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In order to investigate trace and rare earth element partitioning in organic fractions of mudstones, this study isolated organic
fractions of mudstones, including insoluble organic fraction (kerogen), soluble organic fraction (extract), or expelled
hydrocarbon (reservoir solid bitumen), and the isolated organic fractions and their corresponding whole rocks for trace and
rare earth element compositions were measured. Analysis of trace and rare earth element compositions in organic fractions of
lacustrine and marine mudstones revealed that mudstone kerogens were more enriched in rare earth elements (REE) and
redox-sensitive trace elements (e.g., U, Mo, and Ni) relative to corresponding whole rocks. During the oil generation, middle
rare earth elements (Sm-Ho), especially Eu, migrated from kerogen to extract more easily than the rest REE. The Eu was easily
transferred to soluble hydrocarbon under the acidic and reducing environments formed by oil generation, resulting in the
higher concentrations of Eu relative to its neighboring REE (Sm and Gd) and the pronounced positive Eu anomalies.
Transition metal elements (e.g., Mo, V, Cr, Co, Ni, Cu, and Zn) also more easily released from kerogen than the rest elements,
especially V and Ni. The enrichment and mobilization of trace elements in organic fractions of mudstones, such as Mo, U, V,
Ni, and Ba, are closely related with their geochemical behaviors during the depositional and early digenetic processes,
providing the potential information for predicting the distribution characteristics of trace elements in the expelled

hydrocarbons of mudstones (e.g., crude oil and solid bitumen) and fingerprinting of oil to source.

1. Introduction

Trace and rare earth elements are not only widely used to
discriminate the paleoenvironmental reconstruction, prove-
nance, and tectonic setting of sediments [1-17] but also
employed in crude oil classifications and oil-source correla-
tions [18-26]. In the past times, many authors had focused
on the study of trace and rare earth elements in mudstone
whole rocks [3-5, 12, 25]. It is well known that mudstone
is mainly composed of silicate, organic, carbonate, and
sulfide fractions [1]. Each fraction has its unique trace and
rare earth element compositions which may represent spe-
cial geological significances, for example, REE geochemical
characteristics of seawater may be recorded in the carbonate
fraction [1] and the core of authigenic phosphate nodules [6]
in mudstones. Mudstone is the major contributor to global
oil and gas [26, 27]. However, only organic fractions in mud-

stones have a direct genetic relationship with hydrocarbons,
including insoluble organic fraction (kerogen) and soluble
organic fraction (extract). Kerogen is the main body of
sedimentary organic matter, accounting for 80-90% total
organic matter. Hunt considered that 80-95% petroleum
hydrocarbons were formed via the transformation of kero-
gens [27]. Extract is also a product of thermal degradation
of kerogen, which has the most similar physical and chemi-
cal properties with the expelled hydrocarbons (e.g., crude
oils and solid bitumen). A large amount of organic and inor-
ganic compounds is included in crude oils. For a long time,
biomarkers that belonged to organic compounds have
played a huge role in petroleum exploration [28], whereas
the use of inorganic compounds in petroleum exploration
has been limited to V and Ni porphyrin complexes (e.g.,
DPEP and ETIO) [29, 30]. Due to the relatively high abun-
dances of V and Ni in crude oils [19, 26], both elements
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attracted more attentions in the study of trace elements in
crude oils. Most recently, the role of other trace elements
(e.g., REE, Pt, and Pd) in the processes of petroleum gener-
ation and migration has also received extensive attentions
[24, 31-34]. However, few literatures had systematically
reported trace and rare earth element partitioning in organic
fractions of mudstones during the oil formation.

Through the analysis of trace and rare earth elements in
organic fractions of lacustrine and marine mudstones, includ-
ing kerogen, extract, or reservoir solid bitumen, this study inves-
tigated the trace and rare earth element partitioning in organic
fractions of mudstones and their geological significances.

2. Sample Collection and Geological Setting

To comprehensively assess the trace and rare earth element
partitioning in organic fractions of mudstones, this study
collected the Lower Cretaceous lacustrine mudstones from
Aer Sag, Erlian Basin, as well as the Lower Cambrian marine
mudstones and the Upper Ediacaran reservoir solid bitu-
mens from the Sichuan Basin (Figure 1). Detailed informa-
tion of samples is listed in Table 1.

Aer Sag, located on the northeast margin of the Erlian
Basin, covers an area of 2000 km?, with 800 km? in China
and the rest in Mongolia (Figure 1). Aer Sag was formed
by regional rifting in the middle stage of the Yanshan move-
ment, received the Lower Cretaceous lacustrine clastic
deposits with the maximum thickness of 3800 m, and devel-
oped three major successions from top to bottom: Cenozoic,
Lower Cretaceous, and Paleozoic (not drill to bottom) [35].
The Lower Cretaceous Bayanhua Group is the main body
and can be divided into three formations from top to bot-
tom: Saihantala (K;s), Tengger (K;bt), and Arshan (K,ba).
Each formation can be further subdivided into several mem-
bers based on the lithology and fossil assemblages (Figure 1).
During the formation and evolution of Aer Sag, four suits of
dark mudstone were developed, including Saihantala For-
mation (K;s), the 2"¢ member of Tengger Formation
(K,bt?), the 1°* member of Tengger Formation (K;bt'), and
Arshan Formation (K;ba). Among them, K;s and Kbt
source rocks were still immature and could not be served
as the effective source rocks, but K;bt' and K;ba source
rocks were mature capable of hydrocarbon generation [36].
Previous oil-source correlation results showed that the
source of major reservoirs mainly originated from K,bt'
source rocks, followed by K;ba source rocks in order [36].

Sichuan Basin, located in the southwest of China, covers
an area of 19 x 10* km?. Sichuan Basin was mainly filled
with marine sediments. A complete succession of
Ediacaran-Cambrian was developed in the Central Sichuan
Basin [37-39]. Ediacaran was divided into two series: Lower
Ediacaran Doushantuo Formation (Z,ds) and Upper Edia-
caran Dengying Formation (Z,dn; Figure 1). Doushantuo
Formation received a succession of clastic sediments. Dengy-
ing Formation developed a large suit of dolomite sediments,
which can be subdivided into four members from bottom to
top based on the enrichment degree of algae and structural
characteristics: Z,dn', Z,dn? Z,dn> and Z,dn*. Reservoir
solid bitumens are widely developed in the Dengying
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dolomite in Sichuan Basin and its peripheral areas [39-41].
Reservoir solid bitumens in this study were collected from
Z,dn* dolomites. The black mudstones and shales of the
Lower Cambrian Qiongzhusi formation (€,q) were widely
developed in Sichuan Basin and its peripheral areas. It had
large thickness (100-400m) [42] and was enriched in
organic matter, which was considered major source rocks
in Sichuan Basin [38, 39, 42-44]. Previous studies indicated
that the Upper Ediacaran natural gas and reservoir solid
bitumens chiefly originated from the Lower Cambrian
mudstones and shales [31, 37, 40, 44].

3. Sample Pretreatment and
Analytical Methods

3.1. Sample Pretreatment. For mudstones, all samples were
washed by distilled water and then dried at room tempera-
ture. For reservoir solid bitumens, firstly, all bitumen-
bearing dolomite samples were grounded to 3~5mm
without direct mental contact, and then solid bitumen parti-
cles were picked out by wood tool. Secondly, pure bitumen
particles without dolomite veins were picked out under a
microscope of magnifications of 10. Thirdly, they were
washed by anhydrous ethanol under an ultrasonic bath and
then dried at room temperature. Finally, mudstone and bitu-
men samples were grounded to 200 meshes in an agate mor-
tar. About 40 g of the Lower Cretaceous mudstone samples,
about 10g of the Lower Cambrian mudstone samples, and
about 0.2 g of pure solid bitumen samples were prepared.

All powdered lacustrine mudstone samples were extracted
for 72 h using a Soxhlet apparatus and about 400 mL of dichlo-
romethane and methanol (93:7 v : v). The extracted mixture
and residue were then separated by a membrane filter of
0.45 ym. The extracted mixture was dried in the fume hood
for three days at room temperature and pressure to obtain
the extract without organic solvents. The mudstone residues
were collected for kerogen isolation. Firstly, the mudstone
residue was added with 6 mol/L HCI. The mixture was stirred
for 90min at 60-70°C, and then the acid solution was
removed. This procedure was repeated three times to remove
carbonates completely. Secondly, the carbonate-free residue
was treated with 6 mol/L HCl and 40% HF. The mixture was
stirred for 90 min at 60-70°C, and then the acid solution was
removed. This procedure was repeated two times for fully
destroying the silicates. Finally, the carbonate and silicate-
free residue was leached with 3% HNO, to remove pyrites
and other insoluble minerals. The mixture was stirred for
90 min at 60-70°C, and then the acid solution was removed.
The residue was washed with distilled water several times to
remove acid, froze for 10h at -5°C and dried at <60°C in the
oven. Finally, kerogen was isolated.

3.2. Analytical Methods. Total organic carbon (TOC) and
rock pyrolysis analyses were conducted at state key labora-
tory of petroleum resources and prospecting in China
University of Petroleum using the total carbon and sulfur
Leco CS-230 analyzer and OGE-II oil and gas evaluation
workstation, respectively. Trace and rare earth element
(REE) analysis were conducted at Analytical Laboratory of
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FIGURE 1: Generalized structural location map and stratigraphic column for the Central Sichuan Basin and Aer Sag in Erlian Basin. (a) The
distribution of sedimentary basins in China. The structural location map of (b) the Central Sichuan Basin and (c) the Aer Sag modified after
[36, 37], respectively. The stratigraphic column of (d) the Central Sichuan Basin and (e) the Aer Sag modified after [36, 42], respectively.

Beijing Research Institute of Uranium Geology using Thermo
Scientific Element XR ICP-MS, respectively. The digestion
procedures for trace and rare earth element detection were
described by [21]. Analytical precision was better than 5%
for trace elements and 10% for REE. The Ce and Eu anomalies
were calculated according to [45]; ie., Ce/Ce* =Cey/

(Lay X Pry)"?, and Eu/Eu* = Euy/(Smy x Gdy)"'?, where N

refers to elemental concentrations normalized to the Post-
Archean Australian Shale (PAAS; [46]).

4. Results

4.1. Bulk Geochemical Parameters. Total organic carbon
(TOC), rock pyrolysis and vitrinite reflectance (R,), or
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TaBLE 1: Basic information of mudstone samples in the study (sample number consisted of well name and original sampling number. See
Figure 1 for the location of the wells).

Sample No. Area Depth/m Formation Rock description
Aer3-232 1639.9 K,bt' Dark mudstone
Aer4-239 . . 1823.5 Klbt1 Dark mudstone
Aer Sag, Erlian Basin 4
Aer2-433 1911.54 K,ba Dark mudstone
Aerl11-502 1330.84 K,bt' Dark mudstone
GK1-1 4895.99 €9 Black mudstone
GK1-7 4981.37~4981.47 €.q Black mudstone
GK1-13 4985 €.q Black mudstone
GK1-18 4989.28~4989.57 Z,dn* Bitumen-bearing dolomite
GK1-19 i . 5004.40~5004.50 Z,dn* Bitumen-bearing dolomite
Sichuan Basin 4 . . .
GK1-22 5006.63~5006.80 Z,dn Bitumen-bearing dolomite
MX13-2 5035.05~5035.14 Z,dn* Bitumen-bearing dolomite
MX13-3 5035.14~5035.36 Z,dn* Bitumen-bearing dolomite
MX13-6 5045.90~5045.98 Z,dn* Bitumen-bearing dolomite
MX13-11 5101.07~5101.28 Z,dn* Bitumen-bearing dolomite

equivalent vitrinite reflectance (EQVR,) of mudstone and
reservoir solid bitumen are listed in Table 2. For the Lower
Cretaceous mudstones (termed as lacustrine mudstones in
below text), the TOC value ranges from 0.40 to 3.28%. The
hydrocarbon potential (S, +S,) varies from 0.96 to
18.56 mg/g. The T, . value ranges from 432 to 451°C. The
R, value varies from 0.68 to 0.84%. These data indicate that
lacustrine mudstones are poor to good quality source rocks
[28], which are at the immature to mature stages. HI versus
T . Values show that types of organic matter are type I and
type II (Figure 2). For the Lower Cambrian mudstones
(termed as marine mudstones in below text), the TOC value
ranges from 1.11 to 1.34%. The S, + S, value varies from 0.05
to 0.11 mg/g. The HI value ranges from 3 to 5mg/g. The
EqVR, value is 2.63%. These data indicate that marine mud-
stones belong to good quality source rocks [28]. Source rocks
had very high degree of thermal evolution with rare soluble
extract and reached the stage of dry gas generation. The
EqVR, value of the Upper Ediacaran reservoir solid bitumen
is 2.80%, indicating a very high degree of thermal evolution.
Previous studies showed that type of organic matter for
marine mudstones was mainly type I [38, 42].

4.2. REE Compositions of Mudstone and Corresponding
Organic Fractions. REE concentrations of mudstone whole
rocks and corresponding organic fractions (kerogen, extract,
and reservoir solid bitumen) are presented in Table 3. REE
concentrations of mudstone whole rocks normalized to the
Australian Post-Archean Shale (PAAS) are shown in
Figure 3. The sum of rare earth elements () REE) in lacus-
trine mudstones ranges between 206.70 and 291.84 ppm,
which is slightly higher than that in marine mudstones
(166.99-233.74 ppm). The total concentration of light rare
earth elements (LREE: La-Eu) in all mudstones is higher
than that of heavy rare earth elements (HREE: Gd-Lu),
and the LREE/HREE ratio ranges from 6.07 to 10.12. The

PAAS-normalized pattern of all mudstones shows a
relatively flat pattern (Figure 3). The (La/Yb), ratio of
mudstones varies from 0.72 to 1.10 (Table 3). The Ce/Ce*
value of lacustrine mudstones ranges from 0.93 to 0.98,
which is slightly higher than that of marine mudstones
(0.89-0.92). The Eu/Eu* value of lacustrine mudstones
ranges from 0.78 to 0.86, which is slightly lower than that
of marine mudstones (0.87-0.96).

>REE in lacustrine kerogens ranges from 229.30 to
2282.06 ppm. The LREE/HREE ratio varies from 5.56 to
18.53. The (La/Yb), ratio varies from 0.65 to 2.24. The
Ce/Ce* value ranges from 0.95 to 0.98. The Eu/Eu* value
ranges from 0.72 to 0.87. Y REE in marine kerogens ranges
from 417.54 to 571.66 ppm. The LREE/HREE ratio varies
from 18.83 to 69.01. The (La/Yb),, ratio varies from 3.53
to 44.82. The Ce/Ce* value ranges from 0.90 to 0.98. The
Eu/Eu” value ranges from 0.20 to 0.45. ) REE in most of
mudstone kerogens is higher than that in corresponding
whole rocks. The degree of fractionation between LREE
and HREE in marine kerogen is significantly higher than
that in lacustrine kerogen. REE concentrations of kerogens
normalized to corresponding whole rocks show a slight
enrichment of LREE relative to HREE and no pronounced
Ce and Eu anomalies in the lacustrine mudstone kerogen,
but marine mudstone kerogen displays a strongly enrich-
ment of LREE, strongly negative Eu anomalies, and no
pronounced Ce anomalies (Figure 4).

The Y REE value in lacustrine extracts ranges from 0.11
to 4.21 ppm, which is much less than that in the correspond-
ing whole rocks and kerogens. The LREE/HREE ratio ranges
from 9.46 to 15.19, indicating an enrichment of LREE. The
(La/Yb), ratio of extracts varies from 0.62 to 2.25, which
is close to that in kerogens rather than whole rocks, indicat-
ing that REE in the extract may originate directly from
kerogens. The Ce/Ce* value ranges from 0.91 to 0.99, and
the Eu/Eu* value ranges from 0.84 to 1.15.
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TaBLE 2: Bulk geochemical parameters of studied mudstone samples.

Sample No. TOC (%) S, (mg/g) S, +S, (mg/g) HI (mg/g) T CC) R, or EQVR, (%)
Aer3-232 3.19 0.73 18.56 559 441 nd
Aerd-239 3.28 1.10 15.78 448 442 0.68-0.84/0.76 (6)°
Aer2-433 0.40 0.22 0.96 185 451 nd
Aerl11-502 1.87 0.42 13.28 688 432 nd

GK1-1 1.11 0.03 0.09 478° 2.62 (1)°
GK1-7 1.34 0.03 0.11 520° 2.38-2.81/2.63 (4)°
GK1-13 113 0.01 0.05 397¢ nd
GK1-18 nd nd nd n.d nd 2.53-2.95/2.80 (16)°

*Range/mean (measuring points). Vitrinite reflectance (R, ). "Reflectance of bitumen (BR,) was converted to the EQVR, value based on following equation:

EqQVR, =0.618 x BR, + 0.40 [47]. “Unreliable T, values were resulted from the lower S, values. n.d: not determined.
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The Y REE value in the Upper Ediacaran reservoir solid
bitumens ranges from 0.24 to 1.36 ppm, which is much less
than that in the lower Cambrian mudstones and corre-
sponding kerogens. The LREE/HREE ratio ranges from
9.53 to 24.60, indicating an enrichment of LREE. The
PAAS-normalized REE pattern shows a slight enrichment
of LREE (Figure 5). The highly similarities of REE patterns
in reservoir solid bitumens suggest the same origin. The
Ce/Ce* value ranges from 0.78 to 0.96. Notably, reservoir
solid bitumens display strongly positive Eu anomalies
(Ew/Eu* =8.17 — 150.54).

4.3. Trace Element Compositions of Mudstone and
Corresponding Organic Fractions. Trace element concentra-
tions of whole rock and corresponding organic fractions (ker-
ogen, extract, and reservoir solid bitumen) are presented in
Table 4. The PAAS-normalized trace element pattern of mud-
stone whole rocks is shown in Figure 6 [46, 48]. Some trace
elements (e.g., Cs, U, Mo, and REE) are enriched in lacustrine
mudstones while other elements (e.g., Sr, Ni, and Cr) are
depleted relative to PAAS. A similar pattern in lacustrine
mudstones suggests they have a same provenance (Figure 6).

Majority of trace elements are enriched in marine mudstones.
Especially, U and Mo are highly enriched, whereas Sr is
depleted (Figure 6). A highly similar pattern in marine mud-
stones indicates that they have not only a same provenance
but also a relatively stable depositional environment.

Concentrations of trace elements in the isolated organic
fractions were normalized to corresponding whole rock
and plotted in Figure 7. Lithophile elements (e.g., Cs, Rb,
and Ba) and V are depleted in lacustrine kerogens relative
to whole rocks, while REE and Ni are enriched. The trace
element pattern of lacustrine kerogens largely varies, which
might be related with the organic matter in lake under an
unstable paleoredox environment. Lithophile elements, Sc,
and V are depleted in marine kerogens relative to whole
rocks, while LREE, Mo, Co, Ni, and Cu are enriched. The
trace element pattern of marine kerogens shows little
changes, which might be closely related with relatively stable
paleoredox environment of the early Cambrian ocean. All
trace elements are depleted in lacustrine extracts relative to
whole rocks, while only Ni is relatively enriched in the
individual sample (Figure 7). Overall, the concentration of
transition metal elements (V, Cr, Co, Ni, Cu, and Zn) and
redox-sensitive metal elements (U and Mo) is higher than
the rest elements in lacustrine extracts.

The PAAS-normalized trace element pattern of the
upper Ediacaran reservoir solid bitumens shows that major-
ity of trace elements are depleted (Figure 8), while Mo, V, Ni,
and Pb are enriched relative to the rest elements. Especially,
Mo is highly enriched. A similar pattern of reservoir solid
bitumens indicates they share the same origin.

5. Discussion

5.1. Depositional Environment of Mudstones. Jones and
Manning found that the parameters of U/Th, authigenic U,
V/Cr, and Ni/Co were the reliable geochemical indices for
the interpretation of paleoredox conditions in ancient mud-
stones [7]. In this study, U/Th ratios show that lacustrine
mudstones deposited under oxic to dysoxic conditions while
marine mudstones deposited under anoxic conditions
(Figure 9). The authigenic U of lacustrine mudstones ranges
from -0.40 to 14.27, showing that most of mudstones depos-
ited in oxic conditions while individual mudstone deposited
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Upper Ediacaran reservoir solid bitumens (PAAS from [46]).

in anoxic condition. The authigenic U of marine mudstones
ranges from 11.63 to 44.33, showing an anoxic depositional
environment. The V/Cr ratios of lacustrine and marine
mudstones are less than 2.00, representing an oxic deposi-
tional environment. This interpretation is not consistent
with the depositional environment defined by above two
parameters. Abanda and Hannigan suggested that V/Cr
ratios below 2 might reflect a diagenetic overprint [1]. Ni/
Co ratios less than 5.00 are representative of deposition
under oxic conditions [7]. Our data suggests that lacustrine
mudstones deposited in oxic conditions. The Ni/Co ratio
of marine mudstones ranges from 3.40 to 5.67, showing oxic
to dysoxic depositional environments. However, Abanda
and Hannigan observed that Ni/Co ratios of mudstones
decreased with increasing maturity [7].

Recent studies show that majority of the Lower Creta-
ceous mudstones in Erlian Basin preferred to an oxic depo-
sitional environment and only few mudstones deposited in
the weakly reducing environments [49]. The early Cambrian
in South China was in the periods of largest marine trans-
gression and “biological explosion” around the world [3-5,
14]. A succession of black organic-rich shales and
mudstones of early Cambrian age was developed widely
throughout South China. It has been considered anoxic
sediments [3-5, 14] and one of most important source rocks
in Sichuan Basin [44]. Laminated pyrites were often
observed in the Lower Cambrian black mudstones from core
description, indicating that mudstones should be deposited
under anoxic conditions. Consequently, a wrong conclusion
may be drawn during the identification of depositional envi-
ronments in mudstones using single trace element parame-
ter. Tribovillard et al. suggested that detrital, hydrothermal,
and biogenic materials in sediments and sedimentary rocks
(that is, nonauthigenic components) must be excluded when
we used trace element concentrations and/or ratios to recon-
struct paleoenvironmental conditions [13]. For example,
authigenic U is a better proxy to reconstruct the depositional
environment of mudstones in this study. Additionally, kero-
gen in mudstones can be regarded as a special kind of authi-
genic component [14] and therefore trace and rare earth
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FIGURE 6: PAAS-normalized plot of trace elements in mudstones (PAAS from [46, 48]).

element compositions in kerogen may be helpful to explore
paleoredox conditions of lakes and oceans. In this study,
trace element ratios (e.g., Ni/Co, V/Cr, and V/Ni) show little
variation in mudstone whole rocks, but they greatly changed
in mudstone kerogens (Figure 10). Since redox-sensitive
trace elements are more easily captured by organic matter
in the reducing water columns, trace element compositions
in kerogens can reflect the subtle variations of paleoredox
environments during the sedimentation and early diagenesis
of organic matter. Slight differences of Ce anomaly values
occur between mudstone whole rocks and kerogens, whereas
wide variations of Eu anomaly values are observed between
them. Eu anomalies in kerogens are more depleted than that
in corresponding whole rocks, especially marine kerogens
(Figure 10). The strongly negative Eu anomalies in kerogens
might be representative of reducing environments during
the sedimentation and early diagenesis of organic matter.
Nevertheless, there is still a need for robust datasets and fur-
ther studies to reconstruct paleodepositional environments
using trace and rare earth element concentrations and/or
ratios of kerogens.

5.2. REE Partitioning between Whole Rock and Isolated
Organic Fractions of Mudstones. REE concentrations of the
isolated organic fractions of mudstones (kerogen and
extract) were normalized to corresponding whole rocks
and plotted in Figure 4. Lacustrine kerogens are slightly
enriched in the LREE relative to HREE, whereas marine
kerogens are strongly enriched in LREE (Figure 4). In con-
trast, coal and its organic fraction displayed HREE-
enriched pattern [50, 51]. Such different REE patterns
should be attributed to various depositional environments
of organic matters. Lacustrine extracts also show a slight
enrichment of LREE similar to corresponding kerogen frac-
tions (Figure 4), suggesting that the REE pattern in extract

fractions inherited from kerogen fractions. It is well known
that trace elements in crude oils were mainly found in the
asphaltene fractions [20, 26-28]. Since the asphaltenes are
kerogen fragments [51, 52], REE of crude oils should be
mainly originated from kerogens, and the REE pattern of
extracts is similar to that of kerogens (Figure 4).

REE concentrations of mudstone extracts were normal-
ized to corresponding kerogens and plotted in Figure 11,
making us understand the REE partitioning during the oil
generation of kerogens. Middle rare earth elements (MREE:
Sm-Ho) are enriched in extracts relative to kerogens, sug-
gesting that MREE migrate from kerogen to extract more
easily than the rest REE. Felitsyn and Morad [53] also found
that the humic acid displayed a MREE enrichment. Wong
et al. [54] and Radzki et al. [55] suggested that a certain por-
tion of REE (mainly MREE) could be chelated by porphyrin
complexes. This statement seems to be able to explain the
MREE enrichment in extracts. In addition, signiﬁcant posi-
tive Eu anomalies are observed (Figure 11). Eu is a diagnos-
tic multivalent rare earth element, which is as stable as Eu*
under the alkaline and oxidizing conditions, but Eu** can be
transformed into Eu”* under the acidic and reducing condi-
tions [56]. Kerogens can generate organic acids during the
oil generation. The acidic condition can be developed by
the lowering pH value, and then it activates the REE. Eu®*
can be reduced to Eu** under the reducing environments
formed by oil generation, and it then shifts into the soluble
organic matters (extracts), resulting in the higher concentra-
tions of Eu relative to the neighboring REEs (Sm and Gd)
and the pronounced positive Eu anomalies.

Interestingly, the Upper Ediacaran reservoir solid bitu-
mens display much stronger positive Eu anomalies. Eu
anomalies have been reported in various types of igneous
and sedimentary rocks [57]. However, reduction of Eu does
not seem to occur within the ocean basins except in
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FIGURE 7: Trace elements concentrations in isolated organic
fractions ((a) kerogen and (b) extract fractions) of mudstones
normalized to corresponding whole rock.

submarine hydrothermal systems and during some extreme
marine diagenesis in certain organic-rich, sulfate reducing
environments [8, 58]. Consequently, positive Eu anomalies
have been commonly found in reducing hydrothermal
fluids, calcium-rich, and early magmatic minerals (e.g., pla-
gioclase and K-feldspar) [59]. Previous authors have
revealed that the Upper Ediacaran reservoir solid bitumen
contains no feldspar minerals based on XRD pattern [21];
hence, the interference of feldspar minerals can be excluded.
In addition, Eu** might be replaced by Sr** because the ionic
radius of Eu** is close to Sr** [60], resulting positive Eu
anomalies. Dulski [61] considered that positive Eu anoma-
lies might be an artifact caused by Ba interference during
ICP-MS measurement. Eu anomalies in the Upper Edia-
caran reservoir bitumens show an excellent positive correla-
tion with the concentrations of Ba (Figure 12(a)) but show a
poor correlation with the concentrations of Sr
(Figure 12(b)), suggesting that Eu anomalies in reservoir
solid bitumens may be a result of Ba interference. Eu anom-
alies in the Cambrian reservoir bitumens from Sichuan
Basin had also been reported [62]. They were interpreted

Geofluids

as the inheritance of the Lower Cambrian black shales, since
the formation of this unit of black shales and the develop-
ment of polymetallic beds were considered related with sub-
marine hydrothermal venting [14, 63]. However, there is no
clear evidence indicating that the Lower Cambrian black
mudstones in the Central Sichuan Basin have a hydrother-
mal origin, such as no positive Eu anomalies in mudstones
from this study. Consequently, strongly positive Eu anoma-
lies in reservoir solid bitumens may be a result of Ba interfer-
ence. If Ba interference is not taken into consideration, we
prefer to believe that Eu mobilization is caused by the
strongly reducing microenvironment formed by thermal
degradation of kerogen.

5.3. Trace Element Partitioning between Whole Rock and
Isolated Organic Fractions of Mudstones. Redox-sensitive
trace elements (e.g., U, Mo, and Ni) and REE are enriched
in both lacustrine and marine kerogens relative to whole
rocks, while lithophile elements (e.g., Cs, Rb, Ba, and Sc)
are depleted (Figure 7). Th is generally considered to con-
centrate in the clastic components, which is an immobile
element [64]. However, Th is enriched in kerogen relative
to whole rock. This may be related with an enrichment of
elements associated with dense refractory heavy minerals
caused by gravity settling during the isolation of kerogen
(e.g., Zr) [1]. The elements U, Ni, and V generally tend to
associate with organic matter in black shales [65]. However,
compared with other elements, V in both lacustrine and
marine kerogens shows depletion relative to whole rocks.
Especially, V is strongly depleted in lacustrine kerogens
(Figure 7), which may be related with its geochemical behav-
ior under various redox environments and occurrence state
in sediments (see below text for detailed discussion). These
redox-sensitive metal elements were easily adsorbed by
organic matter and/or captured by porphyrin complexes
during the settlement processes of organic particles; thus,
they are relatively enriched in kerogens.

The concentrations of trace elements in lacustrine
extracts were normalized to corresponding kerogens and
plotted in Figure 13. Compared with other trace elements,
REE is still not easy to remove from kerogen to soluble
hydrocarbons, which may be related with a lack of appropri-
ate chelating sites in the soluble hydrocarbons during pri-
mary migration [25]. An obvious trend is that transition
metal elements (e.g., Mo, V, Cr, Co, Ni, Cu, and Zn) released
from kerogen to soluble hydrocarbons more easily than the
rest elements, especially V and Ni (Figure 13). Ni in lacus-
trine extracts has the highest concentrations. Compared with
Ni, the lower concentrations of V seem to be related with
weak oxidizing depositional environments of lacustrine
mudstones. During thermal maturation of organic matter,
a large amount of oxygen-containing and sulfur-containing
functional groups will be released from kerogens, which play
a significant role in the removal of trace elements. For exam-
ple, carboxyl and phenolic hydroxyl groups can provide
complexing sites for Ca*, REE, and other elements [66, 67].

5.4. The Enrichment and Mobilization of Trace Elements in
Organic Fractions of Mudstones. Compared with other trace
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F1GURE 9: The identification of depositional environment of mudstones using trace element parameters (criteria of redox environments from [7]).

elements, some elements such as U, Mo, Ni, and Cu are
enriched in both lacustrine and marine kerogens relative to
whole rocks, while V is depleted (Figure 7). In the lacustrine
extracts, Ni has the highest concentration, and U, Mo, and V
are relatively enriched (Figure 7). Compared with other
elements, Mo is strongly enriched in the Upper Ediacaran
reservoir solid bitumens, and V, Ni, Pb, U, and Ba are rela-
tively enriched (Figure 8). The enrichment of these elements
is closely related with their geochemical behaviors in the var-
ious depositional and diagenetic environments.

(1) Mo. Mo is present mainly in the form of molybdate
(M0042') [68]. Mo is not concentrated by ordinary
plankton nor is it readily adsorbed by most types of
natural particles, and it displays little affinity for

the surfaces of clay minerals, CaCO;, and Fe-
oxyhydroxides under the weakly alkaline marine
conditions [69]. By contrast, Mo is easily captured
by the surface of Mn-oxyhydroxides [70]. MoO,>
cannot directly react with H,S to form MoS, or
MoS; under the reducing condition, but instead, it
is precipitated in the form of thiomolybdates (Mo
(0,,S,,)° (x=0~3)) and inorganic Fe-Mo-S clus-
ter complexes possibly occurring in Fe-sulfides
through the incorporation of organic matter [71].
Organic O-S groups attached to macromolecular
detritus may insert directly into the MoO,*, result-
ing in covalent bonding between Mo and the macro-
molecular, and then Mo will be scavenged from
water columns [13]. Consequently, the Mo content
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greatly changed in mudstone kerogens, reflecting the subtle variations of paleoredox environments during the sedimentation and early
diagenesis of organic matter. U/Th, V/Cr, and V/Ni ratios show a decreasing trend between mudstone whole rock and kerogen,
indicating that U and V may occur more in mineral phases of mudstone. Ni/Co ratios show an increasing trend between mudstone
whole rock and kerogen, indicating that Ni may occur more in organic phases of mudstones. U/Th, Ni/Co, and V/Cr ratios display an
increasing trend between mudstone kerogen and extract/reservoir bitumen, suggesting that redox-sensitive trace elements (U, Ni, and V)
may be released from kerogens more easily than other elements. Slight differences of Ce anomaly values occur among mudstone whole
rock, kerogen, and extract/reservoir bitumen, whereas Eu anomalies in kerogens are more depleted than that in corresponding whole
rocks, especially marine kerogens. The strongly negative Eu anomalies in kerogens might be representative of reducing environments
during the sedimentation and early diagenesis of organic matter.

of sediments is closely related to the S content, which Mo, resulting that Mo is strongly enriched in reser-
increases with the enhanced anoxic conditions [13]. voir solid bitumens. As a result, the enrichment
During the thermal degradation of organic matter, degree of Mo in expelled hydrocarbons depends on
Mo inevitably moved into crude oils with the release the differences of Mo content in mudstones

of sulfur-containing functional groups. The XRD

pattern of Ediacaran reservoir solid bitumen shows (2) V. In oxic waters, V is present generally in the form of
that a large amount of sulfur-containing compounds vanadate oxyanions (HVO,” and H,VO,). Vanadate
and elemental sulfur occurred in bitumens [22]. readily adsorbs onto both Mn- and Fe-oxyhydroxides

They provide substantial coordination bonds for [72] and possibly kaolinite [73]. Under mildly
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reducing conditions, V°* is reduced to V** and forms
vanadyl ions (VO®"), related hydroxyl species
(VO(OH);), and insoluble hydroxides (VO(OH),).
This reaction is favored by the presence of humic
and fulvic acids. The V*' ionic species may be
removed to sediment by surface adsorption processes
or by formation of organometallic ligands [9]. Under
more strongly reducing (or sulfidic) conditions, V will
be further reduced to V>* which can be taken up by
geoporphyrins or be precipitated as the solid oxide
V,0; or hydroxide V(OH), phase [13]. Consequently,
various redox environments control not only the total
content of V in sediments but also the content of V in
sedimentary organic matters (termed as organic V). In
this study, the depletion degree of V in lacustrine ker-
ogen relative to whole rock is higher than that in
marine kerogen (Figure 7), indicating that the enrich-
ment degree of organic V in sediments is different
under various redox environments. During the oil
generation of kerogen, porphyrin complexes can pro-
vide suitable coordination sites for removal of V. Since
heavy oils showed good correlation between the sulfur
content and the V concentration, Tissot and Welte
[26] suggested that V was mainly bound to chemical
structures containing sulfur. The V enrichment of
the Upper Ediacaran reservoir solid bitumens indi-
cates that their source rocks had a high proportion of
organic V and deposited in the strongly reducing (or
sulfidic) environments (Figure 8).

(3) Ni. Different from V, Ni is a micronutrient element
[13]. It is mainly associated with organic matters and
then transported to sediments. In oxic conditions, Ni
is mostly present as a soluble carbonate (NiCO;) or
adsorbed onto humic and fulvic acids [2, 70]. But
complexation of Ni with organic matter will accelerate
scavenging in the water column and thus sediment
enrichment [74]. Under reducing (sulfidic) condi-
tions, Ni may be incorporated as the insoluble NiS into
pyrite [13]. Occasionally, the Ni brought to the sedi-

(4)

(5)

13

ments by organic matters may also be incorporated
into tetrapyrrole complexes and may be preserved
as Ni geoporphyrins under reducing conditions
[75]. In this study, Ni is enriched in both lacustrine
and marine kerogens relative to whole rock
(Figure 7), indicating that Ni is more concentrated
in the organic phase of mudstone. Nonetheless,
the concentration of V is still larger than Ni in
the Upper Ediacaran reservoir solid bitumens
(V/Ni=1.43 — 3.04), which is consistent with the
result of V/Ni>1 in marine oils [19]. There are
two reasons leading to this result: (a) V porphyrin
complex has the greater stability than Ni porphyrin
complex, and VO** can replace the Ni** [76]; (b) V
can be bound to sulfur-containing compounds and
thus released from kerogen

U. In reducing conditions, dissolved U®" is reduced
to U*", and it is precipitated in the form of uraninite
(UO,, U,0,, or U;0,) or hydroxyl complexes with
greater surface activity and thus enriched in sedi-
ments [77, 78]. The removal of U from the water
column to the sediments may be accelerated by the
formation of organometallic ligands in humic acids
[13, 77, 78], the U uptake by organic substrates in
sediments [2], and bacterial sulfate reduction reac-
tions [77, 78], and thus, U enrichment in sediments
is enhanced. Under strongly reducing (or sulfidic)
conditions, U concentration shows a weak correla-
tion with the organic carbon content, indicating that
U is mainly occurred in authigenic mineral phases
rather than organic phases [2, 13]. Therefore, U is
strongly enriched in mudstones, but it is not strongly
enriched in organic matter of mudstones (kerogen,
extract, and reservoir bitumen; Figures 6-8)

Ba. Ba is present in sediments mainly in the form of
barite (BaSO,) [13, 79]. In surface water, live phyto-
plankton actively or passively incorporates Ba and
Ba released during phytoplanktonic necromass
decay may precipitate as barite in microenviron-
ments (e.g., organic matter-rich particles, foram
chambers, and fecal pellets) [79]. Consequently, the
concentration of biogenic Ba and the abundance of
barite have long been used as proxies for paleopro-
ductivity [3, 12, 79]. Decay of organic matter will
release biobarite, and the mobility of Ba during
anoxic diagenesis appears quite large [6, 59]. The
high concentration of Ba in the Upper Ediacaran
solid bitumens (Figure 8) suggests that their source
rocks may have a higher abundance of barite. Previ-
ous studies showed that the lowermost Cambrian
black shales in South China hosted the world’s larg-
est barite deposits [80]. Bioaccumulation of barite
from upwelling of nutrient-rich waters has been pro-
posed for the formation of these deposits [81].
Recent drilling results show that an intraplatform
basin was formed in Central-Southern Sichuan Basin
[5, 43, 44, 82]. The natural gas and reservoir solid
bitumen from the Upper Ediacaran dolomites are
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FIGURE 13: Trace elements in extract fraction of mudstones normalized to corresponding kerogen fraction

considered mainly originated from the Lower Cam-
brian source rocks developed in this intraplatform
basin with large thickness and high TOC contents
[43, 44]. Consequently, the lowermost Cambrian
mudstones with a higher paleoproductivity may be
the major origin of Ba enrichment of the Upper
Ediacaran reservoir solid bitumens

In a word, although geochemical behaviors of trace ele-

ments are very complicated during the formation and evolu-
tion of organic matters, the enrichment and mobilization of
trace elements in organic fractions of mudstones can still

provide potential information for predicting the distribution
characteristics of trace elements in the expelled hydrocar-
bons of mudstones (e.g., crude oil and solid bitumen) and
fingerprinting of oil to source.

6. Conclusion

(1) Kerogen can be regarded as a special kind of authi-

genic component in mudstone, and its trace and rare
earth elements can be helpful to explore depositional
environment of mudstones. In particular, Eu
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anomalies of kerogens can be a better indicator of
the reducing environment during the sedimentation
and early diagenesis of organic matter

(2) During the oil generation of kerogen, middle rare
earth elements (Sm-Ho), especially Eu, migrated from
kerogen to extract more easily than the rest REE, and
transition metal elements (e.g., Mo, V, Cr, Co, Nj,
Cu, and Zn) more easily released from kerogen to
extract than the rest elements, especially V and Ni

(3) The enrichment and mobilization of trace elements
(e.g., Mo, U, V, Nj, and Ba) in organic fractions of
mudstones are closely related with their geochemical
behaviors during the sedimentation and diagenesis,
which can provide potential information for predict-
ing the distribution characteristics of trace elements
in the expelled hydrocarbons of mudstones (e.g.,
crude oil and solid bitumen) and fingerprinting of
oil to source
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