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1. Motivation and Background

Water and gas, as the two most common fluids and primary
geologic forces, are crucial components in various geological
processes. Gas-water-rock interactions play indispensable
roles in the evolution of geoenvironmental issues. For
example, the accurate prediction of groundwater flow and
contaminant transport requires a profound understanding
of physicochemical processes that occur among liquid, solid,
and gas phases [1]. At present, more attention should be paid
to gas-water-rock interactions related to the transport and
retention of toxic contaminants such as heavy metals and
organic contaminants in aquifers and vadose zones, due to
the release of toxic contaminants from intensive human
activities [2]. In addition, a gas-water-rock reaction might
change the stress field, groundwater seepage field, and
properties of rocks and soils, which subsequently leads to
the instability of slope and landslide hazards [3]. A rapid
sliding rock mass is likely to trigger waves or stir the
atmosphere generating air blasts and facilitating its transport,
both aggravating the hazards.

2. Contents of the Special Issue

In the paper “Sources Identification of Nitrogen Using Major
Ions and Isotopic Tracers in Shenyang, China,” H. Huang
et al. used multiproxy analysis in their research (stable
isotope analyses in combination with chemical and hydro-
geological data of the study area) to investigate the interac-
tions between surface water and groundwater, as well as to

identify the source of nitrogen contamination in ground-
water in Shenyang City, China. §'*0,,., and &°H,,.,
were used to determine the amount of surface water that
was discharged into groundwater, while 6'°0,; . and
8N, ;irae Were employed to determine the sources of
nitrate and ammonium in groundwater, which are the
main contaminants in the study area. According to the
results, the reducing environment in groundwater may
result from the prevailing iron and manganese, occurring
from the weathering of minerals and rocks, which pre-
vents the ammonium being oxidized into nitrate. The
ratios of the recharge from the Hun River into groundwa-
ter were also identified. Multiproxy analysis also indicated
that human activities, such as manure and sewage dis-
charge, are the prevailing source of nitrogen in the waters.

In the paper “A Statistical Constitutive Model consider-
ing Deterioration for Brittle Rocks under a Coupled
Thermal-Mechanical Condition,” M. Gao et al. investigated
constitutive behaviors of rocks under thermal-mechanical
coupling conditions. A statistical damage constitutive model
was firstly established on the basis of Weibull’s distribution,
by considering the thermal effects and crack initiation
strength. Then, the parameters of the model were determined
and expressed according to the characteristics of the stress-
strain curve. Finally, the model was verified by conventional
triaxial experiments of granite under thermal-mechanical
actions (25MPa, 40°C-60°C). The results show a relatively
good coincidence between experimental curves and theoreti-
cal curves in the case studies. The validity of the model was
therefore confirmed.
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In the paper “Integration of an Iterative Update of Sparse
Geologic Dictionaries with ES-MDA for History Matching of
Channelized Reservoirs,” S. Kim et al. proposed to couple an
iterative sparse coding in a transformed space with an ensem-
ble smoother with multiple data assimilation (ES-MDA) for
dealing with the non-Gaussian problem. In this approach,
discrete cosine transform (DCT) is followed by the repetition
of K-singular value composition (K-SVD) for constructing
sparse geologic dictionaries that preserve geological features
of the channelized reservoir. Two channelized gas reser-
voirs were used to validate the proposed algorithm and
the results show that the integration of DCT and iterative
K-SVD improves the matching performance of gas rate,
water rate, bottom-hole pressure, and channel properties
with geological plausibility.

In the paper “The Monitoring-Based Analysis on
Deformation-Controlling Factors and Slope Stability of
Reservoir Landslide: Hongyanzi Landslide in the Southwest
of China,” B. Han et al. conducted a comprehensive analysis
to improve the understanding on the deformation charac-
teristics and controlling factors of the Hongyanzi landslide
in the Southwest of China. The results indicated that signifi-
cant deformation occurred during the drawdown period;
otherwise, the landslide remained stable. The major reason
of the reservoir landslide deformation was the generation of
seepage water pressure caused by the rapidly growing
water-level difference between inside and outside of the
slope. The influences of precipitation and earthquake were
insignificant.

In the paper “Hydrochemical Characteristics and
Formation of the Madeng Hot Spring in Yunnan, China,”
Z. Ren et al. investigated the hydrochemical characteristics
and formation of the Madeng hot spring. Through field
data collection and studies, the temperature of the hot
spring is 42.1°C. The spring water has a pH value of
6.41, TDS of 3.98g/L, F contents of 3.08 mg/L, and
H,SiO; of 35.6 mg/L. Stable hydrogen and oxygen isotopes
indicate that the hot water is of meteoric origin. Groundwa-
ter is recharged from the infiltration of precipitation in the
mountain regions, undergoes a deep circulation, obtains heat
from the heat flow, flows upward along fractures, and
emerges as an upflow spring through the Quaternary sand
and gravel in the central low-lying river valley.

In the paper “Fluid Geochemistry of Fault Zone
Hydrothermal System in the Yidun-Litang Area, Eastern
Tibetan Plateau Geothermal Belt,” Y. Hou et al. investi-
gated the chemical and isotopic compositions of thermal
water in an underexploited geothermal belt in the eastern
Tibetan Plateau. By analyzing water samples from 24 hot
springs, mostly taken from locations in fault zones, it was
revealed that the water chemical types of the hot springs are
mainly Na-HCOj;-type water. Besides, water-rock interaction
and cation exchange and mixture are the dominant
hydrogeochemical processes in the hydrothermal evolution.
According to the results, the hydrothermal systems are
recharged by the meteoric water and are heated by the differ-
ent deep, thermally and topographically driven convection
heat along faults undergoing subsurface boiling before going
back to the surface.

Geofluids

In the paper “Investigation on the Relationship between
Wellhead Injection Pressure and Injection Rate for Practical
Injection Control in CO, Geological Storage Projects,” B.
Bai et al. proposed the complete constraint conditions of
wellbore injection and used it to investigate the relationship
between wellhead injection pressure and injection rate. The
results show that these two parameters were mutually con-
strained. For a certain injection project, the allowable well-
head injection pressure and injection rate separately formed
a continuous interval. A change of one parameter within its
allowable interval could also change the other, both forming
a closed region. Thus, controlling the wellhead injection
parameters in this closed region could simultaneously ensure
the effectiveness and the safety of injection.

In the paper “Numerical Investigation into the Evolution
of Groundwater Flow and Solute Transport in the Eastern
Qaidam Basin since the Last Glacial Period,” Q. Hao et al.
utilized TOUGHREACT to perform a reactive solute trans-
port simulation and considered the influence of water-
soluble components on the fluid density in the arid-
semiarid Qaidam basin in the northeastern Tibetan Plateau
since the last glacial period. A three-level nested groundwater
flow system was developed in the study area. Based on the
simulation results, there are significant differences in the flow
ranges and velocities of the different groundwater flow sys-
tems. The seepage velocity of the local water flow system is
significantly higher than that of the intermediate and
regional water flow systems. Since the last glacial period,
the groundwater in the eastern part of the Qaidam Basin
has experienced solute concentration and enrichment. The
distributions of the groundwater flow system and solutes
have been greatly affected by climate variations in different
geological periods. The groundwater in the discharge region
is currently in the stage of carbonate precipitation and is far
from gypsum and halite precipitation. The findings in this
study are useful for sustainable utilization of local groundwa-
ter resources and for coping with climate change.

In the paper “Characterization of Microscopic Pore
Structures of Rock Salt through Mercury Injection and Nitro-
gen Absorption Tests,” J. Chen et al. collected rock salt sam-
ples from the Yunying salt mine of Hubei province in China
and implemented high pressure mercury injection, rate-
controlled mercury penetration, and nitrogen absorption
tests with them. The pore size distribution was evaluated
based on fractal analysis. The results showed that the pore
size of rock salt varied from 0.01 to 300 ym with a major con-
centration of pore sizes smaller than 1.00 um. The pore’s
radiuses were mainly distributed within a range between 15
and 50 nm. The research further revealed that the pore chan-
nel size of rock salt was randomly distributed, but the distri-
bution of pore throat radius fitted very well with fractal law.
By analysis of permeability, it was found that the maximum
and medium radiuses of the pore throat had significant
impacts while porosity was not apparently related to the per-
meability of rock salt. The higher the fractal dimension, the
higher impacts on the permeability of the small throat was
detected and the lower influence on the permeability of the
big throat was exhibited. Therefore, the small throat deter-
mined majorly the permeability of rock salt.
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In the paper “Interaction between Vetiver Grass Roots
and Completely Decomposed Volcanic Tuftf under Rainfall
Infiltration Conditions,” L. Xu et al. identified and clarified
the influence of vetiver grass roots on soil properties and
slope stability through planting vetiver grass at the Kadoorie
Farm in Hong Kong and leaving it to grow without artificial
maintenance. Under the natural conditions of Hong Kong,
growth of the vetiver grass roots can reach 1.1 m in depth
after one-and-a-half year from planting. The percentage of
grain size which is less than 0.075 mm in rooted soil is more
than that of the nonrooted soil. The rooted soil of high finer
grain content has a relatively small permeability. As a result,
the increase in water content is therefore smaller than that of
nonrooted soil in the same rainfall conditions. Shear box test
reveals that the vetiver grass roots significantly increased the
peak cohesion of the soil. The combined effects of grass roots
on hydrological responses and shearing strength significantly
stabilized the slope in local rainfall conditions.

In the paper “A Measured Method for In Situ Viscosity of
Fluid in Porous Media by Nuclear Magnetic Resonance,” Z.
Yang et al. established a method for determining the in situ
viscosity of fluids in porous media and tested the in situ
viscosity spectra of water in tight cores under different
displacement conditions. The results show that the in situ
viscosity distribution of water in porous media was inhomo-
geneous, and it was not a constant but was related to the dis-
tance between water and rock walls. If the distance was small
enough, the viscosity would increase rapidly and be greater
than the bulk viscosity.

In the paper “Stability Analysis of Partially Submerged
Landslide with the Consideration of the Relationship
between Porewater Pressure and Seepage Force,” Y. Wang
et al. presented a modified mathematical expression for the
stability analysis of a partially submerged landslide, based
on the relationship between porewater pressures and buoy-
ancy acting on the underwater zone of a partially submerged
landslide, and the relationship between porewater pressures,
seepage force, and buoyancy acting on the partially sub-
merged zone. The resultant porewater pressures acting on
the underwater slice equaled the buoyancy, and the pore-
water pressures acting on the partially submerged slice were
equivalent to the seepage force and the buoyancy. The result
showed that there were two equivalent approaches for
considering the effect of water on landslide stability in the
limit equilibrium method. One was based on total unit
weight and porewater pressures, and the other was in terms
of the buoyant weight and the seepage force. The study
provided a good opportunity for simplifying the complex
boundary porewater pressures in limit equilibrium analysis
for the stability of the partially submerged landslide.

In the paper “CO, Leakage-Induced Contamination in
Shallow Potable Aquifer and Associated Health Risk Assess-
ment,” C. Y. Kim et al. focused on the risk assessment of CO,
leakage in a shallow aquifer. 2D reactive transport models
were developed and used to simulate the groundwater con-
tamination. The results show that the movement of leaked
CO, was mainly governed by local flow fields within the
shallow aquifer. The dissolution of aquifer minerals and
increased permeabilities of the aquifer are caused by the

induced low-pH plume. The distribution of the total arsenic
plume was similar to the one for the arsenopyrite dissolution.
Authors conclude that the shape of the arsenic plume
impacts the human health risk.

In the paper “Hydrochemical Characteristics and Evolu-
tion of Geothermal Fluids in the Chabu High-Temperature
Geothermal System, Southern Tibet,” X. Wang et al. pre-
sented reasonable reservoir temperatures and cooling
processes of subsurface geothermal fluids in the Chabu
high-temperature geothermal system in Southern Tibet. It
investigated the hydrochemical characteristics of a geother-
mal spring by analyzing 36 geothermal spring samples, and
combining this analysis with cluster analysis of multivariate
statistical analysis to reveal the cooling processes of subsur-
face geothermal fluids. According to the results, the geother-
mal waters of the research area are generally mixed with the
shallow cooler waters from the reservoirs. The major cooling
processes of the subsurface geothermal fluids gradually trans-
form from adiabatic boiling to conduction from the central
part to the peripheral belt.

In the paper “Impact of Redox Condition on Fractionation
and Bioaccessibility of Arsenic in Arsenic-Contaminated
Soils Remediated by Iron Amendments: A Long-Term
Experiment,” Q. Zhang et al. focused on the water-soil
interactions related to the transport and retention of heavy
metal(loid)s such as arsenic in soils. It investigated the
effect of redox condition on arsenic fractions and bioacces-
sibility in arsenic-contaminated soils remediated by iron
grit. Specifically, it investigated arsenic fractions in soils
under the anoxic condition and aerobic condition before
or after the addition of iron grit. According to the results,
the labile fractions of As in soils decreased significantly
after the addition of iron grit, while the unlabile fractions
of As increased rapidly, and the bioaccessibility of As was
negligible after 180 d incubation. More labile fractions of As
in iron-amended soils were transformed into less mobilizable
or unlabile fractions with the contact time. The increase of
crystallization of Fe oxides, decomposition of organic matter,
molecular diftfusion, and the occlusion within Fe-(hydr)ox-
ides cocontrolled the transformation of As fractions in
iron-amended soils under different redox conditions.

In the paper “Effects of Dissolved Organic Matter on
Sorption of Oxytetracycline to Sediments,” Z. Wang et al.
investigated the effect of two representative dissolved organic
matters (DOM:s) on the adsorption of oxytetracycline (OTC)
to three typical sediments (first terrace sediment, river
floodplain sediment, and riverbed sediment). Two typical
DOMs were derived from corrupt plants (PDOM) and
chicken manure (MDOM). Elemental analysis and three-
dimensional fluorescence were deployed to elucidate the
mechanism of the effect of DOM on the adsorption of OTC
to sediments. The samples subjected for testing were col-
lected from the Weihe River, Northwest China. According
to the results, the humus-like DOM can promote the adsorp-
tion of OTC while the protein-like DOM can inhibit the
adsorption of OTC to sediments, which is determined by
the aromaticity, hydrophilicity, and polarity of the DOMs.

In the paper “A Regional Scale Investigation on Ground-
water Arsenic in Different Types of Aquifers in the Pearl



River Delta, China,” Q. Hou et al. focused on groundwater
arsenic and other hydrochemical compositions in various
aquifers in the Pear]l River Delta. It investigated the source
and driving forces of arsenic in different types of aquifers in
the Pearl River Delta. Specifically, 399 groundwater samples
were collected from various aquifers in the Pearl River Delta,
20 chemical compositions of groundwater samples were
analyzed, and the relationship between arsenic and other
hydrochemical compositions was evaluated by the principal
component analysis (PCA). According to the results, about
9.4% and 2.3% of the samples with high concentrations
(>0.01 mg/L) of arsenic were in granular and fissured aqui-
fers, respectively, but no samples with a high concentration
of arsenic were in karst aquifers. The source and mobilization
of groundwater arsenic in granular aquifers are likely
controlled by the following mechanism: organic matter in
marine strata was mineralized and this provided electrons
for electron acceptors, resulting in the release of NH," and
I” and the reduction of Fe/Mn and NO,~, which was accom-
panied with the mobilization of arsenic from sediments into
groundwater.

In the paper “A Coupled One-Dimensional Numerical
Simulation of the Land Subsidence Process in a Multilayer
Aquifer System due to Hydraulic Head Variation in the
Pumped Layer,” Y. Wang et al. focused on a case study of
land subsidence modeling in China. A numerical model of
a coupled one-dimensional multilayer aquifer system is
developed. The results show that the pressure head in layers
does not rise immediately after pumping ceases. Also, the
results show that there is a transition period between land
subsidence and rebound. In this transition period, land
could continue to subside while the head in the pumped
layer starts to recover.
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Stable isotopes are natural tracers that can provide quantitative information about the surface water/groundwater interactions and
sources of pollutants in water. In this study, we measured 8"*O, e, and 8°H,ie; and 80, and 8"°N ;i Of the samples from
the Hun River and groundwater in Shenyang City, China, where the water from the Hun River has a strong discharge and recharge
connection with the groundwater. 80, ., and 8°H, ., were used to determine the amount of surface water that was discharged
into groundwater, while 60, and 8"°N ;... were employed to determine the sources of nitrate and ammonium in
groundwater, which are the main contaminants in the study area. The reducing environment in groundwater may result from
the prevailing iron and manganese, occurring from weathering of minerals and rocks, which prevents the ammonium being
oxidized into nitrate. Results show that the amount of recharge from the Hun River into groundwater accounts for around
55.56-86.60% of the total groundwater in the dry season, and the ratio changed to 30.97-63.79% in the wet season. Multiproxy
analysis (stable isotope analyses in combination with chemical and hydrogeological data of the study area) indicates that human

activities, such as manure and sewage discharge, are the prevailing source of nitrogen in the waters.

1. Introduction

Nitrogen pollution is an increasingly serious problem of
groundwater in the riparian wellhead area of the Hun River.
On the basis of the monitoring data of groundwater quality,
nitrogen pollution has been found in most monitoring wells.
Some water source wells have to be suspended, because the
nitrogen content in groundwater exceeds the threshold in
the Standard for Groundwater Quality (GB/T14848-93) in
China. There are many sources of nitrogen pollution, and
different sources cause different degrees of nitrogen pollution
to groundwater. The groundwater source near the river
plays an important role in the water supply in Shenyang.
Therefore, it is of great significance to identify the source
of groundwater nitrogen pollution and its contribution
level and to carry out the targeted pollution control work
and protect the groundwater resources.

Groundwater and surface water (such as rivers and lakes)
are important components of the hydrological cycle, and they

interact with each other in a variety of physiographic and
climatic landscapes in the hydrologic system. Water quality
and quantity from one component may have an influence
on the other component in the hydrological cycle. Therefore,
it is necessary to understand the basic principles of inter-
actions between them, as well as spatial and temporal
transformation rules of water quantity and quality between
groundwater and surface water. These understandings will
be of theoretical and practical significance with regard to
assessment of water quantity and quality and further lead
to the remediation, treatment, and prevention of water
pollution [1-4].

The interaction between river water and groundwater is
related to factors such as geography, landform, and rock
characteristics of the water-bearing stratum, which are
changing with seasons. In time and space, the transformation
of groundwater and river water forms an indivisible complex
system. Therefore, the chemical composition of water may
be due to its long-term interaction with the surrounding
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environment in the water cycle. Moreover, water quality
changes are usually caused by more complex interactions
[3, 5-10]. Accordingly, the chemical composition of water
can reflect its source information and evolution history to a
certain extent, which will provide an effective tracing method
for the study of the interaction between groundwater and
surface water [11, 12]. Researchers in different disciplines,
such as geologists, hydrologists, and ecologists, are develop-
ing a more comprehensive conceptualization of groundwater
and surface water interactions [13]; for example, Levy and Xu
[14] review and compare methods to describe groundwater
and surface water interactions at different scales and show
typical applications in South Africa. Hayashi and Rosenberry
[15] provide a comprehensive review for the effect of ground-
water exchange on the hydrology and ecology of surface
water. This work attempts to investigate the broader, multi-
disciplinary perspective of groundwater and surface water
interactions, starting from some underlying prerequisites
for comprehending environmental systems. To this end, we
evaluate the hydrologic and water quality data for the Hun
River basin, Shenyang city, China, to better understand the
interactions between groundwater and surface water.

The main objective of the study was to identify the
source(s) of nitrogen contamination in groundwater along
the Hun River, Shenyang, China. To this end, the interactions
between the Hun River and groundwater are analyzed with
respect to the hydrogeology conditions of the site. 80,
and 8°H,,,., and 6"*0,,. and 8"°N ;... were measured
from the Hun River and groundwater to determine the

amount of surface water that was discharged into ground-
water as well as to track back the sources of the main con-
taminant. The approaches presented in this paper provide a
framework for evaluating the importance of the interactions
between groundwater and surface water in a human-natural
coupled watershed.

2. Geological Setting

2.1. Description of Site. The study area lies in Shenyang
city, Liaoning province, China, within latitudes 41°42'00" ~
41°47'30" and longitudes 123°15'00"~123°30'00" in the
northeast of China. It is located between the Xi River
and the Hun River and covers an area of about 36km”
(Figure 1). The northern part of the study area was mainly
residential and industrial land, which has a high intensity
of contaminating sources. The south of the research area
was the farmland and the green land with a relatively high
intensity of contamination source.

2.2. Geology and Hydrogeology Conditions. The study area is
located in the first terrace of the Hun River alluvial-
proluvial fan. The groundwater system consists of the
phreatic aquifer and the leaky confined aquifer (Figure 2).
The phreatic aquifer is composed mainly of medium sand
and medium-coarse sand (hydraulic conductivity of ca.
7% 10" m-s~! [16]). The thickness of the phreatic aquifer is
ca. 15m. The leaky confined aquifer is located below ca.
16 m from the surface, mainly composed of medium sand
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and medium-fine sand, with a thickness of ca. 15m. For
the aquitard, it is located ca. 40 m below ground surface
and composed mainly of clay and silty clay (hydraulic
conductivity of ca. 8x10™"'m-s™' [16]). The groundwater
table ranges from 10 to 12m below ground surface, and
the thickness of the aquitard is 4-6 m.

3. Sampling and Methodology

Sampling conditions were shown in Table 1. The shallow well
refers to the sampling well located in the phreatic aquifer, and
the deep well refers to the sampling well located in the leaky
confined aquifer. All water samples were collected in 50 mL
high-density polyethylene bottles which were cleaned with
detergent first, then with 10% nitric acid, and finally rinsed
several times with distilled water. This procedure was carried
out to ensure that the sample bottles we used were all free
from contaminants.

In order to obtain the fresh aquifer samples for analysis,
every borehole at the sampling point was pumped for about
5 minutes to purge the aquifer of stagnant water. Samples
were initially collected in a sterilized bucket immediately
after purging the aquifer and quickly transferred into the
sampling bottles. Samples were taken in duplicate for major
ion and stable isotope analyses. Some basic parameters of
groundwater were measured directly in the field, including
the temperature, pH, dissolved oxygen (DO), total dissolved
solid (TDS), and electrical conductivity (EC). Samples
earmarked for major ion analyses were filtered on-site
through 0.45mm cellulose filters with the aid of a hand-
operated vacuum pump. The samples were kept in the
refrigerator until they were transported to the laboratory
for chemical analysis.

The major ions in the water at each sampling point were
analyzed using a Dionex-120 ion chromatograph from the
Laboratory of Environmental Chemistry, China University
of Geosciences (Beijing). The accuracy of the analyses was
estimated from the charge balance error (Freeze and Cherry,
1979), which is within +5% for all samples.

The stable hydrogen (*H) and oxygen ('*0) isotopes in
water collected in June 2011 (47 water samples) and
September 2012 (54 water samples) were measured by a
Picarro Isotopic Water Analyzer in the Water and Water-
Rock Reactions Isotope Laboratory, Institute of Geology
and Geophysics, Chinese Academy of Sciences. The isotopic
results of “H, .., and '*0,,., were reported as 6°H,, .,
and 8180water (6 = (Rsample/Rstandard - 1) * 1000) in per mil
(%o0) data with the Vienna Standard Mean Ocean Water
(VSMOW) standard. The analytical precision is +0.2%o
and +0.02%o for 8°H,,,., and §'°0,,,.,, respectively.

The stable isotopes of nitrogen (*°N) and oxygen (**0) of
nitrate in 26 water samples collected in June 2011 were
analyzed in the Ministry of Land and Resources of Karst
Geology Environmental Supervision and Testing Center
using the anion exchange technique. The method for
removing all O-bearing compounds from samples except
NO;™ and for removing the interference from other compo-
nents to nitrogen measurement were based on a former paper
reported by Silva et al. [17]. The stable isotopes of nitrogen

(**N) and oxygen (*80) of nitrate in 28 water samples and
11 soil samples collected in September 2012 were measured
with the Isotope Mass Spectrometer MAT253 at the Soil
and Environment Analysis and Testing Center, Nanjing
Institute of Soil Sciences, Chinese Academy of Sciences,
according to the method of Brand [18]. The 5N results were
reported as 0" °N ;... relative to air in per mil (%o) data. The
analytical precision of 8"°N ;... and §'°0 was about
0.05%o0 and 0.5%o, respectively.

nitrate

4. Results and Discussion

4.1. Hydrochemistry Analysis. The statistical results of the
chemical index of the samples of groundwater and surface
water are shown in Tables 2 and 3. The variation range of
pH in groundwater (both the southern and northern side of
the study area) was 5.94-7.41, and the majority of the
samples were within natural pH range of 6.50-8.50. The pH
of surface water (Hun River) varied from 7.14 to 8.20 with
a mean of 7.60, which was generally higher than the values
in the groundwater. Lower pH of the water in the study area
might be associated with CO, produced by microbial respira-
tion in the surface soil [19] or associated with local precipita-
tion infiltration [20, 21]. The EC results in groundwater
ranged from 511.50 to 1783.00 uS-cm™", while the values for
surface water ranged from 877.20 to 1231.90 uS-cm™'. The
standard of drinking water for EC values in the World Health
Organization (WHO) was between 500 and 1500 uS-cm™"
(Rodier, 1996), and some samples in both groundwater and
the Hun River were higher than the standard value. From
2001 to 2005, nearly 400,000 tons of domestic sewage water
and a portion of industrial waste water were discharged into
the Shenyang section of the Hun River without treatment
every day (Lin et al,, 2007); the polluted river recharged
the aquifer and may lead to the increase of EC value.
The relative errors of charge balance for all the elements
in groundwater and river in June 2011 were —1.53% and
—1.49%, respectively, and those for March 2011 were
4.71% and 5.67%, respectively.

From 2001 to 2005, the concentration of ammonium
nitrogen (abbreviated as NH,"-N) in the river water was as
high as 9.72mg-L™" to 22.35mg-L™" (Lin et al., 2007). A high
level of NH,"-N in moving water indicated some kind of
contaminant entering the water. The Hun River of the study
area was characterized by high levels of ammonium nitrogen
concentrations, and all surface water samples exceeded the
0.5mgL~" limit specified by the WHO drinking water
standard. The Hun River was close to heavily fertilized fields,
and therefore, the manure and sewage discharged into the
Hun River might contain a higher ammonium nitrogen.

In March 2011, the content of NH,"-N in the water
samples of the southern part was larger than that in the
northern part. The content of NH,*-N in the Hun River
had reached 6.09-12.12mgL"", and the groundwater
sampling points of high concentration were located at the
riverside. The groundwater level is lower than the river level
due to the exploitation of water source wells. Therefore, it can
be speculated that the ammonia in groundwater comes from
the Hun River. In addition, fertilizers containing ammonium
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sulfate, (NH,),SO,, or ammonium nitrate, NH,NO;, might
also result in a high level of ammonium ions in the sam-
ples. The most serious contaminants in the groundwater
were NH,"-N, ranging from 0.02 to 24mgL"', which
was followed by NO,-N (0.16-71.50 mg-L™"), TFe (0.05-
1292mgL™"), and Mn*" (0.15-9.92mgL™"). NH,"-N,
NO,™-N, TFe, and Mn>" concentrations at some locations
exceeded the 0.5mgL™' (NH,"-N), 11mgL™" (NO,-N),
0.3mgL ™" (TFe), and 0.1 mg-L™" (Mn**) limits specified by
the WHO drinking water standard. The study area was a
primary high iron and manganese groundwater zone [22].
The iron and manganese minerals in the study area were
goethite, siderite, and rhodochrosite and contained a small
amount of pyrite, magnetite, and pyrolusite [23]. The most
common sources of Fe**, Fe’*, and Mn®" in groundwater
were likely occurring naturally, from weathering of iron
and manganese oxide minerals. However, industrial effluent,
sewage, and landfill leachate might also contribute to Fe?*,
Fe’*, and Mn** in groundwater [24, 25].

4.2. Groundwater Recharge. The geophysical investigation
results showed that there was a close hydraulic connection
between the phreatic aquifer in the study area and the Hun
River. About 1 million cubic meters of groundwater were
pumped every day from the Hun River aquifer for urban
water supply, and a groundwater depression cone was
formed, which causes continuous recharge of the river water
to the phreatic aquifer. The phreatic aquifer and leaky
confined aquifer are the main layers for groundwater exploi-
tation in the area, and there is close hydraulic connection
between the two aquifers [26]. The geophysical investigation
results also revealed that there was a connection between the
Hun River and the aquifer 60 m below the surface in the
riverside area. As for the water quality, the Hun River, with
a long history of pollution, also had a close relationship with
groundwater. For example, the nitrogen concentration in
groundwater was high, and a large portion was from the

TaBLE 1: Sampling conditions in different periods.

Sampling time ~ March 2011 June 2011  September 2012
Deep wells 29 49 27
Shallow wells 9 20 24
Surface water 7 10 7
Soil samples 0 0 13

seepage of the Hun River, which had already been polluted
by the manure and sewage and runoft from heavily fertilized
fields, causing the river water to continuously recharge the
phreatic aquifer.

4.3. Isotopic Compositions of Groundwater and the Hun
River. Differences in the content of 8°H,,,., and §'°0,.,
of groundwater, rainfall, and surface water were used to
determine the mixing processes in the groundwater flow
system in the study area. §°H,,,., and 8'%0,,,., data typically
were plotted on a diagram showing 8°H,_,., versus ' °O
relative to VSMOW. Mean annual values of 6°H,,,., and
8'%0,, .., in precipitation collected at many locations around
the world plot along a line with a slope of 8 and an intercept
of +10 (8°H=838"°0+10), commonly referred to as the
global meteoric water line (GMWL) [27]. The variability in
isotopic composition of rainfall from one site to another is
a function of several factors, including storm-track origin,
rainfall amount and intensity, atmospheric temperature,
and the number of evaporation and condensation cycles
[28]. The stable isotopic composition of water relative to
the GMWL revealed important information on groundwater
recharge patterns, the origin of waters in hydrologic systems,
and mixing of groundwater and surface water.

The exchange of water between river and aquifer could be
traced by the difference in stable isotope composition
between the regional groundwater and the river water. The

‘water
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TABLE 2: Statistical summary of hydrochemical data in the Shenyang areas, March 2011. All units are in mg-L™", except for electrical

conductivity (EC, ,uS~cm_1).

Parameter Southern side Groundwater Northern side The Fun River

Mean Max Min Mean Max Min Mean Max Min
pH 7.08 7.41 6.45 6.44 6.85 5.94 7.60 8.20 7.14
EC 628.86 1035.00 511.50 1170.53 1783.00 650.60 1231.90 1652.00 877.20
Ca 61.79 111.00 34.00 4.13 9.00 1.50 81.81 91.00 70.00
Mg 19.16 35.00 1.00 41.53 85.00 18.00 25.54 32.00 20.00
Na 48.09 70.83 29.92 71.13 113.90 3343 110.84 182.20 50.69
K 3.66 5.86 2.49 4.04 6.92 2.24 7.22 8.48 4.20
Fe 1.13 5.16 0.06 2.62 23.86 0.13 1.59 493 0.99
Mn 1.25 2.46 0.15 2.00 4.04 0.21 0.45 2.29 0.45
NH,-N 2.55 12.11 0.03 0.14 0.68 0.03 12.12 19.00 6.09
Cl 55.58 83.00 30.00 126.73 204.00 53.00 175.18 271.00 102.00
HCO, 189.77 259.16 98.13 153.97 236.47 70.45 201.29 228.97 178.65
NO;-N 9.11 76.27 0.71 137.73 401.02 13.55 2.70 5.61 1.20
SO, 86.96 55.69 154.47 147.86 201.07 75.98 122.70 150.03 96.39

TaBLE 3: Statistical summary of hydrochemical data in the Shenyang areas, June 2011. All units are in mgL™", except for electrical

conductivity (EC, yS'cm’l).

Parameter Southern side Groundwater Northern side The Hun River

Mean Max Min Mean Max Min Mean Max Min
pH 6.86 7.32 6.15 6.61 7.06 6.22 7.26 7.36 7.02
EC 690.18 1033.00 546.50 1356.37 2871.00 619.7 962.15 1399.0 474.8
Ca 72.59 114.20 47.65 130.67 270.20 59.93 53.99 59.62 49.97
Mg 17.34 27.75 11.77 34.78 52.64 12.98 12.86 15.96 11.77
Na 52.19 67.34 33.66 81.89 132.10 38.98 30.71 35.48 27.61
K 4.84 6.90 2.72 7.00 40.41 1.92 4.87 5.38 4.12
Fe 0.89 6.49 0.02 1.21 11.79 0.03 0.35 0.61 0.19
Mn 1.68 3.17 0.02 3.36 9.48 0.04 2.12 6.39 0.43
NH,-N 1.10 4.79 0.06 2.51 17.53 0.03 0.07 0.12 0.05
Cl 61.01 104.60 44.88 136.87 287.62 48.66 46.26 55.33 40.38
HCO, 214.38 281.14 123.17 268.22 527.50 93.71 143.27 123.20 179.40
NO,-N 38.71 102.71 2.58 135.29 338.24 6.23 2.79 4.37 1.77
SO, 92.34 142.32 58.13 174.44 500.32 28.56 75.21 78.19 73.39

results of stable isotope (Tables 4 and 5) showed clear mixing
between shallow groundwater and surface water in the basin.
In groundwater, the mean values of 8°H,,,., and 6'%0,,,.,
for the dry season (June 2011) were —8.87 and —65.12%o,
respectively, and those for the wet season (September 2012)
were —8.79 and —65.64%o, respectively; because of the lag of
river and precipitation recharge, the isotope content in the
dry and wet periods is not significantly different. But in the
Hun River, the mean values of 8°H,,., and §'*0,,,., for
the dry season (June 2011) were —9.16 and —65.79%o, respec-
tively, and those for the wet season (September 2012) were
~9.54 and -70.25%o, respectively. The values of §°H
and 8'°0

‘water
in the wet season were —0.38%o0 and —4.46%o

water

higher, respectively, than those in the dry season. Generally,
the stable isotopic compositions of precipitation decrease
with decreasing temperature and with increasing rainfall
amount [29]. The results showed that the effect of precipita-
tion amount was significant, and the stable isotope composi-
tion of precipitation decreased with the increase of rainfall
amount and air temperature.

In Figures 3(a) and 3(b) (the size of the symbols
represents the perpendicular distance of the sampling site
measured from the Hun River), both § 18OWater and (‘)‘ZHWater
of the groundwater and surface water were located slightly
lower than the local meteoric water line (LMWL), these
suggesting that there was evaporation in the basin, and the
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%o) values of groundwater and river water in the study area.

Groundwater The Hun River
Dry season Wet season Dry season Wet season
8'°0 (%o) 8%H (%o) 8'°0 (%o) 87H (%o) 8'°0 (%o) 8%H (%o) 8'%0 (%) 8%H (%o)
Mean -8.87 —65.12 -8.79 —65.64 -9.16 —65.79 -9.54 -70.25
Maximum -7.82 —58.77 -6.90 -55.30 -8.90 —64.3 -9.14 —67.60
Minimum -9.73 —-70.24 -13.85 —-103.2 -9.39 —66.92 -9.87 -72.30
TABLE 5: Statistical summary of 80, ;.. (%0) and 8"°N ;... (%) values of groundwater and river water in the study area.
Groundwater The Hun River
Dry season Wet season Dry season Wet season
80 (%o) 8N (%o) 880 (%) 8N (%o) 80 (%o) 8N (%) 880 (%o) 8N (%o)
Mean 10.87 6.17 5.04 9.74 13.05 3.25 3.16 5.70
Maximum 14.08 13.22 15.02 24.85 15.96 3.87 13.31 7.26
Minimum 7.36 -3.14 —-18.36 -7.26 10.13 2.63 -10.36 3.80
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FIGURE 3: Plot of 8°H,_ .., and §'*0
(a) dry season; (b) wet season.

groundwater was a mixture of river water and precipitation,
and the influence of the river water recharge was greater than
that of the infiltration.

In Figure 3, the distribution of deep groundwater and
shallow groundwater was approximately the same, which
was further consistent with the closely hydraulic connection
between the two layers of aquifer. The points representing
shallow groundwater were closer to the LMWL, and the
phenomenon was more obvious in Figure 3(b) (wet season).
This means that the phreatic aquifer was more affected
by rainfall than the leaky confined aquifer. The values
of §"%0 ey and 8°H,, of the points far away from the river
bank (larger symbols) were higher than those near the Hun
River (smaller symbols). This indicates that the groundwater
in the riverside area is more affected by the river. It receives
the recharge of the Hun River, and the isotopic enrichment
occurs at a distance from the river.

8180water (%D)
-e@- Shallow groundwater
@+ Deep groundwater

@ Surface water

(b)

vater fOT shallow groundwater, deep groundwater, and surface water samples collected in the study region:

4.4. Mass Balance of Isotopic Compositions of Groundwater.
Different stable isotopic compositions of *H, ., and "*O .,
in groundwater were used to identify the mixing progress in
the study area. The variability in isotopic composition of
rainfall from one site to another is a function of several
factors, including storm-track origin, rainfall amount and
intensity, atmospheric temperature, and the number of
evaporation and condensation cycles [28]. The stable isotopic
composition of water relative to the GMWL revealed
important information on groundwater recharge patterns,
the origin of waters in hydrologic systems, and mixing of
groundwater and surface water [30, 31].

The isotopic composition of groundwater is equivalent to
the average weighted value of recharge sources. Therefore,
there are deviations in isotope ratios between groundwater
and precipitation. Understanding the transfer function of
precipitation to groundwater is crucial to the study of
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TaBLE 6: The recharge ratios of the Hun River to the groundwater.
Section Point Distance from Hun River (km) G (%o) R (%o0) P (%o) 0 (%)
8'%0 -8.69 -9.14 -7.59 70.97
I LG18 1.02 R
0°H -52.44 -66.92 -64.98 86.60
880 ~8.49 -9.21 ~7.59 55.56
1 ZK05 0.66 ,
6°H -52.44 —65.7 —-63.45 83.03
8"0 -8.80 -9.87 -8.32 30.97
III JS23-1 0.41 2
H -54.90 -71.90 -64.90 58.82
8'*0 -8.88 -9.79 -8.32 38.10
v LG42-2 047 R
6°H -54.90 —72.30 —66.00 63.79
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FIGURE 4: Dual-isotope method for nitrate source attribution in groundwater, September 2012. Modified from Fenech et al. [33].

groundwater sources. The transfer function can provide basic
information of recharge mechanism [32].

Groundwater in the study area was recharged by rainfall
and river water. In the study of basin water balance, it was
important to assess the actual recharge of groundwater by
rainfall and river water. The stable isotopes of groundwater
were determined by the percentage of recharge from the
relevant sources. It is assumed that the groundwater in the
vicinity of the study area is a mixture of the Hun River and
the precipitation. Based on the mass balance calculation of
oxygen and hydrogen isotopes, the contribution percentage
of each recharge source to groundwater in the study area
could be evaluated by the following equation:

G(Vp + V) =PV + RV,

\% \%
P +R R
Ve + Vi Vo + Vi

G=P =P(1-X) +RX,

G-P
X= x 100%,
R-P

(1)

where P is the precipitation stable isotope value, R is the
river water stable isotope value, G is the groundwater

stable isotope value, V, is the amount of precipitation,

Vg is the amount of river water, X is the recharge propor-
tion of river water, and (1 —X) is the recharge proportion
of precipitation.

According to the groundwater level in June 2011, two
profiles were chosen to calculate the recharge of groundwater
from the Hun River. The values of 8°H,,., and §'*0,., in
river water and rain were used as the endpoints for calculat-
ing groundwater recharge. Using the results of 8°H,,,., and
8"%0,,., in groundwater, river, and rain samples (Section I
and II in Table 6), the recharge ratios of the Hun River to
the groundwater are 55.56%-86.60%, respectively, and aver-
age value is 74.04%.

For September 2012, two profiles were chosen according
to the groundwater level. Using the results of 6°H,,,., and
8"%0,,., in groundwater, river, and rain samples (Section
III and IV in Table 6) the recharge ratios of the Hun River
to groundwater are 30.97%-63.79%, respectively, and aver-
age value is 47.92%.

The recharge ratios of the Hun River to the groundwater
in the dry season were about 55.56%-86.60%, and the ratio in
the wet season was about 30.97%-63.79%. The difference in
recharge ratio between the two seasons may be caused by
seasonal variations and changes in groundwater exploitation



Geofluids

Kilometers

[ Farm and greenland

[ Residential area
[ Industrial area
[ Waterworks

4.5.  Source Identification of Groundwater Nitrogen
Contamination. A key objective was to identify the sources
of nitrogen pollution in the groundwater. Isotopic composi-
tion can be used to identify sources of groundwater contam-
ination. Because different sources of NO;™ have different
itrare and 8'%0 . values, we identified the major
contaminant source of NO;~ in groundwater by detecting
the NO;™ isotopic composition in this study. Figure 4 shows
nitrate and 8'%0_;  values for the sample in the
study area and the typical ranges for the major possible
sources of NO;™ [33, 34]. The main source of nitrogen could

8
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FIGURE 5: Nitrogen source spatial distribution in groundwater, September 2012.
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FIGURE 6: Dual-isotope method for nitrate source attribution in soil,
September 2012. Modified from Fenech et al. [33].

intensity in the water source wells. In June 2011, the water
source wells were in the mining state, and when the sample
was taken in September 2012, the water source wells were
almost not in use.

be attributed to the manure and septic waste by human
activities, and the distribution of various nitrogen sources is
shown in Figure 5. By using an isotopic source apportion-
ment model based on the bias analysis of SIAR, Wang
(2016) also found that the contribution rate of manure
and sewage contamination is much higher than that of
the other sources, reaching 76%-86% in the northern part
of the study area.

In addition, soil samples were collected for the analysis of
nitrogen and oxygen isotopes. Figure 6 shows the 8'°N ...
versus 8'°0,;ue Values for soil samples and different
sources. It indicates that in the soil, "°N values range
from —10%o to +15%o.

nitrate
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FIGURE 7: Sample point distribution and its nitrate source of soil samples in September 2012.

The location of the soil samples and the actual utilization
of land showed in Figure 7 indicates that soil samples affected
by manure and sewage were mainly distributed in the north-
west of the study area. This was consistent with the analysis
above; that is, groundwater pollution mainly results from
manure and sewage infiltration [20, 21]. Nitrate in soil,
originating from ammonium contained in soil input by
fertilizers and precipitation, is mainly located in the south-
ern part of the study area. This is consistent with the
actual situation in the south area, mainly for farmland
and green land.

5. Conclusions

In this paper, we used multiproxy analysis encompassing
environmental isotopes and hydrochemical data to investi-
gate the interactions between surface water and groundwater,
as well as to identify the source of nitrogen contamination in
groundwater in Shenyang city, China. Our work leads to the
following major conclusions.

(1) Water from the Hun River with an enriched isotopic
signature moves downwards and laterally and mixes
with the lower-gradient groundwater. The use of
8°H,,,., and 8'*0,,,., in surface water and ground-
water indicated that river water accounted for around
55.56%-86.60% of the total groundwater recharge in
the dry season, and the ratio changed to 30.97%-
63.79% in the wet season. The huge supply of

groundwater indicates that groundwater is highly
susceptible to contamination from land surface
activities.

(2) Stable isotope analyses combined with the chemical
and hydrogeological data from this study site indicate
that the human activities, such as manure and sewage
discharge, are the prevailing source of nitrogen in the
waters. This will be useful for future management
and decisions to control pollution sources and
protect groundwater quality.
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Due to active actions of groundwater and geothermal, the stability of underground engineering is important during geological
structure active area. The damage mechanical theory and statistical mesoscopic strength theory based on Weibull distribution
are widely used to discuss constitutive behaviors of rocks. In these theories, a statistical method is used to capture mesoscopic
properties of rocks in order to generate a realistic behavior at a macroscopic scale. Based on the above theories, this paper aims
at establishing a constitutive relation of brittle rocks under thermal-mechanical coupling conditions. First, a statistical damage
constitutive model was established by considering the thermal effects and crack initiation strength. Subsequently, the parameters
of the model were determined and expressed according to the characteristics of stress-strain curve. Third, the model was verified
by conventional triaxial experiments under thermal-mechanical actions, and the experimental data and theoretical results were
compared and analyzed in the case study. Finally, the physical meaning of the parameters and their effects on the model

performance were discussed.

1. Introduction

With this longer, larger, and deeper underground engineer-
ing’s construction, the rock deterioration caused by ground-
water and geothermal has become increasingly prominent.
Constitutive modeling of rocks, as a key in the theory devel-
opment and numerical analysis of rock mechanics, has
become a topic of everlasting interest to researchers and
practitioners working on geosciences and geotechnics. In
addition, many factors affect rock behaviors, such as water-
rock interactions and temperature, which would lead to its
deterioration. With the deterioration of rocks and soil, the
state of the geoenvironment would be changed resulting in
landslide [1, 2], rock avalanche [3, 4], and rock burst [5].
For brittle rocks, the deterioration process in laboratory sam-
ples is a consequence of microscale and macroscale fractur-
ing that occurs in several stages. Recent research suggests
that crack initiation stress can be used as an estimate for in
situ spalling strength, which is commonly observed in brittle
rocks around underground openings [6-10]. Additionally,

under high-temperature and high-pressure conditions, the
mechanical characteristics of deep rocks exhibit different
behaviors compared to those at more mild temperatures
at lower depths. A reasonable constitutive model consider-
ing thermal action and crack initiation is the key to accu-
rate prediction and judgment of the reliability and stability
of those works such as the exploitation of deep mining
resources and geothermal resources. Therefore, the consti-
tutive behaviors of rocks considering thermal effects and
crack initiation strength are significant to be studied and
explored in order to better solve rock engineering problems
in thermal-mechanical coupling conditions.

During the preceding four decades, various rock consti-
tutive models have been established from theoretical, experi-
mental approaches (e.g., [11-15]). Based on the traditional
continuum mechanics and damage theory, thermoplastic
and thermoelastic brittle models were proposed [16, 17].
However, these models failed to reflect the damage features
of brittle rocks. For rock materials, numerous microscopic
cracks, ranging from 0.01 to 1.0 mm in length, are statistically
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distributed, which have significant influences on the damage
processes and failure characteristics of rocks. The nucleation
and growth of microcracks would lead to a concentration of
these microcracks into a narrow zone and produce a visible
macroscopic fissure wider than 1.0 mm [18], so the process
from damage to fracture could be studied on a mesoscopic
scale. Since the statistical damage-based approach has been
used successfully to address rock constitutive behaviors
[19-21], as a quite attractive tool for investigating deforma-
tion processes and failure mechanisms in the mechanics of
geomaterial community, it has been especially favored by
many researchers. However, these previous statistical models
did not reflect the residual strength of rocks. By introducing a
coefficient into the damage variable, the statistical damage-
based model will be able to describe the residual strength
[22, 23]. For thermal effects, Zhang et al. [24] proposed a
three-parameter Weibull distribution to express the rock con-
stitutive behavior under a uniaxial compression test, which
considers the thermal-mechanical coupling conditions.

In the present study, a mesoscopic element is considered
to be isotropically elastic and its properties are defined by
Young’s modulus or Poisson’s ratio. The stress-strain rela-
tionship is linearly elastic until given damage threshold
(crack initiation strength) is attained [17]. Thus, the macro-
scopic strength and the properties of rock depend on the sta-
tistical mechanical properties of individual mesoscopic
elements, which could be described by a phenomenological
model through a statistical method. A previous research
work showed that continuum damage models can effectively
simulate the elastic degradation caused by preexisting micro-
cracks in rocks. Although rocks always exhibit anisotropy
after macroscopic fissures occur, an isotropic damage model
is still an effective method to estimate the gross damage of
rocks subjected to external loading.

This paper aims at exploring a statistical damage con-
stitutive model considering crack initiation strength, deterio-
ration, and thermal effects. Based on a statistical damage
approach, the statistical constitutive model is established by
introducing a three-parameter Weibull distribution, which
describes a brittle constitutive behavior of rocks under
thermal-mechanical coupling conditions.

2. Constitutive Model
2.1. Thermal-Mechanical-Damage Evolution Equations

2.1.1. Thermal Damage. Under the thermal-mechanical cou-
pling effect, numerous microcracks and considerable damage
occur in the rock, which changes the mechanical properties.
Macroscopically, the elastic modulus is usually chosen as
the damage variable. According to Liu et al. [17], the thermal
damage D can be given by

DTZI——T> (1)

where E; and E,, are the elastic moduli at 7°C and room tem-
perature, respectively.
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2.1.2. Damage Evolution Equation considering the Thermal
Effect. The randomly distributed preexisting microcracks in
rocks are the main factors leading to the damage of the rock.

Suppose that a microunit within the rock is sufficiently
large to contain numerous cracks and defects and adequately
small in dimension compared with the whole rock structure.
Obviously, the strengths of these microunits vary randomly
according to a Weibull distribution. The rock damage level
can be expressed by the ratio of the number of damaged
microunits to total units. On the microscopic level, the rock
damage evolution process includes three stages, that is, crack
initiation, propagation, and coalescence. Based on this, the
coupled thermal-mechanical constitutive model of the com-
plete failure process of the rock is proposed from a damage
statistical point.

Next, before the damage evolution equation presented,
some assumptions are given in the following [22]:

(a) Rock is an isotropic homogenous geomaterial on a
macroscale.

(b) Microunits conform to Hooke’s law, prior to failure.

(c) Rock damage occurs continuously and is the gradual
accumulation of failures on the mesoscopic level.

(d) Heat diffusion in a rock is only in the form of heat
transfer, without considering convection and
radiation.

(e) Microunit strength follows a Weibull distribution,
where the three-parameter density and distribution
functions are given by the following:

Density function :
flk)= %<kTy> P[((k%))} ke [y, c0),
0 ke (~00,y),

Distribution function :

F(k):l_exp{_(("%YN, ke [y.c0),
(2)

where k is the microunit strength and m, F, and y are
the mean uniformity, peak strength, and damage
evolution threshold, respectively, which represent
the shape, scale, dimension, and position (as shown
in Figure 1).

Considering the thermal effects, the Weibull parameters
can be given by

F(T)=Fy(1-Dr), (3)

where my, F,, and y, are the Weibull parameters at room
temperature and m, F, and y are as defined previously.
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FIGURE 1: Density function of Weibull distributions for each parameter.
Rock damage is caused by the continuous failure of the
; . flo) =k=apl, + /T, (7)

microunits within the rock. Assuming that there are N, failed

microunits at a single load level, the statistic damage is
defined as the ratio of the failure number to the total number
(N) of microunits, namely,

p=1 4
- (1
Then, at stress f(0), the failure number N s

f(o)
Nsz Ny(o)do. (5)

Substituting (2) and (4) into (3) yields

=1-exp

6
((M)<>>] (©
Fo(1-Dy) >

Using the Drucker-Prager criterion as the unit’s yield
criterion,

0, o0<o0y

where a, = sin ¢/+/9 + 3 sin’¢, I, is the first stress invariable,
and ], is the second invariant of deviator stress. These are
expressed as follows:

Ii=0,+0,+0;=0]+0,+03,
8)
1 % *\2 * %12 % %2 (
J,= 5 {(‘71 —0;)" +(0; —03)" + (03 —07) }

Therefore, (5) can be written as follows:

D=1-exp l—((“oll +T, = (1 ‘DT)> moa_DT))] - (9)

Fo(l _DT)

Rock damage evolution does not occur until the damage
threshold is reached, at which time the rock damage value is
considered to be zero. When the stress surpasses the thresh-
old, the rock damage value is given by (8), and for the whole
stress state, the hard rock damage evolution equation consid-
ering the thermal effect can be expressed as follows:

Fo(1-Dr)

Plti=y exp [—((“oll VI -1 —DT)>m°(1DT)>], o204 (10)



where D(o, T) is the damage value considering the thermal
effect and o is the crack initiation strength.

2.2. Rock Damage Deterioration Statistical Constitutive
Model. According to the concept of the theories of Lemaitre
[25] strain equivalence and effective stress principle, the
damage variable D is the ratio of the number of the failure
units to total units; then, the relationship between nominal
stress o and effective stress 0* in three-dimensional isotropy
damage can be expressed by

S I (o]
[G]_l‘[D]_l‘—[D}) (11)

where [o] is the nominal stress matrix, [0*] is the effective
stress matrix, [€] is the strain matrix, [C] is the elastic flexibil-
ity matrix, and [D] is the damage matrix.

During the compression process, rock retains the ability
to pass a certain level of compressive stress and shear stress
after the peak strength owing to a change in friction and con-
fining pressure. Residual strength can be observed over the
whole stress-strain curve. In most cases, the experimental
curve of the residual strength is approximately horizontal
after the peak strength. However, (10) does not take into
account the rock residual strength; therefore, it has been
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revised by introducing the damage variable correction coefhi-
cient 8, and its value is between 0 and 1.

By introducing the damage variable correction coeffi-
cient, the effective stress can be expressed by

q_ ]
[0"] = =k (12)

Then,

or=—2i_ =123 (13)
T 1-5[D]

According to the generalized Hooke’s law, we have
1 * * * ..
£i=E{oi —[,L(Gj +0k)}, ij,k=1,2,3.  (14)
Substituting (12) into (15), we obtain

3 1

& m[ai—y(aj+ak)], ij,k=1,2,3. (15)

Substituting D =1 —exp[—((aol; ++/T, = y,(1 = Dy)/F,
(1-Dy))™""P)] into (14) leads to

my(1-Dr)
oi=Esi{l—6+6exp[—<<%Il+I\:/7(;1_)B(§_DT)> >1} +u(o;+0y). (16)
oll=Lr

According to (1), the elastic modulus of hard rock under
different temperatures is given as follows:

Ey

Dr=1
T E,

(17)

Substituting (16) into (15), the hard rock damage consti-
tutive equation considering thermal effects is obtained (after
the damage threshold point):

0= Ey(1 _DT)si{l —0+dexp [‘((0‘011 +1\3/0](_21_—)1/;S _DT)>mn(1DT>>] } + #(Uj +0y). (18)

The hard rock constitutive equation considering the
thermal-mechanical coupling is given by (17) after the dam-
age threshold point. The constitutive equation can be fitted
by a polynomial before the damage threshold point. Because
the rock stress-strain curve covers the coordinate origin, its
function is given as follows:

A&l +Be;, 0<e<e,,

0, =Ae} + Be,. (19)

Integrating (17) and (18), the hard rock constitutive
equation with the thermal-mechanical coupling is given as
follows:

;= o _ _ my(1-Dr) 20
’ EO(I—DT)si{1—6+8exp[—<< 011+;€E_’BS DT)) >]}+‘u(oj+ok), £> €y, (20)
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where & is the strain value at the damage threshold point.

2.3. Model Parameters. The determination of the model
parameters is closely related to the rock macroparameters.
Thus, the determined model parameters have certain physi-
cal meaning and a wider applicability. Therefore, the strain

Ag} +Be, 0<e<e

ci’

values at the damage threshold point (0, £;) and the peak
strength (0, &) are introduced as the macroparameters to
determine the model parameters.

To simplify the calculation, (19) is rewritten in the fol-
lowing form:

7 Esi{l -0+ exp [—((%IIJFF\/TZ_)/)MH } +u(o;+0y), e>eg. )

2.3.1. Determination of m, F, and y. In the rock triaxial tests,
the nominal stress o, 0,,05(0, =03;) and strain ¢, can be
measured. Based on Hooke’s Law and the effective stress the-
ory, we have

1 * *
&= E(al —2u05),
* * )
02:03:1_8D’ (22)
* 01
' 1-6D

Solving (21), 0}, 05, 0} can be obtained. Then, I, J,, /T,
is solved:

B (0, +203)Ee,

1~ >

0, —2uo,

)= [(o, - 03)E51]22’ (23)
3(0, —2u03)

(0, —03)Ee,

In the conventional triaxial test (0, =0;) and when
€>¢p, (20) can be abbreviated as follows:

012E81{1—8+8exp[—(<%11+7;/]_2_y> )]}+2y03.

(24)

Similarly, parameter y determines the starting point of
the rock damage evolution, that is, the damage evolution
threshold point (o, ¢€,). According to f([o]) -y =0 and
assuming the damage value is zero here, we obtain

y= lim (a011+ ]2)
00

_ l (Uci + 203)E8ci
= |«

O — 240, \/g(o-ci —2uo5)

By referring the rock stress-strain curve geometry (as
shown in Figure 2), we know that ©o =0,e=¢.;@o =0,
do /de.=0.

Combining boundary ®o =0, € = ¢, we obtain

(Gci B 03)E8ci ‘| (25)

GC:E8C{1—6+86XP|:—(<‘XOII+F\/T;_)}> )]}+2y03.

(26)

Substituting boundary ®o =0, do_/de. = 0 into the par-
tial derivative of (23), we have

d0,

= [e=e = 0. 27
asl ‘E—Ec ( )
Integrating (26) and (27) yields

<—“°Il ! ;/]_2 - V) " OFz, (28)

o.—2uo, + (8 —1)Ee,’

0.~ 2uo,
eY(o.—2uo, + (6 —1)Ee,)’
(29)

m(eod + T 1)
Fﬂ’l

Solving (28) and (29), the parameters m and F can be
obtained:
X(oc B 2”03)
e Y[o.—2uo, + (8 — 1)Ee |In(8Ee lo, — 2uo, + (8 — 1)Ee,)’
F= X"
~ \In(8Ee /o, —2p0, + (§ — 1)Ee,) )’

(30)
where X =ay((0,. +203)Ee /o, - 2uc,) + (0. — 05)Ee//3
(0,-2u0,))—y and Y =aq((0, +20,)Elo, - 2u0,) (1) +
(0. = 03)EI/3(0, — 2u03)).

2.3.2. Determination of A and B. As the stress is continuous

in the compression and damage evolution section of the rock
stress-strain curve, we obtain

E{l _a+aexp[_<<‘W)m>] } + 2u0,

= A€’ + Bey.
(31)

In addition, the first derivative is also continuous at these
two sections; then,
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FIGURE 2: Typical stress-strain curve in conventional triaxial
compressive test (E is the elastic modulus of rock, o is the axial
stress, and ¢ is the axial strain).
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00,
— |pee. =2Ae + B. 32
881 {sfsd €ei ( )

Dividing (31) by e on both sides and integrating,

s (7)) 2

=Ae, +B.
(33)
By supposing Rl,_, =E{1-0+38 exp[-((apl; +/T, -

Y/F)m)]} + (2M03/€ci)’ Z= (60'1/681)|£=8d.
Equations (32) and (33) can be rewritten as follows:

Z=2A¢e  +B,

(34)

R=Ae; +B.

Solving (34), we have
Z-R

A= ,
Ei (35)

B=2R-Z.

2.3.3. Determination of Damage Threshold Point (Crack
Initiation Point). In the compression, the original cracks in
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500 micron

FIGURE 4: Examples of samples and a generalized photomicrograph
of the granite.

TaBLE 1: Mineralogical composition of the tested material
(weight %).

Plagioclase Quartz Biotite Chlorite Tremolite Pyrite

K-
feldspar
29 25 20 15 4 4 3

the rock sample close first under loading. This refers to the
key issue in the crack evolution section of the crack initiation
and propagation, that is, the damage threshold point. Obvi-
ously, it is not easy to obtain the crack initiation stress on a
rock stress-strain curve. By researching Lac du Bonnet gran-
ite, Martin and Chandler [26] proposed a method to deter-
mine the granite initiation point (shown in Figure 3)
assuming a crack initiation strength of approximately 40%
of the peak strength (0 ,=40%0,).

3. Verification of the Constitutive Model

The validity of the constitutive model was verified by the bio-
tite granite triaxial experiment results under a confining
pressure of 25 MPa and at varying temperatures (i.e., 40°C,
60°C, and 130°C).

The samples of granite were obtained from the Dali to
Ruili railway at the depth 677-682m (lithology is mainly
biotite granite). The average density of the samples was
2.65 g/cm” at room temperature. Cylindrical specimens were
used (diameter: 50 mm, height: 100 mm, Figure 4). The con-
stituent mineralogical components and their compositions
were examined by an X-ray diffraction test, and the results
are listed in Table 1. The samples did not have distinct, mac-
roscopic heterogeneities (e.g., veins) at the specimen scale.
The particle size distribution of various mineral particles is
between 0 and 3 mm and mainly in 1 mm (Figure 4).

The granite triaxial compression tests were carried out
on a MTS815 Teststar programmable servo stiffness test
machine in the Material Mechanics Laboratory in the
Institute of Water Resources and Hydropower, Sichuan
University. The heating equipment is a KSW-5D-12 high-
temperature box resistance furnace and resistance temper-
ature controller, using a silicon carbon rod as the heating
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TABLE 2: Values to calculate constitutive model parameters at different temperatures (25 MPa).
Temperature s tfeer?(th Strain at peak Crack initiation Strain at crack Elastic modulus  Poisson’s  Constant
(T (CQ)) ( (MgPa)) strength (e, (107%) strength (o4 (MPa)) initiation (e (107%) (E (GPa)) ratio (u) (o)
C
40°C 253.3 4.9 101.3 1.9 59 0.27 0.23
60°C 229.5 5.1 91.8 1.6 6.1 0.34 0.21
130°C 263.7 6.2 105.5 1.9 5.6 0.34 0.22

TaBLE 3: Parameter values at different temperatures (25 MPa).

Quadratic function
coefficient

Average strength

Uniformity

Damage evolution Damage varigble correction

(T (°Q)) B (F (MPa)) coefhicient (m) threshold point (y) coefltcient (5)
233.6 3.18 99.39 0.800
229.7 1.87 88.43 0.781
2.09 100.40 0.890
300 - 40°C S 60°
2501 TN 200 1
200 - R _
5 RN < 150
S 150 1 e S g X
o} 100 - /._/' [} 100 A /‘_/
504 A 504 //
0 - T T T T | 0 T T T T |
0.000 0.002 0.004 0.006 0.008 0.010 7000 0.003 0.006 0.009 0.012 0.015

Test results
— Theory results

Test results
— 'Theory results

(b)

0 T T
0.000  0.003  0.006

Test results
—— Theory results

(c)

sensor and igh-performance fiber as the insulation material.
The heatjnig and loading methods are described as follows:

a) Heating method: heat the samples to the predeter-
mined temperature at a speed of 2°C/min and main-
tain a constant temperature for 5h.

(b) Loading method: apply lateral pressure and axial
pressure at the predetermined values simultaneously

0.009  0.012  0.015

€

FIGURE 5: Experimental and theoretical stress-strain curves at different temperatures (25 MPa).

at a speed of 0.005 mm/s; then, use a 5mm displace-
ment sensor to measure the axial and circular dis-
placements, and apply an axial load at a speed of
0.005 mm/s until the sample fails completely.

The constitutive model parameter values are obtained
by combining the granite triaxial compression tests results
and the constitutive model parameter expressions (Tables 2
and 3).
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FIGURE 6: Stress-strain curves under different parameter values (25 MPa): (a) features of stress-strain curves with change in parameter F; (b)
features of stress-strain curves with change in parameter m; (c) features of stress-strain curves with change in parameter & (m is the mean
uniformity of rock, F is the peak strength of rock, and § is the damage variable correction coefficient).

The graphs are generated according to the constitutive
model expression. Comparisons are made between the theo-
retical and experimental curves of the granite under different
temperatures (40°C, 60°C, and 130°C) under a confining
pressure of 25 MPa (Figure 5).

As shown in Figure 5, the theory curves fit well to the test
curves. This effectively demonstrates the features of the
whole process of rock stress-strain, with a good fitting to
the curves of different temperatures. This reflects the char-
acteristics of the deterioration and the residual strength of
the rock. Adopting the effective stress, which better fits the
rock damage rule, the peak strength and its corresponding
strain in the theoretical curves are basically identical to those
of the experimental curves.

4. Discussion

In this section, we would like to explore the relationship
between the stress-strain curve and its parameters, as well
as understanding the physical meaning of each parameter;
we use the constitutive model of brittle granite at 25 MPa
and 60°C as an example.

A and B are the coefficients of the quadratic function. The
larger the A, the greater the degree of curvature of the con-
cave curve, which means that the compaction stage of the
stress-strain curve is more obvious. In these curves, B is the
initial modulus of the rock sample; y is the rock damage evo-
lution threshold point; F reflects the rock average strength; m
determines the shape of the stress-strain curve and reflects
the homogeneity of rock mineral particles, also known as
the uniformity coeflicient; and § reflects the residual strength.
The complete stress-strain curves under different values of F,
m, and & are shown in Figure 6. The peak stress increases with
increasing F. When m = 1, no peak point is observed on the
curve, whereas both maximum and minimum values are
observed at m = 3. With increasing J, the residual declines.

The excavation of the deeply buried underground open-
ings, the heat generated by decay of radioactive wastes after
their emplacements, or the hydraulic fracturing stimulation
in geothermal reservoirs may induce damage and progressive
failure of the surrounding brittle rocks. The damage accumu-
lation caused by microcracking is therefore considered the
main mechanism that leads to the inelastic behavior of
stress-strain relation, deterioration of strength and stiffness,
and evolution of transport properties (e.g., permeability,
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diffusivity, and thermal conductivity) of the host rocks.
The proper model of coupled thermo-mechanical processes
(TM) considering deterioration is hence of paramount
importance for analyzing the rock mass response to excava-
tion, thermal loading, and fluid flow. The model could be
widely used in underground engineering, such as nuclear
waste isolation, production of fossil fuels, underground gas
storage, geothermal energy, and deep-buried tunnel.

5. Conclusions

The following conclusions can be drawn from this study:

(a) Based on previous works, a statistical damage consti-
tutive model was proposed by a three-parameter
Weibull distribution, which considers the crack initi-
ation strength, deterioration, and thermal effects.

(b) By introducing the boundary conditions and macro-
scopic parameters, the parameters of the model were
established and expressed. The physical significance
of the parameters and its effects on the model perfor-
mance were discussed.

(c) The model is verified by conventional triaxial
experiments under thermal-mechanical actions. A
relatively good coincidence between experimental
data and theoretical results was found in case
studies, which confirms the validity of the model
in considering brittle constitutive relations under
thermal-mechanical action.

It is necessary to point out that our work does not intend
to replace any of the existing models because the selection
and application of models usually depend on a specific area
or purpose. We want to check the possibility of applying this
statistical damage model to describe the constitutive behavior
of brittle rocks under thermal-mechanical coupling action.
The results provide an alternative way of describing similar
thermal-mechanical coupling properties of brittle rocks.
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This study couples an iterative sparse coding in a transformed space with an ensemble smoother with multiple data assimilation
(ES-MDA) for providing a set of geologically plausible models that preserve the non-Gaussian distribution of lithofacies in a
channelized reservoir. Discrete cosine transform (DCT) of sand-shale facies is followed by the repetition of K-singular value
decomposition (K-SVD) in order to construct sparse geologic dictionaries that archive geologic features of the channelized
reservoir such as pattern and continuity. Integration of ES-MDA, DCT, and K-SVD is conducted in a complementary way as
the initially static dictionaries are updated with dynamic data in each assimilation of ES-MDA. This update of dictionaries
allows the coupled algorithm to yield an ensemble well conditioned to static and dynamic data at affordable computational
costs. Applications of the proposed algorithm to history matching of two channelized gas reservoirs show that the hybridization
of DCT and iterative K-SVD enhances the matching performance of gas rate, water rate, bottomhole pressure, and channel

properties with geological plausibility.

1. Introduction

Calibration of a subsurface system is an essential process to
forecast fluid behaviors in a variety of geoenvironments such
as aquifers, geothermal reservoirs, and petroleum reservoirs.
History matching is an inverse process to find reservoir
model parameters honoring observations by integration of
static (e.g., core, logging, and seismic) and dynamic data
(e.g., oil and gas rate, water cut, bottomhole pressure, and
subsidence/uplift) [1]. Ensemble-based data assimilation
approaches have been successfully utilized for history match-
ing to provide subsurface models that are well conditioned to
observations. For example, the ensemble Kalman filter
(EnKF) [2-5], ensemble smoother (ES) [6, 7], and ES with

multiple data assimilation (ES-MDA) [8-10]. However, the
ensemble-based data assimilation approaches have difficulty
in preserving non-Gaussian distributions of model parame-
ters such as lithofacies [11-14]. In the ensemble-based data
assimilation approaches, model parameters lose the non-
Gaussianity of their original distributions that are initially
constrained and the distributions of the model parameters
get close to Gaussian ones.

Shin et al. [14] and Zhou et al. [15] suggested using
normal score transform in the ensemble-based data assimila-
tion approaches to preserve non-Gaussian distributions of
model parameters. Non-Gaussian model parameters are
transformed into Gaussian model parameters using normal
score transform, and then finally, updated model parameters
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are backtransformed. Moreover, transformation can take
advantage of parameterization if the number of essential
transformed parameters is smaller than the number of origi-
nal parameters in terms of saving computational cost and
figuring out main features of parameters. For example,
the discrete cosine transform (DCT) [16-21], fast Fourier
transform [22, 23], grid connectivity transform [24], level
set [13, 25], and sparse geologic dictionaries [26, 27] have
been applied to reservoir characterization. In particular,
Fourier transform-based methods such as DCT are capable
of capturing essential traits such as main shapes and patterns
of a facies channel reservoir [16, 17] but reveal a deficiency in
describing a crisp contrast among different facies because of
data loss from inverse transformation [28].

Sparse coding refers to the process of computing repre-
sentation coeflicients based on the given signal and dictionar-
ies [29]. In sparse coding, the dictionaries indicate groups of
features capable of brief expressions to represent various phe-
nomena in the environment [30]. In geological modeling,
sparse geologic dictionaries are used to represent models
with sparse linear combinations of basis vectors that are
essential geologic features of a reservoir [29]. Extracting
essential geologic features and reducing the number of reser-
voir variables can be accomplished using sparse coding,
thereby facilitating ensemble-based history matching [27].
Aharon et al. [29] showed the efficacy of K-singular value
decomposition (K-SVD) resulting from the accelerated con-
vergence for image reconstruction, which led Sana et al.
[31] to build an archive of essential geologic features called
sparse geologic dictionaries from thousands of static reser-
voir models using K-SVD and calibrate reservoir models with
the dictionaries using EnKF. One drawback of K-SVD is its
large size of sparse geologic dictionaries. References showed
that sparse coding with a transformation of parameter space
could reduce both computational complexity and costs that
are simultaneously required for model calibration [26, 27,
32]. In this study, we note that the previous works have not
considered the quality of sparse geologic dictionaries. The
quality indicates how well reservoir models can be properly
reconstructed by prototypes of dictionaries. Also, we expect
an improvement in the history-matching performance by
enhancing the quality of sparse geologic dictionaries.

This study proposes a hybridized ES-MDA algorithm
that implements sparse coding in a transformed space to out-
perform previous history-matching methods by providing
more accurate reconstructions of highly non-Gaussian model
parameters. The proposed algorithm transforms multimodal
facies into coefficients of discrete cosine functions using
DCT. Invoking DCT is followed by iterating K-SVD for
updating sparse geologic dictionaries. In each assimilation
of ES-MDA, the combination of DCT and iterative K-SVD
is performed to update the dictionaries and improve the
quality of reservoir models. For brevity, the proposed algo-
rithm with updated sparse geologic dictionaries is called
ES-MDA-DCT-i-K-SVD in this paper. The performance of
ES-MDA-DCT-i-K-SVD is tested with applications for chan-
nelized gas reservoirs and is compared with those of four ES-
MDA algorithms: conventional ES-MDA, ES-MDA coupled
with DCT (called ES-MDA-DCT in this paper), ES-MDA
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coupled with K-SVD (called ES-MDA-K-SVD in this paper),
and ES-MDA coupled with DCT and K-SVD (called ES-
MDA-DCT-K-SVD in this paper).

2. Methodology

The novelty of the proposed algorithm ES-MDA-DCT-i-
K-SVD is the integration of ES-MDA (Section 2.1), the
dimensionality reduction of the parameter space using DCT
(Section 2.2), and construction (Section 2.3) and updating
(Section 2.4) of geologic dictionaries using sparse coding in
the reduced space. Section 2.5 describes how the methods
operate in the framework of ES-MDA-DCT-i-K-SVD in a
complementary manner.

2.1. ES-MDA. The goal of history matching can be formu-
lated as

min  J(m), (1)

where ] is the objective function of history matching and m is
the state vector composed of reservoir variables (e.g., perme-
ability and facies).

The typical form of J(m) for ensemble-based history
matching is presented as [33]

J(m) = (m - mb) TB’1 (m - mh>

+ (d"bs - d) 'S (d"bs - d), 2

where m” is the state vector before update and the superscript

b refers to background; B is the covariance matrix of m%; d°*
is the observed responses; d = f(m) is the dynamic vector
composed of simulated responses obtained by running a res-
ervoir simulator f for the state vector m; and R is the covari-
ance matrix of observation error. Note that the right-hand
side of (2) is the addition of background and observation
error terms [33]. Because m can contain any unknown vari-
ables such as facies indexes, coeflicients of discrete cosine
functions or dictionary coeflicients depending on the type
of algorithms were used in this study.

0J(m)/0m = 0 can be used to derive the update equation
for m as [8, 33]

(3)

where the subscript i refers to the ith ensemble member;
C,nq is the cross-covariance matrix of m and d; C4q is the
autocovariance matrix of d; a, is the coefficient to inflate

mi:mf.’+Cmd(Cdd+apCD)_1(df“°—di) fori=1,...,N,

Cp, which is the covariance matrix of the observed data
measurement error [8]; d"™° is the observation data per-
turbed by the inflated observed data measurement error;
and N, is the ensemble size (i.e., number of reservoir
models in the ensemble). Conventionally, ensemble-based
history matching updates N, reservoir models simulta-
neously. In (3), C,,4(Cyq + ocpCD)_1 refers to Kalman gain
K, which is computed with regularization by SVD using
99.9% of the total energy in singular values [8].
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FiGurk 1: Example of discrete cosine transform (DCT) and inverse DCT (IDCT) applied to the reproduction of shale and sand facies of a

channelized reservoir.

The main difference between ES and ES-MDA is the
update process of the state vector m. ES updates the state
vector of each ensemble member using observation data
measured at all time steps (Emerick and Reynolds, 2011).
Compared to the single assimilation of ES, ES-MDA assimi-
lates every state vector N“ times using an inflated covariance
matrix of measurement error [8, 9]. Here, N is the number
of assimilations in ES-MDA.

Definitions of C,4 and Cg4q are as follows:

1 Neng B -\ T
Cpa = No12 (m;-m)(d;-d),
.
cﬁzlﬁm_lpx¢—dﬂ¢—d),

where m is the mean of state vectors and d is the mean of
dynamic vectors.
In ES-MDA, a, is constrained to

N“l

Y=L (5)

p=1%

In ES, N*=1and a,_; = 1 due to its single assimilation.

The perturbed observation data d"" shown in (3) is com-
puted as

A" =d®™+  faCllzy, fori=1,..,Ny. (6)

The second term on the right-hand side of (6) is the per-
turbation term, which reflects the uncertainty associated with

data measurement, processing, and interpretation. Stochastic
characteristics of Cp, are reflected by zg~N(0, Iy, ). z4 is the

random error matrix to observations, which is generated with
a mean of zero and a standard deviation of I , where Ny is

the number of time steps in observations.

2.2. Extraction of Geologic Features Using Discrete Cosine
Transform. Discrete cosine transform (DCT) has been uti-
lized as an image-processing tool for characterization of
channelized reservoirs due to the periodicity of cosine
functions [34]. DCT converts parameters into coefficients
of discrete cosine functions. The coefficients are sorted in
descending order from the top left, capturing the overall
trend of channel patterns, to bottom right, delineating
details in channel patterns. Previous studies have shown
that non-Gaussian channel patterns can be reproduced
sufficiently via inverse transform of essential DCT coeffi-
cients [18, 28, 35]. Updating the truncated DCT coeflicients
can yield a calibrated model set. Another advantage of DCT
is the improvement in computational efficiency resulting
from data compression, which is effective in constructing
sparse geologic dictionaries described in Section 2.3.

Figure 1 illustrates how to extract geologic features from
an image of a target channelized reservoir using a truncated
DCT and reproduce the target reservoir through an inverse
DCT (IDCT). Two images in the first row represent the phys-
ical state of sand and shale facies in the target reservoir, that
is, the original image on the left and the reproduced image on
the right. Let N4 and Npcp denote the number of grid-

blocks of the reservoir model and the number of essential
DCT coefficients, respectively. Applying DCT to the original
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F1GURrE 2: Construction of sparse geologic dictionaries using DCT and K-SVD: (a) training image, (b) generation of initial channel models (Y)
using SNESim, (c) transformation of Y into DCT coefhicients, (d) construction of D and X from Y using K-SVD in DCT domain, and (e)

reconstruction of Y from D and X.

75 by 75 image yields an image composed of DCT coeffi-
cients, as shown in the bottom-left corner of Figure 1. In
the bottom-right corner of Figure 1, filtering the coeflicient
state selects 465 components in the dotted triangle as essen-
tial ones. It seems that this small number of components is
sufficient to restore the original image of the physical state
(i.e., channel patterns) when comparing the two subfigures
in the first row.

2.3. Construction of Geologic Dictionaries Using Sparse
Coding. Figure 2 presents a procedure of sparse coding to
construct geologic dictionaries using static data in the DCT
domain. Sparse coding starts from building a library matrix
Y, which is a Np,;, by Ny, matrix. N, is the number of
parameters in each reservoir model, and Ny is the number
of reservoir models in Y. Equiprobable reservoir models are
generated using a geostatistical technique. Figure 2(a) shows
a training image used for creating initial channelized reser-
voir models (see Figure 2(b)) by invoking single normal
equation simulation (SNESim) [36]. In Figures 2(a) and
2(b), each reservoir model consists of two facies: shale and
sand with 0 and 1 indexes, respectively. Each column vector
of Y corresponds to either a reservoir model or an encoded

reservoir model because N, is determined depending on
the type of assimilation algorithms in this study. N, =
Ngigq (e.g., Y in Figure 2(b)) in the conventional ES-MDA,

while N,., =Npcr (e, Yper in Figure 2(c)) if DCT is

para

applied to ES-MDA. In Figure 2(c), each column vector of
Yy consists of DCT coeflicients filtered from the corre-
sponding column vector in Y. That is, the data compression
ratio is N;q/Npcr. In Figure 2, Ngjg/Npcrp =75 X 75/465 =
12.1. Data compression using DCT reduces the dimension
of the parameter space, thereby saving computing time
required for sparse coding [37]. Meanwhile, a sufficiently
large Ny, needs to be chosen to cover a variety of geologically
plausible scenarios in Y. Previous investigators adopted Ny,
in the range of 1000 to 2000 [31, 37]. In this paper, Ny, is a
constant of 3000 for maintaining the diversity of library
models. Note that generating Ny, models is computationally
inexpensive because all the models are static. No dynamic
reservoir simulation is required for any static model.
Library matrix Y is numerically decomposed into dictio-
nary matrix D and weight matrix X using K-SVD: Y = DX.
D and X are an N, by Ny, matrix and an Ny by Ny,

para
matrix, respectively, where Ny, is the number of reservoir
models in D. Thus, both Y and D are sets of reservoir
models. Each column vector of D, called a realization in
this paper, represents either an original or an encoded reser-
voir model. We expect that every realization exhibits distin-
guishable geological features in a well-organized dictionary.
Ny is to be predetermined considering computational
costs associated with the sparse coding process. In this paper,
Ny is fixed as one third of Ny,. As a rule of thumb,
Nlib > Ndict > Nens
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FiGure 3: Update of sparse geologic dictionaries during assimilations.

Figure 2(d) illustrates how to decompose Y into D and X
using K-SVD in the DCT coefficient domain. Note that col-
umn vectors in Y are sorted at random, while column vectors
in D are sorted from left to right in descending order of
energy to help us conveniently check the reservoir model
quality. The term energy indicates the norm of a row vector
in X corresponding to the realization in D. Greater norms
in X indicate more essential principal components in D.

The next task is how to decompose D and X from Y. Due
to the large size of the three matrices, matrix decomposition
is conducted numerically to minimize the discrepancy
between Y and DX. In other words,

min  |[|[Y-Y

(7)

where ||-||  is the Frobenius norm and Y' = DX.

More specifically, matrix decomposition is performed by
iterating sparse coding that is an orthogonal matching pur-
suit (OMP) (38, 39] followed by K-SVD [29], as described
by Sana et al. [31]. The first step of matrix decomposition
is to initialize D and X. The second step is to compute X
with a fixed D using OMP. The third step is update D
and X simultaneously using K-SVD through the following
three equations.

N gict

Y- Z dix,
i=1

where d; is the ith column vector (i.e., realization) in D and x;
is the ith row vector in X.
The right-hand side of (8) is rearranged as follows:

Y- )dx |-
( §> v 9)

Ej_d]r,xjHF for j=1,..., Ngicp»

, (8)

F

. ! .
min ||Y—Y HFzmm

min ‘

=min ‘

where the subscript j € {1, ...
E; is the discrepancy term.

, N} indicates the pivot and

To achieve (9), optimal d; and x; are explored from j=1
to j = Ny The right-hand side of (9) is rearranged as

|E - x|
(10)
=min HUAVT dix; Q]H forj=1,..., Ny

where €; is the matrix of which every element is either zero
or one. At each j, x; multiplied by €; returns a row vector
of nonzero elements in x;. The size of €; is N, by the num-
ber of nonzero elements in x;. E;Q); is decomposed using
SVD for determining d; and x; at each j, which results in U

AVT, where U is the first column vector from the left-
singular vectors’ matrix, A is the first element of the singular
values’ matrix, and V is the first column vector from the
right-singular vectors’ matrix of E J ], respectively. As a con-

sequence, dj is the first column vector of U and x4}, is the

first column vector of V multiplied by the first diagonal ele-
ment of A. x; is obtained by multiplying the inverse ;. Note

that the updated d; and X; are used for the calculation of (9)

at the subsequent js. Performing (10) at all js completes the
update of D and X.

After the update of the dictionary matrices, the second
step of matrix decomposition is reinvoked to tune X for fur-
ther achieving (7). Then, the tuned X and D are reimported
to (8) for conducting the third step again. This sequence
of the second and third steps is iterated until a conver-
gence criterion is satisfied. The criterion could be sparsity
of X, a threshold to accept the discrepancy shown in (7)
or the maximum number of iterations. In this study, the
criterion is the maximum number of iterations (set to ten)
for all experiments.

In summary, Figures 2(a)-2(d) describe how to construct
the original sparse geologic dictionary matrices Y, D, and X
using static data. Figure 2(e) is an example to show that per-
forming an IDCT yields Y while capturing geological
features of the original Y despite a diffusion in facies
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FIGURE 4: Gas rate and BHP profiles of 20 qualified realizations selected from the updated ensemble after the first assimilation.

designation. Note that the diffusion is filtered out using a
cutoff method in this study. We employ the arithmetic
mean of the two facies indexes (i.e., 0.5) as the threshold to
determine either shale (if facies index < 0.5) or sand (if facies
index >0.5) in each gridblock.

2.4. Update of Sparse Geologic Dictionaries during Multiple
Data Assimilation. Once original sparse geologic dictionary
matrices Y, D, and X are constructed using static data, the
proposed algorithm updates the dictionary matrices by con-
ditioning dynamic observations (e.g., gas rate and bottom-
hole pressure (BHP)) to the ensemble. Figure 3 explains

how to update the dictionary matrices during assimilations
of the proposed algorithm. Let N, = Npcr and Y =Ypep
in the proposed algorithm.

The weight matrix X is the state vector of the proposed
algorithm. Only for the first assimilation, N, realizations
are randomly selected from X in order to compose the initial
Xens- Thus, X, is a Ny, by N, matrix while X is a Ny, by
Ny, matrix. Let the superscript a denotes assimilation. Then,
X¢  denotes the updated weight matrix after assimilation.
Using D from Section 2.3 (Figure 3(a)),

Y?)CT,ens = DX:ns’ (1 1)



Geofluids

(a) Generation of initial reservoir realizations

geostatistical method, SNESim

Library N, realizations are generated by

Random selection of

|:> N _ realizations for

ens

initial ensemble

Assimilation, p =1 1

Forward simulations for
N, realizations

o

(b) Forward simulation and transformation

® ES-MDA

Transform parameters

® ES-MDA-DCT
® ES-MDA-K-SVD
® ES-MDA-DCT-K-SVD

corresponding to
five methods

® ES-MDA-DCT-i-K-SVD

i

(@ Facies indexes

(c) Calculate Kalman gain and update models
® DCT coefhicients
@ Weights of DCT (® Weights of DCT and update of dictionary matrix

® Weights

!

Retransformation into
facies index state

(d) Post process of updated models

|:> Cutoff facies by the average index

of sand 1 and shale 0

Yes

Assimilation, p=p + 1

(e) Assimilation,
p<N?

N? number of assimilations

(f) Well behaviors prediction of updated models

FI1GURE 5: Flow chart of five ES-MDA algorithms investigated in this study. The proposed algorithm corresponds to the number five in the

boxes (b) and (c).

where Y{op o i the Npep by N, matrix composed of DCT
coefficients of ensemble members.

Through IDCT, the updated DCT coefficients of Y, o
are restored to facies indexes (Figure 3(b)). Each facies index
map is transformed into its facies distribution map using a
cutoft (Figure 3(c)): Ypcrens — Yone- The facies models are
converted into petrophysical models and used for reservoir
simulation. The simulation results are compared with obser-
vations for checking a quality of each reservoir model in Y¢

The quality is quantified in terms of €_,,;, which indicates the

qual>
discrepancy between observation and simulation results of an

ensemble member:

2

Ny _ gobs
L (4= 12)

&= obs
Nd i=1 di

1 Nl.ype
Equali = Z g fori=1,..., Ny (13)
type j=1
where N .. is the number of data types.

Let Ny, be the number of qualified models selected from
the ensemble. N, models are selected among N, models:

Yo — Ygual, as seen in Figure 3(d). Figure 4, for example,
shows to select N ., = 20 realizations from N__ . = 100 reali-

qual — ens
zations regarding gas rate and BHP. It seems that the simu-
lated responses of the selected models are closer to the
reference results than the rest of the ensemble members.
Figure 3(e) shows that facies of the N, models are trans-
formed into DCT coefficients: Y,
Yt qual 18 the Nper by Ny matrix composed of DCT coef-
ficients of qualified ensemble members.

a
- Yper, qual® where
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TAaBLE 1: State vectors and update processes of sparse geologic dictionaries for five ES-MDA algorithms investigated in this study.

ES-MDA algorithm

State vector m

Update of sparse geologic dictionaries

ES-MDA Facies index
ES-MDA-DCT
ES-MDA-K-SVD
ES-MDA-DCT-K-SVD

ES-MDA-DCT-i-K-SVD

DCT coefficients in facies domain
Weight matrix X in facies domain
X in DCT domain
X in DCT domain

N/A
N/A
Single K-SVD before ES-MDA
Single K-SVD before ES-MDA
Iterative K-SVD during ES-MDA

After obtaining the qualified models, the library matrix
Ypcor is updated as (Figure 3(f))

Yper = Y%CT,qual Yper|- (14)

Note that (14) enhances both the quantity and quality

of geologic libraries by conditioning Y (which is con-

ditioned to static observation data initially) to dynamic

observation data with a relatively small number of reser-
voir simulation runs (Ng,, < Ny;) for qualified ensemble

members.

The updated Ypep is decomposed to obtain newly
updated D and X using OMP and K-SVD, as addressed in
Section 2.3 (Figure 3(g)). With the new D and Ypcp ., in
(11), X¢, is reupdated using OMP: Yp .o = DX (. This

ens
reupdated X2 is used as m® in (2) as the state vector of

the next assimilation.

2.5. Framework of ES-MDA-DCT-i-K-SVD. Figure 5 is a
flowchart of the proposed ES-MDA algorithm that is com-
pared with those of the other four ES-MDA algorithms inves-
tigated in this study. The general operating procedure for the
algorithms is as follows: generation of an initial ensemble,
reservoir simulation and selection of the qualified ensemble,
Kalman-gain calculation and model update, facies designa-
tion, iteration of the above processes until the iteration num-
ber reaches the number of assimilations N*, and acquisition
of qualified reservoir models. Differences between the algo-
rithms are found in the types of state vectors and model
update processes, as presented in Figures 5(b) and 5(c).
Table 1 compares state vectors and sparse geologic dictio-
naries for the algorithms. ES-MDA updates gridblock facies
indexes (originally assigned 0 and 1 for shale and sand, resp.).
ES-MDA-DCT updates filtered DCT coeflicients in the facies
domain. ES-MDA-K-SVD tunes weights in facies domain
with only one application of K-SVD before ES-MDA, while
ES-MDA-DCT-K-SVD tunes weights in the DCT domain
with only one application of K-SVD before ES-MDA. Finally,
the proposed ES-MDA-DCT-i-K-SVD updates weights in
the DCT domain with iterative K-SVD during ES-MDA.

3. Results and Discussions

The performance of the proposed algorithm (i.e, ES-
MDA-DCT-i-K-SVD) is tested with applications to history
matching of two channelized gas reservoirs. The algorithm
performance is compared to those of four ES-MDA algo-
rithms described in Table 1 to investigate coupling effects
of dimensionality reduction and iterative sparse coding. Note

TaBLE 2: Experimental setting of reservoir parameters used in Case
1 and Case 2.

Parameter Value
Number of gridblocks in the x-direction (N,) 75
(dimensionless)

Number of gridblocks in the y-direction (N,) 75
(dimensionless)

Number of gridblocks in the z-direction (N,) 1
(dimensionless)

Grid size (ft%) 200 x 200 x 100

Initial gas saturation (fraction) 0.75
Initial water saturation (fraction) 0.25
Initial reservoir pressure (psia) 3000
Porosity (fraction) 0.2

Permeability of sand facies (md) 300
Permeability of shale facies (md) 0.1

Index of sand facies (dimensionless)

Index of shale facies (dimensionless) 0

that the developed algorithm updates dictionaries with
dynamic data in each assimilation of ES-MDA. Neither ES-
MDA nor ES-MDA-DCT adopts dictionaries. Dictionaries
generated using static data are unchanged during data assim-
ilation for ES-MDA-K-SVD and ES-MDA-DCT-K-SVD.

3.1. Field Description. Table 2 summarizes gas reservoir
properties used in Case 1 and Case 2. For each case, the
gas reservoir consists of sand and shale facies. Each facies
has its relative permeability curves and absolute perme-
ability value; permeabilities of sand and shale facies are
300 and 0.1, respectively. Reservoir boundaries are sur-
rounded by numerical aquifers modeled by employing pore
volume multipliers.

Figure 6 compares training images and reference
models of the two cases. The size of the reservoir domain,
well location, and well name are the same in both cases;
eight vertical wells (P1, P4, P6, P7, P9, P12, P14, and P15)
are drilled in the sand formation, and the other eight vertical
wells (P2, P3, P5, P8, P10, P11, P13, and P16) are drilled in
the shale formation. These 16 facies data at the well locations
are regarded as hard data used for model generation. Both the
reference model and Ny, reservoir models are generated with
hard data using SNESim that employs the training image
shown in Figure 6(a) for Case 1.

The main differences between Case 1 and Case 2 are the
shapes and widths of the channels. First, the reference model
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FIGURE 6: Training images and reference models adopted for history matching of (a) Case 1 and (b) Case 2.

TaBLE 3: Experimental data for well parameters used in Case 1 and
Case 2.

TaBLE 4: Number of parameters used for construction and update of
sparse geologic dictionaries.

Parameter Value

Parameter Symbol Value

Observed well data Gas rate and BHP

Maximum well gas

production rate (MSCF/day) 15000
Minimum well BHP (psia) 1000
Total simulation period (day) 7000
History matching period 3500
(day)

Prediction period (day) 3500

Coordinates of well locations
in sand facies

14, 14), (62, 14), (30, 30), (46, 30),
14, 46), (62, 46), (30, 62), (46, 62)
30, 14), (46, 14), (14, 30), (62, 30),
30, 46), (46, 46), (14, 62), (62, 62)

Coordinates of well locations
in shale facies

~ o~~~

of Case 1 contains an S-shaped sand channel in the shale
background, while the reference model of Case 2 has three
parallel channels for which the orientation is NW-SE direc-
tion. Secondly, the channel width of the training image of
Case 2 is 1.2 times thicker than that of Case 1, making that
the channel width of the reference model of Case 2 is 1.2
times thicker as well. Despite the differences, this study inten-
tionally reuses the initial ensemble designed for Case 1 as the
initial ensemble of Case 2. The manipulation of an initial

Number of static reservoir models for

constructing an initial library matrix Y Nigy 3000
Number of static reservoir models for N 1006
constructing an initial dictionary matrix D dict
Number of gridblocks in each reservoir model Ngia 5625
Number of filtered DCT coeflicients in each

. Nper 465
reservoir model
Number of ensemble members Nons 100
Number of qualified ensemble members Ngua 20

ensemble amplifies intrinsic reservoir uncertainty that is
hard to infer from prior information (i.e., training image)
for Case 2.

Table 3 describes operating conditions of 16 wells (from
P1 to P16), the well coordinates of which are shown in
Figure 6(a). Table 4 presents the number of parameters used
in the five ES-MDA algorithms. Implementing DCT yields
the data compression ratio N,;3/Npcr =12.1. All experi-
ments were set up such that N* =4 and «, =4 according to

(5). The proportion of the ensemble update in sparse geologic
dictionaries Ny, /Ny, is 0.67%.
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FIGURE 7: Evolution of realizations in the dictionary matrix D during multiple data assimilation (Case 1).

3.2. Case 1. Figure 7 shows the evolution of realizations in D
achieved by invoking the proposed algorithm. We present
five realizations having higher energy than the others, which
are the first to the fifth column vectors in D, in each assimi-
lation. Qualified realizations vary until the second assimila-
tion is complete, implying a deficiency in the assimilation
process due to a large dispersion of realizations. In the third
assimilation, it seems that the first and fourth realizations
conform to the reference model (Figure 6(a)). The first
and second realizations in the fourth assimilation capture
the S-shaped channel pattern of the reference model. This
increase in the similarity among realizations implies an
increase in the probability that sparse geologic dictionaries
sufficiently represent the target gas reservoir.

Figure 8 compares history-matching results (day 1-day
3500) and prediction results (day 3501-day 7000) of the ini-
tial and updated ensembles against the reference results. Gas
production rate and BHP are matching parameters of each
ES-MDA algorithm. Water production rate is excluded from
the matching dataset because it is a watch parameter. The
three data types measured at wells P1, P4, P9, and P15 are

shown because these wells installed in sand facies exhibit
larger uncertainty than the other wells. In particular, water
breakthrough does not occur at well P15 during the
history-matching period. Thus, well P15 has the largest
uncertainty in this case study. Solid gray, blue, dark blue,
and red lines present well behaviors of the initial ensemble,
the updated ensemble, the mean of the updated ensemble,
and the reference model, respectively. The same initial
ensemble is provided for each ES-MDA algorithm for a fair
comparison. ES-MDA and ES-MDA-DCT expose a weak-
ness in matching the reference results (Figures 8(a) and
8(b)). Improvements in matching accuracy are accomplished
in the simulation results of the updated ensembles obtained
using ES-MDA coupled with sparse coding (Figures 8(c)-
8(e)). Executing sparse coding in the reduced parameter
space has the result that most subfigures include the refer-
ence results within the bandwidth of the simulation results
of the updated ensembles (Figures 8(d) and 8(e)), thereby
improving the matching accuracy. Figure 8(d) results from
the execution of ES-MDA-DCT-K-SVD of which the library
matrix Y is constructed using static data only. In Figure 8(d),
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FIGURE 8: History matching results of Case 1: gas production rate, water production rate, and BHP measured at wells P1, P4, P9, and P15.

simulation results of some updated ensemble members devi-
ate from the reference results at wells P4 and P9. It can be
said that the update of Y described in Section 2.4 yields an
increase in matching accuracy and a reduction in dispersion

of simulation results (Figure 8(e)). For water breakthrough,
underestimation of reservoir uncertainty is seen at well P15
in the simulation results obtained using the proposed algo-
rithm. P15 showed the worst matching results among the
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TABLE 5: Statistical parameters of history matching (HM) and prediction (PD) errors in terms of gas rate, water rate, and BHP (Case 1). ¢, and
o, refer to the mean and standard deviation of ensemble error, respectively.

ES-MDA algorithm u, (%) o, (%) u, (%) o, (%) u, (%) o, (%)
Gas rate (HM) Water rate (HM) BHP (HM)
ES-MDA 46.44 122.79 18.61 20.99 55.84 53.01
ES-MDA-DCT 195.30 257.77 491 6.31 99.01 67.86
ES-MDA-K-SVD 11.83 34.88 6.04 2.94 27.72 29.78
ES-MDA-DCT-K-SVD 5.75 54.78 5.39 451 68.11 73.71
ES-MDA-DCT-i-K-SVD 0.98 1.69 6.29 2.40 39.36 16.54
Gas rate (PD) Water rate (PD) BHP (PD)
ES-MDA 37.05 48.74 13.11 10.24 27.85 27.70
ES-MDA-DCT 134.51 151.60 13.91 8.22 47.83 30.78
ES-MDA-K-SVD 26.03 16.08 2.54 0.01 8.13 11.79
ES-MDA-DCT-K-SVD 22.97 33.58 3.16 0.01 12.84 14.49
ES-MDA-DCT-i-K-SVD 24.68 13.39 4.62 0.01 13.15 3.54
(a) ES-MDA (b) ES-MDA-DCT (c) ES-MDA-K-SVD (d) ES-MDA-DCT-K-SVD (e) ES-MDA-DCT-i-K-SVD
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FIGURE 9: History matching results of Case 1: cumulative gas production and cumulative water production in the field.

7000

16 wells as the breakthrough time is not detected during the
matching period. It is reasonable to have moderate results
at some matching targets despite the overall good matching
performance [40, 41].

The performances of the algorithms in terms of both
history-matching (HM) and prediction (PD) periods are
summarized in Table 5. The quality of the updated ensembles
was assessed using the following:

Neps upd
1/N, i1 €
y, = (UNew)ii'ei C“S)Z’; 6{ — % 100 (%),
(I/Nens)Zi:lm S;mt

—\ 2
\/(I/Nens - I)Zfiel"s (s;}Pd - S?Pd)

0. =
\/(1/N _ 1) Nens (einit_m>2
ens i=1 i i

where i, is the normalized average of error & (see (12)) and
0, is the normalized standard deviation of €. The superscripts
upd and init refer to the updated ensemble member and the

(15)

x 100 (%),

initial ensemble member, respectively. Smaller values of y,
indicate a more accurate updated ensemble. Smaller values
of o, indicate a smaller degree of reservoir uncertainty asso-
ciated with the ensemble. Any value larger than 100% indi-
cates deterioration of the ensemble quality, as revealed in
the results obtained using ES-MDA and ES-MDA-DCT. In
terms of gas rate, for example, the updated ensemble of ES-
MDA-DCT amplifies the degree of dispersion compared to
the initial ensemble. Furthermore, the behaviors of its ensem-
ble mean do not follow those of the reference model. The
proposed algorithm yields acceptable y, values and o, values
that are smaller than those of the other ES-MDA algorithms.
Most observations are included within the bandwidths of the
simulated profiles. The inclusion is also captured in the field
cumulative production profiles of gas and water (Figure 9).
Nonetheless, a remaining task is the construction of more
robust dictionary matrices to improve the matching quality
at every well target.

Figure 10 compares ensemble mean maps and histo-
grams of permeability obtained using the five ES-MDA algo-
rithms. A task herein is to investigate whether the ES-MDA
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FIGURE 10: Permeability distribution of the ensemble means and their histogram of permeabilities obtained after history matching of Case 1.

algorithms can capture the overall trend of the sand channel
while preserving shale facies in the background. In the refer-
ence model, for example, the shortest path between wells P6
and P9 is filled with shale. Each ensemble member consists of
sand facies with a permeability of 300 md and shale facies
with a permeability of 0.1 md. However, the histogram of
the initial ensemble mean (Figure 10(a)) does not follow

the bimodal distribution. On the other hand, it seems that
the histogram of each updated ensemble follows the
bimodal distribution. The ensemble mean maps obtained
using ES-MDA and ES-MDA-DCT (Figures 10(b) and
10(c)) conform less to the reference model than those
obtained using the algorithms coupled with K-SVD. When
comparing the log-scale permeability histograms, it seems
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TaBLe 6: Comparison of computational costs required for
dictionary construction and update.

ES-MDA algorithm Computational costs (min)

ES-MDA 0.0
ES-MDA-DCT 0.0
ES-MDA-K-SVD 218.0
ES-MDA-DCT-K-SVD 5.7

ES-MDA-DCT-i-K-SVD 21.4 (=5.7 +15.7)

that the unconformity is proportional to the frequencies of
undesirable permeabilities between In 0.1 (=—2.3) md and
In 300 (=5.7) md in the histograms. DCT is advantageous
for preserving channel connectivity; however, an artificial
sand channel connects wells P6 and P9. In addition, trun-
cated DCT coeflicients smooth out borders between the sand

channel and background shale, as shown in Figure 10(c). ES-
MDA-K-SVD, ES-MDA-DCT-K-SVD, and ES-MDA-DCT-
i-K-SVD reproduce channel patterns and the connectivity
of the reference model (Figures 10(d)-10(f)), although
Figure 10(e) contains undesirable sand facies between wells
P6 and P9. A crisp contrast between shale and sand facies is
observed in the outcome of the assimilation algorithms cou-
pling DCT and K-SVD (Figures 10(e) and 10(f)). The devel-
oped algorithm reveals clearer shale facies in the path than
the other algorithms (Figure 10(f)).

Figure 11 compares characterization results of a chan-
nelized reservoir with regards to sand-shale facies distribu-
tion. The initial five realizations reveal diverse channel
patterns in terms of orientation and shape (Figure 11(a)).
Pixel-based perturbation using ES-MDA delivers a broken
channel with a low-channel connectivity after assimilation
(Figure 11(b)). In Figure 11(c), the shortest path between
wells P6 and P9 is filled not with shale but sand in the
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F1GURe 12: Evolution of realizations in the dictionary matrix D during multiple data assimilation (Case 2).

second and fifth realizations, while part of the channel is
disconnected in the first and third realizations. Interest-
ingly, data loss during DCT made the channel width irreg-
ular. K-SVD helps conserve the connectivity and pattern
of the channel (Figure 11(d)). Parameterization followed
by sparse coding delivers satisfactory results in preserving
overall channel characteristics (Figures 11(e) and 11(f)).
Figure 11(e) connects well P6 and well P9 with an artificial
sand channel, but Figure 11(f) does not. That is, conditioning
dictionaries to dynamic data through the iterative sparse cod-
ing provides opportunities to calibrate the rock facies distri-
bution between well P6 and well P9. The five realizations of
the proposed algorithm keep the channel patterns similar to
the reference, while maintaining shale facies on the shortest
path between well P6 and well P9 (Figure 11(f)). Most
realizations have a broken sand channel near the upper left
corner of the domain. This phenomenon would be an intrin-
sic limitation of geostatistical methods arising from a lack of
observation data.

Table 6 compares computational costs paid for the
construction and update of dictionaries. The hardware

specification utilized for comparison was Intel® Core™ i5-
7200U @ 2.5 GHz with 8 GB RAM. The runtime of the reser-
voir simulation was excluded from the comparison. ES-MDA
and ES-MDA-DCT cost nothing for dictionary construction.
ES-MDA-K-SVD was a relatively costly algorithm. It took
218 minutes to obtain the original dictionary matrices D
and X via Y despite the matrix construction one time. DCT
helped save computational costs required for sparse coding.
ES-MDA-DCT-K-SVD was the cheapest algorithm (taking
5.7 minutes) thanks to the reduced number of parameters
due to DCT. Updating sparse geologic dictionaries in each
assimilation resulted in an additional 15.7 minutes in the
subsequent four assimilations. Nevertheless, it seems this
amount of extra cost is within a reasonable range. ES-
MDA-DCT-K-SVD was 38.2 times as fast as ES-MDA-K-
SVD, and ES-MDA-DCT-i-K-SVD was 10.2 times faster
than ES-MDA-K-SVD.

3.3. Case 2. This case study checks whether the updated
ensemble can describe the shape and orientation of three par-
allel sand channels under uncertainty associated with the
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F1GURE 13: History matching results of Case 2: gas production rate, water production rate, and BHP measured at wells P1, P4, P9, and P15.

underestimated channel width. Figure 12 shows the evolu-
tion of realizations in the dictionary matrix D obtained using
the proposed algorithm during multiple data assimilation.
The trend of evolution is consistent with that presented in

Case 1 (Figure 7). For example, the first and second realiza-
tions in the fourth assimilation sufficiently resemble the
reference model. This similarity implies that the quality of

geologic dictionaries is improved by adding N, models
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TABLE 7: Statistical parameters of history matching (HM) and prediction (PD) errors in terms of gas rate, water rate, and BHP (Case 2). ¢, and
0, refer to mean and standard deviation of the ensemble error, respectively.

ES-MDA algorithm U, (%) o, (%) U, (%) o, (%) U, (%) o, (%)
Gas rate (HM) Water rate (HM) BHP (HM)
ES-MDA 2.00 8.07 5.99 7.63 23.38 16.12
ES-MDA-DCT 6.64 27.96 2.44 3.12 19.70 16.00
ES-MDA-K-SVD 3.28 7.35 7.52 11.04 39.48 44.94
ES-MDA-DCT-K-SVD 1.66 2.48 15.25 24.38 29.09 34.30
ES-MDA-DCT-i-K-SVD 4.15 1.45 1.04 0.94 32.15 4.51
Gas rate (PD) Water rate (PD) BHP (PD)
ES-MDA 4.39 3.74 14.19 5.66 28.54 26.98
ES-MDA-DCT 2.67 0.64 8.38 6.17 25.48 12.27
ES-MDA-K-SVD 5.53 8.71 35.74 24.21 101.10 63.86
ES-MDA-DCT-K-SVD 10.02 6.90 20.23 12.09 23.95 26.59
ES-MDA-DCT-i-K-SVD 1.53 0.28 12.20 2.36 29.77 2.49
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F1GURE 14: History matching results of Case 2: cumulative gas production and cumulative water production in the field.

conditioned to dynamic observations to the initially static
library pool in each assimilation.

Figure 13 compares production profiles obtained using
the five ES-MDA algorithms. Each algorithm reuses the ini-
tial ensemble introduced in Case 1, as mentioned in Section
3.1. The proposed algorithm yields smaller standard devia-
tions than the other algorithms and reduces reservoir uncer-
tainty with reasonable matching accuracy (Table 7). The
matching accuracy is comparable to those of the algorithms
coupling sparse coding. Matches and prediction results for
gas and water rate are decent. In terms of BHP, the proposed
method shows the best conformance to observations except
for well P9. The overestimated BHP is related to the underes-
timation of the water rate at well P9. Our inference is that this
happens because of incorrect prior knowledge of the channel
width. Field cumulative production profiles of gas and water
are presented in Figure 14. Figure 15 compares averaged per-
meability distribution of the updated ensemble obtained
using the five algorithms. The proposed algorithm outper-
forms the other algorithms by preserving the separation
among the channels with NW-SE orientation and a distinct
contrast at the borders between the shale background and

sand channels. Facies index maps of individual ensemble
members obtained after history matching also support the
reliability of the proposed algorithm (Figure 16).

4. Conclusions

The hybridized ES-MDA algorithm coupled with iterative
sparse coding in reduced parameter space was able to cali-
brate channelized reservoir models using and updating the
repository of geologic features called sparse geologic dictio-
naries. The first library composed of thousands of reservoir
models generated using SNESim was only conditioned to
static data. Dimensionality reduction performed using DCT
was effective in reducing the size of the library by converting
gridblock facies into coefficients of discrete cosine functions.
The weight matrix obtained by decomposing the library was
imported to ES-MDA as a state vector. In each assimilation
of ES-MDA, update of weights resulted in reservoir models
that were well conditioned to both static and dynamic data.
Adding the history-well-matched reservoir models as new
members in the existing library was the critical factor for
attaining improved matching accuracy and reduced model
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FIGURE 15: Permeability distribution of the ensemble means and their histogram of permeabilities obtained after history matching of Case 2.

dispersion because of the reflection of dynamic data in the
updated dictionaries. The unprecedented consideration of dic-
tionary update was the originality of this study and the
contribution to researches about combinations of machine
learning and ensemble-based data assimilation methods.
History-matching results of two channelized gas reser-
voirs (i.e., the S-shaped channel for Case 1 and three parallel

channels for Case 2) indicated that the achievements arose
from an iterative update of dictionaries of the proposed algo-
rithm: the improved matching accuracy in both history and
forecast in terms of well and total production, the reduced
dispersion of production behaviors and permeability distri-
bution, and the well-connected channel body of reservoir
models with geological plausibility. ES-MDA with the
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FIGURE 16: Permeability distribution of five qualified reservoir models obtained after history matching of Case 2.

dictionary update yielded higher matching accuracy values  C_4: Cross-covariance matrix of state vector m and

and lower dispersion values than ES-MDA incorporated with simulation data d

a fixed dictionary matrix. The increase in computational  d: Simulation data

costs paid during the dictionary update was affordable com- ~ g°bs.  Observation data

pared to the assimilation algorithms not coupled with sparse d"™c.  Perturbed observation data

coding. Improving the matching accuracy at some well-based d: Column vector of the dictionary matrix D
levels remains as an outstanding task for the proposed tech- (i.e., realization)

nique despite the overall enhanced matching quality. Wealso 4.
anticipate that future works will adopt a more generalized  p.
sparse coding for diversifying the utility of the proposed .
framework in a variety of geoenvironments (e.g., naturally
fractured reservoirs).

Mean of simulation data
Dictionary matrix

f Reservoir simulator
Nomenclature ] Objective function
m: State vector of a reservoir model
B: Covariance matrix of state vectors m:  Mean of state vectors
Cp:  Covariance matrix of observed measurement error m’:  State vector of a reservoir model before update

Cyq4:  Autocovariance matrix of simulation data d Iy,s  Ngby Ny identity matrix

Discrepancy between the library matrix Y and the
reconstructed library matrix Y' except the jth dix;
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K: Kalman gain

N?  Number of assimilations

Ny Number of time steps in observations

Nper: Number of essential DCT coeflicients
Nyt Number of reservoir models in the dictionary

matrix D
N.,: Number of ensemble members
Ngiq:  Number of gridblocks in a reservoir model

Nyp: Number of reservoir models in the library matrix Y
: Number of parameters in a reservoir model

Number of qualified ensemble members
Number of data types

N

N

R: Covariance matrix of observation error
b'e Row vector of the weight matrix X

X Weight matrix

Library matrix
Reconstructed library matrix

Z4 Random error to observations

a,: Inflation coefficients of Cp,

& Error

€quat  Discrepancy between observation and simulation
results of an ensemble member

125 Average

o: Standard deviation.

Subscripts

DCT: Discrete cosine transform
dict: Dictionary

ens: Ensemble

lib:  Library

qual: Qualified

para: Parameter.

Superscripts

a: Assimilation
init: Initial

obs: Observation
upd: Update.
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Reservoir landslide is a type of commonly seen geological hazards in reservoir area and could potentially cause significant risk to the
routine operation of reservoir and hydropower station. It has been accepted that reservoir landslides are mainly induced by periodic
variations of reservoir water level during the impoundment and drawdown process. In this study, to better understand the
deformation characters and controlling factors of the reservoir landslide, a multiparameter-based monitoring program was
conducted on a reservoir landslide—the Hongyanzi landslide located in Pubugou reservoir area in the southwest of China. The
results indicated that significant deformation occurred to the landslide during the drawdown period; otherwise, the landslide
remained stable. The major reason of reservoir landslide deformation is the generation of seepage water pressure caused by the
rapidly growing water level difference inside and outside of the slope. The influences of precipitation and earthquake on the
slope deformation of the Hongyanzi landslide were insignificant.

1. Introduction [5]. In summary, the significant and instant reservoir water
level fluctuations normally cause negative influences on
the global stability of the reservoir slopes through influenc-
ing their hydrological conditions and reducing the slope
strength [6].

The failure mechanisms and resulted chain of disasters
(such as the impulse of wave) by reservoir landslides have
been extensively studied in previous studies [5-7]. Erosions
of loose debris at the slope toe by flow, instant pore water
pressure generation in the slope by the drawdown of reser-
voir water level, and structural and strength reduction of

Landslide induced by reservoir impoundment and draw-
down is a commonly seen geological hazard in reservoir
area and has caused significant impacts and damages on
the operation and function of hydropower stations all over
the world. Historical statistics show that in general, over
90% of reservoir-induced landslides are caused by the fluc-
tuations of reservoir water level, and approximately 50%
occurred during the period of impoundment [1-4]. More
than 80% occurred during the first 3 to 5 years after the

construction of the dam [1]. Regarding the influences of
reservoir water level fluctuation, 40% occurred with the
declination of reservoir water level [2, 3]. The large land-
slides of the sizes greater than ten million cubic meters
were normally triggered by the rapid declination of the res-
ervoir water level. Also, approximately 75% of triggered
landslides were due to the revivification of ancient landslides

the hydrofluctuation belt are the main reasons of triggering
reservoir landslides [1, 4-6]. By conducting numerical analy-
sis [6, 7], the risk management of potential impulse wave by
the slope movement also draws more attentions. The major-
ity of these researchers are intent to provide a complete over-
view/analysis on the whole process of the disaster chain,
including the deformation triggering of the landslide to the
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generation of impulse wave, as well as the resulted potential
hazard to the properties in the reservoir or on the opposite
bank [2, 3]. The full-process analysis offers valuable insights
into the planning of prevention, control of geological haz-
ards, and guidance on estimation of landslide-generated
impulse waves in reservoirs.

Studies [7, 8] on reservoir landslide deformation charac-
ters indicated that the global deformation always started at
the front part of the slope and mainly composed of the defor-
mation of the slip band. The potential negative influences
caused by the reservoir-induced landslides mainly include
two aspects: (1) the significant reduction of reservoir storage
capacity and water conservancy facilities operation due to the
entrance of sliding material into reservoirs; (2) the formation
of impulsive waves induced by sliding materials reaching the
reservoir water with large dynamic energy and cause signifi-
cant safety issues on the dam and the operation of hydro-
power stations [7, 9, 10].

The slope monitoring technology developed rapidly over
the past several decades. At the beginning of 21th century,
the optical fiber monitoring system became more extensively
used, and advancements of higher accuracy, greater speed,
and higher automation in monitoring technology have
occurred. Meanwhile, one of the important problems to be
solved is to improve the coordination and integration of the
monitoring system of involving different types of monitoring
devices for various monitoring parameters. Currently, the
data communication and compatibility of the data process-
ing software for comprehensive slope dynamic performance
is a major research issue.

Therefore, it is important in theory and engineering
practice to study the impact and casual correlations among
reservoir water level fluctuation, hydrodynamic, and defor-
mation characters of reservoir landsides. Conducting the
comprehensive monitoring program on reservoir landslides
is the key issue of obtaining the in situ data, which set the
basis for conducting the more comprehensive analysis and
simulations. The periodic geological inspections are recom-
mended to monitor the deformation and hydrogeological
condition of the slope during the process of reservoir water
level fluctuation [4, 11].

In this paper, a multiparameter monitoring program was
conducted to record the change of ground water level, surface
deformation, and deep-seated displacement at various loca-
tions on the Hongyanzi landslide, located in Pubugou
Hydropower Station reservoir area, Sichuan province, South-
west China, during the period of reservoir impoundment and
drawdown from 2013 to 2014.

Based on the measurements, the temporal correlations
among reservoir water level fluctuation, slope groundwater
level, surface displacements, crack propagations, and deep-
seated displacement are interpreted. The preliminary recom-
mendations are made to help control the negative influences
of reservoir water level fluctuation on the slope stability of
reservoir landslides. The findings presented in this paper
could also offer the valuable insights into the planning of pre-
vention and control of geological hazards in the Pubugou
Hydropower Station reservoir area and relevant studies on
reservoir induced landslides in the world.

Geofluids

F1GURE 1: Location map of the Hongyanzi landslide (source: Google
Earth).

FIGURE 2: 3D view of the Hongyanzi landslide.

2. Overview of the Hongyanzi Landslide

The Hongyanzi landslide is located in the right bank of
the Dadu River, a secondary tributary of the Yangtze River
in Hanyuan County, Sichuan province in the Southwest of
China (Figure 1). It is 23km away from the Pubugou
Hydropower Station in the downstream region. According
to the previous investigations, the overall slope of the
Hongyanzi landslide is 27 degrees. The slope magnitude var-
ies significantly along the surface the landslide from the scarp
to the toe.

The plan view of the Hongyanzi landslide is approxi-
mately semicircular (Figure 2). The sliding direction is
340 degrees. The elevation of the slope toe and back-scarp
is 810 m and 954 m, respectively, and the overall elevation
difference between the toe and the slope is approximately
150m. The total length and width are 600 and 580m,
respectively [10].

Prior to the installations of monitoring devices, the large
deformations have occurred to both left and right bound-
aries, and the magnitude reached 1.7m and 1.5m, respec-
tively, due to the reservoir water fluctuation during the
same period. According to the in situ investigation [10], the
thickness of sliding material is nonuniform, and the thick-
ness varies from 20 to 50 m over the entire slope area. Since
the Hongyanzi landslide is an ancient landslide, the thickness
of sliding material in the front is greater than that in the rear.
Geomorphologically, the plain area of Hongyanzi landslide is
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FIGURE 3: Main geological profile of the Hongyanzi landslide.

about 1.80 x 10° m?, and the total volume is approximately
7.7 million m>. The sliding surface is flatter in the front and
steeper in the rear, and slope difference is about 20 degrees
[10]. Due to the large distortions occurred to the pavements
on the slope, the boundary of the Hongyanzi landslide can
be easily identified in the field.

Based on field investigation, the Hongyanzi landslide is
an ancient accumulation landslide (Figure 3), and the sliding
material is mainly composed of the quaternary silty clay, cob-
ble, or gravel, and the stones of diameter from 1 to 3 meters
can be observed locally. The primary composition of cobble
and gravel is limestone with a densely compact structure.
The stratum of sliding bed is Jurassic reddish sandstone in
the footwall of Hanyuan-Zhaojue fault and Permian lime-
stone in hanging wall of the fault [10].

The hydrogeological condition of the Hongyanzi land-
slide is relatively simple. The groundwater is mainly the pore
phreatic water in loose rock mass, and the major supply is
atmospheric precipitation. The Hongyanzi landslide faces
the Dadu River in the north and gullies in the east and west.
The steep topography and large elevation differences from
the scarp to the toe provide a great potential for groundwater
to discharge into the Dadu River. During the operation of
the Pubugou Hydropower Station, the reservoir water level
varied from 790m to 850m, and the range of water-level-
fluctuating zone was approximately 60 m. The fluctuation
of reservoir water level had a vital impact on the ground
water table of the reservoir bank slopes.

Based on the historical records [10], the Hongyanzi
landslide remained stable before the construction of the
hydropower station. After the impoundment, large deforma-
tion occurred to the Hongyanzi landslide during the decli-
nation period of the reservoir water level. The impoundment
and power generation started on June and November
2010, respectively. In February 2011, after 8 months of

impoundment, large deformations occurred to the Hon-
gyanzi landslide and the accumulated downward deforma-
tion reached up to 1m by the end of 2011 depending on
the local topography. Simultaneous deformation continued
to occur with the declination of reservoir water level in
2012. From 2013 to 2014, the maximum deformation
reached to 2.7 meters, and the accumulated deformation
since the beginning of hydropower station operation is more
than 4 meters. The majority of the deformations occurred
during the declination of the reservoir water level, and no
large deformations were observed when the reservoir water
level remains stable or increases. Similar observations were
also made by previous studies [12-18]. Due to the extensive
deformation of the Hongyanzi landslide, a multiparameter
monitoring program was conducted on the Hongyanzi
landslide to advance the understanding on the deformation
characters and its major influencing factors.

3. The Multiparameter Monitoring

Since 2012, various monitoring equipment (Figure 4 and
Table 1) were employed to conduct a continuous monitoring
program on the simultaneous developments of surface
deformation, deep-seated deformation, ground water table
in the slope, crack propagations on the left and right bound-
aries, and the atmospheric precipitations. Reservoir level was
measured by the water gauge. The distribution of the
installed monitoring devices is shown in Figure 4. The mon-
itoring program started in January 2013, and this study
mainly focuses on the monitoring data received prior to
December 2014.

3.1. Slope Ground Water Table. As shown in Figure 5, a
strong correlation exists between slope water level in ZK-5-
w and reservoir water level. The reservoir water level declined
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TaBLE 1: Monitoring devices employed in this study.

Device ID Measuring data and installed location

GPS-1 Surface displacement (on the right of the center)
GPS-2 Surface displacement (middle part of landslide)
GPS-3 Surface displacement (on the left of the center)
GPS-4 Surface displacement (near the scarp)

LF-1 Surface crack propagation (on the right boundary)
LF-2 Surface crack propagation (on the left boundary)
ZK-5-d Deep-seated displacement (middle part of landslide)
ZK-5-w Ground water table (middle part of landslide)

gradually from January to April 2013 from 850 m to 792 m.
Meanwhile, the slope water level measured in ZK-5-w also
decreased from 853 m to 825 m. In May, the reservoir water
level started rising and reached 842m in July. At the same
time, the slope water level returned to 846 m. In August, the
reservoir water level decreased from 842m to 819m, and
the slope water level also decreased from 847m to 834
accordingly. During the initial of the drawdown period, the
declination rate of the slope water level is roughly the same
with the value of reservoir water level. However, when the
reservoir water level declined with increased speed, the decli-
nation of slope water level lags behind.

3.2. Surface Displacement. Four GPS monitoring stations
were installed on the slope surface, and the measuring
results showed that large slope deformations, which mainly
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FIGURE 5: Reservoir water level versus ground water level.

occurred to from March to June, were captured from 2013
to 2014. The directions of the horizontal displacements mea-
sured by GPS-1, GPS-2, and GPS-3 that were located in the
mid to front of the slope were approximately the same
(NW 22 to 24 degrees). The magnitude of displacements also
increased from left to the right on the slope. The maximum
horizontal and vertical displacement was 2690 mm (GPS-1)
and 760 mm (GPS-3), respectively. GPS-4 was located near
a steep scarp in the midrear part of the slope. Therefore,
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due to the influence of microtopography on the measure-
ments, the deformation characters captured by GPS-4 were
different from the other three stations. The direction of hor-
izontal displacement at GPS-4 was NW 16 degrees, and the
horizontal and vertical displacements were measured to be
1780 mm and 2000 mm, respectively.

Crack propagations were also monitored on the east and
west boundaries of the Hongyanzi landslide. From January to
July 2013, especially from April to July 2013, the crack devel-
opment (LF-1) on the east boundary was significant, and the
magnitude reached 1400 mm. On the contrast, crack propa-
gated (LF-2) much lower on the west boundary, and the mag-
nitude reached only 180 mm. Above measurements received
good agreements with the surface displacements measured
by GPS receivers, which clearly showed that the surface
compression and tension occurred on the west and east
boundaries, respectively. Also, the recording on both bound-
aries showed a consistent temporal correlation with surface
displacement recorded by GPS stations.

3.3. Deep-Seated Displacement. The measuring depths for
deep-seated displacement at ZK-7-d are 18 m, 26 m, and
31 m. Figure 6 shows that small magnitude of deformation
of less than 5 mm occurred at a depth of 31 m, and the defor-
mations at the depths of 18 m and 26 m were much larger.
This could provide a good support for determining the eleva-
tion of sliding surface and volume of sliding material. Similar
to the surface displacement and ground water table, a clear
and consistent temporal correlation exists between the
deep-seated displacement and fluctuation of reservoir water
level as shown in Figure 7. Similar to the occurrence time
of surficial deformation, the large deep-seated displacement
started to increase in ZK-7-d from March to May.

3.4. Precipitation. According to the precipitation record at
the Hongyanzi landslide, the average annual precipitation is
approximately 400 mm and mainly concentrates from May
to August, as shown in Figure 8. Based on the correlations

among the 1-day precipitation (Figure 9), 3-day accumula-
tive precipitation (Figure 10), and slope deformation, it
was found that significant deformation occurred during
the period from March to April while no intensive precipita-
tion was observed. In June, however, no large deformation
was captured while intensive precipitation was recorded.
Therefore, based on the above observations, the influence of
rainfall on the development of landslide deformation could
be fairly insignificant. Additional monitoring is being con-
ducted currently to further analyze the influence of precipita-
tion on the Hongyanzi landslide deformation.

3.5. Influence of Earthquake Events on Deformation of
Hongyanzi Landslide. On April 20, 2013, an earthquake event
of magnitude 7.0 hit the Lushan country, Sichuan province,
and the distance from Hongyanzi landslide to the epicenter
is about 100 km and the magnitude of intensity is VI. The
recorded peak acceleration by the seismic station closest to
Hongyanzi landslide was 0.4g. A postearthquake field inves-
tigation was conducted, and the deformations on the bound-
aries were found larger than the routine deformation
magnitudes induced by reservoir water fluctuations. The sur-
face distortions of 50 mm and 10 mm were observed on the
right and left boundaries, respectively. No obvious increases
in the surface and deep-seated displacements were recorded
by the monitoring devices.

4. Influence of Reservoir Water Level
Fluctuation on Slope Stability

As shown in Figure 11, the primary deformations occurred
during the drawdown period from March to April, especially
when the declination rate was large. Other than that, no
deformation was recorded during the impoundment period.
Among the GPS measuring stations, the maximum deforma-
tion recorded by GPS-1 was the greatest and the magnitude
reached 1823 mm in 2013, of which 1526 mm occurred from
March to April. Meanwhile, the reservoir water level declined
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to 35.9m. The overall deformation occurred in 2014 was  level and slope deformations was captured by the other
approximately 932mm, of which 730 mm occurred from  GPS stations.

March to April. Meanwhile, the reservoir water level declined Based on the correlation between the magnitude of daily
to 30.6m. The similar correlation between reservoir water =~ drawdown of reservoir water level and the slope deformation
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captured by GPS station (Figures 12 and 13), the deformation ~ the drawdown rate increased rapidly, and the magnitude
was insignificant from January to February when the draw-  exceeded 0.5 m/d. Meanwhile, significant slope deformations
down rate was less than 0.5m/day. From March to April, = were captured by all GPS measuring positions, and the
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deformation rate showed an acceleration trend in an overall
stable condition. From March 22 to 24 and April 13 to 14,
the drawdown rate magnitude of reservoir water level
decreased slightly, and also the deformation rate at all GPS
measuring positions showed the declined trend.

From May, the reservoir water level started to rise,
and daily rate of deformation deceased rapidly accord-
ingly. After June, the deformation measurements at all GPS
stations became stable gradually. Therefore, the deforma-
tion of the Hongyanzi landslide is related to the draw-
down rate of Pubugou reservoir water level, and the
magnitude of 0.5m/day can be regarded as critical value
based on the correlation between the slope deformation
and drawdown magnitude.

A groundwater gauge was installed at ZK-5 to capture
the correlation between the magnitude of water level dif-
ference (slope ground water minus reservoir water level)
and deformation measurements. As seen from the correla-
tion in Figure 14, before February 2013, the water level
difference remains stable with slight increases, and simi-
larly, during the same period, the slope deformation was

also insignificant; from the beginning of February to the
mid of March, with the increase of water level difference
inside and outside the slope, the slope deformations mea-
sured at all GPS positions increased; after the mid of March,
significant increase occurred to all the measurements when
the water level difference was approximately 10 m. Therefore,
the increased water level difference between slope ground
water level and reservoir water level has significant influence
on the slope deformation.

The recordings indicated deformation mechanism that
the rapid declination of reservoir water level increased the
hydraulic gradient of groundwater and seepage in the slope,
which further change the pore water pressure, decrease eftec-
tive strength, and reduce the slope stability by decreasing the
buoyant force acting on the slope.

To further quantify the influence of controlling factors
on slope deformation, the SPSS software was utilized to
conduct the correlation analysis among slope groundwater
level, surface displacement (measured at GPS-2), reservoir
water level, and precipitation. The results indicated that the
difference between slope groundwater level and reservoir
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water level showed the most statistical importance to the
slope surface displacement (correlation coefficient =0.926)
and followed by reservoir water table (coefficient=0.785).
The correlation between precipitation and slope surface dis-
placement is the lowest.

Based on the correlation between slope daily deformation
and water level difference, a good consistency between can be
observed. When the water head level difference was less than
7 m, the slope remained approximately stable and the defor-
mation magnitude was insignificant. When the water level
difference exceeded 7 m, the slope deformation also increased
with the increases of water level difference, and the result can
be fitted with quadratic function with determination of coef-
ficient of 0.91.

Based on the above analysis, the major triggering mecha-
nism of deformation is the rapid drawdown of reservoir
water level, which caused the insufficient drainage of the

water in the slope and increased water level difference inside
and outside the slope. The increased water level difference
inside and outside the slope also leads the increase of seepage
force. Then the seepage force reaches the threshold value; the
slope deformation would be triggered.

4.1. Slope Model Establishment. Based on the field survey
data, the two dimensional model of the Hongyanzi landslide
was produced and the dimensions of the model is
670x210m (in Figure 15). The base of the model was set
as impermeable, and the left boundary was set to the fixed
water head level of 850 m. When calculating the slope stabil-
ity during the drawdown period, the right boundary above
the reservoir water level is set as the zero flux. Below the res-
ervoir water level, it was set as flexible flux boundary, and the
water head equalled to the reservoir water level. When calcu-
lating the slope stability during the rise of the reservoir water
level, the right boundary above 845m is set as zero flux, and
below 845 m was set as flexible flux, which the water head
level equalled to the reservoir water level. The surface of the
slope was set as the boundary of fixed flow, and the magni-
tude was set to be the amount of precipitation. The entire
model consists of 1031 nodes and 990 meshes.

4.2. Parameters. According to the field investigation results,
the major parameters used in simulation are presented in
Table 2. The parameters being used in the numerical
simulation is based on the experimental results conducted
on the soil samples obtained in the field and the average
value for each parameter was employed to eliminate the
potential errors.

The slope ground water in natural condition is above the
slip surface, and the saturated hydraulic coefficient is
assumed to be 0.45 m/day; the characteristic curve between
soil and water and permeability function for the upper part



10 Geofluids

990 —
940 —
E
g 890 — Colluvial deposit
€ 840
Q
m
790 — Underlying bedrock
740 T T T T T T |
0 100 200 300 400 500 600 700
Distance (m)
FIGURE 15: The established model of Hongyanzi landslide (unit: m).
TaBLE 2: Physical parameters used in numerical simulation.
Zone Saturated hydraulic Effective cohesive Internal friction Dry density Saturated density
coefficient (m/d) force (kPa) force (degree) (g/cm3) (g/crn3)
Debris flow deposit 0.45 22 12.9 23 2.7
Underlying bedrock 0.001 3200 44 2.6 3.0

of the slope (unsaturated) was generated using the module in
Seep/W, which was based on Fredlund-Xing theory.

4.3. Mathematical Model for Seepage Calculation of the
Unsaturated Condition. The slope seepage analysis is one of
the main issues in this study. Considering the homogeneous
formation and uniform conductivity properties in various
direction of the Hongyanzi landslide, the plane seepage the-
ory based on saturated and unsaturated soils could be consid-
ered in this analysis.

Based on Morgenstern and Fredlund’s theory, the non-
steady seepage condition always involves the variation of
flow rate, water level pressure head, and quality of flux with
time. Therefore, the following equation could be produced
based on two stress variables to calculate the volume water
content 0, and the two stress variables are normal stress
(0 —u,) and matric suction (u, — u,,).

d6, = ~Pyd(o - u,) - Pyd(u, - u,). 1)

In the equation, o is the total pressure; u, and u,, is the
pore air pressure and pore water pressure, respectively; P}’
and P} are the correlation coefficients related to (o - u,)
and (u, — u,,) for the water volume.

Within the infinite short time period, the P}" and P} can
be regarded as constants in the calculation; therefore, (2) can
be rewritten as follows:

0 .0 .0
aew—_Pl a(a_”a)_Pz a(”a Uy)- (2)

Then, the mathematical expression for the nonsteady
seepage condition is

0 oh\ 0 oh w0
ax(k"ax> + 8z<kzaz) =-P g(“‘”a)

0
_PZ a(ua_uw>‘

(3)

Considering that the pore air pressure is continuous and
constant within the infinite short time period, and no exter-
nal load was applied during the seepage condition, then,

80_0
E_a

4
o (4)
ot

Therefore,

0 oh 0 oh o)
P (’%a) * 5 (kz &) =Py 5 —uy), (5)

where Py (0/0t)(u, —u,,) is the slope magnitude of the
soil-water characteristic curve.

Considering the total pressure head can be expressed as
follows:

h:y+u—w,

dy

2 = 6
= =0, (6)
8ua_0

or

Therefore, the total pressure head can be expressed using
u,, as follows:

0 kah +8 kah B Pwah )
3x \ " 55 32 \%25; =PwY 23

In conclusion, the definite conditions of the unsaturated
seepage condition can be expressed using the above mathe-
matical equations. Based on the theoretical derivations, the
correlations between the water content and matric suctions
and the hydraulic conductivity and matric suctions of the
Hongyanzi landslide can be plotted using the calculation
module in Seep/W, and the results are presented in
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Figures 16 and 17, respectively. The curves show the general
characters of the soil-water characteristic and nonsaturated
permeability of the analyzed landslide.

h(x,y,t)=H,(x,y, t), theboundary of the pressure head is known,

oh - oh —

K,— , K, — ,z) =a,

3y €08 (n x)+ 23, <08 (n z) q
h(xy,t) =y(x. 3, 1),
h(x,y ty) = Ho (%, to)-

(8)

F =

Z(c'li + [N —u,l; (tan @, /tan (p')

11

4.4. Slope Stability Analysis. In this study, the slope/w
module was applied to calculate the slope stability based
on Morgenstern-Price limit equilibrium state theory.
Morgenstern-Price theory is regarded as the most compre-
hensive limit equilibrium state theory by considering the
mechanical and moment equilibrium currently [12, 14].
The method assumes the functional relationship between
the tangential and normal stress among the soil slices. The
mathematical expression of the factor of safety calculation
is as follows:

i1 )

) QWi

where 7, is the shear strength of unsaturated soil; ¢’ is the
effective cohesive force of the saturated soil; ¢'is the effec-
tive friction angle; ¢’ friction angle based on the matric
suction. The value of ¢” can be regarded as regional value

W - (Xg - X,) - <<c’li sin Gi/Fs> + (]

sin 0, tan @b/FS))

) 9)

sin 6,

¢ and constant for saturated and nonsaturated conditions,
respectively.

And, the parameter N in above equation can be expressed
as follows:

sin 0; tan &,

N= "
Py,

1

where W is the weight of soil slice; X; and X are the shear
stress applied on the soil slices on the left and right bound-
aries, respectively; r is the radius of slicing surface; S,; is
the antisliding force on the base on the soil slice; 0; is the
angle between the tangent line of the soil slice base center
and horizontal line.

A two-dimensional landslide stability analysis was con-
ducted using the Geostudio software. The analytical module
Seep/W was used to analyse the slope seepage condition
changing with the fluctuations of reservoir water level and
precipitation, and the slope ground water table, pore water
pressure, and water head distribution of the seepage condi-
tion could be generated; then, apply the simulation results
of seepage analysis into the slope stability analysis by the slice
method using the module Slope/W, and the slope stability
under different fluctuation rate of reservoir water level can
be produced.

4.5. Numerical Simulation Verification. In this simulation,
the monitoring data of the reservoir water level fluctuations
and precipitation was used as input, and the results, as
shown in Figure 18, indicated that the simulated slope
ground water level of ZK-5 is approximately the same with
the monitoring data, which provide good support for the
set of the boundary conditions and parameters of the
numerical simulation.

, Pyi=cos0; + F

S

4.6. Landslide Slope Stability Analysis. Based on the simula-
tion results, the Hongyanzi landslide remained stable under
the condition without impounding, and the safety of factor
is calculated to be 1.22 approximately (in Figure 19).

To understand the influence of reservoir water level fluc-
tuations on slope stability, numerical simulation was con-
ducted to calculate the slope stability when the fluctuation
rate of reservoir water level equals from 0.1 to 0.7 m/day.
The results show that during the impounding period, the
slope ground water and pore pressure increased accordingly.
A greater rising rate of reservoir water level could lead to the
increased pore water pressure within a fixed time, which
would further reduce the slope stability. When the rising rate
equals to 0.7m/d, the slope safety factor becomes 1.1 and
the slope remains stable. During the drawdown period,
when the drawdown rate of reservoir water level gradually
increased, the slope ground water may not be dissipated
sufficiently, which would lead to an increased water level
difference and reduced slope stability. At the drawdown
rate of 0.7m/d, the minimum safety factor of the slope is
0.995 based on calculation results (Table 3).

As shown in Figure 20, when the drawdown rate of the
reservoir water level equals to 0.1 and 0.3 m/d, the safety fac-
tor of the Hongyanzi landslide increased gradually after a
slightly increasing trend. When the drawdown rate exceeded
0.4m/d, the slope stability continued decreasing. The major
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FIGURe 16: Soil-water characteristic curve of the Hongyanzi
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Ficure 17: Nonsaturated permeability curve of the Hongyanzi
landslide.

reason is that when the drawdown rate of the reservoir water
level is fairly low, the stability was reduced due to the
increased seepage force. On the other hand, the drawdown
of reservoir water level caused the reduction of slope weight,
which could increase the slope stability. When the drawdown
rate is fairly large, the influences of seepage force play signif-
icant and negative impact on the slope stability.
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FIGURE 19: The stability calculation results without impounding of
the reservoir water level (unit: m).

TaBLE 3: The calculation results of FOS during the rise and decline
of the reservoir water level.

Rate of fluctuation 0.1m/d 0.3m/d 0.4m/d 0.5m/d 0.7m/d
1.180 1.169 1.156 1.119 1.105
1.119 1.091 1.077 1.013  0.0995

Rising period

Decline period

When the drawdown rate of reservoir water level equals
to 0.1 to 0.4 m/d, the slope safety factor is greater than 1.05,
and the slope remains stable; when the rate increased to be
0.5m/d from 0.4 m/d, the slope safety factor reduced rapidly.
The monitoring stations also indicated that when the draw-
down rate of reservoir water exceeded 0.5m/d, the slope
deformation increased significantly.

The saturated hydraulic coefficient of Hongyanzi land-
slide is 0.45m/d, between 0.4m/d and 0.5m/d. Based on
the initial analysis, when the drawdown rate of reservoir
water level is greater than the saturate hydraulic conduc-
tivity of the slope, the increase of water level difference
and seepage pressure would lead to the reduction of slope
stability. On the contrast, when the declination rate of res-
ervoir water level is lower than the slope hydraulic con-
ductivity, the influence of reservoir water level decline is
fairly limited to the slope stability.
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5. Conclusions

By conducting the multiparameter monitoring program on a
reservoir landslide—the Hongyanzi landslide, the controlling
factors of slope deformation were analysed and safety factor
was calculated when the slope was hypothetically subjected
to different rising rate of reservoir water level. The major
conclusions are listed as below:

(1) The Hongyanzi landslide was more prone to defor-
mation during the rapid reservoir water level declina-
tion period, and otherwise, the slope remained stable.
The slope deformation was insignificant under the
intensive rainfall and earthquake conditions (e.g.,
Lushan earthquake) based on the captured data as
presented in this study. It is recommended to con-
duct further monitoring on the influence of intensive
rainfall and earthquake loadings on the deformation
of the Hongyanzi landslide for further analysis.

(2) The primary triggering mechanism of slope deforma-
tion is due to the increased seepage force generated
by the increasing water level difference inside and
outside the slope during the rapid declination of the
reservoir water level. Roughly, there was a quadratic
function relationship between the magnitude of slope
water level difference and slope deformation.

(3) The declination rate of reservoir water level has a vital
impact on slope stability. The increasing of declina-
tion rate would lead to the decreased slope stability.
When the declination rate exceeded 0.7 m/day, the
slope stability factor would become less than 1.

(4) The major characters of slope monitoring technology
system are automation, wireless sensing, distributed
arrangement, and high accuracy. It is anticipated that
the multiparameter-based monitoring as used in this
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study can be helpful to improve the coordination and
integration of slope monitoring system.
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The Madeng hot spring emerges in the central river valley in the northeastern Lanping Basin in Jianchuan county of Yunnan
Province in China. Quaternary sand and gravel occur in the valley which is underlain by the red beds consisting of sandstone
and mudstone. The temperature of the hot spring is 42.1°C. The spring water has a pH value of 6.41, TDS of 3.98¢g/L, F
contents of 3.08 mg/L, and H,SiO; of 35.6 mg/L. The hot water is of SO, eCl-NaeCa type. There is a slight hydrogen sulfide odor
in the spring water. Stable hydrogen and oxygen isotopes indicate that the hot water is of meteoric origin. It is estimated that
the elevation of the recharge area of the hot spring is approximately 3800 m, the age of the hot water is some 140 years, the
temperature of the geothermal reservoir is 75°C-80°C, the mixture ratio of cold water is approximately 80%, and the circulation
depth of the thermal groundwater is 1870 m. After receiving recharge from infiltration of precipitation in the mountainous
recharge areas, the groundwater undergoes a deep circulation, obtains heat from the heat flow, flows upward along the fractured
zone, and emerges as an upflow spring through the Quaternary sand and gravel in the central low-lying river valley.

1. Introduction

Hot springs display the thermal energy in the internal earth,
and they can provide us important information on ground-
water circulation and hydrochemistry at depth [1]. There
are about 2800 hot springs in China [2], and more than
1000 of them are discharging in the Yunnan region [3] where
a significant geothermal anomaly is present in the collision
zone between the Indian Ocean Plate and the Eurasian Plate.
For this reason, Yunnan is called “the hometown of hot
springs” [4]. The Madeng hot spring in Jianchuan country
of Yunnan is located in a river valley in the Yunnan-Tibet
geothermal zone and is rich in several trace elements critical
to the human body [5]. Hot springs such as the Madeng hot
spring which discharges thermal groundwater from deep
geothermal reservoirs and emerges through a shallow aquifer
of unconsolidated sediments are seldom encountered in

Western Yunnan. The present work focuses on the hydro-
chemical aspects and formation of the hot spring.
Hydrogeochemical studies of hot springs were carried
out by many researchers. For example, Ellis and Mahon [6]
considered that most of the dissolved constituents of thermal
water are from the reactions between surrounding rocks and
water and elaborated the origins of hot water, thermal water
isotope physicochemical characteristics, mineral precipita-
tion in thermal water, and so on. Favara et al. [7] studied
the chemical characteristics of thermal groundwater of the
Sicily region in Italy and found that the geothermal water
in this area is a mixture of two kinds of groundwater that
one is rich in gypsum and the other is rich in carbonate. Cidu
and Bahaj [8] examined the chemical characteristics of geo-
thermal water in Morocco and reported that the thermal
groundwater contains high concentrations of B, Li, and Sr
and the hot water is of Na-Cl type. Frengstad et al. [9] carried
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out hydrochemical research on groundwater in Norway and
revealed the elements in the groundwater as the root of the
increased pH value. By studying the chemical characteristics
of the geothermal water in Portuguese Azores, Cruz and
Franca [10] found that the hot springs are affected by the
local volcanism, and they used multivariate analysis to
divide the hydrochemical type of the geothermal water in
this area. Davraz [11] used the hydrogeochemical methods
to analyze the local geothermal water in Turkey and found
that the geothermal water was mixed with the surface water
in this region.

Stable *H and '®0 isotopes are often used to examine the
origin of groundwater since Craig [12] established the global
meteoric water line between 8°H and 6'®0 of precipitation.
Payne [13] pointed out that stable isotopes can also be used
for groundwater recharge and age determination. Favara
et al. [14] studied the stable isotopes 8%H, 620, and °C of
hot and cold springs in the western Sicily and revealed that
the groundwater in this region is a mixture of the groundwa-
ter and the sea water. Majumdar et al. [15] suggested that the
hot springs in the eastern India were originated from mete-
oric precipitation, and the values of §*H and 8'®0 of the geo-
thermal water in this region would be increased during the
winter. Radioactive isotopes are mainly used for estimating
the residence time (age) of groundwater. Cherdyntsev [16]
proposed a method of using **°Ra and **’Rn to estimate
the residence time of thermal groundwater. Liu et al. [17]
estimated the age of the Jifei hot spring in Western Yunnan
by using contents of ***Ra and **’Rn.

Geothermometers are used to estimate temperature of
deep geothermal reservoirs. In the 1970s-1980s, several
geothermometers were established to estimate the tempera-
ture of geothermal reservoirs [18-22] which are widely used
in the development and utilization of geothermal resources.
From 1988 to 1992, a series of triangular figures were created
for the study of the origin and formation mechanism of
geothermal fluids [23-25].

In this paper, on the basis of field investigation and sam-
ple detection, we analyze the occurrence of the Madeng hot
spring, examine the hydrochemical characteristics, and sum-
marize the isotopic signature of the hot water. The origin of
the geothermal water, residence time of the geothermal
water, circulation depth, reservoir temperature, elevation
and temperature of the recharge area, and mixture ratio of
the hot water and cold water are also identified and esti-
mated. The formation of the hot spring is further proposed.

2. Materials and Methods

2.1. Geological Setting. The Madeng hot spring is located at
the southeast of the Houdian village in Jianchuan County
of Yunnan (Figure 1). The hot spring emerges in the central
river valley in the eastern Lanping Basin. The elevation of
the valley ranges from 2350 m in the southeast to 2400 m in
the northwest [26]. The Mishahe river and groundwater in
the Quaternary sediment flow from northwest to southeast
in the valley. The Madeng hot spring is located in the western
flank of Mt. Xueban, whose peak is 4295 m high and almost
permanently covered by a glacier.

Geofluids

The mean annual precipitation in Jianchuan county is
731.1mm (1990-2010). The main outcropping formations
in the study area are related to the Devonian dolomitic lime-
stone and dolomite, Permian tuff, Triassic siltstone, basaltic
sandstone, limestone sandstone and carbonaceous shale,
Jurassic red mudstone, marl, siltstone and fine sandstone,
Cretaceous amaranth mudstone and feldspar quartz sand-
stone, Paleogene amaranth mudstone, siltstone, sandstone
and conglomerate, and Quaternary sandy clay, gravel and
grit (Figure 1). In the surrounding areas of Madeng hot
spring, red beds consisting of Jurassic, Cretaceous, and Paleo-
gene sedimentary deposits occur [27]. The red beds exist in
the western, southern, and central Yunnan, which mainly
consist of the purple mudstone and small amounts of feld-
spar quartz sandstone, and occupy around one-third of the
area of Yunnan Province [28].

Tectonically, Yunnan Province is located in the Indian
Ocean Plate and Eurasian Plate collision zone and its affected
area. From east to west, Yunnan and Tibet geothermal zone
can be divided into the Ailaoshan anticlinorium, Lanping-
Simao depression, Changning-Lancang anticlinorium,
Baoshan synclinorium, and Tengchong-Gaoligong mountain
anticlinorium [29]. The Jianchuan region is located in the
composite part of the “Dai” type tectonic system consisting
of the Qinghai-Tibet and Yunnan-Myanmar tectonic sys-
tems, which belongs to the Sanjiang fold belt in the conjunc-
tive part of the Tangula-Changdu-Simao fold belt and the
Yangtze Paraplatform. The deep and huge faults in the region
trend nearly in NNW and NS directions, including from east
to west the Jinshajiang fault, Weixi-Qiaohou fault, Duosong-
Ludian fault, Lanping-Simao central fault, Jinshajiang-
Ailaoshan fault, Zhongdian-Jianchuan fault, Annan-
Jianchuan fault, Honghe fault, Heqing-Eryuan fault, and
Jianchuan-Lijiang fault. The study area lies in a trigonal belt
bounded by the nearly SN-trending Annan-Jianchuan fault
in the east and the nearly NNW-trending Weixi-Qiaohou
fault in the west. The Jinshajiang-Ailaoshan fault, Honghe
fault, Duosong-Ludian fault, and Jianchuan-Lijiang fault
occur in the study area, forming the main body of a regional
complex tectonic framework consisting of NNW and SN-
trending tectonic belts with frequent magmatic activities in
the geological history (Figure 1) [27].

Special geological and geographical conditions make the
Yunnan Province abundant in geothermal resources in
China. There is a very close relationship between the forma-
tion of geothermal resources and the geological background.
From the point of view of geothermal geology background,
Yunnan Province can be divided into two areas by the
Jinshajiang-Ailaoshan fault zone. The west is a high-
temperature hydrothermal area where some boiling hot
springs and hot springs of low to moderate temperature
occur, and the east is a low-temperature hydrothermal
area where boiling hot springs are seldom encountered.
High-temperature hydrothermal activities in the Western
Yunnan are in the south band of the Yunnan and Tibet
geothermal band. The high-temperature geothermal systems
in the region are obviously controlled by the distribution of
the activity of the basement and depression layout and the
tectonic uplift.
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2.2. Brief Description of the Hot Spring. The Madeng hot
spring (YJ2) is located in the west of Jianchuan county of
Yunnan with an elevation of 2356 m. There are six vents in
the hot spring, and the hot spring is an upflow spring. The
upflow spring is a kind of genetic types of springs when the
aquifer is covered by unconsolidated sediments of poor
permeability or buried under an aquitard and when the
hydraulic head in the aquifer is higher than the ground sur-
face. Groundwater will flow through the upper unconsoli-
dated sediments or aquitard and emerges on the land
surface [30]. According to the “Hot Springs’ Records in
Yunnan Province’ Records,” the discharge of the hot spring
was approximately about 10L/s, the water temperature is
42°C, and TDS of hot water is 2.82 g/L [5]. According to the
measurements by Yu [26], the discharge of the spring was
3.24L/s with the water temperature of 43°C and TDS of
3.647 g/L. The hot spring is situated in the central river valley,
and the vents occur on the northeastern side of the Mishahe
river in a circular area with the diameter of about 50 m. There
are a few bathhouses near the springs’ vents. The water in the
bottom pours with bubbles, and there is a slight hydrogen
sulfide odor in the spring water. A shallow well and two dril-
ling holes are located in three vents for pumping hot water
for bathing, and the remaining three vents are still in a natu-
ral state. On August 19, 2014, the spring water temperature
was measured as 42.1°C, pH as value 6.41, and TDS as
3.98 g/L and water samples were taken from the shallow well
with the highest temperature of 42.1°C. The hot spring can
also be regarded as a brackish spring according to TDS. In
addition, there are 4 hot springs near the Madeng hot spring
(Figure 1), including the Xinhe hot spring (Jianchuan county,
51.2°C), Wenxing hot spring (Yunlong county, 51.6°C),
Lajing hot spring (Lanping county, 46.1°C), and Niujie hot
spring (Eryuan county, 76.1°C).

2.3. Sampling and Chemical Analyses. Sampling was con-
ducted for the Madeng hot spring in Jianchuan county of
Yunnan on August 19, 2014. The chemical analyses were
conducted at the laboratory of the Beijing Brigade of Hydro-
geology and Engineering Geology, using the following
methods: K, Na, Li, Sr, Zn, and Mn by the flame atomic
absorption; Ba, Al, Pb, Cd, and Ag by the atomic absorption
of the plumbago furnace; Cl, SO,, and NO; by the ion chro-
matogram; NH,, Fe?, Fe’, NO,, F, Br, I, Cr(6), H,SiO,,
HBO,, and HPO,; by the spectrophotometer; Hg, Se, and
HAsO, by the atomic fluorescence; Ca, Mg, and hardness
by the volumetric method (EDTA titration); HCO,, CO;,
and total alkalinity by the volumetric method (HCl titration);
total acidity by the volumetric method (NaOH titration); H,S
by the volumetric method (sodium hyposulfite titration); and
**6Ra and **’Rn with the radioactive radon-thorium analy-
ser. ’H and 'O were detected at the Analysis Center of the
Beijing Research Institute of Uranium Geology by the zinc
reduction method for hydrogen isotopes and the carbon
dioxide—water equilibrium method for oxygen isotopes.
The chemical constituents were tested for accuracy by calcu-
lating the normalized inorganic charge balance which was
less than 2.22% for the YJ2 sample and 0.17% for the YJ2-A
sample, respectively.
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TaBLE 1: Chemical analyses of the Madeng hot spring (mg/L).

Composition YJ2 YJ2-A
K 11.4 17.9
Na 802 733
Ca 378 185
Mg 37.9 355
NH, <0.02 0.701
Fe 0.116 /
HCO, 663 287
Cl 810 595
SO, 1.24x 10° 1.05x 10°
F 3.08 2.32
NO, 3.7 /
*25Ra (Bq/L) 0.420 /
*22Rn (Bq/L) 721 /
Ba 0.051 /
Cr (6) <0.001 /
Pb <0.0008 /
Mn 0.024 /
Al 0.060 /
Li 0.246 0.25
Sr 12.4 /
Br 0.17 /

I <0.02 /
Zn 0.026 /
Se 0.0003 /
Ag <0.0005 /
H,SiO, 35.6 /
HAsO, 0.016 /
HBO, 3.60 2.75
HPO, <0.01 /
NO, 0.078 /
Free CO, 91.5 /
TDS 3.98x 10° 2.82x10°
Total alkalinity 543 /
Total acidity 104 /
Total hardness 1.10x 10° /
H,S <0.05 /
pH 6.41 7.65
Temperature ("C) 42.1 42

YJ2 represents the sample collected in August 2014; YJ2-A represents the
data recorded in the “Hot Springs’ Records in Yunnan Province’ Records”
in 1999.

3. Results and Discussion

3.1. Hydrochemical Characteristics. The chemical analyses of
the hot spring (YJ2) and those reported in the “Hot Springs’
Records in Yunnan Province’ Records” (Y]2-A) are listed in
Table 1. The ion concentrations except K are higher in the
year 2014 than in 1999. The minor ions in the water are pre-
dominated by NH,, NO,, and Fe, and their contents are less
than 0.02 mg/L, 3.7 mg/L, and 0.116 mg/L, respectively. Trace
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FIGURE 2: Durov diagram showing the Madeng hot spring water samples—Y]J2: water sample of the hot spring taken in 2014; YJ2-A: water
sample of the hot spring from Local Chronicles Compilation Committee of Yunnan Province [5].

elements mainly include I, Br, Sr, Li, Al, Zn, Ba, and Mn. The
content of Sr in the hot spring water is 12.4 mg/L, and H,SiO,
is 35.6mg/L, which means Sr water and H,SiO; water,
according to the Standards of “Chinese drinking natural
mineral water” (GB8537-2008) (Sr>0.20 mg/L for Sr water
and H,Si0 >25.0 mg/L for H,SiO, water).

The content of F in the hot spring water is 3.08 mg/L,
which is greater than that in the“Hot Springs’ Records in
Yunnan Province’ Records” (2.23 mg/L) (Figure 2) and is
beyond the standard of fluoride (<1.5mg/L) in the Standards
of “Chinese drinking natural mineral water” (GB8537-2008).
The hot spring water always contains fluorine, and bathing
with the hot water can be used to the treatment of skin dis-
ease and rheumatism. The H,SiO, content of the Madeng
hot spring water is greater than that of the standards of “Chi-
nese drinking natural mineral water.” The mineral water rich
in H,SiOj is useful for the treatment of nervous system dis-
ease and has certain effect on the disease of the heart, head,
and blood vessel [31].

The pH of the hot spring water is 6.41, and the hot water
is weakly acidic. As shown in Table 1, the Durov diagram is
plotted in Figure 2. From the perspective of the data of 2014,
we can see that the main cations are Na and Ca. Their cor-
responding milligram equivalent percentages are more than
60% and 35%, respectively. The main anions are SO, and Cl,
and their corresponding milligram equivalent percentages
are over 40%. The hot water is of SO eCl-NaeCa type. As
described in the “Hot Springs’ Records in Yunnan Province’
Records,” the hot spring water is of SO,eCl-Na type. Com-
parison shows that pH of the hot springs changes from
7.65 to 6.41, salinity increases from 2.82g/L to 3.98g/L,

and the change of these two indicators results in the change
in hydrochemical type from SO,eCl-Na type into SO,eCl-
NaeCa type. The source of the salinity of the hot water
may be attributed to the subsurface incongruent dissolution
of the red beds (containing salts to a larger or lesser degree)
[28]. The pH of the hot spring water tends to reduce, causing
the thermal groundwater to dissolve more Ca.

3.2. Isotopic Analysis

3.2.1. Recharge Source. Craig [32] summarized the values of
8°H and 8"®0 of the global meteoric water and established
a linear relation between the values of 6°H and &'°O,
which is called the Craig precipitation line (global meteoric
water line):

8*°H=85"0+10. (1)

In order to examine the recharge source of the Madeng hot
spring, we took the nearby hot springs (Xinhe, Wenxing,
Lajing, and Niujie) into consideration. In August 2014, the
five hot springs were analyzed for 8°H and &'°0 (Table 2).
We can see that the values of §*H and 'O of the hot springs
in the region are mainly caused by the altitude effect. Figure 3
shows that the §°H and §'®0 data points of the water sam-
ples in the study area deviate slightly from the global mete-
oric water line, but overall fall near the line, indicating that
the groundwater is of meteoric origin. At the same time,
obvious '®O shift cannot be found, reflecting that the deep
thermal storage temperature is not high and the spring water
belongs to geothermal water of low temperature [33]. On the
contrary, slightly negative '®O shift of the samples of Xinhe,
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TaBLE 2: Data of §°H and §'%0 of the hot spring water samples.

Name of hot spring Madeng hot spring Xinhe hot spring Wenxing hot spring Lajing hot spring Niujie hot spring
Serial number YJ2 YJ1 YY11 YLP1 YEL
T (°C) 42.1 42.7 40 46.1 76.1
82H (%o) ~120.4 -128.6 -118 ~112.4 -88.5
8130 (%o) -18.5 -19.2 -19.1 -17.6 -11.4
20 -
_ 0G - 6P “h (4)
0 - K
-20 - where H is the infiltration height of isotopes (m), A is the ele-
w0 vation of the sampling point (m), 8G is the value of §'*0 or
8°H of the hot spring water, 8P is the value of §'*0 or 6°H
_—60 4 of the precipitation, and K is the altitude gradient of isotopes
* 50 (%0/100 m).
o Yu [26] proposed that the average values of §'*0 and §*H
© -100 - about the rainwater of Tengchong of Yunnan Province in
120 - 1985 are —9.3%o and —62.6%o. The values of §'*0 and 6°H
about the rainwater of Kunming are —10.13%o and —76.1%o
—140 - in 1980. The precipitation in the study area of the elevation
160 | gradient (k) about 8%H is 3.2%0/100 m, and the value of the
8°H about the rainwater in the study area is —69.35%o. As
—130_30 o B : o we have known, the elevation of the Madeng hot spring is

6180 (%o)

® Xinehe hot spring (YJ1)
® Madeng hot spring (Y]2)
A Wenxing hot spring (YY11)

# Lajing hot spring (YLP1)
B Niujie hot spring (YEI)

FI1GURE 3: Plot of §*H-8"%0 of the hot water samples.

Madeng, Lajing, and Wenxing hot springs exists, which
cannot be explained at present and will be a future subject
of isotope studies.

3.2.2. Recharge Elevation. As mentioned previously, the geo-
thermal water was originated from meteoric water in the
study area. On the mainland, the 8°H and 880 values of
the precipitation increases with the increasing terrain eleva-
tion (ie., altitude effect). Altitude effects of 8*H and 8'%0
values are the most important for the hot water samples
[34-36]. When the elevation increases by every 100 m, the
value of 6°H reduces from —1%o to —4%o and the value of
8"80 from —0.15%o to —0.5%o [2]. Altitude effect can be used
to roughly estimate the recharge elevation of geothermal
water [2, 26, 36] through the following equations.

The relationship between the values of the isotope and
the altitude in Sichuan, Guizhou, and Tibetan areas in China
[26] is used.

880 =-0.0031H - 6.19. (2)

8*H = -0.026H - 30.2, (3)

where H is the infiltration height of isotopes (m).

The equation describing the relationship between the
values of 6°H and 6'%0 and the local elevation [36, 37]
is used.

2356 m, the value of the §°H is —120.4%o, and the value of
the 8'%0 is —18.5%o. Equations (2), (3), and (4) are used,
and the recharge altitudes are 3971 m, 3469 m, and 3951 m,
respectively. Thus, the average value of elevation of approxi-
mately 3800 m is reasonably obtained, which is close to that
of the Xueban mountain to the west of the Madeng spring.

3.2.3. Temperature of the Recharige Area. The temperature
effect of the values of §°H and 8'°O of meteoric water can
be used to estimate the water temperature of the recharge
area (or average temperature). According to the data in high
latitudes in the northern hemisphere, Dansgaard [38] estab-
lished the relationship between the annual average value of
8'%0 and the annual average temperature.

80 =0.69t — 13.6, (5)

where t is the monthly average temperature ("C). Yurtsever
[39] summarized the relationship between the value of
8'0 and the average temperature of precipitation in the
northern hemisphere.

880 = (0.521+0.014)¢ - (14.96 + 0.21), (6)

where t is the monthly average temperature (°C) and the cor-
relation coefficient of the formula is 0.893.

According to (5) and (6), the temperature of the recharge
area is estimated as —7.1°C and —6.2°C, respectively. In gen-
eral, the temperature of the recharge area of most hot springs
is above 0°C. However, the Xueban mountain covered with
ice and snow is located to the northwest of the Madeng
spring. This mountain could be the highest recharge area of
the hot spring. The average temperature —6.6°C is thought
to be the lowest air temperature of the recharge area of the
hot spring.
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Local Chronicles Compilation Committee of Yunnan Province [5].

3.2.4. Resident Time of the Thermal Groundwater. **°Ra and
*22Rn are of uranium series isotopes. **°Ra is formed after the
decay of uranium, and it becomes **’Rn after further decay of
*26Ra. According to the contents of **Ra and **’Rn in the
hot water, the resident time (age) of the thermal water can
be estimated by using the following equation [16]:

t:—;ln<1 - ZI:]IRQ)
Ra Rn
where Ay, is the decay constant of **°Ra (0.00043) and Ny,
and Ny, are contents of *°Ra and **’Rn (in Bq/L).

The contents of **°Ra and **’Rn of the hot water are
0.42Bq/L and 7.21 Bq/L, respectively. According to (7), it is

estimated that the age of the thermal water of the Madeng
hot spring is approximately 140 years.

(7)

3.3. Genesis of the Thermal Groundwater

3.3.1. Estimation of the Reservoir Temperature. Surface tem-
perature of hot water usually can be observed in the field,
but the surface temperature does not stand for the reservoir
temperature of the thermal water [40]. Silica geotherm-
ometers, cation ratio geothermometers and multimineral
equilibrium geothermometers, and so on are widely used to
estimate the temperature of a geothermal reservoir (Wang
et al. 1993). The Na-K-Mg'’? diagram (Figure 4) shows that
the hot water samples of the Madeng hot spring is in the area
of immature water, that is, cation geothermometers are not
suitable [25]. Therefore, the silica geothermometers are
considered in the present work.

SiO, mineral is widespread in geothermal water. When
the hot water temperature drops, the process of SiO,

e

. YJ2: water sample of the hot spring taken in 2014; YJ2-A: water sample of the hot spring from

deposition is very slow. When the temperature is lower than
300°C, the pressure and salinity have little impact on the sol-
ubility of quartz and amorphous SiO,, and the dissolved SiO,
in the water is generally not affected by other ions. These
characteristics of SiO, make it suitable as a geothermometer
and extensive applications. There are five commonly used sil-
ica geothermometer equations as follows [18, 41]:

(1) Quartz geothermometer—without steam separation
or mixing action:

t(°C) = —42.198 + 0.288318i0, — 3.6686 x 107*(Si0, )
+3.1665 x 107 (Si0, )* + 77.0341lg SiO,.

(8)

(2) Quartz geothermometer—without steam loss (0-250°C):

1309

t(°C)= —————— —273.15.
(©) 5.19 - 1g SiO,

)

(3) Quartz geothermometer—largest steam loss at 100°C
(0-250°C):

1522

t(C)= —————__ —273.15.
(€) 5.75 g SiO,

(10)

(4) a-christobalite geothermometer:

1000

t(C)= ———— ~273.15.
4.78 g SiO,

(11)



TaBLE 3: Relationship between the hot water temperature, enthalpy,
SiO, content, and ratio of cold water (X).

T(C) S, (x4.1868]/g)  SiO,, (mg/L) X1 X2
50 50 13.5 0255  —3.966
75 75 26.6 0.588  —0.047
100 100.1 48 0715  0.543
125 125.1 80 0782 0752
150 151 125 0.825  0.849
175 177 185 0854  0.901
200 203.6 265 0875 0932
225 2309 365 0.891  0.951
250 259.2 486 0904  0.963
275 289 614 0914 0971
300 321 692 0924 0975

The relationship between the hot water temperature, enthalpy, and SiO,
content is quoted from Fournier and Truesdell [44].

(5) Chalcedony geothermometer—without steam loss
(0-250°C):

1032

t°C)= ———— __ —273.15. 12
() 4.69 —1g SiO, (12)

The reservoir temperature is estimated as 76.2°C, 75.7°C,
79.8°C, 26°C, and 44.1°C by using (8), (9), (10), (11), and (12),
respectively (content of H,SiOj is approximately equal to 1.3
times that of SiO,). The results show that the reservoir tem-
perature by using quartz geothermometer is higher than that
using christobalite geothermometer. The results with (11)
and (12), which are lower than the temperature of the hot
spring, are unreasonable and should be ignored. The result
with the quartz geothermometer conforms to the actual situ-
ation. The reservoir temperature of the Madeng hot spring in
Yunnan is in the range 75°C-80°C. The reason why this tem-
perature is slightly lower than expected may be the mixture
with the cold groundwater in the Quaternary sand and gravel
in the valley, when the hot water rises to the land surface.

3.3.2. Circulation Depth. After receiving recharge from infil-
tration of precipitation, the groundwater is heated during a
deep circulation, flows upward to the surface, and emerges
in the form of the hot spring. The temperature of the geother-
mal water is mainly derived from geothermal heating in the
process of deep circulation. The geothermal water often can
reach as deep as thousands of meters [2]. If the temperature
of the geothermal water relies on the deep circulation
through normal geothermal heating, one can use the follow-
ing equation to estimate the depth of geothermal water circu-
lation [2, 33, 42]:

Z=G(T, - Ty) + Z, (13)

where Z is the depth of geothermal water circulation, G is the
reciprocal of the geothermal gradient (m/°C), Tz is the geo-
thermal reservoir temperature (°C), T is the annual average
temperature of the recharge area (°C), and Z,, is the depth of
the local constant-temperature zone (m).
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According to the “Jianchuan County Annals” published
in 1999, we can obtain G=28.57m/°C, T,=12.3°C, and
Z,=20m and the estimated underground averaged reservoir
temperature Tz=77.2°C. Circulation depth of the thermal
water in the research region is estimated as approximately
1870 m by using (13).

3.3.3. Mixture between the Hot Water and the Cold Water.
The mixing between hot water and cold water in geothermal
systems is very common, which may occur in the whole pro-
cess of the geothermal fluid circulation. It is very important
to recognize the formation conditions and the reservoir tem-
perature of geothermal water by examining the mixing effect
[43]. The exposed geologic background near the Madeng hot
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spring indicates that the geothermal water has the possibility
of mixing with the shallow cold water in the sand and gravel
while rising towards the ground.

Assuming that the dissolved SiO, of the deep geothermal
water is in a saturated state, the initial enthalpy and SiO, con-
tent in the deep hot water at the beginning are inevitably con-
verted into final enthalpy and SiO, content of hot spring
water at last during the process of cold water and hot water
mixing [17, 41, 44]. According to the law of conservation of
mass, assuming that X is the cold water mixing ratio, then
the relationship between the initial content of thermal
groundwater SiO, and enthalpy and the final content of ther-
mal groundwater SiO, and enthalpy can be expressed by the
following equations [44]:

SX+8,(1-X)=8,

N

(14)

Si0, X + Si0,;, (1 = X)) = SiO,,, (15)
where S, is the enthalpy of the cold water, S, is the final
enthalpy of the spring water, S, is the enthalpy of the deep
thermal groundwater, SiO,, is the SiO, concentration in the
cold water, SiO,; is the SiO, concentration in the spring hot
water, and SiO,;, is the initial SiO, concentration in the deep
thermal groundwater and is a function of §;,. The mixing
ratio X of cold groundwater with deep thermal groundwater
and the enthalpy of the deep thermal groundwater S, are not
known. The average temperature of the surface cold water in
the Jianchuan area is 19°C, the corresponding content of SiO,
is 10mg/L, and the enthalpy is 79.55]/g. The measured
spring temperature is 42.1°C, SiO, content is 27.38 mg/L,
and the corresponding heat enthalpy is 176.26 J/g.
Substituting the enthalpy of different temperatures and
the content of SiO, (Table 3) into the (14) and (15), respec-
tively, we can get a series value of X1 and X2 (Table 3), and
the figure with the relationship between temperature of hot
water and ratio of cold water in two curves can be drawn.
The proportion corresponding to the intersection point is
the required cold water ratio (Figure 5). The mixing ratio
of the Madeng hot spring is approximately 80%, which

—thermal ground water flow; 7—heat flow; 8—water table.

indicates that the hot spring water is mixed with surface
cold water. Since the selection of cold water enthalpy
and SiO, content are empirically estimated and other
factors are not considered, the mixing ratio may be higher
than the actual result.

3.3.4. Formation of the Hot Spring. Tectonically, the Madeng
area in Jianchuan county is located in the west of the Weixi-
Qiaohou fault zone and in the east of the Lanping-Simao
fracture (Bijiang fault), which formed an inverted triangle.
Fractured zones are observed in the red beds in the western
of Yunnan and could provide good circulation conditions
for the formation of the hot spring. The Madeng hot spring
emerges in the center of the river valley in the northeastern
Lanping Basin. Quaternary sand and gravel occur in the val-
ley, and the underlying strata are the red beds of sandstone
and mudstone. After receiving recharge from infiltration of
precipitation in the recharge area in the surrounding moun-
tains (Figure 6), the groundwater undergoes a deep circula-
tion and obtains heat from heat flow. The hot water flows
upward along the fractured zone and through the Quaternary
sand and gravel (Figure 7) and emerges in the central low-
lying river valley. This kind of spring is called an upflow
spring [30] for the hot spring does not issue directly from
the bed rocks, that is, the red beds.

4. Summary

The Madeng hot spring emerges in the central river valley in
the eastern Lanping Basin of Yunnan in China. Temperature
of the hot spring water is 42.1°C, belonging to geothermal
water of low temperature. The total hardness is 1100 mg/L
belonging to the especially hard water according to the clas-
sification of hardness. The TDS is 3.98 g/L, indicating the
brackish water. The hot water has a pH value of 6.41, belong-
ing to weakly acidic water, which can express that the ability
to neutralize the alkali is greater than the acid in the hot
spring water in the study area.

The cations of the hot water are predominated by Na, K,
Ca, and Mg and the anions of the hot water by SO,, HCO,,
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and ClL. The minor ions of the hot water include NH,, NO,,
and Fe. H,SiO; of the hot water is 35.6 mg/L and F content
is 3.08 mg/L, which are greater than the drinking water stan-
dard of China and are not suitable for drinking. The hot
water is of SO,eCl-NaeCa type.

The values of the §°H and &'°0 are —120.4%o and
—18.5%o, indicating that the hot water is of meteoric origin.
Obvious %0 shift phenomenon is not observed, inflecting
that the deep thermal reservoir temperature is not high,
and the hot water belongs to thermal groundwater of low
temperature. The recharge altitude of the hot water is esti-
mated as approximately 3800 m, which may indicate the
Xueban mountain. The lowest temperature of the recharge
area, the Xueban mountain covered with ice and snow to
the northwest of the Madeng spring, is estimated as
—6.6°C. The values of the Ny, and Ny, are 0.042Bq/L and
7.21Bq/L. The age of the hot water is estimated with the
Ra and Rn contents as approximately 140 years.

SiO, geothermometer is used to estimate the thermal res-
ervoir temperature of the hot spring in the study area, and the
temperature of the geothermal reservoir in the study area
ranges from 75°C to 80°C. The mixing ratio of cold water is
approximately 80%, and the circulation depth of the hot
water, approximately 1870 m. After receiving recharge from
infiltration of precipitation in the recharge area, the ground-
water is heated during a deep circulation, flows upward along
the fractured zone, and emerges as an upflow spring through
the Quaternary sand and gravel in the central low-lying river
valley.

Given the key information of hydrochemistry and forma-
tion hypothesis of the Madeng hot spring in this article, it
could provide some insights into the potential and develop-
ment of thermal groundwater resources in Western Yunnan.
Future studies of further explanation of the solutes and isoto-
pic features of the hot spring are required to better under-
stand the substance migration of thermal groundwater
occurring in red bed areas.
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The geochemical and geothermal characteristics of hydrothermal systems in an area are useful information to appropriately
evaluate the geothermal potential. In this paper, we investigated the chemical and isotopic composition of thermal water in an
underexploited geothermal belt, Yidun-Litang area, in eastern Tibetan Plateau. 24 hot spring samples from the Yidun and Litang
area were collected and analyzed. The water chemical types of the hot springs are mainly Na-HCO,-type water. Water-rock
interaction and cation exchange and mixture are the dominant hydrogeochemical processes in the hydrothermal evolution. The
significant shift of D and '®0 isotopes from the GMWL indicates that these springs have undergone subsurface boiling before
rising to the surface. Different ratios of Cl to other conservation species can be found for the springs in Litang and Yidun areas,
suggesting the different heat sources of the two hydrothermal systems. The reservoir temperature in the Yidun area is around
230°C while the reservoir temperature in the Litang area is around 200°C. Both hydrothermal systems are recharged by the
meteoric water and are heated by the different deep, thermally and topographically driven convection heat along faults and

undergoing subsurface boiling before going back to the surface.

1. Introduction

As one source of clean and renewable energy, geothermal
energy has been developed worldwide. Investigating and
evaluating the potential of geothermal fields is an important
process prior to geothermal exploitation. Hydrogeochemical
and isotopic information can be effective for identifying the
source of heat, circulation process, and hydrochemical evolu-
tion [1-5]. Understanding the hydrochemical characteristics
and geochemical evolution of thermal waters will provide
useful information in protecting and developing these
resources [6]. As an important part of the eastern Tibetan
plateau geothermal belt, fumaroles, geysers, and boiling
springs with many other hot springs occurred in the Yidun-
Litang area. Due to the high altitude, complex terrain, and
low density of population, geothermal energy in this area
has not been well exploited. The only utilization of this geo-
thermal energy is for bathing in some areas [7]. Although
some basic physical and chemical properties of the hot

springs have been investigated by a few studies [8, 9], little
has been done in detail describing the geochemical character-
istic and reservoir temperature of these geothermal fields.
Such studies, however, are important to understanding the
genesis and evolution of the geothermal field and also provid-
ing insight views for evaluating the geothermal potential.
On the other hand, hot springs occur most commonly at
the fault zones and their evolution depends on the interaction
between heat sources, circulating fluids, and permeable path-
ways [10], and they tend to occur in high-permeability areas
of fault zone and have a close relationship with seismic
activities [11, 12]. Several previous studies also have docu-
mented that the chemical components in the hot springs
are influenced by tectonic activity, especially by earthquakes
[13-15]. Therefore, hot springs in the fault zone provide a
unique opportunity for studying the interaction between
tectonic activities and the hydrological systems. In addition
to the hydrothermal activity, the Yidun-Litang area has a
high level of seismic activity, as demonstrated by the Litang
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Ms 5.1 earthquake on September 23, 2016 [16], and several
large (7.0 <M <7.5) earthquakes since 1700 [16].

In this study, we collected water samples from 24 hot
springs located in the Yidun-Litang area, most of which were
taken from locations coinciding with mapped fault zones.
Hydrochemical evolution, groundwater circulation, and the
reservoir temperature of these springs are discussed. The
study will provide useful information for appropriately
evaluating geothermal potential in this area and the thermal
evolution process of the eastern Tibetan Plateau as well.

2. Geological Setting

The study is located between the Songpan-Ganzi fold belt
and the Qiangtang Block, with the Ganzi-Litang suture to
its east and the Jinsa suture to its west, with an average eleva-
tion of 3000~4000 m [17]. The area is covered by widespread
Triassic limestone, with multistage magmatic activity. Early
magmatic rocks are primarily diorites, and late magmatic
rocks are primarily granites. The main eruption activity was
from the Variscan to Indosinian, while intrusions occurred
from the Yanshanian to Himalayan. The influence of

- Devonian granite

|:| Silurian shale

|:| Permian sandstone limestone
|:| Triassic limestone

setting of the study area.

magmatic activity on the present geothermal activity is pri-
marily related to age and scale, which means that less heat is
retained by the older intruded or ejected magma and magma
intrusions will dissipate heat faster with samller volume. Gen-
erally, residual heat caused by some small-scale magmatic
activity prior to the Quaternary has disappeared. The Triassic
is the most widespread strata in this area (Figure 1); Devo-
nian, Permian, and Cenozoic strata are sporadic. Limestone,
sandstone, granite, siltstone, slate, and phyllite are the major
lithologies that are exposed in the study area.

Fault systems are well developed in this area with
frequent earthquakes. The Litang fault zone and the Batang
fault zone are the two major fault zones in the area
(Figure 1). The Batang fault is also a dextral fault, which
strikes N30°E, dipping northwest with a steeply dipping
angle, with a total length of about 200 km. The Litang fault
zone comprises four subfaults: Cuopu fault, Maoya fault,
Litang fault, and Dewu fault. All of the four subfaults are
dominated by a left-lateral strike-slip with a reverse dip-slip
component on different segments [18]. Three large earth-
quakes with magnitude >7.0 had occurred since 1700, and
small to moderate seismic events occurred frequently in this
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FI1GURE 2: Piper diagram of the hot springs.

area [16]. Also, fault scarps, triangular facets, beheaded chan-
nels, and shutter ridges are widely observed in the Litang
fault zone. Hot springs with temperature ranges from 25 to
89°C are distributed along the Litang fault zone and the inter-
section area of the Litang and Batang fault zones (Figure 1).
Hot springs are mainly concentrated in Chaluo, Qukailong,
and Maoya areas, especially high-temperature springs with
temperature higher than 80°C which are found in Chaluo
and Qukailong geothermal fields.

3. Sampling and Analysis

24 water samples were collected from hot springs during July
2016 in the Yidun-Litang area: 14 samples from the Chaluo
area, 6 samples from the Maoya area, and 4 samples from
the Qukailong area (Table 1). Temperature, pH, ORP, DO,
and EC were measured on-site by a Clean M30 pen-type
tester. At each site, we collect two 250 mL water samples for
water chemical analysis and 50 mL for stable isotope analysis.
Also, we collect 17 samples for tritium analysis, each with
500 mL volume, and stored in polyethylene bottles (Table 1).
All the water chemical samples were filtered through
0.45 ym membranes on-site. For cation analysis, reagent-
grade HNO, with a molar concentration up to 14 M was
added to the samples at each site to bring the pH below 1.
The major ions were analyzed by means of ion chromatogra-
phy (Dionex-900). Stable isotopes of oxygen-18 and deute-
rium were analyzed with the liquid-water isotope analyzer
LGR, with accuracy of 0.2%o0 for §'®0 and 0.3%o for 6D.
The CO,>~ and HCO,~ concentrations were measured by a

potentiometric titrator. The SO,>” and Cl~ concentrations
were determined on an unacidified sample by ion chroma-
tography. The Ca*t, Mg2+, Na*, and K* concentrations were
analyzed by ICP-AES, the other metal elements by ICP-MS
within 2 weeks after sampling. All of the chemical analyses
were completed at the Sinomine Rock & Mineral Analysis
Co. Ltd. The hydrochemistry of all water samples is summa-
rized in Table 1. The tritium analysis of the samples was
measured by an ultra-low background liquid scintillation
mass spectrometer at the Key Laboratory of Groundwater
Sciences and Engineering, Ministry of Land and Resources.
The result of all the water samples is listed in Table 1.

4. Results

4.1. General Hydrogeochemistry. The water chemistry of
the 24 hot springs is presented with a Piper diagram,
where HCO,-Na-type water dominated in these springs
(Figure 2). Only number 6 and number 7 springs show
Na-SO,-HCO, type. The pH ranges from 6.6 to 9.8 with
TDS ranging from 0.29 mg/L to 1.9 mg/L. The springs that
show a higher TDS (>1.0g/L) are located in the Maoya
and Qukailong geothermal fields, whereas other springs in
the Chaluo geothermal field exhibit low TDS (<1.0g/L).
High-temperature springs (T >80°C) can be found in Chaluo
and Qukailong geothermal fields. From the Stiff plot
(Figure 1), we can find that Na™ is the predominant cation,
ranging from 127.8 to 758.0 mg/L. The HCO; is the predom-
inant anion, ranging from 176.47 to 2123.0mg/L; Cl~ and
SO,*" are the second highest anions ranging from 8.79 to 74



Geofluids

-110

—120 A

—130

—140 A

D (%o)

—150

—-160

y =1.55x — 123.14
R =0.602

A Springs in Yidun area
W Springs in Litang area
@ Surface water

-18 -17 -16 -15 -14

80 (%o)

F1GURE 3: 6°H-6"%0 plot of hot springs in the Yidun-Litang area.

0
#7
~ 51
=
5
: A
= 104 #
<
@) Yidun area #12
2 # 2 #4
’ A
& 154 #11
o
+
e« #21
o 204
3 20
=) #22
o 25 . B #17 Maoya area
= Qukailong area
-
S
=~ -30 £ 8
1 2
_35 T T T T T T
0 5 10 15 20 25 30 35

(Na +K) - Cl (meq/L)

FIGURE 4: Relation between (Na + K)-Cl and (Ca + Mg)-(HCO; + CO; +SO,,).

and 5.04 to 208.4 mg/L, respectively. Li, B, Rb, and Cs can also
be found from dozens to thousands of pg/L. HCO;™ concen-
trations are high in the Litang area and low in Chaluo geother-
mal fields (Figure 1).

4.2. Isotope Composition. The stable oxygen isotope composi-
tion of the hot spring water samples ranges from —20.74%o
to —17.25%0 and deuterium from —161.99%o to —148.91%o
(Table 1). All the hot springs (except for the number 10
spring) are falling below and away from the GMWL, and
the springs in the Litang area show more negative 6D and
880 than those in the Yidun area (Figure 3). For the surface

water collected from nearby, the §'®0 ranges from —18.52%o
to —15.52%o, with 8D ranging from —139.08%o to —123.78%o.

Tritium values of thermal water vary from <1 TU to
24412 TU. Tritium concentration can be used to qualita-
tively determine whether groundwater is modernly recharged
or not (Clark and Fritz, 1997). Tritium concentrations below 1
TU indicate that groundwater is at least 50 years old
(premodern) and tritium values equal to or greater than 1
TU are considered as modern groundwater. Values of tri-
tium of about 3 TU indicate a residence time of the water
of about 30-40 years. The *H concentration ranging from
1 to 8 TU could be attributed to an admixture of recent
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water with old groundwater and groundwater having been
subjected to radioactive decay [5, 19]. The tritium concen-
trations are less than 1 in number 1, number 4, number 8,
number 2, number 13, number 12, number 21, number 15,
and number 11 springs and are larger than 1 in the number
10 spring (Table 1).

5. Discussion

5.1. Hydrochemistry Evolution. According to the relation-
ship between (Na+K)-Cl and (Ca+Mg)-(SO,+HCO,)
(Figure 4), the springs in the Qukailong and Maoya geo-
thermal fields are falling on the y=—x line, indicating that
cation exchange is an important process that controls
hydrochemical features in these two areas. For the springs
in the Yidun area, most of them are located a little above
the y=—x line, indicating the possible dissolution of albite

origin from granite or diorites, together with cation
exchange between Ca+Mg and Na, which are the domi-
nant processes in the hydrochemical evolution. The high
concentration of HCO; in hot springs of the Litang area
may indicate a strong water-rock interaction with the
limestone strata of the hydrothermal system when rising
for discharge.

As the most conservative element in geothermal water, Cl
is an important diagnostic solute and is frequently used in
ratios with other elements in the interpretation of water
chemistry. For the springs in the present study, we plot the
ratios of Cl/B, CI/F, Cl/SiO,, Cl/Li, Cl/Rb, and Cl/Cs. A linear
relationship could only be found in the relationship of Cl/Cs
and CI/Li for all the hot springs; others show a distinctly dif-
ferent linear relationship for the springs in Yidun and Litang
areas (Figure 5). Furthermore, Na, K, HCOj;, and SO, behave
differently from Li, Rb, Cs, and B, and no linear relationship
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can be found with CI (Figure 6). The ratios of Cl/B, Cl/Li, Cl/
Rb, Cl/Cs, and CI/F are widely used to indicate a common
reservoir source for water by the same ratios from different
samples [20]. We calculated the ratios of Cl/B, Cl/Li, Cl/Rb,
Cl/Cs, CI/F, and Cl/SiO, for all of the 24 samples (Table 2).
Most of the ratios in the Yidun and Litang areas show dis-
tinctly different values (i.e., Cl/B is around 40.12 (exclude
anomalously high value) in the Chaluo area and 10.11 in
the Litang area; Cl/F is around 2.4 in Chaluo and around
11.25 in the Litang area). Only the ration of Cl/Cs shows sim-
ilarity for both areas; such similarity may be caused by the
similar host rocks during the geothermal fluid rising to the
surface as Cs may be incorporated into secondary, alternated
mineral during migration to the surface. Thus, we infer that
the hot springs in the two areas may derive from different
heat sources.

5.2. Trace Element Geochemistry. Lithium (Li), rubidium
(Rb), and cesium (Cs) generally act as less reactive and con-
servative elements in thermal waters and help to identify
the existence of a common origin or of common deep pro-
cesses shaping the composition of the surface water dis-
charges [21]. The relative contents of Li, Rb, and Cs are
plotted in the ternary plot (Figure 7). All the samples are
falling close to the corner of Cs, indicating that all the ther-
mal water discharges fall in the upflow region (low Li/Cs),
but with different concentrations of the two areas. Further-
more, the data points of these hot springs are far removed
from the compositional area of crustal rocks, pointing
toward the existence of the secondary processes during
the upflow process.

TaBLE 2: Ratio between Cl and B, F, SiO2, Li, Rb, and Cs.

Sample name B/Cl  F/Cl SiO2/Cl Cs/Cl Rb/Cl Li/Cl
1 0.0292 0.4188 9.3960 0.0229 0.0124 0.0663
2 0.0230 0.4205 10.2262 0.0214 0.0149 0.0482
3 0.0258 0.4183 8.6482 0.0229 0.0147 0.0534
4 0.0274 0.4116 9.9099 0.0248 0.0130 0.0653
5 0.0249 0.3929 6.5124 0.0182 0.0124 0.0456
6 0.0284 0.3139 6.8127 0.0114 0.0134 0.0604
7 0.0258 0.3677 10.7527 0.0538 0.0323 0.1172
8 0.0287 0.3906 8.5288 0.0211 0.0136 0.0669
9 0.0226 0.4167 7.2293 0.0225 0.0154 0.0470
10 0.0182 1.5609 6.1433 0.0091 0.0046 0.0205
11 0.0021 0.2187 8.0780 0.0209 0.0084 0.0313
12 0.0389 0.5501 6.4895 0.0284 0.0241 0.0735
13 0.0006 0.5363 6.3095 0.0256 0.0208 0.0673
14 0.0041 0.5422 4.3709 0.0254 0.0224 0.0478
15 0.1031 0.1304 2.2398 0.0201 0.0053 0.0646
16 0.1101 0.1095 1.5489 0.0207 0.0025 0.0681
17 0.1132 0.1248 2.8090 0.0213 0.0044 0.0678
18 0.1065 0.0982 1.7778 0.0198 0.0026 0.0650
19 0.1121 0.1140 1.6837 0.0202 0.0023 0.0687
20 0.1104 0.1026 1.7739 0.0181 0.0024 0.0655
21 0.0893 0.0662 1.1351 0.0227 0.0096 0.0896
22 0.0914 0.0665 1.1818 0.0234 0.0100 0.0943
23 0.0815 0.0670 1.1379 0.0238 0.0108 0.0775
24 0.0848 0.0715 1.4296 0.0259 0.0031 0.0494
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Li, as a good tracer for initial deep rocks, is used to eval-
uate the possible origin of boron and chloride (another two
conservative constituents in hot water) [22]. In the CI-Li-B
ternary plot, most of the hot springs fall close to the compo-
sitional area of the crustal rocks, indicating that rock leaching
is the main contributing factor for boron and lithium con-
centrations in these thermal waters (Figure 8). And it can
be concluded that there is no absorption of magmatic vapour
(low B/Cl or high B/Cl steam); thus, these hydrothermal
systems have no association with any volcanic/magmatic
activity. For the hot springs in Chaluo and Litang areas,
although the concentrations of these elements are located in
similar locations in Li-Rb-Cs and CI-Li-B ternary plots, two
distinct clusters could be found (Figures 7 and 8), again sup-
porting that the hot springs of the two areas originate from
different sources.

5.3. Origin of the Water by O and H Isotope. Although the
hydrogen and oxygen stable isotope data of the hot springs
show a meteoric source of groundwater, they do not originate
from the local surface water as the stable isotope values are
more negative than those of the local surface water
(Figure 3) and may be recharged from the high mountains.
The recharge location of these hot springs can be roughly
estimated by using the isotope altitude effect [23]. Because
of the significant '®O shift and water-rock interaction in the
hydrothermal systems, we choose deuterium as a trace to

estimate the recharge altitude. Taking the altitude effect of
—2.6%0/100 m for the deuterium isotope [24], we obtained
the approximate recharge locations of number 5, number
12, number 16, and number 22 spring as 4300 m, 4640 m,
4750 m, and 5200 m, respectively. Thus, the recharge altitude
of the hydrothermal system in the Yidun area (number 5,
number 12) is lower than that of the Litang area (number
16, number 22). Both of them received recharges from the
different high mountains nearby.

Furthermore, a good linear relationship of 8D and §'*0
can be both found for hot springs in Yidun and Litang areas
(with square correlation coefficients of 0.602 and 0.697,
resp.). Such good linear relationship is likely caused by sub-
surface boiling when the high-temperature geothermal
waters uprising towards the surface exceed the hydrostatic
burden; the slope of such process is commonly slight [25].
Thus, the supply of hot water is primarily dependent on
atmospheric precipitation and surface water infiltration
along the fault zone; after being heated by the deep heat
source, they return to the surface along different subfaults
with different geochemical processes. The different isotope
shift of springs in the Chaluo and Litang areas indicates
the different subsurface properties of the reservoirs in the
two areas.

The time that meteoric water spends in the geothermal
system being heated, reacting with rocks, stored in the reser-
voir, and finally discharged at the surface can be estimated
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from the radioactive isotopes [20]. Although tritium can only
be used for waters with short residence time, it is still insight-
ful to estimate the geothermal fluid ages and identify the
possible geothermal processes during the geothermal fluid
evolution. In our samples, only the number 10 hot spring
shows a tritium value larger than 1 (2.4 £ 1.4 TU), indicating
that the number 10 spring is mixing with more modern water
(shallow cold water) recharge and has a younger age than the
other springs. Although no tritium is measured in the num-
ber 11 well, a similar low Li/Cl ratio with the number 10 well
also indicates the mixing of shallow meteoric water (Table 2).

5.4. Geothermal Characteristic. Subsurface reservoir tempera-
ture is one of the most important characteristics in assessing
the potential of geothermal resources. Several chemical
geothermometers based on the chemical composition of ther-
mal water can be used in calculating the reservoir temperature
[21]. A temperature equation for a geothermometer is a tem-
perature equation for a specific equilibrium constant referring
to a specific mineral-solution reaction under specific condi-
tions [26, 27]. The silica and cationic geothermometers
(Na-K, Na-K-Ca, and K-Mg) are the most commonly applied
[26]. Silica-quartz/chalcedony-based geothermometers are
widely applied to calculate the temperature of low enthalpy
reservoirs [28]. The Na-K geothermometer is mostly applica-
ble to reservoir temperatures above 150°C and may yield
erroneous values for low-temperature waters [29], while the

Na-K-Ca geothermometer is more suitable for waters with
high Ca contents [30]. Thus, different chemical geotherm-
ometers applied to the same geothermal fluid yield apprecia-
bly different subsurface temperatures due to the lack of
attainment of equilibrium between fluid and hydrothermal
minerals or as a result of mixing with shallow groundwater
or degassing during upflow [31], which can have impor-
tant effects on geothermometry calculations—especially for
silica geothermometers.

The reservoir temperatures estimated by chalcedony,
quartz, Na-K-Ca, Na-K-Mg, Na-K, K-Mg, and Na-Li
geothermometers are listed in Table 3. All the calculated res-
ervoir temperatures are higher than the discharge tempera-
ture. Although the reservoir temperature varies with the
different geothermometers, the estimated subsurface reser-
voir temperatures in the Yidun area (number 1~number 14
spring) are generally higher than that of the Litang area
(number 15~number 24 spring) (Table 3). The silica
geothermometers produced similar reservoir temperatures
with the cation geothermometers in the Chaluo geothermal
field (number 1~number 9). The low reservoir temperature
in number 10 spring may be caused by the mixing of shallow
cold water or other shallow surface processes as it shows local
shallow water characteristics. For the other springs, the esti-
mated reservoir temperatures by silica geothermometers
and K-Mg geothermometers are lower than by other cation
geothermometers. The good linear relationship between Cl
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TaBLE 3: Estimated reservoir temperature ("C) for thermal waters.

K/M
spenane by Qe Gw e NeKC kol Gt N
1 233 246 218 207 207 197 182 246
2 250 262 228 218 218 200 194 217
3 236 249 220 220 220 200 175 230
4 251 264 230 225 225 199 195 250
5 194 212 193 192 186 196 139 220
6 146 169 159 177 168 197 121 214
7 110 137 133 96 96 229 117 242
8 231 244 217 213 213 203 193 252
9 224 238 212 217 217 203 185 215
10 76 106 106 81 81 127 74 97
11 120 146 140 167 24 186 77 99
12 114 140 135 174 149 197 109 172
13 114 141 135 190 112 196 110 168
14 93 121 119 172 149 195 109 142
15 88 117 115 173 11 158 89 136
16 71 102 102 170 15 159 90 140
17 90 118 117 169 16 161 87 138
18 77 107 107 161 45 160 91 137
19 74 104 104 167 18 159 89 142
20 81 111 110 171 15 159 90 144
21 100 128 125 221 55 230 113 294
22 100 128 125 213 62 231 111 302
23 96 124 121 217 60 231 112 269
24 80 110 109 184 9 183 84 190

and the conservation species indicate the mixing processes
and dilution for these hot springs (Figure 5); thus, it is
expected that the silica geothermometers and K-Mg
geothermometers will show lower reservoir temperature than
the other cation geothermometers. The Na-K-Mg ternary
diagram shows that these hot springs are located on the iso-
thermal line of 220~240°C and shows a linear trend from full
equilibrium to disequilibrium water area, especially for the
hot springs in the Yidun area (Figure 9). Hot springs located
in the Chaluo geothermal field are mostly located in the par-
tial equilibrium area while other springs are located in the
disequilibrium water area (Figure 9) [32]. Thus, the K-Mg
geothermometer and silica geothermometer may not be
appropriate for the reservoir temperature calculation as both
will be largely affected by the dilution processes. The 10/
(I0K+Na) versus 10Mg/(10 Mg+ Ca) diagram proposed
by Giggenbach [32] (Figure 10) also shows the deviation of
hot springs from the full equilibrium line, and the high Ca
+Mg concentration in the Litang area (numbers 15-24)
may indicate the faster equilibration of K-Mg and mixing
with Ca-Mg-rich shallow waters [33]. This also explains
why the reservoir temperatures calculated by the silica and
K-Mg geothermometer are much lower than the other cation
geothermometer in the Litang area. Thus, the Na-K and
Na-Li geothermometers tend to provide more reliable

reservoir temperatures since they are less influenced by
SiO, reequilibration and mixing with Ca-Mg-rich shallow
water than the other geothermometers in the Litang area.

According to the above discussion, hot springs in the
Litang area are located in a nonequilibrium state and may
be affected by the mixing (dilution) processes, which is also
indicated by the good linear relationship of B/Cl, F/Cl, and
Si0,/Cl in Maoya and Qukailong (Figure 6). Here, we use
the silica-enthalpy method [34] to evaluate the temperature
of the hot water component before mixing. The temperature
of cold water is assumed as 15°C and SiO, concentration of
10mg/L; we use the average spring temperature of 50°C
and SiO, of 51 mg/L for the springs in the Maoya geothermal
field. The calculated SiO, concentration in the reservoir is
about 200 mg/L, with temperature of 207°C. And a similar
result could be obtained for the hot springs in the QKL geo-
thermal field. The mixing ratio in this area is 0.6~0.74 for
cold water. Thus, we can roughly get the conclusion that
the reservoir temperature in the Yidun area is around
230°C and is around 200°C in the Litang area. Thus, the res-
ervoir temperature also supports that the Yidun area and the
Litang area should have different heat sources.

From the chemical and geothermal analysis, we propose
a conceptual model for the genesis mechanism of the
hydrothermal system in the Yidun and Litang areas.
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FIGURE 9: Na-K-Mg ternary diagram of the hot springs.
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11



12

Meteoric precipitation penetrates into the crust, is heated
by the different deep, thermally and topographically driven
convection along faults, and undergoes subsurface boiling
before going back to the surface. The same chemistries in
the two areas may be caused by the same host rock in the
different fault zones. Although the measured age of the
magmatic rock revealed that the magmatic residual heat
has disappeared [8], the residual radioactive decay in rock
will continue to heat the water during the circulation [17].

6. Conclusions

The geochemical and geothermal characteristics of the fault
zone hydrothermal system in the Yidun-Litang area are
investigated in this paper. Na-HCO, water is the dominant
water type in the Yidun-Litang area. Water-rock interaction
and cation exchange are the dominant hydrogeochemical
processes in the hydrothermal evolution. The D and '*O
isotopes of all the hot springs show a linear shift from the
GMWL, indicating that these springs have undergone subsur-
face boiling before rising to the surface. Different ratios of Cl
to other conservation species can be found for the springs
in the Litang and Yidun areas, suggesting the different heat
sources of the two hydrothermal systems. The reservoir tem-
perature in the Yidun area is around 230°C while the reservoir
temperature in the Litang area is around 200°C. Both
hydrothermal systems are recharged by the meteoric water
and are heated by the different deep, thermally and topo-
graphically driven convection heat along faults and under-
going subsurface boiling before going back to the surface.
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The existing investigations on the maximum allowable wellhead injection pressure have found the upper limit of wellhead injection
pressure, which, however, cannot provide a practical operational designing scheme of wellhead injection parameters for CO,
geological storage projects. Therefore, this work firstly proposes the complete constraint conditions of wellbore injection to realize
the whole process of forward and inverse calculations of wellbore pressure and then applies it to explore the relationship between
wellhead injection pressure and injection rate. The results show that the wellhead injection pressure and the injection rate are a pair
of mutually constrained physical quantities. For a certain injection project, the allowable wellhead injection pressure and injection
rate separately form a continuous interval. Change of one quantity within its allowable interval will also change the other within
its interval, both jointly forming a closed region. Thus, controlling the wellhead injection parameters in this closed region can
simultaneously ensure the effectiveness and safety of injection. Subsequently, this work further studies the factors of impacting
the relationship between wellhead injection pressure and injection rate and finds that all the temperature of injected fluid, the
parameters of saturation, and the characteristic parameters of reservoirs only change their upper and lower limits to some extent
but have no essential effects on their relationship. Application of this theory and method in Shenhua CCS demonstration project
obtained the relationship diagram of wellhead injection pressure and injection rate, which found that its actual injection parameters

just fall into the closed region of the relationship diagram, effectively verifying the reliability of this work.

1. Introduction

In the China-US joint announcement on climate change,
2014, China intended to achieve the peaking of CO, emis-
sions around 2030 and to make best efforts to peak early
[1]. To achieve this goal, carbon capture and storage (CCS),
as one of the most effective approaches for greatly reducing
CO, level in the atmosphere [2-5], is expected to gradually
advance from demonstration project to commercialization.
The general procedure of CO, geological storage includes site
selection, well drilling, injection, monitoring, and evaluation
[6, 7], among which the most key step is CO, injection.
Therefore, it is very important to control wellbore injection
parameters [8, 9]. Due to the great burial depth of the
storage sites (means high temperature and high pressure),

CO, injection (resulting complex two-phase flow in pores
and cracks), and the complexity and uncertainty of geological
conditions, a great challenge to the effectiveness and safety of
CO, injection is induced [2, 10].

Currently, it is widely accepted by engineers that con-
trolling the maximum bottom hole pressure is practical and
reliable to avoid the strata fracturing [11-13]. Based on that,
the more convenient method is to control the wellhead
injection pressure [13], which has been verified sufficiently
in In Salah [14] and Ketzin and Shenhua CCS projects [13,
15]. To obtain the maximum allowable wellhead injection
pressure for CCS projects, Carroll and Lui [16] and Hashim
and Maloka [17] analyzed the main influential factors of
wellhead pressure, and Streit and Hillis [18], Rutqvist et al.
[10], and Gapillou et al. [19] proposed some approximate
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estimation methods and engineering experience. Subse-
quently, Bai et al. [8] developed a new fast explicit finite
difference method (FEFDM) for calculating the wellhead
pressure under assumption of single reservoir, and Wu et al.
[20] presented a new estimation method of wellbore pressure
from the perspective of engineering. However, many CCS
projects still use the typical approach referring from the field
of enhanced oil recovery (EOR) and sour gas reinjection
for the advantages of simplicity and extensive application
experience [21], although there are four obvious shortcom-
ings [13]. Therefore, Bai et al. [13] developed a methodology
for determining the maximum allowable wellhead injection
pressure based on the precious work recently, which includes
the control conditions for bottom hole safety, the inversion
method of wellhead pressure, and the design coeflicients on
the basis of engineering experience and analogy. It is available
for multireservoirs injection simultaneously. However, it is
worthy to concern that the above investigations are mainly
focused on the wellhead injection pressure, especially on
the maximum allowable wellhead injection pressure, which
ignores the wellhead injection rate. Although the injection
rate is usually set as the project target, it is also a significant
parameter of injection control. What is more, no investigation
has addressed the relationship between wellhead injection
pressure and injection rate.

Thus, as to a determined target injection flow, the above
methods of designing wellhead injection pressure can only
provide the maximum allowable wellhead injection pressure.
However, the actual wellhead injection pressure must be less
than its maximum value in consideration of safety, so how
much should the applicable wellhead injection pressure be?
Could any wellhead injection pressure bellowing the maxi-
mum allowable wellhead injection pressure ensure that the
target injection flow will enter the reservoirs completely? Of
course, the answer is no. That is to say, the applicable wellhead
injection pressure not only has an upper limit but also has a
lower limit. Only the pressure of ranging from the lower limit
to the upper limit can ensure that the target injection flow
will enter the reservoirs completely. Another question is how
does the applicable wellhead injection pressure change when
the target injection flow changes? It would be transferred to
the schema of constant pressure controlling; thus the problem
is how to determine the applicable target injection flow
under knowing the wellhead injection pressure. Apparently,
to answer these questions exactly, it is necessary to investigate
the wellhead injection pressure and the injection rate simul-
taneously and to master the internal relationship between
wellhead injection pressure and injection rate clearly. In
addition, to facilitate the application in projects, it is worthy
to study their influential factors.

Therefore, this work will firstly improve the constraint
conditions of wellbore injection from the perspective of flow
rate to realize the whole process of forward and inverse calcu-
lations of wellbore pressure and then explore the relationship
between wellhead injection pressure and injection rate and its
influential factors. Finally, we apply this method to Shenhua
CCS demonstration project to find the feasible ranges of
wellhead injection pressure and injection rate and to verify
the reliability of this work simultaneously.

Geofluids

FIGURE 1: Schematic of the injection well and its related reservoirs.

2. Theory and Method

2.1. Constraint Conditions of Wellbore Injection. Figure 1
shows the schematic of injection wellbore and its related
reservoirs. There is one injection well and N layers of
reservoir-caprock combination units from top to bottom. The
wellbore is divided into N segments by the reservoir-caprock
unit. The reservoir-caprock units, reservoirs, caprocks, and
well segments are numbered as 1,2,...,N from top to
bottom. In the following, the subscript i denotes the corre-
sponding physical quantities of the ith reservoir-caprock unit,
the superscript r indicates the physical quantities within the
reservoir, and the superscript w marks the physical quantities
within the well segments.

As described in Bai et al. [13], when CO, is injected
at a given wellhead injection pressure Py [Pa] into the
injection well, the flow not only should satisfy its related
fluid dynamics equations but also should not damage the
stratum. Moreover, the injection rate Cyyy [kg/s] should
reach the preset target injection flow. These are enough for the
inverse calculation of wellhead injection parameters based
on the bottom hole conditions, whereas for the forward
calculation of wellbore pressure and flow rate distribution
on the basis of wellhead injection parameters, they are not
enough because the forward calculation is unable to ensure
that the injected fluid will enter reservoirs completely only
from the perspective of pressure. Therefore, to realize the
process of forward calculation, Cyyy; must be less than the
total available capacity of all the reservoirs and the actual flow
rate of each reservoir also must be below its available capacity;
then the effectiveness and safety of injection can be ensured.

Hence, the complete constraint conditions of wellbore
injection are

Py + Py; < B; < [Py]

M, <Cyy = Zci < Z [Ci] @
G <[c],

1
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where P, is the formation pressure (Pa), P, is the capillary
pressure (Pa), P, is the pressure on the interface of wellbore
and reservoir (Pa), [P,] is the maximum allowable pressure
of reservoirs (Pa), M, is the target injection flow rate (kg/s),
C denotes the actual flow rate of the reservoir (kg/s), and [C]
denotes the available capacity of reservoir (kg/s).

The first inequality of (1) is the constraint condition about
pressure. The maximum allowable pressure is a reduced value
of fracturing pressure [22]; details can be found in Bai et
al. [13]. The other two inequalities represent the constraint
conditions about flow rate. And the second one is focused
on the total flow rate, which requires the injection rate to be
higher than the design target but lower than the total available
capacity of all the reservoirs. The third one requires the actual
flow rate of each reservoir to be within its available capacity.
Obviously, when the third inequality is satisfied, the right
half of the second one is met naturally, while the left half of
the second one could be confirmed in the feasibility study of
project. Therefore, the constraint conditions about flow rate
are equivalent to the third inequality in essence. Furthermore,
in the actual calculations, only the available capacity of the
bottom reservoir needs to be checked because the capacity
of the other reservoirs is just equal to their actual flow rate,
which is calculated by the following calculation method.
Therefore, they always satisfy (1). It should be noted that
the above constraint conditions did not involve the caprocks,
which are beyond our discussion.

2.2. Calculation Method. As mentioned above, inverting
wellhead parameters based on the bottom hole conditions
only can find their maximum value, which, however, can only
be used as the upper limit of injection control. Therefore,
in practical operation, it is necessary to directly calculate
the wellbore pressure and flow rate distribution according to
the given wellhead injection parameters and then to judge
whether the injection is safe and effective. It is a forward
calculation process. The fast explicit finite difference model
(EFDM) from wellhead to bottom can be derived based on
the continuity equation of steady flow, the motion equation
of vertical wellbore, and the state equation of fluid [8, 9] as
follows:

Pj+1:Pj

(axg (PM/RT,Z;) - (AxyCiRT;/2D) (2,P;/M))  (2)

>

(sz - (EjRTj/M) Zj>

where P is the wellbore pressure (Pa); C is the mass flow
rate of wellbore cross section (kg/ m?/s); Ax is the differential
element (m); g is the acceleration of gravity (m/ s%); D is
the interior diameter of injection tube (m); M is the molar
mass of gas (kg/mol); R is the universal gas constant; y is the
friction coeflicient; Z is the compression factor; and T is the
temperature (K). The subscript j is the number of differential
elements within a certain well segment.

CO, is injected from wellhead through wellbore into the
reservoirs; due to the presence of brine in the reservoir pores,
the flow changes into two-phase flow [23-25]. In accordance

with the two-phase flow theory, the fluid-rock characters
determine the relative permeability of each phase [26-29].
The functional relationship of the flow rate flowing into the
ith reservoir and the pressure can be obtained under the
assumption of steady flow [27], or

Ci = 2nk;B;p;’

Py — Py (3)
(1/Aa) In (Rei/ro) + (1/ Ay = 1/Ag) + (1/A;) In (Roi/ Rypai)”

where R, is the maximum influence radius of flow in
the reservoir (m); R, and R,,,, are the maximum radii of
CO, plume at the bottom and top of the reservoir (m),
respectively; r, is the tubing radius (m); k is the absolute
permeability of the reservoir (m?); B is the thickness of the
reservoir (m); ¢ is the porosity of the reservoir; p is the
density of CO, (kg/m?); A, is the mobility of CO, (m-s/kg);
and A, is the mobility of brine (m-s/kg).

On the basis of (2) and (3), to realize the multireservoir
injection simultaneously, the equilibrium condition of flow
at the reservoir node is still required. It could be simplified
into the flow rate allocation under the condition of constant
pressure because all junctions of reservoirs and wellbore are
regarded as the equivalent nodes of flow rate allocation and
the wellbore pressure between the top and bottom of the
reservoir is assumed to be a constant in this work. Hence, the
equilibrium condition of flow of the ith equivalent node is
that the inflow amount of CO, equals the sum of outflow to
the next well segment and inflow into the ith reservoir. Then,
combined with (3), the flow rate allocation relationship at the
equivalent node can be deduced as follows [13]:

—w 2k.B.p¥
C,’ _ 121Pz
L
) P — Py 4
(A (Rfro) + (Vg — 1A) + (A u)In (R Bom)
P
+PTC::1'
i+1

When (4) is applied to the Nth reservoir (the bottom
reservoir), due to the absence of outflow, the second term
of right hand should be considered as zero. Then, according
to (4), the available capacity of the bottom reservoir can be
determined. And the actual flow rate of the bottom reservoir
is obtained by (4) with i = N — 1. So that when the latter
is not more than the former, the constraint conditions about
flow rate are satisfied.

2.3. Calculation Procedure. There are two basic control mod-
els on fluid injection, namely, the constant pressure and
the constant flow rate. For constant pressure, the allowable
interval of flow rate should be solved; and as for constant flow
rate, the problem is how to obtain the allowable interval of
pressure. However, the results under different control models
are the same. Therefore, this work chooses the control model
of constant pressure as an example to explore the relationship
between wellhead injection pressure and injection rate. The
calculation procedures of forward calculation process are
listed as follows:
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TABLE 1: The parameters of reservoir-caprock combination units.

. Reservoir Caprock Reservoir Reservoir Fracturing Formation
Reservoir . . 1 .
number thickness thickness permeability porosity pressure pressure

(m) (m) (x107 ‘umz) (%) (MPa) (MPa)
1 10 1400 6 12 35 15
2 10 200 5 11 38 17
3 10 200 4 10 41 19
4 10 200 3 9 44 21
TABLE 2: The simulation injection design schemes.
Injection design schemes (a) (b) () (d) (e) (f) (g) (h)
P,y (MPa) 15 14.49 14 13 6 5 4.83 45
Cwu (kg/s) 0~9 0~9 0~9 0~9 0~2.5 0~2.5 0~11 0~2.5
Notes. The calculation step of Cyyyin (a), (b), (c), and (d) is 0.1kg/s; for (g) it is 0.02kg/s; for (e), (f), and (h) it is 0.05kg/s.
(1) Set Pyy. Pressure (MPa)

(2) Set the initial Cyyy.

(3) Compute the wellbore pressure according to (2);
compute the flow rate of flow into the reservoir
according to (3) and renew the flow rate of flow to
the next well segment according to (4) when the
calculation reaches to the reservoir.

(4) Judge whether the computed results at the equivalent
node meet the constraint condition of (1). If “Yes,”
execute the subsequent calculation; if “No,” go to Step
(5). After finishing all calculation process, if the cal-
culated results meet all the corresponding inequality
conditions in (1), the corresponding Py and Cyyyy are
the feasible wellhead injection parameters.

(5) Renew Cyyyy; repeat Step (3) to Step (4) until both
the upper and lower limits of feasible Cyyyy under the
condition of Py are found; if there is no feasible Cyyy
(indicating that Py, cannot achieve injection), go to
Step (6).

(6) Renew P,y repeat Step (2) to Step (5) to find the
upper and lower limits of feasible Pyyy.

(7) Plot the relationship diagram between Py and Cyyy
according to the results.

3. Relationship between Wellhead Injection
Pressure and Injection Rate

3.1. Parameters and Injection Schemes. In the following, this
work supposed an analysis case to explore the relationship
between Py and Cyyy. There are four reservoirs and one
injection well with a depth of 2000 meters in this case.
Table 1 lists the reservoir-caprock combination units and
the characteristic parameters of the reservoirs. The values
of thickness, permeability, and porosity of reservoirs are
determined by engineering experience, which represent the
typical characteristic (small thickness, low porosity, and low
permeability) of reservoirs in China. They could be updated
for research.
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FIGURE 2: Distribution of wellbore pressure at different injection
rates.

First, it is necessary to present the wellbore pressure
distribution for a determined Py under different Cyyyy to
analyze the characteristics of the wellbore pressure distribu-
tion, as shown in Figure 2. Here Py is given as 13 MPa, while
Cwy are 0.1, 1, and 6 kg/s.

It is clear from Figure 2 that (1) the wellbore pressure
increases approximately linearly with the well depth; the big-
ger Cyyyy is, the more obviously the pressure increases; when
Cyyy enlarges to a certain value, the wellbore pressure above
the reservoirs barely changes with Cyyy; (2) the wellbore
pressure distribution changes linearly and continuously with
Cyu»> showing no inflection point; thus it is appropriate to
use the variation trend of wellbore pressure at one point
to represent the variation trend of pressure in the whole
wellbore. Therefore, in the following, the change in pressure
on the interface of wellbore and reservoir is adopted to replace
that of the whole wellbore.

Table 2 shows the simulation injection schemes. When
Py is great enough, the lower limit of the constraint
conditions about pressure expressed by the left part of the
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first inequality in (1) is clearly met, so the four injection
schemes (a), (b), (c), and (d) in Table 2 are adopted to study
the variation rule of pressure on the interface of wellbore and
reservoir with Cyyy in the condition of no reservoir fractur-
ing. The calculation results are shown in Figures 3(a)-3(d).
Subsequently, with Py reducing, the constraint condition
about pressure to prevent the reservoir from fracturing can
be naturally satisfied and the lower limit of the constraint
conditions about pressure should be considered. The four
injection schemes (e), (f), (g), and (h) in Table 2 are adopted
for that and the calculation results are shown in Figures
3(e)-3(h).

3.2. Results Analysis. There are two types of curves shown
in Figures 3(a), 3(b), 3(c), and 3(d): the pressure curves and
the flow rate curves. The former are used to analyze whether
the calculated results meet the upper limit of the constraint
conditions about pressure, and the latter are used to analyze
whether the calculated results meet the constraint conditions
about flow rate. The specific analyses are shown below.

(1) The dense data segments in the figure result from one-
tenth of calculation step, which verified that no oscillation
singularities existed in the calculations. It aims to accurately
find the intersection and its corresponding Cyyy.

(2) In Figures 3(a), 3(b), and 3(c), with Cyyy changing,
there is an interval that P, > [Py, ]; as for the other reservoirs,
the similar intervals basically disappear or are included in
the interval of the first reservoir, which indicates that the
critical reservoir [13, 30] is the first one under the above
described injection conditions. Hence, only the intersections
of the curve P, and the curve [P,] are shown in Figures
3(a)-3(d) as the basis for the following discussions.

(3) With Cyyy changing, all the pressure curves Py
show the same varying trend of upward convex parabola
with obvious peak. Based on the above analysis and with
Figure 3(a) as an example, the intersections P1 and P2 of
the curve P, and the curve [P,] divide Cyyy into three
intervals. It looks like Cyy; smaller than P1 or greater than
P2 would meet the upper limit of the constraint conditions
about pressure. However, in fact, this is not true, because the
calculations are based on the assumption that the flow in the
wellbore reaches to steady state at 10 days after CO, injection;
if greatly expanding the time, even a tiny Cyyy will make
the wellbore pressure exceed the allowable pressure at some
points. Therefore, as for Py whose P1 is located before the
peak point, Cyyy; less than P, could not be used as the design
scheme of the gas injection projects. Moreover, whether Cyyyy
higher than P, can be used as the design scheme still needs
to be determined by the constraint conditions about flow
rate, which can be judged by the flow rate curves of the last
reservoir. Apparently, Cyyy; at the left side of intersection F1
of the flow rate curves meet this condition, while Cy,; at
the right side does not. Therefore, for determined Py, its
corresponding Cyyy that can be used as the design scheme
of gas injection must belong to the interval of [P2, F1].
Among the above schemes, in Figure 3(a), Fl is smaller
than P2, indicating that there is no feasible Cyyyy under this
Pyyy; that is, this Py has exceeded the maximum allowable

wellhead injection pressure; in Figure 3(b), F1 is equal to
P2, indicating that this Py is the maximum allowable
wellhead injection pressure; in Figure 3(c), F1 is greater than
P2, corresponding to the general cases; in Figure 3(d), only
F1 exists but there is no intersection of pressure curves,
revealing that no matter how Cyy changes, the constraint
conditions about pressure will be always met under this Pyy;
therefore the corresponding interval of flow rate is (0, F1]. It
is predictable that the feasible interval of Cyy; remains (0, F1]
with continuous reduction of Py, although F1 will decrease
with Py declining.

Figures 3(e)-3(h) are basically consistent with Figures
3(a)-3(d) except that the pressure curves in Figures 3(e)-3(h)
show the lower limit of the constraint conditions about
pressure. According to Figures 3(e)-3(h), (1) as for each
injection scheme, the intersections of curve Py, and curve Py,
correspond to the minimum Cyyy, indicating that the injec-
tion to the first reservoir is most easily realized. Therefore,
the lower limit of the constraint conditions about pressure
can be transferred into that as long as P, > Py; the
injection is achievable. (2) Similarly, conclusion (1) is only
focused on the constraint conditions about pressure, and
the constraint conditions about flow rate still need to be
met. In summary, the feasible interval of Cyyy is [0, F1] in
Figure 3(e), [F1,F2] in Figure 3(f), and FI in Figure 3(g)
and does not exist in Figure 3(h), revealing that Py in
Figure 3(g) is corresponding to the minimum achievable
wellhead injection pressure. It is predictable that gradually
increasing Py from the minimum achievable wellhead
injection pressure will expand the feasible range of Cyyy,
which is consistent with the relationship between Py and
Cyyy in the consideration of no reservoir fracturing. In the
process of one increasing with the other decreasing, they will
coincide eventually.

The two above-mentioned types of injection schemes
represent two limit zones in the relationship diagram between
Py and Cyyy, respectively. Similarly, the middle Py and
Cywy can also be obtained, plotting them in one figure, that
is, the relationship diagram between Py and Cyyyy, as shown
in Figure 4, where the red and blue lines represent the upper
and lower limits of the interval of flow rate under constant
pressure injection, respectively; both of them jointly form
a closed region. And the closed region forms the wellhead
injection parameters domain of simultaneously meeting the
constraint conditions about pressure and flow rate. Hence
theoretically, as long as controlling the wellhead injection
parameters falling in the closed region, the safe and effective
injection can be achieved. In addition, the left intersection
of curves represents the lower limit of constraint conditions
about pressure, where the CO, fluid is just able to be injected
into the reservoir completely. And the right one represents
the upper limit of constraint conditions about pressure, in
which just no reservoir would fracture. The feasible flow
rate corresponding to these two intersections is unique and
determined. Therefore, the wellhead injection parameters
should be away from the intersections and close to the middle
region as much as possible when designing the injection
schemes, which will bring a greater allowable interval for
pressure and flow rate, and then the projects will be safer.
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FIGURE 4: Relationship diagram between wellhead injection pres-
sure and injection rate.

4. Influential Factors of Wellhead Injection
Pressure and Injection Rate

4.1. Overview. The influential factors can be classified into
two parts: the human-controllable factors and the engineer-
ing geological factors, as shown in Figure 5. The former
mainly refer to the temperature of injected fluid T, deter-
mined by the engineers, and the latter include the factors
of impacting wellbore heat transfer, impacting reservoir

capacity, and determining constraint conditions about pres-
sure. And the last five in Figure 5 also can be considered as
the characteristic parameters of reservoirs.

As for the geothermal gradient, it was studied by Lui et al.
[31] in consideration of the single reservoir and they found
that it affects the wellbore pressure distribution by impacting
the wellbore heat transfer and only has slight effect when Cyyy
is small. Obviously, the impact of earth’s surface temperature
is weaker. Since the wellbore heat transfer has nothing to do
with the number of reservoirs, it is acceptable that the effect of
geothermal parameters on the wellbore pressure distribution
can be neglected. Thereafter, the analysis case in Section 3.1is
used to study the effect of the other above-mentioned factors.

4.2. Temperature of Injected Fluid. Take the situation of Ty =
—-5°C as the standard case, compared with the cases of
T, = -10, 0, 10, and 20°C, respectively, to study the influence
of T, on the relationship of Py and Cyyy with other
parameters unchanged. Figure 6 shows the calculated results.

According to Figure 6, it is clear that the relationship
diagrams of Py and Cyyyy under different T), are accordant
in shape and the areas of different closed region are roughly
equal. With Tj increasing, the closed region only shows a
tendency of uniformly shifting to the right. Therefore, it
could be concluded that T; has no substantial impact on
the relationship of Py and Cyy. Furthermore, with Ty
increasing, the allowable Cyyy; exhibits a linearly decreasing
trend, and the allowable P,y shows a linearly increasing
trend. The reason is that a rise in T,, causes the wellbore
pressure to reduce, therefore leading to an increase in the
allowable Pyyy. Subsequently all the constraint conditions
about pressure and flow rate changed, especially for the upper
limit of constraint condition about pressure.

4.3. Saturation Parameters Sy, and ;.. In the above cases, the
saturation parameters S;. and S;,, are set as 0.55 and 0.999,
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FIGURE 6: Relationship diagram between wellhead injection pres-
sure and injection rate at different temperature of injected fluid.

respectively. To analyze their impact on the relationship
between Py and Cyyy, firstly it is necessary to design
different values of S;. and §;,,. Here, the Van Genuchten-
Mualem Model [32] was adopted to inversely derive the
parameters S;. and S;,,,. Table 3 lists the design values of S,
and Sy, and Figures 7 and 8 show the calculation results.
Figures 7 and 8 show that (1) the parameters S;. and S,
just change the ranges of allowable Py and Cyyy to some
extent and have no substantial effects on the relationship
between Py and Cyyyy, which is similar to T,. (2) With
the decrease of S;,,, the allowable Py and Cyyy gradually
reduce, the upper limit of Cyyy gradually closes to its lower

Wellhead injection pressure (MPa)
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—— B, Upper limit
—e— B, Lower limit
—— C, Upper limit

—e— C, Lower limit
—— D, Upper limit
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FIGURE 7: Relationship diagram between wellhead injection pres-
sure and injection rate at different S;,,.

limit, and the effects of S, are just contrary to those of S,
because the CO, domain and brine domain of two-phase
flow are mutually restrictive. (3) The changes of the right
intersection of the upper and lower limits of Cy, in Figures
7 and 8 have a common feature; that is, the intersection
moves strictly along the track of lower limit of Cyyy with
the variable changing. And it differs slightly from that of
the left intersection, which suggested that the change of S,
and Sy, just alters the constraint conditions about the flow
rate and the lower limit of pressure; however, it has no
impact on the constraint conditions about the upper limit of
pressure.
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TABLE 3: The values of parameters S, and ..
A B C D E F G H I ]
Sie 0.55 0.55 0.55 0.55 0.55 0.40 0.50 0.55 0.60 0.70
Siw 0.9999 0.999 0.99 0.97 0.95 0.999 0.999 0.999 0.999 0.999
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FIGURE 8: Relationship diagram between wellhead injection pres-
sure and injection rate at different S,

4.4. Thickness, Permeability, and Porosity of Reservoirs. The
thickness, permeability, and porosity of reservoirs as their
inherent characteristic parameters are invariant for a given
storage site, but they directly determine the capacity of the
reservoir. Thus their influence that aims to generalize the
above obtained conclusions to other projects is analyzed.
Secondly, with CO, injected into the reservoir, this will
cause a series of physical and chemical reactions. However,
a change in load and chemical reactions with minerals will
generally cause changes in the permeability and porosity of
reservoirs [33-35]. Limited by the existing testing technology,
the impacts of thickness, permeability, and porosity have not
been taken into consideration. Tables 4-6 list the different
design parameters of reservoirs, and the corresponding cal-
culation results are shown in Figures 9-11.

On the basis of Figures 9 and 10, (1) the impacts of
reservoir thickness and permeability on the relationship
between Py and Cyyy have common features: both only
affect the range rather than the essence of Pyy; and Cyyyy. With
the thickness or permeability increasing, the allowable Py
and Cyyy increase at similar ratio, ascribed to their similar
status in (3). (2) Of course, there are also some differences
about the impact of reservoir thickness and permeability:
curves B and Cin the figures are not exactly the same, because
the value of R is also affected by the thickness but not by the
permeability. (3) Curves B and C in Figure 9 do not overlap,

Wellhead injection pressure (MPa)

—A— A, Upper limit
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—A— B, Upper limit
—e— B, Lower limit

—a— C, Upper limit
—e— C, Lower limit
—— D, Upper limit
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FIGURE 9: Relationship diagram between wellhead injection pres-
sure and injection rate at different reservoir thickness.

revealing that increase in thickness of the upper reservoir has
greater effect on enlarging the allowable Py and Cyyy in
the multireservoir injection simultaneously, compared with
increasing the thickness of the lower reservoir. It indicates
that the injected fluid majorly enters the upper reservoirs,
which is consistent with the conclusions of Rutqvist and
Tsang [36], Liu et al. [31], and Xie et al. [37, 38] based
on TOUGH?2. Furthermore, as described above, the critical
reservoir in this case is the first reservoir, which means that
increase in thickness of the critical reservoir is most effective
for the increase of total available capacity of the entire storage
site. (4) The effect of reservoir porosity on Py and Cyyy is
limited and could be ignored according to Figure 11. (5) The
traces of intersections of upper and lower limit of Cyyy in
Figures 9, 10, and 11 are in agreement with those in Figures
7 and 8, indicating that the changes caused by these five
parameters are similar in essence; that is, they all indirectly
change the constraint conditions about flow rate by changing
the capacity of reservoirs.

4.5. Formation Pressure and Fracturing Pressure. The forma-
tion pressure in essence also affects the capacity of reser-
voirs; therefore it has some similarity to the five above-
mentioned parameters. However, it is also different from
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FIGURE 1I: Relationship diagram between wellhead injection pres-
sure and injection rate at different reservoir porosity.

them because it also determines the lower limit of constraint
conditions about pressure. Thus, it is discussed together with
the fracturing pressure. Table 7 lists the different pressure
conditions and Figure 12 shows the corresponding calculation
results.

Comparison of curves A, B, and C shows that, with
the formation pressure increasing, both allowable Py, and
Cywy decline, and the right intersection of upper and lower
limits of Cyyy still moves along the lower limit of Cyyy. It

Geofluids

TABLE 4: The values of reservoir thickness.

. Reservoir thickness (m)
Reservoir number

A B C D
1 10 10 20 20
2 10 13 16 20
3 10 16 13 20
4 10 20 10 20

TABLE 5: The values of reservoir permeability.

. O 32
Reservoir number Reservoir permeability (x10™ ym®)

A B C D
1 6 6 8 8
2 5 5 7 7
3 4 6 4 6
4 3 5 3 5

TABLE 6: The values of reservoir porosity.

. Reservoir porosity (%
Reservoir number p y (%)

A B C
1 12 17 22
2 11 16 21
3 10 15 20
4 9 14 19

TaBLE 7: The values of formation pressure and fracturing pressure.

Reservoir Formation pressure (MPa) Fracturing
pressure (MPa)

number

1 15 155 16 35.5 36

2 17 175 18 38.5 39

3 19 19.5 20 415 42

4 21 215 22 44,5 45

indicates that the formation pressure also indirectly changes
the constraint conditions about flow rate by affecting the
capacity of reservoirs, so there is a same feature with the
five aforementioned parameters with similar characteristics.
Moreover, the left part of closed region shifts toward the right
when the formation pressure increases, which embodies the
fact that the formation pressure directly determines the lower
limit of constraint conditions about pressure. Obviously, a
rise in the lower limit of pressure will naturally increase the
allowable Pyy;. Comparison of curves A, D, and E shows that,
with the fracturing pressure increasing, both allowable Py
and Cyy will increase, and only the right boundary with
the initial trend and shape extends to the right. It suggests
that the fracturing pressure only changes the upper limit of
constraint conditions about pressure and does not affect the
other conditions and parameters.



Geofluids 11
TABLE 8: The parameters of reservoir-caprock combination units in Shenhua CCS project [13].
. Reservoir Caprock Logging Logging Fracturing Formation
Reservoir . . e .
number thickness thickness permeability porosity pressure pressure
(m) (m) (x107* um?) (%) (MPa) (MPa)
1 9 1699 2.81 10.6 35.29 17.45
2 5 57 5.47 12.4 37.53 17.89
3 40 191 1.431 9.7 38.95 20.15
4 43 6.58 12.9 42.60 21.43
5 119 5.99 12.6 47.00 22.94
6 26 114 2.738 12.5 43.47 23.1
7 8 52 5.1 11.9 46.03 23.84
8 12 178 0.039 52 45.68 22.75
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FIGURE 12: Relationship diagram between wellhead injection pres-
sure and injection rate at different formation pressure and fracturing
pressure.

5. Case Study: Shenhua CCS
Demonstration Project

In Section 3, the relationship diagram between Pyy; and Cyyy
was obtained through an analysis case; in Section 4, relevant
factors affecting the relationship and their influential rules
were found. All these indicate that the theory and method
presented in this paper are scientific and effective in solving
engineering problems. As follows, this work will apply the
theory and method in Shenhua CCS demonstration project
to obtain the ranges of Py and Cyyyy which simultaneously
meet the constraint conditions of pressure and flow rate in the
actual project.

The calculation parameters of the reservoir-caprock com-
bination units in Shenhua CCS demonstration project are
listed in Table 8, including 8 reservoir-caprock combination
units from top to bottom and one injection well with a depth
of 2450 meters. The parameters are mainly determined by

—A— Upper Limit
—o— Lower Limit
e The monitoring records

FIGURE 13: Relationship diagram between wellhead injection pres-
sure and injection rate in Shenhua CCS project.

the logging interpretation data [13]. As mentioned above, the
reservoirs are a kind of formation with small thickness, low
porosity, and low permeability. The reservoirs are simplified
into homogeneous and isotropous formation because we
applied an analytical solution to describe the CO,-brine flow
in the reservoirs, although the actual reservoirs have strong
heterogeneity.

Figure 13 shows the calculation results. Py and Cyyyy of
right intersection are 13.16 MPa and 10.31 kg/s, respectively. If
the annual injection time is 300 days, the annual injection
mass flow will reach 270,000 tons. Obviously, the preset
annual injection of 100,000 tons for Shenhua project is
achievable. The actual injection started in March 2011 and
stopped in April 2015. Figure 14 shows the monitoring records
of wellhead injection pressure during the formal injection
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stage from March 2011 to April 2014, during which time
CO, was injected at a constant injection rate about 4.0 kg/s.
Inputting the actual injection parameters into Figure 13 finds
that they all fall into the closed region except the records of
initial loading process and the other two monitoring records.
However, the other two abnormal pressures were induced
by some unexpected circumstances, which was controlled by
engineers immediately and returned to normal. Hence, it is
convincing that the theory and method established by this
work can withstand the practice test and are scientifically
reliable. Moreover, it is necessary to note that the actual
injection is very close to the upper limit curve of Cyyy at
the later period of formal injection. Although it improves
the utilization efficiency of cost, any improper operation
or uncontrollable factor could possibly lead to an abortive
injection and subsequently a series of chain consequences.
Therefore, according to the current preset annual injection
target, this work recommends to control its Py at 5~7 MPa
in the subsequent injection process.

In addition, according to the conclusions of Section 4 and
considering the changes of relevant parameters with time, it
is necessary to pay attention to the following points for the
actual injection control of Shenhua CCS project. (1) T is
real-time measurable in the injection process. Thus if Ty, rises,
it is necessary to properly reduce Cyyy; or increase Pyyyy; if Ty,
declines, it is necessary to increase Cyyyy or decrease Pyyy.
(2) Because the parameters of saturation and permeability
and fracturing pressure are difficult to measure in operation,
it is worthy to investigate the rules that they change with
time by laboratorial experiments. Then the wellhead injection
parameters should be modified based on the conclusions
of experiments. (3) For a given project, the thickness of
reservoirs generally does not change over time and the effect
of the porosity is small enough and ignorable. As to the
impacts of formation pressure, it is unnecessary to consider
that because the distant boundary condition is constant
pressure in this work.

6. Conclusions

To improve the control theory of the wellhead injec-
tion parameters, this work firstly developed the complete
constraint conditions of wellbore injection and then studied
the relationship and its influential factors between P,y and
Cyy by applying the EFDM in the vertical well segment and
the analytical solution of two-phase flow in the horizontal
reservoir and obtained the following conclusions.

(1) Py and Cyyy are a pair of mutual constraint physical
quantities. For a given injection project, the allowable Py
and Cyyyy individually form a continuous interval. When one
changes within its allowable range, the other correspondingly
alters within its allowable range; both of them jointly form
a closed region. Thus, controlling the wellhead injection
parameters within this closed region can simultaneously
ensure the effectiveness and safety of CO, injection.

(2) Analysis of the factors that affect the relationship
between Py and Cyyy found that all of them only change
their allowable upper and lower limits to some extent but
not the essence of their relationship. With the fracturing
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F1GURE 14: The monitoring records of wellhead injection pressure.

pressure increasing, their allowable upper limits increase and
their lower limits remain unchanged. With the formation
pressure increasing, the lower limit of Py increases and its
upper limit remains unchanged; in contrast, the upper limit
of Cyyy decreases. With reservoir thickness and permeability
increasing, the allowable upper limits of Pyy and Cyy
significantly increase, and the lower limit of Py slightly
decreases. As S, enlarges or Sy, reduces, the impacts on Py
and Cyy are in agreement with that of reservoir thickness
decreasing. The impact of reservoir porosity is ignorable.
With T, increasing, the allowable upper and lower limits of
Py enlarge, and those of Cyyyy reduce.

(3) Application of the above theory and method in
Shenhua CCS demonstration project obtained the relation-
ship diagram of Py and Cyy and found that its actual
injection parameters are just located in the closed region,
effectively verifying the reliability of the previous conclusions.
Accordingly, it is recommended that if Shenhua project keeps
the current annual target injection flow rate invariant, Py
would better be controlled within 5~7 MPa in the subsequent
injection process.

(4) Although this work only studies the relationship
between Py and Cyyy of the injection well, the above theory
and method can be generalized to study the production
well, which can obtain the similar relationship between
wellbore pressure and production flow; and to further explore
the effects of above-mentioned influential factors on the
relationship.

(5) The constraint conditions of this paper do not involve
the caprocks, so when including the caprocks, the entry
pressure may have a strong impact on the maximum allow-
able pressure of reservoirs. Then the constraint conditions
may change. Therefore, further study needs to address this
occasion.

Data Availability

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



Geofluids

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was sponsored by the National Natural Science
Foundation of China (Grant no. 41672252).

References

[1] China-US. Joint Announcement on climate change, Beijing,
China, 2014, http://www.china.org.cn/chinese/2014-12/09/con-
tent_34268965.htm.

[2] S. Bachu, “Screening and ranking of sedimentary basins for
sequestration of CO, in geological media in response to climate
change” Environmental Geology, vol. 44, no. 3, pp. 277-289,
2003.

[3] IPCC, “Carbon Dioxide Capture and Storage,” in Intergovern-
mental Panel on Climate Change, WMO & UNEP, Cambridge
University Press, New York, NY, USA, 2005.

[4] S. Sun, “Geological problems of CO, underground storage and
its significance on the mitigation of climate change,” China Basic
Science, no. 3, pp. 17-22, 2006.

[5] M. Zhang and M. J. McSaveney, “Is air pollution causing
landslides in China?” Earth and Planetary Science Letters, vol.
481, pp. 284-289, 2018.

[6] S. Bachu, “CO, storage in geological media: role, means, status
and barriers to deployment,” Progress in Energy and Combustion
Science, vol. 34, no. 2, pp. 254-273, 2008.

[7] X. Li and Z. Fang, “Status quo of connection technologies of
CO, geological storage in China,” Rock and Soil Mechanics, vol.
28, no. 10, pp. 2229-2239, 2007 (Chinese).

[8] B. Bai, X. Li, M. Liu, L. Shi, and Q. Li, “A fast explicit finite
difference method for determination of wellhead injection
pressure,” Journal of Central South University, vol. 19, no. 11, pp.
3266-3272, 2012.

[9] M. Liu, B. Bai, and X. Li, “A unified formula for determination of
wellhead pressure and bottom-hole pressure,” Energy Procedia,
vol. 37, pp. 3291-3298, 2014.

[10] J. Rutqvist, J. Birkholzer, F. Cappa, and C.-E Tsang, “Estimating
maximum sustainable injection pressure during geological
sequestration of CO, using coupled fluid flow and geomechani-
cal fault-slip analysis,” Energy Conversion and Management, vol.
48, no. 6, pp. 1798-1807, 2007.

S. Mukhopadhyay, S.-Y. Yang, and H.-D. Yeh, “Pressure Buildup
During Supercritical Carbon Dioxide Injection From a Partially
Penetrating Borehole into Gas Reservoirs,” Transport in Porous
Media, vol. 91, no. 3, pp. 889-911, 2012.

A. Liebscher, E Moller, A. Bannach et al., “Injection operation
and operational pressure-temperature monitoring at the CO,
storage pilot site Ketzin, Germany-Design, results, reccommen-
dations,” International Journal of Greenhouse Gas Control, vol.
15, pp. 163-173, 2013.

[13] B. Bai, X. Li, H. Wu, Y. Wang, and M. Liu, “A methodology for
designing maximum allowable wellhead pressure for CO, injec-
tion: application to the Shenhua CCS demonstration project,”
China. Greenhouse Gases Science Technology, vol. 7, no. 1, pp.
158-181, 2017.

J. Rutqvist, “The Geomechanics of CO, Storage in Deep Sedi-
mentary Formations,” Geotechnical and Geological Engineering,
vol. 30, no. 3, pp. 525-551, 2012.

11

[12

=
&

13

[15] H. Wu, B. Bai, X. Li, M. Liu, and Y. He, “An explicit finite dif-
ference model for prediction of wellbore pressure and temper-
ature distribution in CO, geological sequestration,” Greenhouse
Gases: Science and Technology, vol. 7, no. 2, pp. 353-369, 2017.

[16] J.J. Carroll and D. W. Lui, “Density, phase behavior keys to acid
gas injection,” Oil & Gas Journal, vol. 95, no. 25, pp. 63-72,1997.

[17] E.T. Hashim and I. E. Maloka, “Static bottom-hole pressures in
wells,” Petroleum Science and Technology, vol. 24, no. 1, pp. 113—
116, 2006.

[18] J. E. Streit and R. R. Hillis, “Estimating fault stability and
sustainable fluid pressures for underground storage of CO, in
porous rock,” Energy, vol. 29, no. 9-10, pp. 1445-1456, 2004.

[19] C. Gapillou, S. Thibeau, G. Mouronval, and M. Lescanne,
“Building a geocellular model of the sedimentary column at
rousse CO,, geological storage site (aquitaine, france) as a tool
to evaluate a theorical maximum injection pressure,” Energy
Procedia, vol. 1, no. 1, pp. 2937-2944, 2009.

[20] H. Wu, B. Bai, M. Liu, X. Li, and L. Wang, “The equivalent
density method to estimate the wellbore pressure of CO, well,”
Special Oil & Gas Reservoirs, vol. 22, no. 3, pp. 114-117, 2015.

[21] J. J. Carroll, Acid Gas Injection and Carbon Dioxide Seques-
tration, LLC, Salem, Massachusetts: Wiley-Scrivener press,
Hoboken, NJ, USA, 2010.

[22] M. Zhang and M. J. McSaveney, “Rock avalanche deposits
store quantitative evidence on internal shear during runout;
Geophysical Research Letters, vol. 44, no. 17, pp. 8814-8821, 2017.

[23] X. Li, K. Hitoshi, and O. Takashi, “CO, aquifer storage and
the related rock mechanics issues,” Chinese Journal of Rock
Mechanics & Engineering, vol. 22, no. 6, pp. 989-994, 2003.

[24] J. M. Nordbotten, M. A. Celia, and S. Bachu, “Injection and
storage of CO, in deep saline aquifers: Analytical solution for

CO, plume evolution during injection,” Transport in Porous
Media, vol. 58, no. 3, pp. 339-360, 2005.

A. Cihan, J. T. Birkholzer, and Q. Zhou, “Pressure Buildup and
Brine Migration During CO2 Storage in Multilayered Aquifers,”
Groundwater, vol. 51, no. 2, pp. 252-267, 2013.

[26] C.-E Tsang, J. Birkholzer, and J. Rutqvist, “A comparative review
of hydrologic issues involved in geologic storage of CO, and
injection disposal of liquid waste,” Environmental Geology, vol.
54, no. 8, pp. 1723-1737, 2008.

[27] H. Wu, B. Bai, X. Li, S. Gao, M. Liu, and L. Wang, “An explicit
integral solution for pressure build-up during CO, injection
into infinite saline aquifers,” Greenhouse Gases: Science and
Technology, vol. 6, no. 5, pp. 633-647, 2016.

[28] H. Sidiq, R. Amin, and T. Kennaird, “The study of relative
permeability and residual gas saturation at high pressures and
high temperatures,” Advances in Geo-Energy Research, vol. 1, no.
1, pp. 64-68, 2017.

[29] S. Wang, X. Han, Y. Dong, and H. Shi, “Mechanisms of
reservoir pore/throat characteristics evolution during long-
term waterflooding,” Advances in Geo-Energy Research, vol. 1,
no. 3, pp. 148-157, 2017.

[30] L. Shi, B. Bai, H. Wu, and X. Li, “Evaluating reservoir risks and
their influencing factors during CO2 injection into multilayered
reservoirs,” Geofluids, vol. 2017, Article ID 6059142, 2017.

[31] H. Liu, Z. Hou, P. Were, Y. Gou, and X. Sun, “Simulation of CO,
plume movement in multilayered saline formations through
multilayer injection technology in the Ordos Basin, China,”
Environmental Earth Sciences, vol. 71, no. 10, pp. 4447-4462,
2014.

[25


http://www.china.org.cn/chinese/2014-12/09/content_34268965.htm
http://www.china.org.cn/chinese/2014-12/09/content_34268965.htm

14

(32]

(33]

(34]

[36]

(37]

(38]

K. Pruess, C. Oldenburg, and G. Moridis, “TOUGH2 User’s
Guide Version 2, Tech. Rep. LBNL-43134, Lawrence Berkeley
National Laboratory, Berkeley, Calif, USA, 1999.

B. R. Crawford, D. R. Faulkner, and E. H. Rutter, “Strength,
porosity, and permeability development during hydrostatic and
shear loading of synthetic quartz-clay fault gouge,” Journal of
Geophysical Research: Solid Earth, vol. 113, no. 3, Article ID
B03207, 2008.

J. Cai, B. Yu, M. Zou, and M. Mei, “Fractal analysis of
invasion depth of extraneous fluids in porous media,” Chemical
Engineering Science, vol. 65, no. 18, pp. 5178-5186, 2010.
Z.Zhang, ]. Cai, F. Chen, H. Li, W. Zhang, and W. Qi, “Progress
in enhancement of CO, absorption by nanofluids: A mini
review of mechanisms and current status,” Journal of Renewable
Energy, vol. 118, pp. 527-535, 2018.

J. Rutqvist and C.-F. Tsang, “A study of caprock hydrome-
chanical changes associated with CO, injection into a brine
formation,” Environmental Geology, vol. 42, no. 2-3, pp. 296—
305, 2002.

J. Xie, K. Zhang, L. Hu, Y. Wang, and M. Chen, “Understanding
the carbon dioxide sequestration in low-permeability saline
aquifers in the Ordos Basin with numerical simulations,”
Greenhouse Gases: Science and Technology, vol. 5, no. 5, pp. 558—
576, 2015.

J. Xie, K. Zhang, L. Hu, P. Pavelic, Y. Wang, and M. Chen, “Field-
based simulation of a demonstration site for carbon dioxide
sequestration in low-permeability saline aquifers in the Ordos
Basin, China,” Hydrogeology Journal, vol. 23, no. 7, pp. 1465-
1480, 2015.

Geofluids



Hindawi

Geofluids

Volume 2018, Article ID 9260604, 12 pages
https://doi.org/10.1155/2018/9260604

Research Article

Numerical Investigation into the Evolution of Groundwater Flow
and Solute Transport in the Eastern Qaidam Basin since the Last

Glacial Period

1. Introduction

Qichen Hao®,' Chuan Lu®,' Yuchen Zhu®,’ Yong Xiao ,> and Xiaomin Gu®

'Institute of Hydrogeology and Environmental Geology of the Chinese Academy of Geological Sciences, Shijiazhuang 050061, China
2Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University, Chengdu 610031, China
China University of Geosciences, Beijing 100083, China

Correspondence should be addressed to Yuchen Zhu; zhuyuchen413@163.com
Received 27 October 2017; Revised 9 April 2018; Accepted 15 May 2018; Published 7 June 2018
Academic Editor: Meijing Zhang

Copyright © 2018 Qichen Hao 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.

A complete understanding of groundwater circulation as well as the transport and distribution of solutes in arid-semiarid basin
regions is a prerequisite for the safe use of groundwater resources. The distributions of the groundwater flow systema and
solutes are affected by the basin morphology, lithology, and climate variations; therefore, they can change over geologic time. In
this study, we performed a case study of the Qaidam Basin in the northeastern Tibetan Plateau, in which we utilized reactive
solute transport simulations to build a numerical model in TOUGHREACT for a typical section of the eastern Qaidam Basin
since the last glacial period. The results show that the groundwater in the eastern Qaidam Basin developed into a three-level
groundwater flow system and that the seepage velocity of the local water flow system is significantly higher than that of the
intermediate and regional water flow systems. Although groundwater in the discharge region has been continuously
concentrated and enriched since the last glacial period, the distributions of the groundwater flow system and solutes have been
greatly affected by climate variations. During warm periods, the centres of groundwater discharge and solute concentration
shifted to areas with more groundwater recharge; in contrast, both centres shifted to the central basin during drought periods.
The groundwater in the basin mainly contains Na* and CI” ions, which vary significantly from the recharge region to the
discharge region. Evaporation of groundwater results in increases in the concentrations of most of the components except
HCO; . The groundwater in the discharge region is currently in the stage of carbonate precipitation and is far from gypsum and
halite precipitation.

The Qaidam Basin is located in the arid and semiarid
regions of China. It is one of the four major inland basins

As an important component of water resources, groundwater
is the main and sometimes only source of water in the arid
and semiarid regions of China. More than 50% of the water
supply of the major cities in northern and western China
comes from the groundwater, and this percentage is as high
as 80% in many cities [1]. The reasonable development and
utilization of groundwater resources has become the main
factor affecting the sustainable development of local econo-
mies, and water security is a significant issue that China
urgently needs to address [2].

of China and contains abundant mineral resources, such as
salt and borax. However, water resources are extremely
scarce, which will seriously threaten the sustainable develop-
ment of the economy and the ecological security of the
Qaidam Basin. The development and utilization of water
resources has not been prudent, which has caused environ-
mental and geological problems, such as an expanding
groundwater depression cone, saline water, and vegetation
degradation [3]. In addition, in recent years, global climate
warming has significantly influenced the Qaidam Basin,
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making it the region experiencing the most significant
climate changes in the Tibetan Plateau [4]. These changes
have also considerably influenced the local water resources
[4-6]. Therefore, a comprehensive understanding of the
groundwater flow in the Qaidam Basin is key to the reason-
able development and utilization of local water resources.

The movement and evolution of groundwater in a
basin is controlled and affected by multiple factors. Toth
summarized two major classes of controlling factors: the
geometric morphology of the basin and the geological con-
ditions of the basin [7]. In addition, many scholars believe
that the upper boundary conditions and the physical prop-
erties of the fluid are also important factors that affect the
movement of groundwater in a basin [8-11]. Li and Hao
[12] adopted a multidisciplinary research method to deter-
mine that inland basins can be roughly divided into four
grades of flow systems and three characteristic zones of
salt migration, and they explained the formation mecha-
nism for the freshwater segment of an inland basin. Lin
and Jin [13] began with the principles of the hydrologic
cycle and considered the motion of water and salt as one
entity to systematically study the characteristics of hydro-
logic circulation and salt migration and accumulation on
different levels under the natural and human-influenced
conditions of a basin.

Many studies have focused on the groundwater flow and
saltwater migration in the Qaidam Basin [14-21]. For exam-
ple, Ma et al. [19] performed an isotope study in the Golmud
subdrainage basin and concluded that groundwater was the
main source of the salt lakes. Ye et al. [21] investigated the
hydrochemical characteristics and sources of brine in the
Gasikule salt lake in the northwestern Qaidam Basin and
concluded that the sources of the salt in the lake included
stream water, the leaching of Pliocene salt-bearing host
rocks, and Ca-Cl-type deep water. Chen et al. [14] used rare
earth elements as tracers to study the dissolution of source
rocks in different water bodies in the Qaidam Basin. Hu
and Jiao [15] constructed a regional three-dimensional
groundwater flow model for the Qaidam Basin that was cal-
ibrated using GRACE data from 2003 to 2012. However,
these studies mainly focused on short time scales. Few stud-
ies have explored the groundwater flow and salt transport
over long time scales, such as the 1000-year or 10,000-year
scales. In addition, previous studies mainly focused on the
western part of the Qaidam Basin, where the hydrogeologic
conditions are different from those in the eastern part of
the basin [22].

In this paper, we use TOUGHREACT [23] to perform a
reactive solute transport simulation and consider the influ-
ence of water-soluble components on the fluid density. We
take a typical cross section of the Qaidam Basin as an exam-
ple and simulate the migration and evolution of the ground-
water and salt in the eastern Qaidam Basin since the last
glacial period. Based on the simulation results, we identify
multiple levels of the groundwater flow system and present
the distribution of the solutes in the groundwater during
different geological periods. This information is important
for the sustainable utilization of local groundwater resources
and for coping with climate change.

Geofluids

2. Study Area

2.1. Geological and Hydrogeological Setting. The Qaidam
Basin is a large closed intermountain fault basin in which
the maximum thickness of the Quaternary sediments exceeds
3000m [11]. From the piedmont to the central basin, the
structural characteristics of the water-bearing media gener-
ally have zonal or semizonal distributions. In the vertical
direction, from the piedmont to the central basin, the
water-bearing unit changes from a single phreatic aquifer to
a multilayer confined aquifer. The lithology of the aquifers
changes from coarse to fine-grained, and the thickness
decreases. The water yield and permeability change from
high to low.

Piedmont alluvial plains are distributed around the basin.
The aquifers in these plains are dominated by sand and gravel
[22]. The aquifer thickness varies from tens of metres to one
to two hundred metres, and the hydraulic conductivity varies
from several metres per day to hundreds of metres per day
[22]. These areas are the water-rich regions of the basin,
and the daily single-well water yields vary from several tens
of cubic metres to three thousand cubic metres [22]. Alluvial
plains are located in the central basin. The aquifer changes
from a single-layer structure to a multilayer structure, and
the groundwater transitions from phreatic water to confined
water. The aquifer is generally no more than 50 m thick, and
the thinnest part is less than 10 m thick [22]. The lithology of
the aquifer is generally moderately fine sand, coarse sand,
and fine sand, and the aquiclude layers are mainly composed
of impermeable sandy loam, loam, and clay. The hydraulic
conductivity of the aquifer varies relatively significantly,
which is generally less than one metre per day; however,
the maximum value is tens of metres per day [22].

The climate of the Qaidam Basin is classified as an
extremely arid inland climate. The basin is surrounded by
high mountains (Figure 1), and the flow of warm and moist
air is restricted. Therefore, precipitation is rare, and potential
evaporation is significant. Based on an analysis of multiyear
observational data at meteorological stations, the average
rainfall in the basin is 16.09-189.73 mm, and the average
potential evaporation in the plains area is 1973.62-
3183.04 mm [17]. The potential evaporation rates are much
higher than the precipitation rates; therefore, rainfall only
slightly replenishes the groundwater. The groundwater
mainly receives vertical infiltration from rivers in the alluvial
fans as well as lateral supply from channel seepage, infiltra-
tion of irrigation water, and water from bedrock fissures
[22]. The seepage conditions in the alluvial fans are good.
The groundwater rapidly moves to the overflow zone at the
front edge of the alluvial fans, and some of the groundwater
flows to the surface in the groundwater spill belt to form
rivers. A portion of the groundwater continuously seeps
towards the central basin and eventually evaporates from
phreatic water or is directly recharged to the terminal lake.

The distribution of chemical components in the ground-
water in the basin is mainly controlled by the groundwater
recharge and discharge conditions. The chemical compo-
nents of the groundwater in the middle and upper parts of
the alluvial fan are not significantly different from those of
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FIGURE 1: Location of the study area and the geological structure along a typical section.

the river water. Based on a chemical analysis of well CK7,
which was drilled in the middle of the alluvial fan and sam-
pled at several depths in 2013, the average total dissolved
solids (TDS) of the groundwater is 403 mg/L. The TDS of
the river water in the Nuomuhong mountain pass is
427 mg/L [24]. When the groundwater flows to the over-
flow zone, the concentrations of the chemical components
in the groundwater rapidly increase by evaporation, and
the TDS of the groundwater can reach the concentration
of saline water. The TDS of the groundwater can exceed

the concentration of brine until it reaches the region adja-
cent to the terminal lake in the central basin.

2.2. Selected Cross Section and Salinization Period. The
typical cross section selected in this study is located in the
Nuomuhong area in the eastern Qaidam Basin. The cross
section begins at the top of the Nuomuhong alluvial fan in
the south and extends to the Amunike Mountain piedmont
in the north. Because the Nuomuhong alluvial fan has a
regular form and the surface runoff is relatively high, it is



suitable for studying the variations in the groundwater flow
system caused by surface water [24]. From the top to the edge
of the alluvial fan, the direction of the cross section is aligned
with the slope gradient as well as the groundwater flow direc-
tion. In the central basin, the groundwater and surface water
flow to the west. However, the groundwater seepage velocity
in the east-west direction (perpendicular to the cross section)
is extremely slow and does not have a significant influence on
the flow simulation along the section [25].

The Nuomuhong area is located in the eastern Qaidam
Basin, and it has not entered the salt precipitation stage until
recently. Based on the analytical results of the Dacan-1 well
on the eastern coast of Dabuxun Lake, the salinization zone
and desalination zone from 3200 m to 45m depth indicate
that the Qarhan lake water at that time was in the transition
between saline water and brackish water, and the lake was
likely dominated by brackish water [26]. The age of the most
recent appearance of a turf or humus soil layer inferred from
a pore is 70 ka BP, which is close to the start of the last glacial
period at 75kaBP; this indicates that after 70kaBP, the
Qarhan Salt Lake began to develop. Therefore, the saliniza-
tion period is determined to have extended from the begin-
ning of the last glacial period at 70 ka to the present.

2.3. Paleohydrologic Reconstruction. Rainfall is sparse in the
Qaidam Basin, and the river runoff from the mountainous
area represents most of the groundwater recharge resources
in the basin. Therefore, the key to determining the basin
source and sink terms is to determine the river runoft and
the potential evaporation. The river runoft is affected by the
amount of rainfall in the catchment area, and the rainfall is
affected by regional and global climate change. Therefore,
we can approximate the rainfall rates under different climate
conditions and further estimate the river runoff based on the
rainfall rates. According to a hydrogeological survey in the
Qaidam Basin, the variation in river runoff in this area is
60% of that of precipitation [22]. The period of 45-25ka BP
was a relatively warm period during the last glacial period,
and the temperature reached that of an interglacial climate
[27]. The temperature in the southwestern Tibetan Plateau
was 3-4°C higher than at present, and the amount of rainfall
was 40%-100% higher. The amount of rainfall in the Qinghai
Lake region adjacent to the Qaidam Basin was 79% higher.
The Qarhan Salt Lake was also three to seven times larger
than its current area. The highest temperatures during the
Holocene warm period occurred at 7.2-6.0 ka BP. The tem-
perature in the Qinghai Lake area was 3°C higher than the
current temperature, and the precipitation was 70%-80%
higher [27]. The Golmud River flood event in 1989 caused
the Qarhan Salt Lake area to expand by approximately 3.9
times [28]. Based on hydrological monitoring data, the
average temperature in 1989 was approximately 2°C higher
than the multiyear average. The rainfall in the Golmud River
basin during that year was 3.2 times the multiyear average,
and the river runoft was 2.1 times the multiyear average [22].

These data show that there is a positive correlation
between changes in precipitation and temperature changes
in the Qaidam area. Based on these data, we preliminarily
infer the paleohydrological characteristics of the Qaidam
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Basin since 70ka by combining the characteristics of global
climate change from the Late Pleistocene epoch to the
Holocene (Figure 2). The current multiyear average temper-
ature in the Qaidam Basin is approximately 4°C. Based on the
global climate characteristics, the temperature during the
first interglacial period was approximately 7-8°C. According
to the results using the isotope and rare gas method in this
research, the Pleniglacial temperature was approximately
1-2°C [25]. The first subsidiary glacial stage was warmer than
the Pleniglacial stage, and it was colder than the first subsid-
iary interglacial stage, which is believed to be the same as
today. As described above, the variation in precipitation is
positively correlated with temperature. We use the current
amount of rainfall as a reference to infer the variations in
rainfall at other times. The river runoff is positively corre-
lated with the rainfall, but the magnitude of the fluctuations
in runoft is smaller than the magnitude of the rainfall varia-
tion. Based on the analysis of multiyear data, the magnitude
of the variation in runoff in the Golmud region is approxi-
mately 60% of that of the rainfall [22]. The evaporation
capacity is negatively correlated with both the amount of pre-
cipitation and the temperature. A temperature change of 2°C
causes the evaporation to fluctuate by approximately 20%;
based on this correlation, we can infer the evaporation at
different times [22].

3. Simulation Approach

3.1. Conceptual Model. The horizontal distance of the cross
section is 63 km. The vertical range of the simulation is from
the ground surface to the Quaternary basement. The simula-
tion thickness gradually increases from the top of the alluvial
fan to the central basin, and the maximum simulation thick-
ness is 1800 m. The bottom is defined as an impermeable
boundary because the exchange between the Quaternary
aquifer and the bedrock is minimal and can be ignored
[22]. The upper boundary is defined as a flow boundary or
Dirichlet boundary. The piedmont river infiltration is a given
flow boundary, which is the only supply source in the simu-
lation region. We determine the amounts and locations of
infiltration based on the river infiltration distribution. The
spring, river, and groundwater evaporation are defined as
Dirichlet boundaries for the unidirectional discharge.

From the edge of the basin towards the centre, the sedi-
ment is mainly composed of sandy gravel, sand, silty soil, silty
clay, and clay. Because limited data are available from in situ
pumping tests along the cross section, the hydrogeological
parameters of the different lithologies are based on empirical
values [22]. The hydrogeological parameters were adjusted
during the model calibration process by comparing the
simulation results with observation data. The calibrated
parameters are shown in Table 1. The discussion of the
simulation results is based on the calibrated parameters.

Before the unconsolidated sediment entered the basin, it
had undergone sufficient weathering and hydrolysis, and
the soluble salt had been fully filtered. After entering the
basin, most of the clastic sediments are composed of
relatively insoluble minerals that are not easily weathered.
A comparison of the chemical analysis of well CK7 with that
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TaBLE 1: Hydrogeological parameters of different lithologies.

TaBLE 2: Chemical components used in the simulations.

Lithology Porosity perrrlje(z)agizl(i)tr;lt?lln/ d) perrne\:/af)l;iltc;1 l(m/ d)
Sandy gravel 0.2 59.02 59.02
Sand 0.2 25.63 25.63
Silty soil 0.3 1.05 0.11
Silty clay 0.5 0.13 0.01
Clay 0.5 0.01 0.001

of the surface water demonstrated that the groundwater in
the basin will not dissolve additional components. Therefore,
we can ignore the soluble salt formed by mineral weathering
in the basin. It is assumed that all of the soluble salt came
from outside the basin by surface water recharge.

The movement of water-soluble components in an aqui-
fer mainly includes convection and hydrodynamic disper-
sion. The hydrodynamic dispersion coefficient is replaced
by the diffusion coeflicient in TOUGHREACT ([23]. The
groundwater flow rate is relatively slow in the central basin,
so it is reasonable to make the replacement. The value of
the diffusion coefficient is set to 2.95x107® m?%/s [24]. The
chemical reactions considered in the model mainly include
mineral dissolution/precipitation, convective mixing, and
cation exchange. The hydrochemical reactions are based on
the local equilibrium model of water-soluble components.
The ionic activity coefficient of high ionic strength is calcu-
lated based on the Pitzer model of ion interaction [23, 29].

The main ion components in the groundwater are the
main variables in the hydrochemical model, including K,
Na*, Ca’*, Mg**, Cl', SO,*", and HCO,". Due to intense
evaporation, salt precipitation can occur in the groundwa-
ter; therefore, the possible mineral facies include calcite
(CaCO,;), dolomite (CaMgCO,;), magnesite (MgCO;), gyp-
sum (CaSO,), rock salt (NaCl), and potash (KCI) as
shown in Table 2.

3.2. Governing Equations. The basic governing equations for
solving the multicomponent motions (mass and energy

Primary aqueous species ~ Aqueous complexes Minerals
H,0 OH™ Sylvite
H* NaHCO; (aq) Halite
Na* CaHCO;* CaCl,:2H,0
K" MgHCO," Gypsum
Ca™ CO, (aq) Calcite
Mg CO,*" Magnesite
Ccl CaCO; (aq) Dolomite
S0, MgS0, (aq)
HCO;~ CaSO, (aq)

NaSO,~

KSO,~

NaCO;4~

conservation equations) can be written in the following
general form [30]:

d

T JMKdV,, = JFKondl"n + JquV,,. (1)

V T

n n

\%4

n

The integration is over an arbitrary subdomain V, of
the flow system under study, which is bounded by the
closed surface I',. The quantity M in the accumulation
term (left-hand side) represents the mass or energy per
volume, x=1,...,NK labels the mass components (e.g.,
water, air, H,, and solutes), x=NK+ 1 denotes the heat
“component,” F denotes the mass or heat flux, g denotes
sinks and sources, and 7 is a normal vector of the surface
element dI', that points into V,,.

The simulations were carried out using the reactive
transport code TOUGHREACT [23], which introduces
reactive geochemistry into the multiphase fluid and heat
flow code TOUGH2 V2 [30]. TOUGHREACT is a
thermal-physical-chemical code applicable to one-, two-,
or three-dimensional geologic systems with physical and
chemical heterogeneity. The numerical method for the fluid
flow and chemical transport simulation is based on the
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integral finite difference (IFD) method for space discretiza-
tion. The system of chemical reaction equations is solved
on a grid-block basis by Newton-Raphson iteration. The
thermodynamic data used in the simulations were taken
from the EQ3/6 database, which was derived using
SUPCRT?92 [31]. The local equilibrium constants and kinetic
rates used in TOUGHREACT are given in Xu et al. [23].

The change in volume of the high concentration solution
is related to many factors. Currently, there are three main
methods to calculate the density of natural water based on
the concentration [32-34]. The relationship between the var-
iations in density and TDS under natural water evaporation
is calculated using three methods as shown in Figure 3. There
is a relatively significant difference between the results calcu-
lated using the third method and the results of the other two
methods; in particular, the difference increases gradually
when the TDS is greater than 50 g/L. The densities calculated
using the first and second methods form essentially linear
relationships with the TDS. However, the densities calculated
using the third method indicate a nonlinear relationship
with TDS. Because the third method calculates the density
based on the partial molar volume of the solute and the
results calculated using this method are closer to the actual
values, they are more suitable for calculating the density of
high-concentration brine [34]. In this study, the third
method is used to calculate the density of fluids with high
TDS concentrations.

3.3. Spatial and Temporal Discretization. We adopt the gradi-
ent mesh size method to divide the simulation domain. The
mesh size increases gradually from the ground surface to the
bottom. The thickness of the smallest cell grid is 0.1 m. The
model is divided into 3150 computational units (Figure 4).
The time discretization uses the automatic time step method.
The minimum time step is 1 s, and the maximum time step is
1000 a. The numerical model will automatically set the time
step based on the iterative situation.
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3.4. Initial and Boundary Conditions. River infiltration is set
as the only groundwater recharge. It is introduced into the
model in the form of a specified flow. The infiltration at the
piedmont is relatively high, and the infiltration in the lower
reach gradually decreases. The spring is calculated using the
DELV module, which is similar to the DRAIN module of
MODFLOW. The EVAP module is used to simulate ground-
water evaporation, and the value of groundwater evaporation
is calculated based on the soil water content method [35].
The pressure distribution of the groundwater under stable
conditions is taken as the initial pressure condition for the
numerical model.

The solute concentrations of well CK7 are taken as
the initial chemical conditions for the numerical model
(Table 3). The sampling and chemical analysis of the ground-
water in well CK7 was conducted in 2013. Its solute concen-
trations are similar to those of the other wells in the recharge
region as well as the river water, even though the ages of the
groundwater in these wells vary from thousands of years to
10,000 years. These observations indicate that the chemical
components of the groundwater in the recharge region have
not changed significantly over geologic time [25]. Therefore,
it is reasonable to take the solute concentrations of well CK7
as the initial chemical conditions. Because the groundwater
recharge is mainly from river water, the solutes from the river
water are taken as the flux boundary conditions. In the dis-
charge region, groundwater discharges by evaporation, but
the solutes are left in the aquifer. Therefore, the chemical
boundary condition in the discharge region is defined as a
no-flux boundary.

4. Results and Discussion

4.1. Validation of the Simulation Model. The simulation
results were validated by comparing the simulated ground-
water levels with the observed groundwater levels and the
simulated solute concentrations with the measured solute
concentrations in the groundwater. The observed groundwa-
ter levels are from some wells including CK7 and CK8. And
the measured solute concentrations are from well CK8. A
comparison of the simulated and observed groundwater
levels shows that they are similar (Figure 5). The simulated
mean residual is 5m, and the absolute residual is 5.7 m. The
regions with relatively large errors are mainly located in the
recharge area, where the variation in the groundwater levels
is much larger than that in the discharge area. Figure 6 shows
a comparison of the simulated TDS with the measured TDS
in well CK8. Although the variation in the simulated TDS
is smaller, they have the same trends from the shallow to
the deep aquifers. The TDS of the groundwater decreases
from the surface to a depth of 100m and then increases.
Overall, the simulation model of the groundwater flow and
solute transport is reasonable.

4.2. Groundwater Flow System Distribution. Figure 7 shows
the simulated distribution of the flow velocity under the pres-
ent conditions. There are considerable differences in both the
horizontal and vertical seepage velocities. In general, the
velocity at the top of the basin is greater than that at the
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FIGURE 4: Schematic diagram of the model mesh.

TaBLE 3: Initial component concentrations of the model.

Component Concentration (mol/kg H,0)
H,0 1.000
H* 5.754%107°
Na* 4622%107°
K* 0.087x 107>
Ca** 1.381x 1073
Mg** 1.492x107°
cr 2.822%107°
S0,*” 1.642x107°
HCO;~ 3.127x 107

2900 -

s
2850 - S
// // O
/// ,/60
E A
2800 - P
3 0
5 e
(9] ,’ //O
% 2750 - e
o P
(@} // 4
O/// /O
2700 Ry
2650 K< . . ; ;
2650 2700 2750 2800 2850 2900
Simulated heads (m)

——~ Error line (+5 m)
O Ground water level

F1GURE 5: Comparison of the simulated groundwater heads with the
observed heads.

\
A
T

15.00 25.00

TDS (g/L)

0.00 5.00 10.00 20.00 30.00

—— Measured
—+— Simulated

FiGure 6: Comparison of the simulated TDS with the measured
TDS in well CK8.

bottom of the basin, and the velocity at the basin margin is
greater than that in the centre. The maximum difference in
the flow velocity can reach several orders of magnitude.
The shallow velocity at the margin of the basin is greater than
1 x 10> m/s. Groundwater is recharged at the piedmont and
is then discharged in the form of springs or surface evapora-
tion at the spill belt. The renewal rate of that groundwater is
relatively fast, and it can be defined as the local groundwater
flow system shown in Figure 7 (I;, I,). The spring grows into
a river, and a portion of the river water infiltrates into the
groundwater to form a local flow system (I). The flow veloc-
ities below the local flow system are generally in the range of
1 x 107°m/s to 1 x 10~ m/s, and they are significantly lower
than those in the local flow system. Moreover, the seepage
depth and seepage distance both increase significantly,
although the groundwater still receives recharge from the
piedmont. However, this water flows below two local water
flow systems (I, I;) and is discharged via evaporation near
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the central basin. There are relatively large differences in the
flow path from those of the local water flow systems;
therefore, it can be defined as the intermediate water current
systems (II,, IT,). The seepage velocity of the deep groundwa-
ter in the central basin is less than 1 x 10~ m/s, and the flow
velocity is extremely slow. The groundwater is supplied
from the piedmont and infiltrates to the bottom of the
basin. It flows below the intermediate flow system and is
discharged via evaporation in the central basin. In com-
parison to the intermediate flow system, the seepage depth
is greater, and the seepage path is longer, so it can be defined
as the regional flow systems (III}, IIL,). In summary, the sim-
ulation results indicate that the groundwater in the Qaidam
Basin under the present conditions forms a three-level
groundwater flow system.

The distribution of these flow systems is controlled by
the form of the basin, the sediment permeabilities, and the
recharge and discharge conditions. The elevations decrease
gradually from the piedmont to the central basin, and the
main source for the Qaidam Basin is the river in the prolu-
vial fan. These two factors cause the groundwater to accu-
mulate more potential energy in the piedmont and drive
the groundwater towards the lower reaches. The piedmont
terrain on the southern side of the basin is higher than that
on the northern side, and the recharge is also higher, which
causes the development region of the water flow system on
the southern side to be larger than that on the northern side.
The permeability in the central basin is poor, which causes
the groundwater to not be completely discharged from the
central basin; instead, it is partially discharged in the form
of an overflow spring in the spill belt between the piedmont
and the central basin. The river formed by the overflow
spring infiltrates again and forms the local water flow sys-
tem, and it will eventually develop a multilevel flow system.

4.3. Solute Accumulation and Evolution. The simulation
results indicate that the groundwater in the eastern region of
the Qaidam Basin has been continually undergoing concen-
tration and enrichment since 70ka BP (Figure 8). However,
with climate change, the distribution of the groundwater
flow system and the solute distribution may change.

The climate conditions at 70-45kaBP were similar to
the current conditions. Due to the influence of evaporation,
the hydrochemical components were first concentrated in
the local flow system at the spill belt. This mainly occurred
because of the large water circulation in the spill belt, where
the water supply was adequate and the evaporation was high;
therefore, the concentration first occurred in the spill belt,
which resulted in salty and brackish water. However, the
hydrochemical components concentrated in the spill belt
did not remain in the spill belt. They were transported with
the water towards the central basin and were eventually
enriched in the central basin. Later, at 30 ka BP, the ground-
water components continued to be enriched. By 45kaBP,
most of the groundwater in the central basin had evolved
to saline water to form a distribution with salty water in
the upper part of the overflow zone and freshwater in the
lower part.

The time period of 45-25kaBP was a minor intergla-
cial period; it was the relatively warm time of the last
glacial period. More rainfall fell than at present, and the
potential evaporation was relatively low [26]. The reduc-
tion in evaporation resulted in greater groundwater dis-
charge in the form of springs, and the local flow system was
enhanced. The discharge centre of groundwater shifted
towards Nuomuhong, and the enrichment centre of the
water-soluble components also moved. The relative changes
in the circulation of the different flow systems also caused
the distributions of the shallow freshwater and deep salty
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water to expand; namely, some desalination of the shallow
water occurred.

The time period of 25-15ka BP was the Pleniglacial dur-
ing the last glacial period, and the rainfall was only 30% of the
present level. The abrupt reduction in recharge caused the
enhancement of the regional water flow system, and the
water and salt enrichment centres returned to the central
basin. The variation in the density difference between the
shallow water and deep water generated free convection of
the groundwater in the central basin, and the groundwater
with relatively low concentrations moved upward via
buoyancy, whereas the groundwater with relatively high con-
centrations moved downward. However, the free convection
caused by this density difference was only temporary over

geologic time, and the forced convection driven by gravity
rapidly became a dominant factor.

The period from 15 ka BP to the present includes the late
glacial period and postglacial period. The temperature
gradually increased again, and the recharge and potential
evaporation gradually changed to their present levels. The
distributions of brackish and freshwaters were similar to
those in the initial stage of the simulation. The distribution
of saline water reached its maximum and formed a wedge
of freshwater below the spill belt.

Currently, the groundwater in the central basin is mostly
saline water with a concentration of 10-20 g/L. If there are no
significant changes in the climate conditions in the future,
the soluble components of the groundwater will continue to
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be concentrated and enriched. The calculated results of min-
eral saturation indicate that under the current conditions,
except for dolomite, most minerals have not reached the sat-
urated state. Currently, the groundwater is in the carbonate
precipitation stage, and it is still far from precipitating
gypsum and halite.

Due to the enrichment of salt in the central basin, the area
of high TDS grew over time (Figure 9). Initially, the area of
TDS > 1g/L increased dramatically, which was caused by
groundwater evaporation. The salt was transported from
the surface of the central basin towards the bottom of the
basin and from the centre of the basin towards the margin.
After 65kaBP, when the groundwater with high TDS occu-
pied the largest area of the central basin, the area of TDS >
1 g/L continued to increase but at a relatively slow rate. This
occurred because the salt transport from the central basin
(discharge region) towards the margin of the basin (recharge
region) was dominated by hydraulic dispersion; however,
when the salt was transported close to the recharge region,
hydraulic dispersion was prevented by the groundwater flow
from the recharge region. The areas of higher TDS, such as
TDS >3 g/L and TDS > 10 g/L, increased much more slowly
than the area of TDS > 1 g/L. Over time, larger areas became
occupied by groundwater with higher TDS. Currently, the
TDS in 81.7% of the area is higher than 3 g/L, and 55.0% of
the area is higher than 10 g/L.

4.4. Variation in Chemical Composition. There are significant
variations in the hydrochemical components and composi-
tion from the recharge region to the discharge region
(Figure 10). The variations in the concentrations of different
components were not large before 45km and after 70 km
(between the alluvial fan and the spill belt), which is consis-
tent with the initial supply concentration. The main cation
is Na¥, and the main anion is Cl7; this is mainly because
the chemical action in this region is dominated by leaching
and mixing. The sediment has experienced sufficient filtration
over geologic time; therefore, the hydrochemical components
will no longer significantly increase. The components in the
groundwater mainly come from surface water recharge.
Between 45km and 70 km (in the central basin), except for
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the HCO,™ concentration, which decreases, the concentra-
tions of all the other components increase significantly. How-
ever, there are still differences in the rates of increase of the
different components. The concentrations of Cl~ and Na*
increase the most, and their maximum concentrations are
84 and 79 times higher than their initial concentrations,
respectively. The concentrations of Ca®>* and Mg>" increase
moderately, and their maximum concentrations are 43 and
51 times higher than their initial concentrations, respectively.
The evaporation and concentration mainly occur in the cen-
tral basin. HCO, ™ reacts with Ca®" and Mg"" to generate dolo-
mite, which causes a decrease in the HCO;~ concentration.
The formation of dolomite will generate H', which increases
the concentration of H' in the groundwater and eventually
causes the pH of groundwater in the central basin to decrease
from 7.7 to 7.2. In general, evaporation enhances the concen-
trations of most components, but there are no significant
changes in the proportions of the different components. This
occurs mainly because the concentration has not resulted in a
period of significant diagenesis.

5. Conclusions

Using the reactive transport simulation technique, a vertical
2D numerical model was developed to simulate groundwater
flow and solute transport since the last glacial period. The
simulation was performed on a typical cross section across
the Qaidam Basin, which is located in the northeastern
Tibetan Plateau.

The Qaidam Basin generally receives recharge from the
piedmont regions and is drained by evaporation. Due to the
basin morphology, sediment lithology, and recharge and
discharge conditions, a three-level nested groundwater flow
system is developed. There are significant differences in the
flow ranges and velocities of the different groundwater flow
systems. In the local water flow system, the seepage path
and seepage depth are relatively short, and the flow velocity
is relatively fast. In the regional water flow system, the seep-
age path is relatively long and the seepage is relatively deep
(it can extend to the bottom of the basin). The flow velocity
in the regional is relatively slow, which can be many orders
of magnitude slower than that in the local water flow system.

Since the last glacial period, the groundwater in the
eastern part of the Qaidam Basin has experienced solute con-
centration and enrichment. In general, the solute is recharged
with the groundwater in the piedmont regions and moves
towards the central part of the basin. Due to intense evapora-
tion and concentration, the solutes are concentrated and
enriched in the central basin. During different geological
periods, climate change affected the distribution of the
groundwater flow system and the solute concentrations.
During warm climate periods, the local flow system was
enhanced, and the drainage centre of the groundwater and
the solute concentration centre both shifted towards the side
with the greater recharge. During periods of drought, the
drainage centre and solute concentration centre shifted
towards the central part of the basin. Currently, the ground-
water is under conditions favourable for the precipitation of
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carbonate but is still far from the precipitation of gypsum
or halite.

Many parameters are involved in the coupled model of
water flow and solute transport. In particular, for a large
basin such as the Qaidam Basin, the hydrogeological param-
eters of the deep aquifer are not easy to obtain, and the
hydrodynamic dispersion coeflicient under large-scale condi-
tions is also relatively difficult to determine. Therefore,
further analysis of the numerical model parameters for the
water flow and salt migration is necessary. In addition, the
study did not take into account the influence of human
activities on the groundwater flow and salt migration, which
also need to be explored further.
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Microscopic pore structure of rock salt plays a dominant role in its permeability. In this paper, microscopic pore structure of a set of
rock salt samples collected from Yunying salt mine of Hubei province in China is investigated by high pressure mercury injection,
rate-controlled mercury penetration, and nitrogen absorption tests. The pore size distribution is further evaluated based on fractal
analysis. The results show that pore size of rock salt varies from 0.01 to 300 #m with major concentration of pore size smaller than
1.00 yum. The pore’s radiuses are mainly distributed within a range between 15 and 50 nm. The research further reveals that the pore
channel size of rock salt is randomly distributed, but the distribution of pore throat radius fits very well with fractal law. By analysis
of permeability, it is found that the maximum and medium radius of the pore throat have significant impacts on permeability.
Porosity is not apparently related to the permeability of rock salt. The higher the fractal dimension is, the higher the impacts on
permeability of the small throat are detected and the lower the influence on permeability of the big throat is exhibited. It indicates
that the small throat determines majorly the permeability of rock salt. The findings obtained from this study provide an insight into

understanding the characteristics of microscopic pore structure of rock salt.

1. Introduction

Rock salt is an ideal underground medium to store energy (oil
and natural gas) with 90% of the world’s energy repository
constructed in rock salt medium or deserted salt mines [1, 2].
The first rock salt natural gas repository went into operation
in Jintan, Jiangsu Province, in 2007, and there will be more
rock salt gas repository going into operation to address the
cyclic operation needs of natural gas. Although rock salt gas
repository is relatively safe, it is still possible that natural
gas could leak from salt caverns and thus cause explosion
accidents [3]. According to [4], till 2009, the rate for rock
salt gas repository accidents was 11% worldwide, with 60%
of the accidents causing blowout explosion disasters resulting
from failure of gas repository leakproofness. Only with great
leakproofness of salt caverns can natural gas in rock salt gas
repository be prevented from leaking and pore structure of
rock salt is the key element to evaluate the leakproofness of
rock salt [5, 6]

As a polycrystalline polymer, rock salt features great
leakproofness with a porosity rate of less than 0.5% for undis-
turbed rock salt and a permeability rate of 107! -1072° m* [7].
However, rock salt dilatancy behavior will lead to remarkable
increase in permeability rate. For instance, with a dilatancy
rate of 0.1-0.2%, rock salt’s permeability rate would increase
by 4 to 5 orders of magnitude [8], indicating the interrelation
between porosity rate and permeability rate [9, 10] and that
study of pore structure is a significant aspect for the research
of rock salt permeability. Cuevas [11] adopted mercury intru-
sion method, gas adsorption, and saturated hydrocarbon to
test the pore structure of Cardona Saline Fm rock salt and
divided rock salt pores into mesoscopic pores, microscopic
pores, and macroscopic pores. Wu et al. [12] found that, with
a porosity rate of 0.3-3.0%, the permeability rate would be
about 1072° m?2. Ji et al. [13] employed mercury intrusion
method to test the average porosity rate of rock salt in
Qianjiang, China, and found it to be 2.7%.
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FIGURE 1: A sketch diagram of pore and pore throat in rock salt. (a) demonstrates two pores connecting with a pore throat; (b) displays a pore

throat within a single pore.

Gueguen and Dienes [14] did some theoretical research
into the relationship between rock microfracture and per-
meability rate based on statistics and percolation theory.
Spangenberg et al. [15] made artificial rock salt with a porosity
rate of 5-42% and results show apparent relationship between
permeability and porosity rates in samples. Afterwards, Popp
and Kern [16], Popp et al. [17], Kissling [18], and Hampel and
Schulze [19] consecutively tested the porosity and permeabil-
ity rates of undisturbed rock salt and results show that there
is certain relationship between porosity rate and permeability
rate of rock salt and moreover, based on this, Lebensohn et al.
[20] set up the gas permeation equation for rock salt.

However, Stormont and Daemen [21] experimented on
the relationship between porosity and permeability rates in
rock salt’s force process and results show that permeability
rate increases with the increase of porosity rate, but when
confining pressure reaches 7.6 MPa, the increase of perme-
ability rate with porosity rate is no longer apparent. Ji et al.
[13] used mercury intrusion experiment to test rock salt in
Qianjiang and found that there could be highly porous rock
salt with low permeability rate. Therefore, the relationship
between rock salt’s permeability and porosity rates is very
complicated. Apart from porosity rate, pore’s channel, throat,
connectivity between pores, and other structural features also
have great influence on permeability rate, as a schematic
diagram shown in Figure 1.

In order to better understand the influences of pore
structure on permeability of rock salt, the present research
implements mercury intrusion and gas adsorption testing
methods to test the pore structure of rock salt in Yunying
mine of China and analyze the porosity rate of rock salt,
average pore throat ratio, average pore radius, size of pore,
and the influence distribution geometry has on permeability
rate so as to provide physical basis for the research on
permeability rate.

2. Sampling and Testing

2.1. Sampling. The rock salt samples are collected from
Yunying salt mine of Hubei province in China. Surface of

samples are first cleaned and cut to be cubically shaped
with size of 8 x 8 x 8 mm’. Then, the samples are covered
perfectly using ethyl alcohol. Ten samples are grouped into
two categories: group one contains Samples No. 1-No. 4
being tested by deploying high pressure injection and group
two includes Samples No. 5-No. 10 being examined by
rate-controlled penetration. The principle and testing setups
mercury injection method is showed in Cuevas [11] and
Zhu et al. [22]. Furthermore, the other four samples XF-01,
XF-02, XF-03, and XF-04 are tested by nitrogen absorption
method. The detailed process of this test has been reported
in [23]. All tests are carried out using NOVA multifunction-
physical adsorption analyzer in the Geological Engineer-
ing Experiment Center, China University of Geosciences
(Wuhan).

2.2. Testing Process. The setup of mercury injection test is
organized as follows:

(i) Dry the samples by putting samples in vacuum oven
with the temperature 80°C lasting for 4 hours; weigh
the sample when this process is completed.

(ii) Open nitrogen pressure relief valve and set the outlet
pressure of 0.28 MPa and then open vacuum pump
to start test, and simultaneously switch on the data
logging system.

(iii) Put samples into NOVA to start first with low pres-
sure test; then test the samples with deploying high
pressure; the parameters including the accumulative
volume of the mercury, mercury rate, and porosity are
automatically recorded.

(iv) Shut down testing facilities and take the samples out
of the devices.

The nitrogen absorption tests are set as follows: put samples
into vacuum drying oven at 150°C and they are vacuumed
for 10 hours and then put the samples into device NOVA to
determine the adsorption-desorption curve.
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TaBLE 1: Classification of the pore size of rock salt.
Total porosity Macroporosity microporosity Subporosity
Sample number (%) (%) (%) (%)
No.1 3.0660 18.90% 22.56% 58.54%
No. 2 0.9900 15.98% 26.32% 57.64%
No. 3 2.4099 16.70% 25.10% 58.20%
No. 4 2.9468 10.81% 37.06% 53.04%
No. 5 0.9343 51.74% 12.17% 86.09%
No. 6 0.9526 0% 30.52% 63.48%
No. 7 3.743 10.56% 29.18% 60.26%
No. 8 0.4742 52.73% 18.18% 29.09%
No. 9 0.5526 10.4% 28.64% 61.22%
No. 10 0.6339 8.46% 21.18% 70.36%
TABLE 2: Porosity and the average throat radius.
Sample number No. 5 No. 6 No.7 No. 8 No. 9 No. 10
f{;’;"my 0.9343 0.9526 3.743 0.4742 0.5526 0.6339
()
Average throat
radius 0.0155 0.0143 0.0141 0.0169 0.0168 0.0185
(um)
0.009 ¢ The testing results show that the porosity of the rock salt
0.008 § Sample No. 3 samples collected from Yuying mine varies between 0.26%

0.007
0.006
0.005
0.004 £
0.003 £
0.002 F
0.001

Accumulative mercury quantity (ml/g)

0 1 2 3 4 5 6 7 8
Pore size (ym)

FIGURE 2: Accumulative mercury quantity versus pore size curve of
Sample No. 3.

3. Results and Discussion

3.1. Pore of Rock Salt

3.1.1. Pore Size Distribution. The pore size distribution of
the rock salt is determined based on high pressure mercury
injection tests. Figure 2 shows the accumulative mercury
quantity varies with pore size of Sample No. 3. According
to previous studies [24, 25], the pore size of rock salt can
be classified into three categories as follows: macroscopic
pore with size larger than 8 ym, microscopic pore with a size
varying between 1 ym and 8 ym, and subpore with pore size
that is smaller than 1.0 ym. Among these three types of pore,
macroscopic pore is generally flat-shaped, the microscopic
pores form often network, and subpore is connected as pore
throat, as displayed in Figure 1.

and 3.0%, as shown in Table 1. These findings fit very well with
the results reported by Wu et al. [12]. On the other hand, the
pore size is determined to be ranged from 2.0 to 300 ym. And
the subpore accounts for 60% of the total pores in the samples.
The curve of mercury injection pressure-increase mercury
rate shows a singlet, indicating that the pore size is intensively
concentrated. Furthermore, the pore size was determined to
be concentrated within 15 nm to 35 nm, implying a subpore
dominated porous mediums of the rock salt.

3.1.2. Pore Throat Radius. Both pore volume and pore throat
volume can be precisely determined by rate-controlled pen-
etration experiments. Thus, the pore structure is investigated
very specifically. In this study, six samples including Nos. 5-10
are tested by rate-controlled penetration experiment. Table 2
lists the determined porosity and the average throat radius
of the samples. The average throat radius varies from 14 nm
to 18 nm based on this method; it is verified that the pores
majorly consist of subpores.

Considering that nitrogen absorption experiment can
test the pore size from 0.35nm to 100 nm and the rate-
controlled penetration test can test pore size ranging from
7nm to 200 pum, the nitrogen absorption experiment is
applied to investigate the pore size characteristics in the
present study. Three samples are prepared and tested and
the obtained results are listed in Table 3. The throat radiuses
for these samples are 6.04 nm, 13.54 nm, and 38.07 nm, with
void volume per weight being 80 cm® g™, 100 cm® g™*, and
1400 cm®/g ™", respectively.

By analysis, the samples XF-02, XF-03, and XF-04 exhibit
obviously peaks in their BJH (Barrett Joyner and Halenda)
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TABLE 3: The determined specific surface area and pore size using nitrogen absorption method.
Sample number XF-01 XF-02 XF-03
Average pore throat radius (nm) 6.04 13.54 38.07
Specific surface area (m* g ") 13.3x10° 7.16 x 10° 0.3 x10°
Micropore volume (cm® g™") 80 100 1400
TABLE 4: Major parameters for the distribution of pore throat.
Sample number No. 5 No. 6 No. 7 No. 8 No. 9 No. 10
Average throat radius (ym) 0.0155 0.0143 0.0141 0.0169 0.0168 0.0185
Sorting coeflicient 0.5802 0.6187 0.7113 0.5537 0.9104 0.6979
Fractal dimension (D, -) 2.47 2.38 2.53 2.23 2.19 2.62
Fractal coefficient (a, -) 4.086 22.420 11.821 16.900 11.900 9.071
Relation coefficient (R?, -) 0.997 0.955 0.995 0.874 0.932 0.985
14000 1.00E + 02 Sample No. 5
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FIGURE 3: The BJH distribution of pore size of the rock salt samples.

distribution curve, as shown in Figure 3. The corresponding
pore sizes to the peak values are 10.4nm, 22.1nm, and
26.7 nm, showing that the pore sizes are mainly distributed
among 10 nm and 30 nm.

3.1.3. The Pore Size Distribution of Channel and Pore Throat.
Figure 4 shows the pores channels and pore throats deter-
mined by rate-controlled penetration test. It can be seen
that the pore throats are mainly concentrated with the size
smaller than 2.0 um. By fitting the curve, it is found that the
distribution of pore exhibits an exponential relationship with
quantity of the pores percentage.

The study above revealed that the pore throats have a size
generally smaller than 2.0 yum. According to fractal theory
[26], the number of pore throats can be derived as follows in
case of the distribution of pore throat fit with fractal theory:

N(r)=arP. )

FIGURE 4: The pore size distribution of Sample No. 3.

Similarly, the function for the distribution of pore throat can
be formulated as follows:

P(r)=aDr P, (2)

where N is quantity of pore throat; P(r) is the function on
pore throat radius density distribution; r is the pore throat
radius, in ym; a is the fractal coefficient; and D is the fractal
dimension of the pore throat distribution.

Taking Samples No. 5-No. 10, for example, the pore
channels are analyzed by following fractal theory for the
size both smaller and bigger than 2.0 ym. Table 4 shows the
results for the pore channel. The fractal dimensions of these
six samples are varied between 2.19 to 2.62 with correlation
coeflicient of 0.874-0.997. According to the fractal theory,
the three-dimensional pore should range from 2.0 to 3.0.
The finding indicates that the pore channel distribution fits
very well with the fractal theory. Therefore, the microscopic
structure of the pore throat can be quantitatively estimated by
fractal dimensions.

On the other hand, pore channel is also analyzed using
the fractal dimensions, as shown in Table 5. The fractal
dimensions are determined to be ranged from 3.75 to 6.29,
implying that the distribution of pore channel does not fit the
fractal law.
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TABLE 5: The pore channel distribution and fractal dimensions.

Sample number No. 5 No. 6 No.7 No. 8 No. 9 No. 10

Fractal dimension D 6.29 3.75 6.04 4.54 4.87 5.95

Fractal coefficient a 19.00 8.50 6.90 6.84 8.40 12.30

Relation coefficient R 0.451 0.684 0.705 0.948 0.922 0.811

TABLE 6: Relationship of throat microgeometrical parameters with porosity and permeability.

Microgeometrical

Correlation with Correlation with

Maximum Minimum . 1
parameters porosity permeability
y=0.831x""8 ¥ =0.008x"""
Skewness 1.08 0.39 R2= 0382 R = 0136
. . y = 13745 y = 0.005x"%*
Sorting coeflicient 1.3449 0.3023 R = 0.017 R = 0139
Variation y =3.462x""" ¥ =0.501x"""!
coefficient 0797 05006 R* =0.166 R*=0.663
ffﬁfﬁin pore thros 1115 0.0086 y=1647x"" y = 0015
(ym) : ' R*=0.136 R*=0.775
Median pressure y =3.552x "% y = 0.028x %
(MPa) 36.293 0.3871 R*=0.739 R* =0.400
Displacement y = 3.458x"7% ¥ =0.022x"7%
pressure (MPa) 0.07176 0.0471 R*=0.715 R*=0.837
Maximum 4.919 6.792
. y=5E-10x y=9E - 16x
?Ol/e)rcury saturation 96.04 71.43 R = 0722 R? = 0540
()
3.2. Relationship of Throat Microgeometrical Parameters with 35 4
Porosity and Permeability. Pore throat reveals the connec- 30 N
tion among the pores which is considered to be crucially ~
important to the permeability of rock mass. The parameters g§ 251 y = 1.7795¢%537
including average capillary pressure, P;, the displacement T R =03653 o
pressure, the median pressure, Pes,, the mean capillary e 201
pressure, p,, mean value, X, sorting coeflicient, o, varia- % 15 A
tion coefficient, vc, and skewness, S;, can be determined g
by mercury injection test. These parameters are useful in § 101
quantitatively determining the pore’s structure. Among all -
the parameters, S, represents the distribution of pore throat
radius. 0 - : - - - - !
Ten samples are tested by the capillary tests and the 0 05 ! L5 . 2 25 3 35
obtained parameters are displayed in Table 6. It shows that porosity (%)

P;, P, and the maximum mercury saturation have good
correlation with porosity of the rock salt. P; represents the
minimum pressure for the mercury entering into the pores,
corresponding to the maximum pore throat radius. Similarly,
P, denotes the median pressure that is accordance with the
median radius. In general, the bigger the pore size is the lower
displacement pressure is. The maximum mercury saturation
represents a peak pressure for the injection test. The larger
the volume of mercury entering the pore means the better
the connectivity of the pores, and the higher the porosity
detected.

Table 6 shows that the displacement pressure, P;, and
median pressure are strongly related to porosity of rock
salt, with the correlation coefficient R = 0.837 and R? =
0.775. In addition, the variation coeflicients show a weak
correlation with porosity, R> = 0.166. A low correlation

FIGURE 5: Relationship between porosity and permeability of rock
salt.

coeflicient is shown when fitting porosity with permeability,
as it is also verified in Figure 5. Therefore, the porosity has no
obvious effects on permeability of the rock salt. Conclusively,
the microstructures of the pore throat such as shape, size,
connectivity, and distribution are the important factors to the
permeability of the rock salt

3.3. Influences of Pore Throat on Permeability. The low per-
meable medium has generally small throat radius, but with
big pore size. The throat has larger number than pore and
thus the throat plays determining role in the permeability of
rock salt [27]. As this study revealed above that distribution
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of pore size conforms very well with fractal theory. According
to Hagen-Poiseuille’s approach, the contribution of a single
throat to permeability can be formulated as follows:

riP
AK = 3)
1-D
Y i
where AK; is the contribution rate to permeability of a single
pore throat radius; » represents the radius (ym).

Figure 6 shows that pore throat radius versus with con-
tribution rate to permeability of rock salt Sample No. 10. It
is observed that the small pore throat contributes mainly
the permeability. The effect of throat radius on permeability
becomes negligible when the radius is larger than 0.1 ym.

4. Conclusions

In this paper, the microscopic pore structure and its influ-
ences on permeability of rock salt samples collected from
Yunying salt mine in China are studied. High pressure
mercury injection, rate-controlled mercury penetration, and
nitrogen absorption experiments are carried out to determine
the pore size and its distribution. The impact of pore size and
structure on permeability is then analyzed. Major findings of
this study include the following:

(i) The porosity of rock salt is determined to be varying
between 0.26% and 3.00%. The pore size covers a
range from 0.01 to 300 ym, which can be categorized
into macroscopic pore with pore size larger than
8 ym, microscopic pore (1 ym-8 ym), and subpore
(<lpm). The void of rock salt mainly consists of
subpore, accounting for 60% of the total pores. The
pore size is estimated to range mainly from 15nm
to 50 nm based on Wash-Born approach. The pore
throat radius is determined to be within 10 nm to
30 nm by nitrogen absorption tests.

(ii) Pore channel size of the rock salt is distributed
randomly, but the pore throat radius conforms with
the law of fractal theory and the fractal dimension
is determined to vary between 2.19 and 2.62. The
displacement pressure, P;, the median pressure, P,

Geofluids

and the maximum mercury saturation are found to be
strongly correlated with porosity.

(iii) The porosity of the rock salt is observed to be
not correlated obviously with its permeability. On
the other hand, maximum pore and median pore
throat radius are both related to permeability of the
rock salt. The variation coefficient of pore throat
distribution is estimated to be 0.663, indicating they
are strongly correlated. Thus, pore throat radius plays
dominated role in permeability of rock salt. The
further research shows that the influences of big
throat radius on permeability of rock salt become
lower and the contribution of small throat radius on
permeability increases drastically with increasing the
fractal dimension.
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The important role of vetiver grass roots in preventing water erosion and mass movement has been well recognized, though the
detailed influence of the grass roots on soil has not been addressed. Through planting vetiver grass at the Kadoorie Farm in Hong
Kong and leaving it to grow without artificial maintenance, the paper studies the influence of vetiver grass roots on soil properties
and slope stability. Under the natural conditions of Hong Kong, growth of the vetiver grass roots can reach 1.1 m depth after one and
a half year from planting. The percentage of grain size which is less than 0.075 mm in rooted soil is more than that of the nonrooted
soil. Vetiver grass roots can reduce soil erosion by locking the finer grain. The rooted soil of high finer grain content has a relatively
small permeability. As a result, the increase in water content is therefore smaller than that of nonrooted soil in the same rainfall
conditions. Shear box test reveals that the vetiver grass roots significantly increased the peak cohesion of the soil from 9.3 kPa to
18.9 kPa. The combined effects of grass roots on hydrological responses and shearing strength significantly stabilize the slope in

local rainfall condition.

1. Introduction

The use of vetiver grass for various applications in erosion
and sediment control was developed by the World Bank for
soil and water conservation in India in the 1980s [1]. Many
literatures reviewed or studied the characteristics of vetiver
grass and its application in preventing soil erosion and mass
movement [2-9]. Rainfall infiltration is a key factor to control
slope stability [10, 11]. In all, the effects of vetiver grass roots
on erosion control and mass movement can be summarized
as follows: (1) preventing surface erosion through the soil-
binding properties of roots, (2) reducing effects of splash
erosion through rainfall interception of vegetation canopy, (3)
reducing the incidence of shallow slope instability through
the anchoring properties of roots, (4) channeling run-off to
alter slope hydrology, and (5) providing support to the base
of the slope and trapping material moving down the slope.
Hong Kong is a small place and is densely populated;
urban development has been carried out over the decades,

which has led to enormous pressures on the fragile mountain
environment. Most of Hong Kong’s crucial rain is brought by
the monsoon, which falls in just a few weeks between May
and September (Figure 1). In combination with the monsoon
climate, very steep slopes, and inherently weak geological
conditions, these factors make Hong Kong highly susceptible
to erosion and landslides [12-17]. So, vetiver grass, as an
important species used for soil bioengineering, is selected
in this research to deal with erosion problems and shallow
landslides in Hong Kong (Figure 2).

The paper focused on the influence of vetiver grass roots
on physical and mechanical properties of soil which has not
been addressed, though the important role of vetiver grass
roots in preventing water erosion and mass movement has
been recognized in recent years. Because the majority of
published literatures are based on practical experience or
not under such local nature conditions of Hong Kong, there
is still a clear need for scientific research concerning the
influence of vetiver grass roots on physical and mechanical
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FIGURE 2: The site and DEM of Hong Kong.

prosperities. In this study, the in situ water content was tested
by moisture probe in field. Tests consisting of water content,
soil density, grain-size distribution, permeability, and direct
shearing were carried out in the laboratory. All items were
conducted on rooted and nonrooted soil, respectively.

2. Planting Site and Vetiver Grass Growth

Vetiver grass used in this research has been planted at the
Kadoorie Farm of Hong Kong in June. Vetiver grass was
planted at spacing of 1 m on a steep slope surface (Figure 3).
The slope is 10 m long and has a maximum height of about
10 m. The slope was formed to an angle of 60° by cutting into
completely decomposed volcanic tuff.

In order to test its survivability, no water and nutrients
were artificially given to the grass during its growth. In 3
months after planting, the grass had grown up to 1.0 m high
(Figure 4(a)). Figure 4(b) shows a typical grass roots system.
The maximum root depth is 1.1m and the root diameter
ranges from 0.05 mm to 4 mm. Main roots were mostly found

within the 25 cm below the ground surface, and for the depth
greater than 25 cm from the surface, fibrous roots were mostly
found.

Figure 5 shows the development of the grass stem length
against time. At the time of field sampling and testing in
January, the grass had grown to about 1.8m tall in a very
healthy condition despite the fact that it had been exposed
to heavy rain in the summer and a very dry winter.

3. Field and Laboratory Test Results

3.1. Physical Properties. Herein, physical properties include
water content, soil density, grain-size distribution, and per-
meability. All these items were conducted on both rooted soil
and nonrooted soil to explore the influences of vetiver grass
roots on soil’s physical properties.

Water Content. Firstly, soil water content was studied in field
on nonrooted and rooted soil. The ML2X moisture probe and
data logger produced by detal company in UK were used
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FIGURE 3: Panorama of research site (a) before grass planting and (b) during field testing.

FIGURE 4: (a) Vetiver stem growth in 3 months after planting. (b) Typical grass root system.
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FIGURE 5: The development of the grass stems length against time.

in this test. The selected testing locations and the measured
output voltage value are shown in Figure 6. According to the

calibration curves of measured voltage and water content, the
mass water content was obtained as shown in Table 1. Soil
water content was also tested in laboratory. The soil tested
was taken from the sample surface when the sample box was
opened in laboratory. The water content was measured by
drying method. The results are shown in Table 2.

From the results of the in situ and laboratory water
content shown in Table 3, it is observed that vetiver grass roots
increased the average soil water content by about 11.63% in
field. The increase scale in laboratory testing is 8.26%. It is
less than that obtained in field and may be because of the
difference of two types of samples in water loss.

Soil Density. The soil used for density testing was taken from
the block sample surface when opening the box in laboratory.
Ring-knife method was used in this test. Inner diameter of
the ring-knife is 61.8 mm and height is 20 mm. Test results
are shown in Table 4. It can be found that the average density
of soil with roots is 1.81 g/cm’, which is higher than that of
the soil without roots, 1.67 g/cm’. Using the laboratory water
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TaBLE 1: In situ measured voltage of moisture probe and corresponding water content.

Sample types Voltage tested (mv) Water content (%) Voltage tested (mv) Water content (%)
454.00 15.10 580.00 17.73
453.00 15.08 282.00 11.50
453.00 15.08 236.00 10.54
453.00 15.08 647.00 19.13
458.00 15.18 394.00 13.84
563.00 17.37 436.00 14.72

Rooted soil tested in field 453.00 15.08 402.00 14.01
438.00 14.76 472.00 15.47
572.00 17.56 433.00 14.66
452.00 15.05 339.00 12.69
491.00 15.87 345.00 12.82
481.00 15.66 336.00 12.63
597.00 18.08 316.00 12.21
294.00 11.75 375.00 13.45

Nonrooted soil tested in field 472.00 15.47 385.00 13.65
397.00 13.90 321.00 12.32
341.00 12.73

(b) Measured locations in the area in which vetiver was not planted

FIGURE 6: In situ water content locations and corresponding voltage
value.

TABLE 2: Laboratory water content on block samples.

Laboratory water content taken from

Sample number sample surface (%)

Rootedsample_01 21
Rootedsample_02 17
Rootedsample_03 18
Rootedsample_04 21
Rootedsample_05 21
Nonrooted sample_01 17
Nonrooted sample_02 23
Nonrooted sample_03 17

content in Table 3, the dry density of soil was calculated in
Table 4. The dry density of rooted soil is 1.51 g/cm?, about 7%
higher than 1.41g/cm’ of the nonrooted soil.

Grain-Size Distribution. Grain-size distribution of rooted and
nonrooted soils has traditionally been tested combined by
sieving and hydrometer methods in laboratory. The results of
grain-size distribution are tabulated in Table 5. Figure 7 shows
the average grain size distribution of the soil samples with and
without roots. It is observed that the percentage of grain size
of 0.075~0.005 mm and less than 0.005mm in rooted soil is
higher than that in the nonrooted soil by 18.2% and 39.1%,
respectively. It indicates that vetiver grass roots can reduce
soil erosion by locking the finer grain in soil.
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TABLE 3: In situ and laboratory water content of soil samples.

Soil without roots

Soil with roots Increase in percentage

Average in situ water content 13.33% 14.88% 11.63%
zft\(;erzrrlasg: nl;lizrszlaltrofz ewater content taken 18.7% 19.8% 8.26%
TABLE 4: Laboratory soil density and calculated dry density.
Sample number Laboratory soil density (%) Azz;igifyn(agt;zrrilf(;ﬂ Calculez;ci:lr;l )densuy
Rootedsample_1 1.81
Rootedsample_2 1.85
Rootedsample_3 1.86 1.81 151
Rootedsample_4 179
Rootedsample_5 1.74
Nonrooted sample_1 1.70
Nonrooted sample_2 1.66 167 141
Nonrooted sample_3 1.66
TABLE 5: Grain-size distribution of different samples.
Gain
Sample number size (mm)
10~5 5~2 2~0.5 0.5~0.25 0.25~0.075 0.075~0.005 <0.005
Nonrooted sample_1 2.7 32.7 12.8 1.9 20.7 19.7 9.5
Nonrooted sample_2 3.7 38.2 12.5 2 16.1 17.2 10.3
Nonrooted sample_3 7.4 25.7 53 0.9 10.9 259 239
Rooted sample_1 2.2 36.1 8.9 1.2 10.5 21 20.1
Rooted sample_2 2 25.6 10.6 L5 15.8 26.1 18.4
RootedSample_3 11 22.2 8.1 11 13.3 30.7 235
RootedSample_4 3.6 26.3 10 17 134 25.4 19.6
RootedSample_5 2.7 37.8 7.6 L1 10.6 20.5 19.7
TABLE 6: Densities and moisture content of the soil samples.
e Mot s desy Dy dengy
;;; Rooted soil 14.9% 1800 1500
:é i‘i)lnm‘)ted 13.3% 1700 1400
g
g 3.2. Mechanical Properties
Ay
Shear Box Test Results. Eight samples, each of dimensions
0 R R s ; 600 mm x 600 mm x 600 mm, were retrieved at location
100 10 1 0.1 0.01 0.001 shown in Figure 3. Five samples were matrix of soil containing

Grain Size (mm)

—— Non-rooted sample
—=— Rooted sample

FIGURE 7: Average grain-size distribution of rooted and nonrooted
properties.

vetiver grass roots, whereas the remaining three were “bare”
soil.

The soil was identified to be completely decomposed
tuff. The densities and moisture content were tabulated in
Table 6. Furthermore, the particle-size distribution of each
sample was determined by taking samples, and the results are
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TABLE 7: Results of large-scale direct shear test.

Designed Peak state Residual state
Sample number normal ] Normal Shear Normal Shear Root area ratio
stress/kPa Displacement/mm stress/kPa stress/kPa stress/kPa stress/kPa
Rooted_1 20 16 224 32.2 24.5 19.8 1.98%
Rooted_2 40 18 51.3 39.5 42.9 254 0.88%
Rooted_3 60 32 715 46.6 67.5 41 1.60%
Rooted_4 80 22 82.9 54.4 84.6 414 2.45%
Rooted_5 120 16 124.2 76.1 128.4 62.2 2.11%
Nonrooted_1 10 15 10.7 14 9.6 10.4 ---
Nonrooted_2 80 29 80 45.5 79 34 ---
Nonrooted_3 120 36 120 63 120.3 54 ---
70
60 |

Shear strength (kPa)

0 \ \ \ \ \ \
0 20 40 60 80 100 120 140

Normal stress (kPa)

¢ Rooted samples
= Non-rooted samples
—— Linear fitting line

FIGURE 8: Peak shear strength against normal stress of rooted and
nonrooted sample.

depicted in Figure 7. The soil is rather fine with some gravel.
The coefficient of uniformity is approximately 5.

The shear strength obtained is plotted on the y-axis with
the corresponding normal stress on the x-axis. Based on the
test results (Table 7), the soil cohesion and frictional angle
were obtained (Figures 8 and 9).

As shown in Figure 8, the peak cohesion of rooted soil
is 18.9kPa and the nonrooted soil is 9.3 kPa. Vetiver grass
roots increased the cohesion by 103% in this study. The peak
friction angles of rooted and nonrooted soils are nearly the
same, which are 23.7° and 24.2°, respectively. The results
of residual strength are shown in Figure 9. The residual
cohesions of the rooted and nonrooted soils are 8.7 kPa and
5.8 kPa and their corresponding friction angles are 23.1° and
21.2°.

3.3. Application to Slope Safety. Vetiver grass was used to
stabilize the slope. The effect of roots on slope stability is
therefore analysed here. As revealed by shearing box testing,

c=87kPag =231"
50 \
40 + *

30 +

% c=58kPag=212"

Shear stress (kPa)

20 +

10 +

0 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Normal stress (kPa)

¢ Rooted samples
= Non-rooted sample
—— Linear fitting line

FIGURE 9: Residual shear strength against normal stress of rooted
and nonrooted sample.

the grass roots can increase the soil strength. On the other
hand, vetiver grass also changed the soil permeability. Finer
particles were well reserved in the rooted soil in case of
rainfall conditions. This will certainly influence the soil
water characteristic curve (SWCC). In this study, the SWCC
is evaluated using the soil’s particle-size distribution. Soil
permeability function is generated for rooted and nonrooted
soils. As a result, the soil water contents in slope under the
same rainfall conditions are different. The slope stability will
therefore be different for rooted soil and nonrooted soil.

A slope is selected in this study. The slope angle is 45°.
This is mainly because the 45° slope is mostly distributed in
Hong Kong (Figure 2). The vetiver grass rooted soil is 3m
deep in vertical direction. The particle-size distribution of
rooted and nonrooted soils as shown in Figure 7 is adopted
to evaluate SWCC (Figure 10) for grass slope and nongrass
slope, respectively. The soil strength as presented in Figure 8
is adopted for the rooted and nonrooted soils. The rainfall
intensity of 7.62 x 10~ m/s was used in the model. The preset
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slip surface was defined in the slope to constitute the base of
the comparison between nonrooted and rooted slopes.
Figure 10 shows the results of rooted and nonrooted
slopes under rainfall conditions. The rainfall intensity used in
this study is calculated from the monthly average of rainfall
and rainfall days recorded by the observatory in 1981-2010
(Figure 1). It was found that the rainfall firstly infiltrated into
the nonrooted slope is quicker than the rooted slope. It causes
the soil in the nonrooted slope to be higher in water content
than the rooted slope. The metric suction was evolved in the
slope stability analysis. With increasing the soil water content,
the soil strengths decrease. The grass root can enhance the soil
strength. In this model, the peak strength for nonrooted and
rooted soil was adopted in the slope. The data results clearly
show that the grass root can increase the slope’s stability.

4. Conclusions

This study highlights the influence of vetiver grass on soil
properties and associated slope stability. It was firstly found
that, under the natural conditions of Hong Kong, growth of
the vetiver grass roots can reach 1.1m depth after one and
a half year from planting. Vetiver grass roots can increase
the soil water content and density. The vetiver grass roots
can reduce soil erosion by locking the finer grain. Grain-size
distribution analysis shows that the percentage of grain size of
0.075~0.005 mm and that less than 0.005 mm in rooted soil
is higher than those of nonrooted soil by 18.2% and 39.1%,
respectively.

Shear box test results do show that the vetiver grass
roots significantly increased the peak cohesion of completely



decomposed volcanic tuff by 103% from 9.3 kPa to 18.9 kPa. To
evaluate the effect of grass roots on slope stability, a numerical
modeling was performed. It illustrates that the grass roots
can prevent the rainfall water infiltration by locking the finer
grain, which is of benefit for slope stabilizing. It was therefore
demonstrated that the combined effects of grass roots on
hydrological responses and shearing strength can stabilize the
slope.
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At present, the existing measuring methods for viscosity of fluid can only obtain the viscosity of bulk fluid, while the in situ viscosity
of fluid in porous media cannot be acquired. In this paper, with the combination of nuclear magnetic resonance (NMR) and physical
simulation experiment, a testing method for in situ viscosity of fluid in porous media is established, and the in situ viscosity spectra
of water in tight cores under different displacement conditions is obtained. The experimental results show that the in situ viscosity
distribution of water in porous media is inhomogeneous, and it is not a constant but is related to the distance between water and
rock walls. When the distance between fluid and rock walls is close enough (e.g., T, relaxation time is less than 1ms), the viscosity
of fluid increases rapidly, and the in situ viscosity is greater than the bulk viscosity. Moreover, after the rock samples are saturated
with water, the in situ viscosity of water is distributed as a double-peak structure. The left peak is characterized mainly by the in situ
viscosity distribution of movable fluid, whose in situ viscosity is smaller, and the right peak mainly represents the in situ viscosity
distribution characteristics of immovable fluid, whose in situ viscosity is larger and increases gradually. Under a relatively large
driving force, the in situ viscosity amplitude of movable fluid decreases greatly, and the average in situ viscosity of residual water in
the core is much higher than that of saturated water in initial state.

1. Introduction

Viscosity is an embodiment of physical properties for fluid
[1-3]. It affects the law of subsurface fluid flow, reservoir
development mode, and hydrocarbon reservoir evaluation
[4-16]. Therefore, accurate measurement of fluid viscosity is
of great significance. The studies indicate that the viscosity
of fluid is affected mainly by the pressure, temperature, and
molecular force at liquid-solid interface, and the viscosity of
the same fluid behaves variously under different conditions
[16-25]. At present, the influence of pressure and temperature
on fluid viscosity has been much more studied [16-23]. How-
ever, little is known about the influence on the fluid viscosity
of molecular force at the fluid-solid interface in porous media.

With the development of low permeability oilfields,
understanding of the effect of microstructure on fluid prop-
erties in porous media becomes more and more significant,

which requires people to pay more attention to the influence
of the properties of porous media on fluid viscosity [24-33].
In low permeability porous media, the molecular force at
the liquid-solid interface is more obvious because of its large
specific surface [24, 25, 30]. Under the influence of the molec-
ular force, liquid molecules near the liquid-solid interface will
form an orderly distribution, forming a boundary layer on
the liquid-solid interface. The property of the fluid in this
boundary layer is different from that of the bulk fluid and its
viscosity will be greater than the viscosity of the bulk fluid
[24, 25]. Marrhassing [34] found that the resin and asphaltene
in crude oil were orderly distributed in pore channels. For the
same crude oil sample, the viscosity of crude oil is smaller in
large gaps, and the viscosity of crude oil is greater in small
gaps. It was also believed that the share of the boundary layer
in the small gap is larger than that in the large gap. However,
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the results of these studies still remain on the qualitative and
semiquantitative description, and the viscosity distribution of
the fluid in porous media cannot be quantified. On this basis,
Huang et al. [24, 25] proposed a new concept of percolation
fluid and the physical model of percolation fluid in porous
media. It is considered that percolation fluid is a kind of
fluid in porous media and includes bulk fluid and boundary
fluid. Bulk fluid refers to the fluid whose properties are
not affected by the interface and distributes in the middle
axis of porous media channel. Accordingly, boundary fluid
is a kind of fluid whose properties are influenced by the
interface phenomenon, which is close to the pore wall to
form a boundary layer. The formula for calculating the
viscosity of percolation fluid is also given [25], but it is
difficult to be applied directly because the thickness of the
boundary layer and the average viscosity involved in this
formula are difficult to be measured. Currently, there are
many kinds of conventional viscosity testing methods, which
are generally divided into three categories: capillary method
[35, 36], rotation method [37-39], and vibration method [40-
43]. These methods can only measure the viscosity by direct
contact with the fluid, and it is impossible to test the viscosity
of the fluid in the porous media: that is, the in situ viscosity
of fluid in porous media cannot be measured, whereas the in
situ viscosity of the fluid in porous media is more capable
of characterizing the transport capacity of the fluid, so it is
especially necessary to develop the method of testing the in
situ viscosity of fluid in porous media.

Viscosity measurement using nuclear magnetic reso-
nance (NMR) is a novel viscosity test method developed in
recent years, which has the advantages of noncontact and
wide application range and so on and has broad application
prospects in in situ viscosity measurement of fluid in rock
porous media. Scholars from all over the world have done a
great deal of work in studying the fluid viscosity of reservoirs
by using NMR technology. In 1994, Morriss et al. [44] carried
out NMR test on 31 groups of bulk crude oil. It was found
that the movement of hydrogen atom was restricted with the
increase of hydrogen chain, resulting in shorter relaxation
time and increased viscosity. And the relationship between
relaxation time and the viscosity of crude oil was also given.
In 1996, Kleinberg and Vinegar [45] proposed an improved
formula for measuring the viscosity of crude oil by NMR, and
the temperature was introduced into the viscosity formula.
In 1998, LaTorraca et al. [46] used NMR to measure the
viscosity of high-viscosity crude oil. The conclusion was
drawn that the geometric mean value of T, is more sensitive
to the change of viscosity than the geometric mean value
of T}, and the meaning of the relative hydrogen index HI
was put forward. In 2001, Freedman et al. [47] employed
the magnetorheological fluid (MRF) method to invert the
NMR data through the MRF multifluid relaxation model
and studied NMR relaxation characteristics under gradient
magnetic field of the sandstone, limestone, and dolomite
saturated with different oil phases. Studies suggest that, under
gradient magnetic field, the NMR experiment can identify
different fluids in the rock pores and can also get the fluid
saturation and oil-water phase viscosity and rock porosity.
In 2005, Bryan et al. [4] used low-field NMR methods to
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FIGURE 1: Physical model of percolation fluid in porous media.

measure crude oil viscosity. It was found that the higher the
viscosity of the oil sample is, the lower the relative hydrogen
index (RHI) is, a new NMR formula for viscosity of crude
oil was put forward, and the T, gm and RHI of the crude
oil were associated with the viscosity. In 2011, Zhang et al.
[48] determined the relationship between viscosity and NMR
relaxation properties through theoretical derivation and clar-
ified the feasibility of using nuclear magnetic resonance to
distinguish reservoir fluid properties. In general, at present,
a relatively mature experimental method for measuring the
viscosity of bulk fluid in rock pores by NMR technique has
been formed, and a method for testing the viscosity of oil-
water mixed phase was also initially formed. However, an
effective experimental method for quantitatively measuring
in situ viscosity of fluid in porous media using NMR has not
yet been established.

In this paper, NMR and physical simulation experiment
are combined to establish a method for in situ viscosity
measurement of percolation fluid in porous media and obtain
the in situ viscosity spectra of water in the tight rocks under
different displacement conditions.

2. Method and Principle

2.1. The Nonconstant Liquid Viscosity in Rocks. Here we
verify the inference that the liquid viscosity in porous media
is not constant by fluid viscosity testing in different plate
spacing using rheometer. According to the new concept of
percolation fluid and the physical model of percolation fluid
in porous media (Figure 1) proposed by Huang et al. [24,
25], we designed the viscosity experiment of the fluid at
different plate spacing to verify the variation of fluid viscosity
with the wall distance in the porous media. The results of
constant speed mercury pressure testing of low permeability
cores show that the average pore radius is generally more
than 50 ym, and the average throat radius is generally less
than 5um [49]. Therefore, the designed plate spacing is
the same as the pore and throat radius of low permeability
rocks, which are 3 ym, 4 ym, 5 ym, 6 ym, 7 ym, 8 ym, 10 ym,
30 ym, 50 ym, and 124 ym, respectively. The experimental
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FIGURE 2: Viscosity variation of glycerol with different plate spacing.

equipment for measuring the viscosity of fluid is Anton
Paar’s MCR rheometer, the experimental fluid is glycerol (the
viscosity in the test tube at 25°C is 320 mPas), and the test
temperature is 25°C. The experimental results are shown in
Figure 2.

As can be seen from Figure 2, when the plate spacing is
greater than 8 ym, the test viscosity of glycerol is constant
and does not change with the variation of plate spacing. To
the contrary, when the plate spacing is less than 8 ym, with
the narrowing of the plate spacing, the viscosity of glycerol
increases rapidly. Furthermore, when the plate spacing is
reduced to 3 ym, the viscosity of glycerol reaches 740 mPa-s,
which is 2.3 times bulk viscosity of glycerol.

The experiment results verify the percolation fluid model
proposed by Huang et al. [24, 25] and show that, in low
permeability porous media, the viscosity of the fluid is no
longer a constant. There is a boundary fluid near the solid
wall, whose viscosity is much larger than that of the bulk
fluid. Therefore, in the low permeability porous media, the
in situ viscosity of the fluid is larger than that measured
in the laboratory. Hence, it is so necessary to study the in
situ viscosity of fluid in porous media, in order to help us
understand the actual viscosity of the fluid in the ground.

2.2. Testing Principle for Fluid Viscosity by NMR. 'The princi-
ple of NMR is to measure the signal of hydrogen atoms in
the magnetic field. There is a certain amount of hydrogen
atoms in the oil and water, and when a magnetic pulse signal
is applied, these hydrogen atoms will produce a strong attenu-
ation response [45, 46]. If NMR is performed on oil-bearing
or water-bearing rocks, due to the absence of paramagnetic
elements in the rocks, there is no signal response in the
rocks, and the measured signals are only from the oil and
water in the rock pores [47]. In nuclear magnetic resonance
experiments, hydrogen atoms are polarized by the external
magnetic field, and the energy acts on hydrogen atoms in
the form of radio frequency pulses, causing the hydrogen
atoms to absorb energy and undergo energy level transitions.
After the hydrogen atom absorbs energy, it transfers energy to
other rotating atoms or solid surfaces to restore to the original
state of equilibrium [4]. Because the measurement time of
the longitudinal attenuation signal is longer and is easily
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FIGURE 3: Relationship between fluid viscosity and energy attenua-
tion rate and T, value.

affected by the external environment, the NMR measurement
signal is a transverse attenuation signal. The attenuation
signals can be converted to the attenuation curve, which is
the superposition of the attenuation signals of different fluid
phases. The fluid components are different, so the attenuation
signals and the attenuation curves are different, and the
attenuation curve functions conform to the single index or
multiexponential function [48-51].

Eyring viscosity theory shows [50, 51] that the viscosity
is related to the diffusion conductivity. Even if fluid does
not flow, its viscosity can also be measured, and NMR
technology can be used to measure the diffusion conduction
characteristics of fluids. NMR can be used to measure the
attenuation response of liquid hydrogen atom in magnetic
field under the action of external magnetic field. Prammer
[52] presented the relation between the amplitude attenuation
of NMR and the transverse relaxation time (7,) and pointed
out that the fluid viscosity is correlated positively with the
attenuation rate of fluid amplitude. The smaller the fluid
viscosity is, the slower the amplitude attenuation rate is, and
the greater the relaxation time T, is. Instead, the larger the
fluid viscosity is, the faster the amplitude attenuation rate is,
and the smaller the relaxation time T}, is. Its principle is shown
in Figure 3 and (1).

The equation of energy attenuation curve in magnetic
field is as follows [52]:

M (t) = Mye '™, )

where M(t) is the macroscopic magnetization at moment ¢,
M, is the equilibrium magnetization, T, is the transverse
relaxation time, and ¢ is time, ms.

From the energy attenuation curve equation, it can be
seen as follows: the greater the T, value is, the smoother
the energy attenuation curve is. The smaller the T, value is,
the faster the energy attenuation curve falls. The transverse
relaxation time T), is related to the properties of fluid itself
and the interaction between fluid and rock pore surface, and
so on. Therefore, NMR T, value can be used to characterize
the viscosity of fluid.

2.3. Relationship between Fluid Viscosity and T, Peak. The
purpose of this section is to find the empirical formula of
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fluid viscosity and NMR T, values by conducting NMR exper-
iments on different kinds of fluids with different viscosity,
providing a basis for testing in situ fluid viscosity in porous
media.

The experimental instrument is the RecCore4 NMR
equipment developed independently by China Petroleum
Exploration and Development Research Institute Langfang
Branch. Its operating frequency is 2 MHz, the echo time T}y
is adjustable, and the minimum time is 2 ys. Glycerol and
polyethylene glycol are selected as test fluid, prepared into
experimental solutions with different concentrations (10%~
90%), and placed in the test tubes.

The experimental steps are as follows: first, Ubbelohde
viscometer is used to measure the viscosity of different
concentration solutions, and then the NMR spectra of differ-
ent concentration solutions are obtained with the RecCore4
NMR equipment; finally, we analyze and process the data to
get the experimental results shown in Figures 3 and 4.

It can be seen from Figures 4 and 5 that there is a good
correlation between viscosity and T, peak value (T,;). The
relationship is as follows:

w = 23938T, 1%,

()
R* = 0.983.

Equation (2) indicates that the greater the T, peak value is,
the smaller the fluid viscosity is. Contrarily, the smaller the
T, peak value is, the greater the fluid viscosity is.

The above experimental results demonstrate that NMR
method can be used to test the viscosity of different liquid.
The relationship between fluid viscosity and T, peak of NMR
is clearly defined as follows:

e a
T b 3
T 3)
where p is the viscosity, T, s is the T, peak, and a and b are the
parameters related to the properties of the solution.
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FIGURE 5: Relationship between fluid viscosity and T, relaxation
time.

3. In Situ Viscosity Measurement of Fluid in
Porous Media

Taking the water in porous media as an example, the in situ
viscosity of fluid in porous media is measured here. The T,
relaxation spectrum of water in rock sample can be obtained
by NMR technology. By (3), the T, spectra of fluid can be
converted into the in situ viscosity spectra of fluid in different
pores and throats of porous media.

In order to test the in situ viscosity of fluid in porous
media, five tight cores in Changqing and Jilin were selected,
and their petrophysical parameters are shown in Table 1. The
experimental steps are as follows.

Firstly, the above five cores were completely saturated
with water; at the same time, the NMR spectra were
tested. Then, different centrifugal experiments of 0.145 MPa,
0.290 MPa, 0.717 MPa, 1.441 MPa, 2.069 MPa, and 2.876 MPa
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TABLE 1: Petrophysical parameters of 5 tight rock cores.

Gas Gas
Core number Qil block Length (cm) Diameter (cm) measurement measurerpt:nt
orosity (%) permeability
p y (mD)
1 . 2.664 2.438 8.08 0.130
Jilin
2 3.236 2.503 9.42 0.673
3 3.225 2.514 12.30 0.058
4 Changqing 3.076 2.515 10.30 0.116
5 3.206 2.513 9.40 0.710
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FIGURE 6: T, spectra of 0.130 mD rock core after centrifugation with
different centrifugal pressures.

were carried out for each core (different centrifugal pres-
sures represent different displacement pressures), and NMR
T, spectra under each centrifugal pressure were captured.
Finally, the experimental data was analyzed and processed to
obtain the experimental results as shown in Figures 6-9.

4. Results and Discussion

Figure 6 is a NMR spectrum of 0.130 mD rock sample in
Jilin oilfield. When the centrifugal pressure is 0.145 MPa and
0.290 MPa, the yield of water centrifuged out of rock core
is only 4.49% and 7.38%, respectively. When the centrifugal
pressure increases to 1.441 MPa, the yield of water centrifuged
out of rock core is 41.18%. However, when the centrifugal
pressure is increased from 1.441MPa to 2.876 MPa, the
production increment of water centrifuged out of rock core
is only 5.13%.

According to (3), NMR spectra of 0.130 mD tight rock
sample under saturated water condition in Figure 6 are
treated, and we obtain the relationship of in situ viscosity
and T), relaxation time in porous media under saturated water
condition (Figure 7). Studies show that [45] T}, relaxation time
can represent the distance between fluid and rock wall. The
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FIGURE 8: In situ viscosity spectrum of 0.130 mD rock sample under
different displacement conditions.

larger the T, relaxation time, the greater the distance between
the fluid and the rock wall. So it can be found from Figure 7
that the in situ viscosity of water in porous media is not a
constant, and it is related to the distance between water and
rock wall. When water is closer to wall, its in situ viscosity
is greater than its bulk fluid viscosity. What is more, when
T, relaxation time is less than 1ms, that is, the closer the
fluid is to rock wall, the higher the in situ viscosity is. At the
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same time, this result also indicates that the interface force
between fluid and rock is stronger, and it is extremely difficult
to develop the fluid with T, time less than 1 ms.

Figure 8 shows the in situ viscosity spectra of 0.130 mD
rock samples under different displacement conditions. We
realize from Figure 8 that the in situ viscosity of fluid is
distributed unevenly in porous media. Under the saturated
water state of rock sample, the in situ viscosity spectrum of
water presents a double-peak structure. For the left peak of
in situ viscosity spectrum, the viscosity of fluid is smaller,
which mainly characterizes the in situ viscosity distribution
characteristics of movable fluid at the right peak of NMR
T, spectrum. This part of fluid is distributed mainly in
the middle of pores and throats. For the right peak of
in situ viscosity spectrum, the viscosity increases greatly,
which mainly characterizes the in situ viscosity distribution
characteristics of nonmovable fluid at the left peak of NMR
T, spectrum. This part of fluid is distributed mainly in the
boundary layer of pores and throats or nearby the wall.
Furthermore, as the in situ viscosity is greater than 1.3 mPa-s,
the proportion of nonmovable fluid decreases sharply with
the increase of viscosity. At a relatively lower driving force
(e.g., 0.290 MPa), the in situ viscosity amplitude of movable
fluid decreases smaller, and the in situ viscosity amplitude of
nonmovable fluid coincides basically with the curve under
the saturated water condition. This indicates that only some
movable fluid can be exploited in tight cores under the
small pressure difference, but the boundary fluid cannot
be developed basically. Under the larger driving force (e.g.,
2.876 MPa), the in situ viscosity amplitude of movable fluid
drops greatly, which indicates the movable fluid is produced
more. However, the fluid with the viscosity more than
1.3mPa-s is harvested less, which indicates that it is very
difficult to exploit the boundary fluid. Hence, findings also
include that the production degree of fluid in tight rock is
lower under a small pressure gradient. Only under a high
pressure gradient, the production degree of fluid is relatively
higher.

Geofluids

Figure 9 shows the variation of the average in situ
viscosity of residual water in rock cores with different perme-
ability under different centrifugal pressures. The longitudinal
coordinate is the increasing multiple of viscosity, which is the
ratio of the average in situ viscosity of the residual water in
rock cores and the average in situ viscosity of the water in rock
cores with saturated water state under a centrifugal pressure.

It can be seen from Figure 9 that the increasing multiple of
viscosity in rock core is small under relatively low centrifugal
pressure (e.g., 0.145 MPa and 0.290 MPa). This is because the
amount of yield water centrifuged out of rock core under a
smaller centrifugal pressure is small, and large amounts of
water still exist in the large pores, which has little influence
on the average in situ viscosity of water in rock core. Only
when the centrifugal pressure increases to a certain value
(e.g., 0.717 MPa, 1.441 MPa, and 2.069 MPa), the increasing
multiple of viscosity in rock core increases rapidly. This is
because that, with the centrifugal pressure increases, the
amount of water centrifuged out of rock core increases,
and the production of water in the large channel increases,
the proportion of the boundary fluid thus rises, which has
great influence on the average in situ viscosity of water in
rock core. When the centrifugal pressure is once increased
from 2.069 MPa to 2.876 MPa, the increasing multiple of
viscosity in core increases slowly, because the amount of water
produced is less, which has a little effect on the average in situ
viscosity of the water in rock core. For rock samples in the
same block (Changging or Jilin), under the same centrifugal
pressure, the viscosity increasing multiple of water in rock
increases with the increase of permeability. This phenomenon
can be interpreted as, under the same centrifugal pressure,
the higher the permeability, the more the amount of water
centrifuged out of rock core. Under the same centrifugal
pressure, the viscosity increasing multiple of water in Jilin is
higher than that in Changging, which can be ascribed to the
different reservoir characteristics of Changging and Jilin tight
cores reported by Yang et al. [49].

5. Conclusions

An approach to test in situ viscosity of fluid in porous media
by NMR is reported in this work. Studies have shown that
there is a better correlation between fluid viscosity and T,
peak value and the in situ viscosity of fluid is distributed
unevenly in porous media. In saturated water state, the in situ
viscosity of water in rock samples is distributed as a double-
peak structure. Moreover, for the tight rocks with saturated
water, after a small amount of water is centrifuged, the average
in situ viscosity of water in rocks has little difference with that
of initial status. However, when more water is separated from
the rocks, the average in situ viscosity of water in rocks is
significantly higher than that of initial status. Furthermore,
under the same centrifugal pressure, the ratio of the average
in situ viscosity of water in rocks to that of initial status
increases with the increase of permeability, and the average
in situ viscosity increasing multiple of water in Jilin is higher
than that in Changqing, which is due to the different reservoir
characteristics of Changqing and Jilin tight rocks. The paper
first proposes the method for measuring the in situ viscosity
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of fluid in porous media, which can provide guidance for the
development of movable oil in oil field. At the same time,
the accuracy and application range of the method will be
improved after a large number of tests of different fluids.
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For partially submerged landslides, hydrostatic and hydrodynamic pressures, related to water level fluctuation and rainfall, are
usually expressed in the form of porewater pressure, seepage force, and buoyancy. There are some connections among them, but
it is very easy to confuse one force with another. This paper presents a modified mathematical expression for stability analysis of
partially submerged landslide and builds the relationship between porewater pressures and buoyancy acting on the underwater zone
of partially submerged landslide and the relationship among porewater pressures, seepage force, and buoyancy acting on partially
submerged zone. The porewater pressures acting on the underwater slice are calculated using hydrostatic forces, and the porewater
pressures acting on the partially submerged slice are estimated by an approximation of equipotential lines and flow lines under the
steady state seepage condition. The resultant of the porewater pressures acting on the underwater slice equals the buoyancy, and
that acting on the partially submerged slice is equivalent to the vector sum of seepage force and the buoyancy. The result shows
there are two equivalent approaches for considering the effect of water on landslide stability in the limit equilibrium method. One
is based on total unit weight and porewater pressures, and the other is in terms of the buoyant weight and the seepage force. The
study provides a modified model for simplifying the complex boundary porewater pressures in limit equilibrium analysis for the

stability of the partially submerged landslide.

1. Introduction

Water, including groundwater and reservoir water, has long
been considered as one of the most significant factors respon-
sible for landslide failures, which is affected by water level
fluctuation and rainfall in partially submerged landslides [1-
5]. Statistics data from He et al. [6] showed that about 94%
of landslides are triggered by rain and water storage in the
TGR Region. The combined seepage-slope stability analyses
in Mountain Toc of Italy by Paronuzzi et al. [7] demonstrated
that the decreases in safety factors caused by filling and
drawdown of the Vajont reservoir and heavy rainfall were
about 12% and 3%. The significant examples related to the
water level fluctuation and rainfall have been recorded and
discussed by researchers, such as rainfall-induced landslides
of the Iva Valley in Southeastern Nigeria [8], landslides

triggered by the July 2011 intense rainstorm in Korea, the June
2013 extreme rainfall in India and the October 2013 heavy
rainfall associated with the typhoon in Japan [9-11], and
landslide events associated with the water level fluctuation
and rainfall [12-19].

Forces acting on landslide, related to water level fluctu-
ation and rainfall, mainly include hydrostatic and hydrody-
namic pressures. For partially submerged landslides, these
forces are usually expressed in the form of porewater pressure,
seepage force, and buoyancy. Some studies show that there
are some connections between one force and another. The
porewater pressure is considered as internal force and has
the effect of reducing internal energy dissipation for a given
collapse mechanism. However it may also be regarded as
external forces, and its contribution can be included in the
virtual work equations through the seepage force and buoyant
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FIGURE 1: Division of a partially submerged landslide into vertical slices.

terms [20-22]. Water pressures on the face of a partially
submerged landslide can be replaced by forces and moments
which are directly added to slices or by a strengthless soil
layer with self-weight equivalent to water weight or by
an end force on slip surface at the toe of the landslide
[23].

In some previous studies about the limit equilibrium
methods of landslide stability, there are still some differences
in analysing and using these forces related to hydrostatic and
hydrodynamic pressures. Yamin and Liang [24] developed a
limiting equilibrium method of slices for calculating global
factor of safety of a slope and accounted for porewater
pressure at the slice base related to its effective stress.
However, they did not discuss the porewater pressure acting
on the vertical boundaries of the slice. Li and Liang [25]
only considered porewater pressure at the slice base when
applying the limit equilibrium method to the interslice forces
of a drilled shaft slope system. Zhou et al. [26] used the
limiting equilibrium method to calculate the lateral force
acting on the piles and considered the effect of the porewater
pressure on the lateral forces of stabilizing piles in terms of
the seepage force and the buoyant weight. Some used the
porewater pressure on the base of the landslide [24, 25, 27—
29], some others allowed for boundary water pressures of
slices [30], and others accounted for the seepage pressure
[26, 31, 32]. Therefore, it is very easy to confuse one force with
another.

This paper presents a modified expression for stability
analysis of partially submerged landslide based on consid-
ering hydrostatic and hydrodynamic pressures acting on
the underwater zone and partially submerged zone of the
partially submerged landslides. Two relationships, including
the relationship between porewater pressures and buoy-
ancy acting on the underwater zone of partially submerged
landslide and the relationship among porewater pressures,
seepage force, and buoyancy acting on partially submerged
zone, are clarified in detail. Two equivalent approaches are
proposed to consider the effect of water on landslide stability
in the limit equilibrium method of slices. One is based on
the total unit weight and the porewater pressures, and the
other is in terms of the buoyant weight and the seepage force.
The latter is simpler to determine the safety factor of partially
submerged landslide.

2. Porewater Pressures of a Partially
Submerged Landslide

2.1. Porewater Pressures Acting on an Underwater Slice. A par-
tially submerged landslide can be divided into the underwater
zone and partially submerged zone. A typical cross section
of a partially submerged landslide is shown in Figure 1.
Two types of slices, underwater slice (Slice j) and partially
submerged slice (Slice 7), are bounded by the reservoir water
surface.

When analysing forces acting on an underwater slice
(Figure 2), we posit that reservoir water is under static
condition, and the boundary porewater pressures can be
calculated as

P, =0.5r, (hy + hp) Lups (1a)
P, =0.5r, (hp + he) lcps (1b)
P, =0.5r, (hg + he) lge (Ic)
P, =0.5r, (hy + hg) Lyp, (1d)

where Py, P,, P;, and P, are the porewater pressures acting on
its four sides of slice j, 4, Iop» Ige> and 14 are the lengths of
four sides, and r,, is the unit weight of water.

2.2. Porewater Pressures Acting on a Partially Submerged Slice.
When a phreatic surface of the partially submerged zone is
defined, the porewater pressures are calculated for the steady
state seepage condition by drawing a flow net (Figure 3). The
actual pressure head at point C can be obtained by drawing
an equipotential line (CD) through that point. But the actual
seepage and porewater pressures are complex; it is necessary
to use simple approximations [33-35]. One approximation
is to define the porewater pressures using a line MN that
represents a phreatic surface (AB) and to approximate the
equipotential line as a straight line CE which is perpendicular
to the straight line MN [33]. The porewater pressure can be
represented as a function of the hydraulic head. Under the
steady state seepage conditions, the hydraulic head of the line
CE can be described by

hzu—c+zczﬂ+zE, ()
w w
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where £ is the hydraulic head, u- and uy are the porewater
pressures of the point C and point E, respectively, and z.
and zj are the elevation heads of the point C and point E,
respectively.

The phreatic surface is considered to be a flow line and a
line of the atmospheric pressure or zero pressure, and (2) can
be written as

uc = Yy (25— 2¢) = hep coszﬁ. €©)

The hydraulic gradient of the seepage can be approxi-
mately estimated by examining the hydraulic head difference
between point F and point E on the phreatic surface

h
igp = —< = sin 8. (4)
Ieg
The porewater pressures acting on a partially submerged slice
are shown in Figure 4. According to (3), these forces can be
calculated as

P, = 0.5r, %, cos’ B, (5a)
P, =051, (Lyp + Igc) lop cos’ B, (5b)
Py = 0.5r, 13- cos’B. (5¢)

3. Relationship between Porewater Pressures
and Seepage Force

3.1. Resultant of the Porewater Pressures Acting on the Under-
water Slice. The porewater pressures, acting on four sides
of the underwater slice (Figure 2), are resolved into two
directions which are parallel and perpendicular to the slice
base. The resultants of these forces acting on the slice can be
derived as

Np=P,+ (P, - Py)sina— P,cos (- ),
(6)
Tp = (P, — P;) cosa + Py sin (a — B),

where Np is the resultant of the porewater pressures in
direction perpendicular to the slice base, T} is the their
resultant in direction parallel to the slice base, « is the
inclination of the slice base of slice j, and j8 is the inclination
of top slide of slice j.
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By substituting (1a), (1b), (1c), and (1d) into (6), we obtain

h - h?
Mo 87D (12 - W - 1+ 1) sina

0.57,, sin o
hy, - I
-2 A (cosacos f+sinasin B),
sin 8 )
Tp 22 42 g2
051 = (hD —hy—ho+ hB) cos o

2 g2
hy — ha
sin 8
By rearranging the above two equations, the following expres-
sions can be written as
2 _ 2 212
ho—hp  hg—hy

tan §

(sin cos B — cos asin B) .

N, =0.5r, cosx
P v [ tan o

] =r,Vcosa, (8)

hf)—héJrhg—hi

T, =0.5r, sinx
P v [ tan f3

=-r,Vsina, (9
p— ] roV sina, (9)

where V is the volume of slice j in Figure 2.

3.2. Resultant of the Porewater Pressures Acting on the Par-
tially Submerged Slice. All porewater pressures acting on the
partially submerged slice, which are shown in Figure 4, are
also decomposed into two directions which are parallel and
perpendicular to the slice base, which can be expressed as

Np =P, + (P, - Py)sina,

(10)
Tp = (P, - P;) cos a.
By substituting (5a), (5b), and (5¢) into (10), we obtain
Np =057, [(Iap +Ipc) lep = (Lap + Ipc) Igr sina]
- cos’ B, (11)

Tp = —0.57, (Lup + lpc) I cos a cos’B.

Based on the Law of Sines, an equation relating the lengths of
the sides of the triangle ABF to the Sines of its angles can be
given by

e _ Lar _ lep
sin(aw—B) sin(90°+p) cosB’

(12)

By substituting (12) into (11), the following expressions can be
derived as

NP = 0.51’w (ZAD + ch)
lep [coszﬁ —sin (a — ) sin & cos [3] , (13)
Tp = —0.5r, (Iup + Ipc) lcp sin (a — fB) cos a cos fB.

Trigonometric functions using functional equations in terms
of properties like the sum and difference formulas of two
angles are applied to transformation of equations. The expres-
sions above can be written as

Np = 0.57, (Lap + Ipc)
lep [coszcx + sin (o — f3) cos asin ﬁ]
=1,V, [cosa + sin (« — B) sin ],
Tp = 0.57, (Lap + Ipc)

“lep [cos acos (a — B) sin B — cos a sin

(14)

=1,V [cos(a - f)sinf —sinal,

where V; is the volume of the section ABCDbelow the
phreatic surface of slice i in Figure 4.

3.3. Relationship between Porewater Pressures and Seepage
Force. The seepage force is directly proportional to the
hydraulic gradient and the soil volume below the phreatic
surface [26, 31], which can be defined as

P=r,Vyi=r,V,;sinp. (15)
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FIGURE 5: Forces acting on the underwater slice: (a) the porewater pressures based on (6) and (7); (b) substituting the buoyant weight for the

porewater pressures and the total weight of the slice.

By substituting (15) into (14), the following expressions can be
derived as

Np =r,V;cosa+ Psin(a— ), (16)
Tp = Pcos(a - f) —r,V,sina. (17)

According to (8) and (9), the resultant of the porewater
pressures acting on four sides of the underwater slice equals
the buoyancy. Based on (16) and (17), the resultant of the
porewater pressures acting on three sides acting on the
partially submerged slice is equivalent to the vector sum of
the buoyancy and the seepage force.

4. Stability Analysis of Partially
Submerged Landslide

The following assumptions were applied to limit equilibrium
method for the landslide stability [25, 26]. (1) The landslide is
divided into a series of vertical slices. (2) Each slice is assumed
to be rigid. (3) The FOS is considered to be identical for all
slices. (4) The thrust line of the interslice force on a lower slice
is assumed to be parallel to the current slice base. (5) If the
interslice force is negative, the value is assumed to be zero.

4.1. Limit Equilibrium Equations of the Underwater Slice. One
approach, considering the effect of water on the underwater
slices of partially submerged landslides in the limit equilib-
rium analysis, is based on porewater pressures. The resultant
of the porewater pressures is based on (8) and (9). All
forces are resolved into both the parallel and perpendicular
directions to the slice base (Figure 5(a)), resulting in the
following equations:

Wijcosa; = Np; = N; + E;_; sin (ocj_l - ocj) =0, (18)

Wyjsina; +Tp; + E;_; cos (ocj_1 - ocj) -E;-§;=0. (19

The other approach directly uses the buoyancy. All forces are
resolved into both directions (Figure 5(b)), and we obtain

W,jcosa; = N; + E;_; sin (oc —ocj) =0, (20)

j j-1

W,jsina; + E; | cos (oc

J a)-E;-S;=0, (21)

LT 7TV
where W is the total weight of the slice j, which is calculated
using saturated unit weight, W, is the buoyant weight of the
slice, which is calculated using buoyant unit weight, N; is
the normal force at the base of the slice, E;_; is the interslice
force of slice j — 1 acting on slice j at the vertical boundary,
E; is the interslice force of slice j acting on slice j + 1 at
the vertical boundary, and S; is the mobilized shear strength
along the base of the slice, which can be determined using the
Mohr-Coulomb vyield criterion:

S.:cj-lj+thangoj 22)
! Fs ’

where c is the cohesion of the slip surface, [ is the length of
the slip surface, ¢ is the friction angle of the slip surface, and
Fs is the safety factor.

In fact, substituting (8) into (18), (20) can be obtained,
and substituting (9) into (19), (21) can be obtained. Therefore,
there are two equivalent approaches for considering the effect
of water on the underwater zone of the partially submerged
landslide in limit equilibrium analysis. One is based on
porewater pressures, and the other uses the buoyant weight,
without considering any porewater pressures.

4.2. Limit Equilibrium Equations of the Partially Submerged
Slice. For the partially submerged slice, all forces, including
the resultant of the porewater pressures in terms of (16)
and (17), are also resolved into the same directions with the
underwater slice as follows (Figure 6(a)):
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(Wy; + W) cosa; = Np; = N;

(23)
+E;_ysin(a_; — ;) =0,

(Wy; + Wy,)sing; + Tp; + E;_; cos (o, — &;) — E;
(24)
s, =0.

The other approach directly uses the buoyancy and the
seepage force. All forces are resolved into both directions
(Figure 6(b)), and we obtain

W, cosa; = Pysin (o - ;) - N;
(25)
+E;_;sin(o, —o;) =0,
W;sing; + P cos (o; — B;) + E;_; cos (a;_; — ;) — E;
(26)
- Sl = 0,

where W,; is the total weight of the section ABCD below
the surface phreatic, W), is the buoyant weight of the section
ABCD, W3; is the weight of the section ABEO above the
surface phreatic, and W, is the sum of W,; and W5;.

If we substitute (16) into (23), (25) can be obtained, and
substituting (17) into (24), (26) can be obtained. Therefore,
there are also two equivalent approaches for considering
the effect of water on the partially submerged zone. One is
based on the porewater pressures and total weight, and the
other uses the seepage force and buoyant weight, without
considering any porewater pressures.

4.3. The Safety Factor of the Partially Submerged Landslide. It
can be seen that both of (20) and (25) have the same forms,
but (25) differs from (20) in two ways. One is that the weight
term in (20) is the buoyant weight of the slice, while it is the

sum of the weight of the section above the phreatic surface
and buoyant weight of the section below the surface phreatic.
The other is that there is the seepage force term in (25), not in
(20). It is the same for (21) and (26). Thus, (25) and (26) are
used not only for the partially submerged zone, but also for
the underwater zone by regarding the seepage force as zero.

By adding the effect of the porewater pressure to the
formula proposed by Yamin and Liang [24], we obtain a
modified expression for calculating the safety factor of the
partially submerged landslide stability using the seepage force
and the buoyant weight terms, which is written as

"HRIT w.) +R
Fs = Zznz_ll( 11_[5:111//]) + Ky (27)
Yict (TiHj:i Wj) +T,

with
R; = [W, cosa; — P;sin (o; — B;)] tan ¢; + 61;,
T; = W;sina; + P, cos (o — ;)
W, = Vy' + Vi,
P; =y, Vy;sin B;, (28)
n—1
[Twi=vi vier Vi ¥
j=i

tan @,
¥, = cos(a;_; — ;) —sincos (o;_; — «;) a;:p, ,

where W, is the weight of any slice i, P, is the seepage force,
which is zero for an underwater slice, V; is the volume of
slice i below the surface phreatic, y' is buoyant unit weight of
slice i, V,,; is the volume of slice i above the surface phreatic,
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FIGURE 8: A panorama of the Xiatudiling landslide.

which is zero for an underwater slice,  is the unit weight of
slice i above the surface phreatic, and # is the slice number of
a landslide.

5. Case Study

5.1. Characteristics of Xiatudiling Landslide. Xiatudilingland-
slide is located in Zigui County, Hubei Province, China
(Figure 7). The elevations of the top and toe of the landslide
are 205 m and 155 m, respectively. The water level of the Three
Gorges Reservoir fluctuates between 145 m and 175 m; thus
this landslide is a partially submerged slope. The landslide is
about 170 m long and 14 m thick, with a volume of 25 x 10* m”.
The width of the landslide is between 70 m and 150 m in the
middle part and back part, with the biggest width of 210 m in
the front part (Figures 8 and 9).

The Xiatudiling landslide is composed of loose rubble soil
with a clay content 0of15% ~40%, the rubbles, which consist of
sandstone and mudstone. Slip surface is mainly formed in the
strongly weathered mudstone. Slip surface has a dip direction
of 342° and a dip angle of 8°. The exposed bedrock of the
landslide is mainly red Jurassic Penglaizhen Formation (J5p),
and the lithologies are mainly composed of purple mudstone,
purple pelitic siltstone, and gray feldspar-quartz sandstone
[36].

The Xiatudiling landslide is divided into 64 vertical slices
(Figure 10). The cohesion of slip surface is 10kN, and the
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FIGURE 10: Division of the Xiatudiling landslide into slices.

friction angle is11.8°. The dry unit weight of landslide material
is 21.5kN/m’, and the saturated unit weight is 23.5 kN/m”.
The permeability coefficient of slide mass is 1.141 m/d, and the
saturated water content of rubble soil is 26.20%.

5.2. Results and Discussion. The safety factors of the Xi-
atudiling landslide are calculated by four models, Janbu,



TaBLE 1: The safety factors calculated by four models.

Model Janbu Morgenstern-Price Spencer This study
Factor of safety 1.110 1.097 1.100 1130

Morgenstern-Price, Spencer, and the method proposed by
us. When the level of reservoir water is 175m, the safety
factor calculated by the method proposed in this study, Janbu,
Morgenstern-Price, and Spencer is 1.130, 1.110, 1.097, and
1.100, respectively (Table 1). The safety factor proposed in
this study is slightly larger than that by other models. The
maximum difference is 0.033 and the rate of deviation is
2.92%.

The difference is caused by the different assumption of
interslice resultant force. Our method assumes the vector
of interslice resultant force is parallel to slice base, while
Janbu assumes the position of interslice horizontal force,
Morgenstern-Price assumes a function relationship between
interslice horizontal force and shear force, and Spencer
assumes the dip of interslice resultant force is a constant.

6. Conclusions

The influences of water on the stability of the partially
submerged landslide are usually expressed in the form of
porewater pressure and seepage force in limit equilibrium
analysis. This study builds the relationship between the
porewater pressures and the seepage force by decomposition
and composition of all boundary porewater pressures into
two directions that are parallel and perpendicular to the slice
base.

A vpartially submerged landslide is divided into many
vertical slices that include underwater slices and partially
submerged slices. A hydrostatic force approach is applied
to calculate the boundary porewater pressure acting on an
underwater slice, and a flow net approach is used to obtain the
porewater pressures acting on a partially submerged slice. The
resultant of the porewater pressures acting on the underwater
slice equals the buoyancy, and that acting on the partially
submerged slice is equivalent to the vector sum of the seepage
force and the buoyancy.

There are two approaches for considering the effect of
water on landslide stability in the limit equilibrium method of
slices. One is based on total unit weight and porewater pres-
sures acting, and the other is in terms of the buoyant weight
and the seepage force. Both approaches are equivalent. The
approach including the total unit weight and porewater pres-
sures is complex. The porewater pressures of the underwater
slice consist of four terms corresponding to the four sides, and
those of the partially submerged slice are comprised of three
terms corresponding to the three sides below the phreatic
surface, while the other approach including the seepage force
and buoyancy is simpler. Therefore, we choose the latter
to consider the effect of water on the partially submerged
landslide stability in limit equilibrium analysis, which offers
a simple solution to complex boundary porewater pressures
of slices in determining the factor of safety.

Geofluids

The proposed simplified method is used to calculate the
safety factors of Xiatudiling landslide and is compared with
that by Janbu, Morgenstern-Price, and Spencer model. The
safety factor of this study is slightly larger than that by other
models. The maximum difference is 0.033 and the rate of
deviation is 2.92%.
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Leakage of stored CO, from a designated deep reservoir could contaminate overlying shallow potable aquifers by dissolution of
arsenic-bearing minerals. To elucidate CO, leakage-induced arsenic contamination, 2D multispecies reactive transport models
were developed and CO, leakage processes were simulated in the shallow groundwater aquifer. Throughout a series of numerical
simulations, it was revealed that the movement of leaked CO, was primarily governed by local flow fields within the shallow potable
aquifer. The induced low-pH plume caused dissolution of aquifer minerals and sequentially increased permeabilities of the aquifer;
in particular, the most drastic increase in permeability appeared at the rear margin of CO, plume where two different types of
groundwater mixed. The distribution of total arsenic () As) plume was similar to the one for the arsenopyrite dissolution. The
breakthrough curve of )’ As monitored at the municipal well was utilized to quantify the human health risk. In addition, sensitivity
studies were conducted with different sorption rates of arsenic species, CO, leakage rates, and horizontal permeability in the aquifer.
In conclusion, the human health risk was influenced by the shape of )’ As plume, which was, in turn, affected by the characteristics

of CO, plume behavior such as horizontal permeability and CO, leakage rate.

1. Introduction

Carbon capture and storage are considered to be one of
the mitigating strategies for reducing CO, emissions to the
atmosphere [1-3]. Among various carbon capture and storage
technologies, CO, can be injected into geologically stable
formations, which typically have large storage capacities and
are capped by low-permeability sealing formations. However,
during CO, injection activity, injection-induced pressure
builds up within the storage formation [4-6]. If any unwanted
pathways exist within the sealing formation, CO, is able to
migrate to the shallow aquifer through these pathways while
experiencing phase change from supercritical to gaseous
CO, [7-10]. Especially in this study, the leakage of gaseous
CO, into a shallow confined aquifer was considered. Leaked
gaseous CO, dissolves in the potable groundwater and
develops a low-pH plume [11, 12], which induces secondary
contamination within the aquifer by enhancing the mobility
of toxic heavy metals [13-16].

Released toxic heavy metals are able to migrate with the
ambient groundwater induced by natural hydraulic gradient
or influenced by enforced gradient due to any active munici-
pal wells nearby. If the contaminated groundwater produced
from the municipal well is directly distributed without
proper treatment (disinfection or chlorination processes)
to residents who use it daily for the purpose of drinking,
bathing, cleaning, or other household uses, these residents
can be exposed to adverse carcinogenic health risks. The
World Health Organization’s (WHO) International Agency
for Research on Cancer classified various dissolved heavy
metals (e.g., arsenic and lead) and other radioactive metals
(e.g., uranium and cesium) as toxic substances hazardous
to human health [17]. Among these carcinogenic heavy
metals, this study focused on arsenic [18]. According to the
US Agency for Toxic Substances and Disease Registry, who
ranked hazardous substances based on their occurrence, tox-
icity, and potential for human exposure, arsenic was ranked
the first in their Substance Priority List in 2013 and 2015 [19].
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Moreover, arsenic contamination and its detrimental impacts
have been reported by various countries such as China [20],
Bangladesh [21], Vietnam [22], and India [23] in recent years.

Mobilization of arsenic in a shallow groundwater aquifer
due to CO, leakage has been investigated at one of the natural
analog sites, Chimayo, New Mexico, where CO,-saturated
brackish water was leaked into the shallow aquifer along
the fault [7, 13, 24, 25]. At this site, decreased pH and the
resulting mobilization of trace metals, including arsenic, were
observed. Even if their adverse effects had been alleviated
due to the high buffering capacity of the local groundwater
aquifer, Keating et al. [7] reported significantly elevated trace
metal concentrations at a number of local wells due to the
influx of brackish waters. Later, both Keating et al. [13] and
Viswanathan et al. [24] integrated the field dataset into a mul-
tiphase reactive transport model to understand the behavior
of arsenic, since some wells in Chimay¢ exceeded the maxi-
mum contamination level (MCL). In addition to studies tar-
geting natural CO, release sites, several experiments have
been conducted at field-scale CO, injection sites to determine
secondary contamination caused by the injected CO, [11, 26—
28]. Decreased pH, increased HCO;™ concentrations, and
subsequent changes in groundwater chemistry such as in-
creased Fe?™, Mn?", Mg2+, and Ca®" concentrations were ob-
served at both Frio-I brine pilot injection [11, 27] and ZERT
field tests [12, 28].

In addition to field-oriented research, several studies have
focused on the implementation of numerical simulations to
evaluate geochemical behaviors associated with arsenic con-
tamination. For example, Zhang et al. [29] and Xiao et al. [30]
utilized the reactive transport simulation and investigated the
complex chemical change induced by CO, leaked into a shal-
low aquifer. In contrast to these studies which presented
detailed geochemical interactions, Siirila et al. [31] simplified
the geochemical processes by solving the advection-disper-
sion equation with a linear sorption. Without full assessment
of geochemical reactions, they were able to account for the
movement of toxic elements in complex 3D heterogeneous
systems as well as for groundwater contamination-induced
carcinogenic health risks with a probabilistic approach. Later,
Navarre-Sitchler et al. [32] utilized PELOTRAN and simu-
lated the mobilization oflead in a complex heterogeneous sys-
tem by assuming that released gaseous CO, instantaneously
dissolved in the groundwater aquifer. The proposed work
in this study was built upon the framework of the previous
studies mentioned above. Certain approaches accounted for
the detailed geochemical behavior of toxic heavy metals (e.g.,
complexation, sorption, mineral dissolution, and precipita-
tion) in the groundwater aquifer, whereas other approaches
relied on either simplified chemical reactions (e.g., advection-
dispersion equation) or multiphase fluid migration (e.g.,
gaseous CO, leakage into the groundwater aquifer) while
accounting for carcinogenic health risks or complex 3D het-
erogeneous systems. Therefore, the goal of this study was to
integrate these two approaches and delineate the multiphase
behavior of leaked gaseous CO, to a shallow potable aquifer.
Moreover, leaked CO,-induced geochemical changes, such as
evolution of water quality and mobility of toxic trace metals
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(e.g., arsenic), were characterized by adapting the multispe-
cies reactive transport model. Finally, the simulated concen-
tration of arsenic species observed from the assigned munic-
ipal well was used to quantify the carcinogenic health risk for
chronically exposed humans.

2. Behavior of Arsenic in
Subsurface Environment

Arsenic in natural water typically originates from arsenic-
bearing minerals that frequently possess sulfur, oxygen,
and iron [33]. Generally, these naturally occurring arsenic-
bearing minerals include arsenopyrite (FeAsS), realgar (AsS),
enargite (CuAsS,), scorodite (FeAsO,-2H,0), and tennantite
(Cug[Cuy(Fe,Zn),]As,S;5) [29, 34, 35]. When these minerals
dissolve, various forms of arsenic species such as H;AsO,°,
H,AsO,”, HAsO,*", AsO,’", H;As0,°, and H,AsO; ™ can be
released into groundwater. As seen in Figure 1, arsenic species
can be present in several valence states (-3, 0, +3, and +5),
but in natural groundwater, it is mostly found in oxyanions
of trivalent arsenite (As(III)) or pentavalent arsenate (As(V)),
depending on reducing or oxidizing conditions, respectively.
Typically, the mobility and toxicity of As(III) are considered
to be much higher than those of As(V) [36-38]. Under
the reducing condition, uncharged As(III) species, such as
H;AsO,°, is dominant below pH 9.2 (Figure 1). However,
under the oxidizing condition, H,AsO,” is dominant at pH
< 6.9, while HAsO,*” is dominant at higher pH (pH > 6.9).
Moreover, H;AsO,” and AsO,”” could exist under extreme-
ly acidic and alkaline conditions, respectively. In this study,
when injected CO, leaked into the shallow potable ground-
water aquifer, the dissolution of leaked CO, induced the
acidification of the ambient groundwater to 4 < pH < 6 [11],
where H;AsO,° and H,AsO,” were dominant under reduc-
ing and oxidizing conditions, respectively [33, 39]. Here, the
shallow aquifer was considered to be under the reducing con-
dition, and thus, H;AsO,° was chosen as the most dominant
species.

3. Work Flow: Numerical to
Probabilistic Quantification

The following study comprised two major parts, namely,
numerical prediction of CO, transport from a leakage point
to a municipal well (numerical simulation) and probabilistic
quantification of health risks to humans who have been
chronically exposed to a certain toxic heavy metal (health
risk assessment), in sequence (Figure 2). Processes for both
numerical simulation and probabilistic risk quantification
were designed in three steps: “Data,” “Process,” and “Result.”
During the “Data” step, input parameters were chosen select-
ively, and the sampling scheme was determined either deter-
ministically or randomly. Subsequently, a series of calcu-
lations using either numerical or probabilistic approaches
were conducted in the “Process” step. Finally, in the “Result”
step, simulation outputs, such as CO, plume distribution,
maximum concentrations of selected toxic heavy metals,
and human health risk, were analyzed. The link between



Geofluids

1.5 T T T T T T

Eh (volts)

pH

FIGURE 1: Eh-pH diagram for arsenic species under H-O-As system
at 1 bar and 25°C.

“numerical simulation” and “health risk assessment” was the
profile of arsenic concentration monitored at the municipal
well; throughout complex spatial and temporal movements of
the CO, plume predicted from numerical simulations, a time
series of arsenic concentration was observed at the muni-
cipal well, which was then used to assess carcinogenic human
health risk.

4. Numerical Approach

The multiphase and multicomponent reactive transport sim-
ulator, TOUGHREACT, was used to simulate secondary con-
tamination processes in a shallow confined aquifer induced
by CO, leakage [44] in conjunction with the ECO2N module,
which was used to predict the fluid properties of H,O,
NaCl, and gaseous CO, [45]. For this study, the original
thermodynamic database incorporated in TOUGHREACT
was not adequate for delineating the complex chemical
reactions associated with arsenic species. Therefore, the re-
vised EQ3/6V7.2b database was specifically adopted to
account for chemical reactions of arsenic and related
chemical species [43]. In detail, the modified thermody-
namic database adopted arsenite (H;AsO,°) as a primary
species and incorporated associated aqueous complexes (e.g.,
H,AsO;”, H,AsO,”, H;AsO,(aq), HAsO,(aq), HAsO,*,
and HAsS,(aq)), while accounting for their activity coeffi-
cients from the extended Debye-Hiickel equation [46]. More-
over, solubility products of arsenic-bearing minerals such
as arsenopyrite were included in this thermodynamic data-
base.

Precipitation and dissolution of minerals were simulated
kinetically by following the rate law, which was coupled with
the equation representing the kinetic rate constant (see (1)).

In this equation, the kinetic rate constant is dependent not
only on temperature but also on the pH as shown below [47]:
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where E, (J/mol) is the activation energy and k5 (mol/m?/s)
is the rate constant at 25°C with superscripts nu, H, and
OH representing neutral, acid, and base mechanisms, respec-
tively. R (J/mol/K) is the gas constant, T (K) is temperature,
a is the activity of dissolved species under acid or base
conditions, and n is the power term. A, is the specific reactive
surface area (cm?/g), and Q,, is the kinetic mineral saturation
ratio of the nth mineral. Finally, both 6 and # are assumed to
be unity.

5. Conceptual Model

5.1. Model Description. The model designed for this study
delineates the CO, leakage process throughout undetected
and unexpected pathways in the sealing formation. In order
to understand such processes, the 2D cross-sectional potable
aquifer model was designed as shown in Figure 3. The potable
aquifer was assumed to be relatively deep (300 m with a
reducing condition), where the municipal or high-capacity
wells produced a large amount of groundwater, which was
then distributed for residential purposes [48, 49]. In addition,
the width and thickness of the potable aquifer were assigned
as 200 m and 40 m, respectively, with the size of grid blocks
of 2m; the total number of grid blocks was 2,000 (100 x
20). Assuming that the aquifer is located at a depth of
300 m, the initial formation pressure and temperature were
assigned as 3 MPa and 25°C, respectively. Top and bottom
boundaries of the model were assigned as no-flow conditions
assuming that the upper and lower confining formations
act as nearly impermeable sealing units. Lateral boundaries
(purple-colored grid blocks) were assigned as the Dirichlet
condition, where the left and right pressure were 3.2 MPa
and 2.8 MPa, respectively. The difference of pressure in lateral
boundaries in addition to aquifer properties (k;, = 107> m?)
results in 1.94 cm/day of the ambient groundwater flow in
the aquifer. The leakage point for gaseous CO, was located
at a 50 m distance from the left boundary where CO, was
leaked at a rate of 0.05kg/s (Figure 3). The CO, leakage was
maintained for 1 year. Furthermore, the municipal well with a
continuous pumping rate of 0.5 kg/s was located 100 m away
from the CO, leakage point and penetrated a depth of 30 m
from the upper confining seal. Finally, the simulation was
conducted for 100 years.
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FIGURE 2: Flow chart explaining the sequence of both numerical simulation and probabilistic health risk assessment. Numerical simulation
composed of multiphase and multispecies reactive transport modeling required both physical and chemical parameters within the shallow
aquifer. Subsequently, the output of numerical simulation was utilized for calculating probabilistic health risk for carcinogenic effect.
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=== 1} M 50 M=
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i
s S S L
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FIGURE 3: Conceptual model representing the shallow potable aquifer with a length and thickness of 200 m and 40 m, respectively. Blue arrows
represent ambient groundwater flow with the rate of 2 cm/day. The grid blocks with the purple color stand for constant pressure boundaries;
left and right boundary are 3.2 MPa and 2.8 MPa, respectively. Both upper and lower boundaries are assumed to be the no-flow boundary.
CO, leakage point (red) is located at 50 m away from the left boundary. In addition, the municipal well (green) located at 50 m away from the
right boundary penetrates 30 m deep from the upper seal while the pumping activity was only conducted through the screened section.

5.2. Physical and Chemical Parameters. The aquifer was
assumed to be homogeneous with its horizontal permeability
(k,) and porosity (¢) to be 107> m* and 0.2, respectively
(Table 1); the anisotropy ratio (k,/k;,) was assumed to be 0.1.
In addition, delineation of gaseous CO, transport through
the groundwater-saturated aquifer required constitutive rela-
tions such as relative permeability and capillary pressure. In
this study, Van Genuchten’s functions were adapted, and the
relevant parameters are shown in Table 1 [40].

The mineralogical composition of the designated aquifer
materials was assumed to be sandstone, which is the typical
hosting formation for geological CO, sequestration [50,
51] and natural analog CO, leakage sites [52, 53]. As an
example, Kampman et al. [54] analyzed the mineralogical
assemblage of Navajo Sandstone, which was considered to
be the primary sourcing aquifer for CO,-charged brine [55].
Chemical analyses of Navajo Sandstone fluids collected either
from adjacent geysers or from springs revealed elevated

concentrations of both arsenic and other toxic heavy metals
[54, 56-58]. Due to this reason, mineralogical composition
in this study was adopted from the composition of Navajo
Sandstone while assuming that arsenopyrite is the primary
source of arsenic species in the ambient groundwater. A
total of 7 primary minerals, that is, quartz, kaolinite, illite,
K-feldspar, arsenopyrite, calcite, and magnesite, were cho-
sen, and another 5 secondary minerals (chlorite, dolomite,
goethite, oligoclase, and smectite-Ca) were expected to be
precipitated (Table 2).

Mineral volume fraction of each primary mineral was
chosen from a similar quantity of Navajo Sandstone with
the addition of 1% arsenopyrite; quartz was predominant
(81%), and kaolinite accounted for the second-largest amount
(16%). Due to the small proportion of carbonate minerals,
fluid chemistry possessed less buffering capacity against CO,
dissolution. With the chosen mineral composition, the batch
reaction was conducted to determine a list of primary species
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TABLE 1: Input parameters for shallow groundwater aquifer mate-
rials. Relative permeability and capillary pressure follow equations
developed by van Genuchten [40].

TABLE 3: The 16 primary species and 39 secondary species are select-
ed after the batch-reaction simulation.

Primary species (16)

Aquifer characteristic

Permeability
Horizontal 107"
Vertical 10"
Porosity 0.2
Density (kg/m”) 2600
Tortuosity 0.3
Compressibility 10°*
Diffusivity (m*/s) 107°
Relative permeability
k, = Vs{1 - (1 -[5]Vmym? 5. S-S
ky = (1-91-5) 1=8, =S,
S+ irreducible water saturation 0.20
S+ irreducible gas saturation 0.05
m: exponent 0.457
Capillary pressure
Pap = ~B([S°T 7 = 1) 5=y
S,: irreducible water saturation 0.20
m: exponent 0.457
P,: strength coeflicient 19.59 kPa

TABLE 2: Mineral volume fractions for shallow groundwater aquifer
materials. A total of 7 primary and 5 secondary minerals were select-
ed.

Primary mineral Vol. fraction

Quartz Si0, 8.10x 107"
Kaolinite AL, Si,0,(OH), 158 x 107"
Tlite K, sMg,,5Al, 4(Al)5Sis s0,)(OH),  1.28 x 10~
K-feldspar KAISi; O, 9.43x 107
Arsenopyrite FeAsS 9.00 x 107
Calcite CaCo, 3.38x 107"
Magnesite MgCO, 2.12x 107
Secondary mineral Vol. fraction
Chlorite Mg, ;Fe, ;AL Si;0,,(OH), 0.00
Dolomite (CaMg(COs;),) 0.00
Goethite FeO(OH) 0.00
Oligoclase CaNa,AlSi;, Oy 0.00

Smectite-Ca  Cay45sMg;,6Al, 7,5159,0,,(OH) 0.00

and their initial concentrations. As a result, AlO,”, Ca*",
Cl, Fe**, H*, H,0, H,As0,(aq), HCO,~, HSO,*", HS™,
K*, Mg®*, Na*, 0,(aq), SiO,(aq), and SO,*” were selected
as primary species, and associated aqueous complexes were
chosen as secondary species (Table 3).

As described by Keating et al. [7] and Zheng et al
[43], the concentration of arsenic species in the aquifer
media was significantly controlled by both adsorption and
desorption processes. Due to this reason, many researchers

AlO,~ H* HSO,* Na*
Ca®* H,0 HS™ 0,(aq)
cr H,As0,(aq) K" SiO,(aq)
Fe*' HCO,~ Mg** S0,*
Secondary species (39)
AL(OH)," CO,(aq) H,S(aq) MgHCO,"
Al(OH),(aq) CO,* H,AsO,(aq) MgSO,(aq)
APP* Fe* H,Si0,” NaCl(aq)
AlOH? FeCl* HAIO,(aq) NaCO,~
CaCl,(aq) FeCl,> HAsO,(aq) NaHCO,(aq)
CaCO;(aq) FeCO,* HAsO,> NaOH(aq)
CaHCO;" FeHCO," HASS, (aq) NaSO,~
CaOH* H,(aq) HS™ OH"
CaSO,(aq) H,AsO;~ HSO;~ SO,(aq)
CH,(aq) H,AsO,” MgClI*

experimentally measured sorption values (K;) for arsenic
species under various conditions (e.g., different minerals and
pH) and revealed that K; of As(III) and As(V) varied from
1.47 L/kg to 275L/kg within geologic media including sub-
surface soil and aquifers [39, 59, 60]. In this study, a shallow
sandstone aquifer was targeted, composed of over 90% quartz
and kaolinite (Table 2). Previous experimental measurements
revealed that K; for quartz and kaolinite was measured at
2 and 19 L/kg, respectively [39]. Therefore, the K; value was
assigned as 10 L/kg.

The multiple parameters required to address the kinetic
rates for mineral reactions following (1) are listed in Table 4.
In addition, the calculation of reactive surface area for min-
erals was followed by both Xu et al. [27] and Sonnenthal et al.
[61], who assumed that a mineral is a cubic array of truncated
spheres, in which the radius of the sphere is assumed to be
0.001m. In this study, the surface roughness-based area pre-
dicted from the spherical radius was reduced by two orders
to reasonably represent the reactive surface area. Typically,
chemical reactions only occur at selected sites on the mineral
surface, and furthermore, only a small fraction of mineral
surface is involved in this reaction due to grain coating and
armoring. Therefore, the reactive surface areas of most silicate
and carbonate minerals were chosen to be approximately
10 cmz/g, similar to those chosen by Knauss et al. [62] and
Zerai et al. [63]. Finally, reactive surface areas of clay minerals
such as kaolinite, illite, chlorite, and smectite were selected for
larger values because of their smaller grain sizes [43].

Porosity was associated with changes in volume due to
mineral dissolution or precipitation [64]. The porosity in this
study was simulated by the following equation:

qb:l_i(frm_fru)’ (2)

where n,, is the number of minerals and f,,, and f,, are the
volume fractions of mth mineral in the rock and nonreactive
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TABLE 4: Kinetic data for selected primary and secondary minerals. Only calcite was treated similar to the equilibrium reaction, and the rest
of the minerals were kinetically treated with consideration of neutral, acid, and base mechanisms.

A Neutral mechanism Acid mechanism Base mechanism
Mineral (sz'l/g) kys E, ks E, " Ky E, n References
(mol/m?s)  (kJ/mol) (mol/m*s)  (kJ/mol) (H")  (mol/m?*s) (kJ/mol) (H")
Quartz 9.8 1.02x107* 87.7 [41]
Kaolinite 1.95%10°  6.91x10™* 222 4.89x107* 65.9 078  891x107*® 179 -0.47 [42]
Tllite 668x10° 166x10°° 350  1.05x10°4 236 034 302x107 859  —040 ¢t
smectites
K-feldspar 9.8 3.89x107"* 380  871x107" 51.7 050  6.31x107"? 94.1 -0.82 [42]
Arsenopyrite 12.9 2.52x107%  62.8 [43]
Calcite Equilibrium reaction
Magnesite 9.8 4.57%x107"° 23.5 417 x 1077 14.4 1.00 [42]
Chlorite 9.8 3.02x107"2 88.0 7.76x107* 88.0 0.50 [42]
Dolomite 12.9 2.52x107"2 52.2 2.34%x1077 435 0.50 [27]
Goethite 9.8 2.52x107" 62.8 [43]
Oligoclase 9.8 1.44x107* 69.8 2.13x107%° 65.0 0.46 [42]
Smectite-Ca  5.64 x 10°  1.66x107" 35.0 1.05x107! 12.6 0.34  3.02x107Y7 58.9 -0.40 [42]

rock, respectively. Finally, permeability change was calculated
using the porosity changes with cubic law [65]:

k:ki(%f, 3)

where k and ¢ are permeability and porosity, respectively,
with subscript i representing the initial value.

Even if the proposed approach was capable of simulating
water-rock interaction, it would still have some limitations.
Firstly, in this study, the sorption effect of arsenic onto the
surface of clay minerals was simulated with a linear K,
approach instead of surface complexation. Although the
linear K; approach had limitations in terms of delineat-
ing chemical heterogeneities on both temporal and spatial
scales, this approach was effective for application to a large-
scale simulation by reducing computation [66-68]. Secondly,
arsenopyrite is a solid solution of pyrite (FeS,), in which the
ratio of arsenic and sulfur varies depending on their mole
fractions. However, in this study, for simplification in pre-
dicting the thermodynamic properties, it was assumed that 1
mole fraction of arsenic replaced the sulfur (FeAsS). Finally,
it was assumed that arsenopyrite oxidatively dissolves in the
presence of common geologic oxidants such as dissolved
0,, NO,~, and Fe**. Under acidic conditions, Fe’* quickly
oxidizes, and sequential dissolution of arsenopyrite releases
arsenic species (H;AsO,” and H;AsO,°) by following (4).
Therefore, the stoichiometric reaction for arsenopyrite disso-
lution, which was used in this numerical simulation, involved
the reduction of Fe** to Fe?* [43].

FeAsS + 1.50 H,0 +0.750, (aq) + H"

= Fe** + HS™ + H,;As0; (aq)

5.3. Probabilistic Health Risk Approach. Carcinogenic effects
on humans who have been chronically exposed to arsenic

species through multiple pathways were probabilistically
quantified based on individual exposure rate and toxic-
ity, which were suggested by the “Guidelines for Carcino-
genic Risk Assessment” of the US Environmental Protection
Agency (EPA) [69], Siirila et al. [31], and the EPA Superfund
Risk Assessment [70]. In general, three different uptake path-
ways, namely, ingestion, dermal sorption, and inhalation,
were considered. Among these, ingestion and dermal sorp-
tion were considered to be major pathways, because humans
are often exposed to risk by drinking dissolved toxic species
in tap water or showering. Uptake through inhalation was not
considered in this study, as it is unlikely that the concentra-
tion of vaporized trace metals was high enough to cause
carcinogenic effects indoors under normal conditions. There-
fore, following Siirila et al. [31], only two exposure pathways
(ingestion and dermal sorption) were considered for quanti-
fying exposure rate and toxicity of arsenic.

Risk = ¢! "APP*CPE) < ADD, x CPF,. (5)

Arsenic toxicity was predicted from the product of cancer
potency factor (CPF) (kg-day/mg) and average daily dose
(ADD) (mg/kg-day). Typically, the CPF is different at the
individual pathway even for the same toxic metal; in this
study, the CPF for ingestion and dermal sorption of arsenic
were assumed to be 1.5 and 1.6 kg-day/mg by following IRIS
[71] and EPA [72], respectively. Subsequently, ADD was used
to assess the individual exposure rate with the following equa-
tion:

—[E] EDXEF) ©6)

ADD =C
BW AT
where [IN/BW] is the individual intake per body weight
(L/kg/day), AT is the average lifetime, which was assumed to
be 25,550 days (70 years), and EF is the standard exposure
frequency during 1 year, which was assumed to be 350 (days/
year) [73]. The most significant term in (6) is C, which is
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the maximum average of arsenic concentration (mg/L) mon-
itored at the municipal well during the exposure duration
(ED) (years). In this study, the ED was assumed to be 30
years following the EPA guideline [74]. Accordingly, C, cal-
culated from concentration profiles (C(¢)) of arsenic species
at the municipal well in the numerical simulation can be
represented as follows:

t+ED +oo

Y Cw
t

Specific to ADD, exposure pathways through both inges-
tion and dermal sorption are defined as follows:

(7)

C = max

—00

—[ IR 71 ED x EF

ADDingestion = [ BW ] AT (8)
— [ SA 71 ED x EF

ADDdermal =C I:m] TKpfskinEDshowerCF’ )

where [SA/BW] is the skin surface area per body weight
(m?/kg), K » is the dermal permeability coefficient for arsenic

in water, designated as 1.0 x 107 m/hour, f, is the fraction
of skin in contact with water (=), ED, e 1S €xposure time
of shower per day (hours/day), and CF is the unit conversion
factor (0.001L/m>). Finally, the total risk is the summation
of individual risks representing each exposure pathway as
shown below:

Total Risk = Risk;

ingestion + RISkdermal

= (ADD.

ingestion

x CPF,

ingestion )

(10)
+ (ADDdermal X CPFdermal) .

In this study, the calculation of the total risk was repeated
100,000 times to account for variability, which stands for
probabilistic quantification in human health risk. Except
for C (the concentration of arsenic species obtained from
the result of numerical simulation), individual parameters
considered in the quantification of total risk were randomly
sampled within each intrinsic distribution (Table 5) [31, 75].
Finally, the calculated total health risks were plotted as a
cumulative density function, which enables the estimation
of the probability exceeding the risk level of concern (10™*)
[76, 77].

6. Model Scenarios

Case 1 (base case) was designed to delineate CO, leakage
processes associated water-rock interactions and secondary
contamination caused by arsenic species (Table 6). Subse-
quently, sensitivity studies were conducted with different K,
CO, leakage rates, and horizontal permeability of the aquifer
(ky,). First, the degree of sorption intensity was evaluated by
varying K; between 25, 50, and 100 L/kg (Cases 2-4). Second,
in Cases 5-7, the effect of CO, leakage rate was evaluated by
varying its rate between 0.020, 0.025, and 0.030 kg/s. Different
CO, leakage rates could induce the development of CO,

plumes with different sizes. For example, as the size of a
CO, plume increases, larger areas expect to experience water-
rock interactions and more dissolution of arsenic species.
Consequently, the municipal well captures dissolved arsenic
species more when the size of the CO, plume is greater,
which eventually increases the carcinogenic health risk on
humans. Finally, in Cases 8-10, k;, varied (k;, = 0.2 x 107",
1.0 x 107*%, and 5.0 x 10™** m*) while maintaining the vertical
permeability (1.0 x 107** m?); increased k;, accelerates the
horizontal velocity of ambient groundwater while reducing
buoyancy forces on the CO, plume.

7. Results and Discussion

71. Base Case

711 Migration of Leaked CO, Plume within the Shallow
Potable Aquifer. Figures 4(a)-4(e) represent the evolution of
the leaked CO, plume at designated times of 120, 240, 360,
480, and 600 days. The mass centers of the CO, plume, shown
as red, black, and yellow circles, were calculated and plotted
every 120 days; black circles represent the present time of
the mass center, and red and yellow circles represent past
and future times, respectively. From the leakage point, CO,
continuously leaked at a rate of 0.05 kg/s only until 365 days.
During this period, three flow systems induced by ambient
groundwater, CO, leakage, and pumping activity interacted
with each other (Figure 4(c)), which developed two mixing
zones for geochemically different types of groundwater at
both the front and the rear margins of the CO, plume. The
ambient groundwater flow (orange arrows) was developed
from the left to the right boundaries at an approximate
rate of 1.94 cm/day. Additionally, the CO, plume gradually
expanded from the leakage point where CO, saturation
remained at 0.3; the rate of CO, flux was approximately
21x107° kg/ (ssm?) (black arrows) adjacent to the leakage
point. At the rear margin of the CO, plume, two chemically
different types of groundwater (ambient groundwater and
CO,-dissolved groundwater) flowed in opposite directions,
inducing the development of a vigorous geochemical mixing
zone. Subsequently, the CO, plume migrated together with
the ambient groundwater until it was captured by the munic-
ipal well (Figure 4(c)).

After CO, leakage had stopped at 365 days, the size of
the CO, plume gradually decreased due to both dissolution
to ambient groundwater and extraction from the municipal
well (Figures 4(d) and 4(e)); CO, solubility predicted by
Duan and Sun [78] was 0.83 mol/kg water in this aquifer
(3 MPa and 25°C). After movable CO, was captured by the
municipal well, residually trapped CO, governed by irre-
ducible CO, saturation (shown in Table 1) remained until
complete dissolution to the ambient groundwater; residually
trapped CO, eventually vanished approximately 5 years after
CO, leakage had stopped.

The calculated mass center was located close to the plume
center while the CO, plume migrated toward the municipal
well. The migration rate of the CO, plume estimated from
the mass center locations was approximately 12.5 cm/day until
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TABLE 5: Parameters for health risk assessment. Each parameter is randomly sampled within the designated value range and distributions to

represent individual characteristics of potential victims.

Parameter Symbol Unit Distribution Values
Exposure duration ED [yr] Constant 30
Exposure frequency EF [d/yr] Constant 350
Averaging time AT [d] Constant 25,550
Ingestion rate per unit body weight IR/BW [L-kg/d] Lognormal (3.3x107%,1.3%x1072)
Skin surface area per unit body weight SA/BW [m*/kg] Lognormal (2.7%107%,2.5x107)
Fraction skin in contact with water fain [-] Uniform (4.0x1075,9.0x 107
Shower exposure duration EDy ower (h/d] Lognormal (1.3x107,9.0x 107%)
Unit conversion factor CF [L/m®] Constant 1.0x 1073
Cancer potency factor CPFingeston [kg-day/mg] Constant 1>
CPF 4ermal 1.6
co, leakage v Centel‘ Ofmass !FPWWYC” _
U
[ I I R N N R [ D R R
0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3

(a) 120 days

0.15 0.2
(c) 360 days

0.25 0.3

(b) 240 days

0.05 0.1 0.15 0.2

(d) 480 days

0.25 0.3

0.05 0.1 0.15

<1080

0.2 0.25 0.3

(e) 600 days

FIGURE 4: Saturation of leaked CO, at different times (120, 240, 360, 480, and 600 days). Red, black, and yellow circles with labels indicate the
locations of mass center for CO, plume. Red circles in (d) and (e) stand for the evolution of the mass center in multiple times; yellow circles

in (e) express the mass center from 600 to 1,080 days.

480 days (Figures 4(a)-4(d)), indicating that the migration
rate of the CO, plume was faster than the ambient groundwa-
ter flow (1.94 cm/day). This is because the pumping activity
developed an additional head gradient, which was greater
than ambient groundwater flow. After 480 days, the mass cen-
ter slightly moved back until 600 days (Figure 4(e)), implying
that all movable CO,, which was weighted CO, mass at the
plume front, was pumped out. After 600 days, continuous
CO, dissolution occurred at the plume rear, and the pumping
activity at the front induced the movement of the mass center
slowly.

71.2. Induced Geochemical Reactions. The dissolution of
gaseous CO, into ambient groundwater increased HCO;~
concentration from 0.2 to 1mol/L while decreasing the pH

from 8.0 to 5.5 within the CO, plume (Figures 5(a) and
5(d)). Concurrently, both carbonate and silicate minerals
were either dissolved or precipitated. In particular, dramatic
changes in minerals were localized at both rear and front mar-
gins of the CO, plume where the vigorous advective mixing
of chemically different types of groundwater occurred.
Dissolutions in calcite (CaCO;) and magnesite (MgCO;)
were distinct (Figures 5(b) and 5(c)). Such dissolution
released HCO;™ into the ambient groundwater and subse-
quently induced positive feedback to lower pH. Calculation
of the saturation index (SI) using the initial concentration of
ambient groundwater indicated that calcite (SI e = —3.1)
was more saturated than magnesite (SI = -12.4);

the initial concentrations of Ca®** and Mg** were 3.3 x
10~ mol/L and 4.2 x 1072 mol/L, respectively, in the ambient

magnesite
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TaBLE 6: Different parameters for sensitivity studies. Three groups
except Case 1 (base case) are designed for sorption rate (K,;) (Cases
2-4), gaseous CO, leakage rate (Q;) (Cases 5-7), and horizontal
permeability (k;,) (Cases 8-10), respectively.

Case name Sorptionrate  CO, leakage rate pIe_Ir?IrlleZaobrﬁ[iatly
(Ky) Q) k)
(beszlcase) 10 0.050 kg/s 1.0x 107 m?
Case 2 25 0.050 kg/s 1.0x 107" m?
Case 3 50 0.050 kg/s 1.0x107"% m?
Case 4 100 0.050 kg/s 1.0x107"° m?
Case 5 50 0.020 kg/s 1.0x107"° m?
Case 6 50 0.025kg/s 1.0x 107 m?
Case 7 50 0.030kg/s 1.0x 107 m?
Case 8 50 0.050 kg/s 0.2x107° m?
Case 9 50 0.050 kg/s 1.0x 107" m?
Case 10 50 0.050 kg/s 5.0x107" m?

groundwater. Due to this reason, when CO, was leaked,
dissolution of magnesite (—6 mol/m?) was greater than that of
calcite (—4 mol/m?) within the CO, plume. However, even if
overall magnesite dissolution was greater than that of calcite,
the greatest change in mineral dissolution appeared in calcite
(-8 mol/m?), focusing at the rear margin of the CO, plume
(Figure 5(b)). This implies that the localized dissolution of
calcite was primarily induced by the mixing of two chemically
different types of groundwater, such as the ambient and CO,-
dissolved groundwater. Initially, the Ca** concentration in
the ambient groundwater was 3.3 x 10~ mol/L (Figure 5(e)).
Inside the CO, plume, calcite was dissolved and increased
Ca®" concentration 10-fold to 2.5 x 10~ mol/L. At the rear
margin of the CO, plume, Ca** concentration was increased
even more (to 3.1 x 1072 mol/L). Overall, the distribution of
Ca" was similar to that of calcite (Figures 5(b) and 5(e)), and
distributions of both Mg®" and HCO,~ were similar to that
of magnesite (Figures 5(c), 5(d), and 5(f)).

Patterns of dissolution and precipitation in silicate miner-
als were more complex than those of carbonate minerals (Fig-
ures 6(a)-6(c)). CO, leakage primarily induced the dissolu-
tion of K-feldspar (KAISi;Og) (Figure 6(a)); the greatest dis-
solution (3.5 x 107> mol/m’) occurred at the rear of the CO,
plume, and the degree of dissolution gradually decreased as
the plume approached the municipal well. Dissolution of K-
feldspar increased concentrations of K, SiO, (aq), and AlO,~
in the groundwater (Figures 6(d)-6(f)). Nevertheless, distri-
butions of such species did not imitate the dissolution pattern
of K-feldspar. Rather, SiO,(aq) and K" showed the highest
concentrations at the rear and front margins of the CO,
plume with values of 1.8 x 107* mol/L and 3.5 x 10™* mol/L,
respectively (Figures 6(d) and 6(e)), but the decrease in
AlO,” concentration occurred uniformly throughout the
CO, plume (Figure 6(f)). The discrepancy in patterns be-
tween K-feldspar and other dissolved species was presumably
caused by a combination of both dissolution and precipitation

among various silicate minerals such as illite, kaolinite, and
chlorite as described below.

For the distribution of illite
(Ko sMgg »5Al, g(Aly 5515 50,0)(OH),), a small amount (3.3 x
107 mol/m®) was precipitated throughout the CO, plume
(Figure 6(b)). However, at the rear margin and immediately
adjacent to the municipal well, a relatively large degree
of illite dissolution was predicted (-9.1 x 10> and -7.4 x
107> mol/m’, resp.). In contrast to illite, a small amount
(-2.9 x 107> mol/m®) of kaolinite was dissolved within the
plume, and reversely, a small amount of precipitation was pre-
dicted at the rear and front margins (1.9 x 107> and 4.8 x
1072 mol/m°, resp.) (Figure 6(c)). Presumably, the dissolution
and precipitation of illite and kaolinite would influence the
distribution of SiO,(aq) and K" in addition to K-feldspar
dissolution (Figures 6(d) and 6(e)). Finally, the behavior
of individual silicate mineral influenced the distribution of
AlO,", the concentration of which within the plume was
lower than that outside (Figure 6(f)). Overall, CO, leakage
induced dissolution or precipitation of both carbonate and
silicate minerals and ultimately changed both the porosity
and the permeability of the shallow aquifer. The dissolu-
tion of carbonate minerals primarily caused an increase in
permeability; permeability increased to 0.43% (K (%) =
(Kchanged — Kinitial)/Kiniial % 100) within the CO, plume, and
the most drastic increase (0.77%) occurred at the rear margin
of the CO, plume (Figure 7).

Dissolution of arsenopyrite, which was the primary reac-
tion for predicting carcinogenic health risk, occurred only
within the CO, plume with a dissolved amount of 4.84 x
10~ mol/m?® (Figure 8(a)). Similar to that of carbonate min-
erals, the greatest amount of arsenopyrite dissolution (8.57 x
10 mol/m®) occurred at the rear margin of the plume
due to the vigorous mixing of two chemically different
types of groundwater. Following (4), oxidative dissolution of
arsenopyrite consumed 0.75 moles of O,(aq) and 1 mole
of H" while increasing the concentrations of total arsenic
(Y As), Fe**, and HS™ (Figures 8(b)-8(e)). In this study, Y As
represents the summation of primary species such as arsenite
(H;As0,°(aq)), which is the by-product of arsenopyrite
dissolution, as well as other arsenic species such as H,AsO; ",
H,AsO,(aq), H,AsO,”, H,AsO,*", HAsO,>", HAsO,(aq),
and HAsS,(aq). Distribution of ) As concentration mimics
that of arsenopyrite (Figures 8(a) and 8(b)); generally, > As
concentration within the CO, plume was greater than that
outside, while the rear margin revealed the highest concentra-
tion. However, the other associated species such as Fe**, HS™,
and O,(aq) revealed relatively uniform distribution (Figures
8(c)-8(e)). The difference between arsenopyrite-produced
species such as )’ As and other associated species (e.g., Fe?",
HS™, and O,(aq)) presumably occurred due to the sorption
effect, which was accounted with the linear K, approach.
K, was designated for arsenic species only, and thus, as
shown in Figure 8(b), enrichment of ) As concentration
occurred at the rear of the CO, plume. In summary, the
greatest concentration of Y As was 4.9 x 10”7 mol/L at the rear
margin of the plume and the average concentration of ) As
within the plume was 2.9 mol/L (Figure 8(b)). The average
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FIGURE 5: Distribution of pH, carbonate minerals (calcite and magnesite), and associated dissolved species (HCO, ", Ca®", and Mg*") after

365 days.
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FIGURE 6: Distribution of silicate minerals (K-feldspar, illite, chlorite, and kaolinite) and associated dissolved species (SiO,(aq), K", and AlO,)

after 365 days.

concentrations of other species such as Fe** and HS™ were
3.9 x 107 mol/L and 3.6 x 10~ mol/L, respectively (Figures
8(c) and 8(d)).

713. Health Risk Assessment of Carcinogenic Effect. To
account for carcinogenic health risk, selected species such as
pH, Y As, and arsenite (H3As03°(aq)) concentrations were
monitored at the municipal well for 100 years (Figure 9(a)).
Dramatic changes in gaseous CO, saturation (S g), pH, and
mass fraction of CO, dissolved in groundwater (Xco,)
predicted during 10 years were magnified at the small window
(Figure 9(a)). Depending on the profiles of both pH and
dissolved arsenic species, two stages (Stages I and II) were
characterized. During Stage I (0-6.3 years), the leaked CO,
plume, which existed as either gaseous CO, (S, black dotted
line) or dissolved CO, (X¢q,, purple dotted line), arrived at

the municipal well approximately after 360 days. Once the
CO, plume arrived at the well, immediate reduction of pH
from 8.8 to 5.2 was observed, while Y As and H;As0,°(aq)
concentrations sharply increased to 2.93 x 1077 and 1.32 x
1077 mol/L, respectively, exceeding the maximum contami-
nant level (MCL = 1.33 x 1077 mol/L, red dotted line) [79].
After 2.1 years, S decreased to 0 at the municipal well, imply-
ing that all movable gaseous CO, was pumped out. Even after
all gaseous CO, had been diminished due to the pumping
activity, residually trapped CO, remained within the pores
while dissolving into the groundwater. Due to the dissolution
of residually trapped CO,, the mass fraction of dissolved
CO, (X¢p,) was invariant at 0.035 until 5 years; in this
shallow aquifer, flow caused by both ambient fresh ground-
water and pumping activity accelerated CO, dissolution.
Therefore, complete dissolution of residually trapped CO,
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FIGURE 7: Distribution of altered permeability (%) after 365 days. The changes in permeability were predicted from the following equation

(kl (%) = (kchanged -
altered permeability at designated time, respectively.
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FIGURE 8: Distribution of arsenopyrite dissolution and associated dissolved species (Y As, Fe**, HS™, and O,(aq)) after 365 days.

appeared at 6.3 years when X, became 0 and pH returned
to 8.2. In addition, concentrations of Y As and H;AsO,’(aq)
reached 3.77 x 1077 and 170 x 107" mol/L, respectively.
Immediately beginning with Stage II (6.3-100 years), ele-
vated pH (8.2) of groundwater inhibited the dissolution of
arsenopyrite, the reaction of which requires the consumption
of H" (see (4)). Due to decreased arsenopyrite dissolution,
concentrations of both Y As and H; AsO," (aq) were stabilized
and gradually decreased due to sorption on aquifer media.
The pH continuously decreased until 90 years. However,
concentrations of Y As and H,AsO,°(aq) reached the back-
ground level (6.60 x 1078 and 3.01 x 10~® mol/L, resp.) at 62
years.

Based on the simulated profiles of both Y As and
H,As0,°(aq), C, which is the maximum average concentra-
tion calculated from (7), was predicted, and the carcinogenic
health risk was quantified following the method described
in Section 5.3. Figure 9(b) shows histograms representing
calculated frequencies of carcinogenic risk for both Y As (blue
bar) and H3AsO30(aq) (green bar). The carcinogenic risk pre-
dicted from H;As0,°(aq) profile, which revealed relatively
low concentrations, showed a mean, median, and standard

deviation of 4.00 x 107*, 4.30 x 107, and 1.69 x 107, re-
spectively. For risk predicted from ) As concentration profile,
the mean, median, and standard deviation were 8.94 x
107%, 9.60 x 107%, and 3.77 x 107*, respectively. Cumulative
density functions (blue and green lines) were also plotted
together with the risk level of concern (10™*) [77, 80]. From
the cumulative density functions, the risk, which exceeds the
risk level of concern, can be considered to have carcinogenic
potential after chronic exposure to arsenic-contaminated
groundwater. As shown, the risk level predicted from both
Y As and H;As0,"(aq) exceeded the risk level (red dotted
line) of concern.

7.2. Sensitivity Studies

7.2.1. Effect of Sorption Intensity (K;) (Cases 2-4). In this
sensitivity study, the intensity of the sorption effect (K of 25,
50, and 100 L/kg) on ) As was evaluated while gaseous CO,
was leaked into the shallow aquifer (Table 6). As shown in
Figure 4, once gaseous CO, was leaked from unidentifiable
pathways, it migrated with the ambient groundwater. Here,
characteristics of gaseous CO, plume such as its size, shape,
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migrating velocity, and gas saturation (S,) were influenced
by multiphase parameters such as capiﬁary pressure and
relative permeability (Table 1); the role of K; in gaseous
CO, transport was minimal because the sorption typically
accounted for the movement of dissolved species within geo-
logic media. Due to this reason, regardless of the variation in
K, the distribution and behavior of gaseous CO, plume were
not affected, and therefore the CO, plume remained essen-
tially the same in all cases as shown in Figure 4. However,
within the gaseous CO, plume, various geochemical pro-
cesses occurred, including reductions in pH, dissolution of
arsenopyrite, and interactions between dissolved species. In
particular, variation in K; was anticipated to affect the be-
havior of dissolved arsenic species after all gaseous CO, was
pumped out or dissolved into the groundwater.

In Stage I, the gaseous CO, plume arrived at the
municipal well after 350 days (0.95 years) for all cases
(Figure 10(a)). The elevated concentration (2.9 x 1077 mol/L)
of Y As occurred simultaneously in all cases because the
source of arsenic species was the dissolution of arsenopyrite,
which resulted from CO, dissolution. Despite the variation
in K, the arrival times of ) As at the municipal well were
the same because the sorption did not affect the migration
of the gaseous CO, plume. Therefore, the ) As profiles
evolved similarly until approximately 30 years (the middle
of Stage II) when its concentration reached a maximum
(3.9 x 107" mol/L). After the arrival of the Y As peak, the
differences between Y As profiles were amplified until the
> As concentration reached the background level (6.7 x
10~® mol/L). In detail, differences in the slopes of Y As profiles
were small immediately after the arrival of the Y As peak

(30-40 years), but the discrepancy was amplified from 40
years while the slopes for ) As profiles sharply dropped.
Differences in ) As profiles were attributed to the degree of
K, which determined the amount of arsenic adsorbed to
aquifer media, especially at the rear margin of the CO, plume;
at this location, the highest )’ As concentration occurred due
to the mixing of two chemically different types of groundwa-
ter as shown in Figure 8(b).

In these simulations, with increasing K;, more arsenic
was adsorbed to the aquifer media, and the migration of
> As was therefore retarded. In other words, stronger retar-
dation caused ) As concentration to be maintained higher
and longer in the aquifer, and therefore the arrival of ) As
concentration at the background level was delayed. For
example, in Case 2 (K; = 25L/kg), Y As concentration re-
vealed the earliest recovery (69.3 years) at the municipal
well (Figure 10(a)). As K increased to 50 and 100 L/kg, the
recovery time was delayed to 72.1 and 73.9 years, respectively.

Figure 10(b) represents the predicted probabilistic health
risk for Cases 2-4. While calculating the health risk, C, the
peak calculated from the moving average of ) As concentra-
tion by adopting the designated interval of ED (30 years),
influenced the health risk most significantly based on (8),
(9), and (10). Since ) As profiles revealed similar patterns
with the same peak values while the only difference being
the recovery time, the calculated C values for Cases 2-4 were
almost the same (3.9 x 107 mol/L). Consequently, predicted
carcinogenic health risk for humans was almost identical to
variation in K ;. This result implies that variation in K; was a
less influential parameter for assessing health risk for arsenic
species. This was because variation in K; did not affect the
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characteristics of the CO, plume such as size, shape, and
migration velocity, which determined the dissolved amount
or reaction rate for arsenic sources such as arsenopyrite. Due
to this reason, additional simulations were conducted and
described in the following section after varying parameters
(CO, leakage rate and aquifer permeability), which directly
affected the size of the CO, plume and its migration rate.

7.2.2. Effect of CO, Leakage Rate (Q;) (Cases 5-7). In Cases
5-7, the effect of CO, leakage rate (Q;) on the quantification
of carcinogenic health risk was evaluated. Figures 11(a)-11(c)
show the distribution of the gaseous CO, plume after CO,
leakage was stopped at 1 year, and Figures 11(d)-11(f) present
the distribution of ) As concentration after 20 years. As Q
increased from 0.020 to 0.025 to 0.030 kg/s, the CO, plume
approached the municipal well more closely; the calculated
mass center of the CO, plume, plotted as black circles
at a 120-day interval, moved rapidly as Q; increased. In
addition, adjacent to the CO, leakage point, CO, saturation
was elevated from 0.27 to 0.30, implying occurrence of
active dissolution of gaseous CO,. As described before,
although the movable gaseous CO, plume was pumped
out after approximately 2 years, residually trapped CO,
still remained in the pores, concurrently dissolving into the
ambient groundwater until 8 years. Increases in dissolved
CO, concentration due to dissolution of residually trapped
CO, and resulting low-pH groundwater influenced the distri-
bution of ) As concentration even after all gaseous CO, was
pumped out (Figures 11(d)-11(f)). For example, the intensity
of Q; governed the size of the CO, plume where the active
dissolution of arsenopyrite, the source of ) As, primarily
occurred. Therefore, as Q; increased from 0.020 to 0.025
to 0.030kg/s, the size of ) As plume expanded at 20 years.
Additionally, the effects of dispersion, diffusion, and sorption

were amplified while the ) As plume migrated in the ambient
groundwater.

The Y As profiles monitored at the municipal well
revealed the drastic increase in ) As concentration imme-
diately after the arrival of the ) As plume at 1.31, 1.07, and
0.98 years for Cases 5, 6, and 7, respectively (Figure 12(a)).
The arrival time of the ) As plume coincided with that of the
gaseous CO, plume, implying that multiphase migration of
CO, governed the movement of dissolved ) As. The size of
the ) As peaks, all of which were over the MCL, increased
with Q; (156 x 1077, 2.75 x 10”7, and 4.07 x 10”7 mol/L for
Cases 5, 6, and 7, resp.). In addition, its peak was maintained
for a longer time with increased Q; (13.5, 16.6, and 23.0
years for Cases 5, 6, and 7, resp.). Figure 12(b) shows the
calculated probabilistic health risk. While calculating the
health risk using (9) and (10), an important parameter was
C, which was the maximum average of arsenic concentration
monitored at the municipal well (see (7)). The size of Q|
varied with C as shown in Figure 12(a), which directly affected
the risk prediction. Therefore, as the ) As concentration
increased, the health risk for humans increased accordingly.
In particular, the medians of Cases 5, 6, and 7, located at the
half percentile in variability, were 3.39 x 107%,6.53 x 10*, and
9.56 x 107%, respectively, all of which exceeded the risk level
of concern (107%).

72.3. Effect of Horizontal Permeability (k) (Cases 8-10).
From two previous sensitivity studies, it was revealed that the
driving force of the ) As plume was essentially the movement
of the gaseous CO, plume; depending on the size of the CO,
plume, the amount of dissolved ) As was determined. In this
study, the magnitude of horizontal permeability (k;), which
altered the velocity of ambient groundwater flow, varied
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between 0.2 x 1073, 1.0 x 107*3, and 5.0 x 107> m? (Cases
8-10, resp.). As k;, increased, the ambient groundwater rate
increased from 0.39 to 1.94 to 9.71cm/day, which induced
a change in the shape of the CO, plume from oval to flat
(Figures 13(a)-13(c)).

Typically, the shape and movement of the gaseous CO,
plume within the groundwater aquifer are governed by

the balance between buoyancy and viscous forces due to
the density contrast of these two fluids. Even the density
contrast is amplified as CO, leaks into the shallower aquifer,
because CO, density radically decreases while approaching
the surface. The magnitude of the buoyancy number (N, =
k,LApg/Hvu) reflects the change in CO, plume shape, where
g is gravitational acceleration, L and H are the length and
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height of the model domain, respectively, v is the ambient
groundwater flow rate, and p is dynamic viscosity of CO,
(1.47 x 107° Pa-s). Finally, Ap is the density difference between
groundwater (1,000 kg/m3) and CO, (1.842 kg/m3) [81]. The
calculated N, of Cases 8, 9, and 10 was 740.30, 148.06, and
29.61, respectively, implying that the buoyancy force acting
on CO, plume increased as kj, decreased.

Even if the velocity of the CO, plume was the lowest in
Case 8 (or the largest N;), the CO, plume swept the largest
area, covering the entire thickness of the aquifer; the calcu-
lated mass center moved to the middle height of the aquifer
(Figure 13(a)). Due to large coverage of the CO, plume,
the size of the corresponding ) As plume was the largest
in Case 8 (Figure 13(d)). In contrast, Case 10 with high k;
accelerated the advective groundwater flow and dispersion,
resulting in the flattened shape of the CO, plume sinking
to the bottom of the aquifer (Figure 13(c)). Due to the poor
sweeping efliciency of the CO, plume, the ) As plume only
migrated beneath the municipal well.

The ) As concentrations at the municipal well for Cases
8-10 are plotted in Figure 14(a). The arrival time of ) As
concentration was the latest (4.95 years) in Case 8 due to a
low kj,. However, due to large coverage of the ) As plume,
the ) As concentration at the municipal well continuously
increased to 3.77 x 10~ mol/L until 190 years. In contrast, for
Case 10, the arrival time of the ) As plume was the shortest
(0.95 years), reaching a peak of 1.73 x 1077 mol/L. However,
due to dominance of high advective flow, the ) As plume was
flattened below the municipal well. Therefore, the amount
of Y As captured from the municipal well decreased soon,
reaching the background level (0.67 x 10~ mol/L) only after
25 years. These results imply that the location of the wellbore
(e.g., fully or partially penetrating well, the location of screen
interval) and the size of the capture zone (e.g., the pumping
capacity) are important characteristics for governing ) As
concentration at the well.

The calculated health risk for each case is plotted in
Figure 14(b). As expected, Case 10, which showed the smallest
breakthrough of the Y As concentration (e.g., the smallest
C), revealed the lowest risk. Both Cases 8 and 9 showed
almost equivalent high-risk prediction even if the profile of
the ) As concentration appeared differently at the municipal
well (Case 8: ~80 years; Case 9: ~180 years). While accounting
for the risk assessment, the exposure duration (ED) was
chosen to be 30 years in this work [74]. Following (7), C
calculated from the ) As concentration profile is typically
dependent on the duration of ED [31, 82, 83]. For example,
C can decrease when the breakthrough of Y’ As concentration
is shorter than the ED. However, when the breakthrough of
the ) As concentration is sufficiently longer than the chosen
ED, C does not change. Similarly, in both Cases 8 and 9,
the profiles of ) As concentration at the municipal well were
sufficiently longer than the chosen ED (Figure 14(a)). Due
to this reason, C for these two cases were similar to each
other, and subsequently the predicted risk levels only showed
a slight difference.

8. Conclusion

Even if there is no direct evidence showing that the stored
CO, has leaked to the shallow aquifers from any major
CO, injection demonstration sites [50, 84, 85], there exist
a few natural analog sites indicating that naturally stored
CO, hasleaked through preexisting fault systems [25, 86-88].
These natural sites where CO, leakage is primarily driven by
geothermal or tectonic activities are typically less populated
with lack of concern in potable groundwater resources. How-
ever, as the number of CO, injection demonstration activities
is growing, the secondary contamination of leaked CO, to
the shallow potable aquifer becomes an important issue.
In this study, with the presence of arsenic-bearing minerals
in the aquifer, it is suggested that water-rock interactions
induced by CO, leakage could mobilize arsenic species to
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the shallow potable aquifer. Therefore, without proper treat-
ments, any residents who continuously utilize these ground-
water resources could have great probability of exposure to
cancer-related diseases.

Throughout this study, we developed a 2D confined aqui-
fer model where gaseous CO, was leaked, and a nearby muni-
cipal well concurrently pumped out both leaked CO, and
groundwater. Immediately after a leaked CO, plume arrived
at the municipal well, concentrations of As species increased
together, indicating occurrence of active arsenopyrite dis-
solution in the aquifer media. Subsequently, by analyzing
As concentration from the municipal well, the carcinogenic
health risk was quantified. The processes characterizing the
movement of gaseous CO, and associated CO,-water-rock
reactions were simulated with the multiphase, multispecies
reactive transport model, and subsequent carcinogenic health
risks were predicted with probabilistic approach. The sim-
ulation results revealed that the movement of leaked CO,
plume was governed by local flow fields within the shallow
potable aquifer; three driving forces, that is, ambient ground-
water flow, CO, leakage-driven flow, and pumping-driven
flow, were characterized. This complex flow field governed
chemical reactions, resulting in the most drastic increase
(0.77%) in permeability occurring at the rear margin of
the CO, plume where the vigorous mixing between the
ambient groundwater and CO,-dissolved fluid accelerated
dissolution of the minerals. Additionally, sensitivity studies
were conducted while varying the sorption intensity, leakage
rate of CO,, and horizontal permeability.

In summary, key factors that exacerbate the secondary
contamination of arsenic species at the municipal well were
physical characteristics of CO, plume such as shape, size,
and migration velocity of CO, plume; these physical char-
acteristics govern the area where arsenopyrite dissolves,

subsequently affecting As concentration. Furthermore, the
size of capture zone (e.g., screen interval, pump capacity)
also governed the As concentration in the municipal well.
Therefore, when the secondary contamination occurs within
the shallow potable aquifer, it is suggested that the aquifer
characteristics as well as the amount of leaked CO, and its
plume size should be evaluated to develop a proper reme-
diation protocol. Additionally, the prompt shutdown of any
nearby municipal wells could minimize any potential haz-
ards.

Disclosure

A primitive version of this research was presented at the 2016
Fall General Assembly of the American Geophysical Union.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The research was partially supported by multiple programs
including R&D Project on Environmental Management of
Geologic CO2 Storage offered by the Korea Environmental
Industry & Technology Institute (Project no. 201700180004),
the R&D Convergence Program of National Research Coun-
cil of Science & Technology in Korea (Grant no. CAP-15-
07-KICT), and, finally, the Yonsei University Future-Leading
Research Initiative of 2017-22-0044.



Geofluids

References

(1]

(2]

(3]

(4]

[5

(10]

D. Reichle, J. Houghton, B. Kane, and ]. Ekmann, Carbon Se-
questration Research and Development, Oak Ridge National
Lab., Oak Ridge, Tenn, USA; National Energy Technology
Lab., Pittsburgh, Pa, USA; National Energy Technology Lab.,
Morgantown, WV, USA, 1999.

B. Metz, O. Davidson, H. de Coninck, M. Loos, and L. Meyer,
IPCC Special Report on Carbon Dioxide Capture and Storage,
Intergovernmental Panel on Climate Change, 2005.

NETL, United States 2012 Carbon Utilization and Storage Atlas,
National Energy Technology Laboratory, 2013.

J. T. Birkholzer, Q. Zhou, and C.-E Tsang, “Large-scale impact
of CO, storage in deep saline aquifers: a sensitivity study on
pressure response in stratified systems,” International Journal of
Greenhouse Gas Control, vol. 3, no. 2, pp. 181-194, 2009.

C. W. Strandli and S. M. Benson, “Identifying diagnostics for re-
servoir structure and CO, plume migration from multilevel
pressure measurements,” Water Resources Research, vol. 49, no.
6, pp. 3462-3475, 2013.

E. Guyant, W. S. Han, K.-Y. Kim, E. Park, and S.-T. Yun, “Leak-
age and pressurization risk assessment of CO, reservoirs: a
metamodeling modeling approach,” International Journal of
Greenhouse Gas Control, vol. 54, part 1, pp. 345-361, 2016.

E. H. Keating, J. Fessenden, N. Kanjorski, D. J. Koning, and R.
Pawar, “The impact of CO, on shallow groundwater chemistry:
observations at a natural analog site and implications for carbon
sequestration,” Environmental Earth Sciences, vol. 60, no. 3, pp.
521-536, 2010.

K. Pruess, “Leakage of CO, from geologic storage: role of sec-
ondary accumulation at shallow depth,” International Journal of
Greenhouse Gas Control, vol. 2, no. 1, pp. 37-46, 2008.

C. M. Oldenburg, C. Doughty, C. A. Peters, and P. F. Dobson,
“Simulations of long-column flow experiments related to geo-
logic carbon sequestration: Effects of outer wall boundary
condition on upward flow and formation of liquid CO,,
Greenhouse Gases: Science and Technology, vol. 2, no. 4, pp. 279~
303, 2012.

S. Bachu, “Legal and regulatory challenges in the implemen-
tation of CO, geological storage: an Alberta and Canadian
perspective,” International Journal of Greenhouse Gas Control,
vol. 2, no. 2, pp. 259-273, 2008.

Y. K. Kharaka, D. R. Cole, S. D. Hovorka, W. D. Gunter, K. G.
Knauss, and B. M. Freifeld, “Gas-water-rock interactions in Frio
Formation following CO, injection: implications for the storage
of greenhouse gases in sedimentary basins,” Geology, vol. 34, no.
7, pp. 577-580, 2006.

J. A. Apps, L. Zheng, N. Spycher et al., “Transient changes in
shallow groundwater chemistry during the MSU ZERT CO,
injection experiment,” Energy Procedia, vol. 4, pp. 3231-3238,
2011.

E. H. Keating, J. A. Hakala, H. Viswanathan et al., “CO, leakage
impacts on shallow groundwater: field-scale reactive-transport
simulations informed by observations at a natural analog site,”
Applied Geochemistry, vol. 30, pp. 136-147, 2013.

S. A. Carroll, E. Keating, K. Mansoor et al., “Key factors for
determining groundwater impacts due to leakage from geologic
carbon sequestration reservoirs,” International Journal of Green-
house Gas Control, vol. 29, pp. 153-168, 2014.

S. Wang and P. R. Jaffe, “Dissolution of a mineral phase in
potable aquifers due to CO, releases from deep formations;

17

effect of dissolution kinetics,” Energy Conversion and Manage-
ment, vol. 45, no. 18-19, pp. 2833-2848, 2004.

[16] L. Zheng, N. Spycher, C. Varadharajan et al., “On the mobiliza-
tion of metals by CO, leakage into shallow aquifers: exploring
release mechanisms by modeling field and laboratory experi-
ments,” Greenhouse Gases: Science and Technology, vol. 5, no. 4,
pp. 403-418, 2015.

[17] WHO, Chemical Agents and Related Occupations—A Review
of Human Carcinogens, International Agency for Research on
Cancer, Lyon, France, 2012.

[18] J. Matschullat, “Arsenic in the geosphere—a review;” Science of
the Total Environment, vol. 249, no. 1-3, pp. 297-312, 2000.

[19] ATSDR, Support Document to the 2015 Priority List of Haz-
ardous Substances That Will Be Candidates for Toxicological
Profiles, Agency for Toxic Substances and Disease Registry,
Atlanta, Ga, USA, 2015.

[20] L.Rodriguez-Lado, G. Sun, M. Bergetal., “Groundwater arsenic
contamination throughout China,” Science, vol. 341, no. 6148,
pp. 866-868, 2013.

[21] U.K.Chowdhury, B. K. Biswas, T. R. Chowdhury et al., “Ground-
water arsenic contamination in Bangladesh and West Bengal,
India,” Environmental Health Perspectives, vol. 108, no. 5, pp.
393-397, 2000.

[22] A. A. Meharg and M. M. Rahman, “Arsenic contamination of
Bangladesh paddy field soils: implications for rice contribution
to arsenic consumption,” Environmental Science & Technology,
vol. 37, no. 2, pp. 229-234, 2003.

[23] J. M. Hebbar Annapoorna, “Arsenic contamination in ground-
water of the areas surrounding Ingaldhal, Chitradurga district,
Karnataka state,” International Journal of Geology, Earth &
Environmental Science, vol. 6, pp- 1-7, 2016.

[24] H. Viswanathan, Z. Dai, C. Lopano et al., “Developing a robust
geochemical and reactive transport model to evaluate possible
sources of arsenic at the CO, sequestration natural analog site
in Chimayo, New Mexico,” International Journal of Greenhouse
Gas Control, vol. 10, pp. 199-214, 2012.

[25] E. H. Keating, D. L. Newell, H. Viswanathan, ]J. W. Carey, G.
Zyvoloski, and R. Pawar, “CO,/brine transport into shallow
aquifers along fault zones,” Environmental Science & Technology,
vol. 47, no. 1, pp- 290-297, 2013.

[26] R. C. Trautz, J. D. Pugh, C. Varadharajan et al., “Effect of dis-
solved CO2 on a shallow groundwater system: a controlled re-
lease field experiment,” Environmental Science & Technology,
vol. 47, no. 1, pp. 298-305, 2013.

[27] T. Xu, Y. K. Kharaka, C. Doughty, B. M. Freifeld, and T. M.
Daley, “Reactive transport modeling to study changes in water
chemistry induced by CO, injection at the Frio-I Brine Pilot,”
Chemical Geology, vol. 271, pp. 153-164, 2010.

[28] Y. K. Kharaka, J. ]. Thordsen, E. Kakouros et al., “Changes in the
chemistry of shallow groundwater related to the 2008 injection
of CO, at the ZERT field site, Bozeman, Montana,” Environmen-
tal Earth Sciences, vol. 60, no. 2, pp. 273-284, 2010.

[29] L. Zhang, H. Parthasarathy, and A. Karamalidis, “Investigation
on arsenopyrite dissolution and As (III) migration under
geologic carbon storage conditions: A numerical simulation
approach,” Greenhouse Gases: Science and Technology, vol. 7, no.
3, pp. 460-473, 2017.

[30] T. Xiao, Z. Dai, H. Viswanathan et al., “Arsenic mobilization in
shallow aquifers due to CO, and brine intrusion from storage
reservoirs,” Scientific Reports, vol. 7, no. 1, article 2763, 2017.



18

(31]

(33

(34]

(35]

[36]

(37]
(38]

(39]

(42]

(43

[44]

E. R. Siirila, A. K. Navarre-Sitchler, R. M. Maxwell, and J. E.
McCray, “A quantitative methodology to assess the risks to hu-
man health from CO, leakage into groundwater,” Advances in
Water Resources, vol. 36, pp. 146-164, 2012.

A. K. Navarre-Sitchler, R. M. Maxwell, E. R. Siirila, G. E. Ham-
mond, and P. C. Lichtner, “Elucidating geochemical response
of shallow heterogeneous aquifers to CO, leakage using high-
performance computing: Implications for monitoring of CO,
sequestration,” Advances in Water Resources, vol. 53, pp. 45-55,
2013.

P. Lu and C. Zhu, “Arsenic Eh-pH diagrams at 25°C and 1 bar,”
Environmental Earth Sciences, vol. 62, no. 8, pp. 1673-1683, 2011.

P. Bhattacharya, D. Chatterjee, and G. Jacks, “Occurrence of
arsenic-contaminated groundwater in alluvial aquifers from
delta plains, eastern India: options for safe drinking water
supply;,” International Journal of Water Resources Development,
vol. 13, no. 1, pp. 79-92, 1997.

P. Bose and A. Sharma, “Role of iron in controlling speciation
and mobilization of arsenic in subsurface environment,” Water
Research, vol. 36, no. 19, pp. 4916-4926, 2002.

C. K. Jain and I. Ali, “Arsenic: occurrence, toxicity and specia-
tion techniques,” Water Research, vol. 34, no. 17, pp. 4304-4312,
2000.

G. A. Cutter, “Kinetic controls on metalloid speciation in sea-
water;” Marine Chemistry, vol. 40, no. 1-2, pp. 65-80, 1992.

E. Berman, Toxic Metals and Their Analysis, John Wiley & Sons,
1980.

P. L. Smedley and D. G. Kinniburgh, “A review of the source,
behaviour and distribution of arsenic in natural waters,” Applied
Geochemistry, vol. 17, no. 5, pp. 517-568, 2002.

M. T. van Genuchten, “A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils,” Soil Science
Society of America Journal, vol. 44, no. 5, pp. 892-898, 1980.

J. W. Tester, W. G. Worley, B. A. Robinson, C. O. Grigsby, and J.
L. Feerer, “Correlating quartz dissolution kinetics in pure water
from 25 to 625°C,” Geochimica et Cosmochimica Acta, vol. 58,
no. 11, pp. 2407-2420, 1994.

J. L. Palandri and Y. K. Kharaka, “A compilation of rate para-
meters of water-mineral interaction kinetics for application to
geochemical modeling,” DTIC Document, 2004.

L. Zheng, J. A. Apps, Y. Zhang, T. Xu, and J. T. Birkholzer, “On
mobilization of lead and arsenic in groundwater in response to
CO, leakage from deep geological storage,” Chemical Geology,
vol. 268, no. 3-4, pp- 281-297, 2009.

T. Xu, E. Sonnenthal, N. Spycher, and K. Pruess, “TOUGH-
REACT—a simulation program for non-isothermal multiphase
reactive geochemical transport in variably saturated geologic
media: applications to geothermal injectivity and CO, geolog-
ical sequestration,” Computers & Geosciences, vol. 32, pp. 145-
165, 2006.

K. Pruess and N. Spycher, “ECO2N—a fluid property module
for the TOUGH2 code for studies of CO, storage in saline
aquifers,” Energy Conversion and Management, vol. 48, no. 6,
pp. 1761-1767, 2007.

H. C. Helgeson, D. H. Kirkham, and G. C. Flowers, “Theo-
retical prediction of the thermodynamic behavior of aqueous
electrolytes at high pressures and temperatures: IV. Calculation
of activity coeflicients, osmotic coefficients, and apparent molal
and standard and relative partial molal properties to 600°C and
5kb,” American Journal of Science, vol. 291, no. 10, pp. 1249-1516,
1981.

(47]

(48]

(50]

[51

(54]

(57]

(58]

(59]

[60]

(61]

Geofluids

L. André, M. Azaroual, C. Bernstone, and A. Wittek, “Modeling
the geochemical impact of an injection of CO, and associated
reactive impurities (SO, and O,) into a saline reservoir;
Transport in Porous Media, vol. 108, no. 1, pp. 185-205, 2015.

R. A. Renken, K. J. Cunningham, M. R. Zygnerski et al., “Assess-
ing the vulnerability of a municipal well field to contamination
in a karst aquifer,” Environmental and Engineering Geoscience,
vol. 11, no. 4, pp. 319-331, 2005.

D. Larsen, R. W. Gentry, and D. K. Solomon, “The geochemistry
and mixing of leakage in a semi-confined aquifer at a municipal
well field, Memphis, Tennessee, USA,” Applied Geochemistry,
vol. 18, no. 7, pp. 1043-1063, 2003.

R.J. Finley, S. M. Frailey, H. E. Leetaru, O. Senel, M. L. Coués-
lan, and M. Scott, “Early operational experience at a one-mil-
lion tonne CCS demonstration project, Decatur, Illinois, USA,
Energy Procedia, vol. 37, pp. 6149-6155, 2013.

C. Doughty, B. M. Freifeld, and R. C. Trautz, “Site characteri-
zation for CO, geologic storage and vice versa: the Frio brine
pilot, Texas, USA as a case study;” Environmental Geology, vol.
54, no. 8, pp. 1635-1656, 2008.

B. Dockrill and Z. K. Shipton, “Structural controls on leakage
from a natural CO, geologic storage site: Central Utah, U.S.A,
Journal of Structural Geology, vol. 32, no. 11, pp. 1768-1782, 2010.
Z. K. Shipton, J. P. Evans, D. Kirschner, P. T. Kolesar, A. P.
Williams, and J. Heath, “Analysis of CO, leakage through low-
permeability’ faults from natural reservoirs in the Colorado
Plateau, east-central Utah,” Geological Society, London, Special
Publications, vol. 233, pp. 43-58, 2004.

N. Kampman, M. J. Bickle, A. Maskell et al., “Drilling and
sampling a natural CO, reservoir: implications for fluid flow
and CO,-fluid-rock reactions during CO, migration through
the overburden,” Chemical Geology, vol. 369, pp. 51-82, 2014.
W. T. Parry, C. B. Forster, J. P. Evans, B. B. Bowen, and M. A.
Chan, “Geochemistry of CO, sequestration in the Jurassic
Navajo Sandstone, Colorado Plateau, Utah,” Environmental
Geosciences, vol. 14, no. 2, pp- 91-109, 2007.

N. Kampman, M. Bickle, J. Becker, N. Assayag, and H. Chap-
man, “Feldspar dissolution kinetics and Gibbs free energy de-
pendence in a CO,-enriched groundwater system, Green River,
Utah,” Earth and Planetary Science Letters, vol. 284, no. 3-4, pp.
473-488, 2009.

W. S. Han, Z. T. Watson, N. Kampman, T. Grundl, J. P. Graham,
and E. H. Keating, “Periodic changes in effluent chemistry at
cold-water geyser: Crystal geyser in Utah,” Journal of Hydrology,
vol. 550, pp. 54-64, 2017,

C. L A. Carruthers, Metal Mobility in Sandstones and the Poten-
tial Environmental Impacts of Offshore Geological CO, Storage,
The University of Edinburgh, 2016.

M. Sakata, “Relationship between adsorption of arsenic(III) and
boron by soil and soil properties,” Environmental Science ¢
Technology, vol. 21, no. 11, pp. 1126-1130, 1987.

Q. H. Huy, G. X. Sun, X. B. Gao, and Y. G. Zhu, “Conversion,
sorption, and transport of arsenic species in geological media,”
Applied Geochemistry, vol. 27, no. 11, pp. 2197-2203, 2012.

E. Sonnenthal, A. Ito, N. Spycher et al., “Approaches to modeling
coupled thermal, hydrological, and chemical processes in the
drift scale heater test at Yucca Mountain,” International Journal
of Rock Mechanics and Mining Sciences, vol. 42, no. 5-6, pp. 698-
719, 2005.

K. G. Knauss, J. W. Johnson, and C. I. Steefel, “Evaluation of
the impact of CO,, co-contaminant gas, aqueous fluid and



Geofluids

reservoir rock interactions on the geologic sequestration of
CO,,” Chemical Geology, vol. 217, no. 3-4, pp. 339-350, 2005.

[63] B. Zerai, B. Z. Saylor, and G. Matisoff, “Computer simulation
of CO, trapped through mineral precipitation in the Rose Run
Sandstone, Ohio,” Applied Geochemistry, vol. 21, no. 2, pp. 223-
240, 2006.

[64] T. Xu, TOUGHREACT User’s Guide: A Simulation Program for
Non-isothermal Multiphase Reactive Geochemical Transport in
Variably Saturated Geologic Media, V1.2.1, 2008.

C.L Steefel and A. C. Lasaga, “A coupled model for transport of
multiple chemical species and kinetic precipitation/dissolution
reactions with application to reactive flow in single phase
hydrothermal systems,” American Journal of Science, vol. 294,
no. 5, pp. 529-592, 1994.

[66] C. M. Bethke and P. V. Brady, “How the K approach under-
mines ground water cleanup,” Groundwater, vol. 38, no. 3, pp.
435-443, 2000.

[67] A.J. Valocchi, “Describing the transport of ion-exchanging con-
taminants using an effective Kd approach,” Water Resources
Research, vol. 20, no. 4, pp. 499-503, 1984.

[68] J. A. Davis, J. A. Coston, D. B. Kent, and C. C. Fuller, “Appli-
cation of the surface complexation concept to complex mineral
assemblages,” Environmental Science & Technology, vol. 32, no.
19, pp. 2820-2828, 1998.

[69] U.S. EPA, Guidelines for Carcinogen Risk Assessment, Risk As-
sessment Forum, Washington, DC, USA, 2005.

[70] B. Means, Risk-Assessment Guidance for Superfund. Vol 1.
Human Health Evaluation Manual. (Part A Interim Report
(Final)), Environmental Protection Agency, Office of Solid
Waste and Emergency Response, Washington, DC, USA, 1989.

[71] L R. L. S. IRIS, “Chemical assessment summary, arsenic, inor-
ganic, CASRN 7440-38-2, U.S. Environmental Protection
Agency, 1991.

[72] U. S. EPA, Risk Assessment Guidance for Superfund, U.S. Envi-
ronmental Protection Agency, Washington, DC, USA, 2004.

[73] S.Fahrner, D. Schifer, F. Dethlefsen, and A. Dahmke, “Reactive
modelling of CO, intrusion into freshwater aquifers: current
requirements, approaches and limitations to account for tem-
perature and pressure effects,” Environmental Earth Sciences,
vol. 67, no. 8, pp. 2269-2283, 2012.

[74] U. S. EPA, Risk Assessment Guidance for Superfund, U.S. Envi-
ronmental Protection Agency, Washington, DC, USA, 1989.

[75] R. M. Maxwell, S. D. Pelmulder, A. F. B. Tompson, and W. E.
Kastenberg, “On the development of a new methodology for
groundwaterdriven health risk assessment,” Water Resources
Research, vol. 34, no. 4, pp. 833-847,1998.

[76] U. S. EPA, Risk Assessment Guidance for Superfund, U.S Envi-
ronmental Protection Agency, Washington, DC, USA, 2001.

[77] K. E. McSlarrow, National Oil and Hazardous Substances Pollu-
tion Contingency Plan, United States Environmental Protection
Agency, JSTOR, 1991.

[78] Z. Duan and R. Sun, “An improved model calculating CO,
solubility in pure water and aqueous NaCl solutions from 273
to 533 Kand from 0 to 2000 bar,” Chemical Geology, vol. 193, no.
3-4, pp. 257-271, 2003.

[79] U.S.EPA, National Primary Drinking Water Regulations, United
States Environmental Protection Agency, 2008.

[80] U.S. EPA, Risk Assessment Guidance for Superfund, Vol. 3 (Part
A Process for Conduction of Probabilistic Risk Assessment), EPA,
Washington, DC, USA, 2001.

[65

19

[81] R.Span and W. Wagner, “A new equation of state for carbon di-
oxide covering the fluid region from the triple-point temper-
ature to 1100 K at pressures up to 800 MPa,” Journal of Physical
and Chemical Reference Data, vol. 25, no. 6, pp. 1509-1596,1996.

[82] R. M. Maxwell, S. E. Carle, and A. E. B. Tompson, “Contamina-
tion, risk, and heterogeneity: On the effectiveness of aquifer
remediation,” Environmental Geology, vol. 54, no. 8, pp. 1771-
1786, 2008.

[83] E.R. Siirila and R. M. Maxwell, “A new perspective on human
health risk assessment: Development of a time dependent
methodology and the effect of varying exposure durations;”
Science of the Total Environment, vol. 431, pp. 221-232, 2012.

[84] T. A. Torp and J. Gale, “Demonstrating storage of CO, in geo-
logical reservoirs: the Sleipner and SACS projects,” Energy, vol.
29, no. 9-10, pp. 1361-1369, 2004.

[85] A. Mathieson, J. Midgely, I. Wright, N. Saoula, and P. Ringrose,
“In Salah CO, storage JIP: CO, sequestration monitoring and
verification technologies applied at Krechba, Algeria,” Energy
Procedia, vol. 4, pp. 3596-3603, 2011.

[86] W.S.Han, M. Lu, and B. J. Mcpherson, “Characteristics of CO,-
driven cold-water geyser, Crystal Geyser in Utah: Experimental
observation and mechanism analyses,” Geofluids, vol. 13, no. 3,
pp. 283-297, 2013.

[87] C. D. Farrar, M. L. Sorey, W. C. Evans et al., “Forest-killing
diffuse CO, emission at mammoth mountain as a sign of
magmatic unrest,” Nature, vol. 376, no. 6542, pp. 675-678,1995.

[88] G. W.Kling, M. A. Clark, H. R. Compton et al., “The 1986 Lake
Nyos gas disaster in Cameroon, West Africa,” Science, vol. 236,
no. 4798, pp. 169-175, 1987.



Hindawi

Geofluids

Volume 2018, Article ID 8532840, 15 pages
https://doi.org/10.1155/2018/8532840

Research Article

Hydrochemical Characteristics and Evolution of
Geothermal Fluids in the Chabu High-Temperature
Geothermal System, Southern Tibet

X. Wang,' G. L. Wang®,"' H. N. Gan,' Z. Liu,” and D. W. Nan’

!Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences, Shijiazhuang, Hebei 050061, China
2School of Water Resources and Environment, Hebei GEO University, Shijiazhuang, Hebei 050031, China
*The Geothermal Geological Team of Tibet, Tibet Bureau of Exploration & Development of Geology and Mineral Resources,

Lhasa 850032, China

Correspondence should be addressed to G. L. Wang; guilingw@yeah.net

Received 28 October 2017; Revised 29 January 2018; Accepted 18 February 2018; Published 21 March 2018

Academic Editor: Ming Zhang

Copyright © 2018 X. Wang 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 defines reasonable reservoir temperatures and cooling processes of subsurface geothermal fluids in the Chabu high-
temperature geothermal system. This system lies in the south-central part of the Shenzha-Xietongmen hydrothermal active belt
and develops an extensive sinter platform with various and intense hydrothermal manifestations. All the geothermal spring samples
collected systematically from the sinter platform are divided into three groups by cluster analysis of major elements. Samples of
group 1 and group 3 are distributed in the central part and northern periphery of the sinter platform, respectively, while samples of
group 2 are scattered in the transitional zone between groups 1 and 3. The hydrochemical characteristics show that the geothermal
waters of the research area have generally mixed with shallow cooler waters in reservoirs. The reasonable reservoir temperatures
and the mixing processes of the subsurface geothermal fluids could be speculated by combining the hydrochemical characteristics
of geothermal springs, calculated results of the chemical geothermometers, and silica-enthalpy mixing models. Contour maps are
applied to measured emerging temperatures, mass flow rates, total dissolved solids of spring samples, and reasonable subsurface
temperatures. They indicate that the major cooling processes of the subsurface geothermal fluids gradually transform from adiabatic
boiling to conduction from the central part to the peripheral belt. The geothermal reservoir temperatures also show an increasing
trend. The point with the highest reservoir temperature (256°C) appears in the east-central part of the research area, which might
be the main up-flow zone. The cooling processes of the subsurface geothermal fluids in the research area can be shown on an
enthalpy-chloride plot. The deep parent fluid for the Chabu geothermal field has a CI” concentration of 290 mg/L and an enthalpy
0f 1550 J/g (with a water temperature of 369°C).

1. Introduction

As a part of the Mediterranean-Himalayan geothermal belt,
Tibet has abundant geothermal resources. There are a series
of S-N-trending normal faults distributed in the Tibetan
Plateau, which are the result of the collision between the
India and Eurasian plates [1]. These S-N-trending normal
fault systems crosscut the Yarlung Zangbo River and Pangong
Tso-Nu River suture belts, forming the famous hydrother-
mal active belt of the Tibetan Plateau [2, 3]. From west
to east, there are four major hydrothermally active belts:
Tangrayumco-Gucuo, Shenzha-Xietongmen, Yadong-Gulu,

and Sangri-Cuona (Figure 1). Yadong-Gulu is the most active
hydrothermal belt and has the most concentrated geothermal
reserves, followed by the Shenzha-Xietongmen hydrother-
mal belt. The Chabu high-temperature geothermal system
lies in the south-central part of the Shenzha-Xietongmen
hydrothermally active belt and has developed an extensive
sinter platform with various and intense hydrothermal man-
ifestations.

The heat source for the high-temperature geothermal
system in the research area is a partially melted crustal layer,
as is seen in most high-temperature geothermal fields [4-
14]. A high-temperature geothermal system with a magmatic
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FIGURE I: Distribution of hydrothermally active belts on the Tibetan Plateau [22-24].

heat source usually hosts deep parent fluids that remain in
equilibrium with the surrounding rock. The pH of these fluids
is near neutral; the principal anion and cation are ClI” and
Na*, respectively [15-17]. This type of deep geothermal fluid
ascending in a geothermal system may cool by (1) conduction
of heat to the surrounding rock, (2) adiabatic boiling, (3) mix-
ing with cooler water, or (4) a combination of these [18-21].

Except for some fundamental geological investigations
(stratum, structure, and magmatite) and some preliminary
resource assessment, there are very few studies on this
research area, especially on the hydrochemical character-
istics, temperatures, and cooling processes of geothermal
fluids. Thus, the aim of this work is to fill this gap by
combining the hydrochemical characteristics of hot spring
waters with cluster analysis, chemical geothermometers, and
mixing models (silica-enthalpy and enthalpy-chloride). This
work could provide valuable guidance for further assessment,
exploitation, and utilization of geothermal resources of the
Chabu geothermal field.

2. Geological Setting

The research area lies in the Lhasa—-Gangdise block between
the Yarlung Zangbo River suture belt and the Pangong Tso-
Nu River suture belt and is largely bounded by the Pangong
Tso-Nu River deep fracture in the north and Yaluzangbu
River deep fracture in the south, both of which trend
approximately E-W. Extension fractures are well developed
in the research area, and the major faults extend in S-N
and SW-NE directions forming the main heat-controlling
structures.

The strata exposed in the research area are Paleogene
and Quaternary units. Paleogene rocks are mainly lithic tuff
and are distributed to the south of the research area and

appear as strip belts along a NE or NW direction. Quaternary
unconsolidated sediments are found throughout the area.
Quaternary sinters are distributed in the central part of the
Chabu geothermal field and are mainly composed of siliceous
minerals. The sinter platform contains approximately 80
thermal springs and imbricated deposits from NE to SW.
The magmatic rocks exposed in the research area are
primarily biotite alkali-feldspar granite and biotite granite
of Paleogene age, as well as porphyritic biotite monzonitic
granite and two-mica adamellite of Neogene age (Figure 2).

3. Materials and Methods

In this study, 36 geothermal spring samples are collected
systematically from the north-central part of the sinter
platform which holds the most concentrated and intense
hydrothermal manifestations (Figure 3). Table 1 includes
the sample ID, concentration of major ions and some trace
ions, measured emerging temperatures, mass flow rates, and
charge imbalance for all the geothermal spring samples.

The temperature (T) and pH values of the geothermal
water samples were measured with hand-held meters on-
site prior to sampling. All geothermal water samples were
filtered through 0.45ym membranes and stored in three
200 mL polyethylene bottles that had been rinsed with water
from the sample source twice before sample collection. For
SiO, analyses, the geothermal water samples were diluted
to 10% of their initial concentration using deionized water.
For metallic and cation element analyses, samples were
acidified with HNO; to pH 1. No reagents were added to the
samples for inorganic anion analysis. All water samples were
analyzed at the Key Laboratory for Groundwater Science and
Engineering of the Ministry of Land and Resources with the
Determination Method for Underground Water published by
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FIGURE 2: Geological map of the research area.

the Chinese government (DZ/T 0064-1993). The concentra-
tions of major cations and trace elements were detected using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (ICAP-6300) and inductively coupled plasma
mass spectrometry (ICP-MS 7500C), respectively, while the
concentrations of major anions were measured using ion
chromatography (DX-120).

The ion charge imbalances for the water samples were
calculated using the program AquaChem, and the results
showed that all of the samples have a charge imbalance less
than +5% (Table 1). Values in this range are usually accepted
as valid and can support the reliability of the data used in this
work [25-27].

In this work, all the samples were divided into three
groups by cluster analysis of the major elements; then
the hydrochemical characteristics, emerging temperatures,
and mass flow rate of each group were compared. The

temperatures of the geothermal reservoirs were estimated
using silica and cation geothermometers, and the optimum
temperature of each sample was selected by taking into
account the measured emerging temperature and the mass
flow rate of the corresponding spring. To verify the reliability
of the chemical geothermometers, the silica-enthalpy mixing
models were applied to estimate the geothermal reservoir
temperatures and identify mixing processes. The varying
pattern of geothermal reservoir temperatures was explored
and the major ascending zone was delineated using contour
maps. Based on the aforementioned work, different cooling
processes of ascending geothermal fluids were speculated,
and the temperature of the deep parent fluid was estimated
by integrating the hydrochemical characteristics with an
enthalpy-chloride graph. The methodologies of the main
methods and models applied in this work are described as
follows.
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TABLE 2: Calculation formulas of chemical geothermometers used in this work.

Geothermometer Calculation formula Reference
Chalcedony (no loss of steam) t = 1032/(4.69 — log SiO,) — 273.15
Chalcedony (maximum steam loss) t = 1264/(5.31 —log SiO,) — 273.15 Fournier (1977)
Quartz (no loss of steam) t =1309/(5.19 — log SiO,) — 273.15
Quartz (maximum steam loss) t =1522/(5.75 - log SiO,) — 273.15
Na.K.Ca t = 1647/(log(Na/K)+B(log(/Ca/Na)+2.06)+2.47)-273.15

B =4/3 (whent < 100°C) or 8 = 1/3 (when t > 100°C) Fournier (1981)
Na/K t = 1217/(log(Na/K) + 1.483) — 273.15
K/Mg t =4410/(13.95 - log(Kz/Mg)) —-273.15 Giggenbach (1988)

88° 23’ 53"

88° 24" 13"

Geothermal water samples from group 1
Geothermal water samples from group 2-1
Geothermal water samples from group 2-2
Geothermal water samples from group 3

FIGURE 3: Sampling locations in the research area. The samples are colored according to the results of cluster analysis mentioned in “Cluster

Analysis.”

3.1. Cluster Analysis. As one of the multivariate statistical
methods, cluster analysis (CA) is a convenient and effec-
tive means to explore geochemical patterns and interpret
hydrochemical characteristics [28]. Cluster analysis was used
as an analysis of variance approach (hierarchical cluster) to
measure the distance between variable clusters, attempting
to minimize the sum of squares of any two clusters that
could be formed at each step (square euclidean distance)
[29]. Hydrochemical data with similar properties were clus-
tered in a group. In this study, the contents of the major
elements, including K, Na, Ca, Mg, Cl, SO,, HCO;, and
COs;, were considered to evaluate the characteristics of the
geothermal spring samples using the average linkage hierar-
chical method, which is designed to optimize the minimum
variance within groups. The similarities among samples were
measured using the squared euclidean distance method [30].
To avoid misclassifications arising from the different orders

of magnitude of the variables, the variances for each variable
were sourced from a previous study [31, 32].

3.2. Chemical Geothermometer. Chemical geothermometers
were applied to estimate the temperatures of the geothermal
reservoirs, including a silica geothermometer (the solubility
of silica changes as a function of temperature and pres-
sure) and a cation geothermometer (the equilibrium con-
stants for exchange and alteration reactions are temperature-
dependent). The formulas for the calculations used in this
research are listed in Table 2.

3.3. Mixing Models. The silica-enthalpy mixing model was
applied in this research to estimate the temperatures of
geothermal reservoirs and identify mixing processes [19, 33,
34]. In this model, enthalpy is used as a coordinate rather
than a temperature, because the combined heat contents of



two waters at different temperatures are conserved when the
waters are mixed, but the combined temperatures are not
[35]. In the silica-enthalpy model, the silica concentrations
of the analyzed samples are plotted against their correspond-
ing on-site enthalpies. The enthalpy values are determined
using international steam tables [36]. For application to
emerging geothermal samples, two end-member fluids were
considered: a cold groundwater sample and an initial deep
geothermal water. The point of the initial deep geothermal
water can be obtained using two different methods. For
the situation in which no steam is lost before mixing, one
plots the silica and heat contents (enthalpies) of the cold
and emerging spring waters as two points and then draws
a straight line through these points to intersect the quartz
solubility curve; intersection A, then provides the original
silica content and enthalpy of the deep hot water. For the
situation in which the maximum amount of steam is lost from
the hot water before mixing, one plots the silica and heat
contents of the cold and emerging spring waters as two points,
draws a straight line through the points, and extends that line
to intersect the vertical line from the enthalpy values 0of 419 J/g
(corresponding to 100°C, the boiling point of water) and
subsequently from this intersection point moves horizontally
to the maximum steam loss curve and then moves vertically
to intersect the quartz solubility curve. The original silica
content and enthalpy of the deep hot-water component are
provided by point A, [18].

The enthalpy-chloride model was first proposed by [19]
to describe the cooling processes of geothermal fluids during
ascent and to estimate the temperature and Cl” concentration
of the deep parent fluid. As in the silica-enthalpy mixing
model, in this model enthalpy is also used as a coordinate
rather than a temperature. In brief, the CI” concentrations
of the cold water, steam, and emerging spring waters can
be plotted against their corresponding on-site enthalpies.
Lines from the emerging spring waters towards the steam
point represent the variation in enthalpy and Cl~ content
of the liquid water fraction caused by the process of steam
separation during passage to the surface. Lines from the
emerging spring waters towards the cold water represent the
variation in enthalpy and CI” content caused by mixing with
shallow colder waters during ascent. For samples that are
mainly cooled by conduction during ascent, their chloride
contents generally will be nearly the same as those of
waters from aquifers feeding the springs. By combining the
cooling processes of the subsurface geothermal fluids and
the reasonable reservoir temperatures, the temperature and
salinity of the deep parent fluid can be predicted.

4. Results and Discussion

4.1. Hydrochemical Characteristics

4.1.1. Cluster Analysis. The dendrogram constructed by the
software SPSS17.0 shows that all the geothermal samples are
divided into three clusters, groups 1, 2, and 3, and group
2 can be further divided into two subclusters (Figure 4).
From the sampling location map (Figure 3), it can be seen
that the samples of group 1 and group 3 are distributed
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FIGURE 4: Dendrogram showing the results of the cluster analysis
performed on the geothermal spring samples from the research area.

in the central part and northern periphery of the sinter
platform, respectively. Samples of group 2 are scattered in the
transitional zone between groups 1 and 3, with subgroup 2-1
distributed closer to the central part, where its hydrochemical
characteristics are more similar to those of group 1.

4.1.2. Indicative Significance of Geothermal Fluid Composition.
The hydrochemical characteristics of all water samples are
summarized in Table 1. Cold groundwater in the research
area is of the HCO;-Ca-Na type. All the geothermal spring
samples contain Na* as the predominant cation, while the
proportions of Na* contents decrease from groups 1, 2, and
3 to the ambient cold groundwater. The predominant anions
of the geothermal spring samples from different groups
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FIGURE 5: Piper diagram of geothermal spring samples in the
research area.

differ from each other. Samples of group 1 contain ClI” and
HCO;™ as the predominant and subordinate anions, while
the opposite is found in group 3. As the transitional group
between groups 1 and 3, most samples of group 2 contain
HCOj;™ as the predominant anion and Cl as the subordinate
anion (Figure 5).

On the triangular plot of CI-SO,-HCO; + COj; (Figure 5)
and the Na-K-Mg diagram (Figure 6), a linear relationship of
all the samples is presented and was found to be one main
indicator of mixing between geothermal fluids and shallow
cooler waters. Furthermore, samples of groups 1, 2, and 3 draw
near to cold groundwater, indicating that there is a gradually
increasing mixture of geothermal waters and cooler shallow
water from group 1 to group 2 to group 3.

Figure 6 shows that almost all the samples can be classi-
fied as immature waters. According to [15], high-temperature
well discharges plot on the full equilibrium line and some-
what above actually measured deep temperatures, while the
associated spring waters are off the full equilibrium line and
shift to lower temperatures in the Na-K-Mg diagram. This
indicates acquisition of Mg by spring waters in response to
decreasing temperatures is faster than that of Na. Therefore,
on the premise of insufficient information, calculation results
of geothermal spring samples based on the Na-K-Mg system
still bear a certain significance.

4.2. Temperatures of Geothermal Reservoirs

4.2.1. Geothermometric Applications. The temperatures of the
geothermal reservoirs were estimated using a silica geother-
mometer [18], Na-K-Ca and Na/K geothermometers [37],
and K/Mg geothermometer [15]. The calculation results are
listed in Table 3.

4.2.2. Quartz Geothermometer. Silica geothermometers con-
tain quartz and chalcedony geothermometers which are
based on the solubility of silica changing as a function
of temperature and pressure. The quartz geothermometer
is more applicable than is the chalcedony geothermometer
in the research area because quartz controls the dissolved
silica concentration at temperatures higher than 150°C [18,
38, 39], which is the case in the research area where all of
the quartz results and most of the chalcedony results are
above 150°C. Therefore, the calculation results of the quartz
geothermometer are adopted in this research.

The temperatures of the geothermal reservoirs estimated
using the quartz geothermometer were selected for the
optimum temperature of each sample (i.e., the calculated
temperatures were chosen between the values of the maxi-
mum steam loss and no loss of steam) taking into account
the measured emerging temperature and the mass flow rate of
the corresponding spring [40]. Waters that flow at relatively
large mass rates directly to the surface will cool adiabatically,
and the emerging spring water will be at or slightly above the
boiling temperature for the prevailing atmospheric pressure
[41]. For these waters, the quartz geothermometer with the
maximum steam loss was applied. Boiling generally occurs
when the water temperatures reach 80°C at high altitudes
in the research area [42, 43], and, following [44], 30 L/min
is subjectively considered as a large mass flow rate for the
spring systems. For the geothermal spring samples, of which
the emerging temperatures are above 70°C and the mass
flow rates are higher than 30 L/min, the calculated results
from the quartz geothermometer with maximum steam loss
were adopted. Otherwise, the calculated results from the
quartz geothermometer with no loss of steam were adopted,
as waters that flow to the surface at relatively slow rates of
mass movement and that show emerging spring temperatures
much lower than the maximum temperature in the convect-
ing hydrothermal system are generally cooled by conduction.
The high mass flow rates usually keep pace with the high
emerging temperatures; therefore, for a small part of samples
that lack mass flow rate data, the optimum temperatures were
only selected by the measured emerging temperature. The
optimum temperature of each spring sample selected from
the quartz geothermometers is in bold font in Table 3. The
adoption rates of the results from the quartz geothermometer
with maximum steam loss gradually decreased from group 1
to group 3.

4.2.3. Cation Geothermometer. The Na-K-Ca, Na/K, and
K/Mg geothermometers were also used to estimate geother-
mal reservoir temperatures. When the Na-K-Ca geother-
mometer is used to estimate subsurface temperatures,
log( V/Ca/Na) first needs to be calculated. When all the results
from the water samples are negative, geothermal reservoir
temperatures can be calculated using the 3 value of 1/3 [45].
These results are listed in Table 3.

For the samples of group 1, the results from the Na/K
geothermometer are consistent with those from the Na-K-
Ca geothermometer, as the Ca contents are generally lower
than 3 mg/L. For the samples of groups 2 and 3, the results
from the Na/K geothermometer are increasingly higher
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FIGURE 6: Na-K-Mg diagram for all the geothermal spring samples in the research area [15].

than those from the Na-K-Ca geothermometer, as the Ca
contents of groups 2 and 3 are relatively higher, especially
for the samples of subgroup 2-2 and group 3, where the Ca
contents reach 10-23 mg/L. The Na-K-Ca geothermometer
makes a correction for the Ca content of the water, thereby
removing some ambiguity; thus, the results from the Na-K-
Ca geothermometer for the Ca-rich samples of groups 2 and
3 could be adopted.

4.2.4. Silica-Enthalpy Mixing Model. In the silica-enthalpy
mixing model, except for samples C3, C33, C34, and C35
from group 1, the extrapolations of the lines through other
data points of the cold and emerging spring waters have no
intersection point with the quartz solubility curve, indicating
that most of the geothermal fluids in the research area have
not mixed with shallow cooler water during ascent to the
surface (Figure 7). Regarding the deep geothermal waters that
are not mixed with shallow cooler water during ascent, the
connection lines of the sampling points and the steam point
are extended to intersect the quartz solubility curve at points
B and C (the upper and lower limits). The corresponding
temperatures of the geothermal reservoirs are 176-205°C;
however, this method underestimated the temperatures of
some geothermal samples from group 2 and group 3, as they
are mainly cooled by conduction during ascent to the surface.
The results calculated using the quartz geothermometer with
no loss of steam and the Na-K-Ca geothermometer listed in
Table 3 are more optimal.
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TaBLE 3: Calculation results of geothermal reservoir temperatures in the research area (T in °C, except for mass flow rate in L/min). The
results in bold font are the optimum temperatures selected from the quartz geothermometers taking into account the measured emerging

temperatures and the mass flow rates of the spring samples.

oy g B Vel Qe Gmnie o e s
c3l 873 1842.6 193.83 211.80 235.20 24051 126.90
C34 872 13116 152.31 160.68 235.52 23634 115.83
C35 78.6 70.32 142.98 149.45 235.08 236.62 121.90
C6 81.4 172.8 190.67 20784 230.93 235.71 131.88
c32 87 98.16 189.34 206.19 23857 23532 12102
! C3 80.8 216 146.32 153.46 229.30 233.48 12754
C33 873 1734 14735 154.70 231.68 231.45 116.93
Cs 81.8 151.2 189.79 206.74 22524 22835 118.11
19 78.7 324 194.34 212.45 24419 24812 14729
€20 832 496.8 196.27 214.87 250.26 25590  143.63
cis 79.2 64.8 200.74 220.49 249.05 253.13 150.87
cl 70.4 - 153.95 162.66 211.32 216.33 12767
C26 76 - 191.10 20839 210.78 217.46 122.57
c23 816 - 193.04 210.81 21157 214.96 122.73
C36 776 432 185.61 201.54 211.98 21620  130.49
21 i 80.6 216 188.66 205.34 214.87 220.28 13190
c25 772 - 188.87 205.59 219.03 232.32 132.47
C4 722 0.216 160.59 170.73 22719 23056 123.75
ca 774 - 186.62 202.78 213.01 22459 140.15
c7 80 - 183.54 198.95 219.72 22937 135.64
C24 66 6.48 190.99 208.25 201.80 22287 12004
c28 71 216 178.32 192.49 202.59 22649 12636
c2 78.8 432 191.42 208.78 205.34 230.03 134.41
22 C30 576 216 192.40 210.01 203.34 225.37 140.61
C27 70 - 203.80 22436 206.39 2342 126.09
C29 62.6 432 200.55 22025 192.97 21235 118.47
c2 776 86.4 197.62 21656 202.48 21758 131.09
Cl4 70 2.16 175.32 188.79 19754 2106 96.58
Cl6 66.2 216 179.47 193.91 198.74 214.06 104.61
cl5 62 216 18700 203.27 198.03 2427 108.92
c8 678 216 183.62 199.06 195.72 216.99 99.59
3 cn 68.8 216 175.02 188.41 204.12 22091 104.22
c9 58.8 216 193.37 211.23 199.40 221.49 105.18
c17 61.4 216 19435 212.45 207.46 226.81 110.94
c13 74.6 324 195.54 213.95 193.66 213.81 103.10
Cl10 73 - 197.03 215.82 198.43 218.39 106.32

For samples C3, C33, C34, and C35 from group I,
different intersections were provided by the two methods
mentioned in “Materials and Methods” (Figure 7). If there
is no steam separation before mixing, the intersection point
A, provides the temperature range of 223-240°C; however,
if steam separation occurs before mixing, the intersection
point A, lies within the temperature range of 154-157°C.
Obviously, the geothermal reservoir temperatures obtained
at intersection point A, (223-240°C) are more comparable to

those calculated using the Na/K geothermometer. The mixing
ratio of cold water with initial deep geothermal water could
be calculated by dividing the distance of point A, to the cold
water by that of point A, to the measured emerging water
(Table 4).

Therefore, the results of the silica-enthalpy mixing model
indicate that most of the geothermal fluids in the research
area do not mix with shallow cooler water during ascent to
the surface. A few samples from group 1 experience mixing
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TABLE 4: Parameters of geothermal spring samples that experience
mixing during ascent obtained from silica-enthalpy mixing models
(T in °C).

7 N M o st s
C34 236.34 240.76 156.61 66.9
C35 236.62 232.68 154.71 69.7
C3 233.48 240.29 155.90 69.7
C33 231.45 22721 154.23 64.8

during ascent and the mixture ratios of cold water with initial
deep geothermal water are approximately 65%-70%. The
temperatures of the geothermal reservoirs are approximately
223-240°C with no steam separation before mixing, which
are consistent with the corresponding Na/K results.

4.2.5. Selected Reservoir Temperatures. The calculated results
from the K/Mg geothermometer for groups 1, 2, and 3
are 115.83-150.87°C, 96.58-110.94°C, and 118.47-140.61°C,
respectively, which are significantly lower than those of the
quartz and Na/K (Na-K-Ca) results (Table 3). The system
K-Mg approaches mineral-fluid equilibrium at low temper-
atures because of the obviously rapid response to variations
in temperature, which reinforce the view that the subsurface
geothermal fluids in the research area generally mix with
cooler water in the reservoirs [46, 47].

The spring samples from group 1 and subgroup 2-1 fall
significantly below the “equal temperature” line of Figure 8,
especially for the samples from group 1, of which the results
estimated from Na/K geothermometer are much higher than
that from the quartz geothermometer. The Na/K (Na-K-
Ca) results of group 1 and subgroup 2-1 are 228-256"C
and 215-232°C. Except for a few samples that mixed with
considerable amount of shallow cold water during ascent,
the quartz results of group 1 and subgroup 2-1 are 189-201°C
and 184-193°C, respectively. When initial temperatures are
above approximately 210-230°C, silica is likely to precipitate
during ascent owing to relatively rapid rates of reaction at
higher temperatures and the attainment of supersaturation
with respect to amorphous silica as the solution cools. This
silica precipitation may coat the channels and prevent other
water-rock reactions, particularly those involving Na, K, and
Ca. In this situation, the Na/K(Na-K-Ca) geothermometer
could provide higher and more reliable results than those of
the silica geothermometer [19, 48].

The quartz results of samples C3, C33, C34, and C35 are
143-155°C, which are significantly lower than those of the
other samples in the same group. According to the silica-
enthalpy mixing models, the temperatures of deep initial
fluids are consistent with the corresponding Na/K results, and
the mixture ratios of cold water with initial deep geothermal
water are approximately 65%-70%. Therefore, it can be
speculated that, before significant precipitation of silica, these
samples mixed with a considerable amount of shallow cold
water during ascent leading to lower quartz results, which
could be corrected using the silica-enthalpy mixing model.
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FIGURE 8: Comparison of geothermal reservoir temperatures esti-
mated using quartz and Na/K (Na-K-Ca) geothermometers in the
research area. Na/K results were applied to samples of group 1, and
Na-K-Ca results were applied to samples of groups 2 and 3.

The quartz results of samples CI and C4 from subgroup
2-1 are obviously lower than those of the other samples
in the same group, while their Na-K-Ca temperatures are
comparable to the others. The lower quartz results are a result
of mixing with cold water as shown in the silica-enthalpy
mixing models. The measured emerging temperatures and
mass flow rates of these two samples are much lower than
those of other samples in the same group, which indicate
that they mainly experienced conductive cooling during
ascent. Therefore, the lower SiO, contents are probably due to
silica deposition in the case of high initial temperatures and
relatively slower mass flow rates of the geothermal fluids.

The spring samples from group 3 and subgroup 2-2
plot near the “equal temperature” line. The results of the
quartz geothermometer (188-212°C) agree well with those
of the Na-K-Ca geothermometer (193-207°C), suggesting
that the geothermal waters of group 3 and subgroup 2-2
reached a fluid-rock chemical equilibrium during ascent
to the surface [15, 49]. Some samples plot slightly above
the “equal temperature” line which might be a result of
the effects of slight evaporation. Samples from group 3 and
subgroup 2-2 generally featured low measured emerging
temperatures, slow mass flow rates, and high TDS, indicating
they mainly undergo conductive cooling during ascent to the
surface (Figure 9). Therefore, both the quartz and Na-K-Ca
geothermometers could provide reasonable temperatures of
geothermal reservoirs.

In summary, for most samples from group 1and subgroup
2-1, an Na/K or Na-K-Ca geothermometer could be used to
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1

FIGURE 9: Contour maps of the geothermal spring samples in the research area. Figures 9(a), 9(b), and 9(c) are the contour maps of
measured emerging temperatures, mass flow rates, and TDS of the spring samples, respectively; Figure 9(d) is the contour map of reasonable
temperatures of geothermal reservoirs determined in “Selected Reservoir Temperatures.”

estimate reasonable temperatures of geothermal reservoirs,
while, for the samples from group 1 mixing with a consid-
erable amount of shallow cold water during ascent, a silica-
enthalpy plot could also be applied to obtain reasonable
temperatures. For samples from group 3 and subgroup 2-
2, both the quartz and Na-K-Ca geothermometers could
provide reasonable results for the geothermal reservoirs.

4.3. Variation Characteristics of Geothermal Reservoir Tem-
peratures. Contour maps were applied to measure emerging
temperatures, mass flow rates, and TDS of the spring samples
and the reasonable temperatures of geothermal reservoirs
as determined in “Selected Reservoir Temperatures.” This
shows that the measured emerging temperatures and mass
flow rates gradually decrease from the central part to the
peripheral belt (Figures 9(a) and 9(b)), while the opposite
change is found with TDS (Figure 9(c)). This indicates that,
from the central part to the peripheral belt, the major cooling

processes of the subsurface geothermal fluids gradually trans-
form from adiabatic boiling to conduction. Figure 9(d) shows
an increasing trend of geothermal reservoir temperatures
from the center to the periphery. The point with the highest
temperature (256°C) appears in the east-central part of the
research area, of which the emerging temperature and mass
flow rate are relatively high, and the TDS is obviously lower.
Therefore, this point might be the main up-flow zone of the
subsurface geothermal fluids.

On the whole, the measured emerging temperatures,
mass flow rates, and TDS of the spring samples and the
reasonable temperatures of geothermal reservoirs change
regularly from the central part to the peripheral belt, which
are consistent with the distribution of the sinter platform and
are mainly controlled by the north-south trending fracture.

4.4. Cooling Process of Subsurface Geothermal Fluids. As
shown in the piper diagram (Figure 5), the Na-K-Mg tri-
angular plot (Figure 6), and contour maps (Figure 9), from
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FIGURE 10: Enthalpy-chloride plot for the geothermal spring samples
of the research area.

the central part (represented by group 1) to the peripheral
belt (represented by group 3), the major cooling processes
of the subsurface geothermal fluids gradually transform from
adiabatic to conductive. Furthermore, most of the geothermal
fluids in the research area do not mix with shallow cooler
water during ascent to the surface, except for a few samples
from group 1. Therefore, on the enthalpy-chloride plot of
geothermal water samples from the research area (Figure 10),
for most of the geothermal spring samples from group 1
and subgroup 2-1, an Na-K-Ca or Na/K geothermometer was
used to estimate the subsurface temperatures. In addition, the
results of the quartz geothermometers were used to represent
mixing temperatures for the mixed samples from group 1,
which could differentiate the various processes interfering
with the evolution of deep fluids. For the geothermal spring
samples from group 3 and subgroup 2-2, although both
the quartz and Na-K-Ca geothermometers could provide
reasonable temperatures of the geothermal reservoirs, the
subsurface temperatures were uniformly provided by the
Na-K-Ca geothermometer, as the cation geothermometer is
barely affected by mixing with cold water or boiling.

The major cooling process of each sample was determined
using the measured emerging temperature and the mass flow
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rate of the corresponding spring, just as the selection process
of optimal temperature was estimated using quartz geother-
mometers. For samples that mainly experienced adiabatic
cooling while ascending, straight lines were extended from
the sampling points to S (the steam point at zero chloride),
marking the enthalpies of the subsurface geothermal fluids
along the corresponding lines to obtain the locations of
subsurface geothermal fluids on the enthalpy-chloride plot.
For the samples that are mainly cooled by conduction during
ascent, their chloride contents generally will be nearly the
same as that of the waters in the aquifers feeding the springs
[18, 50, 51]. The reasonable temperatures of the geothermal
reservoirs are plotted directly above the sampling points. For
the samples from group 1 that mixed with a considerable
amount of shallow colder water during ascent, their sampling
and mixing temperatures were estimated using the quartz
geothermometer, and they are used to mark the temporary
points on the graph. Then, these points are connected to the
cold groundwater point and combined with the Na/K temper-
atures to obtain the locations of subsurface geothermal fluids
on the enthalpy-chloride plot.

According to the enthalpy-chloride plot, the deep parent
fluid of the Chabu geothermal field is estimated to have a
CI” concentration of 290 mg/L and an enthalpy of 1550]/g
(water temperature of 369°C). The deep parent fluid mainly
experienced adiabatic boiling, conduction, or mixing with
cooler water, to form the subsurface geothermal fluids in
the reservoirs. Most of the subsurface geothermal fluids
emerging on the surface as hot or boiling springs are mainly
cooled by adiabatic boiling or conduction. In addition to
adiabatic or conductive cooling, a few subsurface geothermal
fluids mix with a considerable amount of shallow colder water
during ascent and emerge with unsaturated quartz.

5. Conclusions

In this study, the geothermal spring samples were collected
systematically from the north-central part of the sinter
platform, which holds the most concentrated and intense
hydrothermal manifestations in the Chabu high-temperature
geothermal system. All the geothermal spring samples were
divided into three groups (group 2 could be further divided
into two subgroups) using cluster analysis of major elements.
Samples of group 1 and group 3 were distributed in the
central part and northern periphery of the sinter platform,
respectively, while samples of group 2 were scattered in the
transitional zone between groups 1 and 3. On the triangular
plot of Cl-SO,-HCO; + CO; and the Na-K-Mg diagram, a
linear relationship of all the samples was presented, which
was found to be the one main indicator of mixing between
geothermal fluids and shallow cooler waters in the geother-
mal reservoirs. Furthermore, samples of groups 1, 2, and
3 draw near to cold groundwater, indicating that there is
a gradually increasing mixture of geothermal waters and
shallow cooler water from group 1 to group 2 to group 3.
The optimal quartz temperature of each sample was
selected by considering the measured emerging temperature
and the mass flow rate of the corresponding spring. Then, the
reasonable reservoir temperatures and the mixing processes
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of the subsurface geothermal fluids in the research area were
defined by combining the calculated results of the quartz
and cation geothermometers with the silica-enthalpy mixing
models. For most samples from group 1 and subgroup 2-
1, the Na/K or Na-K-Ca geothermometer could be used to
estimate reasonable reservoir temperatures, as silica is likely
to precipitate during ascent owing to relatively rapid rates
of reaction at high temperatures (>210°C). For the samples
from group 1 mixing with shallow cold water during ascent,
a silica-enthalpy plot could also be applied to obtain reason-
able reservoir temperatures. For samples from group 3 and
subgroup 2-2, both the quartz and Na-K-Ca geothermome-
ters could provide reasonable results for the geothermal
reservoirs. Contour maps were applied to measure emerging
temperatures, mass flow rates, and TDS of the spring samples
and reasonable reservoir temperatures. These indicated that,
from the central part to the peripheral belt, the major cooling
processes of the subsurface geothermal fluids gradually trans-
form from adiabatic boiling to conduction. These also showed
an increasing trend of geothermal reservoir temperatures
from the center to the periphery. The point with the highest
temperature (256°C) appears in the east-central part of the
research area, which might be the main up-flow zone for the
subsurface geothermal fluids.

The cooling processes of the subsurface geothermal fluids
in the research area can be shown on an enthalpy-chloride
plot. The deep parent fluid for the Chabu geothermal field
has a CI” concentration of 290 mg/L and an enthalpy of
1550]/g (water temperature of 369°C). The deep parent
fluid ascends to high-temperature geothermal reservoirs and
forms subsurface geothermal fluids mainly cooled by adia-
batic boiling, conduction, or mixing with cooler water. Most
of the subsurface geothermal fluids emerging on the surface
as hot or boiling springs are mainly cooled by conduction or
adiabatic cooling, though some fraction of the geothermal
waters mixed with a considerable amount of shallow colder
water during ascent and emerged with unsaturated quartz.
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Iron-bearing amendments, such as iron grit, are proved to be effective amendments for the remediation of arsenic- (As-)
contaminated soils. In present study, the effect of redox condition on As fractions in As-contaminated soils remediated by iron
grit was investigated, and the bioaccessibility of As in soils under anoxic condition was evaluated. Results showed that the labile
fractions of As in soils decreased significantly after the addition of iron grit, while the unlabile fractions of As increased rapidly, and
the bioaccessibility of As was negligible after 180 d incubation. More labile fractions of As in iron-amended soils were transformed
into less mobilizable or unlabile fractions with the contact time. Correspondingly, the bioaccessibility of As in iron-amended soils
under the aerobic condition was lower than that under the anoxic condition after 180 d incubation. The redistribution of loosely
adsorbed fraction of As in soils occurred under the anoxic condition, which is likely ascribed to the reduction of As(V) to As(III)
and the reductive dissolution of Fe-(hydr)oxides. The stabilization processes of As in iron-amended soils under the anoxic and
aerobic conditions were characterized by two stages. The increase of crystallization of Fe oxides, decomposition of organic matter,
molecular diffusion, and the occlusion within Fe-(hydr)oxides cocontrolled the transformation of As fractions and the stabilization
process of As in iron-amended soils under different redox conditions. In terms of As bioaccessibility, the stabilization process of As

in iron-amended soils was shortened under the aerobic condition in comparison with the anoxic condition.

1. Introduction

The widespread contamination of soils with arsenic (As),
caused by human activities, is a high environmental and
toxicological concern. Several technologies, such as in situ
chemical stabilization, phytoremediation, and soil washing,
can be used to decrease As pollution in soils [1, 2]. Among
them, the in situ chemical stabilization implies the application
of stabilizing amendments, which by chemical means reduces
As mobility and bioaccessibility [3] and refer to the portion
of As that can reach into groundwater [4]. Nowadays, iron-
bearing amendments, such as iron oxides, iron salts, zero-
valent irons, and iron-rich industrial byproducts, are proved
to be effective in remediating As-contaminated soils [2, 5-7].

Among zero-valent irons, nanoscale zero-valent iron and iron
grit are the two most prevalent soil remediation agents [4].
The remediation efficiency of iron amendments such as
iron grit to As-contaminated soils is commonly dependent on
the proportions of labile and unlabile As fractions accounting
for the total As in soils. Thus, it is essential to understand
the stabilization/aging processes of As related to the change
of As fractions in soils. And the stabilization/aging processes
of As in soils not only depended on the properties of
amendments but also were affected by some environmental
conditions, such as temperature and redox conditions [5, 8-
10]. For instance, the crystallization of Fe (hydr)oxides and
the diffusion of As in micropores from the outer layers
into the inner complex are accelerated after the temperature
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TABLE 1: Physicochemical properties of the experimental soil.

pH 7.67
Organic matter (g/kg) 28.7
Total Fe (g/kg) 431
Free iron oxides (g/kg) 17.0
Amorphous iron oxides (g/kg) 6.7
Total Al (g/kg) 93.7
Total Mn (g/kg) 0.627
CEC (cmol/kg) 12.7
Particle size (%)
Sand (>0.05 mm) 31.8
Silt (0.002-0.05 mm) 55.6
Clay (<0.002 mm) 12.6
As fractions (mg/kg)
F1 0.045
F2 0.082
F3 0.199
F4 2.59
F5 1.77
Fo6 16.5

elevated, resulting in the transformation of labile fractions
of As into unlabile fractions [5, 9]. The forms of As and
Fe-hydroxides in soils are commonly affected by the redox
conditions [10, 11]. However, the effect of redox condition on
the stabilization processes and bioaccessibility of As in soils
amended by iron grit are little known.

The present study aims to (1) investigate the effect of
redox condition on As fractions in As-contaminated soils
remediated by iron grit in a long term and (2) evaluate
the bioaccessibility of As in remediated (iron grit) soils and
unremediated soils. Fractions of As in soils were extracted
by the sequential extraction procedure (SEP). The results will
be beneficial to understanding of the stabilization processes
and remediation efficiency of As in soils amended by iron grit
under different redox conditions.

2. Materials and Methods

2.1. Soil and Amendment Characteristics. The soils were col-
lected from the upper 10 cm of an agricultural land irrigated
by sewage in South China. Soil samples were air-dried,
ground, and passed through a 0.9 mm sieve after discarding
debris and finally homogenized in advance of analysis. The
detailed physicochemical properties of the experiment soil
are shown in Table 1, and the related analytical methods have
been discussed in our previous publication [11]. The iron grit
used for soil additive was purchased from Tianjin evergreen
chemical reagent manufacturing Co., Ltd. (China).

2.2. Soil Preparation and Handling. Three samples were taken
from the above composite soil with 300 g each. The first and
the second ones were spiked by Na; AsO, solution and made
the concentrations of As in soils up to 100 mg/kg and then
added with 6 g of iron grit (2%, w/w) and mixed immediately.

Geofluids

The first one was added with relatively small volume and high
concentration of As solution to make the soil moisture equal
to field capacity, which is labeled as S;,. The second one was
spiked with relatively big volume and low concentration of
As solution to make the soil supersaturated, which is denoted
as Spy. The third one was treated with the same process of
Sy but with no addition of iron grit and is denoted as Sy. Sy
and Sy represent soils under the anoxic condition, and the
latter one added iron grit. By contrast, S;, with the addition
of iron grit represents soils under the aerobic condition. All
samples were incubated in an artificial climate chamber with
a temperature of 25°C and a humidity of 65%. S;, was opened
and maintained at the soil moisture of field capacity, while
Sy and Sy were sealed and maintained a supersaturated
condition. At different times (0d, 3d, 10d, 30d, 60d, 120d,
and 180 d) after incubation, soil samples were collected and
freeze-dried for 24 h in a vacuum before the extraction of As
fractions [12].

2.3. Sequential Extraction Procedure and Quality Control. 'The
dried samples were ground and mixed after being collected,
and 1.00 g of samples was weighted into acid-washed 50 ml
centrifuge tubes. All sample analyses were performed in
duplicate. The fractionation of As in soils was determined by
one modified Tessier’s SPE [11]. Six fractions are denoted as
F1, F2, F3, F4, F5, and F6 and are corresponding to water
soluble fraction, exchangeable fraction, loosely adsorbed
fraction, strongly adsorbed and organically bound fraction,
Fe and Mn/Al oxides bound fraction, and the residual
fraction. The details are shown in our previous study [11].
In this study, all reagents were analytical grade or better.
The concentrations of As in the extractions were determined
using an atomic fluorescence spectrophotometer (AFS-610A
model, Beijing, China). A standard reference soil GSS-16
(National Center for Standard Reference Material, Beijing,
China) was used for quality control of the acid digestion.
The recovery for As in the standard reference soil GSS-16
was 98.7%. The errors for the sum of As measured in all
six fractions to a single total As determination were within
+18.5%.

3. Results and Discussion

3.1 Influence of Iron Grit Amendment on As Fractions in
Soils. As shown in Figure 1, there was significant difference
for all As fractions between iron grit amended soils (Syy)
and unamended soils (Sy) at initial time (0d). It is worth
mentioning that the determination of As fractions at initial
time was after 24 h freeze-drying in this study. The labile
fractions such as F1, F2, and F3 in Sy accounted for 32%,
14%, and 27% of the total As, respectively, and were far higher
than that in S;y. In contrast, the less mobilizable fractions
such as F4 and F5 in Sy accounted for 11% and 4% of the
total As, respectively, and were far lower than that in Spy.
This indicates that iron grit has a rapid effect on the decrease
of labile fractions of As in soils and a large proportion of
labile fractions of As in soils transformed rapidly into less
mobilizable fractions after the addition of iron grit. This is
likely to be ascribed to the rapidly increase of iron oxides in
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soils after the addition of iron grit, because iron oxides have
strong adsorbed ability on water soluble As [13, 14]. After the
incubation, F1 in both of Sy and Sy decreased significantly
within 120 d and were from 32% and 9% of the total As to
4% and less than 1%, respectively. F2 in Sy decreased from
14% to 3% and reached a steady state within 60 d, while it in
Six was negligible during the whole incubation period. F3 in
Sy decreased from 27% to about 10% and reached a steady
state within 30 d, while it was increased firstly from 4% to
7% within 3 d and then decreased to 2% within 60d in Spy.
F4 increased from 11% to about 49% within 30d and then
decreased slowly to 44% in the later incubation (60 d-180 d)
in Sy. By contrast, F4 in S was shown a remarkable decrease
from 63% to 31% within 180d. F5 in both of Sy and S;y
increased within 180 d and were from 4% and 11% of the
total As to 22% and 18%, respectively. F6 in Sy increased
from 12% to 17% and reached a steady state within 60 d,
while in Sp a remarkable increase from 13% to 48% within
180 d was exhibited. Compared to As fractions in Sy, the
proportions of F1, F2, F3, F4,and F5 in Sy were lower, while
the proportion of F6 in Sy was higher after the incubation.
This indicates that iron grit is an effective amendment to
stabilize As fractions in soils.

The sum of weakly bound fractions of As after amended
is usually used to assess the effectiveness of amendments
reducing As bioaccessibility in soils [15, 16]. In this study,
the sum of F1, F2, and F3 to the total As, denoted as F;,
represents the bioaccessibility of As in soils [9]. Fy; in both of
Sy and Sy showed a significant decrease from 73% and 13%
to 17% and 2%, respectively, and reached a steady state within
60 d (Figure 2). Therefore, in terms of the As bioaccessibility,
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FIGURE 2: Changes of As bioaccessibility in soils under anoxic
conditions (unamended soil, Sy; iron grit amended, Sy).

the stabilization/aging processes of As in both of Sy and Sy
occur and end within 60d, and the addition of iron grit is
more effective on the stabilization of As in soils.

3.2. Effect of Redox Conditions on As Fractions in Iron-
Amended Soils. F1inDboth of S, and S; decreased markedly
within the first 10 d following the addition of water soluble
As and iron grit (Figure 3). By contrast, in the incubation
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condition, S, ).

time of 60d to 180d, the changes of F1 in these two soils
were distinct; in this period, F1 exhibited further decreases
at slow rates and the tendency was not complete at the end of
incubation in Sy, while F1 in S, had no significant change
in 60 d-180d. This indicates that the transformation of F1
into less mobilizable fractions in iron-amended soils under
the anoxic condition is a long-term (>180 d) process, while it
is a short-term (<60 d) process in iron-amended soils under
the aerobic condition. Moreover, in the whole incubation
period, the proportion of F1 in Sy was higher than that in
Sia> indicating that more soluble As in iron-amended soils
transformed into less mobilizable fractions under aerobic
condition in comparison with under anoxic condition. This
is likely to be attribute to the ongoing reduction of As(V)
to As(III) in soils under anoxic condition and the higher
adsorption of As(V) than As(III) onto soil components [10,
11, 17, 18].

Different from F1, there was no significant difference of
F2 in both S}, and S;y, and the proportion of F2 exhibited a
negligible level during the whole incubation time (Figure 3).
So it could be speculated that F2 was converted to less
mobilizable fractions at an extremely fast rate following the
addition of iron grit to soils whether in an oxidizing environ-
ment or in a reducing environment. This may be ascribed to
the rapidly formed Fe oxides after the addition of iron grit into
soils, because the rapid adsorption of added As on the surface
of newly formed amorphous iron oxides has been found
[19].

F3in S}, showed a marked decrease and reached a steady
state quickly within the first 10 d (Figure 3). By contrast, F3
in Sy exhibited a significant increase within the first 3d and
then decreased, indicating that the redistribution of F3 in
iron-amended soils under anoxic conditions occurred. The
reason for the increase of F3 in Sy within the first 3 d may be
as follows: on the one hand, pH in Sjy may increase within
the first 3 d, because soil pH increased slightly after the flood
while pH in nonflooded soil showed little change [20]; on the
other hand, the reduction of As(V) to As(III) often occurs
in soils under anoxic conditions [12], both leading to the
increase of F3 in Spy within the first 3d, because As(III)
is preferentially nonspecific adsorbed to Fe-hydroxides at
alkaline condition [2]. As on external surface of soil minerals
gradually diffuses into inner surface and mineral lattice and
forms relatively immobilizable surface complexes and insolu-
ble secondary solid phases [10, 21], which may be responsible
for the decrease of F3 in iron-amended soils with the contact
time. The change of F3 in S;, ended in the first 10 d while in
Sy it ended within 60 d, indicating that the transformation
of F3 into other fractions in iron-amended soils under the
anoxic condition is more lasting than that under the aerobic
condition.

Similar to F1 in soils, F4 also showed a significant
decrease in both S, and S;y, and the decrease of F4 was
not complete within the incubation time in both S, and Sy
(Figure 3). This indicates that effect of redox conditions on
the tendency of F4 in iron-amended soils is negligible. The
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decomposition of organic matter and the increase of crystal-
lization of Fe oxides with the contact time may be responsible
for the decrease of F4 in iron-amended soils [10, 22, 23]. In
addition, the proportion of F4 in S; was significantly higher
than that in S;, during the whole incubation period. This
may be attributed to the more As(V) reduction to As(III) and
less decomposition of dissolved organic matters in soils under
anoxic condition than that under aerobic condition [8, 11].

Contrary to the four former fractions, F5 in both S,
and S;y increased promptly within the first 10d after the
addition of water soluble As and iron grit (Figure 3). In
contrast, during the later incubation period (10 d-180 d), the
changes of F5 in these two soils were distinct: F5 in Sp,
reached the equilibrium within the first 10 d, while in Sy it
exhibited a further increase in the later incubation period
(10 d-180 d). This indicates that the transformation of F5
into other fractions in iron-amended soils under the anoxic
condition is a long-term (>180 d) process, while it is a short-
term (<10 d) process in iron-amended soils under the aerobic
condition. The reductive dissolution and reproduction of As-
Fe phases in soils occur under reducing conditions, but it is
inhibited at oxidative conditions, which may be responsible
for the different tendency of F5 in S;, and Sy [17, 24]. It
is worth mentioning that the proportion of F5 in Sy was
significantly lower than that in S;, during the incubation
period of 3d-60 d. This may be ascribed to the reduction of
As(V) into As(III) and the poor crystallization of Fe oxides in
soils under the anoxic condition [10].

F6in both S;, and S,y increased markedly within the first
30d following the addition of As and iron grit (Figure 3).
The changes of F6 in these two soils in the later incubation
period (30d-180d) were distinct: F6 in Sy reached the
equilibrium within the first 30d, while in S;, it showed
a further increase at slow rates and the tendency was not
complete within 180 d. This indicates that aerobic condition is
likely to prolong the formation of F6 in iron-amended soils in
comparison with anoxic condition. This may be attributed to
the lasting well crystallization of Fe oxides in iron-amended
soils under the aerobic condition. The proportion of F6 in
Six was significantly lower than that in S;, during the whole
incubation period. This indicates that the aerobic condition
likely leads to the more increase of F6 in iron-amended
soils over time in comparison with the anoxic condition.
Reduction of As(V) to As(III) under the anoxic condition
over time may be also responsible for the above effect, because
a higher proportion of labile fraction of As(V) commonly
transforms into less mobilizable fractions, such as F6, in soils
over time in comparison with As(III) [10].

3.3. Impact of Redox Conditions on As Bioaccessibility in
Iron-Amended Soils. As shown in Figure 4, Fy; in both S,
and Sy decreased rapidly within the first 10 d following the
addition of As(V) and iron grit into the soils. In contrast,
the changes of Fy; in these two soils in the later incubation
period (10d-180d) were distinct: Fy; in S;, reached the
equilibrium within the first 10d, while in Sy it showed a
further decrease and reached the equilibrium within 120 d.
This indicates that anoxic condition would lead to the
tendency of Fy; in iron-amended soils reaching equilibrium

Fyp (%)

0 T T T T T 1
0 30 60 90 120 150 180

Incubation time (d)

—e— Anoxic condition
—-m- Aerobic condition

FIGURE 4: Changes of As bioaccessibility in soils under different
redox conditions after the addition of iron grit over time (anoxic
condition, S;y; aerobic condition, Sy ).

later in comparison with aerobic condition. In terms of As
bioaccessibility, the stabilization process ended within 10d
in Sp,, but it was complete within 120d in Sy, indicating
that the anoxic condition would prolong the stabilization
process of As in iron-amended soils. In addition, over
the whole incubation period, the proportion of Fy; in Sy
was higher than that in S;,, which demonstrates that the
aerobic condition tended to be more conducive to reduced
bioaccessibility of As than anoxic condition. It is likely to be
coaffected by the reductive dissolution of Fe (hydr)oxides and
the reduction of As(V) to As(III) at anoxic condition [25, 26],
because As which was coprecipitated and adsorbed on Fe-
(hydr)oxides surface could be released due to the reductive
dissolution of the Fe oxides and the lower adsorption of
As(III) onto the surface of soil minerals than that of As(V)
[27].

3.4. Effect of Redox Conditions on the Stabilization Processes
of As in Iron-Amended Soils. The stabilization process of As
in Sy had two distinct stages in the whole incubation period
(Figure 5(a)). The first stage was from 0d to 3d, where F1
and F4 decreased and, in contrast, F3, F5, and F6 increased,
while other fractions exhibited no marked change, indicating
that F1 and F4 transformed into F3, F5, and F6 in S;y
within the first 3d, and the main transformation was from
F1 and F4 to F6 due to their large variations. In this stage,
transformation of F1 to F6 in Sy was likely to be affected
by the molecular diffusion in micropores of the soil minerals
[9, 10]. Transformation of F4 to F6 in S;y was coaffected by
the decomposition of organic matter and molecular diffusion
in the surface of soil minerals [22], because As occluded
within organic matters would be released again after the
decomposition of arganic matter by microbial respiration
under the anoxic condition and then diffused into the mineral
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FIGURE 5: The stabilization processes of As in soils at different redox conditions ((a) S;y and (b) Sy, ).

lattice [10]. The second stage in Sy was from 3d to 180 d; F1,
F3, and F4 decreased and, in contrast, F5 and F6 increased,
while F2 was without significant change. This indicates that
three more mobilizable fractions transformed into two less
mobilizable or immobilizable fractions in the later incubation
time in Spy. The main transformation in Spy in the second
stage was also from F4 to F6 due to their large variations, and
the decomposition of organic matter and molecular diffusion
in the surface of soil minerals should be responsible for this
transformation.

Similar to the iron-amended soils under anoxic condi-
tion, the stabilization process of As in iron-amended soils
under aerobic condition also had two distinct stages in the
whole incubation period (Figure 5(b)). The first stage was
also within the first 3d, where F1, F3, and F4 decreased
and, in contrast, F5 and F6 increased, while F2 was without
significant change. This indicates that three more labile
fractions transformed into two unlabile fractions in Sp
within the first 3d. The main transformation in S, in the
first stage was from F1 to F5 and F4 to F6 due to their
large variations. In this stage, the transformation of F1 to
F5 in Sy, may be ascribed to the well crystallization of Fe
oxides and As occluded within Fe-(hydr)oxides, because the
crystallization of Fe oxides in soils under aerobic conditions
would occur rapidly [28]. The transformation of F4 to F6
in S;, is also likely to be attributed to the decomposition of
organic matter and molecular diffusion in the surface of soil
minerals. The second stage in S, was also from 3 d to 180 d;
F1 and F4 decreased and, in contrast, F6 increased, while
other fractions showed no significant change, indicating the
transformation of F1 and F4 into F6 in S, in the later
incubation period. In this stage, the main transformation in
Sia was F4 to F6, and the reason was discussed as in the
above.

4. Conclusions

The present study demonstrated that water soluble and
loosely adsorbed As was the primary fractions in soils spiked
As(V). After the addition of iron grit, the primary fractions
of As in soils were characterized by strongly adsorbed and
organically bound fractions (~63%), while the water soluble
and loosely adsorbed As only account for a small propor-
tion. More labile fractions transformed into immobilizable
factions in iron-amended soils under aerobic conditions in
comparison with under anoxic conditions. The redistribution
of F3 in iron-amended soils under anoxic conditions occurs,
as a result of the reduction of As(V) to As(III) and the
reductive dissolution of Fe-(hydr)oxides.

The stabilization processes of As in iron-amended soils
under the anoxic and aerobic conditions were characterized
by two stages. The increase of crystallization of Fe oxides,
decomposition of organic matter, molecular diffusion, and
the occlusion within Fe-(hydr)oxides cocontrolled the trans-
formation of As fractions and the stabilization process of
As in iron-amended soils under different redox conditions.
In terms of As bioaccessibility, the stabilization process of
As in iron-amended soils was shortened under the aerobic
condition in comparison with under the anoxic condition.
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The effects of two representative dissolved organic matters (DOMs) (derived from corrupt plants (PDOM) and chicken manure
(MDOM)) on sorption characteristic of oxytetracycline to three typical sediments (first terrace (FT), river floodplain (RF),
and riverbed (RB) sediments collected from the Weihe River) were investigated. Results showed that both DOMs can make
the adsorption equilibrium time advance about 6 hours. The presence of DOMs changed the sorption kinetics model and the
spontaneous degree of the reaction but did not change the sorption isotherm models. The adsorption of oxytetracycline (OTC)
could be promoted by adding PDOM, and its maximum adsorption amount increased by 23.8% for FT, 38.0% for RB, and 28.3%
for RE respectively, whereas MDOM could inhibit the adsorption and maximum adsorption amount decreased by 23.3% for FT,
11.6% for RB, and 16.1% for RF, respectively. In addition, the DOM concentration also affected the adsorption. Overall, this study
suggests that the humus-like DOM can promote the adsorption of OTC while the protein-like DOM can inhibit the adsorption of

OTC to sediments, which is determined by the aromaticity, hydrophilicity, and polarity of the DOMs.

1. Introduction

Antibiotics are widely used in aquaculture, poultry breeding,
food processing, and pharmaceutical. However, they can not
only cause organic pollution, but also threaten the safety
of microbial communities, triggering resistance genes after
being released into the environment. Lately the resistance
genes have been detected in environmental media such as
river water, sediment, groundwater, and soil [1-3]. Therefore,
the study of environmental behavior of antibiotics to achieve
risk prediction and management is of great significance.

The fate of antibiotics in the soil is mainly through
adsorption, migration, transformation, and degradation.
Among them, adsorption is one of the processes that pro-
foundly affected the behavior of the antibiotics in soil and
sediments. It was reported that the adsorption behavior
of antibiotics was influenced by the soil type, composition

and properties, pH, and temperature conditions [4, 5]. In
addition, the interaction of antibiotics with some other coex-
istences, such as dissolved organic matter (DOM) and metal
oxides, is also an important factor affecting the adsorption
of antibiotics on soil [6]. A large number of studies have
shown that the main substance to adsorb antibiotics in soil
and sediments is its organic constituents. In other words,
it is DOM that plays an important role in the migration of
antibiotics. Therefore, identification of the effect of DOM on
the adsorption of antibiotics in sediments will facilitate better
understanding the mechanism of antibiotic adsorption and
its transformation in unsaturated zone.

Previous studies reported that the source of DOM appar-
ently influences the magnitude of sorption. Oh et al. [7]
found that, for the effect of DOMs on ibuprofen sorption,
citrate concentration increased and the K,; value decreased
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but urea did not interrupt the ibuprofen sorption. The
concentration of DOM also showed a different adsorption
behavior of antibiotics to soil. Kulshrestha et al. [8] observed
an increased sorption at a lower concentration of dissolved
humic acid (1 mg/L), while a higher concentration of humic
acid (10 mg/L) resulted in an opposite effect. Moreover, the
variety of antibiotics can make significant influence on their
adsorption behavior due to the difference of their properties
[4, 9]. So there should be some essential mechanism to
dominate these apparently different results. It has been
clearly demonstrated that DOM can form complexation with
relatively polar pesticides or uptake hydrophobic organic
contaminants, which increases the apparent aqueous solubil-
ity and potentially decreases the sorption [10-15]. However,
it has been found that the presence of cow dung DOM
promotes the adsorption of OTC on black soil and with
the increasing of DOM concentration, the promoting effect
is more evident. In addition, the presence of DOM will
mask the adsorption sites to inhibit the adsorption of soil
on oxytetracycline [16], while Ling et al. [17] reported that
the binding of DOM to sediment particles also increased
the organic carbon content and changed its surface mor-
phology, resulting in an increase in the adsorption sites
on the surface of the sediment and an increase in the
adsorption of oxytetracycline. It has been demonstrated that
the most important compositions of DOM include three
categories: humic substances, polysaccharides, and proteins
[18], while these substances should play an essential role
on the adsorption of antibiotics by their hydrophobicity,
aromaticity, and functionality properties. However, to our
knowledge, very few studies showed solicitude or comparison
to the distinct adsorption behavior caused by the humic and
protein substances on the adsorption. At least, the effect on
the adsorption of OTC still deserves investigation. The study
of the mechanism of these kinds of DOMs affecting soil
adsorption of antibiotics is obviously insufficient.

In this study, with the aim of investigating the effect
of DOM on the sorption of OTC to sediments, three
typical sediments (first terrace sediment, river floodplain
sediment, and riverbed sediment) were collected from the
Weihe River, Northwest China, and subjected for testing.
Two typical DOMs were derived from corrupt plants and
chicken manure. Elemental analysis and three-dimensional
fluorescence were deployed to elucidate the mechanism of the
effect of DOM on the adsorption of OTC to sediments.

2. Materials and Methods

2.1. Sample Collection and Analysis

2.1.1. Sample Collection and Pretreatment. The sampling sites
are located at Guanzhong basin, middle reaches of the Weihe
River. To make the study more representative, three sedi-
ments were collected from first terrace (FT), river floodplain
(RF), and riverbed (RB) along the Weihe River crosswise.
Sediment samples were naturally air-dried, then sealed, and
low temperature stored before use. Quartz, feldspar, mica,
and other minerals can be found in the FT and RF sediment
by SEM. Their characterization of sediments is showed in
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Table 1. Corrupt plants were collected from the litters through
natural corruption at the Weihe River bank, while chicken
manure was obtained from a local poultry farming (with no
use of antibiotics). All of the samples were detected with no
OTC.

After collection, corrupt plants and chicken manure were
subjected for DOMs extraction. To do so, 40 g of corrupt
plants and chicken manure were placed in 400 mL distilled
water, respectively, shaking at 200 rpm and 25 +1°C for 12 hrs.
The suspensions were then centrifuged at 12000 rpm and 4°C
for 10 min. Finally, the supernatant was filtered through a
0.45 ym membrane and stored in the dark environment at a
low temperature (4°C) [19, 20].

2.1.2. Analysis. Elemental (C, H, N) analyses were conducted
via a Vario ELIII elemental analyzer. The oxygen content was
calculated by the mass difference. To assess the polarity and
aliphatic characteristics of the sorbents, (O + N)/C and H/C
atomic ratios were calculated. The fluorescence spectra of
DOM samples were also recorded at room temperature with a
700-V Xe lamp and a1 cm quartz cell (F-7000; Hitachi, Japan).
The excitation wavelengths (Ex) ranging from 220 to 600 nm
and emission (Em) wavelengths ranging from 250 to 600 nm
were used. The scan rate was 1200 nm/min.

2.2. Sorption Experiments. The sorption experiments
were performed using an Organization for Economic Co-
operation and Development (OECD) method. OTC was used
as a representative antibiotic for adsorption experiments.

2.2.1. Sorption Kinetics. A preequilibrium kinetic experiment
was carried out to determine the equilibrium time for
batch reactions in order to study sorption isotherms. The
reaction solutions in 10 mL centrifuge tubes containing three
sediments (0.25 g) and 5mL of OTC (10 mg/L) were initiated
by spiking 1mL of the following solutions, respectively:
distilled water (without DOM) and the TOC concentration
of 100 mg/L of PDOM and MDOM solution. The tubes
were stirred continuously at a constant temperature of 25°C
(298 K). At time intervals of 2, 4, 8, 16, 20, 24, 30, 36, 48,
60, and 72 hrs, three replicates were centrifuged at 10000 rpm
for 20 min. The obtained supernatants were analyzed using
UPLC to quantify the concentration of unabsorbed OTC.
Control experiments without sediments were also conducted
under the same conditions as blank.

2.2.2. Sorption Isotherms and Thermodynamics. In the batch
experiments, sediments and DOMs were added in the same
amount as sorption kinetics experiments described in Sec-
tion 2.2.1, while the initial concentration of OTC ranged
from 5.0 mg/L to 25.0mg/L. All samples were allowed to
equilibrate in the tubes at a constant room temperature.
After equilibrium was reached, 5mL of the solutions from
each tube was collected and centrifuged at 10,000 rpm for
20 min. The obtained supernatants were used to quantify
the concentration of OTC. Reactions were conducted in
duplicate for each sample.
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TABLE 1: Basic composition of first terrace (FT), river floodplain (RF), and riverbed (RB) sediments.

Granulometric composition (%)

Samples TOC (%) Silt Fine sand Medium sand Coarse sand
<0.25mm 0.25-0.35 mm 0.35-0.5mm >0.5 mm
FT 6.032 75+ 4.7 433176 426 £5.8 6.6 £4.3
RB 4.184 53+14 43.9+9.7 429+4.2 79 £3.1
RF 1.575 21.7 + 3.8 475+ 4.5 231+6.2 77 £ 4.7

The sorption thermodynamics experiments were con-
ducted at the temperature ranging from 25°C (298 K) to 45°C
(318 K), and the initial concentration of OTC ranged from
5.0mg/L to 25.0 mg/L. Other steps were the same as the
sorption isotherms described in Section 2.2.2.

2.2.3. Effect of DOM Concentration on Sorption. Edge exper-
iments were conducted to investigate the effect of DOM
concentration on sorption. Briefly, 0.25g sediments were
weighed into a 10 mL centrifuge tubes and 1mL of PDOM
and 1 mL of MDOM with a series of DOM concentration (50,
100, 150, 200, and 300 mg TOC/L) were spiked. Then, 5mL of
OTC (10 mg/L) solution was added, stirring continuously at a
constant temperature of 25°C for 30 hrs, and then centrifuged
at 10000 rpm for 20 min; the obtained supernatants were
used to quantify the concentration of OTC. The experiment
without DOM was also conducted as blank.

2.3. Oxytetracycline Measurement. Ultrahigh performance
liquid chromatography fitted with waters TUV detector
(Waters UPLC H-Class) and ACQUITY UPLC BEH CI18
1.7 ym 2.1 x 150 mm Column was employed for detection
and quantification of OTC. Column temperature was 40°C
+ 0.1C and sample 10°C + 0.1°C. Injection volumes of 5 uL, a
retention time of 1.530 + 0.003 min, and a mobile phase of
60% acetonitrile/40% water with a flow rate of 0.] mL/min
were used. OTC was measured at 260 nm.

3. Results and Discussion

3.1. Adsorption Characteristics of OTC to Sediments. Data
obtained from the sorption experiments of OTC to three
sediments showed that the adsorption amount gradually
increased with time till equilibrium is reached (Figure 1).
The equilibrium time of FT sediment is in 24 hrs which is
shorter than other two sediments. The maximum adsorption
amount of three sediments followed the order: RF > FT > RB.
According to the basic characteristics presented in Table 1, the
TOC content of FT is greater than RB, which also means that
the organic matter content of FT sediment is greater than RB.
That is why the adsorption amount of FT is larger than RB.
Chen et al. [21] reported that there is a positive correlation
between organic matter content and sediment adsorption
capacity. However, the amount of OTC adsorbed by the
RF sediment is larger than that of the other two sediments
because of its high content of silt in the sediment particle size
distribution [22]. Laak et al. reported that the higher content
of silt contains more clay minerals, more metal ions, and a

Q, (mg/kg)

t (h)

-—a— FT
—— RB
—o— RF

FIGURE 1: Adsorption characteristic of OTC to sediments.

larger cation exchange capacity. Interactions of exchangeable
salt-based ions through the hydroxyl or dihydroxy sites with
the cation in soil surface could enhance soil adsorption of
OTC [23].

3.2. Effect of DOM on the Adsorption of OTC to Sediments

3.2.1. Effect on Sorption Kinetics. The adsorption kinetics
of OTC to three sediments plotted in Figure 2 apparently
showed that, before DOMs were added, the adsorption for
three sediments is mainly divided into two phases, that is, the
first phase for rapid adsorption in the first 8 hrs and the sec-
ond phase for slow adsorption; the equilibrium time is about
in 30 hrs. After the DOMs were added, the rapid phase is still
in the first 8 hrs, while the equilibrium time is significantly
accelerated in 24 hrs, indicating that the presence of DOMs
can promote the adsorption equilibrium time, which may
be due to the activation of the adsorption sites of sediment
particles, reduction of the activation energy, and increasing
of the adsorption rate when the DOMs were added.

To investigate the adsorption reaction process of OTC
to sediments, pseudo-first-order model and pseudo-second-
order model were used to fit the sorption kinetics data of OTC
to sediments [5, 24, 25]. The adsorption trends are showed
in Figure 2, while the corresponding fitting parameters are
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FIGURE 2: Effects of dissolved organic matter (DOM) on sorption kinetics of oxytetracycline to first terraces (FT) (a, b), riverbed (RB) (c, d),
and river floodplain (RF) (e, f) sediment. FT-PDOM, RF-PDOM, and RB-PDOM refers to the sorption with the presence of corrupt plant

derived DOM (PDOM). FT-MDOM, RE-MDOM, and RB-MDOM refers to the sorption with the presence of chicken manure derived DOM
(MDOM).
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TABLE 2: Pseudo-first-order and pseudo-second-order model fitted parameters for oxytetracycline sorption to three sediments with the

presence of DOMs.
Qeexp Pseudo-first-order model Pseudo-second-order model
Samples (mg/kg) R? ky Qecal RSS/dof R? k, Qecal RSS/dof
(1/h) (mg/kg) (kg/mgh)  (mg/kg)

FT 40.027 0.9738 0.1695 38.618 101.663 0.9858 0.0040 45.684 55.278
FT-PDOM 61.209 0.9868 0.1695 60.121 118.341 0.9814 0.0023 70.417 166.769
FT-MDOM 37190 0.9750 0.1502 36.588 101.698 0.9772 0.0034 43.441 93.081
RB 30.089 0.9410 0.1644 28.652 49.604 0.9789 0.0061 32.802 17.755
RB-PDOM 40.027 0.9453 0.1311 38.943 145.568 0.9683 0.0033 45.400 84.239
RB-MDOM 28.133 0.9458 0.1701 27.193 63.592 0.9729 0.0065 31.157 31.771
RF 65.208 0.9846 0.1121 65.024 61.865 0.9828 0.0017 76.862 68.885
RF-PDOM 94.121 0.9905 0.1129 95.029 266.481 0.9839 9.12E-4 117.880 450.348
RF-MDOM 55.521 0.9420 0.1423 55.988 221.475 0.9337 0.0027 64.432 252.881

TaBLE 3: Langmuir isotherm model and Freundlich isotherm model fitted parameters for oxytetracycline sorption to three sediments with

the presence of DOMs.
Samples Langmuir isotherm model Freundlich isotherm model

Q,, (mg/kg) K, (L/mg) R’ RSS/dof R, K 1/n R’ RSS/dof
FT 454.919 0.0152 0.9883 271564 (0.759, 0.940) 8.1760 0.8628 0.9896 24.0104
FT-PDOM 563.141 0.0225 0.9889 57.3752 (0.681, 0.914) 14.2079 0.8551 0.9825 98.5720
FT-MDOM  323.665 0.0198 0.9898 60.8960 (0.708, 0.924) 7.5841 0.8411 0.9662 63.3506
RB 207.996 0.0257 0.9779 24.3801 (0.651, 0.903) 6.7888 0.7898 0.9789 23.2086
RB-PDOM 287087 0.0237 0.9945 10.1586 (0.669, 0.910) 8.2462 0.8162 0.9926 13.6067
RB-MDOM  174.721 0.0334 0.9469 58.8434 (0.590, 0.878) 7.5521 0.7537 0.9445 61.3908
RF 536.867 0.0165 0.9701 179.9477 (0.744, 0.936) 14.6219 0.8530 0.9589 2471996
RF-PDOM  688.969 0.0352 0.9549 567.9393 (0.577,0.872) 26.4432 0.8302 0.9395 760.5967
RF-MDOM  426.129 0.0244 0.9625 149.7934 (0.663, 0.908) 11.1970 0.8354 0.9570 171.7898

listed in Table 2. The results showed that the sorption kinetic
of OTC to RF sediments (without DOM) was fitted well
to pseudo-first-order model for the greater value of R* and
lower value of residual sum of squares (RSS/dof). The fitted
theoretical equilibrium adsorption capacity (Q, ) is also
closer to the actual equilibrium adsorption capacity (Q exp)>
while FT and RB sediments were fitted well to pseudo-
second-order model. After the PDOM was added, R* of
pseudo-first-order model was higher than that of pseudo-
second-order model. Q, ., of the pseudo-first-order model
was 60.121, which was closer to the Q, ., value of 61.209 than
that of the value of 70.417 obtained by the pseudo-second-
order model. The RSS/dof value of the former was 118.341,
lower than that of the latter value of 166.769, so the sorption
kinetic of OTC to FT sediments fitted better with pseudo-
first-order with the addition of PDOM. Comparing to the
sorption process without PDOM, the kinetic changed from
pseudo-second-order to pseudo-first-order model. Similarly,
after MDOM addition, the sorption kinetic of OTC to RF
sediments was also changed from pseudo-second-order to
pseudo-first-order model. This suggests that the adsorption
process of these two sediments was controlled by binary
factors (may be the surface active sites of the adsorbent and
the solution concentration) changed to mono controlling (the

sites or the solution concentration only), after the DOM was
added.

3.2.2. Effect on Sorption Isotherms. Freundlich and Langmuir
isotherm models, which can be applicable to describe hetero-
geneous systems and reversible adsorption, and monolayer
adsorption on a homogeneous surface, respectively, were
employed to fit the experimental data of OTC [26]. Both
Freundlich and Langmuir isotherm models fitted well to
sorption isotherms of OTC with regression coefficients R* >
0.93 (Figure 3, Table 3) whether the DOMs were added or not,
indicating that the addition of DOMs would not change the
isotherm models.

With the increasing of OTC equilibrium concentration
(C,), the saturated adsorption capacity (Q,) of the three
sediments was also increased (Figure 3). However, there
is a significant difference for the effects of the maximum
adsorption amount of three sediments with two kinds of
DOMs. After the PDOM was added, the adsorption capacity
of FT sediment increased by 23.8%, and this value is 38.0%
for RB sediment and 28.3% for REF, respectively (Table 3).
While the MDOM was added, the adsorption capacity of FT
sediment decreased by 23.3%, with similar decrease of 11.6%
for RB sediment and 16.1% for RF sediment, respectively,
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TABLE 4: The parameters of sorption thermodynamics of oxytetracycline to three sediments with the presence of DOMs.

Samples T® K (k]A/Slol) (kJA/I:lol) (J-mﬁK*l)
298 5.1985 -4.084

FT 308 9.6358 -5.801 39.417 0.146
318 14.1700 -7.009
298 9.1670 —5.489

FT-PDOM 308 15.217 —~6.971 35.796 0.139
318 22.761 —8.262
298 4.5200 -3.737

FT-MDOM 308 6.3480 —4.733 38.559 0.141
318 11.9860 —6.567
298 3.3407 —2.988

RB 308 5.1806 —4.212 38.568 0.139
318 8.8799 —5.774
298 4.5150 -3.735

RB-PDOM 308 6.7050 —4.873 33.599 0.125
318 10.584 -6.238
298 3.2920 —2.952

RB-MDOM 308 5.0800 —4.162 38.280 0.138
318 8.6850 -5.715
298 9.4643 -5.568

RF 308 13.0460 -6.577 31.838 0.125
318 21.1930 -8.073
298 16.4380 -6.936

RE-PDOM 308 23.6930 ~8.105 33.751 0.136
318 38.6570 -9.663
298 7.1801 —4.884

RF-MDOM 308 8.3985 —5.449 13.376 0.061
318 10.0790 -6.109

indicating that the adsorption of OTC could be promoted by
adding PDOM, whereas the addition of MDOM could inhibit
the adsorption.

3.2.3. Effect on Sorption Thermodynamics. The effects of
temperature on the adsorption behavior were plotted in
Figure 4. The adsorption capacity of OTC was consistent with
the increase of temperature whether the DOM is added or
not; that is, with the increase of temperature, the adsorption
capacity increased, and at 318K, the adsorption amount
was the highest. The sorption capacity of the sediments
followed the order: RF > FT > RB sediments at three
temperatures. The maximum adsorption capacity of FT, RB,
and RF sediment without DOM:s fitted Langmuir models
reached 776.015 mg/kg, 437.020 mg/kg, and 1182.468 mg/kg,
respectively, at 318 K, which is increased by 1.203 times, 1.101
times, and 0.705 times for FT, RB, and RE respectively,
at 298 K. When the PDOM was added, the maximum
adsorption capacity of three sediments of FT, RB, and RF
reached 1056.176 mg/kg, 549.200 mg/kg, and 1350.031 mg/kg,
respectively, at 318 K, which is increased by 0.876, 0.913, and

0.960 times compared to that at 298 K, respectively. When the
MDOM was added, the maximum adsorption capacity of FT,
RB, and RF in turn reached 538.410 mg/kg, 404.072 mg/kg,
and 673.726 mg/kg at 318 K, which also increased by 0.663
times, 1.313 times, and 0.581 times compared to that at
298 K. Overall, the adsorption behavior of OTC to sediments
responding to temperatures was changed with the addition of
DOMs.

The thermodynamic parameters shown in Table 4
apparently displayed that the value of AG ranged from
—-9.663 kJ/mol to —2.952k]J/mol for the adsorption process
under three temperatures (298K, 308K, and 318 K) with
the addition of DOMs. Jaycock et al. [27, 28] reported that
the change of free energy for physical adsorption is smaller
than that for chemisorption. The former is in the range
of —20kJ/mol~0, and the latter is in the range of —80 to
—400 kJ/mol. So the adsorption process of OTC to sediments
in this study is spontaneous, which was dominated mainly by
physical adsorption. All the values of AH > 0 indicated that
the adsorption process is endothermic. With the increase of
temperature, the value of AG gradually decreases, indicating
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TABLE 5: The locations of five kinds of peaks and their significance.

Peaks Fma"(f;/)Em Significance Main source and properties
L Site production, anthropogenic
P1 270/315 Protein-like effluent-biodegradable
R Site production, anthropogenic
p2 285/350 Protein-like effluent-biodegradable
315(250)/400
H (250) Humus.like Agricultural land, sewage-easy photolysis, poor
230/430 bioavailability
280/380-460
350(280)/460
m (280) Humus.-like Land-based, easy photodegradation, poor
320/366 bioavailability
420/480
Land-based, the degree of degradation is relatively
H3 350/450-485 Humus-like abundant, widely spread in the water,

photodegradable

Fax () refers to the wavelength of secondly high fluorescence peaks.

that the higher temperature reflects a higher spontaneous
degree of reaction; that is, the elevated temperature is favor-
able for the adsorption. In addition, the values of AG for the
sorption process followed the order: the process of MDOM
> without DOMs > PDOM, indicating that the spontaneous
degree of the adsorption was PDOM > without DOMs >
MDOM, which also means that the adsorption of OTC could
be promoted by adding PDOM, whereas the addition of
MDOM could inhibit the adsorption.

3.2.4. Effect of DOM Concentration on Adsorption. To further
explore the role of DOM on the sorption of OTC to sed-
iments, single point sorption experiments were conducted
under different concentration of DOM ranging from 0 to
300mg TOC/L. The results showed that the presence of
PDOM enhanced the adsorption of OTC to sediments in
all examined concentrations, and the concentration ranging
from 100 to 200mg TOC/L related to a more obvious
enhancement (Figure 5), indicating that the appropriate
concentration of PDOM promoted a better effect; Jia et al. [5]
reported that humic acid could be adsorbed by the sediments
through m-7 interaction. The excessive adsorbed PDOM
could block pores and compete with OTC for adsorption
sites on sediments, so the promotion was no more obvi-
ous. However, the adsorption amount of OTC adsorbed to
three sediments decreased with increasing concentration of
MDOM, and the inhibition to RF sediments is more obvious
than FT and RB sediments.

3.3. Analysis for the Mechanism of the Adsorption

3.3.1. 3D Fluorescence Characteristics of DOMs. Two different
peaks were identified in the three-dimensional fluorescence
spectra of the two DOMs (Figure 6). Actually, many studies
have investigated the location and significance of fluores-
cence peaks (Table 5) [29-34]. The PDOM can promote
the adsorption of OTC to sediments, because it has a high-
intensity H3 peak at Ex/Em = 340/430, which was assigned
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FIGURE 5: Effects of the presence of dissolved organic matters
(DOM) on the sorption of oxytetracycline to first terrace (FT), river
floodplain (RF), and riverbed (RB) sediments.

to a large number of humus-like substances. The result was
consistent with our previous study that the humic acid could
accelerate the adsorption of OTC to sediment [35], as well
as its effect of tetracycline to montmorillonite reported by
Zhao et al. [36], while the MDOM can inhibit the adsorption,
because it has two P2 peaks at Ex/Em = 280/320 and a high-
intensity peak at Ex/Em = 230/320, which were denoted as
a large amount of protein-like substances. These results were
in agreement with the effect of pig slurry on the sorption of
sulfonamide antibiotics to soil [16] and chicken manure on
the sorption of OTC [37].

3.3.2. Elemental Analysis. To investigate the characterization
of two DOM:s, the elemental analysis was conducted. The
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TaBLE 6: Elemental composition of corrupt plant derived DOM (PDOM) and chicken manure derived DOM (MDOM).

Samples N (%) C (%) H (%) 0O (%) H/C (N+0)/C o/C
PDOM 1.706 23.483 2.905 0.256 0.124 0.084 0.011
MDOM 1.977 9.490 1.951 0.122 0.206 0.152 0.013

larger value of (N + O)/C reflects the samples with higher
polarity, while larger value of H/C indicates a lower aromatic-
ity. The larger value of O/C reflects a higher hydrophilicity.
Two samples contained a large amount of C content while
O content is relatively small (Table 6). Compared with the
MDOM, the PDOM has the higher C, H contents, whereas
the content of N is low, which is consistent with the source of
this kind of DOM.

Considering that the H/C value of the PDOM is smaller,
its high aromaticity leads to an easier combination with the
sediment, so as to increase the number of adsorption sites
and promote the adsorption of OTC. For the chicken manure,
it has a higher value of (N + O)/C, O/C. Its hydrophilicity
and polarity are higher, which can not only promote the
dissolution of pollutants in the water, but also improve its
mobility, suggesting that the chicken manure DOM inhibits
the adsorption of OTC to sediments.

4. Conclusions

The following conclusions can be drawn from the current
study:

(1) The presence of DOMs can reduce the adsorption
equilibrium time about 6 hrs and can change the sorption
kinetics. Both Freundlich and Langmuir isotherm models
fitted to sorption isotherms of OTC well and the addition
of DOMs would not change the isotherm models. The
adsorption of OTC could be promoted by adding PDOM,
whereas the addition of MDOM could inhibit the adsorption.
The adsorption processes are all endothermic, spontaneous,
and mainly physical adsorption. The spontaneous degree of

the adsorption process followed the order: PDOM > without
DOMs > MDOM.

(2) Comparing the adsorption mechanism of the two
kinds of DOM, it was found that the PDOM has high aro-
maticity, low hydrophilicity, and polarity because it consists
of humus-like substances, leading to an easier combination
with the sediment, so as to increase the number of adsorption
sites and promote the adsorption of OTC. The MDOM
has high hydrophilicity and polarity because it consists of
protein-like substances, which can promote the dissolution of
pollutants in the water and improve its mobility. It suggested
that the chicken manure DOM inhibits the adsorption of
OTC to sediments; that is, the humus-like dominated DOM
can promote the adsorption of OTC, while the protein-
like dominated DOM can inhibit the adsorption of OTC to
sediments.
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Nearly 400 groundwater samples were collected from different types of aquifers in the Pearl River Delta (PRD), and the
concentrations of groundwater arsenic (As) and other 22 hydrochemical parameters in different types of aquifers were then
investigated. Results showed that groundwater As concentration was up to hundreds pg/L in granular aquifers, while those in
fissured aquifers and karst aquifers were only up to dozens and several ug/L, respectively. Correspondingly, about 9.4% and 2.3%
samples with high concentrations (>0.01mg/L) of As were in granular and fissured aquifers, respectively, but no samples with
high concentration of As were in karst aquifers. The source and mobilization of groundwater As in granular aquifers are likely
controlled by the following mechanism: organic matter in marine strata was mineralized and provided electrons for electron
acceptors, resulting in the release of NH, " and I” and the reduction of Fe/Mn and NO,~, and was accompanied with the mobilization
of As from sediments into groundwater. By contrast, both natural processes including the competitive adsorption between As
anions and F7/PO,*"/HCO, " and anthropogenic processes including industrialization were responsible for high concentrations of

groundwater As in fissured aquifers.

1. Introduction

Arsenic (As) is discovered as one of the most common toxic
elements in environments. Groundwater with high concen-
trations of As is a major environmental and public health
problem on a global scale. According to the World Health
Organization [1], the acceptable value of As in groundwater
for drinking purpose is 10 ug/l. High concentrations of As
(>10 pug/L) in aquifers have been reported in many countries,
such as Bangladesh [2], India [3], China [4], and the United
States [5], and granular aquifers are paid the most attention
due to the common occurrence of high levels of A.

Pearl River Delta (PRD) is one of the most important eco-
nomic regions in China. On the one hand, urbanization has
accelerated the contamination and deterioration of surface
water quality in this region [6]. On the other hand, abundant
groundwater is stored in aquifers and it is free of charge in
this region. As a consequence, it is essential to investigate
the distribution of As in aquifers of the whole PRD, in

order to improve groundwater management in this region
and increase the availability of groundwater for sustainable
development of the PRD. Although a couple of studies had
already reported the occurrence of high levels of As in
granular aquifers of Xijiang river basin and Guangzhou area
(both of them within the PRD) [7, 8], the distribution of As in
karst aquifers and other areas within the PRD is little known.

The present study therefore aims to (1) investigate the
concentrations of groundwater As in different types of
aquifers in the whole PRD on a regional scale and (2) discuss
the influence factors on the distribution of groundwater
As in aquifers. Multivariate statistical techniques such as
principal components analysis (PCA) have been used in this
study, because PCA can not only help to understand the
hydrochemical processes but also provide information about
which factors are responsible for high levels of groundwater
As in aquifers [7]. The results obtained from this study can
be a useful reference on the groundwater management of this
region.
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FIGURE 1: Hydrogeological setting and sampling sites in the PRD.
2. Study Area 2.2. Geological and Hydrogeological Settings. The central and

2.1. Geographical Conditions. The PRD (111°59'-115°25'E,
21°17'-23°55'N) is formed as a result of uplift of the Tibetan
Plateau during the Tertiary and Quaternary Periods, locating
in southern China (Figure 1). It is with the boundaries of hills
in the east, west, and north and the South China Sea in the
south, and the topography of PRD also inclines from the east,
west, and north to the south. The total area is 41,698 km?,
including Guangzhou, Shenzhen, Huizhou, Dongguan, Fos-
han, Zhaoqing, Zhongshan, Zhuhai, and Jiangmen city in dis-
trict. The total population of the area is 43.15 million in 2005.
The climate is typically subtropical monsoon, characterized
by hot and wet summer and autumn and relatively cold and
dry winter and spring. The annual average temperature is
21.9°C, and the mean annual precipitation is 1800-2200 mm.
The PRD belongs to the drainage basin of Pearl River. East
River, West River, and North River merge in the south of
the area and compose the Pearl River and discharge into the
South China Sea [9].

southern parts of the PRD are mostly covered by Quaternary
sediments. Quaternary sediments consist of two terrestrial
sequences and two marine sequences by the mode of overlay-
ing each other [10]. The younger marine sequence is recorded
at altitudes above —20 m, and the older marine sequence is
recorded at altitudes between —15m and —40 m (Figure 2).
The younger terrestrial sequence can be sandy fluvial deposits
or clayed silt weathered from the in situ materials during
the last glacial period and becomes a local intermediate
aquifer when it is sandy. The older terrestrial sequence is
dominated by sand and gravel and becomes the basal aquifer.
In many places, the older marine sequence and the younger
terrestrial sequence are missing or decomposed into clay
when the sea-level regressed during the last glacial period
[10]. Groundwater is mainly recharged by vertical infiltration
from precipitation and agricultural irrigation and during the
floodtime and wet season by the lateral flow from rivers.
The bedrocks include shale, sandstone, limestone, dolomite,
granite, and gneiss ranging in age from Cambrian to Tertiary
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FIGURE 2: Cross sections in the PRD (from Zong et al. [10]).

and crop out around and within the PRD. Aquifers in this area
are mainly associated with fractures and with springs yield up
to hundreds m*/d. Karst aquifers are less than 10% of the total
area and around the PRD plain, and the groundwater yield
can be as high as 1000 m>/d. The general direction of regional
groundwater flow in the aquifers of the PRD is northwest and
northeast toward the coast [11].

3. Materials and Methods

3.1. Sample Collection. Groundwater samples were collected
from 399 wells (256, 132, and 11 wells in granular aquifers,
fissured aquifers, and karst aquifers, respectively), and the
sampling densities were 30-50 samples and 5-10 samples
of 1000 km” in plain and hilly areas, respectively. In order
to ensure that the groundwater samples were representative
of the in situ conditions, samples were collected after purg-
ing at least 2 borehole volumes. Two 250 mL polyethylene
bottles were used to store filtered (1.2 ym filter membrane)
groundwater for trace elements and major ions analysis. One
bottle was acidified with nitric acid to a pH less than 2 for
trace elements determination. The other bottle for major ions
analysis was unacidified. All samples were stored at 4°C until
laboratory procedures could be performed.

3.2. Analytical Techniques. Electrical conductivity (EC), pH,
electrode potential (Eh), and dissolved oxygen (DO) were
measured in situ using WTW Multi 340i/SET multiparame-
ters instrument (Germany), which was previously calibrated.
All analyses were carried out at the Groundwater Mineral

Water and Environmental Monitoring Center of the Insti-
tute of Hydrogeology and Environmental Geology, Chinese
Academy of Geological Sciences. Metal ions and trace ele-
ments (K, Na, Ca, Mg, Fe, Mn, As, and Al) were measured
by inductively coupled plasma-mass spectrometry (ICP-
MS) (Agilent 7500ce ICP-MS, Tokyo, Japan). Total dissolved
solids (TDS) and total hardness (TH) were measured by
gravimetric and EDTA titration method, respectively. HCO;~
was measured by acid-base titration, and NH," and other
anions (NO,", SO,*", CI", NO,™, F7, Br’, I'", and PO,>")
were carried out on ion chromatography (IC) (Shimadzu LC-
10ADvp, Japan). The relative errors were less than +6% for all
analyzed parameters.

3.3. Principal Components Analysis (PCA). PCA was useful
for data reduction [6, 7]. In this study, PCA was used to reduce
the parameters and extract the main influence factors which
are responsible for high concentrations of As in groundwater.
In the PCA, the rotation of principal components (PCs) was
carried out using the varimax method. The SPSS® release
23.0 (SPSS Inc., Chicago, USA) was used to analyze the
groundwater chemical data.

4. Results and Discussion

4.1. Hydrochemical Characteristics. The descriptive statistics
for the parameters analyzed in the groundwater samples are
summarized in Table 1. Groundwater pH was predominantly
acidic to near neutral in the PRD and similar range of pH
in different types of aquifers. EC value was in a wide range
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FIGURE 3: As concentrations in different types of aquifers in the PRD.

of 22 uS/cm to 6510 uS/cm, and the mean and maximum
values of EC in granular aquifers were far higher than that
in fissured aquifers and karst aquifers. This may be attributed
to the occurrence of sea water intrusion in granular aquifers,
because sea water is characterized by high EC value and
granular aquifers in the PRD are close to South China Sea
while fissured and karst aquifers are relatively far from the
sea [6]. DO and Eh values were also in a wide range. The
mean value of Eh in karst aquifers was far higher than that in
granular and fissured aquifers, indicating that the oxidability
of karst aquifers in the PRD was commonly stronger than
other two types of aquifers. TDS and TH values showed
similar rules of the EC value in different types of aquifers in
the PRD, which may also be ascribed to the occurrence of
sea water intrusion in granular aquifers. The major cations of
groundwater dominated with Na* and Ca®*, while the major
anions dominated with HCO;™ and CI™ in the whole PRD. It
is worth mentioning that groundwater NO,~ was also a major
ion in aquifers in the whole PRD, not only in granular aquifers
but also in fissured and karst aquifers, and the concentration
of groundwater NO;~ was up to hundreds mg/L in both
granular aquifers and fissured aquifers. Correspondingly, the

concentrations of other two nitrogen compounds in aquifers
of the PRD were up to dozens mg/L, and the mean and
maximum values of both groundwater NO;~ and NH," in
granular aquifers were far higher than that in fissured and
karst aquifers. No distinct difference of concentrations of
groundwater PO,>” and F~ in different types of aquifers in
the PRD was found. The concentration of groundwater I”
in granular and fissured aquifers was commonly higher than
that in karst aquifers. The concentration of groundwater Fe in
different types of aquifers showed a significant difference with
the highest mean value in granular aquifers and lowest mean
value in karst aquifers. The concentrations of groundwater
Mn and Al in granular and fissured aquifers were generally
higher than those in karst aquifers. The concentration of
groundwater As in different types of aquifers also showed a
significant difference. The concentration of groundwater As
in granular aquifers was up to hundreds ug/L, while those in
fissured aquifers and karst aquifers were only up to dozens
and several ug/L, respectively (Table 1).

4.2. Spatial Distribution of As in Aquifers of the PRD. As it can
be seen from Figure 3, the highest proportion of groundwater
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TABLE 2: Principal component (PC) loadings for groundwater samples in granular aquifers.
Item PC1 PC2 PC3 PC4 PC5 PC6 PC7
pH 0.105 0.755 0.163 0.174 0.025 -0.011 —-0.043
EC 0.766 0.432 0.196 0.102 0.386 -0.053 0.003
DO -0.274 -0.206 -0.163 —-0.134 -0.045 0.500 -0.312
Eh -0.015 —-0.248 -0.051 -0.055 0.069 0.707 0.219
K* 0.314 0.286 0.046 -0.044 0.804 -0.035 0.038
Na* 0.942 0.151 0.065 0.053 0.107 -0.085 0.027
Ca** 0.324 0.753 0.239 0.158 0.314 -0.233 -0.043
Mg2+ 0.812 0.277 0.079 0.067 0.100 0.174 -0.059
NH,* 0.240 0.186 0.571 0.519 -0.113 0.260 -0.072
Fe 0.125 0.060 0.244 0.672 —-0.141 -0.324 0.123
HCO,;~ 0.363 0.712 0.431 0.272 -0.026 -0.109 —-0.048
ClI 0.945 0.092 0.010 0.039 0.178 -0.057 0.030
S0, 0.399 0.541 —-0.131 0.064 0.420 -0.168 0.026
F 0.135 0.717 -0.098 -0.100 -0.223 -0.031 0.203
NO,~ 0.236 -0.174 -0.072 -0.157 0.814 0.068 —-0.048
TDS 0.675 0.530 0.294 0.138 0.350 -0.129 -0.026
TH 0.535 0.692 0.217 0.148 0.283 -0.125 -0.054
I -0.021 0.136 0.361 0.684 0.088 0.039 0.186
PO437 0.048 0.203 0.900 0.064 0.031 0.016 0.023
Al -0.034 0.019 -0.011 0.047 -0.018 0.096 0.905
Mn 0.058 0.075 -0.127 0.851 -0.070 0.044 -0.116
NO,~ 0.252 0.338 0.218 0.376 -0.156 0.541 0.063
As 0.101 0.022 0.890 0.116 -0.021 -0.147 -0.004
Eigenvalue 4.6 3.9 2.7 2.3 2.1 1.4 11
Explained variance (%) 19.9 171 11.7 10.1 9.2 6.2 4.8
Cumulative% of variance 19.9 37.0 48.8 58.9 68.1 74.3 79.1

samples with high concentrations of As was in Foshan
city, and it was 16.7%, which was followed by Zhongshan
(10.5%), Dongguan (7.3%), Shenzhen (6.7%), Guangzhou
(6.6%), Huizhou (4.8%), Zhaoqing (3.6%), Jiangmen (3.3%),
and Zhuhai city (0%) in district. In granular aquifers, the
occurrence of groundwater with high concentrations of
As in West River and North River Delta plain was more
frequent than that in East River Delta plain. Correspondingly,
only one sample with extremely high concentrations of
As (>0.05mg/L) was in the East River Delta plain, while
others were in the West River and North River Delta plain.
According to the guideline value of As by the WHO (2011),
approximately 6.8% and 9.4% samples exceeded the guideline
value in aquifers of the whole PRD and granular aquifers,
while only about 2.3% and no samples exceeded the guideline
value in fissured aquifers and karst aquifers, respectively
(Figure 3). Therefore, the following discussion will focus on
the factors which are responsible for high concentrations of
As in granular and fissured aquifers.

4.3. As in Granular Aquifers. According to our in situ investi-
gation, groundwater samples with high As concentrations in
granular aquifers were commonly of no significant potential
source of As which is caused by human activities [9]. Thus,
we concluded that the occurrence of high concentrations of

As in granular aquifers was mainly ascribed to the geologic
origin. PCA was used to reduce the parameters and evalu-
ate the relationships between As and other hydrochemical
parameters [7]. In granular aquifers, the rotation of PCs was
carried out using the varimax method, and seven PCs were
extracted from the PCA method. The PCl1, PC2, PC3, PC4,
PC5, PC6, and PC7 explained 19.9%, 17.1%, 11.7%, 10.1%, 9.2%,
6.2%, and 4.8% of the total variance, respectively, and the
cumulative variance by the seven PCs was 79.1% (Table 2).
PC3, consisting of NH,", PO,>", and As, indicates that
the occurrence of groundwater As in granular aquifers was
closely related to NH," and PO,”". It is known that high
concentration of groundwater NH, " in granular aquifers was
mainly originated from the overlying Holocene—Pleistocene
aquitard and entered the granular aquifers by groundwater
transport and diffusion, because much organic nitrogen
remained in the aquitard available for conversion to NH,*
[12, 13]. It is also known that the microbially mediated
mobilization of As with the organic nutrient (including
organic nitrogen) as an electron donor is strongly associated
with the exchangeable As [14]. Therefore, NH, " and As in the
same PC indicate that NH, " and As have the same origin in
granular aquifers, because organic nitrogen in the aquitard
was converted to NH, " and accompanied by the mobilization
of As in the aquitard, and finally As entered the granular
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aquifers by groundwater transport. To our knowledge, PO,>~
and As in water have competitive relationship [15], which
should be responsible for PO,*” and As in the same PC in
granular aquifers.

After the PCs were reduced from seven PCs to two PCs,
we found groundwater As in granular aquifers was not only
closely related to NH,* and PO,>” but also related to Fe,
I, NO,~, and Mn (Figure 4). The good relationship of As
and Fe/Mn indicates that As would be associated with Fe/Mn
oxide minerals in the granular aquifers, which generally
have strong affinity for both As(III) and As(V) [16, 17]. This
is confirmed by the aging experiments and the sequential
extraction method [18]. In addition, good correspondence
between As and Fe/Mn has been observed in the Quaternary
sediments of the PRD [8] which also supports the above
conclusion. The good relationship between As and NO,"~
indicates that the mobilization of As in granular aquifers
would be accompanied by the reduction of NO; ™ to NO, . It
is known that rich dissolved organic carbon (DOC) occurs in
the Quaternary sediments of the PRD and is the trigger for the
formation of reducing condition [12]. High concentrations
of DOC provide electrons for electron acceptors, which
commonly leads to the reduction of NO;. This is further
confirmed by the hydrochemical data in granular aquifers
of the PRD. Because high concentrations (>0.01mg/L) of
As in granular aquifers of the PRD were accompanied by
the relatively low concentrations of NO;~ (mean value of
9.9 mg/L) and high levels of NO, ™ (mean value of 0.97 mg/L),
by contrast, low concentrations of As in granular aquifers
were accompanied by the relatively high concentrations of
NO;~ (mean value of 34.9 mg/L) and low levels of NO,~
(mean value of 0.58 mg/L). I" and As have the same origin
in granular aquifers which may be responsible for the good
correspondence between As and I” in granular aquifers of the
PRD because I is generally derived from I-rich organic mat-
ter in marine strata [19], and two of the Quaternary sediments
in the PRD are marine strata with rich organic matter [10, 12].
In addition, as mentioned above, mineralization of sedimen-
tary organic matter is contributed to the occurrence of high
concentrations of As in granular aquifers of the PRD [8].

To sum up, the main mechanism controlling the source
and mobilization of groundwater As in granular aquifers
of the PRD may be as follows: organic matter in marine
strata was mineralized and provided electrons for electron
acceptors, resulting in the release of NH," and 1" and the
reduction of Fe/Mn and NO;~, and was accompanied with
the mobilization of As from sediments into groundwater.

4.4. As in Fissured Aquifers. On the one hand, groundwater
samples with high concentrations of As in fissured aquifers
were located at the construction land, where many factories
run and generally discharge their wastewater without treat-
ment according to our investigation [9]. On the other hand,
the sediments above the fissured aquifers were commonly
characterized by coarse particles, leading to the weak ability
for the prevention of contaminants from ground surface into
aquifers. Therefore, anthropogenic source should be one of
the factors for high concentrations of groundwater As in
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FIGURE 4: The relationship of hydrochemical parameters in two
main PCs in granular aquifers.

fissured aquifers of the PRD. Six PCs were extracted from
the groundwater samples in fissured aquifers by the PCA
method. The PC1, PC2, PC3, PC4, PC5, and PC6 explained
36.3%, 12.7%, 8.5%, 8.1%, 6.3%, and 5.3% of the total variance,
respectively, and the cumulative variance by the six PCs was
77.1% (Table 3). PC2, consisting of HCO, ™, F~, PO,”", and As,
indicates that the occurrence of groundwater As in fissured
aquifers was closely related to HCO;™, F~, and PO,”". On
the one hand, to our knowledge, the presence of HCO;"~
would alter the surface charge properties of Fe oxides via
inner-sphere monodentate mononuclear surface species, and
the HCO;™ readily competes with As anions for adsorption
sites on the Fe oxides at concentration > 61 mg/L, which has
been evidenced by some experiments [4]. Correspondingly,
the mean concentration of HCO;™ in fissured aquifers was
more than 61 mg/L (Table 1). On the other hand, it is known
that carbonate rocks commonly contain higher content of
As than other rocks such as igneous rocks, indicating that
the dissolution of carbonate rocks would accompany the
release of As and HCO;™ [7]. These two mechanisms may be
responsible for the good relationship between As and HCO,~
in fissured aquifers. To our knowledge, the competition for
adsorption sites of the minerals between F*/PO,’” and As
anions occurs [15, 20, 21], which may be responsible for the
good correspondence between F*/PO,”” and As in fissured
aquifers. In conclusion, high concentrations of groundwater
As in fissured aquifers of the PRD are attributed to the
coupling effects of anthropogenic and natural processes such
as anion exchange of F"/PO,”” and As anions.

5. Conclusions

The concentration of groundwater As in different types of
aquifers in the PRD showed a significant difference. In
granular aquifers, groundwater As concentration was up to
hundreds pg/L, while those in fissured aquifers and karst
aquifers were only up to dozens pg/L and several ug/L,
respectively. Correspondingly, about 9.4% and 2.3% samples
with high concentration of As were in granular and fissured
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TABLE 3: Principal component loadings for groundwater samples in fissured aquifers.
Item PC1 PC2 PC3 PC4 PC5 PCo6
pH 0.237 0.237 0.754 -0.108 -0.211 -0.120
EC 0.944 0.138 0.044 0.079 -0.025 0.040
DO -0.399 -0.140 -0.033 -0.350 -0.505 0.018
Eh 0.037 -0.354 -0.531 -0.056 -0.156 -0.242
K* 0.876 0.011 0.055 -0.051 -0.171 -0.077
Na* 0.846 0.166 -0.072 0.197 0.146 0.220
Ca** 0.788 0.474 0.250 0.063 0.067 0.067
Mg** 0.758 0.130 ~0.049 0.103 0.163 ~0.021
NH,* -0.010 0.115 0.053 0.902 -0.093 0.162
Fe —-0.146 -0.076 0.024 —-0.054 0.831 0.104
HCO;~ 0.563 0.619 0.357 0.161 0.214 -0.043
CI” 0.893 0.003 -0.132 0.118 0.065 0.240
SO427 0.832 0.076 0.212 0.036 -0.153 -0.200
F 0.046 0.434 0.225 -0.298 -0.019 0.006
NO;~ 0.818 —-0.146 —-0.243 -0.097 —-0.145 0.274
TDS 0.930 0.300 0.127 0.076 0.073 0.073
TH 0.840 0.433 0.202 0.076 0.093 0.053
I 0.292 0.232 0.050 0.572 0.361 —-0.130
PO437 0.276 0.865 -0.003 0.060 0.043 -0.119
Al 0.077 0.074 -0.817 -0.075 —-0.090 -0.021
Mn 0.499 -0.289 -0.065 0.433 0.234 -0.291
NO," 0.250 -0.058 0.051 0.065 0.092 0.865
As 0.085 0.797 0.044 0.402 —-0.147 0.050
Eigenvalue 8.3 2.9 2.0 1.9 1.4 1.2
Explained variance (%) 36.3 12.7 8.5 8.1 6.3 53
Cumulative% of variance 36.3 48.9 57.5 65.6 71.8 771
aquifers, respectively, but no samples with high concentration ~ Acknowledgments

of As was in karst aquifers. In granular aquifers, the occur-
rence of groundwater with high concentrations of As in West
River and North River Delta plain was more frequent than
that in East River Delta plain.

In granular aquifers, groundwater As was closely related
to NH,*, PO,”", Fe, I, NO,, and Mn. The source and
mobilization of groundwater As in granular aquifers are
likely to be controlled by the following mechanism: organic
matter in marine strata was mineralized and provided
electrons for electron acceptors, resulting in the release
of NH," and 1" and the reduction of Fe/Mn and NO,~,
and was accompanied with the mobilization of As from
sediments into groundwater. By contrast, not only were
the natural processes such as the competitive adsorption
between As anions and F/PO,” /HCO;  an important
factor, but the anthropogenic processes were also responsi-
ble for high concentrations of groundwater As in fissured
aquifers.
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After exploitation of groundwater had been reduced and the groundwater level of the confined aquifer had risen, land subsidence
was observed to continue rather than cease for several years according to the layer-wise mark monitoring data in Xi'an. To
analyze the phenomena, a numerical model of a coupled one-dimensional multilayer aquifer system is developed to represent
land subsidence due to hydraulic head variation in the pumped layer. The numerical simulation results show that the pressure head
in other layers does not rise immediately when the hydraulic head in the pumped layer starts to recover after pumping ceases. In
addition, after the pumping is stopped, a dividing point can be found in aquitards next to the pumped layer, with the aquitards
being divided into two parts: a compressed part and a rebounding part. The dividing points move toward the side and away from
the pumped layer with the transferring of pore pressure in the aquitard. The results of the simulation also show that there is a
transition period between land subsidence and rebound. In this transition period, land could continue to subside even though the

hydraulic head in the pumped layer begins to recover.

1. Introduction

Land subsidence resulting from overexploitation of ground-
water has become a major concern all over the world. In
China, land subsidence mainly occurs in the 17 provinces in
the eastern and central regions, including Xian, Shanghai,
and the Su-Xi-Chang area [1]. After the exploitation of
groundwater had been reduced and the groundwater level of
the confined aquifer had risen, land subsidence was observed
to continue rather than cease according to the layer-wise
mark monitoring data in Xian [2, 3]. The same phenomenon
also occurred in Shanghai. While groundwater withdrawal in
Shanghai had been controlled, the land continued to subside
since the 1990s [4]. However, reasons, such as additional
stresses caused by building loads and the reduction of
recharged groundwater volume, cannot explain the contin-
uous deformation mechanism [5]. It is, therefore, necessary
to study the process of land subsidence for analyzing the
phenomenon.

The hydraulic head variation in the pumped layer has a
significant effect on the process of land subsidence. Therefore,
it is necessary to simulate the deformation process of each
aquifer in a multilayer aquifer system due to the hydraulic
head variation in the pumped layer by applying a numerical
model. Several multilayer aquifer system models and numer-
ical analyses have been developed for the analysis of land
subsidence. Bear and Corapcioglu [6] presented a variety of
analytical solutions to evaluate groundwater flow and solid
skeleton deformation due to groundwater withdrawal from
aquifer systems. The simulation of multiaquifer systems was
carried out using a quasi-three-dimensional model consisting
of a three-dimensional hydrologic model coupled with a one-
dimensional consolidation model [7-9]. Malama et al. [10]
presented a semianalytical solution for the problem of leakage
in multiaquifer systems. Considering the effect of the body
force and the porosity variation on consolidation, the poroe-
lastic consolidation model of a multilayer aquifer system
was developed [11, 12]. The multiscale finite element method
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(MsFEM) was applied to solve the model of the multilayer
aquifer system successfully during the consolidation process
[13]. Considering the multiaquifer-aquitard hydrogeological
condition, a numerical model was established to analyze rela-
tionships among land subsidence, groundwater withdrawal
volume, and groundwater level [14]. Lin et al. [15] proposed
a distributed model comprised of an analytical quasi-three-
dimensional groundwater model and a one-dimensional
deformation model to simulate the groundwater flow and
deformation for a multilayer aquifer system. Although the
study of the process of groundwater flow and deformation
in multilayer aquifer systems is extensive, those numerical
simulations did not represent the variation state in each layer
of the multilayer system during land subsidence. Several
experiments of soil consolidation caused by water release
have shown that the deformation of the clay layer lags behind
the hydraulic head variation. The results from a viscoelastic
model developed to simulate one-dimensional consolidation
showed that land subsidence obviously lags behind pore pres-
sure disappearance [16]. In addition, the lag time of the clay
layer deformation was in direct proportion to the thickness
of the layer [17, 18]. The delay index is only dependent on
the properties and thickness of the aquitard in response to
the sudden change in groundwater level in adjacent confined
aquifers according to experimental studies [19].

In this study, a numerical model for a coupled one-
dimensional multilayer aquifer system is developed to present
the process of land subsidence due to hydraulic head variation
in the pumped layer. The variations in pressure head and
soil deformation in each layer of the system are simulated to
analyze the process of land subsidence along with an analysis
of the dividing point that appears in aquitards adjacent to
the pumped layer when the hydraulic head in the pumped
layer recovers gradually. The movement of the dividing point
as a critical part of land subsidence is also explained in this
study. There is a transition period between land subsidence
and rebound during the hydraulic head recovery in the
pumped layer. The transition period could be interpreted as
the phenomenon in which land subsidence lags behind the
variation in hydraulic head.

2. Methodology

A general mathematical model describing a coupled mul-
tilayer aquifer system due to hydraulic head variation in
the pumped layer may be formulated by applying Biot’s
consolidation theory [20].

The governing differential equations can be derived based
on the following basic assumptions: (1) the soil particles are
incompressible, (2) the water is slightly compressible, (3)
water flow follows saturated Darcy’s law, and (4) the inertial
force is neglected in the force equation.

The fluid transport is described by Darcy’s law:

~ 0
q; = _kijka_xl [P - Pijgj] , €))

where g; (m/s) is the specific discharge vector, p (Pa) is fluid
pore pressure, k;; (1/Pa-s) is the tensor of permeability tensor
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of the medium, k (m?) is the relative mobility coefficient, or

(kg/m®) is the fluid density, g, (m/s°) is the gravity vector, and
X (m) is the position.
The fluid mass balance may be expressed as

&%, @
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where g, (1/s) is the volumetric fluid source intensity and {
is the variation of fluid volume per unit volume of porous
material due to diffusive fluid mass transport, as introduced
by Biot [21].
The constitutive equation is formulated as
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where M (Pa) is Biot modulus, « is Biot coefficient, and ¢ is the
mechanical volumetric strain. The Biot modulus M is related
to the drained bulk modulus K (Pa) and fluid bulk modulus
K f (Pa):
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where n is porosity. If « is equal to unity, the grains are
considered to be incompressible, and the Biot modulus M is

equal toK ;/n.
The relationship between strain rate and velocity gradient
is
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where &; (1/s) is the strain rate. &z; (m/s) and i (m/s) are the
rate direction of i and j, respectively.

3. Descriptions of the Multilayer
Aquifer System

An ideal seven-layer aquifer system is established to apply the
proposed model. The purpose of the numerical model is to
simulate the coupling process of pressure head variations and
soil deformation in each layer of the multilayer aquifer system
subjected to hydraulic head variations in the pumped layer,
which is located in confined aquifer II as shown in Figure 1.
For such a case, a 300 m thick homogeneous and isotropic
multilayer system consisting of confined aquifers I, II, and III,
aquitards I, II, and III, and a phreatic aquifer is considered
as shown in Figure 1. All the confined aquifers of the model
comprise a 40 m thick layer, both aquitard I and aquitard
II comprise a 35m thick layer, the thickness of aquitard III
is 25m, and the phreatic aquifer is 70 m in thickness. The
confined aquifers are more permeable and less compressible
than the aquitards. In this study, the groundwater of the entire
system is assumed to flow only in a vertical direction, and the
soil is also assumed to deform vertically.

To describe the relationship between the layer positions
and the hydraulic head distinctly, the bottom boundary and
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FIGURE 1: Conceptual model of the multilayer aquifer system and
the variation in hydraulic head of the confined aquifer IT (pumped
layer).

land surface of the numerical model are set equal to 0 m
and 300 m, respectively. The initial hydraulic head in the
saturated zone of the numerical model is set equal to 270 m.
It is assumed that the phreatic water table level is constant
during all periods so that the vertical downward seepage
from the phreatic aquifer recharges each layer directly or
indirectly when the hydraulic head in the pumped layer
drops. The land surface, also called the top boundary, is
free to move vertically. At the bottom boundary, the soil is
restrained from vertical movements. Additionally, the no-
flow boundary condition is assigned to the bottom side of the
model region. The initial displacement and velocity are equal
to 0 throughout the model. As a vertical one-dimensional
simulation, there is no need to set the lateral boundary. Table 1
lists the hydraulic parameters of each layer implemented,
which include the phreatic aquifer, aquitards, and confined
aquifers. As mentioned, these parameters are obtained from
the references [22] but also are based on average values
found in the literature for the Xian area undergoing land
subsidence.

4. Results and Analyses

4.1. Characteristics and Development of the Land Subsidence
Process. A 60-year coupled simulation is distributed in three
stages as indicated in Figure 2 based on land surface vertical
displacement and hydraulic head in the pumped layer. In
addition, the soil is defined as being in compression when the
soil vertical displacement is a positive value in this study.
The first stage (Stage I), from the first to the thirty-first
year of the entire simulation period, is designed to simulate
the fact that the hydraulic head of the pumped layer drops
drastically from 270 m to 180 m. The decline of the hydraulic
head level induces the land subsidence to begin. In addition,
the hydraulic head has been observed to reach the minimum
value of 180 m at the end of the first stage. However, the
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—o— Vertical displacement of land surface
—e— Hydraulic head of pumping layer

F1GURE 2: Simulated land surface vertical displacement corresponds
to changes in hydraulic head of the confined aquifer II. In Stage I,
the hydraulic head in the pumped layer drops and the land surface
subsides. In Stage II, the hydraulic head in the pumped layer recovers
rapidly and the land subsidence ceases gradually and reaches a stable
state. In Stage III, the hydraulic head in the pumped layer recovers
slowly and the land surface rebounds.

land subsidence did not cease at this stage. The hydraulic
head in the pumped layer recovers rapidly in the second
stage (Stage IT) from the thirty-first to the thirty-eighth year.
In contrast to the first stage, the land continues to subside
at the beginning of the second stage, and then the land
subsidence ceases gradually and reaches a stable state. The
vertical displacement reaches the maximum value of 1.16 m
at the end of the second stage. The results of the simulation
show that the maximum land subsidence lags behind the
minimum hydraulic head in the second stage. This indicates
that, in the multilayer aquifer system, land subsidence cannot
immediately respond to the temporal variation in hydraulic
head. The land surface rebounds gradually in the third stage
(Stage III) from the thirty-eighth to the sixtieth year. The
land surface begins to smoothly rebound at the beginning
of the third stage because of aquifer storage and hydraulic
head recovery. The hydraulic head recovery occurs smoothly
and slowly at the end of the third stage, while the land
surface vertical displacement increases rapidly. Notice that
the changes in hydraulic head in the pumped layer can only
instantaneously influence the deformation of the pumped
layer rather than the other aquifers.

4.2. Analysis for Each Aquifer in the Multilayer System. The
distribution of pressure head and soil displacement in each
layer of the multilayer aquifer system at different stages are
shown in Figures 3-8. The head equation, a simplified form
of the Bernoulli Principle for incompressible fluids, can be
expressed as

yv=h-z (6)

where ¥ (m) is the pressure head, /i (m) is the hydraulic head,
and z (m) is the elevation head.
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TABLE 1: Material properties of the multilayer aquifer system used in the numerical simulation.

Property Layered aquifer

Phreatic aquifer Aquitard I Confined aquifer I Aquitard II
Solid density, p, [kg/m’] 2.00 x 10° 1.85 x 10° 2.00 x 10° 1.90 x 10°
Elastic modulus, E [MPa] 200 100 200 150
Poisson’s ratio, v [dimensionless] 0.25 0.35 0.25 0.35
Internal friction angle, ¢ [°] 28 23 28 16
Cohesion, ¢ [MPa] 0 0.3 0 0.6
Hydraulic conductivity, K [10™* cm/s] 7200 368.4 5000 53.58
Porosity, n [dimensionless] 0.25 0.4 0.25 0.4
Property Confined aquifer I Aquitard IIT Confined aquifer III
Solid density, p; [kg/m’] 2.00 x 10° 1.90 x 10° 2.00 x 10°
Elastic modulus, E [MPa] 250 200 300
Poisson’s ratio, v [dimensionless] 0.25 0.3 0.25
Internal friction angle, ¢ [°] 30 19 34
Cohesion, ¢ [MPa] 0 0.8 0
Hydraulic conductivity, K [107™* cm/s] 3200 9.91 620
Porosity, n [dimensionless] 0.25 0.38 0.3

The pressure head generally declines and the soil displace-
ment gradually increases in aquitard I during all periods as
shown in Figure 3. During Stage I, when the pressure head
in the pumped layer (i.e., the confined aquifer II) declines
rapidly, the pressure head in aquitard I also declines to
recharge the underlying aquifer (see Figure 3(a)). Following
the drop in the hydraulic head, the soil displacement in the
aquitard I continues to increase in Stage I (see Figure 3(b)).
The pressure head in confined aquifer II recovers promptly
with groundwater pumping ceasing in Stage II, but none
of the pressure head and soil displacement in aquitard I
responds to the changes in confined aquifer II (see Figures
3(c) and 3(d)). The pressure head continues to decrease and
soil displacement continues to increase with time in aquitard
I during Stage III even though the hydraulic head recovery
has been maintained for about 30 years in the pumped layer.
However, the rates of the pressure head drawdown and soil
displacement increase slow (see Figures 3(e) and 3(f)). It is
noticed that the variations in the pressure head drawdown
and soil displacement initially occur in the lower part of
aquitard I. In addition, the soil displacement in the lower part
of aquitard I decreases abruptly (see Figures 3(b), 3(d), and
3(f)). The variation in the underlying confined aquifer I could
influence first the lower part of aquitard I.

Similarly, the pressure head drops and the soil displace-
ment increases in confined aquifer I at all stages as shown
in Figure 4. In other words, the confined aquifer I recharges
the underlying aquifer and is in compression all the time.
The upper and lower parts of confined aquifer I, which
are influenced by the neighboring aquitards, become more
compressible. Therefore, the soil displacement in both the
upper and lower parts of confined aquifer I is larger than in
the middle part (see Figures 4(b), 4(d), and 4(f)).

Aquitard II is the overlying aquifer adjacent to the
pumped layer. Large variations in both pressure head and
soil displacement initially occur at the bottom of the layer

(see Figure 5). The pressure head declines following the
hydraulic head drawdown in the pumped layer during Stage
I. Meanwhile, the soil displacement increases with respect
to the pressure head drop in the aquitard II (see Figures
5(a) and 5(b)). During Stage II, the pressure head decreases
gradually with time in the upper part of the layer and
increases slightly with time in the lower part of the layer
(see Figure 5(c)). In other words, there is a dividing point
separating aquifer II into two parts: the upper compressed
part and lower rebounding part, with respect to the variation
in the pressure head (see Figure 5(d)). It is obvious that the
upper compressed part (around 22 meters thick) is thicker
than the lower rebounding part (around 18 meters thick)
from Figure 5(d). Therefore, aquitard II can be treated as
in compression at Stage II. The dividing points of both the
pressure head and soil displacement move upward and to
the side away from the pumped layer during Stage III (see
Figures 5(e) and 5(f)). Because of the upward movement
of the dividing point, it is observed from Figure 5(d) that
the lower rebounding part (around 30 meters thick) finally
becomes thicker than the upper compressed part (around 10
meters thick). Therefore, aquitard II rebounds at Stage III.

As the pumped layer, the confined aquifer II is com-
pressed corresponding to the pressure head drawdown dur-
ing Stage I (see Figures 6(a) and 6(b)). The upper and
lower aquifers recharge confined aquifer II due to pumping
being stopped during Stage II. As a result, confined aquifer
II rebounds immediately, corresponding to the pressure
head rise (see Figure 6(d)). The difference in the pressure
head among confined aquifer II and other aquifers becomes
smaller with time, and the rate of the pressure head rise and
layer rebound becomes smaller.

Aquitard III is the underlying aquifer adjacent to the
pumped layer. Large variations in both pressure head and
soil displacement initially appear at the top of the layer
(see Figure 7). With the pressure head drawdown in the
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FIGURE 3: Distribution of pressure head and soil displacement in aquitard I during different stages.



Elevation (m)

Elevation (m)

Elevation (m)

190 L 4

185 |-

180 |-

175 |

170 |-

165 |-

60 »
550 650 750 850 950

105.0 115.0
Pressure head (m)
—O— 0years —— 20 years
—O— 10 years —— 30 years
(a) Stagel
190
185
180
175
170
165
60 1 1 1 1
55.0 65.0 75.0 85.0 95.0 105.0 115.0
Pressure head (m)
—— 32 years —— 36 years
—O— 34 years —— 38 years
(c) StageII
190
185
180
175
170
165
160 1 1 1 1
55.0 65.0 75.0 85.0 950 105.0 115.0

Pressure head (m)

— 40 years —— 50 years
—O— 45 years —— 55 years

(e) Stage III

Elevation (m)

Elevation (m)

Elevation (m)

Geofluids

190 —cf L 2
185 +
180 |- J
175
1703
165 +
160 LA 1 ® 1 1
0.000 0.003 0.006 0.009 0.012 0.015
Soil displacement (m)
—— 0years —— 20 years
—O0— 10 years —— 30 years
(b) Stagel
190
185 |-
180
175 +
170 |-
165 +
160 ! !
0.000 0.003 0.006 0.009 0.012 0.015
Soil displacement (m)
—O— 32 years —— 36 years
—O— 34 years —— 38 years
(d) StageII
190
185
180 -
175 +
170 +
165
160 1 1 1
0.000 0.003 0.006 0.009 0.012 0.015
Soil displacement (m
— 40 years —— 50 years
—O— 45 years —— 55 years

(f) Stage III

FIGURE 4: Distributions of pressure head and soil displacement in confined aquifer I during different stages.
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pumped layer, the pressure head declines during Stage L
Meanwhile, aquitard III is compressed (see Figures 7(a) and
7(b)). In contrast to aquitard II, during Stage II, the hydraulic
head recovers gradually with time in the upper part of the
layer and declines slightly with time in the lower part of
the layer (see Figure 7(c)). In other words, there is also a
dividing point separating aquifer III into two parts: the upper
compressed part and lower rebounding part, with respect to
the variation of pressure head (see Figure 7(d)). Aquitard III
could be in compression during Stage II because the lower
compressed part (around 15 meters thick) is thicker than the
upper rebounding part (around 10 meters thick) as shown in
Figure 7(d). The dividing points of both the pressure head and
soil displacement move downward and to the side away from
the pumped layer during Stage III (see Figures 7(e) and 7(f)).
The upper rebounding part (around 15 meters thick) finally
becomes thicker than the lower compressed part (around 10
meters thick) due to the downward movement of the dividing
point so that aquitard III could rebound during Stage III.

As with confined aquifer I, the pressure head declines and
the soil displacement increases in confined aquifer III during
all stages as shown in Figure 8. Confined aquifer III recharges
the overlying aquifer and stays in compression all the time.
The upper part of the layer gets more and more compressible
influenced by the neighboring aquitard. Therefore, the soil
displacement in the upper part of confined aquifer I1l is larger
(see Figures 8(b), 8(d), and 8(f)). Note that the pressure head
and soil displacement could not be recorded at elevation of
0m because the bottom boundary of confined aquifer IIT is
restrained from displacement.

Stage II is a transition period between land subsidence
and rebound. As shown in Figure 9, the total compression rate
of the entire system decreases rapidly and the total rebound
rate increases during Stage II. At the end of Stage II, the
total compression rate is equal to the total rebound rate.
After that, the land surface starts to rebound. As mentioned
above, each layer of the multilayer aquifer system is in
compression during Stage I. During Stage II, the performance
is different among the aquifers. Confined aquifer II rebounds
at once, aquitard I, confined aquifer I, and confined aquifer

1

III are compressed, and both aquitard II and aquitard III are
separated into a rebounding part and compressed part by
the dividing point. In addition, at the beginning of Stage II,
when the total compression deformation is larger than the
total rebounding deformation, the land continues to subside
even though the hydraulic head in the pumped layer begins to
recover. The displacement of the land surface becomes stable
(see Figure 2) until the total deformation between compres-
sion and rebounding gradually reaches equilibrium at the end
of Stage II. The dividing point in aquitard I and aquitard III
moves toward the side away from confined aquifer II during
Stage III, and the total rebounding deformation is gradually
larger than the total compressed deformation. Therefore, the
land surface rebounds during Stage III as shown in Figure 2.
It appears that the dividing point movement has significant
impact on the land subsidence process. The poorly permeable
aquitard cannot transfer the pore pressure rapidly relative
to the sandy aquifer, which can be observed in Figures 3-8,
so that the variation in pressure head could be transferred
from one side to the other side in the aquitard for a long
period. Therefore, there are different performances between
the upper and lower sides of the aquitard. Once one side of
the aquitard presents an opposite distribution, the dividing
point will appear and move toward the other side with the
transference of pore pressure in the aquitard similar to the
movement of the dividing points in aquifer II and aquifer III.

5. Conclusions

Pressure head and soil displacement in a seven-layer aquifer
system respond to the variation in hydraulic head of the
pumped layer during different stages as indicated by a
coupled one-dimensional numerical model. The numerical
simulation results of the multilayer aquifer system show that
the pressure head in other layers will not rise immediately
when the pressure head in the pumped layer begins to recover
after pumping ceases because the aquitards adjacent to the
pumped layer are poorly permeable so that the recovery in
pressure head from the pumped layer is transferred to other
layers over a long time. The numerical simulation results also
show that there will be a dividing point in aquitards adjacent
to the pumped layer after pumping ceases. The aquitards
adjacent to the pumped layer are divided into a compressed
part and rebounding part by the dividing points. The dividing
points move toward the side away from the pumped layer over
time since the poorly permeable aquitard cannot transfer the
pore pressure rapidly relative to the sandy aquifer, and the
variation in pressure head can be transferred from one side
to the other side of the aquitard for a long period. Therefore,
there are different reactions in the upper and lower sides of
the aquitard. If one side of the aquitard presents an opposite
distribution, the dividing point will appear and move toward
the other side with the transference of the pore pressure in the
aquitard. The results of the numerical simulation also show
that there is a transition period between land subsidence and
rebound. In this transition period, land could continue to
subside even though the hydraulic head in the pumped layer
begins to recover, because, at the beginning of the transition
period, the compressed parts are thicker than the rebounding
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part in the aquitards separated by dividing points adjacent
to the pumped layer so that the total compression rate is
larger than total rebounding rate in the entire system. At the
end of this period, the total compression rate is equal to the
total rebounding rate. With the movement of the dividing
points, the rebounding parts gradually become thicker than
the compressed parts, and the total compression rate is larger
than the total rebounding rate. The land surface starts to
rebound after the transition period. The conclusions of this
study may be helpful in understanding the phenomenon
referred to in some studies in which land subsidence lags the
hydraulic head in the pumped layer. A fully coupled three-
dimensional groundwater flow and land deformation model
will be developed to analyze the relationship between the
pressure head and soil displacement in future work.
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