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Abstract Trace elements and rare earth elements (REEs)
of two kinds of organic facies samples representing
marginal and more basin-center deposits from Pleistocene
lacustrine mudstones in the central Qaidam Basin were
studied to understand the provenance, palaeotectonic
setting, hydrothermal activity, palacoredox conditions and
sedimentary rate. The results show that the lacustrine
mudstones were mainly derived from felsic sources with
little contribution from ancient crustal sediments and no
ultramafic (ophiolitic) source. The mudstones were
deposited in a continental island arc tectonic setting, which
is consistent with the tectonic evolution of the Cenozoic
basin. Both two organic facies samples were hydrothermal
in origin based on the ternary diagram of Ni-Zn—Co and
normalized REE patterns. However, this does not mean
that the water column in paleolake was affected by
hydrothermal fluids in situ. This signal might indicate
hydrothermal origins from hot springs related to active
faults around the basin rather than the deep hydrothermal
fluids entering the sediments via deep faculties based on
the comprehensive analyses of normalized REE patterns,
negative Eu,, . (Eu anomaly), Y/Ho, Sm/Yb, and Eu/Sm.
Redox proxies including U/Th, Ni/Co, and Mn, = values,
are more sensitive for the studied samples indicating that
most of the organic facies A samples were deposited under
an oxygen-depleted condition, while the organic facies B
samples were deposited under oxygen-rich conditions.
Redox proxies of Ce,,,, values are unavailable for the
organic facies B samples due to hypersaline environments,
and V/Cr and V/(V + Ni) are invalid for the organic facies
A samples, possibly because of their organism compo-
sition. The low La /Yb, values indicate high sedimentation
rates, which is consistent with the average sedimentation
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rates of approximately 0.43 to 1.1 km/Ma. However, the
La,/Yb, is more likely affected by the provenance of the
studied samples, so it should be used with caution.

Keywords elements, lacustrine mudstone, Pleistocene,
Qigequan Formation, Qaidam Basin

1 Introduction

The chemical composition of sediments is greatly
determined by multiple factors including initial proven-
ance composition, the processes of weathering, erosion,
transport distance, sedimentation, and finally burial
diagenesis (Johnsson, 1993). Some researchers (e.g.,
Bhatia, 1983; Roser and Korsch, 1986) have argued that
the relationships exist between major elements’ geo-
chemistry characteristics and provenance, or even between
and the tectonic setting of deposition. However, some
scholars have emphasized against that using major
elements to interpret tectonic settings (Armstrong-Altrin
and Verma, 2005; Ryan and Williams, 2007). Meanwhile,
major elements are generally used to indicate palaeo-
climatic conditions due to their great climatic influence
(Sun et al., 2009; Lvetal., 2021; Qiao etal., 2022; Wu
et al., 2022). In contrast, several trace elements and rare
earth elements (REEs), are considered to be chemically
rather immobile during diagenesis and thus are preserved
well in sedimentary rocks and recorded the signature of
the source materials (Floyd et al., 1990; McLennan et al.,
1993; Liet al., 2021a; Lv et al., 2021). In addition, palaco-
tectonic settings of sedimentary basins based on trace
elements and REEs are considered relatively reliable
compared to using major elements (Armstrong-Altrin and
Verma, 2005; Ryan and Williams, 2007; Shi et al., 2007,
LaMaskin et al., 2008). Compared to coarse-grained
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sediments, which may show sorting effects, the
geochemical characteristics of fine-grained sediments
(i.e., mudstones and shales) are considered to be more
representative of the average crustal composition and
maintain the original geochemical signatures of proven-
ance due to the homogeneity of grain size and impermea-
bility after deposition (McCulloch and Wasserburg, 1978;
Bhat and Ghosh, 2001). So, the trace elements and REEs
in shale and mudstones are widely used to interpret the
provenance of sediments, palaeotectonic setting, hydro-
thermal activity, sedimentary rate as well as palaecoredox
condition (Wen et al., 2007; Li et al., 2021a; Lv et al.,
2021; Ali et al., 2022).

The Qaidam Basin, located in the north-eastern Tibetan
Plateau, developed the largest Quaternary commercial
microbial gas reservoirs in the world (Hanson et al.,
2001; Dang et al., 2008) (Fig. 1). Based on the sediment
budget, Cenozoic tectonic uplift events (e.g., Ritts and
Biffi, 2001; Zhuang et al., 2011b) and related denudation
and unroofing might have resulted in significant changes
in the mudstone for the sediments in the basin. Therefore,
the interpretation of the provenance of these sediments
can provide valuable information for understanding the
composition of rocks in the orogenic belt on the margin
of the north-eastern Tibetan Plateau. At present, there are
relatively few detailed provenance studies on Pleistocene
sediments, even though many studies have focused on
rocks from the current mountains surrounding the
Qaidam Basin (e.g., Song et al., 2005, 2009; Zhang et al.,
2008; Mattinson et al., 2009; Menold et al., 2009; Zhang
et al., 2009). The Cenozoic sediments in the north-eastern
Qaidam Basin are regarded from the Qilian Mountains
based on the isotopic chronology of clastic minerals and
petrology of sandstone (Ritts and Biffi, 2001; Rieser
et al.,, 2005,2006a,2006b). In addition, whole-rock
geochemical data of Jurassic to Neogene sediments in the
northern Qaidam Basin have been studied to reconstruct
the provenance and chemical weathering history (Jian
etal., 2013).

However, as a very important geological historical
period for the uplift of the Tibetan Plateau, there are
relatively few papers focused on the geological and
geochemical information based on trace elements and
REEs for Pleistocene sediments and none for the
Pleistocene mudstone in the central Qaidam Basin so far.
Accordingly, this study focuses on trace elements and
REEs geochemical data and relevant interpretations for
the two organic facies of Pleistocene mudstone
representing marginal and more basin-center deposits in
the central Qaidam Basin, and aims to 1) reconstruct the
provenance of these sediments and reconstruct these
microbial gas source rock chemical compositions; 2)
analyze the tectonic setting and contribution of ancient
crustal sediments; 3) evaluate the sedimentation rate and
redox conditions of the aqueous medium; and 4)
determine if there are hot fluid activities of these
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microbial gas source rocks in this area. This study is
based on previous studies documenting the organic
geochemical and petrographic assessment (Qiao et al.,
2021) as well as climate and environment conditions
(Qiao et al., 2022) from the same samples.

2 Geological setting

The Qaidam Basin spans an area of approximately
1.2x10° km? at an elevation of 2700-3500 m. This
rhomb-shaped intermontane basin is formed by large-
scale faults creating a high relief toward three mountain
ranges (Fang et al., 2007) and as a result of the conver-
gence system in the north-eastern Tibetan Plateau
(Tapponnier et al., 2001). These mountains range from 4
to over 5 km in altitudes and are the Eastern Kunlun
Mountains lying to the south, the Altyn Tagh Range to
the north-west, and the Qilian Mountains to the east
(Fig. 1(a)). The relatively low elevation of the basin
compared to the mean elevation of the Tibetan Plateau
(> 4000 m) led to an accumulation of 3000-16000 m of
Mesozoic—Cenozoic sedimentary succession, mostly
deposited in lacustrine environments (Jian et al., 2013) on
the metamorphic and igneous basement (Pang etal.,
2005). The Mesozoic tectonic settings were affected by
the evolution of the Neo—Tethys, Mongol-Okhotsk
Ocean, Meso—Tethys, and the collisions of related blocks
(Gehrels et al., 2011).

The evolution of the basin experienced with three
tectonic-sedimentary stages: piedmont fault depression
stage during the Mesozoic period; unified depression
stage during the Paleogene—Neogene periods; and cyclic
folding in the midwest and subsiding depression in the
east during the Quaternary period (Dang et al., 2008). The
tectonic evolution of the Cenozoic basin is related to the
India—Eurasia collision as well as the rise, thickening,
shortening, and lateral extrusion of the Tibetan Plateau
(Harrison et al., 1992; Tapponnier et al., 2001; Royden
et al., 2008). Structurally, there are Mesozoic fault blocks
in the north and two Cenozoic depressions in the south
and west (Pang et al., 2005). During the deposition of the
Jurassic strata, the depocenters of the basin were located
in the northern area and were moving westward during
the Paleogene—Neogene periods. The depocenters moved
eastward during the Pleistocene because of the collision
with the Indian Plate during the late Himalayan orogeny
(the end of Neogene) (Pang et al., 2005). According to
the sedimentary sequence and basement structure, the
basin can be divided into four first-order structural units
(Fig. 1(b)): the western and northern Qaidam Uplifts as
well as the Sanhu and Yiliping Depressions (Bao et al.,
2017). Eleven second-order structural units can be further
divided, including Delingha Fault Sag, Yuka—Hongshan
Fault Sag, Gasi Fault Sag, Sai—-Kun Fault Sag, Mangya
Sag, Sanhu Sag, North Kunlun Fault Terrace, Dafengshan
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Fig. 1

(a) Geological setting and sample well locations, and (b and c) cross sections in SE-NE and NW-SE directions. The dashed

line with an arrow illustrates the depocenter shift during the depositional history of the basin (Qiu et al., 2003).

Bulge, South Slope, North Slope, and Mahai Salient (Bao
etal., 2017). In the early Pleistocene, a large number of
terrestrial debris were deposited in fluvial-deltaic
sediments. During the middle Pleistocene period, the lake
basin reached its climax, with deposition dominated by
deep-water fine-grained argillaceous sediments. In the
late Pleistocene period, the central part of the basin was

continuously uplifted under the influence of the
neotectonic movement (Dang et al., 2008).

This study focuses on the central basin which deve-
loped the seven largest gas fields sourced from and trap-
ped in near-shore, shallow, lacustrine sediments (Fig. 1(b);
Shuai et al., 2013; Zhang et al., 2013a; Wang et al.,
2015). A set of exceptionally thick Quaternary sediments,
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i.e., the Pleistocene Qigequan Formation (Q, . ,), mostly
varies between 1.5 and 2.5 km (avg. 1.7 km; greatest
thickness approximately 3.4 km) and was deposited at
rates of approximately 0.43 to 1.1 km/Ma (Figs. 1(c) and
1(d); Dang et al., 2008; Shuai et al., 2013; Zhang et al.,
2013a; Qiao etal., 2021). This succession records de-
tailed evidence of the geologic events including the
collision between the Indian and Eurasian plates (Yin and
Harrison, 2000; Royden et al., 2008), the formation and
uplift of the Tibetan Plateau (Harrison et al., 1992;
Tapponnier et al., 2001; Wang et al., 2008; Clark, 2011)
and the aridification of Central Asia (Kutzbach et al.,
1993; Molnar et al., 1993; Ramstein et al., 1997; An et al.,
2001; Dupont-Nivet et al., 2007; Katz et al., 2008; Kent-
Corson et al., 2009; Sun et al., 2010; Miao et al., 2011,
Zhuang et al., 2011a). Based on seismic reflectance fea-
tures, the Q,,, Formation can be divided into 12 intervals
(Zhang et al., 2013a; Fig.2). The Maximum Flooding
Surfaces (MFS) of a long—term sequence cycle
corresponding to the middle Pleistocene (K,—K,) were
deposited at the maximum expansion stage of the Q,,,
Formation (Fig. 2). The dominant lithology of the Q,_,
Formation is consistent with silty mudstones, mudstones,
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siltstones, and muddy limestones as well as some thin
halite layers of 0.1 and 2.0 m thickness. Under the
influence of the neotectonic movement during the late
Pleistocene epoch, approximately 500 m of deposits were
eroded along with the Sebei—Tainan gas fields during the
Holocene, while slightly fewer sediments were eroded in
the southern area of the Sanhu Depression (Zhang et al.,
2013a).

3 Samples and methods

Twenty-eight fresh mudstone samples were sampled
from seven drill holes for microbial gas exploration in the
central Qaidam Basin (Fig. (b)) for whole-rock
geochemical analyses. As observed by Zhang et al.
(2014), two types are divided for these sediments in the
study area according to total organic carbon (TOC)
content, total sulfur (TS) content and lithologic chara-
cteristics.

The first type is defined as organic facies A, which has
higher TOC and TS contents, coarser grain size, poor
gradation, higher quartz and feldspar content, and lower
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Fig. 2 Generalized Pleistocene stratigraphic column for the study area (modified after Jian et al., 2013 and Zhang et al., 2013a).
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clay mineral content. The samples of organic phase A
were deposited in lacustrine—marginal facies, e.g.,
shallow fluvial-lacustrine facies (Zhang et al. 2014). The
second type is defined as organic phase B, which is
characterized by low contents of TOC and TS, fine grain
size, good gradation, and low contents of quartz and
feldspar, but high contents of clay minerals with
autogenic minerals account for about 10%-22%. Organic
facies B samples were deposited in lacustrine facies
(Zhang et al., 2014). The organic facies A samples
examined in this study show both high TOC contents of
4.1 wt%—-25.3 wt% and TS contents of 1.5 wt%—3.7 wt%,
which formed in a shallow, freshwater fluvio—lacustrine
environment with suboxic to anoxic redox conditions in
the bottom water column. The environment is similar to
inundated swamps developed during high water levels at
the lake margins. Organic facies B samples are chara-
cterized by low TOC (0.5 wt%—1.1 wt%) and TS (0.14 wt%—
1.0 wt%) contents developed under oxic conditions of
bottom waters in more distal parts of the lake (Qiao et al.,
2021). The most important organism composition for
organic facies A 1is aquatic higher plants including
macrophytes and submerged angiosperms, while the
organic composition for organic facies B samples is
mainly derived from saltwater algae. Cyanobacteria
contributed to the organic matter (OM) in all samples,
while another microbial contribution was more important
for organic facies B than for organic facies A (Qiao et al.,
2021). In addition, both organic facies A and B samples
are immature (Qiao et al., 2021) and deposited under arid
and cold palaeo-climate conditions (Qiao et al., 2022). All
measurements concerning the above information were
performed at the Institute of Geology and Geochemistry
of Petroleum and Coal of RWTH Aachen University
(Germany).

Before the measurement of trace elements and REEs,
fresh core samples were pulverized to a fraction size of
< 200 mesh using a tungsten carbide ball mill. The
concentrations of trace elements and REEs were
determined via an ELAN DRC-e inductively coupled
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plasma mass spectrometer (ICP-MS). Before the
insertion into the ICP—MS, powders were digested with a
mixed solvent of HF/HNO, in high—pressure Teflon
bombs and then heated to 190°C for 48 h. Internal and
international (BH-VO2, AGV-2, BCR-2 and GSP-1
from the United States Geological Survey (USGS))
standards were used for calibration and three duplicates
were analyzed to investigate the accuracy of the
measurements. The analytical accuracy and precision
were < 10% and 5%, respectively. The measurements for
the trace elements and REEs were performed at the
Institute of Geochemistry, the Chinese Academy of
Sciences.

4 Results and discussion

4.1 Provenance of sediments
The geochemical composition of sediments records the
provenance information of the rocks from which they
were derived. Some TTEs (e.g., Co and Sc) and HFSEs
(e.g., Nb, Ta, Zr, Hf, and Th) as well as REEs, are
preferred for use in the chemical discrimination of
sediment provenance in sedimentary basins and to
evaluate the relative contributions of felsic and basic
sources because they are unlikely to disappear during the
processes of transport and sedimentation (Taylor and
McLennan, 1985; Bhatia and Crook, 1986; Cullers et al.,
1987; Floyd and Leveridge, 1987; Nelson and DePaolo
1988; McLennan, 1989; McLennan and Taylor, 1991;
McLennan et al., 1993; Cullers, 1995; Lietal., 2021a; Lv
et al., 2021). The concentrations of elements used in this
study are shown in Tablel. The chondrite—normalized
patterns of the studied mudstones are characterized by a
sharp enrichment in LREEs (from La to Eu) and a flu-
ctuation in HREEs (from Gd to Lu) with XLREE/ZXHREE
ranging from 7.66 to 8.94 ppm (see Fig. 3 and Table 2).
In general, source types of the mudstones were
analyzed using the plot of XREE — La/Yb. La/Yb values
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Fig.3 Chondrite-normalized rare earth element patterns of (a) organic facies A and (b) B samples in comparison with the seawater
(Piepgras and Jacobsen, 1992), 13°N hydrothermal fluids (Douville et al., 1999), Rainbow Vent hydrothermal fluids (Douville et al.
2002), and submarine hydrothermal fluids (Hongo et al., 2007) compositions.
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and XREE values range from 11.32 to 13.41 (Table 2)
and from 87.65 to 187.86 ppm (Table 1), respectively. In
the ZREE — La/Yb diagram, all sample data without clear
differentiation values plot in the mixed area of
sedimentary rock, granite, and basalt (Fig. 4(a)).
Generally, Sc is concentrated in mafic sources, and the
variations in Th/Sc ratios indicate magmatic different-
iation. In addition, Zr is mostly concentrated in zircons,
which are stable to erosion and chemical weathering.
Therefore, Zr easily accumulates during sedimentation.
Therefore, the Zr/Sc ratio was used as an indicator for
heavy mineral concentrations (Taylor and McLennan,
1985; McLennan, 1989). The first cycle sediments show a
positive relationship between Th/Sc and Zr/Sc, which is
controlled by the natural composition of the provenance
rocks. In contrast, the variation in Th/Sc ratios is small,
with a considerable variation in Zr/Sc ratios in more
mature or cyclic sediments (McLennan et al., 1993). In
the Th/Sc of 0.88—1.19 vs. Zr/Sc of 8.31-38.22 plot (Fig. 4
(b); Table 2), the Th/Sc ratios in the mudstones show a
highly fractionated and uniform source with composition
clustering close to PAAS (Post-Archean Australian
Shale; Taylor and McLennan, 1985) and UCC (upper
continental crust). The Zr/Sc ratios in the mudstones
show some variations, but no (or at least little) sediment
recycling and sorting as represented by zircon
enrichments (McLennan et al., 1993), so the studied
samples can be used for provenance identification (Wu
etal, 2022). The Eu,,,, calculated via Eu,/(Smy X
Gdy)"? (subscript N represents the chondrite-normalized
value; the same for the following), and the ratio of
~LREE/ZHREE are affected by the chemical composition
of the provenance. The felsic rocks show different
degrees of negative Eu anomalies, while the basic rocks
show little or no negative Eu anomalies (Cullers et al.,
1987; Cullers, 1995). Moreover, Sc and Th are useful to
assess the provenance area of sediments because Sc and
Th are enriched in basic and felsic rocks, respectively,
and there is no fractionation of these elements during the
sedimentary cycle (Feng and Kerrich, 1990; McLennan
et al., 1990). The negative Eu,, . (i.e., 0.61-0.93) and the
ratio of Th/Sc ranging between 0.88 and 1.19 (Table 2)
indicate that the majority of the samples are located in the
field of the granitoids/felsic source (Fig. 5(a); McLennan
etal., 1993; Cullers and Podkovyrov, 2002). Taylor and
McLennan (1985) observed that the granitic rocks formed
during Phanerozoic Eon have more K-feldspar rich
granites, reflecting less Eu depletion and higher HREE
depletion with a Gd/Yby ratio of < 2. The studied
samples are similar to the post-Archean field with
Gdy\/Yby = 1.31-1.53, indicating a felsic source as well.
This is consistent with the high value of the
Y>LREE/ZHREE ratio (7.66-8.94; Table 2). The Hf vs.
La/Th diagram (Floyd and Leveridge, 1987) is a useful
indicator for whole—rock analysis to distinguish different
arc sources. Mafic component—dominated arcs show low
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Hf values with high La/Th ratios of > 5, whereas felsic
composition—dominated arcs are characterized by high Hf
values and low La/Th ratios of < 5 (Fig. 5(b); Floyd and
Leveridge 1987). This diagram shows that the two
organic facies have similar characteristics. The uniformly
low La/Th values (ranging between 1.92 and 2.91,
averaging 2.20; Table 2) with Hf concentrations of
2.23-6.68 ppm (Table1) for all analyzed samples
indicate a predominant provenance from a felsic source
with little contribution from ancient crustal sediments
(Fig. 5(b)). In addition, La/Co and Cr/Th can be used to
understand the provenance composition because La/Co in
sediments from felsic sources (1.4-22.4) is higher than
that from mafic sources (close to 0), whereas Cr/Th is
lower from felsic sources (0.25-14.92) than that from
mafic sources (> 22) (Cullers, 1994, 2000; Cullers and
Podkovyrov, 2000). The La/Co (1.32-2.57) and Cr/Th
(4.85-8.55) ratios of the studied samples listed in Table 2
are closer to the range of the felsic source, which is
consistent with the above discussion.

Generally, it is believed that post-Archean shales have
smaller concentrations of mafic elements, particularly Ni
and Cr, than Archean crust (McLennan et al., 1983).
Moreover, Cr of > 150 ppm, Ni of > 100 ppm and low
Cr/Ni ratios ranging from 1.3 to 1.5 indicate some
ultramafic rocks in the provenance (Garver et al., 1996).
For the Pleistocene lacustrine microbial gas mudstone,
the Ni and Cr concentrations are 25.52-92.80 ppm and
44.29-110.50 ppm (Table 1), respectively. On the Ni—Cr
diagram (Taylor and McLennan, 1985) (Fig. 6), it is
evident that mudstones plot in the post—Archean field,
which also indicates their derivation from a felsic source
(Condie, 1993). In addition, plots of Cr vs. Ni and Cr/V
of 0.51-0.89 vs. Y/Ni of 0.26-0.69 (Table 2) (Hiscott,
1984) indicate no sample trends to ultramafic (ophiolitic)
detritus in the provenance. It should be noted that the
Cr/Ni ratios for all organic facies B samples are above
1.5, but only two of the nine organic facies A samples are
above this value (Table 2). This might be due to the high
palaoeproducitidy and redox conditions for the organic
facies A samples.

Briefly, the provenance of sediments is a felsic source
with little/no contribution from ancient crustal sediments
or ultramafic (ophiolitic) sources. The same results were
derived from the Cenozoic sediments in the northern
Qaidam Basin based on elements (Jian et al., 2013) and
Sr-Nd isotopes of gypsum in the western Qaidam Basin
(Lietal, 2022). It should be noted that there is no
significant difference between the two groups of samples
in judging the provenance of sediments, indicating that
the above-related proxies are not affected by the origin of
OM and depositional environment.

4.2 Palaeotectonic setting

Tectonic setting discrimination diagrams based on major
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Fig. 6 Distributions of (a) Ni vs. Cr (fields are after Condie, 1993) and (b) Cr/V vs. Y/Ni (after Hiscott, 1984) for the studied samples.

elements are proposed by Bhatia (1983) and Roser and
Korsch (1986). However, these discrimination plots have
received considerable criticism (Armstrong-Altrin and
Verma, 2005; Ryan and Williams, 2007). In addition to
major elements, geochemical indices based on trace
elements and REEs have been proposed to determine the
palaecotectonic setting of sedimentary basins (Bhatia,
1983; Bhatia and Crook, 1986; Roser and Korsch, 1986),
which are considered relatively reliable (LaMaskin et al.,
2008). In these diagrams, continental margins and oceanic
basins were divided into four tectonic types by Bhatia
(1983), e.g., passive continental margins, oceanic island
arcs, active continental margins, and continental island
arcs.

The La—Th—Sc ternary diagram (Fig. 7(a)) shows that
all samples with higher La but lower Sc concentrations
are distributed in the continental island arc domain.

Similar to what Fig. 7(a) shows, the Th-Sc—Zr/10
diagram (Fig. 7(b)) indicates that the mudstone samples
plot in continental arc fields. Moreover, Figs. 7(a) and
7(b) indicate a predominance of felsic source composition
because Sc is enriched in mafic igneous rocks (Taylor and
McLennan, 1985; McLennan et al., 1993). Similar to the
above results, most of the samples are clustered in the
field of continental island arcs in the Ti/Zr vs. La/Sc plot
after Bhatia and Crook (1986) (Fig. 8), where Ti/Zr and
La/Sc ratios are 9.32-32.15 and 1.87-2.83, respectively
(Table 2).

Therefore, we infer from the geochemistry of the
mudstones that a stable and intracratonic tectonic setting
existed during the deposition of the Q,,, Formation
sediments, which is consistent with the tectonic evolution
of the Cenozoic basin related to the India—Eurasia
collision (Harrison et al., 1992; Tapponnier et al., 2001;
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samples.

Royden et al., 2008). The two organic facies samples
show different distributions in judging palaeotectonic
settings, although all of them show consistency.

4.3 Hydrothermal activity

Generally, Co is mainly of hydrogenous origin, while Zn,
Cu, and Ni are mainly of hydrothermal origin (Crerar,
1980; Choi and Hariya, 1992). Both organic facies A and
B samples were hydrothermal in origin, as illustrated by
the ternary diagram of Ni—Zn—Co (Fig. 9). Local hydro-
thermal activity is also indicated by the oilfield waters (Li
et al., 2021b) and salt lakes (Yu et al., 2013) with signi-
ficant Li—enrichment in the Qaidam Basin. In addition,
the normalized REE patterns of both organic facies A and
B samples are completely different from the seawater
(Piepgras and Jacobsen, 1992), but similar to kinds of
hydrothermal fluid compositions (Fig. 3) (Douville et al.,
1999; Douville et al., 2002; Hongo et al., 2007). How-
ever, there is a clear difference between the studied
samples and hydrothermal fluids, i.e., En. The lower En
concentrations which are smaller than two adjacent
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Fig.8 Ti/Zr vs. La/Sc diagram showing fields for tectonic settings
(after Bhatia and Crook, 1986).

elements (i.e., Sm and Gd) are the common characteri-
stics in shale samples. Taylor et al. (1983) found that
sediments (shales, etc.) after the Archean are all nega-
tive Eu anomalies, while present-day high—temperature
(> 250°C) geothermal systems, such as the rapidly
expanding Pacific ridge, the slowly expanding Atlantic
ridge, and the Laue Basin in the back-arc spreading
center, are all positive Eu anomalies (Fouquet et al.,
1993). Michard and Albaréde (1986) also found that Eu
can be reduced to a divalent state and thus fractionated
with respect to other REEs at higher temperatures of
> 200°C. Therefore, sediments formed under the influ-
ence of hydrothermal fluids may exhibit large positive Eu
anomalies. This clear difference indicates that the studied
samples are not related to the hydrothermal system. As
discussed in Section 4.1, the depleted Eu is more likely
controlled by the provenance rather than by hydrothermal
events. Alexander et al. (2008) proposed that hydrother-
mal fluid possesses a chondritic Y/Ho value (~28) and
higher Sm/Yb than modern seawater. The studied
samples show relatively higher Sm/Yb than seawater and
lower Y/Ho values close to hydrothermal fluid but the
Eu/Sm ratios for the studied samples close to seawater
and hydrogenesis Fe-Mn crusts (Fig. 9), all of which also
indicate that the studied samples were affected but not
controlled by hydrothermal fluid during their sedimenta-
tion processes.

Geologically, the large thickness of the Mesozoic—
Cenozoic strata is unlikely to have hydrothermal fluids
entering them (e.g., submarine hydrothermal fluid
events), although there is a deep fracture developed in the
study area (Fig. 1(a)). This is also illustrated by the
immature maturity of the OM (Qiao et al., 2021). Another
more important possibility is the input from hydrothermal
fields. This possibility is very high because the spring
water found in the northern Qaidam Basin indicates that
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this hydrothermal system is currently active (Stober et al.,
2016). Stober et al. (2016) found that hot spring water is
related to deep hydrothermal fluid-rock interactions, and
is closely related to the tectonic activity (faulting) of the
Qilian Mountains. Yu et al. (2013) found that the source
of lithium in four salt lakes located in the Qaidam Basin
is hydrothermal fields associated with a magmatic heat
source, where two active faults converge in the upper
reach of the Hongshui River. Much evidence indicates
that the Qilian Mountains experienced significant
orogenic growth and tectonic uplift after 11 Ma (e.g., Li
et al.,, 2014; Meng et al., 2019; Zhuang et al., 2019),
which may have enhanced the development of hydro-
thermal systems and led to the features of hydrothermal
fluids in the studied samples. Therefore, the Ni-Zn—Co
diagram reveals the hydrothermal origins came from hot
springs developed with active faults around the basin.

In short, both organic facies A and B samples show
some hydrothermal activity in the studied samples, which
is more likely related to the hot spring water located at the
margin of the basin rather than hydrothermal fluids from
the deep faculty in the basin.

4.4 Palaeoredox conditions
Some trace elements, such as Th, V, Cr, Ni, and Co, are

regarded as redox-sensitive elements and are thereby
being widely used to evaluate palacoredox situations

(Jones and Manning, 1994; Tribovillard et al., 2006;
Zhang et al., 2013; Qiao et al., 2020; Lietal.,, 2021a; Lv
etal., 2021; Ali et al., 2022).

The ratios of U/Th and Ni/Co are sensitive for the
studied samples, which show anoxic environments for
organic facies A samples (U/Th ratio of 0.79-1.57 and
Ni/Co ratio of 3.26-8.32) and oxic situations for organic
facies B samples (U/Th ratio of 0.17-0.68 and Ni/Co
ratio of 2.39-3.37) (Table2). However, the proxies
related to V including V/Cr and V/(V + Ni) show that
both organic facies A and B samples are developed under
oxic situations based on the threshold provided by
previous studies (Table 2; Hatch and Leventhal, 1992;
Jones and Manning, 1994), which are not suitable for the
studied samples, especially for the organic facies A
samples. The invalid results for the organic facies A
samples might be due to low V concentrations compared
to their high TOC contents. This might be due to the
organism compositions for the studied samples. In
general, V is easily absorbed and enriched by seawater
planktonic algae (Shi et al., 2021) which only occupied a
small proportion of the organic facies A samples (Qiao
etal., 2021).

Due to the changeable valence state of Ce, Ce may
oxidize in aqueous solution from the Ce3' to the more
insoluble Ce*" , thus resulting in a positive Ce anomaly in
sediments (German and Elderfield, 1990; Bellanca et al.,
1997; Cullers, 2002; Wen et al., 2007; Liet al., 2021a).
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Therefore, the value of Ce, , was used to interpret the
redox conditions when REEs were incorporated into the
sediments (German and Elderfield, 1990). The Ce,,,
value in modern seawater is 0.4—0.7 (Elderfield and
Greaves, 1982), whereas the average Ce,, , value in
mudstones is approximately 1.0 (Cox et al., 1995; Cullers
and Berendsen, 1998). There are some methods to
calculate Ce,, . In this study, Ce,,, is defined as
Ce, /(0.5 x (La, + Pr,) (subscript n represents the PAAS-
normalized value; the same for the following). In general,
the Ce,,, values of < 0.5 indicates oxic, values between
approximately 0.6—0.9 represent suboxic, and values
> (0.9 indicate anoxic marine water (Chen et al., 2015).
The mudstones analyzed in this study show higher
Ce,,om Vvalues of 0.96-1.00 with an average of 0.98
(Table 2; Fig. 10), indicating an anoxic environment for
both organic facies A and B samples. For the organic
facies A samples, the results based on Ce,, . values are
consistent with the results based on relationships among
TOC, TS and kinds of trace element concentrations (Qiao
etal., 2021, 2022). In addition, the false appearance of
Ce,om Vvalues might be caused by La anomalies;
therefore, the Ce,, . vs. Pr, ... (Pr,/(0.5 x (Ce, + Nd,)))
plot is used to identify the reality of Ce,, , values (Nance
and Taylor, 1976). The Ce,,, values of the studied
samples indicate no obvious anomalies (Fig. 10(b)),
indicating continuous anoxic conditions of the seawater
(Pietal., 2013). However, it is noteworthy that the redox

conditions for organic facies B cannot be interpreted by
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stabilization of Ce (IV)—carbonate complexes can lead to
positive Ce anomalies in the water column of alkaline
lakes. This is a reasonable possibility for the positive Ce
anomalies in organic facies B samples that developed in
hypersaline environments (Qiao et al., 2021, 2022).

The Mn,, ., value is regarded as representative of redox
conditions in sedimentary environments (Machhour et al.,
1994; Bellanca et al., 1996; Cullers, 2002). The Mn,
value was calculated as Mn, log (Mn,/Fe,).
Manganese is more likely to be accumulated in oxygen-
ated conditions (Bellanca et al., 1996). Therefore, the less
positive Mn,_ values for the organic facies A samples
ranging from —0.51-0.37 (=0.15 on average; Fig. 10)
indicate that they were deposited in oxygen-depleted
conditions, while the organic facies B samples have
negative Mn, = values (—0.12-0.42 with an average
value of 0.10), suggesting that they were deposited in
oxygen-rich conditions. Although the studied samples
derived from different environments do not show strong
concentrations, as in previous studies (Qiao et al,
2021,2022), the Mn, . can be regarded as a useful
indicator of redox conditions.

4.5 Sedimentary rate

In fact, the rate of deposition is a key factor in controlling
the production, degradation, and dilution of OM accumul-
ation. Initially, OM accumulation increases with an
increased sedimentation rate. When the sedimentation
rate reaches a critical value, OM accumulation begins to
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decrease with the increase of the sedimentation rate. An
excessively high sedimentation rate results in organic
dilution, while an excessively low sedimentation rate
leads to organic degradation in the oxidation process
(Ibach, 1982; Stein, 1986; Tyson, 2001). Elemental geo-
chemistry, especially for the REEs, can be used to
analyze sedimentation rates (Elderfield and Greaves,
1982; Byrne and Kim, 1990; Zhang et al., 2013).

As the sedimentary environment changes, the
electricity valence and adsorption capacity of REEs differ
and can be perceived by the retention time during the
deposition process. In general, LREEs are preferentially
adsorbed by clay minerals and OM. Instead, HREEs form
stable complexes in water columns (Byrne and Kim,
1990). It is believed that the differentiation degree of
REEs is a response to the variation in sedimentation rates.
When the particles are suspended in water columns for a
short time, REEs are rapidly deposited with them, and
there is less chance of exchange with seawater, showing
weak differentiation. When suspended particles remain in
lakes for a long time with low sedimentation rates, REEs
decomposition in fine particles is promoted, and the
REEs in the water column have enough time to be
adsorbed by clay minerals and chemically react with OM,
resulting in a significant differentiation of REEs
(Elderfield and Greaves, 1982;  Goldstein and Jacobsen,
1988; Johannesson et al., 1994). The La /Yb, values close
to 1 (i.e., the La/Yb ratio in the studied samples close to
that in the PAAS) indicate high sedimentation rates, while
the low sedimentation rates are interpreted by deviating
from 1 (Zhangetal.,, 2013). The La/Yb, values of
0.76-0.91 indicate high sedimentation rates, which is

consistent with the average sedimentation rates of
approximately 0.43 to 1.1 km/Ma. In addition, the
average La /Yb,  value for organic facies A samples
(0.81) is smaller than that for organic facies B samples
(0.84), which 1is consistent with the depositional
conditions interpreted in previous studies (Qiao et al.,
2021, 2022). However, it should be noted that the La and
Yb concentrations are also affected by other issues (e.g.,
La/Yb, La/Th, La/Sc and Gd/Yby used in this study and
references there), so the La /Yb, value should be used
with cautious. Actually, there are no clear differences in
distribution range between organic facies A and organic
facies B samples and no clear relationship between
La /Yb, and accumulation rates (AR) of each bulk,
original OM, silicates and carbonates reported by Qiao
etal. (2021) (Fig. 11). These little disparities are
consistent with little differences in the interpretation of
provenance, palaeotectonic setting and hydrothermal
activity based on two organic facies samples, which
might indicate non—negligible provenance compositions.

5 Conclusions

This study focuses on trace elements and rare earth
elements (REEs) geochemistry of the Pleistocene
lacustrine mudstones in the central Qaidam Basin, and
yields the following conclusions concerning the
provenance area composition, palaeotectonic setting,
hydrothermal activity, palacoredox conditions and
sedimentary rate.

1) The comparison shows that the two organic facies
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samples developed different environments with complete-
ly different organic compositions and have strong
geological interpretation consistency in the provenance of
sediments, palaeotectonic setting, hydrothermal activity
and sedimentary rate sedimentary rock.

2) The property of the provenance for the Pleistocene
lacustrine mudstones was in the mixed area of
sedimentary rock, granite and basalt, which is supported
by the XREE vs. La/Yb discrimination diagram. In
addition, sedimentary provenance from bivariate plots
diagrams of Hf vs. La/Th and Th/Sc vs. Eu,,, La/Co,
Cr/Th, Gd\/Yby and XLREE/XHREE show that the
Pleistocene lacustrine mudstones were mainly derived
from felsic sources.

3) Little contribution of ancient crustal sediments was
supported by plot diagrams of Hf vs. La/Th and Zr/Sc vs.
Th/Sc, and no ultramafic (ophiolitic) source was
supported by plots of Cr vs. Ni and Cr/V vs. Y/Ni.
Discriminant diagrams, consisting of La-Th-Sc and
Th—Co—Zr/10, suggest that the mudstones of two organic
facies were deposited in continental island arc tectonic
settings, which is consistent with the tectonic evolution of
the Cenozoic basin related to the India—FEurasia collision.
A similar result can be drawn from the plot of Ti/Zr vs.
La/Sc.

4) Both organic facies A and B samples show some
hydrothermal origins based on the ternary diagram of
Ni-Zn—Co and normalized REE patterns. This might
indicate hydrothermal origins from hot springs related to
active faults around the basin rather than the deep
hydrothermal fluids entering the Qigequan Formation via
deep faculties based on the comprehensive analyses of
normalized REE patterns, negative Eu anomalies, Y/Ho,
Sm/Yb and Eu/Sm.

5) Redox proxies including U/Th, Ni/Co and Mn,_
values indicate that most of the mudstones of the organic
facies A samples were deposited under an oxygen-
depleted condition, while the organic facies B samples
were deposited under oxygen-rich conditions. In contrast,
Ce,,,,, 15 unavailable for the organic facies B samples due
to hypersaline environments, and V/Cr and V/(V + Ni)
are invalid for the organic facies A samples, possibly
because of their organism composition. The La/Yb,
values indicate high sedimentation rates, which is
consistent with the average sedimentation rates of
approximately 0.43 to 1.1 km/Ma. However, it should be
noted that the La /Yb, is also affected by the provenance
of the studied samples.
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