas accumulation, so the natural gases of the
Akemomu gas field mainly originated from humic mud-
stones of marine and continental transitional source rocks
of Carboniferous to Permian.

5. Conclusions

(1) Gas fields in the Kuche Depression have a higher
methane abundance, accompanied with low N2 and
CO2 abundances, but the Akemomu gas field in the
Southwestern Depression has a relatively lower
average methane abundance, accompanied with high
average N2 and CO2 abundances. The helium abun-
dance of natural gases in gas fields from the Kuche
Depression general has 1 order of magnitude higher
than the air value. Comparatively, it has more than
2 orders of magnitude higher than the atmospheric
value in the Akemomu gas field from the South-
western Depression. The neon, argon, krypton,
and xenon abundances in both Kuche and South-
western Depressions are generally lower than the
corresponding air values.

(2) Natural gases from gas fields in the Kuche Depression
and the Southwestern Depressions are generally typ-
ical coal-formed gases. The rare gases in the Kuche
Depression have typical crustal genesis, mainly
deriving from the radioactive decay of elements in
the crust, while in the Akemomu gas field from the
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Southwestern Depression, the rare gases have
main crustal genesis with a proportion of 92.5%,
probably accompanied with a little mantled genetic
contribution.

(3) Natural gases in the Kuche Depression are generally
derived from coal measure source rocks of Jurassic
and Triassic, which principally originated from
Jurassic in strata period and coals in source rock
types. The Jurassic source rocks account for 55%-
75% and the Triassic source rocks account for 25%-
45% approximately, while coals occupy 68% and
mudstones occupy 32% separately. Natural gases
from the Akemomu gas field in the Southwestern
Depression mainly originated from humic mud-
stones of marine and continental transitional source
rocks of Carboniferous to Permian.

Data Availability

The molecular and isotope composition geochemical data
of natural gases used to support the findings of this study
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A series of samples including natural gas, formation water, and rocks were collected from volcanic rock reservoirs in the Niudong
area of the Santanghu Oilfields and analyzed for their mineral and/or chemical compositions and sulfur and carbon isotopes in
order to investigate the occurrence and origin of hydrogen sulfide (H2S). H2S was mostly dissolved in the formation water along
with petroleum production in the study area. The δ34S values of on-well H2S samples varied in a range of 9.2‰ to 20.5‰,
probably indicating thermochemical sulfate reduction (TSR) and/or thermal decomposition of organic sulfur-bearing
compounds (TDS) as the genetic process for H2S. However, the chemical composition of formation waters from the Kalagang
Formation (C2k) and their coefficient of desulfurization also revealed that TSR could be the main principle for H2S formation.
Considering the regional geological background, especially the tectonic structures and thermal evolution features of the basin, it
was concluded that H2S in the study area was dominantly produced by thermal genesis with TSR as a domain through
interactions between hydrocarbons and aqueous sulfate dissolved from sulfate minerals.

1. Introduction

Hydrogen sulfide (H2S) is one of the most perilous constitu-
ents of natural gases and also hazardous in several aspects
such as diluting the proportion of hydrocarbons in natural
gas, gravely altering its economic vitality, and being
extremely lethal and corrosive to equipment used for oil
and gas exploration and development [1, 2]. It is significantly
important to study and get a better understanding of H2S’s
occurrence and its origin for the reduction of health-related
risks and to ensure safety, proper management of reservoirs,
suitable construction facilities, and drilling-well design [3–5].

According to the literature, there are four major sources in
geology for H2S from a viewpoint of genesis: (1) inorganic
(volcanic) source [6], (2) bacterial sulfate reduction (BSR)
[7, 8], (3) thermal decomposition of organic sulfur-bearing
compounds (TDS) in oil or kerogen [5, 9], and (4) thermo-
chemical sulfate reduction (TSR) [7, 10, 11]. Inorganic (vol-
canic) H2S genesis always occurs through volcanic activities
and leads to a higher concentration of H2S, whose sulfur iso-
tope is normally in a range of −1‰ to −6-7‰V-CDT [6, 11].
BSR is the typical and important source of H2S genesis in
sediments and many gas and oil reservoirs, being common
in a low proportion of H2S contribution (sulfur
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concentration < 3–5%). The BSR source for H2S genesis is
generally considered to be active at temperatures below 80–
100°C, and their sulfur isotopic ratios are mostly in a range
of -5‰ and +5‰ V-CDT [7, 8, 11]. TDS normally takes
place in the heating periods of organic matters and following
petroleum formation. However, the H2S contribution of TDS
is very low and the isotopic ratios of sulfur range from 4‰ to
12‰ V-CDT, being always related to the secondary recovery
of petroleum by using steam and/or hot water [7, 11]. Finally,
the most influential source for H2S production is TSR, con-
tributing massive proportions of H2S in natural gases and
presenting in numerous petroliferous basins and even in
some metal sulfide deposits [5, 7, 9, 12, 13]. Their sulfur
isotopic ratios are normally between 8‰ and 25‰ V-CDT
[3, 14]. The TSR reactions often occur along with interactions
between hydrocarbons and aqueous sulfate which is always
derived from the dissolution of sulfate minerals (primarily
anhydrite and also barite and celestite). Both experimental
studies and field inspections have revealed that the TSR pro-
cess was kinetically practicable at outset temperatures > 10
0°C. Suitable temperature and pH values are the important
essential factors to control the reaction rate and degree of
TSR [8, 15–21]. A common chemical reaction of TSR can
be summarized as follows [22].

sulphate + petroleum⟶ calcite + H2S ± H2O ± CO2
± S ± altered petroleum

1

With the progression of petroleum exploitation, uncon-
ventional oil and gas resources are the vital sources for explo-
ration. Besides clastic and carbonate rocks, volcanic rocks as
reservoirs are a potential target for oil and gas exploration as
well in recent times [23]. Therefore, in the current scenario,
the occurrence and origin of H2S in volcanic reservoirs
should be an important topic for exploration and as a supple-
ment to the basic theory. About 100 ppm of H2S was found in
several wellheads in the Niudong area, Santanghu Basin, dur-
ing the oil and gas development in 2010. Since then, growing
concerns on the influence of H2S on workers’ health have led
to the study on H2S and measures were set up to reduce the
negative influences on health and equipment. However,
before controlling H2S in these reservoirs, its occurrence
and origin should be properly revealed. Therefore, a series
of samples, including oil and gas, formation water, drilling
core rocks, and on-well H2S precipitant were collected and
analyzed for this purpose.

2. Geological Settings

The Santanghu Basin, bordered by the Junggar Basin to the
west, the Tuha Basin to the south, and the Mongolia Gebi
to the northeast, is a special petroleum-bearing basin with
volcanic rocks as reservoirs in NW China (Figure 1(a)). The
basin in an area of 2 3 × 104 km2 and with accumulative
petroleum reserves of more than 3 × 108 tons has been dis-
covered at present. Since the initial formation in the Silurian
period, this basin has experienced several tectonic move-
ments, inducing well-developed regional faults and strongly

weathered local rocks [23–25]. Volcanic eruptions frequently
occurred in and around the basin during the late Palaeozoic
era which probably produced some fracture channels by
faulting. However, the process of volcanism was extremely
intensive during the Middle Permian period. A basalt layer
in a thickness of 200–600m was developed in several parts
of the basin, mainly due to crustal thinning, lithospheric sub-
sidence, and asthenosphere upwelling [25]. The present tec-
tonic units of the Santanghu Basin can be divided into the
northern thrust uplift zone, central depression zone, and
southern thrusting nappe zone. The Niudong area belongs
to the central depression in the front edge of the Tiaoshan
uplift and pitches the Malang depression in the northwest-
southeast direction with an area of 260 km2.

The Carboniferous sequences in the study area can be
classified into five formations (from bottom to top,
Figure 1(b)): the Donggulubasitao Formation (C1d), Jiangba-
sitao Formation (C1j), Bashan Formation (C2b), Harjiawu
Formation (C2h), and Kalagang Formation (C2k). The Kala-
gang Formation is primarily composed of fundamental inter-
mediate volcanic lava that is incorporated within basalt,
andesite, and transitional rock types [24]. Beneath the Kala-
gang Formation is the Haerjiawu Formation which contains
hydrocarbon source rocks. Hydrocarbons from these source
rocks migrated vertically into the weathered volcanic crust
through faults. Reservoirs developed oil wells in the areas
where there were abundant faults, and the hydrocarbons
are distributed mainly in the weathered volcanic crust near
the faults. The volcanic rocks of the Haerjiawu Formation
alternate with source rocks. Hydrocarbons were generated
from these source rocks, migrated into the weathered volca-
nic crust directly or through the faults, and then accumulated
to construct the petroleum reservoir in the study area [23].

The maximum burial depth of the Kalagang Formation
reached 1637m in the study area, and the present strata tem-
perature is about 55°C [26]. Since the Santanghu Basin is just
located at the junction of several major tectonic belts such as
the Tianshan and Altai Mountains tectonic zones, the geo-
thermal conditions should be changed in geological evolu-
tion history. The ancient geothermal gradient could be
higher than that at present [27]. The geothermal history of
the study area indicates the Middle Permian magmatism
which caused locally thermal anomalies, and both the Late
Indosinian movement (Late Triassic and Early Jurassic
period) and Late Yanshan movement (Late Jurassic period)
contributed to the increase of ancient geothermal gradients
in the basin and led to the maturation of organic matters in
the source rocks [26]. The temperature in oil and gas reser-
voirs of the Kalagang Formation (C2k) reached more than
110°C during the Permian-Triassic period [26, 27].

3. Samples and Analysis

3.1. Sample Collection. Seventeen rock samples were selected
from drilling cores of the Niudong area for the present study
on geochemical and mineralogical characteristics of the vol-
canic rocks (Table 1). All the cored samples were rocks in
the reservoir of Kalagang formation (C2k), including 9
basalts, 4 andesites, 2 volcanic breccia, and 2 tuff samples.

2 Geofluids



The basalts were characterized by greyish-green and brown-
ness and contained oil spots, air holes, and cracks. The andes-
ites contained few and small purple oil spots and holes. The
volcanic breccia and tuff were pyroclastic rocks with

greyish-green and taupe, respectively. Six samples with clear
veins were selected, and the vein fillings were extracted by
indoor drilling for sulfur and carbon isotope analysis
(Table 2 and Figure 2). The veins were in white color and
transparent, some of which were characterized in an X-type
of joints.

The samples for H2S isotopes were obtained from twelve
production wells and one gas gathering station. For sampling,
the mixture of natural gases was introduced into a pre-
prepared cadmium acetate solution (Cd (CH3COO)2·3H2O),
and then the precipitant of cadmium sulfide (CdS) was col-
lected in situ by filtration for laboratory analysis.

3.2. Analytical Methods. All the rock samples without chem-
ical pretreatment were crushed into powder by using an agate
mortar and pestle. Mineralogical measurements were carried
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Figure 1: (a) Location of the study area, structure units, and section map of the Santanghu Basin. (b) Lithological column and sedimentary
evolution of the Carboniferous (modified after Song et al. [24]).

Table 1: General property of study samples from the Kalagang
Formation in the Santanghu Basin.

Sample no. Depth (m) Description

NDYX-01 1401.59-1401.80 Dark grey basalt

NDYX-02 1402.25-1402.39 Dark grey basalt with oil infected

NDYX-03 1403.38-1403.51 Tauro fluorescence basalt

NDYX-04 1410.81-1411.07 Tauro fluorescence basalt

NDYX-05 1416.44-1416.59 Purple basalt

NDYX-06 1420.84-1420.94 Brown basalt with oil infected

NDYX-07 1423.48-1423.62 Greyish-green breccia

NDYX-08 1429.38-1429.61 Purple oil spot andesite

NDYX-09 1429.61-1429.72 Purple oil spot andesite

NDYX-10 1430.05-1430.20 Purple oil spot andesite

NDYX-11 1433.82-1433.91 Taupe oil spot basalt

NDYX-12 1437.36-1437.51 Purple oil spot andesite

NDYX-13 1439.38-1439.49 Greyish-green breccia

NDYX-14 1444.68-1444.85 Brown-grey fluorescent basalt

NDYX-15 1447.23-1447.37 Brown-grey fluorescent basalt

NDYX-16 1508.63-1508.75 Taupe tuff

NDYX-17 1509.48-1509.56 Taupe tuff

Table 2: General properties of fillings in the crack of core samples
obtained from the Kalagang Formation in the Santanghu Basin.

Sample no. Depth (m) Filling feature Core

NDCT-01 1457.56-1457.68 Taupe Dark grey basalt

NDCT-02 1552.85-1553.00 Transparent
Greyish-green

basalt

NDCT-03 1540.69-1540.93 Greyish-green Grey-brown basalt

NDCT-04 1508.63-1508.75 White Taupe tuff

NDCT-05 1509.48-1509.56 White vein Taupe tuff

NDCT-06 1430.05-1430.20 Milky white Purple andesite
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out by the powder X-ray diffraction (XRD) method, using a
D/Max-3B X-ray diffraction (XRD) Bruker diffractometer
equipped with a graphite monochromator and operated at
40 kV and 100mA using Cu Kα radiation. A small portion
of finely powdered sample crushed again in a clean mortar
was properly mounted on a plastic holder (ϕ25mm, depth
1mm). Scanning of samples was performed over an interval
of 2–60° (2θ) at a scanning speed of 2°/min for every 0.03°

(2θ) step. Divergence, scattering, and receiving slits were
0.5°, 0.5, and 0.10mm, respectively.

Sulfur K-edge XANES analysis of well-crushed either
cored rock or drilled vein samples were performed at beam-
line 4B7A of the Beijing Synchrotron Radiation Facility
(BSRF), Beijing. Both the beam path and samples were
positioned in a vacuum to overcome the scattering of X-
ray and their absorption by air when the crushed samples
were exposed to the X-ray beam with an incident angle of
45°. The X-ray fluorescence emitted during analysis was
quantified by using a solid-state detector (Si). As a refer-
ence, the spectrum of the blank filter was also measured
for the comparison purpose and the absorption of sulfur
was negligible [28].

The isotopic composition of sulfur (S) was analyzed by
using an isotope mass spectrograph (Model MAT271) pro-
duced by Finnigan MAT Company. The mass range is 1 to
700 amu, and the mass resolution is 220 to 3000 used for
gas composition and stable isotope analysis. CdS and CuO
(copper oxide) obtained through precipitation were mixed
in a 1 : 3 weight ratio into a quartz tube and rapidly heated
to 850°C inside the reaction furnace for 30 minutes. Subse-
quently, the released gas was collected inside the cold trap
by using liquid nitrogen for freezing the gas, and the vacuum
pump was started to eliminate the impurities and pure SO2
was released. The obtained gas was introduced into the
instrument for isotope analysis and the δ34S value of sulfide
was ultimately obtained by using an international standard
(CDT), with an accuracy of ±0.5‰.

Calcite presented inside the vein fillings of rock samples
was extracted by using a small driller and was subjected to
carbon and oxygen isotopic analysis. About 50–100mg of
calcite samples was treated with pure phosphoric acid for
4 hours at 72°C under a vacuumed container. The released
CO2 was analyzed for carbon and oxygen isotopes by
using a Finnigan MAT253 plus mass spectrometer

standardized with GBW04416. The obtained data of car-
bon and oxygen were reported in units/mL relative to
the V-PDB standard. The precision for both δ13C and
δ18O measurements was ±0.5‰.

The composition of formation water and the concentra-
tion of H2S were measured by the Sangtanghu Oil Production
Plant of Tuha Oilfield Company. A portable hydrogen sulfide
detector was used to monitor the H2S concentration at the
wellhead of Oilfield, the precision being better than 5%.

4. Results and Discussion

4.1. Occurrence of H2S. During the first recovery of oil in the
Santanghu Oilfield, the H2S content was reported in the oil-
wellhead as 10–120 ppm/m3air in 2010, and the relative con-
tent of H2S in the dissolved air of formation water reached
0.19%. The average pressure value of reservoir strata C2k in
the study area was 10.5MPa, of which the H2S-bearing wells
were mostly located in the area with low pressure (3–9MPa)
[29], and fractures were strongly developed in the surround-
ing rocks. Furthermore, the oil-wells containing H2S more
than 100 ppm were always characterized with a higher water
cut (65–100%) while other oil-wells in lower H2S concentra-
tion (<30ppm) were assigned to a lower water cut (<60%).
Thus, H2S was mainly distributed in oil-wells with low for-
mation pressure, high water cut, and fractures developed
and mostly dissolved in formation water.

4.2. Minerals and Sulfur Characteristics of Reservoir Rocks.
The reservoir rocks of the Santanghu Oilfields are typical vol-
canic rocks of the Carboniferous Kalagang Formation, which
are dominated by basalt, andesite, volcanic breccia, and tuff
[23]. The SiO2 content of the volcanic rocks is 44% to 65%.
There are a number of air holes and almond constructs in
the rocks so that these rocks have relatively high porosity
and proper connectivity; the porosity is 6% to 11% [23].
Weathering and leaching during the cessation of deposition
should be the major controlling factor of favorable reservoirs
in the Carboniferous volcanic rocks, and the secondary min-
erals such as clay minerals could be largely formed. The
hydrolysis belt was mainly composed of mudstone and
tiny volcanic grains, most of which were broken down
into clay minerals [23]. The cracks or vein fillings in the

NDCT-05 

NDCT-03

NDCT-06NDCT-04

NDCT-02NDCT-01

Figure 2: Photos showing the veins of cored samples.
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core of volcanic rocks were widely developed and mainly con-
sisted of volcanic zeolites, quartz, and/or calcite (Figure 3).

Sulfur species were herein referred to as the chemical
status of sulfur, which was identified using XANES in this
study by comparison of the obtained spectra for samples with
those of selected sulfur-containing reference materials such
as pyrite (FeS2), pyrrhotite (FeS), calcium sulfate (CaSO4),
and sulfur (S0). The impact of self-absorption associated with
reference materials was investigated by using well-crushed
mixtures of boron nitride in various concentrations of sulfur.
The self-absorption impact was not detected in sulfur
concentration < 0 5wt % [28]. The peak positions obtained
from the cored samples were mostly positioned at two series
of comparable energy range to those presented in the spectra
of pyrite, pyrrhotite, and calcium sulfate, signifying that the
foremost sulfur species were sulfide and sulfate, respectively.
The absorbing peaks presented on the left (in range of 2.470–
2.474 keV) indicate the presence of S2-, S2

2-, and also possibly
elemental sulfur (S0). On the other hand, the peak presented
on the right (in range of 2.481–2.484 keV) denotes SO4

2- spe-
cies (Figure 4). The spectra thus obtained for all samples are
shown in Figure 4, in which several composite variations
within numerous sulfur species are displaced based on their
spectrum structures as well as the location of the peak that
is signified as sulfides and/or sulfate, respectively. In this
study, it was found that both the sulfate (more than 90%)
and sulfide minerals widely coexisted in the reservoir rocks,
which could provide an effective sulfur source for the genesis
of H2S gas within the reservoirs.

4.3. Characteristics of Formation Water. The chemical com-
positions of formation water are shown in Table 3 and
Figure 5. Relatively most samples belong to the group of

Na(K)-Cl or Ca-Cl2 water while the existence of Ca(Mg)-
SO4 waters indicates possible evolutionary trends toward
SO4-enriched waters. There are no samples belonging to
the Ca(Mg)-HCO3 and Na(K)-HCO3 groups in the study
area. In particular, the Na++K+ concentration of formation
water in Kalagang Formation (C2k) was in a range of 69–
1008mg/L and the Cl− concentration in a range of 309–
1955mg/L, respectively. The range of Mg2+ concentration
of C2k formation water was from 1 to 291mg/L with an aver-
age of 56.6mg/L. Generally, the higher the Mg2+ concentra-
tion, the higher would be the H2S yields, because ion Mg2+

could play a catalysis role in TSR [30–32]. The range of
SO4

2− concentration was from 27 to 1288mg/L. The coeffi-
cient of desulfurization (100 × r SO4

2-/Cl-) was in a range of
2–160 with a mean value of 30. This coefficient could be used
to reflect consumption of SO4

2- during TSR and the redox
conditions of formation water. The low mark means reduced
condition and active TSR reactions [32]. The H2S contraction
rose with a decrease in the coefficient of desulfurization
(Figure 6), exhibiting that TSR really occurred in the study
reservoirs. The CO3

2- concentration in most water samples
was low (mostly not detected), and the average of HCO3

-

was 335.8mg/L. In addition, the concentration of HCO3
-

decreased with the process of TSR reactions, strongly indicat-
ing the dilution of additional water under TSR conditions.
This kind of dilution might be lowering the concentration
of CO3

2- and HCO3
- in formation waters of volcanic

reservoirs.

4.4. Sulfur Isotopes of H2S. The sulfur isotopes of sulfates
and/or sulfides presented in the volcanic rocks from wells
ND89-9 and ND89-10 are quite close to each other, being
9.2‰ and 10.3‰, respectively. The natural gases at the
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Figure 3: Powder X-ray diffraction patterns for the study samples.
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Niudong pumping station have undergone a series of techno-
logical operations such as separation of oil and gas, whose sul-
fur isotopic ratios reached 20.5‰ (Table 4). As shown in

Figure 7, the δ34SV-CDT values for TSR-H2S in this study were
comparable with those in the Sichuan Basin (main frequency:
8‰ to 26‰) [14], the Tarim Basin (14‰ to 19‰) [17, 33],
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Figure 4: Spectra of sulfur species in the study samples. (a) Filling materials in the veins of cored rocks and (b) core samples. The absorbing
peak on the left with a lower energy range corresponds to sulfides whereas the peak on the right with a higher energy range corresponds to
sulfate.

Table 3: Hydrochemistry of the formation water from the Niudong area, Santanghu Basin.

Sample no. Stratum Sampling date H2S (ppm/m3 air)
mg/L

Type pH
K++Na+ Ca2+ Mg2+ Cl- SO4

2- HCO3
- CO3

2- Total salinity

ND8-14 C2k 2008/8/7 n.d. 410 864 291 1755 920 710 268 5218 CaCl2 9.3

ND78-9 C2k 2008/8/6 115 592 545 1 1652 32 164 n.d. 2986 NaCl2 7.3

ND78-812 C2k 2010/8/7 6 371 123 10 512 283 168 n.d. 1467 NaCl 6.0

ND89-10 C2k 2010/10/8 44 647 442 24 1375 329 397 n.d. 3214 CaCl2 7.0

ND8-11 C2k 2008/8/7 35 1008 683 67 1955 434 1171 n.d. 5318 NaCl 6.5

ND89-9 C2k 2008/11/4 31 592 521 14 1544 349 123 n.d. 3143 NaCl2 6.0

ND8-111 C2k 2010/5/1 13 194 566 98 1272 47 482 n.d. 2659 CaCl2 7.0

ND89-812 C2k 2010/8/24 25 69 315 21 309 495 85 n.d. 1294 CaSO4 6.0

ND9-9 C2k 2010/3/7 50 547 384 15 1393 188 57 n.d. 2584 CaCl2 7.0

ND89-91 C2k 2010/6/5 44 869 369 15 1324 495 596 n.d. 3668 NaCl 6.0

ND 8-71 C2k 2007/12/21 120 386 396 7 1264 27 36 10 2126 CaCl2 9.0

ND8-10 C2k 2007/10/16 13 394 873 122 1475 1288 143 n.d. 4295 CaCl2 7.7

ND8-8 C2k 2008/8/7 10 537 404 51 1368 255 234 n.d. 2849 NaCl2 6.5

Note: these data were provided by the Santanghu Oil Production Plant of Tuha Oilfield Company. pH was tested at room temperature.
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and the Ordos Basin (16‰ to 20‰) [14]. Such comparison
may indicate that H2S presented in the oil wells of the Niudong
area could probably be derived from TSR. δ34SV-CDT of TDS-
H2S in crude oils is usually from 3‰ to 15‰ [5]; thus, H2S

in the Niudong area could also be due to TDS. However, there
is lack of meaningful evidence for the possibility of inorganic
(volcanic) origin and BSR involvement for H2S in the study
area.

4.5. Carbon Isotopes of Calcite. The isotopic data of the calcite
matrix from the Kalagang Formation exhibited a relatively
wider range of carbon isotopic values between -10.7‰ and
-3.3‰ V-PDB and a narrower range of oxygen isotopic values
between -21.8‰ and -18.6‰ V-PDB, respectively (Table 4).
These relatively negative carbon isotopic values may suggest
a possible contribution of organic carbon into calcite, but the
carbon and oxygen isotopic values failed on the boundary of
TSR calcite [22] which was formed through TSR reactions.
In addition, these carbon and oxygen isotopic values of vein
calcite were also similar to those of primarily igneous carbona-
tite (δ13CV-PDB‰: -5.0‰ to -8.0‰, δ18OV-PDB‰: -21.7‰ to
-23.7‰) [34], indicating the calcite formation with fluids from
deep layers under low hydrothermal temperatures (<167°C)
[35]. Therefore, calcite in the rock veins was mostly of mag-
matic origin and very less produced due to TSR reactions.

4.6. Origin of H2S. As for the low concentration of H2S in
crude oils and natural gases, the BSR origin is always
regarded as the first originating mechanism that may be
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caused by bacterial loadings during water injection. The sul-
fur isotopes of H2S in the study area were 9.2‰ to 20.5‰,
suggesting that BSR was probably not the most possible
source in the Niudong Oilfield, where H2S was found in the
first recovery of oil without water injection in early oil and
gas exploration. Additionally, the values of sulfur isotopes
are not in favor of volcanic sources for the genesis of H2S.
Therefore, TSR and TDS should be their possible origins that
were supported by the sulfur isotopic data. However, TDS
usually occurred during the secondary recovery of oil under
a relatively higher temperature than under the initial temper-
ature of TSR [5], but no steam and/or hot water was utilized
during the secondary recovery of heavy oils in the study res-
ervoir and the heavy oils was typically low in sulfur content
(about 0.17%). Based on these facts, either TDS should not
be the origin or slightly contributed if TDS occurred. As for
TSR, although gypsum and/or anhydrite in the cored rocks
was not observed by naked eyes, trace sulfate and sulfide were
detected by XANES. Such sulfur-bearing materials in the res-
ervoir rocks could supply enough sulfur for TSR reactions

due to the huge volume of rocks. Secondly, the local geother-
mal temperature (>110°C) reached the reaction conditions
for TSR during the Permian-Triassic period as for the volca-
nic activity [27]. Finally, some increase in H2S concentration
was observed with a decrease in desulfurization coefficient,
which confirmed the occurrence of TSR. Such formed H2S
in the reservoir of volcanic rocks is easily dissolved in the for-
mation water. On the other hand, CO3

2- and HCO3
- concen-

trations in most samples were relatively low, indicating that
the additional water formed along with TSR may dilute the
concentrations of both CO3

2- and HCO3
-. Considering all

the evidences above, TSR should be the main source for
H2S in the natural gases of the Niudong Oilfield, but the
TDS origin could not also be excluded.

5. Conclusions

The volcanic reservoir rocks of the Carboniferous Kalagang
Formation are dominated by basalt and andesite, whose
cracks or vein fillings in the core are mainly composed of vol-
canic zeolites, quartz, and/or calcite. Both sulfate (more than
90%) and sulfide minerals extensively existed in the reservoir
rocks, which could provide a potential sulfur source for H2S
gas formation through TSR in the reservoirs.

H2S was distributed in the producing wells with low for-
mation pressure and high water cut of the oil wells, which
was mostly dissolved in the formation water. The sulfur iso-
topic data and ion compositions of formation water indicated
that TSR should be the main source for H2S genesis. The geo-
logical structures of the basin, the mineral compositions of
the reservoir rocks, and the evolution characteristics of the
paleogeothermal temperatures provided effective conditions
for TSR reactions in the study area.
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Thoron’s (220Rn) contribution to α-radiation exposure is usually considered negligible compared to that of 222Rn (radon). Despite
its short half-life of 55.6 seconds, thoron can be exhaled from porous surface layers of building materials into indoor air where
people subsequently inhale radioisotopes, including metallic radioactive progeny. Bare surfaces of dry porous soil with relatively
high 232Th content can pose a thoron radiation hazard in indoor air. On northern Vietnam’s Đồng Văn karst plateau, the
spatial distribution of thoron was determined in indoor air of traditional earthen and other types of dwellings using portable
RAD7 and SARAD® RTM 2200 detectors. “Mud houses” are constructed with local compacted soil and typically do not have
any floor or wall coverings (i.e., no plaster, wallpaper, or paint). Detailed measurements in a mud house revealed levels of
thoron in room air averaging >500 Bqm-3. The spatial distribution of α-radiation from thoron in indoor air at a distance of
about 1m from interior walls was fairly homogeneous and averaged ~200 Bqm-3. Most concerning, from a human health
perspective, were the high thoron concentrations of up to 884 Bqm-3 in sleeping areas near mud walls. The average annual
thoron radiation dose to inhabitants of mud houses was estimated based on 13 hours of daily occupancy, including daily
activities and sleeping. The estimated average thoron inhalation dose of 27.1mSv a-1 during sleeping hours near mud surfaces
accounts for nearly 75% of the total estimated radon and thoron inhalation dose of 37.4mSv a-1 from indoor mud house air.
Our conservative annual radiation dose estimates do not include subsequent radiation from inhaled metallic progeny of thoron.
Our data demonstrate a significant human health risk from radiation exposure and a critical need for remediation in traditional
northern Vietnamese mud house dwellings.

1. Introduction

Radon is a naturally occurring colorless, odorless, and taste-
less gas, which, at high exposure levels, is recognized to cause
lung cancer [1, 2]. Radon has more than thirty characterized
radioactive isotopes [3, 4], but 222Rn (called radon) of the
uranium (238U) decay series and 220Rn (called thoron, com-
monly abbreviated Tn) of the thorium (232Th) decay series
are considered the major sources of natural radiation to the
global human population [2]. The dangers of radon have
been well established and constitute about 50% of natural

radiation exposure to humans. Additional significant sources
of natural radiation include cosmic radiation and 40K expo-
sure. However, unlike indoor radon exposure, the latter
sources cannot be managed [5]. The dangers of indoor radon
exposure have led to guidelines by the World Health Organi-
zation (WHO) and public health legislation in many coun-
tries to require radon monitoring and mitigation [6]. The
α-decay of radon isotopes generates multiple radioactive
metallic progeny that tend to become adsorbed to aerosol
and dust particles. Theseparticles,once inhaled,collect in lung
fluids and adsorb onto lung tissues, thereby concentrating
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nuclear radiation near living cells. All types of radiation from
radioactive decay can induce harmful random biochemical
reactions, includingdamage toDNA[7].Thecell damage from
exposure tohighradonconcentrations isknownto increase the
incidence of lung cancer.

Radon has been shown to pose a health risk to occupants if
concentrations exceed 200Bqm-3 in domestic residences and
300Bqm-3 in workplaces [1, 8–12]. Unlike the focus that has
been granted to 222Rn studies for decades, acquiring data sets
for indoor thoron concentrations and its decay products has
been overlooked due to the general perception that its expo-
sure levels are negligible. The disproportionate focus on
222Rn ignored the contribution of 220Rn to the total inhalation
dose when evaluating significant sources of natural radiation.
Thoron and its progeny have not even been officially consid-
ered into the contexts of official safety thresholds of indoor
radiation exposure [5]. This misconception was based on
knowledge of its relatively short half-life of 55.6 seconds and
its short diffusion distance from emission sources ([13–16]).

Only in recent years has indoor thoron exposure gained
attention as a public health concern when increased concen-
trations were found in dwellings dug into clay-rich soil and in
certain types of traditional houses with unfired earthen archi-
tecture in China [17–19], India [20], Germany [21], Hungary
[22], and Japan [23]. These studies demonstrated that in
nearly all the housing types examined, thoron concentrations
exceeded those of radon, especially in locations proximal to
interior walls. Nearly all dry natural mud surfaces contain
sufficient amounts of radioisotopes that provide a significant
source for thoron exhalation [24]. The surface layer of soil or
other earthen building materials containing 232Th exhales
thoron into indoor air [5, 25]. The results of these studies
identified thoron as a significant contributor to the indoor
radiation exposure of inhabitants.

High concentrations of thoron in Vietnam were initially
discovered in karst caves and earthen dwellings of the Đồng
Văn Karst Plateau Geopark (http://www.globalgeopark.org/
aboutggn/list/vietnam/6509.htm), with values in excess of
1000Bqm-3 [26–28]. The aforementioned recommenda-
tions, by UNSCEAR [9] and ICRP [29], for the control of
radon radiation exposure in domestic and workplace dwell-
ings are based on average environmental background
concentrations of 10Bqm-3 for thoron and 100Bqm-3 for
radon. Observed thoron levels inside evaluated earthen
dwellings of northern Vietnam were orders of magnitude
higher than the average environmental background thoron
concentration in outdoor air.

The conventional earthen dwelling on the Đồng Văn
karst plateau is constructed with fresh local clay-rich soil that
is compacted and dried to form the walls and floor of the
mud house. Traditional inexpensive mud houses have been
used for centuries by several ethnic groups in the mountain-
ous region of northern Vietnam where quality timber and
bricks have been too costly. The inhabitants of mud houses
often position their beds next to the bare mud walls inside
their homes. This arrangement of furniture next to the
uncovered exhaling source of thoron has not received
adequate scrutiny in terms of the potential radiation health
risk for occupants.

In this study, thoron and radon concentrations were
systematically surveyed in the main room of a traditional
mud house (termed ED 4) on the Đồng Văn karst plateau
to establish the spatial distribution of 220Rn and 222Rn where
inhabitants spend time during their daily activities. The pri-
mary emphasis of this study is the evaluation of thoron as a
contributor to the total indoor radiation exposure affecting
occupants of mud houses.

2. Materials and Methods

2.1. The Traditional Earthen Dwelling. The model mud house
ED 4, a traditional ethnic house on the Đồng Văn karst pla-
teau, was constructed using local soil with an earthen-wall
thickness of 60 cm. The dimensions of the main room mea-
sured 5 5 × 9 × 2 8m, which is typical of a mud house in
the Đồng Văn karst region. The same local soil used to con-
struct the walls also comprised the bare mud floor of the
dwelling. As illustrated in Figure 1, the main entrance with
a 1 2 × 1 8m door (1) is located in the center of the front wall
while two 60 × 60 cm windows (2) are symmetrically
arranged in the front wall. This layout divides the main room
of the mud house into two symmetric halves with their cor-
ners being bed positions (3) of inhabitants. A 0 8 × 1 8m
opening in the eastern mud wall (4) connects the mud-
constructed kitchen room to the main room. The structure
of the mud house provides ventilation through openings
between the top of the walls and the loose fitting roof
(Figure 1). Each earthen dwelling is usually occupied by a
family of 6 to 8 people, typically with three generations in
one household.

2.2. Measurements of Thoron and Radon Concentrations in
Indoor Air. This study used two separate portable radon
detectors. Most α-radiation of indoor air derives from
222Rn and 220Rn and their radiogenic progenies 218Po,
214Po, and 214Bi from radon and 216Po, 212Po, and 212Bi from
thoron. The two instruments used α-spectroscopy to distin-
guish the nuclide-specific source of α-radiation in terms of
radiation energy. (i) Air was sampled through a plastic hose,
prefiltered, and measured using a SARAD® RTM 2200
instrument in “slow mode” to determine nuclide-specific
α-radiation intensity in 10-minute intervals. The SARAD®
RTM 2200 instrument additionally recorded temperature,
barometric pressure, GPS location, relative humidity, and
the carbon dioxide concentration. (ii) A RAD7 instrument
(serial number 1572) sampled air through a plastic hose,
filtered the air through a 1.0μm membrane filter to retain
airborne particulate matter, and passed the air sample
through a Drierite desiccant trap before gas entered the
detector chamber. The instrument quantified the α-decay
of both radon isotopes in “sniff mode” [30].

Initial measurements indicating elevated thoron concen-
trations in indoor air, on the Đồng Văn karst plateau in
March 2016, were performed with a SARAD® RTM 2200
instrument in different dwellings constructed with com-
pacted soil, unfired-soil bricks, fired-clay bricks, and/or con-
crete. Measurements were performed at interior and exterior
sites of the dwellings. In December 2016, both instruments
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were simultaneously operated side by side to record thoron
levels in room air at identical locations (i.e., 40 cm above
the compacted earthen floor—comparable to the location of
a bed or daily family life activities). Radon and thoron data
from both instruments were compatible.

With the support of the builder and home owner of the
traditional mud house ED 4 featured in Figure 1, we first
visited the house in December 2016 (i.e., cold season) and
surveyed the air with the SARAD® RTM 2200 in the western
portion of the main room, whereas the RAD7 surveyed the
eastern half of the main room (Figure 1(c)). We returned in
July 2017 during the contrasting warm season [31] for repeat
measurements using the RAD7. With door and windows
closed, detailed measurements were taken in a grid-like
pattern at ~1m increments (Figure 1) to obtain the spatial
distribution of radon and thoron concentrations at night.
Duplicate measurements were recorded at each point.
Reported results are averages of duplicate measurements.

3. Results and Discussion

3.1. Recognition of High Thoron Concentrations in Indoor Air
of Earthen Dwellings on the Đồng Văn Karst Plateau. Radon

and thoron concentrations of indoor and outdoor air at the
dwellings constructed from (i) compacted soil (4 mud
houses), (ii) unfired-soil bricks (1 house), and (iii) fired-clay
bricks and concrete (1 house) are summarized in Table 1.
The average 222Rn level of indoor air was <100Bqm-3 in all
housing types. The fired-clay brick house showed no signifi-
cant 222Rn difference when measurements were taken at the
center of rooms versus areas close towalls. Conversely, a trend
of increasing thoron concentrations was observed from the
center of rooms to locations close to the interior walls of
dwellings (Figure 2). In addition, thoron concentrations
were far higher than radon in the majority of the surveyed
dwellings. Maximum thoron concentrations of up to
725Bqm-3 were measured in air close to mud walls and
did not decrease below 100Bqm-3 in the center of rooms.
The indoor air thoron concentration of 480Bqm-3 next to
interior unfired-soil brick walls was similar to that of mea-
surements next to compacted earthen walls, but swiftly
declined to 86Bqm-3 towards the center of the room.
Thoron concentrations were generally below the detection
limit in rooms constructed with fired-clay bricks and con-
crete, except 44Bqm-3 in the immediate vicinity of some
interior walls.
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Figure 1: Model of the earthen dwelling used for our thoron survey from December 2016 to July 2017. (a) Front view of the traditional
earthen dwelling on the Đồng Văn karst plateau. (b–d) Models of the earthen dwelling from different angles of view: (c) surveyed portions
of the house with measurements by SARAD® RTM 2200 and RAD7 in violet and pastel green, respectively; (d) measured sleeping area by
RAD7 in orange. (1) Main door, (2) two symmetrical windows, (3) positions of beds along mud walls, and (4) opening connecting the
main room to a mud-built kitchen (kitchen not shown).
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Additional experiments in other mud houses evaluated
the effects on thoron concentrations in the interstitial air
between dry mud surfaces and inexpensive surface coverings
like polyethylene foil or multiple layers of newspaper. Data
from the SARAD® RTM 2200 measured at different locations
with or without surface treatments along the interior and
exterior of mud houses indicated that thoron concentrations
in interstitial air behind surface covers increased drastically.
In one instance, thoron levels were observed to exceed
3,000Bqm-3 behind polyethylene foil. In contrast, measure-
ments of air in the center of the room showed concentrations
of at least an order of magnitude less than the thoron levels
recorded behind the polyethylene foil covering (Figure 3).
These results further demonstrate that thoron is being
exhaled from earthen-sourced building materials and diffuses
further into the room air. Any surface covering impedes the
advective dispersion of thoron into the room air [5] and
results in enhanced thoron concentrations in the limited
trapped air volume behind the coverings.

3.2. Detailed Thoron Distribution in Surveyed Traditional
Earthen Dwelling. Detailed surveys of the distribution of
radon and thoron in a traditional earthen dwelling were
conducted in the compacted soil (mud) house ED 4 by both
portable SARAD® RTM 2200 and RAD7 instruments
(Figure 4(a)). Thoron concentrations in the air of the western
half of the main room, furthest from the kitchen entrance,

measured by SARAD® RTM 2200 in December 2016, varied
from 258 to 2,383Bqm-3 with an average of 744Bqm-3

(Figure 4(b)). The eastern half of the main room, adjacent
to the kitchen entrance, measured by RAD7, featured
thoronconcentrations from128Bqm-3 to798Bqm-3 (average
456Bqm-3) in December 2016 (Figure 4(c)) and from
88Bqm-3 to 2,030Bqm-3 (average 643Bqm-3) in July 2017
(Figure 4(d)). The highest concentrations of thoron in both

Table 1: Radon and thoron concentrations in indoor air and outside of several types of dwellings on theĐồng Văn karst plateau (numbers in
regular font reflect average radon and thoron concentrations for a given location; numbers in brackets represent standard deviations).

Dwelling acronym
Radon concentrations (Bqm-3) Thoron concentrations (Bqm-3)

Outside air Air in center of room Air next to wall Outside air Air in center of room Air next to wall

ED 1 0 [0] 18 [36] 29 [50] 0 [0] 102 [18] 357 [113]

ED 2 101 [0] 4 [8] 0 [0] 148 [0] 197 [93] 535 [26]

ED 3 0 [0] 0 [0] 0 [0] 129 [183] 345 [130] 431 [140]

ED 4 46 [25] 41 [54] 59 [38] 107 [53] 438 [179] 725 [326]

EBD 0 [0] 58 [52] 29 [52] 12 [21] 86 [43] 480 [189]

FBH 0 [0] 19 [33] 77 [64] 0 [0] 0 [0] 44 [99]

ED = earthen mud house from compacted soil; EBD = unfired-earthen brick dwelling; FBH= dwelling built by fired-clay brick and/or concrete.
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Figure 2: Average concentrations of radon in indoor air ((a) center of room and next to interior wall) and of thoron in indoor and outdoor air
(b) of several types of dwellings on the Đồng Văn karst plateau.
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cold and warm seasons exceeded 2,000Bqm-3 at locations
proximal to mud walls (Figures 4(b) and 4(d)).

In the eastern half of the main room, the average value of
thoron in the warm season was higher than during the cold
season. The discrepancy between seasons is from warmer
air with higher humidity enhancing the diffusive exhalation
of thoron from porous, more humid source materials
[32, 33]. In the cold season, air in the western half of the
room had higher thoron levels than the other half of the
room. The difference is likely due to ventilation and uneven
air flow in the room as well as through the kitchen entrance.

The results demonstrate that thoron concentrations tend
to increase from the center of the room towards the surface of
earthen walls (Figures 4(b)–4(d)) with maxima occurring
near corners between two mud walls where air flow is limited
and the ratio of thoron-exhaling mud surface versus adjacent
air volume is highest (Figures 4(b) and 4(d)).

Despite emissions from multiple sources of dry mud in
the dwelling, thoron in indoor air rapidly declines in

concentration outward from mud walls toward the center
of the room. Thoron concentrations diminished by almost
70% at a distance of 120 cm from the walls (Figures 5
and 6). The center of the room measures only 20 to 25%
of the thoron concentration measured proximal to mud
walls. The observed spatial distribution of thoron in the
mud house does not demonstrate an exponential decrease
from the wall surface to the center of the structure, which
is expected in the absence of convection ([14]). Instead, the
observed pattern is consistent with a combination of factors,
including an uneven distribution of thoron-exhaling mud
surfaces, slow convection of room air (enhanced by the
movement and thermal disturbance from the presence of
people), and external wind forcing the mild ventilation
through open spaces between the top of the mud walls and
the roof, as well as through the imperfectly fitted door and
windows.

From a human health perspective, it is important to note
that the average thoron concentration in room air is far
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Figure 4: Detailed thoron distribution in the surveyed main room of mud house ED 4. (a) Map of the surveyed main room with indication of
the parallel use of SARAD® RTM 2200 and RAD7 instruments in violet and pastel green, respectively. (b) Thoron distribution in the western
half of the room (measured during the night by SARAD® RTM 2200 in December 2016). (c, d) Thoron distribution in the eastern half of the
room (measured by RAD7 during the night in December 2016 and during the night in July 2017, respectively).
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higher in the sleeping area near earthen walls (up to
~2,500Bqm-3) than in the center of the room (Figure 7).
The inhabitants of earthen dwellings often place their beds
at the corner of two mud walls and/or next to mud walls.
Sleeping close to thoron-exhaling mud walls greatly enhances
the radiation exposure for the inhabitants. The closure of
doors and windows at night diminishes air convection and
further exacerbates the indoor exposure from radionuclides
during sleeping hours.

3.3. Estimated Annual Inhalation Dose for Inhabitants of
Mud House ED 4. The effective dose of radon and thoron

inhalation, along with its radioactive progeny, was calculated
for the main room of mud house ED 4 using the following
UNSCEAR [2] algorithm:

D = kRn + nRn × FRn × CRn + kTn + nTn × FTn × CTn

×H × 0 8 × 10−6,
1

with
D: total annual inhalation dose exposure to radon

(mSv a-1);
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Figure 5: Thoron concentration profiles along western and eastern transects from the midpoint of earthen walls to the center of the main
room in mud house ED 4. (a) Western transect from A to A′, measured by SARAD® RTM 2200 in Dec. 2016. (b) Eastern transect from B
to B′, measured by RAD7 in Dec. 2016 and July 2017.
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Rn and Tn: abbreviations of radon and thoron,
respectively;

k: solubility coefficient of radon in blood (kRn = 0 17;
kTn = 0 11);

n: inhalation dose conversion factor (nSv/(Bq hm-3))
(nRn = 9; nTn = 40);

F: indoor equilibrium factor (FRn = 0 4; FTn = 0 3);
H: average duration of exposure per year (h);
C: concentration of radon (Bqm-3);
0.8: occupancy factor for the study region with exposure

duration of one year;
10-6: factor to convert nSv into mSv.
Due to ethnic custom and economic constraints, a family

living in a traditional northern Vietnamese mud house
commonly encompasses three generations living together
(i.e., infants to adolescents, working age adults ~16 to 50 in
age, and elderly with ages above 50). All members of a family
are usually at home together from the hours of 5 : 00 pm in
the evening to 6 : 00 am the next morning. They stay at home
approximately 13 hours per day with about 8 hours spent
sleeping and 5 hours participating in family life activities
(i.e., cooking, eating, children playing, etc.). Therefore, we
assume that an inhabitant’s average exposure to indoor
radon and thoron lasts for a duration of at least 13 hours
per day in mud houses. This estimate is most appropriately

applied to adults of working age, but exposure time for chil-
dren and the elderly generation may be higher because of
their likely extended time at the earthen structures. The
elderly generation often stays at home, especially during
colder months and during the rainy season, and children still
attend school in some earthen buildings.

The average annual effective dose from radon and thoron
and their progenies to mud house inhabitants was estimated
to be 37.4mSv a-1. Thoron and its progenies account for 97%
of the combined average radiation dose from radon and
thoron, amounting to 36.2mSv a-1 (Table 2). Furthermore,
the average annual inhalation dose due to the exposure of
indoor thoron and its progenies amounts to 9.0mSv a-1 dur-
ing 5 hours of daytime daily spent in mud houses, in addition
to 27.1mSv a-1 while sleeping in mud houses for 8 hours
daily. The annual inhalation dose during sleeping hours is 3
times higher than the dose of thoron during daytime activi-
ties in mud houses.

The spatial variation of the annual inhalation dose from
thoron and its progenies in indoor air reflecting 5 hours per
day of daytime presence in the mud house is represented in
Figure 8. The annual inhalation doses from thoron and its
progenies in proximity either to a single mud wall or at the
corner of two adjoining mud walls have been estimated to
be ~13mSv a-1 and ~19mSv a-1, respectively. These values
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decrease to one-third at a distance of ~1m from mud
surfaces and remain rather constant towards the center of
the room.

Based on the UNSCEAR [9] guidelines for annual doses
of ionizing radiation by source, the recommended upper
threshold inhalation dose of total radon and thoron and their
progenies is 1.26mSv a-1, with a typical range of observed
doses up to 10mSv a-1. The estimated average inhalation
dose on an annual basis from only thoron and its progenies
of 36.1mSv a-1 experienced by inhabitants in earthen dwell-
ing ED 4 in northern Vietnam is substantially higher than
the total annual average dose from natural sources of
2.4mSv a-1 [9].

4. Conclusions

Thoron and its airborne radioactive progeny were found to
pose a significant health risk to inhabitants living in
traditional earthen dwellings (i.e., mud houses) in northern
Vietnam’s karst region. High levels of thoron in indoor air
with typical values of 450–650Bqm-3 cannot be mitigated
by enhanced ventilation because thoron’s short half-life of
55.6 s causes a maximum concentration in the vicinity of
exhaling mud surfaces. The distribution of thoron in the
indoor air of mud houses is influenced by convection and
also depends strongly on the available area and porosity of
sources (i.e., mud walls and floors) as well as the distance
frommud surfaces [34]. The common practice of positioning
beds next to mud walls, especially in the corner of a room,
exacerbates the radiation hazard during sleeping hours. The
estimated average inhalation dose for daily occupancy, exclu-
sively from thoron exposure during sleeping hours, on an
annual basis reaches up to 37.4mSv a-1 and is 15 times larger
than the recommended annual safety threshold for the public
of 2.4mSv a-1 [9]. Most ethnic groups in the northern karst
region of Vietnam live in earthen dwellings constructed with
compacted local soil and thus are disproportionately at a
higher risk of exposure to thoron compared to inhabitants
of more modern homes made from nonearthen materials.

Practical mitigation strategies that are needed must be
socially acceptable and economically feasible.

Data Availability

The data used to support the findings of this study are
included within the article. No extra data were used to sup-
port this study.

Additional Points

Highlights. (i) Thoron exhales from bare dried mud walls and
floors into indoor air of traditional northern Vietnamese
mud houses. (ii) The thoron concentration in indoor air is
elevated near mud surfaces and decreases towards the center
of the room. (iii) The thoron inhalation dose of inhabitants
increases in proportion to the amount of time spent near
mud surfaces, especially when sleeping close to mud walls.
(iv) High thoron concentrations in indoor air of traditional
northern Vietnamese mud houses pose a human radiation
health hazard.
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Gas hydrates, acting as a dynamic methane reservoir, store methane in the form of a solid phase under high-pressure and
low-temperature conditions and release methane through the sediment column into seawater when they are decomposed. The
seepage of methane-rich fluid (i.e., cold hydrocarbon seeps) fuels the chemosynthetic biota-inhabited surface sediments and
represents the major pathway to transfer carbon from sediments to the water column. Generally, the major biogeochemical
reactions related to carbon cycling in the anoxic marine sediments include organic matter degradation via sulfate reduction
(OSR), anaerobic oxidation of methane (AOM), methanogenesis (ME), and carbonate precipitation (CP). In order to better
understand the carbon turnover in the cold seeps and gas hydrate-bearing areas of the northern South China Sea (SCS), we
collected geochemical data of 358 cores from published literatures and retrieved 37 cores and corresponding pore water samples
from three areas of interest (i.e., Xisha, Dongsha, and Shenhu areas). Reaction-transport simulations indicate that the rates of
organic matter degradation and carbonate precipitation are comparable in the three areas, while the rates of AOM vary over
several orders of magnitude (AOM: 8.3-37.5mmol·m-2·yr-1 in Dongsha, AOM: 12.4-170.6mmol·m-2·yr-1 in Xisha, and AOM:
9.4-30.5mmol·m-2·yr-1 in Shenhu). Both the arithmetical mean and interpolation mean of the biogeochemical processes were
calculated in each area. Averaging these two mean values suggested that the rates of organic matter degradation in Dongsha
(25.7mmol·m-2·yr-1) and Xisha (25.1mmol·m-2·yr-1) are higher than that in Shenhu (12mmol·m-2·yr-1) and the AOM rate in
Xisha (135.2mmol·m-2·yr-1) is greater than those in Dongsha (27.8mmol·m-2·yr-1) and Shenhu (17.5mmol·m-2·yr-1). In
addition, the rate of carbonate precipitation (32.3mmol·m-2·yr-1) in Xisha is far higher than those of the other two regions
(5.3mmol·m-2·yr-1 in Dongsha, 5.8mmol·m-2·yr-1 in Shenhu) due to intense AOM sustained by gas dissolution. In comparison
with other cold seeps around the world, the biogeochemical rates in the northern SCS are generally lower than those in active
continental margins and special environments (e.g., the Black sea) but are comparable with those in passive continental margins.
Collectively, ~2.8Gmol organic matter was buried and at least ~0.82Gmol dissolved organic and inorganic carbon was diffused out
of sediments annually. This may, to some extent, have an impact on the long-term deep ocean carbon cycle in the northern SCS.

1. Introduction

Marine sediments are the Earth’s largest methane reservoir,
in which methane is dominantly preserved as gas hydrates
that are commonly distributed along continental margins
[1, 2]. It is estimated that at least 600Gt methane is stored

as hydrates in the continental margin sediments charac-
terized by relatively high-pressure and low-temperature
conditions [3]. However, as a dynamic methane reservoir,
gas hydrates tend to decompose when the equilibrium state
breaks, potentially leading to ocean acidification, subma-
rine slope instability, and global climate change [2–4]. In
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addition, in light of the resource potential and environmental
effect, gas hydrate has drawn increasing attentions worldwide
since its first discovery in 1970s.

Gas hydrates are usually closely coupled with cold seeps
at continental slopes. On the continental margins, methane
produced through either microbial methanogenesis or pyrol-
ysis of organic matter can precipitate as hydrates when the
dissolved methane concentration exceeds methane hydrate
solubility within the gas hydrate stability zone [2, 5–7]. The
gas hydrates will decompose and release large amounts of
methane into the water column upon the pressure and/or
temperature changes induced by global warming and sea
level changes. The migration of methane-rich fluid towards
the seafloor forms the cold seeps and associated seafloor
expressions (e.g., mound or crater-like shape) [8]. Globally,
the vast majority of methane in the sediments is con-
sumed by the anaerobic oxidation of methane (AOM)
mediated by anaerobic methane-oxidizing archaea and
sulfate-reducing bacteria [9, 10]. AOM thus represents a
microbial filter largely preventing dissolved methane from
escaping the sediments. In the intensive seepage areas, a large
amount of methane is usually transported in a gas phase as
bubble, which cannot be fully consumed by AOM. The main
product of AOM, dissolved inorganic carbon (DIC), can
either precipitate as authigenic carbonate or migrate towards
the seafloor. Other DIC sources in the sediments include
organoclastic sulfate reduction and methanogenesis, which
also makes important contribution to the DIC reservoir.

The South China Sea (SCS), as one of the major mar-
ginal seas around the west Pacific Ocean, is well known
for its extensive distribution of high-saturation gas hydrate
[11–14]. Since the 1990’s, high-resolution seismic surveys
have been carried out to delineate the distribution of
bottom-simulating reflectors (BSR) and determine the pro-
specting area of gas hydrates. Through several hydrate survey
expeditions, six promising hydrate-bearing areas including
Dongsha, SW Taiwan, Xisha, Qiongdongnan, Shenhu, and
Beikang have been confirmed to date [13–20]. Besides,
more than 40 cold seepage sites have been indicated by

the occurrence of 13C-depleted authigenic carbonate and
seep-associated fauna and anomalous pore water and sedi-
ment geochemistry influenced by fluid seepage [6, 21–25].
Several pioneering studies have targeted at quantifying the
rate of biogeochemical reactions and carbon fluxes at the sea-
floor using the reaction-transport model, in the specific seep
sites of the northern SCS [16, 24, 26, 27]. Nevertheless, our
quantitative understanding of the subsurface carbon cycle
on a regional scale still remains limited. Therefore, the
area-based carbon cycle calls for sufficient geochemical data
combined with the numerical modeling approach to under-
stand the relationship among different carbon reservoirs
and their potential impact on the seawater carbonate sys-
tem. In this study, 37 sediment cores were collected from
the Shenhu area, Dongsha area, and Xisha area. The 1-D
reaction-transport model was subsequently applied to quan-
tify site-specific rates of biogeochemical processes and fluxes
of DIC and methane. In combination with 358 published
cores from the areas of interest, spatial interpolation was then
used to explore the regional distribution of biogeochemical
rates in the three regions. Finally, the areal assessments of
surface carbon cycling in the northern SCS were provided
to reveal the relationship among different carbon inventories.

2. Study Area

The SCS formed in the late Jurassic-early Cretaceous is
located at the confluence of three plate collision, including
the Pacific plate, Eurasia plate, and India-Australia plate
[28]. The northernmargin is a typical passive continental set-
ting with a broad shelf, which is bounded to the west by the
Indochina peninsula and to the east by a chain of island arcs
[28]. The study area includes three areas in the northern
slope of the SCS (Xisha, Shenhu, and Dongsha), with the
water depth ranging from ~700 to ~2000 meters (see
Figure 1). All these regions unanimously have experienced
two tectonic stages, i.e., the syn-rift stage during the Paleo-
cene and Oligocene and post-rift stage [29]. The infill of the
northern continental marginal basins evolved simultaneously
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Figure 1: The bathematric map of the northern South China Sea. Rectangle boxes denote study areas. Note that Xisha herein includes the
Qiongdongnan basin and Xisha Uplift, and Dongsha comprises a broad area of the eastern Zhujiangkou basin and SW Taiwan basin. The
blue stars denote active seepage sites. The red triangle represents the Jiulong methane reef covering an area of ~400 km2.
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from alluvial and lacustrine deposits to neritic deposits,
followed by progradational packages of slope sediments
[30]. The lacustrine sediments deposited in the depressions
acted as important source rocks for hydrocarbon genera-
tion. The potential abundant gas hydrate reservoirs have
been indicated by the widespread occurrence of bottom-
simulating reflectors (BSRs) [12, 31] (see Figure 1). The
gas hydrates, retrieved by GMGS1&3 hydrate-drilling expe-
ditions conducted by the Guangzhou Marine Geology Survey
at the water depth of ~2000 meters in the Shenhu area, are
characterized by a high-saturation (up to 40%) and mixed
gas source [12]. During the GMGS2 hydrate-drilling expedi-
tion in Dongsha, various gas hydrate morphologies includ-
ing massive, fracture-filling, and disseminated hydrates
were found in the collected cores [31]. In addition, active
seepage sites were discovered during remotely operated
vehicle (ROV) deployments in the Dongsha and Xisha
areas [21, 32]. These active seepage sites are characterized
by the existence of gas ebullition in the water column;
living chemosynthesis-based communities, such as mus-
sels, tubeworms, and clams; and abundant authigenic car-
bonate rocks in the form of crusts, nodules, and tubular
concretion.

3. Sampling and Methods

3.1. Sampling. In total, the 37 sediment cores used in this
study were collected from five expeditions by using different
research vessels. Four cores were retrieved by gravity corers
from the Dongsha area during the Haiyang-4 cruise con-
ducted by the Guangzhou Marine Geological Survey in
October 2013. The sediments consisted of homogeneous
green-gray clay silt, embedded by several small authigenic
carbonate nodules. The Dongsha area was visited twice by
Shiyan-3 in April 2014 and by Haiyang-4 in May 2015. The
sediments were sampled by piston-gravity corers and box
corers. In the Xisha area, five piston cores were retrieved by
Haiyang-4 in April 2015. The sediments change from brown
silt clay to gray calcareous clay. Twenty-four cores in Shenhu
were collected by piston corer using Haiyang-4 in May 2015
and September 2016. The lithology in the Shenhu area was
similar to that in the Xisha area, consisting of brown to gray
calcareous silt. Detailed information with regard to core
lengths, water depths, and sampling gears were shown in
Table S1. All the retrieved cores were immediately brought
to the onboard laboratory for porewater extraction. Rhizon
samplers were used to collect porewater at 20 cm or 40 cm
intervals. Porewater aliquots were stored at 4°C with
ultrapure concentrated HNO3 and saturated HgCl2 solution
for anion and cation analyses, respectively.

3.2. Analytical Methods. Concentrations of total alkalinity
(TA) and phosphate (PO4

3-) were measured onboard imme-
diately after pore water collection. The TA concentrations
were determined by direct titration with 0.006M HCl using
Bruevich’s method [33]. The analysis was calibrated using
standard seawater (IAPSO) with a precision of better than
2%. Phosphate concentrations were determined using a
HITACHI U-5100 spectrophotometer with the analytical

precision of better than 5%. Concentrations of sulfate
(SO4

2-), chloride (Cl-), and calcium (Ca2+) were determined
onshore by a Dionex ICS-5000+ ion chromatography at
the South China Sea Institute of Oceanology, Chinese Acad-
emy of Sciences (CAS), with the analytical precision better
than 2%. Dissolved inorganic carbon (DIC) concentrations
were measured by an IsoPrime 100 continuous flow isotope
ration mass spectrometer (CF-IRMS) at the State Key Labo-
ratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, CAS, with the precision of better than 2%.
Detailed analytical processes can be found in the study of
Hu et al. [34].

3.3. Reaction-Transport Modeling. A one-dimensional, stea-
dy-state, reaction-transport model developed from previous
approaches was applied to simulate one as a solid phase
(POC) and five as dissolved species (SO4

2-, CH4, DIC, Ca
2+,

and PO4
3-). Two partial differential equations were used to

reproduce the depth concentration profiles of solid and dis-
solved species [35–37].

ϕ
∂Ca

∂t
=
∂ ϕ ·Ds · ∂Ca/∂x

∂x

−
∂ ϕ · vp · Ca

∂x
+ ϕ ·〠R + ϕ · RBui,

1

1 − ϕ
∂POC
∂t

= −
∂ 1 − ϕ · vs · POC

∂x
+ 1 − ϕ ·〠R,

2

where t (year) is time, x (cm) is depth below the seafloor,
ϕ (dimensionless) is porosity, Ds (cm2·yr-1) is solute-
molecular diffusion coefficient corrected by tortuosity, Ca
(mol/L) is the concentrations of solutes in pore water, POC
(wt.%) is the content of POC in dry sediment, vp (cm·yr-1)
is the burial velocity of porewater due to steady-state com-
paction, vs (cm·yr-1) is burial velocity of solid, ∑R is the
sum of rates of all chemical reactions considered in the
model, and RBui is the mixing rate of bottom water and pore-
water due to bubble irrigation.

Sediment porosity decreases with depth assuming
steady-state compaction. vp and vs are variables changing
with porosity under assumption of steady-state compaction.
Equations can be described as follows:

ϕ = ϕf + ϕ0 − ϕf · e−px, 3

where ϕf (dimensionless) is the porosity at depth and ϕ0
(dimensionless) is the porosity at the sediment-water inter-
face. p (cm-1) denotes the attenuation coefficient of porosity.

In the absence of externally imposed fluid advection
at the seafloor, the velocity of porewater and solids is
directed downward under steady-state compaction relative
to the seafloor:
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vp =
ϕf ·w
ϕ

,

vs =
1 − ϕf ·w

1 − ϕ
,

4

where w (cm·yr-1) is the sedimentation velocity.
Calibration of diffusive coefficient with tortuosity was

after the equation of Boudreau [36].

Ds =
Dm

1 − ln ϕ 2 , 5

where Dm (cm2·yr-1) is molecular diffusion coefficient in the
in situ temperature, salinity, and pressure calculated accord-
ing to Li and Gregory [38].

In sites 2015XS-R2 and 2015XS-50, gas ebullition during
the ROV deployment was observed [32]. The porewater mix-
ing with bottom water induced by rising gas bubbles can be
described as a nonlocal transport similar to bioirrigation [39]:

RBui = α0 ·
exp Lirr − x/α1

1 + exp Lirr − x/α1
· C0 − Cl , 6

where α0 (yr-1) is the coefficient of irrigation intensity, Lirr
(cm) is the depth of bubble irrigation, α1 (cm) is the parameter
determining how quickly bubble irrigation is attenuated to
zero at an approximate depth of Lirr,C0 is solute concentration
at the SWI, and Cl is concentration at any depth within the
irrigation zone.

As for biogeochemical reactions, organic matter decom-
position via sulfate (OSR), methanogenesis (ME), anaerobic
oxidation of methane (AOM), and authigenic carbonate pre-
cipitation (CP), as well as methane gas dissolution in a shal-
low hydrate-bearing site, are included in the model. Aerobic
respiration, denitrification, manganese reduction, and iron
reduction via organic matter remineralization were not taken
into account in the model since these reactions were only
restricted to the uppermost sediments (about 10-20 cm below
the seafloor). Below the oxic and suboxic zones, sulfate serves
as the main terminal electron acceptor for oxidizing organic
matter [40–43]. Organic matter degradation via sulfate
reduction was expressed as follows:

2CH2O PO3−
4 rp

+ SO2−
4 → 2HCO−

3 + H2S + 2rpPO3−
4 , 7

where rp is the Redfield ratio of organic phosphorus to
organic carbon.

Below the sulfate reduction zone, the organic matter was
degraded via methanogenesis:

2CH2O PO3−
4 rp

→ CO2 + CH4 + 2rpPO3−
4 8

The rates of sulfate reduction and methanogenesis
depend on the total rate of POC degradation according to
Middelburg [44] and Wallmann et al. [37]:

RPOC =
Kc

DIC + CH4 + Kc
· 0 16 · a0 +

x
w

−0 95
· POC,

9

whereKc (M) is an inhibition coefficient of POC degradation,
DIC and CH4 (mM) are concentrations of DIC and CH4,
respectively, and a0 (yr) is the initial age of organic matter,
which was constrained using measured PO4

3- concentra-
tions. The rates of OSR and ME are thus expressed using
the following equations:

ROSR = 0 5 ·
ρs · 1 − ϕ · 106

MWc · ϕ
·

SO2−
4

SO2−
4 + KSO2−

4

· RPOC,

RME = 0 5 ·
ρs · 1 − ϕ · 106

MWc · ϕ
·

KSO2−
4

SO2−
4 + KSO2−

4

· RPOC,

10

where ρs (g·cm-3) is the density of dry sediments, MWc
(g·mol-1) is the molecular weight of carbon, and KSO2−

4
is

the Michaelis-Menten constant for the inhibition of sulfate
concentration.

The AOM-coupled sulfate reduction mediated by a
syntrophic consortium of methanotrophic archaea and
sulfate-reducing bacteria is an important sink for methane
in anoxic marine sediments [9, 45].

CH4 + SO2−
4 →HCO−

3 + HS− +H2O 11

The rate of AOM was calculated using bimolecular
kinetics:

RAOM = kAOM · SO2−
4 · CH4 , 12

where kAOM (cm3·mol-1·yr-1) is an apparent second-order
rate constant.

The DIC produced by AOM and organic matter degrada-
tion can be consumed due to precipitation of authigenic car-
bonate [35, 46, 47]:

Ca2+ + 2HCO−
3 → CaCO3 + CO2 + H2O 13

The rate of authigenic carbonate precipitation was simu-
lated using the thermodynamic solubility constant as defined
by Millero [48]:

RCP = kCP ·
Ca2+ · CO2−

3
KSP

− 1 , 14

where kCP (mol·cm-3·yr-1) is the kinetic constant and KSP
(mol2·l2) is the thermodynamic equilibrium constant. A
typical porewater pH value of 7.6 was used to calculate
CO3

2- from modeled DIC concentration [49]. CaCO3 is
not simulated explicitly in the model.

At sites 2015XS-R2, 2015XS-50 where gas ebullition was
observed, dissolution of rising gas bubble occurs if the
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porewater is undersaturated with respect to in situ methane
gas solubility:

CH4 g → CH4 aq , whenCH4 aq ≤ LMB, 15

where LMB (mol/L) is a site-specific constant dependent on
in situ salinity, pressure, and temperature using the algo-
rithm in the work of Duan et al. [7, 50]. The rate of gas
dissolution was described using a first-order kinetic expres-
sion of the departure from the local methane gas solubility
concentration:

RMB = kMB · LMB − CH4 , 16

where kMB (yr-1) is a first-order rate constant.
Gas hydrate precipitation occurred if the dissolved

methane concentration exceeded the solubility of gas
hydrate (LGH):

RGH = kGH · CH4
LGH

− 1 , 17

where kGH (mol·cm-3·yr-1) is a fitting parameter constrained
by the depth of the first occurrence of gas hydrate.

Upper and lower boundary conditions for all species were
imposed as fixed concentrations with the exception of the
intensive seepage site (2015XS-R2) whose lower boundary
was imposed as a zero-concentration gradient. The continu-
ous differential equations in equations (1) and (2) were
solved using finite differences and the method-of-lines over
an uneven grid with a higher spatial resolution at the surface
and lower resolution towards the bottom. The model was
solved using the NDSlove object of MATHEMATICA ver-
sion 9.0. All simulations were run for long enough to achieve
the steady state with a mass conservation of >99%. Parameter
information and reaction terms of all species used in the
model can be found in Table S2, Table S3, and Table S4.

3.4. Spatial Interpolation. Site-specific fluxes and rates were
then used to explore area-based distribution in spatial coor-
dinates by using the ordinary Kriging method. It is more
accurate and realistic in this method to predict variables in
the confined zone combining spatial distance with coordi-
nate. According to Matheron [51], the mathematical princi-
ple of this method can be described as

Z′ x0 = 〠
n

i=1
λiZ xi , 18

where Z xi is a value which is situated at any place of the
study area, x0 is the predicted site, and λi is the weight factor,
of which the sum is always equal to unity.

Spatial interpolation was implemented by ARCMAP
version 10.5. Interpolation extent was derived by the point
feature. The cell size of the output raster which was auto-
matically created was 1/250 of the width and height of
the extent.

4. Results

4.1. Porewater Geochemistry.We analysed 37 sediment cores,
including 10 in Dongsha, 3 in Xisha, and 24 in Shenhu, and
all the geochemical data are shown in Figure S1.

The sulfate concentration profiles in Dongsha gener-
ally show quasilinear depletion with depth. Especially in
2013DS-F, 2014DS-G4, and 2015DS17, sulfate concentrations
show sharper decline towards the sulfate-methane transition
zone (SMTZ) compared with those in other sites. Calcium
concentration profiles in Dongsha display linear decline with
depth. In contrast, DIC concentration profiles in Dongsha
generally mirror the calcium concentration profiles.

The sulfate concentrations in Shenhu basically quasi-
linearly decline with depth but their gradients differ among
sites. Similar to the calcium concentration profiles in Dong-
sha, calcium concentration profiles in Shenhu display linear
decrease with depth and DIC concentration profiles show
quasi-linear increase with depth.

The sulfate concentration profiles in Xisha do not follow
the general trend of quasi-linear decrease. Instead, they show
kink-type features with inflection points being located at
2mbsf to 7mbsf. The SO4

2- concentrations in 2015XS-50
and 2015XS-R2 display near-seawater values in the upper
3-5 meters and then decline sharply towards the SMTZ.
The seawater intrusion feature is also reflected by calcium
concentration profiles, which is attributed to the irrigation
of porewater caused by gas bubbling as demonstrated by
previous studies [26, 52, 53]. At core 2015XS-44, the sulfate
concentration profile does not show the feature of bubble
irrigation but the calcium concentration profile still exhibits
a kink at ~5mbsf. The reason is not well understood at this
moment, but it might be related to carbonate dissolu-
tion induced by organoclastic aerobic oxidation. At cores
2015XS-50 and 2015XS-R2, DIC concentration profiles also
show the bubble irrigation feature and generally mirror the
trend of sulfate concentration profiles.

4.2. Reaction-Transport Modeling. The simulation results for
the three areas mostly reproduced the measured profiles.
Model parameters used to constrain the model curve are
listed in Table S2 and Table S3. In this model, phosphate
concentration profiles were used to constrain the initial
age of POC. Due to the lack of phosphate concentration
profiles in the cores of Dongsha, initial ages in Dongsha
(5000 yr) were adopted from Hu et al. [54]. For the same
reason, the initial ages of 2015XS-44 and 2015XS-50 in
Xisha were assumed to be the same as that of 2015XS-R2
derived from a measured phosphate concentration profile.
Likewise, in the Shenhu area, the average initial age of TOC
for the cores with phosphate data (200 ka) was taken to
model those cores that lack phosphate sites. The modeled
POC degradation rates are 11.2-24.5mmol·m-2·yr-1 in
Dongsha, 2.9-7.5mmol·m-2·yr-1 in Xisha, and 7.2-30.7mmol·
m-2·yr-1 in Shenhu.

The depth-integrated rates and fluxes for the individual
core are presented in Table S1. The rates of AOM in
Dongsha range from 8.3 to 37.5mmol·m-2·yr-1, which are
similar to AOM rates in Shenhu (9.4 to 30.5mmol·m-2·yr-1).
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In contrast, AOM rates in Xisha (12.4-170.6mmol·m-2·yr-1)
are greatly higher than those in Dongsha and Shenhu,
because AOM was primarily supplied by methane gas
dissolution. The methane fluxes at the top of the simulated
sediment column are 0.002-0.2mmol·m-2·yr-1 in Dongsha,
0.002-0.3mmol·m-2·yr-1 in Shenhu, and 0.01-399.2mmol·
m-2·yr-1 in Xisha. DIC fluxes in all three areas are
approximately three to four orders of magnitude higher than
methane fluxes with 13.1-26.1mmol·m-2·yr-1 in Dongsha,
10.1-31.7mmol·m-2·yr-1 in Shenhu, and 1-155mmol·m-2·yr-1
in Xisha. Rates of carbonate precipitation in Dongsha
(4.3-7.3mmol·m-2·yr-1), Shenhu (3.6-9mmol·m-2·yr-1), and
Xisha (4.1-12.4mmol·m-2·yr-1) are comparable.

4.3. Spatial Interpolation. Interpolation was utilized to explore
the spatial distribution of the biogeochemical rates of 395
cores, of which 37 cores are new in this study (see Table S1)
and 358 cores were collected from literatures (see Table S5).
As shown in Figure 2, rates of POC degradation via sulfate
reduction and methanogenesis in Dongsha generally show
high values in the east and gradually decrease towards the
west. The rates of authigenic carbonate precipitation are
mostly in agreement with those of AOM with higher values
towards the east even though within a smaller region. The
POC degradation rates in Xisha decrease from the south
to the north. In contrast to that in the Dongsha area, the

distribution of AOM rates in the Xisha are is inconsistent
with that of carbonate precipitation rates. This may be due
to the lack of coordinates in some cores with high carbonate
precipitation rates which are not incorporated in the north.
Unlike the POC decomposition rate distribution in Dongsha
and Xisha, two spots of intensified POC decomposition are
located to the northeast and to the southwest in Shenhu.
Rates of AOM and carbonate precipitation are generally low
in the whole area.

5. Discussion

5.1. Regional Biogeochemical Rates and Fluxes of Methane
and DIC. By upscaling the rates and fluxes in the specific sites
into a region of interest, raster means were obtained by ARC-
MAP based on the small subareas divided automatically,
which represent areal means. To better constrain the areal
mean values of individual biogeochemical reactions in each
area, we averaged arithmetical mean and raster mean values
(see Table 1). Among the three areas, standard deviations
of arithmetical means in the Xisha area were generally higher
than 100, which indicate high heterogeneity of the biogeo-
chemical rates. The arithmetical average of the rates of
AOM in the Xisha area was much greater than those in the
other two areas due to intensive methane bubbling. However,
the raster mean of AOM rates in Xisha was slightly lower
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Figure 2: Spatial distribution of rates of organoclastic sulfate reduction (OSR), anaerobic oxidation of methane (AOM), methanogenesis
(ME), and authigenic carbonate precipitation (CP) in the three areas. The black dots represent spatial distribution of sampling sites.
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than those at the other two areas. The inconsistent result
derived using two different methods is ascribed to the
exclusion of intensive seepage sites due to unavailability of
the sampling locations from the interpolation. Regardless
of all the discrepancies between the two methods, a tenta-
tive comparison among the three regions indicates that the
rates of AOM and carbonate precipitation in Xisha are over-
whelmingly larger than those in the other two areas and that
the rate of organic matter degradation in Xisha was slightly
higher than those in Dongsha and Shenhu areas. The low
rates of biogeochemical reactions in Shenhu are likely due
to the absence of methane seepage and the occurrence of
deep-seated hydrates [12]. The Dongsha area always shows
the intermediate rates compared with the other two areas
owing to the occurrence of sporadic methane seepage sites
and gas hydrates in shallow sediments.

The Xisha area is characterized by high content of sedi-
mentary organic matter (up to 2%) mainly sourced from
marine algae [55, 56]. This may explain the relatively higher
rate of organic matter degradation in Xisha compared to
Dongsha and Shenhu. Applying the bimolecular kinetics to
calculate the AOM rate, we assume that the adjustable rate
constant (kAOM) represents the integrated effects of a num-
ber of factors including the microbial community structure
and abundance, bioenergetics, and enzyme kinetics. There-
fore, different settings may have distinct rate constants,
ranging over 6 orders of magnitude [57]. Similar to the other
passive continental margin environments, the rate constant
(kAOM = 1) in this study is generally lower than those in active
continental margin environments [26, 37, 58–61]. In the cold
seeps and hydrate-bearing area, methane expulsion is usually
associated with some specific structures, e.g., mud diapir,
fault, and gas chimney. These structures provide conduits
for the upward migration of methane-rich fluid. According
to the geophysical imaging in Dongsha, large amounts of
mud diapir and gas chimney are well developed in subsurface
sediments [62]. Gas bubble release was indicated by hydroa-
coustic flares, and indeed, gas ebullition was observed during
ROV investigation [21, 63]. In the Shenhu area, acoustic
blank in shallow horizons, presumably caused by the dissoci-
ation of deep-seated hydrates, is connected with the gas

chimney [64, 65]. The derived AOM rate in Shenhu
(17.5mmol·m-2·yr-1) is consistent with a pioneer work
(20.9mmol·m-2·yr-1 and 11mmol·m-2·yr-1) [27, 66]. In the
Xisha area, gas chimneys, pockmarks, and gas bubble as well
as chemosynthesis-based biota were also observed [32, 67].
These observations are consistent with the porewater profiles
showing a bubble irrigation feature and shallow SMTZ in the
Xisha area. The authigenic carbonate precipitation is due to
the DIC production by AOM, resulting in the highest rate
of carbonate precipitation in Xisha.

Synthetic biogeochemical rates and fluxes of methane
and DIC in the cold seeps and hydrate-bearing area of the
northern SCS are also estimated by combining raster means
of the three regions and arithmetical means of all the cores.
In the northern SCS, area-based biogeochemical rates
and fluxes of CH4 and DIC were far lower than estimates
only based on few single points in the other regions (see
Table 2). In the active continental margins, e.g., Hydrate
Ridge, Costa Rica, and Hikurangi Margin, strong tectonic
compression and structural fractures generally facilitate
the ascension of internal methane-rich fluid across the
sediment-seawater interface. Therefore, the rates of AOM
and the fluxes of methane and DIC in the three areas
are uniformly at least two orders of magnitude higher than
those in the northern SCS [53, 58–60, 68, 69]. In the pas-
sive continental margins, e.g., Blake Ridge, Sakhalin Island,
Skagerrak, and Ulleung Basin, AOM rates and fluxes of
methane and DIC in the other regions worldwide are compa-
rable with those in the northern SCS [37, 61, 70–72]. With
the exception of the Gulf of Mexico and Vestnesa Ridge,
the extraordinarily high AOM rates and the flux of methane
can be attributed to cores retrieved near the gas chimney in
the Gulf of Mexico [73] and around the pockmark in the Ves-
tnesa Ridge [74]. As the world’s largest anoxic basin and the
largest surface reservoir of aqueous methane, the Black Sea
was known for its extremely high AOM rate and methane
flux compared with the northern SCS [61]. Additionally,
recent works have revealed that the AOM rate in marine sed-
iments worldwide is ~7.9-10.7mmol·m-2·yr-1 [75], which is
less than the rate (39.9mmol·m-2·yr-1) in the cold seep area
of the northern South China Sea.

Table 2: Areal comparison of biogeochemical rates and effluxes of methane and DIC with other cold seeps.

Location CH4 efflux DIC efflux OSR ME AOM CP Reference

Northern SCS 5.7 46.2 16.5 3.4 39.9 13.7 This study

Hydrate Ridge 839.5 9000 51.83 6575 [60, 68, 69]

Gulf of Mexico 109.5 1718 [73]

Costa Rica 4562.5 5880 [59]

Black Sea 3017 11363 [61]

Blake Ridge 2.92 0.365 10.6 [37]

Sakhalin Island (Derugin Basin) 59.9 11.9 33.2 11 [37]

Skagerrak (Denmark) 36.5 62 [70]

Hikurangi Margin (New Zealand) 4380 5548 2.5 1.5 333 [53, 58]

Ulleung Basin 23 53.8 40 6.3 [71, 72]

Vestnesa Ridge 12.8 184.8 [74]
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5.2. DIC and Aqueous Methane Turnover in the Shallow
Sediments. Generally, the sources of DIC in cold seeps
include OSR, AOM, and methanogenesis, whereas the major
DIC sinks are carbonate precipitation and diffusive loss
towards the bottom water [76, 77]. The relative contribu-
tions of the 5 processes mentioned above influencing the
DIC pool in Dongsha, Xisha, Shenhu, and all cold seep
sites in the northern SCS were shown in Figure 3. The
three areas and the northern SCS exhibit similar patterns
in terms of the sources and sinks of DIC pool. As for
the sources of DIC, the contributions of each reaction to
DIC production decrease in the order of AOM, OSR,
and ME, with AOM accounting for more than 60% of
the DIC production in all the three areas. This trend in
the SCS is inconsistent with that in the Ulleung basin
(AOM>ME >OSR), probably as a result of the difference
in the reactivity of organic matter and modelled depth
[71]. As for sinks of DIC, the fluxes of DIC towards the
seafloor accounted for more than 80% of DIC sinks in
all the areas and the authigenic carbonate precipitation
only occupied about 20% of DIC sinks. Differences between
sources and sinks in the three regions and northern SCS are
6.1mmol·m-2·yr-1 in Dongsha, 17mmol·m-2·yr-1 in Xisha,
2.7mmol·m-2·yr-1 in Shenhu, and 5.9mmol·m-2·yr-1 in the
northern SCS. Even though mass conservations are kept
in each modeling exercise, the imbalance in DIC may be
attributed to the inclusion of numerous published calcula-
tions (see Table S5).

There are four major factors, including methanogenesis,
AOM, diffusive migration of methane, and phase transfor-
mation, that constrain methane cycling in shallow sediments.
In Dongsha and Shenhu, AOM consumed a vast majority of
methane moving up towards the seafloor. In contrast, AOM
only consumed ~65% of methane and the residual was trans-
ported towards the seafloor in Xisha. As for the source of
methane, bubble dissolution can widely take place if the dis-
solved methane concentration is lower than its phase equilib-
rium concentration [39]. In Xisha, bubble dissolution (99%)
played a predominant role in methane supply and methano-
genesis barely accounted for 1% of methane sources. How-
ever, constant diffusive supply of methane from the lower
boundary provided the major source of methane in Dongsha
and Shenhu. The diffusive migration of methane accounted
for 47% and 82% of the methane source in Dongsha and
Shenhu, respectively. Additionally, the methanogenesis
played a similar role in supplying methane to the sedi-
ments (17% in Dongsha and 12% in Shenhu).

5.3. Influence of Shallow Carbon Cycling on the Carbon
Reservoir of Seawater. As essential components of long-
term carbon cycle, the confluence of organic carbon burial,
organic matter degradation, and AOM mediates the carbon
equilibrium between seawater reservoir and deep carbon
and persistently affects the ocean environment [78]. Organic
materials of both terrestrial and marine in origin undergo
microbial decomposition during settling, and less than 1%
of organic matter from the surface ocean reaches the seafloor
[79]. Following the aerobic and anaerobic oxidation of
organic matter in the sediments, the remaining refractory

organic matter is permanently buried. According to the
model results in each site, average POC burial flux below
20mbsf is 186mmol·m-2·yr-1 in the cold seeps and hydrate-
bearing area of the northern SCS, which means that 2.8Gmol
POC are buried annually (see Figure 4). As the final step of
the organic matter, methanogenesis produces both methane
and some other dissolved organic matters (DOM), e.g., for-
mate and acetate [80]. The majority of methane is consumed
by AOM, thereby generating DIC as the byproduct. The
remaining methane and other DOM may migrate towards
the sediment-water interface [81].

As we mentioned above, carbon entering the seawater
from the sediments in the form of DIC and DOM can also,
to some extent, influence the deep ocean carbon cycling,
especially the carbonate saturation state in the water column
[82, 83]. In the hydrate-bearing area of the northern SCS,
DOM effluxes in the form of aqueous methane were
~5mmol·m-2·yr-1 (see Figure 4). By multiplying by the area
of 1 6 × 104 km2, 9 × 10−5 Tmol aqueous methane is released
out of the sediments annually. Irrespective of gaseous meth-
ane in the intensive gas seepage sites, such considerable
amounts of DOM diffusing towards the bottom water may
play an important role in the DOM cycling in the deep waters
of the northern SCS. Recent studies have shown much
greater DOM fluxes (0.1mol·m-2·yr-1) by accounting for
other forms of DOM species such as volatile fatty acids
[80, 83]. Thus, the widely distributed gas hydrates and cold
seeps in the northern SCS could contribute far more than
9 × 10−5 Tmol DOM/yr to the ocean if gaseous methane and
other organic acids are incorporated into the flux calcula-
tion. Additionally, DIC efflux (46mmol·m-2·yr-1) was several
times higher than dissolved methane flux. Similarly, multi-
plying it by the area of cold seeps and hydrate-bearing areas
gives an annual release amount of 7 × 10−4 Tmol · C · yr−1.
Despite that this estimation is not comparable to the DIC flux
on the shelf [84], it may have an impact on the bottom water
chemistry in cold seeps and hydrate-bearing areas. Release
of DIC into bottom water can, in some case, prompt the
production and preservation of biogenic and authigenic car-
bonate. Nevertheless, aerobic oxidation of methane released
from sediments produces CO2 and lowers the seawater pH,
thereby probably dissolving carbonate [82]. Accordingly, a
total of 8 2 × 10−4 Tmol dissolved carbon is released into
bottom water annually but its influence on bottom water
carbonate systems is still unclear.

6. Conclusion

This study is aimed at quantitatively assessing the carbon
turnover within the shallow sediments and quantifying the
areal effluxes of methane and DIC in Xisha, Dongsha, and
Shenhu, northern SCS. A 1-D reaction-transport model was
used to calculate the biogeochemical rates and fluxes of
methane and DIC in the 37 new collected cores. In addition,
a total of 395 cores, including 358 cores reported in pioneer
literatures, were used to extrapolate the areal rates and fluxes
by spatial interpolation in the northern SCS. The average of
the arithmetical mean and interpolation mean revealed that
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Figure 3: Sources and sinks of methane and DIC in the shallow sediments. Positive values denote sources of methane or DIC and negative
values denote sinks of methane or DIC. OSR: organoclastic sulfate reduction; AOM: anaerobic oxidation of methane; ME: methanogenesis;
CP: carbonate precipitation; ES: external methane from the bubble dissolution within modeled sediment columns. Δ represents difference
between fluxes at the lower boundary and fluxes at the upper boundary. Percentages above or below each column represent the
contributions of each biogeochemical reaction to the source/sink. E denotes the differences between sources and sinks of methane and
DIC. Biogeochemical rates (OSR, AOM, ME, and CP) in the three regions and northern SCS are adopted from Table 1. The ES-CH4 was
obtained by assuming a complete mass conservation of methane.
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the rates of AOM and carbonate precipitation and effluxes of
methane and DIC in Xisha were at least one order of magni-
tude higher than those in Dongsha and Shenhu and the rate
of organic matter degradation in Xisha was slightly higher
than those in the other two areas. This is because of the
occurrence of intensive methane gas bubbling in Xisha. How-
ever, the diffusive source played the predominant role in
methane supply in the other two areas. The majority of
DIC mainly produced by AOM is diffused out of sediments
in the three areas. In comparison to those in the active conti-
nental margin and euxinic environment, the AOM rates and
fluxes of methane and DIC in the cold seeps of the northern
SCS were much lower. Alternatively, source and sink analysis
of methane revealed that the bubble dissolution in Xisha con-
tributed most of the methane. According to the estimates in
this study, ~2.8Gmol organic matter was buried and at least
~0.8Gmol dissolved carbon was released from marine sedi-
ments annually. Nonetheless, to what extent the impact of
carbon release from the shallow sediments on the oceanic
carbon reservoir remains to be investigated.
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There are 5 tables and 1 figure in the supplementary
material. In Table S1, core length, water depth, sampling
tools, and outputs of the reaction-transport models of
the new 37 cores in this paper are listed. The fixed param-
eters and fitted parameters used in the reaction-transport
models at the 37 sites are listed in Table S2 and Table S3.
In the reaction-transport model, concentrations of every spe-
cies modelled are constrained by biogeochemical reactions
within the model depth in addition to physical transport pro-
cesses. Each reaction term of all species is listed in Table S4.
Figure S1 detailed the concentration depth profiles of the
37 cores and displayed the curve of model output. All
those mentioned above are the detailed description of the
reaction-transport model. Data listed in Table S5 are col-
lected from pioneer works, which contribute to the subsea-
floor carbon cycling assessment of the study areas in
Table 1 of the manuscript. (Supplementary Materials)
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