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Abstract
The eastern Junggar Basin, controlled by continental extension (rift), was deposited by lacustrine dominated sediments during
middle Permian Lucaogou period. An unusual porphyritic-like texture was observed in Lucaogou/Pingdiquan dark fine-grained
organic-rich sediments in two sub-tectonic units in the basin. The “phenocrysts” are composed of two types of mineral assem-
blages. The first is a coarse euhedral calcite assemblage in the Jimusar Sag, and the second consists of dolomite, analcime, and
pyrite in the Shishugou Sag. The lithological and mineralogical features indicate a hydrothermal origin for these phenocryst-like
minerals. The chondrite-normalized rare earth element patterns show flat or positive Ce anomalies and negative Eu anomalies,
which reflect a suboxic to anoxic, off-axis site from the center of the fault system, where the temperature of the hydrothermal fluid
might be less than 250 °C. The high ratios of BaN/LaN at 1.6–65.5, strongly positive Sr anomalies at Sr/Sr* = 5.54–39.9, and
relatively low 87Sr/86Sr isotopes at 0.705002–0.705776 in the coarse calcite suggest an origin of mixed sources of lake water,
underlying biogenetic sediments, and deep magmatic water. However, the low 87Sr/ 86Sr ratios of 0.705321–0.705968 in the
dolomite and δ34SV-CDT of 10.8‰–12.3‰ in the pyrite indicate that water–underlying-rock interaction and the abiotic thermo-
chemical sulfate reduction of lake water or organic matter might have participated together resulting in the precipitation of the
dolomite–analcime–pyrite assemblages in the Shishugou Sag.
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Introduction

Modern global ocean explorations have revealed hundreds of
submarine hydrothermal venting sites spread across the ocean
floors, which continue to increase in number (Baker et al.
2016; Baker 2017).With a few exceptions, most of the marine
hydrothermal locations show close relationships with middle

ocean ridges, arcs, and back-arc spreading ridges (Baker et al.
2016; German et al. 2016). The hot hydrothermal fluids from
vents not only bring heat and chemical ions to ambient sea-
water and create deposits of massive mineral assemblages,
known as black sulfide-hosted and white carbonate-hosted
smokers or chimneys, they also have great biological and
ecological significance (Edmond 1981; Klinkhammer et al.
1983; Takai and Horikoshi 1999; Campbell 2006; Martin
et al. 2008; Fallon et al. 2017). For the investigation of past
stratigraphic records, sedimentary exhalative (SEDEX) de-
posits characterized by the polymetallic mineralization of
mainly Zn, Pb, Ag, Au, Cu, and Cd are usually considered
to be the most important products of submarine hydrothermal
activity (Han and Sun 1999; Lyons et al. 2006).

In comparison with numerous submarine hydrothermal
fields, modern terrestrial hydrothermal sites have received rel-
atively little research attention. Instead, relevant studies have
focused mainly on Yellowstone National Park in Wyoming,
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USA; the East African Rift system; Lake Baikal, Siberia; and
New Zealand, where the geological settings are controlled by
the volcanic activities or fault zones of continental rift systems
(Fournier 1989; Shanks III and Callender 1992; Tiercelin et al.
1993; Jones et al. 2007; Dekov et al. 2014; Stucker et al.
2016).

The investigations on ancient continental hydrothermal
events are even rarer than their modern analogues. However,
a few publications have recently reported ancient hydrothermal
activities found in lacustrine successions in some oil and gas-
bearing basins in China, such as those in the Lower Cretaceous
Xiagou Formation in Jiuxi Basin, Upper Triassic Yanchang
Formation in Ordos Basin, Cretaceous Tenggeer Formation in
Erlian Basin, and Middle Permian Lucaogou Formation in
northern Xinjiang (Zheng et al. 2006; Liu et al. 2010, 2012;
Wen et al. 2013; Zhong et al. 2015; He et al. 2016). One com-
mon feature of lacustrine hydrothermal-related minerals is that
they appear in organic-rich profundal fine- to very fine-grained
sediments in continental rift or active tectonic basins. In addi-
tion, very complicated hydrothermal minerals or mineral as-
semblages are usually observed, such as calcite, dolomite, an-
kerite, analcime, alkaline feldspar, albite, dickite, quartz, barite,
pyrite; however, they lack polymetallic ores. For example, in
Jiuxi Basin, the layers of ankerite, albite, quartz, barite, anal-
cime, and dickite are considered to be sub lacustrine white
smoker-type exhalative rocks, where the hydrothermal fluid
originated mainly from deep magmatic water (Zheng et al.
2006). In Santanghu Basin, fine-grained detrital minerals and
lithic grains of the Lucaogou Formation have been interpreted
as hydrovolcanic deposits with the alteration of syndepositional
hydrothermal fluids (Jiao et al. 2018). In the eastern Junggar
Basin, coarse calcite, dolomite, analcime, and pyrite assem-
blages are considered to be the products of the interaction be-
tween hydrothermal fluid and the underlying rocks (Li et al.
2017). In the Erlian Basin, four types of fine-to-coarse dolo-
mite, natrolite, analcime, and Fe-bearing magnesite in the lower
Cretaceous are believed to be syn-sedimentary hydrothermal
products in the Baiyinchagan Sag (Yang et al. 2020).
Moreover, some sparry calcite and pyrite in Lucaogou dark
mudstones in the Santanghu and Junggar basins have been
interpreted as evaporative gypsum pseudomorphs with a
suspected hydrothermal origin (Hackley et al. 2016; Qiu et al.
2016a; Wu et al. 2016). These cases indicate that many uncer-
tainties and conflicting opinions remain on the identification of
hydrothermal minerals and the explanation of their origins.
Therefore, additional research is needed to explore the detailed
processes of ancient sublacustrine hydrothermal activities to
evaluate their potential economic and scientific significance.

Herein, an unusual porphyritic-like texture was observed in
lacustrine black and dark gray mudstones and the shales of the
middle Permian Lucaogou Formation in the Jimusar and
Shishugou sags, in the eastern Junggar Basin, Northwest
China. The phenocryst-like minerals present include coarse

calcite, dolomite, analcime, and pyrite, which might reflect
hydrothermal activity in an ancient sublacustrine environ-
ment. Similar textures have been reported as bladed calcite
and pyrite in Lucaogou dark mudrocks in the Malang Sag,
Santanghu Basin (Fig. 15 C in Hackley et al. 2016), and as
sparry calcite in the Jimusar Sag, eastern Junggar Basin (Fig. 9
A and B inWu et al. 2016; Fig. 4 G in Qiu et al. 2016b), which
have been interpreted as evaporative texture and gypsum
pseudomorphs, respectively. However, no other confirmed
evaporative evidence has been found in these areas, such as
desiccation cracks or red clays. Instead, the surrounding thick
dark gray mudstones, black shales, and organic geochemistry
indicate a relatively deep lake environment as the sedimenta-
tion center in the Jimusar Sag (Carroll 1998; Liu et al. 2017,
2018; Gao et al. 2020). A detailed paleoclimate reconstruction
in the southern Bogda area by Yang et al. (Yang et al. 2007a;
Yang et al. 2010) indicates oscillating climatic conditions in
the Lucaogou period from subhumid to semiarid and even
semiarid to arid. A recent study by Gao et al. (2020) mapped
the distribution of the paleoclimatic indicators in the Junggar
Basin and adjacent Turpan Basin in the Permian period and
found that evaporite minerals were mainly formed in the Early
Permian, whereas humid climate indicators such as coals and
Angaran Flora predominated in the Middle–Late Permian;
hence, they proposed a drier regional paleoclimate over the
Junggar Basin in the Early Permian and a more humid one in
the Middle–Late Permian with short-term climatic fluctua-
tions. Therefore, it is dubious to link the sparry calcite in the
Lucaogou dark mudstones to evaporative gypsum under an
arid paleoclimate. In this study, we attempt to provide a de-
tailed overview of the mineralogical and lithological features
as well as the geochemical data of the phenocryst-like min-
erals to discuss their possible origins and fluid sources.

Geological setting

The Junggar Basin covers an area of approximately
136,000 km2 and is located among the Siberian, Kazakhstan
plates and the Tianshan fold belt (Li et al. 1992; Liang et al.
2016). It is a large superimposed basin experiencing compli-
cated tectonic evolution with abundant natural resources in
north Xinjiang, northwestern China (Fang et al. 2019; Fig. 1
a). The study area lies in the Shishugou and Jimusar sags, two
secondary tectonic units in the eastern Junggar Basin (Fig. 1 b).

The Late Paleozoic Carboniferous and Permian periods
represent a critical time of ocean–continent transition in the
eastern Junggar area (Li et al. 1992). Differing opinions have
been reported on the tectonic activity in this area, such as the
settings of post-collision (Han et al. 2006; Xiao et al. 2008;
Yang et al. 2010; Fang et al. 2019), continental rift (Li et al.
1992; Zheng et al. 2000; Wang et al. 2016), and subduction-
related arc settings (Xie et al. 2016). However, it is widely
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accepted that the eastern Junggar area was under the control of
a continental extensional background during the late
Carboniferous and early–middle Permian period (Li and
Xiao 1999; Xu et al. 2014).

The upper Carboniferous and lower Permian rocks in the
eastern Junggar area are composed of widespread basic to acidic
calc-alkaline and alkaline igneous rocks such as basalts, alkali
basalts, andesites, granites, alkali granites, and volcaniclastic
rocks, alternating with normal sedimentary beds of shallow ma-
rine to terrestrial sediments (Carroll 1998; Han et al. 2006; Yang
et al. 2009; Gan et al. 2010; Su et al. 2010). In the Shishugou
Sag, drilling cores have revealed that the upper Carboniferous
unit is composed mainly of approximately 300 m of gray con-
glomerates; green, gray, and reddish andesites; and volcanic
breccias. In the southern part of the research area, no drilling
wells have reached strata older than the Lucaogou Formation.
However, regional geological surveys and an examination of the
surrounding outcrops indicate that the upper Carboniferous and
lower Permian rocks feature basaltic andesite, pillow basaltic
lava, relatively shallow to deep marine carbonate rocks, and
carbonate-volcaniclastic turbidites in and around the Bogda re-
gion (Carroll et al. 1990; Xie et al. 2016).

The research area in the middle Permian period was dom-
inated by relatively quiet sedimentation rather than active vol-
canic activities, but was still situated in the continental

extension (rift) stage (Meng et al. 1992; Yang et al. 2007b).
The lithological successions of the middle Permian
Jiangjunmiao and Lucaogou/Pingdiquan formations are char-
acterized by thick black and dark gray organic-rich shales/
mudstones and sandstones interbedded with relatively thin
layers of tuffs and microcrystalline limestones and dolomites,
indicating a terrestrial semi-deep to deep lacustrine environ-
ment with huge hydrocarbon source potential (Li 2004; Jiang
et al. 2015). In particular, the thick black shales/mudstones of
the Lucaogou Formation, with high total organic carbon
(TOC) and abundant organic matter, are considered as a
“world class source rock” and potential tight oil reservoirs in
both the Junggar and Santanghu basins in northern Xinjiang
(Carroll 1998; Liu et al. 2017, 2018; Zou et al. 2019). For
example, in the Shishugou Sag, the Lucaogou Formation in
Well Sh2 is composed of 480 m of gray fine-grained sand-
stones, argillaceous sandstones, calcareous sandstones, silt-
stones, and tuffaceous siltstones interbedded with dark gray
mudstones, silty mudstones, tuffaceous mudstones, and dolo-
mitic mudstones (Fig. 1 c, Fig. 2 a). However, in the Jimusar
Sag, the thickness of the Lucaogou Formation is decreased to
378 m in Well Jm5. Moreover, the grain size of the sediments
is finer than that in the Shishugou Sag, and the rocks include
thick dark gray mudstones, dolomitic mudstones, medium to
thin layers of dolomite, and dolomitic siltstones (Fig. 2 b).

Fig. 1 Location and geological map of eastern Junggar Basin. (a)
Simplified map of the study area in Junggar Basin. The tectonic units in
(b) are from Jin et al. (2018). The Permian active basement faults in (b)

are from Qu et al. (2008a, 2008b). The geological cross-section A–A′ in
(c) is from unpublished material of Xinjiang Oilfield Co.
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Qu et al. (2008a, 2008b) mapped the main fault systems in
and around Junggar Basin by using seismic tomography, two-
dimensional and three-dimensional seismic sections, and field
investigations. They observed several S–N and E–W fault
belts cutting through the basement of the eastern part of the
Junggar Basin, most of which were active in the Permian (Qu
et al. 2008a, 2008b; Fig. 1 b). As shown in Fig. 1 c, the A–A′
geological section in the Shishugou Sag reveals that the
Permian fault systems were mainly built up by high-angle
normal faults, which coincides with the tectonic extensional
background.

Samples and methods

The specimens analyzed in this study were collected from two
drilling cores, one from the Shishugou Sag and the other from
the Jimusar Sag in the eastern Junggar Basin. The specimens
of the Jimusar Sag were taken from the interval of 3731.42 to
3791.35 m in Well Jm5 and those of the Shishugou Sag were
taken from 2414.88 to 2538.33 m in Well Sha2. All the sam-
ples were collected from dark gray mudstone and dolomitic

mudstone of the Permian Lucaogou Formation, also known as
the Pingdiquan Formation, from which the phenocryst-like
minerals are the most abundant and evident (Fig. 2).

Optical microscope-cathodoluminescence (OM-CL, Götze
et al. 2013) imaging was used for mineralogical and petrolog-
ical investigations. The CL images were obtained using a
Nikon-LV100-POL polarizing microscope equipped with a
BII cathodoluminescent Model CLF-1 unit (BEACON
INNOVATION INTL INC.) at 15 keV and a 260 μA electron
current.

Major element analysis, in situ trace and rare earth
element (REE) analysis, and in situ Sr and S isotope
analysis were performed for all samples. The mineral
chemical compositions of major elements were identi-
fied by using an electron microprobe micro-analyzer
(EPMA). Thin sections of the samples were carbon
coated and analyzed by the EPMA analyzer (JXA-
8230, Japan Electronics Co. LTD) with a 15 keV elec-
tron beam of 10 μm for carbonate minerals and 10 nA
for the spot analysis of pyrite and analcime. The details
of mineral analysis conditions are listed in the electronic
supplementary material (ESM) in Table S1.

Fig. 2 Lithological columns of Lucaogou Formation in the study area. (a) Lithological column of Lucaogou Formation inWell Sh2, Shishugou Sag. (b)
Lithological column of Lucaogou Formation in Well Jm5, Jimusar Sag
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In situ trace and REEs were measured by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-
MS). The details of the experimental instruments and condi-
tions have been described by Liu et al. (2007). Under the same
LA-ICP-MS operating conditions, the trace elements and
REEs of the reference material BCR-2G (melted natural basalt
glass from the US Geological Survey (USGS), Gao et al.
2002), NIST SMR 610 (synthetic silicate glass from the
National Institute of Standards and Technology (NIST), Gao
et al. 2002), and GSE-1G (synthetic basaltic glass from the
USGS, Jochum et al. 2005) were also identified. The laser
beam for the phenocryst-like calcite was set to 60 μm and that
for the dolomite, analcime, and pyrite “phenocrysts” was set
to 44 μm.

In situ S isotopes of the phenocryst-like pyrites were ana-
lyzed by femtosecond laser ablation-coupled multi-collector-
inductively coupled plasma-mass spectrometry (FsLA-MC-
ICP-MS), involving the employment of a Laser ablation system
(RESOlution M-50, ASI) equipped with a 193 nm ArF excimer
laser (CompexPro 102, Coherent), a large double-cell sample
chamber, and a computer-controlled high-precision X-Y sample
positioning stage. Then, the above LA system was connected to
an MC-ICPMS instrument (Plasma 1700, Nu Instruments) to
measure the S isotopes. The details of the experimental instru-
ments and conditions are described in Chen et al. 2017. During
the testing process, the S isotope of a coarse-grained pyrite (Py-
4, δ34SV-CDT = 1.7 ± 0.30‰, Chen et al. 2019) was also deter-
mined as an external reference for calibration by using a laser
with a beam of 20–37 μm in diameter.

In situ Sr isotopes of the phenocryst-like calcite and dolo-
mite were also analyzed by FsLA-MC-ICPMS. The LA sys-
tem was the same as that used for S isotopes and was connect-
ed to an MC-ICPMS instrument (Plasma II, Nu Instruments)
for measurement. During the testing, the Sr isotopes of the
reference material LXH with a value of 87Sr/86Sr = 0.709210
were determined under the same experimental conditions, and
the laser beam was set to 20–53 μm. The details of the exper-
imental instruments and conditions are described in the study
by Bao et al. (2017).

Results

Lithology and mineralogy

In the research area, the “porphyritic” sedimentary rocks of
the Middle Permian Lucaogou Formation were found mainly
in the drilling cores of the Shazhang fault–fold zone, the
Shishugou Sag, and the Jimusar Sag, in the eastern Junggar
Basin (Fig. 1 b). In the vertical direction, the presence of the
“porphyritic” textures is discontinuous throughout the
Lucaogou Formation and they occur most commonly in the
very fine-grained sediments of the lower part (Fig. 2). They

consist of two compositional textures of the “phenocrysts”
and “matrix,” which is similar to the porphyritic texture ob-
served in volcanic rocks (ESM; Fig. S1). However, the com-
positions of both the “phenocrysts” and the “matrix” are evi-
dently different from the volcanic rock counterparts.
According to the drilling core observation, the “phenocrysts”
are composed mainly of coarse calcite, dolomite, analcime,
and pyrite and are dispersed randomly as snowflakes, mot-
tling, or irregular twigs in the matrix. Some of these crystals
have sufficient density to form several continuous or discon-
tinuous white or light fawn laminae at 0.5–5 cm in thickness
(ESM; Fig. S1 a, b).

The “matrix” is composed of silt- and clay-sized organic-
rich terrestrial sediments or microcrystalline dolomite and is
consistent with the overlying and underlying sedimentary
rocks, such as black or dark gray shales, mudstones, siltstones,
lime mudstones, and microcrystalline dolomite that are all
sometimes mixed with thin layers of fine-grained sandstones
and tuffs (ESM; Fig. S1). The fragments of fossil plants, fish
scales, ostracods, and bivalves are occasionally found in over-
lying and underlying rocks, which indicates a semi-deep to
deep lake environment. High-angle fractures are also found
in the mudstones containing the “phenocrysts” and in the sur-
rounding rocks (ESM; Fig. S1 a, c).

Microscopic observations revealed that the “phenocrysts”
have two typical forms: single mineral collections or several
syngenetic mineral assemblages. For example, coarse calcite
was found in the Jimusar Sag inWell Jm5, and the assemblage
of dolomite, analcime, and pyrite was found in the Shishugou
Sag in Well Sh2.

Jimusar sag The “phenocrysts” are generally composed of
0.3–1 mm single euhedral calcite crystals in Well Jm5.
Cleavage in one or two directions as well as polysynthetic
twinning was observed under the microscope (Fig. 3). The
matrix is composed of dark gray silty mudstone with thin
laminae. The calcite “phenocrysts” are usually surrounded
by slightly curved sedimentary laminae (Fig. 3 b, g).

In the OM-CL image, the coarse calcite was generally
distinguished by two stages (Stage I and Stage II). Stage I
calcite is composed of a euhedral non-luminescent core
and zonings of narrow orange with relatively wide dull
orange bands (white arrows in Fig. 3 c–f). The Stage II
calcite exhibits bright orange luminescence and irregular-
ly overlies the surface of Stage I calcite or grew at the
edge of it (white dotted arrows in Fig. 3 c–f). However,
only part of the calcite crystals showed a zoning texture in
the backscatter images (Fig. 3 g); otherwise, no conspic-
uous zoning features were observed (Fig. 3 h).

Shishugou sagThe “phenocrysts” inWell Sha2 are syngenetic
assemblages of three minerals: dolomite, analcime, and pyrite
(Fig. 4). The dolomite “phenocryst” is yellowish and mostly
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euhedral with single sizes of 0.2 mm to 1.2 mm (Fig. 4 a, b, c,
e). The analcime is colorless and transparent with radial or
amorphous forms under the microscope and shows complete
extinction under cross-polarized light (Fig. 4 c, d, e, f). The
pyrite is opaque under polarized light but shows a bright color
in the backscattered images (Fig. 4). The “matrix” is com-
posed of black-brown silty mudstone with abundant laminae
of compressed and elongated organic matter (Fig. 4 a, b). The
“phenocrysts” of dolomite, analcime, and pyrite are non-
luminescent under OM-CL.

Major element compositions

The major element compositions of the phenocryst-like
calcite (CaCO3) identified by EPMA testing are listed in
Table 1. The calcite in Well Jm5 is relatively abundant in
Ca, Mg, and Fe elements. The content of CaO ranges from
50.0 wt% to 55.6 wt% with an average of 53.8 wt%, based
on 42 points. The contents of MgO and FeO are 0.03–
0.50 wt% and ~ 0.42 wt%, with averages of 0.21 wt%
and 0.14 wt%, respectively. No SiO2 was detected in the
calcite, and the contents of Al2O3, TiO2, and SO3 were
poor, with averages of 0.01 wt%, 0.01 wt%, and
0.02 wt%, respectively.

The major element compositions of the phenocryst-like
dolomite (CaMg(CO3)2), analcime (NaAlSi2O6·H2O), and py-
rite (FeS2) in Well Sh2 according to EPMA testing are listed
in Tables 2, 3, and 4, respectively. According to the EPMA
analysis, the highest elemental content in the phenocryst-like
dolomite is Fe, followed byMn (Table 2). The content of CaO
varies from 26.5 wt% to 28.2 wt%, with an average of
27.6 wt% based on 9 points. The contents of MgO, FeO,
and MnO are 11.09–14.78 wt%, 7.27–11.09 wt%, and 0.13–
0.55 wt%, with averages of 12.37 wt%, 9.70 wt%, and
0.27 wt%, respectively. No SiO2 was detected in the ferroan
dolomite, and the contents of Al2O3 and P2O5 were poor, with
averages of 0.01 wt% and 0.03 wt%, respectively.

The phenocryst-like analcime has very low concentrations
of elemental Ca, Ti, Mg,Mn, and Cr but is relatively rich in Fe
as FeO, with an average of 0.23 wt% (Table 3). The content of
Na2O varies in the range 13.06–11.43 wt%with an average of
12.00 wt%, which is lower than the theoretical Na2O content
(14.09 wt%) of analcime. The content of Al2O3 ranges from
21.4 wt% to 19.47 wt%with an average of 20.4 wt%, which is
lower than the theoretical Al2O3 content (23.20 wt%) of anal-
cime. However, the content of SiO2 ranges from 56.6 wt% to
58.5 wt% with an average of 57.6 wt%, which is higher than
the theoretical SiO2 content (54.54 wt%) of analcime.

The content of Fe in the pyrite varies in the range 45.7–
46.8 wt% with an average of 46.3 wt% (Table 4) and that of S
ranges from 53.0–54.3 wt%with an average of 53.5 wt%. The
average concentrations (wt%) of Ni, Au, Pb, Ag, As, Zn, Cu,
and Co are 0.01, 0.07, 0.01, 0.02, 0.07, 0.02, 0.01, and 0.07,
respectively.

Trace element and REE geochemistry

The in situ analysis results of trace elements and REEs are
listed in Tables 5 and ESM, and in Table S2, respectively.
The ΣREE of the phenocryst-like calcite ranges from 18.0 to
90.4 ppm. The concentration of light REEs (LREEs) from La
to Eu varies in the range of 10.9–39.4 ppm and that of heavy
REEs (HREE) from Gd to Y varies from 2.89 to 51.3 ppm
(Table 5). The chondrite-normalized REE distribution patterns
of the calcite are generally flat but show pronounced Eu de-
pletion and a slight enrichment of Ce, Gd, and Yb (Fig. 5; Sun
and McDonough 1989). The chondrite-normalized δEu
values of the calcite vary from 0.52 to 0.9 with an average
of 0.62. However, the Eu anomalies disappeared or were
slightly positive when normalized by the North American
Shale Composite (NASC; Fig. 5; Gromet et al. 1984). The
chondrite-normalized δCe values of the calcite vary from
0.84 to 1.42 with an average of 1.25. A slightly positive anom-
aly is shown in both the chondrite- and NASC-normalized
REE patterns (Fig. 5).

The ΣREE of the phenocryst-like dolomite in Well Sh2
ranges from 91.3 ppm to 258 ppm, which is higher than those
of analcime and pyrite at ΣREE = 0.0998 ppm to 6.87 ppm
and ΣREE = 2.37 ppm to 33.3 ppm, respectively (Table 5;
ESM; Table S2). The LREE and HREE concentrations of
dolomite vary in the range 44.7–152 ppm and 44.6–
107 ppm, respectively (Table 5). The dolomite shows a slight
enrichment in LREE, while showing no δCe and negative δEu
in both the chondrite- and NASC-normalized REE patterns
(Fig. 5). The chondrite-normalized δEu and δCe values of
the dolomite vary from 0.55–0.6 and 0.98–1.07 with averages
of 0.58 and 1.02, respectively (Table 5).

The ΣREE in the phenocryst-like analcime had an average
of 2.13 ppm which is poor as it is lower than those in the
associated dolomite and pyrite. The normalized REE patterns

�Fig. 3 Coarse calcite assemblages in Lucaogou Formation in Well Jm5,
Jimusar Sag. (a) (b) (f) are plane-polarized transmitted-light images. (a)
Coarse calcite assemblages (Cal) in dark mudstone. Red arrows indicate
the laser ablation spots of in situ analysis. (b) The “matrix” is composed
of silt and clay-sized sediments. The calcite assemblages are surrounded
by sedimentary laminae, which indicate that they were formed prior to the
diagenesis of mechanical compression. (c) (d) (e) OM-CL images show
two stages of the calcite. Stage I calcite consists of an inner non-
luminescent core and outer oscillatory zoning (white arrows). Stage II
calcite shows bright orange color, either overlying the surface or as
growth on the edge of the Stage I calcite (white dotted arrows). The
oscillatory zonings of Stage I calcite indicate a primary texture of
crystallization. (f) Phenocryst-like calcite, the same calcite crystal of
image (e). (g) and (h) are back scattered electron (BSE) images. The
calcite in (g) shows no zoning texture and is surrounded by sedimentary
laminae, whereas that in (h) exhibits zoning texture. Nos. 2–001 to 2–013
are EPMA spots (corresponding to the spot number in Table 1)
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of analcime and pyrite show trends similar to those of the
dolomite (Fig. 5 b, d). The δEu and δCe of the pyrite varies

from 0.47–1.74 and 0.83–1.16 with averages of 0.71 and 1.0,
respectively (ESM; Table S2). The primitive mantle-

Fig. 4 Phenocryst-like mineral assemblages in Well Sha2, Shishugou
Sag. (a) (b) (c) and (d) are plane-polarized transmitted-light images.
Phenocryst-like mineral assemblages are composed of dolomite (Dol),
analcime (Anl), and pyrite (Py). The “matrix” is composed of silty
mudstone rich in organic matter. Red arrows indicate the testing spots
of in situ analysis. The white arrows point to brown laminae of organic

matter in the “matrix.” (e) and (f) are BSE images. Nos. 001–003 in (e) are
EPMA spots of ferroan-rich dolomite (corresponding to spot number in
Table 2). Nos. 006 and 007 in (f) are EPMA spots of analcime
(corresponding to spot number in Table 3). No distinct evidence shows
pore dissolution and filling for these mineral assemblages. For the
abbreviations of mineral names see Whitney and Evans 2010
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Table 1 Major-element compositions of calcite in Well Jm5, Jimusar Sag

Spot
number

location CaO
(wt%)

TiO2

(wt%)
P2O5

(wt%)
SO3

(wt%)
MgO
(wt%)

SiO2

(wt%)
Al2O3

(wt%)
MnO
(wt%)

TFeO*
(wt%)

NiO
(wt%)

Total
(wt%)

Mn**
(ppm)

Fe**
(ppm)

1–001 ZONE 54.3 bdl 0.06 bdl 0.25 bdl 0.02 0.01 0.26 bdl 54.9 62 2005

1–002 CORE 53.3 bdl 0.03 0.04 0.19 bdl 0.01 bdl 0.14 0.04 53.8 bdl 1104

1–003 CORE 52.6 bdl 0.03 bdl 0.14 bdl 0.02 bdl 0.09 bdl 52.9 bdl 715

1–004 ZONE 54.3 bdl 0.09 bdl 0.08 bdl bdl 0.01 0.11 0.07 54.7 101 863

1–005 ZONE 55.4 0.05 0.04 bdl 0.15 bdl 0.01 bdl 0.14 0.03 55.8 bdl 1104

1–006 ZONE 54.7 bdl bdl bdl 0.14 bdl 0.04 0.03 0.14 0.04 55.1 194 1120

1–007 ZONE 55.3 bdl 0.02 0.05 0.17 bdl bdl bdl 0.10 bdl 55.6 bdl 777

1–009 ZONE 50.1 0.03 0.04 bdl 0.18 bdl bdl 0.04 0.09 0.04 50.5 310 684

1–010 ZONE 54.6 0.01 0.04 0.02 0.12 bdl bdl 0.04 0.09 0.01 54.9 341 715

1–011 ZONE 53.1 bdl 0.03 bdl 0.42 bdl bdl 0.02 0.13 0.08 53.8 147 1003

1–012 ZONE 53.9 bdl bdl 0.07 0.22 bdl 0.01 0.04 0.15 0.03 54.4 325 1150

1–013 ZONE 54.1 bdl 0.02 0.01 0.16 bdl bdl 0.02 0.17 0.01 54.5 178 1310

1–014 ZONE 54.0 0.03 0.05 0.02 0.48 bdl 0.01 0.03 0.19 bdl 54.8 225 1477

1–019 ZONE 50.7 bdl 0.05 bdl 0.24 bdl bdl 0.03 0.13 bdl 51.2 263 1042

1–020 ZONE 54.5 bdl 0.01 bdl 0.12 bdl 0.01 bdl 0.07 0.05 54.8 bdl 567

1–021 ZONE 50.8 bdl 0.03 0.04 0.48 bdl bdl 0.03 0.17 bdl 51.6 225 1280

1–022 CORE 55.2 bdl 0.03 0.02 bdl bdl bdl 0.04 bdl bdl 55.3 279 bdl

1–023 ZONE 51.5 bdl bdl bdl 0.20 bdl 0.03 0.10 0.17 0.05 52.1 759 1330

2–001 ZONE 55.1 0.06 0.07 0.01 0.11 bdl bdl bdl 0.07 0.01 55.4 bdl 521

2–002 ZONE 53.9 0.03 0.01 0.01 0.19 bdl 0.02 0.03 0.20 0.06 54.5 263 1550

2–003 ZONE 54.7 0.02 0.01 0.01 0.05 bdl bdl 0.06 0.02 bdl 54.9 488 148

2–004 ZONE 54.9 bdl 0.05 0.06 0.25 bdl bdl 0.20 0.21 bdl 55.7 1580 1590

2–005 ZONE 52.3 bdl 0.04 0.04 0.01 bdl bdl bdl 0.05 0.03 52.4 bdl 358

2–006 CORE 54.8 bdl bdl 0.03 0.02 bdl bdl bdl bdl 0.01 54.9 bdl bdl

2–007 ZONE 55.3 bdl 0.04 bdl 0.17 bdl bdl bdl 0.03 bdl 55.5 bdl 194

2–008 ZONE 54.7 bdl bdl bdl 0.06 bdl bdl 0.04 0.04 0.07 54.9 294 311

2–009 ZONE 55.6 0.05 bdl bdl 0.22 bdl 0.02 0.15 0.09 0.01 56.1 1190 668

2–010 ZONE 55.4 0.01 0.02 bdl 0.21 bdl 0.01 0.18 0.07 bdl 55.9 1420 521

2–011 ZONE 54.6 bdl 0.03 bdl 0.21 bdl bdl 0.05 0.17 0.01 55.1 372 1310

2–012 ZONE 54.2 0.01 bdl bdl 0.23 bdl bdl 0.04 0.24 0.01 54.7 325 1850

2–013 ZONE 55.0 0.03 0.01 bdl 0.15 bdl bdl 0.03 0.12 0.02 55.4 263 925

2–014 CORE 54.8 0.05 0.04 0.02 0.36 bdl bdl 0.03 0.04 bdl 55.3 209 311

2–015 CORE 53.6 0.01 0.03 bdl 0.51 bdl bdl 0.01 0.30 bdl 54.5 77 2320

2–016 ZONE 54.2 0.01 0.03 bdl 0.53 bdl bdl bdl 0.36 0.11 55.2 bdl 2780

2–017 ZONE 55.0 bdl 0.03 0.13 0.30 bdl bdl 0.03 0.26 bdl 55.8 263 1990

2–018 ZONE 53.2 0.01 0.07 0.01 0.28 bdl bdl 0.04 0.13 0.04 53.8 279 995

2–019 ZONE 52.5 0.03 0.03 bdl 0.35 bdl bdl 0.04 0.26 bdl 53.2 310 2052

2–020 CORE 53.4 bdl 0.06 bdl 0.01 bdl 0.06 bdl bdl bdl 53.5 bdl bdl

2–021 ZONE 52.6 0.02 bdl 0.09 0.29 bdl bdl 0.04 0.15 0.02 53.2 310 1150

2–022 ZONE 52.4 bdl 0.05 bdl 0.34 bdl 0.01 0.08 0.17 bdl 53.1 635 1350

2–023 ZONE 52.8 0.03 bdl 0.05 0.16 bdl bdl bdl 0.14 0.04 53.2 bdl 1073

2–024 ZONE 53.8 0.03 bdl bdl 0.16 bdl bdl 0.08 0.47 0.06 54.6 581 3670

Average of ZONE 334 1180

“bdl” means below detection limit

Testing spots 2–001 to 2–013 are labeled in Fig. 3 h

“CORE” means the center part of the calcite crystals; “ZONG” means the zoning texture of the calcite crystals

TFeO* = amount of both ferric and ferrous iron
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normalized trace element patterns indicate that all the “pheno-
crysts,” including calcite, dolomite, analcime, and pyrite, are
rich in the mobile elements of Cs, U, Sr, and Ba, but are poor
in K and high field-strength elements (HFSEs) such as Nb, Ta,
Zr, Hf, and Ti (ESM; Fig. S2).

Othman et al. (1989) found that the Ba concentrations of
350–800 ppm in marine carbonate-rich biogenic oozes were
lower than those in pelagic clay, at 1114–5000 ppm and those
in Mn nodules, at 790–2250 ppm; the BaN/LaN ratios in the
Mn nodules were the highest among the others, and the LaN/
SmN ratios were similar (Fig. 6). The main possible reason for
this is the preferential enrichment of alkali and alkaline earth
elements such as K, Na, Rb, Mg, Ca, Sr, and Ba relative to the
REEs in hydrous and hydrothermal fluids (Othman et al.
1989; Langmuir et al. 1997). Although the Jimusar calcite
“phenocrysts” have Ba and La concentrations similar to those
of Othman’s biogenic sediments, they differ significantly
from those of Shishugou dolomite, analcime, and pyrite
(Table 5 and ESM; Table S2). When the BaN/LaN and LaN/
SmN ratios of the calcite were applied to the figure of Othman
shown in Fig. 6 of the present study, most of the data fell in or
near the “Biogenic Sediment (BO) zone,” and several tended
towards the “Pelagic and Hemipelagic Sediment (PHC)
zone”. However, the ratios of BaN/LaN and LaN/SmN in the
dolomite, analcime, and pyrite “phenocrysts” are close to
Mixing Curve B (which is between a hypothetical mantle
composition and the average percent composition for all sed-
iments) and are consistent with those in the basalts in the
upper Carboniferous Batamayineishan Formation in the
Junggar Basin (Fig. 6; Wu et al. 2009).

In situ Sr isotopes

The in situ analytical results of the 87Sr/86Sr ratio in the
Lucaogou calcite and dolomite “phenocrysts” are listed in
Table 6. Those of the calcite range from 0.705002 ±
0.000020 to 0.705776 ± 0.000036 with an average of
0.705361, and those of the dolomite range from 0.705321 ±
0.000014 to 0.705972 ± 0.000033. These ratios are much low-
er than the lowest value of Permian seawater, at 0.70685 in the
Capitanian Stage (Fig. 7; Korte et al. 2006).

In situ S isotopes

The in situ testing results of the S isotopes of the pyrite “phe-
nocryst” are listed in ESM, Table S3. The δ34S values of
pyrite in Well Sh2 range from 10.8 ± 0.14‰ to 12.3 ±
0.16‰with an average 11.6‰. These values fall in the middle
zone between the δ34S values for sulfide in mid-ocean ridge
basalt (MORB), at δ34SV-CDT = 0 ± 2‰ (Shanks III 2001), and
those for seawater sulfate, at δ34SV-CDT = 21.0 ± 0.2‰ (Seal II
2006; Fig. 8).

Discussion

Geochemical properties of the phenocryst-like
minerals

The REE contents and fractionation patterns between modern
lacustrine deposits and lake water show distinct differences
when compared from several regions (Fig. 5). Normalized
REE patterns of lacustrine microbialites (stromatolites) in
Cuatro Ciénegas Bolson, Coahuila, México are enriched in
the LREEs relative to the HREEs, revealing a certain amount
of inheritance from the lake water (Fig. 6 a, c). The enrichment
of HREE in the stromatolites was mainly attributed to the
uptake by microbial components from the ambient waters
(Johannesson et al. 2014). However, in Abhé Lake, Afar
Rift, the large difference in REE concentration and fraction-
ation patterns between the hydrothermal carbonate chimneys
and lake water indicate that the chimneys most likely incor-
porate REEs from both the hydrothemal fluid and the lake
water (Dekov et al. 2014). Although there is a lack of REE
information on ancient lake water in the Jimusar Sag, normal-
ized REE patterns of Jimusar calcite partly coincide with those
of carbonate-rich microbial mats which are formed in shallow
lake water with mixed rain, seawater, and CO2-dominated
hydrothermal fluids in Venere Lake, Pantelleria Island (Fig.
6 a, c, Censi et al. 2015). While in the Shishugou Sag, nor-
malized REE concentrations and fractionation patterns of do-
lomite are consistent with those in the syn-sedimentary lacus-
trine hydrothermal Md dolomite in lower the Cretaceous
Erlian Basin, northern China (Yang et al. 2020). Moreover,
the Md dolomite in the Erlian Basin have been described as
white laminae, bands, and variably sized irregular breccias in a
dark gray fine grained matrix (Fig. 4 B, Fig. 5 in Yang et al.
2020) that resembles the porphyritic-like texture in the
Lucaogou Formation of the Shishugou Sag. Therefore, the
comparison from several regions indicates that the
phenocryst-like minerals in the eastern Junggar Basin most
likely reflect the hydrothermal activities during the
Lucaogou period.

Modern hydrothermal venting deposits or ancient SEDEX
ores related to oceanic spreading centers usually have a neg-
ative δCe, likely owing to the oxidative scavenging of Ce by
suspended δ-MnO2 particles (De Carlo et al. 1998) and to a
positive δEu (Barrett et al. 1990; Mills and Elderfield 1995;
Song et al. 1997; Subba Rao and Naqi 1997; McCarthy et al.
2005). However, the REE patterns of hydrothermal deposits in
continental rift systems sometimes show no significant or pos-
itive δCe and no significant or negative δEu (Zheng et al.
2006; Li et al. 2011; Wen et al. 2013; Dekov et al. 2014).
The chondrite-normalized REE patterns of the calcite, dolo-
mite, analcime, and pyrite “phenocrysts” (Fig. 5) in the
Lucaogoumudstones show a slightly positive δCe and a clear-
ly negative δEu, which are similar to those in the Permian
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hydrothermal analcime–dolomite-bearing deposits in the
Lucaogou mudstones in Santanghu Basin, northwestern
China (Li et al. 2011), in the Cretaceous hydrothermal
dolostones in the Qingxi Sag, Jiuquan Basin, western China
(Wen et al. 2013), and in the hydrothermal dolomite in the
lower Cretaceous Erlian Basin (Fig. 5 b, Yang et al. 2020).
Moreover, the positive δCe, negative δEu, and slight HREE
enrichment in the Lucaogou “phenocrysts” are similar to those
of the aerobic, alkaline, and carbonate-rich waters in Lake
Van, Turkey (Möller and Bau 1993), and the positive δCe is
similar to that found in the carbonate chimneys and lake water
in the hyperalkaline and salty Lake Abhé, Afar Rift, East
African system (Fig. 5 a, Dekov et al. 2014). However, such
Ce and Eu anomalies reported here differ significantly from
those in the hydrothermal carbonate deposits in Lake
Tanganyika, East Africa, which feature a large negative δCe
and a slightly positive δEu (Barrat et al. 2000). The different
δCe and δEu values in these continental hydrothermal
deposits may represent different redox and thermochemical
states of the sedimentary environment, as previously
indicated by Sverjensky (1984) and German and Elderfield
(1990).

The Ce and Eu in the REEs can behave anomalously under
certain redox conditions owing to the valence transition from
the trivalent state to Ce4+ and Eu2+. Ce3+ is soluble in both
anoxic and suboxic conditions and Ce becomes insoluble in
seawater at low temperatures when oxidized to Ce4+, and there-
fore, it is removed from the REEs to produce a negative anom-
aly (δCe < 1; German and Elderfield 1990). Because of its ca-
pacity to preserve the records of primary deposition even when
subjected to multiple diagenetic alteration events (Liu et al.
2019), the δCe method has been applied to ancient shallow
marine carbonates to explore redox states over geological his-
tory (Elderfield and Greaves 1982; Kamber and Webb 2001;
Sarangi et al. 2017). In the study area, the δCe in the Lucaogou

phenocryst-like calcite ranges from 0.84 to 1.40, with
only 1 of the 19 values being <1 (Table 5); additional-
ly, this might reflect anoxic conditions during crystalli-
zation. Similarly, the δCe in the phenocryst-like dolo-
mite, analcime, and pyrite in the Shishugou Sag is
0.98–1.07, 0.76–1.02, and 0.83–1.66, respectively,
which possibly represents suboxic to anoxic conditions
during the formations of these minerals.

Divalent Eu is considered to be stable and is predominant at
temperatures greater than approximately 250 °C. However, at
low temperatures similar to the earth’s surface conditions, the
aqueous geochemistry of Eu would be dominated by trivalent
Eu unless it occurs in extremely reducing alkaline solutions
(Sverjensky 1984). During the hydrothermal alteration be-
tween the oceanic crust and the hydrothermal fluid in mid-
oceanic ridge systems, the Eu released to the aqueous phase
is expected to be converted to Eu2+ and related complexes
(Sverjensky 1984); therefore, a positive anomaly is produced
in hydrothermal minerals in equilibrium with an aqueous
phase. This suggestion is supported by certain hydrothermal
vent fluids and deposits reported in previous literature in mid-
oceanic ridges and in the East African Rift system
(Klinkhammer et al. 1983; Mills and Elderfield 1995; Barrat
et al. 2000; Dekov et al. 2014). However, the chondrite-
normalized REE patterns in the Lucaogou phenocryst-like
minerals show a distinctly negative anomaly in both the
Jimusar and Shishugou sags (Fig. 5 a, b). Several factors can
explain this result as follows: (1) Because the slightly positive
δCe indicates suboxic to anoxic conditions for mineral precip-
itation, the negative δEu could indicate that the coarse calcite
in the Jimusar Sag and the assemblages of dolomite, analcime,
and pyrite in the Shishugou Sag were formed at temperatures
at which the Eu was stabilized in the trivalent state. (2)
Olivarez and Owen (1991) suggested that the δEu in hydro-
thermal sediments decreases and becomes more “seawater-

Table 2 Major-element compositions of dolomite in Well Sh2, Shishugou Sag

Mineral Spot
number

CaO
(wt%)

TiO2

(wt%)
P2O5

(wt%)
SO3

(wt%)
MgO
(wt%)

SiO2

(wt%)
Al2O3

(wt%)
MnO
(wt%)

TFeO*
(wt%)

Total
(wt%)

Mg/Ca
(wt%/wt%)

(Mg + Fe)/Ca
(wt%/wt%)

Dolomite
/MgCa(CO3)2

001 27.4 0.01 0.03 0.08 13.48 bdl bdl 0.55 8.40 50.0 0.42 0.75

002 27.9 0.05 0.03 bdl 11.76 bdl bdl 0.25 9.14 49.1 0.36 071

003 27.7 0.06 0.05 0.03 12.42 bdl 0.02 0.30 9.56 50.1 0.38 0.75

004 28.2 0.05 0.01 0.01 11.09 bdl bdl 0.15 10.73 50.2 0.33 0.74

005 28.2 0.03 bdl bdl 12.06 bdl 0.03 0.24 9.73 50.3 0.36 0.74

006 27.2 bdl 0.08 0.03 14.78 bdl 0.03 0.34 7.27 49.7 0.46 0.75

007 26.6 0.03 0.03 0.05 11.87 bdl bdl 0.19 11.09 49.9 0.38 0.83

008 27.6 0.09 bdl bdl 11.75 bdl bdl 0.23 10.83 50.5 0.36 0.79

009 27.9 0.12 bdl 0.06 12.14 bdl bdl 0.13 10.56 50.9 0.37 0.78

The testing spots 001 to 003 are labeled in Fig. 4 e

Abbreviations as in Table 1
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like”with distance from the ridge axis. Therefore, the negative
δEu in the Lucaogou minerals likely indicate an off-axis site
from the center of the continental normal fault system where
the temperature of the hydrothermal fluid was less than
250 °C. Moreover, the NASC-normalized REEs show flat
patterns and a very slight δEu (Fig. 5 c, d), which indicates
that these phenocryst-like minerals could have inherited the
properties of lake water or normal sediments. (3) The
chondrite-normalized Ba/La ratios in the Jimusar calcite are
high and fall in the BO zone in the Ba/La–La/Sm graph (Fig.
6; Othman et al. 1989). These results are consistent with the
δEu and indicate that the calcite could have partly originated
from the underlying biogenetic sediment. Moreover, the
chondrite-normalized Ba/La ratios in the Shishugou dolomite,

analcime, and pyrite fall in the zones of MORB and PHC,
which are the same as that of the upper Carboniferous basalt
in the Junggar Basin and are close to Mixing Curve B, indi-
cating a source from volcanic and clastic rocks beneath the
Shishugou Sag (Fig. 6; Othman et al. 1989).

The primitive mantle-normalized trace element patterns
show high concentrations of Ba, U, and Sr in the calcite and
dolomite (ESM; Fig. S2 a, b). The Sr content in the calcite and
dolomite “phenocrysts” fluctuates greatly from 634 to
3005 ppm and from 1001 to 1528 ppm, respectively
(Table 5), which is higher than those in the Permian well
preserved biogenic brachiopod shells, which is at 245–
1585 ppm (Korte et al. 2006). The Sr anomalies, defined as
Sr/Sr* = 2SrN/(CeN + PrN) with C1 normalizing data from Sun

Table 3 Major-element compositions (in wt%) of analcime in Well Sh2, Shishugou Sag

Mineral Spot
number

K2O CaO TiO2 Na2O Al2O3 MgO SiO2 TFeO* MnO Cr2O3 Total

Analcime
/Na(AlSi2O6)
·H2O

001 bdl 0.08 bdl 11.52 20.3 bdl 57.8 0.13 bdl 0.01 89.8

002 bdl 0.01 0.05 11.43 19.47 0.01 58.1 0.08 bdl 0.02 89.2

003 0.03 0.03 0.04 12.09 19.85 bdl 58.3 0.08 bdl bdl 90.4

004 bdl bdl 0.03 12.39 20.5 bdl 56.6 0.15 bdl bdl 89.7

005 bdl bdl bdl 12.13 20.4 bdl 57.5 0.20 0.04 0.03 90.3

006 bdl 0.02 bdl 12.19 20.5 bdl 56.9 0.17 bdl bdl 89.8

007 0.03 0.04 0.03 13.06 21.4 bdl 56.9 0.15 bdl 0.05 91.7

008 0.05 0.03 0.03 11.50 20.3 bdl 57.5 0.27 0.02 0.03 89.7

009 0.04 0.06 bdl 11.52 20.3 bdl 57.1 0.30 0.02 0.01 89.4

010 0.02 0.04 0.05 11.97 20.7 bdl 57.9 0.36 0.02 bdl 91.1

011 0.04 0.03 0.01 11.65 20.3 bdl 58.5 0.44 bdl bdl 91.0

012 0.03 0.05 0.04 12.59 21.0 bdl 57.7 0.44 0.08 0.05 92.0

The testing spots 006 and 007 are labeled in Fig. 4 f

Abbreviations as in Table 1

Table 4 Major-element compositions (in wt%) of pyrite in Well Sh2, Shishugou Sag

Mineral Spot
number

Fe S Ni Au Pb Ag As Zn Cu Co Total

Pyrite
/FeS2

001 46.1 53.4 bdl 0.06 bdl bdl 0.09 0.06 0.01 0.03 99.8

002 46.4 53.6 bdl bdl 0.10 bdl 0.03 bdl 0.01 0.14 100.3

003 46.5 53.5 0.05 0.01 bdl 0.03 0.02 bdl bdl 0.10 100.2

004 46.6 53.5 bdl 0.08 bdl 0.07 0.04 bdl bdl 0.06 100.4

005 46.0 54.0 0.03 0.10 bdl bdl 0.08 0.07 bdl 0.05 100.3

006 45.7 53.2 0.01 0.25 bdl 0.03 0.08 0.06 0.07 0.04 99.4

007 46.8 54.3 bdl bdl bdl 0.07 0.05 bdl bdl 0.06 101.3

008 45.9 53.1 0.05 0.14 bdl bdl 0.03 bdl bdl 0.07 99.3

009 46.6 53.0 bdl 0.04 bdl bdl 0.20 bdl 0.06 0.06 100.0

010 46.2 53.8 bdl bdl bdl 0.03 0.12 bdl bdl 0.09 100.2

Abbreviations as in Table 1
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andMcDonough (1989), reflect the fractions fromCe–Pr (Niu
and O’ Hara 2009). In the research area, all the Sr/Sr* in the
carbonate “phenocrysts,” particularly those in the Jimusar cal-
cite, are considerably higher than 1, with the values of 5.54–
39.9 and 1.9–8.09 in the Jimusar calcite and the Shishugou
dolomite, respectively (Table 5). The strongly positive Sr
anomalies indicate a significant enrichment of Sr in compari-
son with Ce and Pr. Sr is believed to be expelled easily from
carbonate sediments during diagenetic recrystallization
(Parekh et al. 1977; Veizer 1989). However, no distinct litho-
logical or mineralogical texture of strong recrystallization or
diagenetic alteration was responsible for the high Sr enrich-
ment in these calcite and dolomite “phenocrysts” during the

burial process. Thus, the high Sr concentrations and highly
positive Sr anomalies could be attributed to an extra source
of Sr, which participated in the precipitation of Lucaogou
phenocryst-like calcite and dolomite.

Isotopic evidence for mineral formation

Although seawater and lake water are the most likely sources
for the formation of hydrothermal minerals, they are also
marked by contributions from other sources such as end-
member hydrothermal fluid, fluid from rock–water interac-
tions, or magmatic water (Giggenbach 1992; Mills and
Elderfield 1995; McCarthy et al. 2005; Dekov et al. 2014).

Fig. 5 REE patterns of calcite in Jimusar Sag, and dolomite–pyrite–
analcime in Shishugou Sag. (a) Chondrite-normalized (Sun and
McDonough 1989) REE patterns of calcite in Jimusar Sag,
hydrothermal carbonate chimneys and lake water in Lake Abhé, Afar
Rift (Data from Table 1, Dekov et al. 2014), lacustrine calcite dominant
microbialites and lake water in Cuatro Ciénegas Bolson, Coahuila,
México (Data from Table 14.2, Johannesson et al. 2014), and
carbonate-rich microbial mat formed in mixed lake water, seawater, and
hydrothermal fluid in Venere Lake, Pantelleria Island (Data from MM-1,
MM-2, MM-3 in Supplementary materials, Censi et al. 2015). (b)
Chondrite-normalized REE patterns of dolomite, pyrite, and analcime in

Shishugou Sag, and lacustrine hydrothermal dolomite in lower
Cretaceous, Erlian Basin (Data from Md dolomite in Table 2, Yang
et al. 2020). (c) NASC-normalized (Gromet et al. 1984) REE patterns
of calcite in Jimusar Sag, hydrothermal carbonate chimneys and lake
water in Lake Abhé, Afar Rift, lacustrine calcite dominant microbialites
and lake water in Cuatro Ciénegas Bolson, Coahuila, México, and
carbonate-rich microbial mat formed in mixed lake water, seawater, and
hydrothermal fluid in Venere Lake, Pantelleria Island. (d) NASC-
normalized REE patterns of dolomite, pyrite, and analcime in
Shishugou Sag, and lacustrine hydrothermal dolomite in lower
Cretaceous, Erlian Basin
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The mixing of fluids from different sources can directly affect
the isotopic composition and the physical and chemical prop-
erties of hydrothermal fluids and relevant sediments
(McCarthy et al. 2005). Mixed fluids in varying proportions
can sometimes produce a wide range of isotopic variations in
mineral precipitation. Mills and Elderfield (1995) attributed
the 87Sr/86Sr isotope ratios of 0.705136–0.706669 in Trans-
Atlantic Geotraverse (TAG) anhydrites, located at 26 °N on
the Mid-Atlantic Ridge, to the mixtures of seawater and
hydrothermal fluid, with 87Sr/86Sr compositions of 0.70916
and 0.70319, respectively. Yang et al. (2018) reported
87Sr/86Sr isotope ratios ranging from 0.707878 to 0.712426
in bedded hydrothermal barite inMesoproterozoic Jingtieshan
deposits in the North Qilian Mountains, which reflect the re-
sults of submarine hydrothermal solutions mixed with seawa-
ter. In the East African Rift system, low 87Sr/86Sr isotope
ratios of 0.704148 to 0.705879 in the carbonate chimneys of
Lake Abhé, Afar Rift, represent a mixture of spring fluid and
lake water, with 87Sr/86Sr = 0.703809 and 0.706565, respec-
tively (Dekov et al. 2014). However, the 87Sr/86Sr isotope
ratios in the hydrothermal aragonite chimneys of Lake
Tanganyika, which belong to the same East Africa Rift sys-
tem, are 0.72183–0.72495 and are much higher than those of
the Lake Abhé carbonates. The relatively high Sr isotopes can
be attributed to the mixing of fluids between lake water and
hydrothermal fluid as well. These fluctuations of 87Sr/86Sr
ratios in hydrothermal deposits indicate that ambient water
and hydrothermal fluids both play a vital role in the formation
of hydrothermal minerals.

The 87Sr/86Sr ratios in the phenocryst-like calcite in the
Jimusar Sag vary between 0.705002 and 0.705776, which are

considerably less than theminimum value of the 87Sr/86Sr ratios
in Permian seawater, reported as 0.70685 (Fig. 7; Korte et al.
2006) and 0.706914 (Kani et al. 2008), as well as less than the
values of Pennsylvanian seawater, reported at >0.7070 (Veizer
1989). The regional extension status of the eastern Junggar
Basin lasted from 330 Ma to 265 Ma, which is also known as
the continental rift stage (Li et al. 1992) or post-collisional
plutonism (Han et al. 2006). During the Lucaogou period, vol-
canic activities decreased gradually, although sublacustrine hy-
drothermal activities were still frequent in and around the study
area (Liu et al. 2012; Jiao et al. 2018). Although the relatively
high BaN/LaN ratios in the calcite indicate a biogenic source
(Fig. 6) that likely originated from the leaching of underlying
late Carboniferous limestones, the low Sr isotopes, which partly
overlap the range of Sr ratios of late Carboniferous basalts and
andesites (ESM; Fig. S3), and the significantly positive Sr
anomalies, both demonstrate that magmatic water from the
deep magma chamber may be another source for the formation
of the phenocryst-like calcite in the Jimusar Sag.

Regarding the phenocryst-like mineral assemblages in the
Shishugou Sag, the 87Sr/86Sr ratios of dolomite overlap those
of calcite and C2b volcanic rocks (ESM; Fig. S3), and the
spots of Ba/La–La/Sm of the dolomite, analcime, and pyrite
all fall into the same zone as those of the C2b basalts and are
close to the Mixing Curve B (Fig. 6). These isotopic and
geochemical features could explain the hydrothermal fluid as
a mixture of both lake water and underlying C2b volcanic and
detrital rocks such that cold lake water flowed down along the
fractures, became heated and interacted with the underlying
volcanic and detrital rocks, and returned to the bottom of the
lake in the Shishugou Sag.

Driven by associated water–rock interactions between sea-
water and underlying basalts, the δ34S of hydrothermal sulfide
is approximately 0–6‰ in sediment-barren mid-oceanic ridge
regions (Woodruff and Shanks III 1988; Seal II 2006; Zeng
et al. 2017). However, the changes in S isotopes vary widely
from those documented in other sites such as along the Mid-
Atlantic Ridge, back arc, arc settings, and sediment–host sys-
tems (Fig. 11 in Shanks III 2001) as a result of thermochem-
ical reductions of seawater sulfate, the involvement of terres-
trial sediments, bacterial sulfate reductions, fluid pH, and oth-
er factors (Shanks III 2001; Seal II 2006; Peters et al. 2010;
Lee et al. 2018). The bulk S isotope of Galapagos ridge basalts
is 0.3 ± 0.5‰, with an average fraction factor of +7.4 ± 1.6‰
between the sulfate and sulfide (Sakai et al. 1984). Seawater
sulfate has a δ34S value of +21‰ (Rees et al. 1978). In con-
trast, bacterial sulfate reduction is believed to be responsible
for the strongly depleted δ34S values of up to −30‰ (Shanks
III 2001). The variation in S isotopes in thermal fluids on land
might reflect the complexity of the S source, isotopic fraction-
ation in different temperature systems, water–rock interac-
tions, and redox reactions in submarine hydrothermal systems.
Gunnarsson-Robin et al. (2017) reported multiple S isotope
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compositions in Icelandic geothermal fluids with δ34S for
ΣS−II, SO4, and H2S (gas) at values of −11.6–10.5‰, −1.0–
24.9‰, and − 2.6–5.9‰, respectively, which confirms the
mixed S sources of MORB leaching and the reduction of
seawater sulfate. In the Shishugou Sag, the δ34S values of
the phenocryst-like pyrite fluctuates in a narrow range be-
tween 10.8 ± 0.14‰ and 12.3 ± 0.16‰, with an average of
11.6‰, which partly overlap with the δ34S values in
sediment–host ridges (Fig. 8). Because the bacterial sulfate
reduction tends to produce depleted S isotopes and large iso-
topic fractionation in sulfides (Habicht and Canfield 2001),
the positive δ34S values in the Lucaogou pyrite indicate mixed
sources of S from the leaching of underlying basalts and sed-
iments and the abiotic thermochemical sulfate reduction of
lake water or organic matter (Goldstein and Aizenshtat
1994; Seal II 2006). Moreover, the variation in S isotopes in
the Lucaogou pyrite might reflect the different proportions of
hydrothermal sources in the mixed hydrothermal fluid.
Ohmoto and Lasaga (1982) found that the sulfate–sulfide
equilibrium could not be attained during the co-precipitation
of sulfate and sulfide minerals at T ≤ 350 °C unless the pHwas

low. If the negative δEu indicates the presence of hydrother-
mal fluid at temperatures of less than 250 °C before the pre-
cipitation of minerals, S isotope disequilibrium was likely

Fig. 7 In situ analytical results of 87Sr/86Sr ratios for calcite and dolomite
in the Lucaogou Formation. Background graph of “Running 87Sr/86Sr
mean for well-preserved Permian brachiopod shells” is cited from Fig.
5 of Korte et al. (2006). The position of the Lucaogou Formation in the
Permian time scale is obtained from Yang et al. (2007, 2010)

Table 6 In situ analytical results of the 87Sr/86Sr ratios of calcite and dolomite in the Lucaogou Formation

Spot
number

Mineral Location 87Sr/86Sr 2σ Spot
number

Mineral Location 87Sr/86Sr 2σ

NO-001 calcite Well Jm5, Jimusar Sag 0.705465 0.000040 NO-027 dolomite Well Sh2, Shishugou Sag 0.705972 0.000033

NO-002 0.705488 0.000034 NO-028 0.705959 0.000040

NO-003 0.705283 0.000029 NO-029 0.705968 0.000037

NO-004 0.705363 0.000035 NO-030 0.705751 0.000032

NO-005 0.705498 0.000052 NO-031 0.705321 0.000014

NO-006 0.705422 0.000062 NO-032 0.705696 0.000049

NO-007 0.705349 0.000022 NO-033 0.705916 0.000028

NO-008 0.705735 0.000046 NO-034 0.705750 0.000014

NO-009 0.705230 0.000039 NO-035 0.705841 0.000027

NO-010 0.705065 0.000047 NO-036 0.705845 0.000031

NO-011 0.705397 0.000035 NO-037 0.705854 0.000028

NO-012 0.705386 0.000057 NO-038 0.705794 0.000026

NO-013 0.705425 0.000033 NO-039 0.705834 0.000031

NO-014 0.705266 0.000016 NO-040 0.705765 0.000026

NO-015 0.705343 0.000022 NO-041 0.705608 0.000025

NO-016 0.705072 0.000021 NO-042 0.705769 0.000030

NO-017 0.705307 0.000022 NO-043 0.705772 0.000038

NO-018 0.705368 0.000030 NO-044 0.705912 0.000038

NO-019 0.705518 0.000034

NO-020 0.705206 0.000020

NO-021 0.705002 0.000020

NO-022 0.705152 0.000027

NO-023 0.705329 0.000034

NO-024 0.705446 0.000039

NO-025 0.705490 0.000046

NO-026 0.705776 0.000036
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dominant during the formation of the Lucaogou pyrite in the
Shishugou Sag. A simple two end-member mixing model was
used to roughly evaluate the proportion of sulfur sources from
the mixed isotopic compositions (δ34Smixture = X·δ34Ssulfate +
(1-X)·δ34Sbasalt). When assuming δ34Ssulfate = +21‰, based
on the δ34S values of seawater sulfate owing to a lake of
relevant research; δ34Sbasalt = 0‰, based on MORB; and
δ34Smixture = +11.6‰, based on the average value of
Lucaogou pyrite, the percentage of the S source from dis-
solved sulfate would be approximately 55% of the total sulfur
isotope composition, with the remaining 45% possibly origi-
nated from underlying basaltic rocks.

Although further work is needed to explore the detailed
processes of the hydrothermal activities responsible for the
formation of phenocryst-like minerals in the Lucaogou
Formation, as is more evidence for the potential fluid sources
and their proportions in the Jimusar and Shishugou sags, the
present results from the in situ S isotopes in pyrite are consis-
tent with those from the in situ Sr isotopes of the carbonates
and with geochemical features of REEs and their ratios. This
indicates that the phenocryst-like calcite, dolomite, analcime,
and pyrite in the Lucaogou Formation in the eastern Junggar
Basin were precipitated from mixed hydrothermal fluids of
various sources.

Formation of the “porphyritic” texture in Lucaogou
mudstones

In addition to the geochemical evidence of the Lucaogou
phenocryst-like mineral assemblages, the detailed microscop-
ic features of the minerals exclude the “porphyritic” texture
from diagenetic origin; instead, the calcite and dolomite–anal-
cime–pyrite, and fine-grained sediments are more similar to
the primary textural components as the “phenocryst” and “ma-
trix” of the rock. Microscopic and back-scatter observations

revealed that the coarse calcite assemblages in Well Jm5 and
the analcime–dolomite–pyrite assemblages in Well Sh2 were
distributed along or surrounded by compressed micro-laminae
(Fig. 3 b, g; Fig. 4 a, b). This indicates that they formed very
early, possibly during the syn-sedimentary period, or at least
earlier than the early burial diagenesis of mechanic compac-
tion in the surrounding fine-grained sediments.

The OM-CL imaging revealed that the calcite assemblages
in Well Jm5 have two stages of luminescent textures: Stage I
calcite with orange to dull orange luminescence zoning and
non-luminescent cores (white arrows in Fig. 3 c–e), and Stage
II calcite with diagenetic bright orange luminescence (white
dotted arrows in Fig. 3 c–e). Mn and Fe are widely believed to
be themain activator and quencher, respectively, of visible CL
in sedimentary carbonates (Fairchild 1983; Habermann et al.
1996; Budd et al. 2000). The bright orange luminescence of
Stage II calcite indicates a diagenetic origin with the partici-
pation of Mn during burial. However, the oscillatory zonings
of Stage I calcite indicate a primary texture of crystal growth
and are similar to some extent to the zoned phenocrysts in
volcanic rocks, which reflect the changes in the melt compo-
sition or magma mixing (Anderson Jr 1984; Watt et al. 1997;
Churikova et al. 2013). Meanwhile, the incomplete outlines of
calcite indicate that these crystals might have broken before
being settled down into the sublacustrine sediments (Fig. 3 c–
f). Budd et al. (2000) suggested 100 ppm Fe as the minimum
for the quenching of CL when Mn is below 200 ppm and that
25 ppm Mn is necessary to initiate visible CL. Moreover,
Hemming et al. (1989) proposed that calcite with more than
approximately 100 ppmMnwill still luminesce even under Fe
concentrations of up to 10,000 ppm. The EPMA major ele-
mental analysis showed that most calcite cores have no detect-
able Mn (Table 1), which is consistent with their features of
non-luminescence. However, the existence of bothMn and Fe
at averages of 334 ppm and 1184 ppm, respectively, in the
zones of Stage I calcite explains the dull color in the OM-CL.
The phenocryst-like dolomite was non-luminescent which is
likely due to the quenching of extremely high Fe concentra-
tions in Well Sh2 (Table 2).

In summary, the compressed surrounding laminae in the
“matrix,” the broken crystal forms, and the differences in lu-
minescence between Stage I and Stage II calcite indicate that
the primary origin of the calcite “phenocryst” is the release of
early crystallized calcite from hydrothermal fluids rather than
cavity-filling products in the burial diagenetic process.

Conclusions

The eastern Junggar area formed in the late stage of continen-
tal extension (rift) during the middle Permian period and was
filled with lacustrine dominated sediments with numerous tec-
tonic fractures connecting to the underlying formations.

Fig. 8 δ34SV-CDT of pyrite in the Permian Lucaogou Formation.
Background graph of “Range of δ34S for sulfide and sulfate minerals
from modern seafloor hydrothermal system” is cited from Fig. 18 of
Seal II (2006)
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Along the fractures, lake water flowed down through the un-
derlying rocks and was heated by and mixed with deep up-
welling magmatic water. In this process, the rock and fluids
interacted, which precipitated new minerals that were carried
back to the lake floor with the mixed hydrothermal fluid. The
diverse mineral assembles in the Jimusar and Shishugou sags,
the geochemistry of the elements and elemental ratios, and
their Sr and S isotopes reflect the complexity of hydrothermal
fluid sources, such that they were controlled by the sediment–
host or organic matter–host environment and the underlying
rock type. Unlike the SEDEX deposits or massive
polymetallic ores formed in submarine hydrothermal fields,
the understanding of the scientific and economic significance
of ancient lacustrine hydrothermal activities remains limited.
Therefore, further research is needed to explore the potential
relationship between hydrothermal activity and the formation
of hydrocarbon in ancient tectonic active basins. The
phenocryst-like minerals and mineral assemblages found in
the Lucaogou Formation could provide an insight into tracing
the hydrothermal activities in ancient terrestrial successions.
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