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1. Introduction

Over the past decades, it has been observed that materials originated from
the deep earth, including fluids and minerals formed by volcanichydrothermal
activities, have a close relationship with hydrocarbon generation and
accumulation through organic-inorganic interaction (Weitze, 1985; Liu et al.,
2019; Procesi et al., 2019; Jiao et al., 2020). Oil accumulations have been found
in areas of volcanic-hydrothermal
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deposits within ~300 km from volcanic centers worldwide (Bigi et al., 2015;
Berndt et al., 2016; Liu et al., 2019; Procesi et al., 2019). In addition, sediments
from volcanic eruption and hydrothermal precipitation have been observed in
many hydrocarbon source rocks in petroliferous basins (Weitze, 1985; Jiao et
al., 2020). For example, the alkaline lakes influenced by volcanic-hydrothermal
activities and evaporation have extremely high primary productivity, and their
deposits serve as critical source rocks in some basins, such as the Paleogene
Green River Formation in U.S.A., the Cambrian Observatory Hill Formation in
Australia, and the Permian Fengcheng Formation in China (Cangemi et al.,
2016; Cao et al., 2020; Guo et al., 2021). Furthermore, many lacustrine source
rocks are hydrocarbon-rich fine-grained sedimentary rocks with volcanic-
hydrothermal deposits in some Chinese petroliferous basins, such as Permian
Lucaogou Formation in Santanghu and Junggar basins (Liu et al., 2012; Jiao et
al., 2018a, 2018b, 2020), Cretaceous Tengger Formation in ErlianBasin (Yang
et al., 2020, 2021b), Bayingebi Formation in Yin'e Basin (Zhang et al., 2020),
Yingcheng Formation in Songliao Basin (Shan et al., 2013), and Xiagou
Formation in Jiuquan Basin (Wen et al., 2013). The rocks are important
unconventional oil and gas reservoirs amid the increasing demand for
unconventional hydrocarbon resources (Zou et al., 2014; Liang et al., 2018;
Jiang etal., 2021). These source rocks all formed in rift basins, suggesting direct
influence and participation of mantle-originated materials in lacustrine
sedimentation. However, these fine-grained rocks have commonly been
misinterpreted as simple terrestrial sedimentary deposits for a long time,
because the great difficulties in petrological and mineralogical studies of very
fine-grained sediments (Jiao et al., 2020; Jiang et al., 2021).

Four effects of volcanic-hydrothermal activities on hydrocarbon generation,
migration, and accumulation have been speculated (Liu et al., 2019). First,
volcanic-hydrothermal activities produce abundant gas of CO,, CH4, H,, and
NHs, and ions of Fe, Mn, Zn, Co, and Cu (Botz et al., 2002; Capaccioni et al.,
2004; Shuai et al., 2018; Liu et al., 2019), many of which can serve as nutrients
to increase organic productivity. Second, thermal energy released by volcanic-
hydrothermal activities speed up the generation process from organic matters
to hydrocarbon. Simoneit (1984) termed this petroleum as “hydrothermal

petroleum” in the Guaymas Basin in the Gulf of California, and was observed

in some other rift basins, such as the East African Rift Valley (Simoneit et al.,
2000), Red Sea Trough (Michaelis et al., 1990), and Bohai Bay Basin (Zhu et
al., 1994). Third, deep fluids upwelling through fractures dissolved some
constituents in reservoir rocks to improve the porosity and permeability (Smith,
2006; Davies and Smith, 2006). Finally, deep supercritical CO, may displace
retained oil in deep and tight reservoirs and CHy in shale to facilitate
hydrocarbon migration (Hyatt, 1984; Liu et al., 2019). However, these
speculations are based on modern observations. More researches on ancient
examples are required.

Petrographically, sand and gravel-sized grains in fine-grained sedimentary
rocks deposited in many environments are commonly sparse, but may indicate
exceptionally sedimentary environments and processes (White and Houghton,
2006; de Silva et al., 2013; Benison, 2017, 2019; tapcik et al., 2021). In
volcanic-hydrothermallyinfluenced alkaline lakes, they are commonly
interpreted as replacement from gypsum or alkaline minerals formed during
evaporation (Garcia-Fresca et al., 2018; Cao et al., 2020; Guo et al., 2021). The
possibility of those grains originated from subaqueous volcanic eruption is not
well documented (White and Houghton, 2006). More detailed microscopic
studies will improve our understanding of the effect of volcanic-hydrothermal
activities on the origin of those grains so as to provide insights to aid in
hydrocarbon exploration.

In this study, we characterize sand-sized mono- and polycrystalline calcite
grains accumulated in hydrocarbon-rich mudstones in the middle Permian
Lucaogou Formation in Santanghu Basin. The petrographic and geochemical
characteristics of the grains and the hosted tuffaceous mudstone, and the
underlying and overlying tuffaceous mudstones without calcite grains are
compared. The sedimentary products and processes of subaqueous volcanic-
hydrothermal activities and related hydrocarbon generation are discussed. This
study provides an ancient analog for future research on the role of
volcanichydrothermal activities on lacustrine sedimentation and hydrocarbon
generation.

2. Geological background

The Santanghu Basin is a late Palaeozoic intracontinental rift basin located
in the north of the Bogda Mountains in northwestern China (Fig. 1A). Two
major tectonic episodes formed its basement during Carboniferous and a series
of grabens, where fluvial-lacustrine sediments started to accumulate since the
early Permian (Zhou et al., 2006; Xia et al., 2008; Yang et al., 202 1a). The basin
contains five sags, among which the Malang Sag is the target area for oil
exploration and the focus of this study.

The Permian Lucaogou Formation is composed mainly of lacustrine fine-
grained rocks with common carbonate rocks deposited in an intracontinental
sediment-starved, deep, stratified, and anoxic lake (Liu et al., 2012). It is an
important source rock and shale oil reservoir in the Santanghu Junggar, and
Turpan-Hami basins in north Xinjiang (Li et al., 2015; Hackley et al., 2016; Liu
etal.,2017; Zhang et al., 2018, 2020). It is sandwiched by two regional volcanic
rock-dominated formations (Fig. 1B-E). The underlying lower Permian
Kalagang Formation consists of intermediate-felsic igneous rocks and tuff,
while the overlying middle Permian Tiaohu Formation consists mainly of mafic

volcanic rocks and tuffaceous shale (Wang et al., 2015).
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Laminated dolostone and tuffaceous shale intercalated with tuff are the main
lithological association in the Lucaogou Formation (Jiao et al., 2020; Liu et al.,
2020). However, the complex mineral composition and heterogeneity
complicate the interpretation of the distribution of lithofacies and hydrocarbon
accumulations. The results of conventional fracturing technique for the
Lucaogou shale show fast production decline, low recovery, and poor
economics (Liang et al., 2019; Xu et al., 2020). The Lucaogou Formation
contains cone-shaped volcanichydrothermal build-ups on seismic section (Jiao
etal., 2018a, 2018b). Fine sand to silt-sized angular alkaline feldspars, analcite,
diopside, and shard-like vitric grains are common in laminated core samples
with soft-sediment deformation, indicating high-density pyroclastic flow
deposits (Jiao et al., 2018a). Silt to clay-sized pyroclastic grains and
hydrothermally-originated carbonate and siliceous minerals occur in various
lithofacies (Liu et al., 2012; Jiao et al., 2018b, 2020). Strikingly, those minerals
show relationship with hydrocarbon accumulation. For example, the dolomite-
bearing tuffaceous shale and tuffaceous dolostone have the highest total organic
carbon (TOC) content and oil generation potential. In addition, some shales
containing hydrothermally precipitated quartz and hydrothermally altered
buddingtonite also have a high TOC content (Jiao et al., 2020; Pan et al., 2020;
Liu et al., 2020; Zhang et al., 2021). Hence, the unique lithologies in the
Lucaogou Formation make them good candidates to study subaqueous volcanic
explosion, hydrothermal activities, and related hydrocarbon generation.

3. Data and methods

Five beds of mudstone containing sand-size calcite grains in the Lucaogou
Formation were observed at the depth of 2320-2321 m in Well M10 in the
Malang Sag in Santanghu Basin (Fig. 1A). The well is close to a field dominated
with interpreted volcanic deposits (Fig. 1B— D). The Lucaogou in the well is
mainly composed of well laminated dolomite-bearing tuffaceous shale with thin
tuffaceous dolostones in the lower part and rare siltstones in the uppermost part
(Fig. 1E), which indicate that pyroclastics and chemical precipitates are the
dominant sediments in this area. A 5-cm core from the five mudstone beds was
used in this study for its representative composition, texture, and structure. The
core was cut into four pieces numbered as M10-A, M10-B, M10-C, and M10-
D. The underlying (M10U) and overlying (M100) segments of the core, which
do not contain calcite grains, were used for comparative study. Sample M10-A
was polished for observation of macroscopic sedimentary structures. Sample
MI10-B was made into a thin section for observation using polarizing
microscope, microprobe, Tescan Integrated Mineral Analyzer (TIMA), and
fluid inclusion analysis. Sample M10-C was prepared for strontium, carbon, and
oxygen isotopes. Samples M10-D, M100, and M10U were powdered for XRD,
Rock Eval pyrolysis and biomarker analysis.

The micro-structures and textures of calcite grains and distribution of
organic matter were first documented in thin section using polarizing and
fluorescent microscope (OLYMPUS, U-LH100HG), then using the electron
microprobe (JXA-8100, 15 KV, beam spot size 1 um) for mineralogical and
chemical confirmation and textures of silt to clay-sized
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Fig.1. A. Simplified geological map of Santanghu Basin showing the surrounding outcrop areas, and sags and uplifts in the subsurface. Black dashed box is the location of (D). Modified after Ma et al.
(2002). B. A 2-D seismic section close to the sampling well M10. Yellow lines are sequence boundaries. Pot — middle Permian Tiaohu Formation; Pol — middle Permian Lucaogou Formation; Psk —
lower Permian Kalagang Formation. C. Line drawings of (B) showing stratigraphic features. The seismic reflections in the lower and uppermost parts of the Lucaogou Formation on the seismic sections
are discontinuous and chaotic with some cone-shaped stratigraphic buildups, whereas the middle part contains continuous high-amplitude reflections. The red box is the location of selected sample. D.
Interpreted volcanic and hydrothermal fields in Malang Sag (modified after Jiao et al., 2018b). Blue line is the location of the seismic section of (B). E. Lithostratigraphy of Lucaogou Formation in Well
M10. It is interpreted from well logs and partly core observations. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

grains. The mineralogy, volumetric percentage, and occurrence of various
minerals were documented on the thin section using TIMA (beam energy
25,000 eV, probe current 8.85 nA, beam spot size 74 nm).

Geochemical analysis was conducted to obtain the strontium, carbon, and
oxygen isotopes of the calcite grains to interpret the origin and controlling
factors of the fluid that formed the calcite. A selected sample was split into two
parts. One part was made into a thin section with a thickness of 60 pm for
strontium isotope analysis, while the other part was crudely polished to form a
flat surface. Twenty pristine sand-sized calcite grains, numbered as M-1 to M-
20, were selected and their major element compositions were documented using
the electron microprobe. In-situ analysis of strontium isotope and trace
elements composition of the calcite grains was performed using a Geolas Pro

laser-ablation system with a beam size of 44 pm, which is coupled to a Neptune
multiple-collector ICP-MS in the Key Laboratory of Xi'an Center of the
Chinese Geological Survey. Fifteen calcite grains were micro-drilled on the flat
surface to obtain one sample of mixed powder for carbon-oxygen isotope
analysis using a MAT252 mass spectrometer at the Laboratory of Continental
Dynamics in Northwest University, China. A total of five such mixed samples,
numbered as M10-C-1 to M10-C-5, were analyzed.

The morphology, distribution, and homogenization temperature of fluid
inclusions in calcite grains were tested to obtain the fluid characteristics. About
100 inclusions were identified using microscope under plane-polarized light
and fluorescence incident blue light. The primary and secondary of inclusions
were differentiated on the basis of their distribution and morphology. 45
primary inclusions were selected for further analysis. The chemical
compositions of 15 out of the 45 inclusions
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were obtained through micro-Raman spectroscopy. The other inclu- LINKAM THMS600 (-196—600 °C in testing range and £1 °C in heating sions are filled mainly
with hydrocarbons. The homogenization temper- error) in the Department of Geology, Northwest University, China. Fiature of the 15 inclusions was obtained using

a cooling-heating stage nally, the microscopic fluorescence spectra of hydrocarbon-rich
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Mineral composition, Rock Eval pyrolysis, and biomarker parameters of TMC in the Lucaogou Formation. The average data of Shale® is cited from Liu et al. (2017); Shale® is Hackley et al. (2016);

Shale®is Jiao et al. (2020); M100 and M 10U are the overlaying and underlaying TM, respectively; Mineral compositions were detected by XRD; Cal-calcite, Qz-quartz, Plc-plagioclase, Kf-K-feldspar,

Dol-dolomite, Py-pyrite; TOC-total organic carbon, Si-free hydrocarbons, S>-hydrocarbon generated during Rock Eval pyrolysis, Si+ S»-generative potential,

HI-hydrogen index, PI-production index, Calculated Ro= (Tmax*0.018)-7.16; OEP = (Ci5+ 6Ci7+ Ci5)/[4(Cis+ Cis)], CPI =2(Ca3+ Cas+ Ca7+ Ca9)/[Ca2+ 2(Cas + Cas+ Cas) + C3o], Pr/Ph =
Pristane/Phytane, Pr/C ;= Pristane/C7n-alkane, Ph/Cis= Phytane/C sn-alkane, C27% = C» steranes/(C,7 steranes + Cas steranes + Cao steranes), Homohopanes Cs1S/ R = Homohopanes C3,22S/(22S +

SSR), GI = Gammacerane/Csohopane.

Sample Mineral composition TOC S, S> Tmax S14S2 HI PI Calculated Ro
No. Cal Qz Plc Kf Dol Py (%) (mg/g)  (mg/g) (°C) (mg/g) (mg/g)
M10-D-1 46.7 15.1 241 43 7.2 2.6 6.07 3.13 39.39 440 42.52 648.93 0.07 0.76
M10-D-2 45.8 13.9 306 23 7.1 0.3 641 321 38.06 446 41.27 593.76 0.08 0.87
M10-D-3 52.1 8.1 303 22 6.9 0.4 7.93 2.98 38.71 438 41.69 488.15 0.07 0.72
M10-D-4 54.8 7.2 294 28 5.8 0 7.14 311 39.12 440 42.23 547.9 0.07 0.76
M10-D-5 34.8 13.8 368 6.7 6.6 1.3 6.78 323 38.52 442 41.75 568.14 0.08 0.80
Average 46.8 11.6 302 3.7 6.7 0.9 6.87 3.13 38.76 441.2 41.89 569.38 0.07 0.78
M100 0 28.7 45.8 15.4 8.1 2.0 3.43 2.00 14.89 439 16.98 437 0.12 0.74
M10U 0 20.5 546  16.6 6.1 2.2 344 142 26.47 435 27.89 769 0.05 0.67
Shale* n=101 425  1.52 23.31 443.82 24.83 467.13 0.07 0.83
Shale® n=10 5.58 246 36.62 445.8 39.07 648.26 0.07 0.86
Shale® n=28 486  2.77 28.44 - 31.22 - 011 -
OEP CPIL C21-/C2+  Pr/Ph Pr/n-Ci; Ph/n-Cis Cx% Cas% Cxn% C27/C29 C28/C29 Cs1 Ca2 Gl Gammacerane/
Steranes Steranes Homohopanes Homohopanes 0.5Cs1aB (22R
S/R S/R +225)
M10 1.29 1.47 0.94 0.51 097 227 22.03 46.12 31.84  0.69 1.45 0.49 0.34 0.35 5.07
M100 0.97 1.56 1.03 1.01  1.00 1.46 22.87 31.58 45.55 0.45 0.87 0.56 0.45 0.12 095
MIOU 1.24 1.75 3.52 1.40  1.46 1.29 22.05 32.80 45.15 0.48 0.88 0.48 0.35 0.37 3.75
Shale* n=27 - - 091  0.70 0.81 - - - - 0.75 - - 025 -
Shale® n=5 1.10 - 1.12 0.59 0.65 158 394 4438 0.35 0.88 - - - -

inclusions and organic matter in the matrix were documented for comparative
study using fluorescence spectrophotometer in Xi'an Shiyou University, China.

Organic geochemical characteristics were documented to interpret the
relationship between the calcite grains and hydrocarbon generation. The
powders of five laminae in Sample M10-D and in samples M100 and M10U
were collected by micro-drilling for pyrolysis and X-ray diffraction (XRD)
analysis. Samples M10-D, M100, and M10U were powdered (<200 mesh) for
biomarker analysis. The biomarker sample was extracted by Soxhlet extraction
for 72 h to fractionate saturate-aromatic-resinasphaltene. The saturated and
aromatic hydrocarbon fractions were analyzed using aTRACE1300-ISQQD300
chromatograph-mass spectrometer. All the above analyses were conducted in
the Department of Geology, Northwest University, China.

4. Results
4.1. Petrographic characteristics

Generally, the fine-grained sedimentary rocks in the Lucaogou Formation
are composed of mm-scale laminated tuffaceous shale and dolostones (Liu et
al., 2012; Jiao et al., 2020; Pan et al., 2020; Zhang et al., 2021). In some cases
where laminations are absent, the shale is termed as tuffaceous mudstone. The
studied sand-sized calcite grains occur in the tuffaceous mudstone with 2-5 cm
thick beds. Their underlying and overlying beds are also tuffaceous mudstones
(Fig. 2A). The mudstone overlies a tuff and underlies a tuffaceous shale (Fig.

1E). Those lithofacies are gray to black and serve as shale oil reservoirs in the
Lucaogou Formation in the Santanghu Basin (Hackley et al., 2016; Liu et al.,
2017). In this paper, we refer the tuffaceous mudstone containing sand-size
calcite grains as TMC for short; while the tuffaceous mudstone without calcite
grains is TM.

4.1.1. Tuffaceous mudstone containing sand-sized calcite grains

Generally, the mudstone containing sand-sized calcite grains (TMC) is
massive and intercalated with tuffaceous mudstones without the calcite grains
(TM) with gradational boundaries at the upper part (Fig. 2A). The calcite grains
have a constant width of ~500 pm and variable length of 100 pm to 2 mm, and
are scattered in the silt to clay-sized non-calcitic matrix (Fig. 2A, B). The grains
are dominantly polycrystalline, rarely monocrystalline, and have smooth edges
along the long axis, and angular saw-toothed edges along the short axis (Fig.
2C-H). Many microcracks occur in the grains (Fig. 2B-F). The studied core of
TMC contains three crude laminae with gradational boundaries and a variable
amount of calcite grains of varying size, morphology, and orientation (Fig. 2A).
In the lower lamina (L1 in Fig. 1A), the grains are the largest, mainly
polycrystalline, ranging mostly from 800 to 1800 pm long, few ~500 pm,
crudely bedding-parallel (Fig. 2C, D), and account for 35% of the lamina. In
the middle lamina (L2), calcite grains are randomly oriented, and account for
~50% of the limina. The polycrystalline calcite grains account for ~70% of all
calcite grains and range from 1000 to 1500 pm in length (Fig. 2E, F), whereas
the monocrystalline grains account for

Fig. 2. Photomicrographs of sedimentary structure and texture of sand-sized calcite grains. White arrows show direction of stratigraphic-up. A. A vertical cut of core showing sedimentary structures of
the tuffaceous mudstone containing sand-sized calcite grains (TMC) and its underlying and overlying tuffaceous mudstones (TM; white dashed lines). The calcite grains are very coarse to coarse sand-
sized, moderately sorted, angular, and discrete in the gray matrix. B. The calcite grains are angular with clear cleavages (straight black lines) and microcracks (irregular black lines). Grains close to the
calcite grains in the matrix (marked by white dashed lines) are oriented along the edge of the calcite grains. C. A close-up of L1 in (A) showing elongate calcite grains. PL. D. The same area as (C)
showing calcite grains under XL. The grains are polycrystalline calcite. E. A close-up of L2 in (A). The calcite grain is very coarse sand in size, has straight (red arrows) and angular (yellow arrows)
edges, and many microcrack (green arrows). PL. F. The same area as (E). The calcite grain is a polycrystalline calcite. XL. G (PL) & H (XL). A single calcite grain in L2 in (A) of a medium sand size,
showing angular edges with sharp convex-concave fracture surfaces (red arrows). The yellow and red dashed boxes are the location of (I and J), respectively. I. A close-up of the matrix. Grains in matrix
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are mainly randomly distributed except those close to the calcite grain. They are mainly silt to clay sized and angular albite with minor dolomite (red arrows) and subrounded quartz (yellow arrows).
Organic matter (black) serves as intergranular pore fillings. BE. J. A close-up of the conformable contact (marked by white dashed line) between a calcite grain and grains in matrix. K. Fluorescent
images under incident blue light of the yellow dashed box in (I), showing the characteristics of organic matter in matrix. Yellowish-brown amorphous, laminated alginites are rich in the matrix. L. The
underlying tuffaceous mudstone is composed mainly of euhedral feldspars. White grains are pyrite. BE. M. Fluorescent images under blue incident light of the underlying mudstone. PL- plane-polarized
light; XL- cross-polarized light; BE- backscatter electron microprobe image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Tescan Integrated Mineral Analyzer (TIMA) image showing mineral composition and texture of TMC. A. An overall image of the studied sample. Different colors represent different minerals.
Their names and volumes (%) are shown on the right part. B. Close-up of red dashed box in (A). The white area between minerals is pores which are filled by orgeanic matter. C. Close-up of black
dashed box in (A). D. The same area as (C). An artificial-single phase image of calcite grains (purple; other minerals are gray), showing that calcite only occurs as sandsized grains, not present in matrix.
E. The same area as (C). A single phase image of albite showing that albite grains mainly occur in matrix and some microcracks in the calcite grains. F.The same as (C), showing the quartz grains. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Photomicrographs of fluid inclusions in sand-sized calcite grains showing their morphology, distribution, and fluorescent color. A. A grain rich in hydrocarbon-rich fluid inclusions (red arrows).
PL. B. The same grain as in (A), showing characteristics of organic matter (green arrows) on the grain and in matrix under fluorescence incident blue light. Exposure time is 2 s. C & D. Hydrocarbon-
rich inclusions along microcracks or cleavages are elongate along a crack or confined in cleavages. PL. E &F. Isolated hydrocarbon-rich inclusions are mainly rhombic and randomly distributed. PL. G.

The rhombic inclusions show yellow color (yellow arrows), whereas the irregular inclusions show orange color (green arrows). Organic matter in microcrack and matrix show similar orange color under
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fluorescence incident blue light. H. Hydrocarbon-rich fluid inclusions are abundant and randomly distributed (yellow arrows), and/or along cleavages or micro-cracks in calcite (green arrows). Gas-

liquid fluid inclusions are mainly chain-like as secondary inclusions. Red arrow marks a primary inclusion. PL. I. Raman spectrogram of a hydrocarbon-rich fluid inclusion. J. Raman spectrogram of a

gas-liquid fluid inclusion. PL- plane-polarized light. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig.5. Homogenization temperature distribution of fluid inclusionsin sand-sized calcite grains. Three main ranges of temperature are separatedby blue dashed lines. Images of typical fluid inclusions are

shown within the three ranges. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

~30% and range from 200 to 500 um (Fig. 2G, H). Calcite grains in the upper
lamina (L3) have similar grain size and orientation to those in the middle lamina,
but are less abundant (45%).

The whole-rock mineral composition of the five TMC samples, as obtained
by XRD analysis, is calcite (34.8-54.8 wt%, 46.8 wt% on average), plagioclase
(24.1-36.8%, 30.2% on average), quartz (7.2-15.1%, 11.6% on average),
dolomite (5.8-7.2%, 6.7% on average), K-feldspar (2.2-6.7%, 3.7% on
average), and pyrite (0-2.6%, 0.9% on average; Table 1). The composition
obtained by TIMA (Fig. 3A, B, C) is similar to that by XRD analysis and is
calcite (41.22%), albite (34.05%), and quartz (10.08%) with a minor amount of
dolomite, pyrite, anorthite, ankerite, orthoclase, and apatite. Surprisingly, the
non-calcite grains are of a silt to clay size and serve as matrix, whereas the
calcite grains only occur as framework grains and are sand sized (Fig. 3D-F).

In the matrix, non-calcite grains and organic particles are randomly
distributed, except where they are close the calcite grains, they are oriented
parallel to the edge of the calcite (Fig. 2B, J). Albite grains are angular and silt
to clay-sized, whereas quartz grains are subrounded (Fig. 2I). Organic particles
are abundant in the matrix and show bright, amorphous, and laminated
fluorescence (Fig. 2K).

4.1.2. Tuffaceous mudstone without sand-sized calcite grains

Tuffaceous mudstones (TM)underlying and overlying the studied TMC
have a similar mineral composition and texture (Table 1, Fig. 2L). However,
TM is not organic rich as indicated by the dark green fluorescence (Fig. 2M). It
is composed dominantly of silt-sized angular plagioclase feldspars (50.2 wt%
on average) and K-feldspar (16.0 wt% on average), quartz (24.6 wt% on
average), dolomite (7.1 wt% on average), a trace amount of pyrite, and no clay
minerals (Fig. 2L). TM is common in the Lucaogou Formation, and is
characterized by abundant pyroclastic grains with minor terrigenous quartz and
rare clay minerals. It was described in detail by Jiao et al. (2020).

4.2. Characteristics of fluid inclusions

Fluid inclusions in the sand-sized calcite grains are characterized by a
hydrocarbon-rich content (Fig. 4A-G). Three types of inclusions were
identified on the basis of their distribution, composition, and morphology. The
first type contains abundant hydrocarbon and is brown (Fig. 4A, B), and
accounts for ~70% of all 100 observed inclusions. The calcite grains containing
the inclusions have an irregular or rhombic shape. The irregular inclusions (Fig.
4B-D) are 15-30 pm in size, accounts for ~95% of the hydrocarbon-rich
inclusions and have a wide range of homogenization temperature ranging from
~100 to ~320 °C with a peak temperature of ~180 °C (Fig. 5; Table S1). They

mainly occur in micro-cracks with anelongated shape (Fig. 4C) or cleavage
planes of calcite crystals with a subrhombic shape (Fig. 4D). The inclusions
show an orange color under blue fluorescent light (Fig. 4B, G). The rhombic
inclusions are not common and have a high homogenization temperature
ranging from ~320 °C to ~400 °C (Fig. 5). They are 2040 pm in size, typically
rhombic, and isolated and randomly distributed (Fig. 4E, F). The inclusions
show a yellow color under blue fluorescent light (Fig. 4B, G). The second type
of inclusions contains mixed gas-liquid, and is 2—5 pm in size, rhombic to
elongate in shape, and randomly distributed (Fig. 4H). It accounts for ~20% of
all inclusions. The homogenization temperature ranges from 48 to 116.9 °C,
with a peak temperature of ~80 °C. The third type of inclusions has a chain-like
distribution and is interpreted as secondary inclusions (Fig. 4H) and, thus, is not
further studied.

The first and second types of inclusions have a variable chemical
composition and degree of maturity of hydrocarbon. First, the Raman spectra
of the inclusions show the typical spectrogram of organic matter (Fig. 41). The
exact chemical composition cannot be determined because of the complex
signals caused by the high hydrocarbon content. Nevertheless, the gas-liquid
inclusions show a dominant content of N, and H, with a minor amount of CH,
and liquid water (Fig. 4J; Table 2). Second, the organic particles in the matrix
and the irregular-shaped

Table 2

Chemical composition and homogenization temperature of liquid-gas fluid inclusions in sand-
sized calcite grains in the studied mudstone. Only data with the analyzed chemical compositions
and homogenization temperature are shown. All analyzed data are in supplementary material
Table S1.

No. Size Shape Gaseous Liquid Homogenization
(Mm) phase (%) phase (%) temperature(°C)
CHs N> Hx Hx0
1 2 Rhombus 78 22 100 50
2 3 Rounded 89 11 100 66

3 2 Rhombus 10 72 18 100 75 4 4 Rounded 69 31 100 93 5 5 Elongated 76 24 100 90 6
3 Rhombus 84 16 100 106 7 2 Rounded 82 18 100 82 8 4 Rhombus 7 63 30 100 69

9 5 Rounded 85 15 100 58 10 3 Rhombus 78 22 100 102 11 2 Rounded 74 26

100 90 12 2 Rhombus 6 72 22 100 91

13 5 Rhombus 8 68 24
100 87 14 4 Rhombus 5
75 20 100 116
15 3 Rounded 81 19 100 117
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Fig. 6. Microscopic fluorescence spectra of organic matter and fluid inclusions in the calcite-bearing mudstone. I.x= maximum spectral intensity; Amax = wavelength corresponding to

Tmax.

Table 3

maximum spectral intensity of A = 560 (Fig. 6A—C). On the other hand, the
rhombic inclusions show a yellow color and their Ay.xis 526 (Figs. 4B, G, 6D).

hydrocarbon-rich inclusions have the similar orange color under the
fluorescence light (Fig. 4B, G) as well as similar microscopic fluorescence

spectra with the same wavelength corresponding to a

In-situ *’Sr/*Sr ratios, and & °C and & 'O values of sand-sized calcite grains from the Lucaogou Formation. 2SD = 2 times the standard deviation of the population of n (n > 3) repeat measurements
of the standards during an analytical session. (*’Sr/**Sr)o s the testing ratio. The concentration of Sr and Rb are conducted by LA-ICP-MS. (*’Sr/**Sr);is the calculated initial ratio. (*’Sr/**Sr);=

(¥Sr/*Sr)o- RS x (eM-1). A= 1.42 x 107", t =270 Ma, e = 2.718.

Sample No. (87Sr/86Sr)0 2SD Sr (ppm) Rb (ppm) (87S1/86Sr)i Sample No. 6 13C %o 6180 %o
M-1 0.705101 0.000099 1216.55 0.095 0.705100 M10-C-1 4.39 -21.70
M-2 0.705236 0.00015 727.72 0.069 0.705235 M10-C-2 4.69 -21.37
M-3 0.705001 0.000151 1196.8 0.083 0.705000 M10-C-3 5.06 -21.18
M-4 0.705051 0.000088 1124.21 0.075 0.705050 M10-C-4 4.24 -21.58
M-5 0.704989 0.000095 849.07 0.07 0.704988 M10-C-5 4.48 -21.63
M-6 0.705122 0.00008 1682.27 0.134 0.705121 Average 4.57 -21.49
M-7 0.705072 0.000098 1580.07 0.079 0.705071

M-8 0.705287 0.000109 1201.16 0.109 0.705286

M-9 0.705841 0.000195 1120.18 0.069 0.705840

M-10 0.705302 0.000093 823.68 0.088 0.705300

M-11 0.705123 0.000059 1542.17 0.064 0.705123

M-12 0.705009 0.000079 1610.96 0.069 0.705009
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M-13 0.704932 0.000067 943.64 0.065 0.704932
M-14 0.704997 0.000065 1056.71 0.065 0.704996
M-15 0.705075 0.000063 1260 0.072 0.705075
M-16 0.705124 0.00007 870.77 0.226 0.705121
M-17 0.705145 0.000057 775.16 0.065 0.705144
M-18 0.705130 0.000064 1171.1 0.08 0.705129
M-19 0.705088 0.000061 1711.35 0.103 0.705088
M-20 0.705132 0.000076 1006.26 0.068 0.705131
Average 0.705138 1173.49 0.087 0.705137
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Fig. 7. Carbon and oxygen isotopes of calcite grains.
4.3. In-situ strontium, carbon, and oxygen isotopic and elemental
compositions of calcite

In-situ strontium isotope analysis of 20 test points on 20 calcite grains
produced an ¥Sr/*Sr ratio of 0.704932-0.705840, and 0.705137 on average
(Table 3). The ratios are lower than those of the Permian global marine
carbonate (0.7067 to 0.7085; Burke et al., 1982), and much lower than those of
carbonates in the Lost City hydrothermal field (0.7076 to 0.7090; Kelley et al.,
2005), but close to the global average of mantle-derived rocks (0.7035; Palmer
and Elderfield, 1985). Furthermore, the ratios are much lower than the crustal
salic rocks (0.720 + 0.005; Faure, 1986). The §'*C values of calcite grains range
from 4.24 to 5.06%o, and 4.57%o on average. In contrast, the §'*0 values are
extremly negative, ranging from -21.70 to —21.18%o, and -21.49%. on average
(Fig. 7; Table 3).

Table 4
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The major elemental compositions of calcite grains (Table 4) are typical of
calcite with Ca (53.22-57.02 wt%, 55.27 wt% on average) and CO; (42.15-
4791 wt%, and 44.48 wt% on average). However, some trace metals are
relatively abundant, such as Mg (0.14-0.16

wt%, 0.30 wt% on average), Fe (0.23-0.41 wt%, 0.23% on average), and Sr
(0.08-0.27 wt%, 0.17% on average). This is very similar to the trace metal

enrichment in the calcite in the Lost City hydrothermal field (Kelley et al., 2005).

The total REE content (JREE) of the calcite grains is very low, ranging from
7.38 to 21.93 ppm, and 11.98 ppm on average (Table 5), indicating a low
absolute REE concentration in the precipitating fluid. The REE pattern (Fig. 8)
shows a clear Eu negative anomaly (6§Eu ranging from 0.64- 1.03, 0.84 on
average) The Ce shows a weakly positive anomaly (6Ce ranging from 0.93—
1.31, 1.04 on average), The average value of (La/Lu) yis 0.63, similar to that
of carbonates and hydroxide complexes under neutral to mildly basic conditions
(Bua, 1991).

Sedimentary Geology 436 (2022) 106158

The TOC content of the TMC ranges from 6.07 to 7.93 wt%, and 6.87% on
average. It is higher than that of the surrounding TM (M10U and M100; 3.44
wt% and 3.43 wt%) and other common shales in the Lucaogou Formation
(Table 1) in the Santanghu Basin, as reported by Hackley et al. (5.58 wt%;
2016), Liu et al. (4.25 wt%; 2017), and Jiao et al. (4.86 wt%; 2020). In addition,
the pyrolysis yield (S2) ranges from 38.06 to 39.39. Thus, the TMC has a higher
potential as a hydrocarbon source rock than the other shales. Four of the
analyzed TMC samples fall in the field of Type I kerogen and one sample in
Type I kerogen field in the HI-Ty. diagram (Fig. 9; Langford and
BlancValleron, 1990). The calculated R, values (Jarvie et al., 2001) range from
0.72-0.87%.

Biomarkers in the TMC are distinctively different from those in TM
samples M10U, M 100 (Table 1) and other common shales in Lucaogou
Formation (e.g., Hackley et al., 2016; Liu et al., 2017). The Pr/Ph ratio is

Major elements of sand-sized calcite grains from the Lucaogou Formation. FeO- refers to amount of both ferric and ferrous iron.

Sample No. CaO CO: MgO FeO" SrO BaO Na,O MnO AlO3 K:0 SiO2 Total
M-1 55.29 43.47 0.30 0.17 0.15 0.15 0.16 0.07 0.00 0.00 0.00 99.76
M-2 54.54 45.65 0.32 0.41 0.27 0.18 0.07 0.04 0.10 0.01 0.00 101.59
M-3 56.47 42.33 0.25 0.27 0.18 0.22 0.05 0.01 0.01 0.00 0.00 99.79
M-4 56.60 44.16 0.19 0.19 0.23 0.10 0.08 0.12 0.00 0.00 0.00 101.67
M-5 57.02 43.16 0.61 0.25 0.12 0.04 0.01 0.04 0.01 0.00 0.00 101.25
M-6 56.38 44.58 0.14 0.14 0.13 0.01 0.05 0.03 0.00 0.00 0.00 101.45
M-7 54.87 4791 0.15 0.00 0.12 0.07 0.14 0.00 0.03 0.00 0.00 103.29
M-8 56.28 44.98 0.30 0.26 0.08 0.01 0.00 0.04 0.04 0.01 0.00 101.99
M-9 56.60 43.96 0.39 0.34 0.19 0.05 0.03 0.00 0.04 0.00 0.00 101.60
M-10 55.00 46.06 0.35 0.38 0.22 0.16 0.09 0.06 0.02 0.02 0.00 102.37
M-11 54.38 43.54 0.38 0.21 0.16 0.11 0.14 0.00 0.02 0.01 0.00 98.95
M-12 53.22 44.80 0.26 0.21 0.17 0.13 0.03 0.12 0.00 0.00 0.00 98.94
M-13 53.54 44.69 0.45 0.26 0.18 0.23 0.08 0.02 0.04 0.00 0.00 99.49
M-14 55.46 42.15 0.40 0.27 0.16 0.12 0.04 0.00 0.00 0.00 0.00 98.60
M-15 55.81 42.68 0.15 0.13 0.18 0.15 0.08 0.00 0.01 0.00 0.00 99.19
M-16 56.21 42.77 0.19 0.09 0.17 0.14 0.05 0.02 0.03 0.01 0.00 99.68
M-17 54.16 45.30 0.31 0.28 0.17 0.11 0.08 0.03 0.01 0.02 0.00 100.47
M-18 54.02 46.80 0.22 0.31 0.22 0.14 0.05 0.00 0.01 0.02 0.00 101.79
M-19 54.48 44.81 0.34 0.21 0.16 0.12 0.05 0.01 0.02 0.01 0.00 100.21
M-20 55.01 45.83 0.36 0.27 0.19 0.13 0.07 0.02 0.00 0.01 0.00 101.89
Average 55.27 44.48 0.30 0.23 0.17 0.12 0.07 0.03 0.02 0.01 0.00 100.70
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4.4. Characteristics of organic matter

Fig. 9. Plot of HI vs. Tuma outlining the kerogen types of organic matter in TMC and underlying
(M10U) and overlying (M100) TM (Langford and Blanc-Valleron, 1990).
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@ Lithic fragment

@ | Monocrystal or polycrystal

Calcite fractures

Alkaline mineral

Fig. 12. Sketch showing coarse grains in fine-grained sedimentary rocks. A. An allogenetic-detrital grains in shale. The lower boundary is as subvertical cut contact due to gravity during grain settlement,

whereas the upper boundary is conformable and modified by compaction. B. A cave-filling mono- or poly-crystalline nodule after lithification. The nodule has a disconcordant contact with adjacent
laminae. C. A nodule formed at the syn-depositional to penecontemporaneous stage. The upper and lower boundaries are conformable. D. Precipita-
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Fig. 10. Cross-correlation of Pr/nCi7vs Ph/ nCisratios of the TMC, and its underlying (M10U) and
overlying (M100) TM, and common shale (Hackley et al., 2016; Liu et al., 2017). Classification
from Connan and Cassou (1980).

0.51, much smaller than that of TM M10U (1.40), M100O (1.01), and shales
reported by Liu et al. (0.66—1.25, 0.91 on average, n = 33; Liu et al., 2017) and
Hackley et al. (0.85-1.41, 1.12 on average, n = 5; Hackley et al., 2016). The
value of Pr/nC,;vs Ph/ nC;s (Fig. 10) falls in the range of algal/microbial-source
of organic matter deposited in a reducing environment, which is different from
the mixed terrestrial to algal source of organic matter deposited in reducing
environment, as interpreted from the adjacent TM (M10U and MI100).
Furthermore, the TMC has a higher degree of maturation than that of the other
shales reported by Hackley et al. (2016) and Liu et al. (2017). The gammacerane
index (GI) is 0.35; and the gammacerane/0.5C3af(22R + 22S) ratio is 5.07.

Finally, the relative proportion of C,s steranes is 46.12%, followed by Cz31.84%
and C»722.03%. They display a different pattern (Fig. 11)

Shale reported by
Hackely et al. (2016)

Shale reported by
Liuetal. (2017)

Cy (o7
E’Estuarine or shallow lacustrine -Lacustrine
DOpen marine \:|Terrestria|

Fig. 11. Normal sterane distribution of the TMC, and the underlying (M10U) and overlying (M100)
TM, and common shales (Hackley et al., 2016; Liu et al., 2017) in Lucaogou Formation.
Classification from Liu et al. (2017); interpreted paleoenvironment and source from Huang and
Meinschein (1979), Mackenzie et al. (1982), Volkman (1986), Riboulleau et al. (2007), and
Farhaduzzaman et al. (2012).

tion of alkaline minerals in micro fractures.
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than those of mixed higher plants and algae in the TM (M 10U and M100), and
the common shales (e.g., Hackley et al., 2016; Liu et al., 2017).

5. Discussion
5.1. Source of sand-sized calcite grains

The texture of the sand-sized calcite grains and silt-clay-sized grains in
matrix in the calcite-bearing tuffaceous mudstones (TMC) indicates that the
mudstone was deposited by a high-density debris flow. However, there are two
alternative interpretations for the source of the calcite grains, as discussed
below.

Sand-sized grains in lacustrine shales are common and generally interpreted
as detrital sediments or diagenetic products (Fig. 12; Stow, 2005; tapcik et al.,
2021). The detrital grains may be produced by subaerial volcanic explosion
(e.g., White, 2000; de Silva et al., 2013) or glacial melting (e.g., Yang et al.,
2007, 2010; Kirkbride and Winkler, 2012; Xu and Yi, 2014; Westoby et al.,
2014). They drop into the fine-grained sediments and show sub-vertical cut at
the base of the dropstone and comfortable upper surface (Fig. 12A; e.g., Yang
et al., 2010). The diagenetic products are precipitates in silica or carbonate
oversaturated solutions during the penecontemporaneous stage to form nodules,
or vein and cave-fillings in lithified sediments (e.g., Jiao et al., 2018b, 2020;
Hackley et al., 2016). These mineral grains can also be secreted by organisms
(Siever, 1962; Williams and Crerar, 1985; Jiao et al., 2018b) or generated by
volcanic or hydrothermal activities (Adachi et al., 1986; Fischer and Knoll,
2009). Except the cave and vein-filling structures which have uncomfortable
contacts (Fig. 12B), the nodules formed during the penecontemporaneous stage
generally show comfortable contact with adjacent laminae (Fig. 12C; e.g., Jiao
et al., 2020). Hence, the calcite grains may have a similar source with the
nodules due to the comfortable contacts with grains in matrix
(Fig. 2B, J).

In addition, ancient shales and modern sediments formed in a volcanic and
hydrothermal-related alkaline lake contain many mineral assemblages with
relatively large grains (e.g., the alkaline lake of the Eocene Green River
Formation in U.S.A. and Permian Fengcheng Formation in China; Cao et al.,
2020; Guo et al., 2021). Almost all of the grains experienced a significant
diagenetic alteration related to salinization and evaporation, which also formed
halite, gypsum, and some highly alkaline minerals, such as trona and shortite
(Cao et al., 2020). They are euhedral and occur in calcite fractures or

intergranular pores associated with some evaporitic sedimentary structures (Fig.

12D; e.g., shrinkage cracks and subaerially-exposed and transported sediments
with ripple marks; Garcia-Fresca et al., 2018; Guo et al., 2021). The
characteristics of the calcite grains and the grains in matrix (Fig. 2B, J) and the
lack of evaporitic features indicate that the calcite grains are not of an evaporitic
origin.

Eliminating the possible common origins discussed above, we interpret that
the TMC was deposited in a subaqueous lacustrine environment by a high-
density debris flow containing feldspar-dominated volcaniclastics and
fragmented calcite crystals and a minor amount of terrigenous quartz. First, the
non-calcite grains are mainly randomly distributed but oriented parallel to the
edge of the calcite in matrix (Fig. 2B, J). This geometry suggests that the calcite
grains were deposited together with the other grains. Second, as the dominant
noncalcite grain, albite grains are angular and show no or minimal abrasion;
while quartz grains are subrounded (Fig. 21), suggesting that the quartz grains
had experienced significant abrasion, probably during current transport. The
lack of clay minerals suggest a minimal influx of detrital clay at the depositional
site. Hence, the mudstone is composed mainly of pyroclastic deposits with a
small amount of terrigenous sediments. Third, the sharp bed contacts without
significant erosion, matrixsupported texture without clear lamination (Fig. 2A,
B), random grain orientation (Fig. 2A, I), and lack of grain abrasion (Fig. 2B-
J) all point to a subaqueous density debris flow deposit (Mulder and Alexander,
2001). The similar width (~500 pm) and various length, angular edges along

the short axis, and abundant inner micro-cracks of the calcite grains (Fig. 2B—
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H) suggest extensive fragmentation of calcite ripped from a calcitic parent rock.
Perhaps, that parent rock is laminae or veins composed of precipitated calcite
crystals with an individual thickness of 0.5 mm. On the other hand, the
significantly different mineral composition of the matrix suggests that the
matrix and calcite grains were not derived from the same source rock and were
mixed together during sediment transport and/or deposition.

5.2. Environment and conditions of formation of sand-sized calcite grains

The carbon isotopic values are similar to those of autogenetic carbonates in
alkaline lakes influenced by a variety of volcanichydrothermal and biological
activities (Fig. 7; Cangemi et al., 2016; Newell et al., 2017) and to those of the
carbonates in the Lost City Hydrothermal Field (Kelley et al., 2005). The
positive excursion of §"*C of lacustrine carbonates is common in a volcanic-
hydrothermal influenced alkaline lake, where evaporation (Talbot and Kelts,
1990; Liu et al., 2001; Cangemi et al., 2016; Newell et al., 2017) and/or
microbial activities (Mazzullo, 2000; Wacey et al., 2007) can produce
carbonate minerals enriched with 1*C.

In the meanwhile, the oxygen isotopic values are very different from the
carbonates in alkaline lakes and those, mainly microcrystalline aragonite and
calcite, in active vents in the Lost City hydrothermal field.



X. Jiao, Y. Liu, W. Yang et al. Sedimentary Geology 436 (2022) 106158

Only the carbonates in extinct vents in the hydrothemal field, where carbonates
(mainly mega-cryastlline calcite) were altered and recrystallized by
hydrothermal fluid over a long time period, have negative values down to —19%o
(Kelley et al., 2005). Commonly, influx of fresh water and/or hydrothermal fluid
during carbonate precipitation can cause enrichment of '°O (Boni et al., 2000).
For example, the §'30 value of hydrothermally altered carbonate reservoirs can
decrease to —18%o (Davies and Smith, 2006; Lonnee and Machel, 2006; Smith,
2006). In the modern carbonate-precipitating hydrothermal fields, mineral
assemblages are anhedral microcrystalline aragonite and brucite at active vents,
and gradually change to well crystallized calcite with a negative §'30 value at
the extinct vent (Kelley et al., 2005). This trend indicates that continuous
hydrothermal activities alter the mineralalogy and isotopic composition, which
is coincident with the studied calcite grains with well crystallized form and
strongly negative §'*0 values. Furthermore, evaporatic processes preferentially
vaporize '°0 into atmosphere to enrich '30 in carbonate precipitates (Talbot and
Kelts, 1990; Liu et al., 2001). However, the lack of evidence of evaporation and
rarity of terrigenous sediments indicate minimal fresh water influx. Hence, the
calcite may have been formed by hydrothermal fluids. First, the homogenization
temperature (79.1 °C on average) of gasliquid inclusions (Fig. 4H) supports a
hydrothermal influence. Second, the Sr isotope ratios of the calcite grains
suggest that the fluid from which the calcite was precipitated has a mixed origin
of mainly mantle-derived fluid and a small amount of lake water. The
temperature range and chemical composition are similar to those of the
carbonates formed in the low-temperature Lost City Hydrothermal Field near
the Mid-Atlantic Ridge (Kelley et al., 2001). The modern hydrothermal

Volcanic ash

Eruption column

Lake water

nput of volcanic-hydrothermal
~__ hutritions 7

16

Fig. 13. A. Depositional model for the TMC in the Santanghu volcanic lake (modified after Kokelaar and Busby, 1992; no scale intended). The lake was influenced by subaqueous volcanichydrothermal
activities. Hydrocarbons generated from microbially-originated organic matter and derived from a deep source accumulated together in the mudstone. B. Simplified sketch showing the sedimentary
structures and textures of the TMC. The blue grains are the sand-sized calcite grains, and the gray background represents the matrix. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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fields commonly have two distinctive areas on the basis of temperature,
chemical composition, and distance from the volcanic center (Kelley et al.,
2001, 2005; Genna et al., 2014). The area close to the center is characterized by
a high temperature ranging from 273 to 370 °C and volcanigenic massive
sulfide (VMS) deposits (Kelley et al., 2001) with a positive Eu anomaly (Genna
et al., 2014). On the other hand, the distal area has a relatively low temperature
(e.g., 40 to 75 °C in the Lost City hydrothermal fleid; Kelley et al., 2001) and
contains carbonate deposits with volcanic glass and plagioclase with a negative
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Table 5

a Pr/Ph ratio <1 and >1 indicate reducing and oxidizing environmental
conditions, respectively (Didyk et al., 1978; Hao et al., 2011). Comparing with
the ratios of the underlying and overlying TM with Pr/Ph ratios of 1.24 and 0.97,
respectively, the TMC with a Pr/Ph ratio of 0.51 was likely deposited in a highly
anoxic environment. In addition, a value of gammacerane index >0.1 suggests
an anoxic, saline, and waterstratified sedimentary environment (Liu et al., 2020).
Moreover, as an indicator of salinity, the ranges of ratio of
gammacerane/0.5Cs;0af (22R + 22S) smaller than 0.3, between 0.3 and 0.5, and

Some trace and rare-earth elemental compositions (ppm) of sand-sized calcite grains in the Lucaogou Formation. Normalized to primitive mantle (Sun and McDonough, 1989).

SampleNo. M-1 M2 M3 M4 M5 M6 M7 M-8 M9 M-10 M-11 M-12 M-13 M-14 M-15 M-16 M-17 M-18 M-19 M-20 Average
\Y% 4830 41.57 4930 52.81 47.15 3944 6049 5339 56.86 34.58 46.02 29.76 55.87 6829 4549 5533 5280 49.79 41.73 56.26 49.26
Cr 831 7.52 11.79 11.00 800 6.88 10.04 10.70 879 6.56 9.05 6.50 17.83 1828 11.58 12.14 1086 10.95 7.62 10.83 10.26
Ni 030 0.17 026 032 011 026 020 0.10 058 015 019 009 030 014 011 024 025 025 033 1.56 030
Th 0.01  0.01 001 001 001 0.01 001 001 007 00 002 001 001 001 00 001l 00 001 001 005 002
U 0.01  0.01 001 001 001 0.01 001 0.01 004 001 0.02 001 0.01 001 001 001 001 0.0 001 002 001
La 046 0.14 041 078 013 041 021 056 023 023 0.8 026 0.12 075 042 08 028 0.81 027 1.1l 047
Ce 133 046 124 214 038 071 040 122 048 095 247 055 042 180 L.I5 180 093 263 057 240 120
Pr 0.16 0.08 017 027 005 0.09 008 0.10 006 013 035 009 005 023 015 021 012 040 006 027 0.16
Nd 084 047 083 137 027 042 034 040 032 073 207 046 025 107 072 121 063 215 025 .51 0.82
Sm 028 0.15 025 039 014 0.13 012 0.16 011 032 065 018 0.18 039 016 039 032 074 015 034 028
Eu 0.11  0.07 004 0.1 007 0.03 003 003 003 010 0.17 005 003 008 007 012 008 0.19 003 012 0.08
Gd 036 033 039 048 031 0.5 016 027 016 059 0.64 023 029 039 030 062 039 088 025 064 039
Tb 0.10  0.09 007 0.09 007 0.03 004 004 012 012 0.12 008 006 009 004 014 010 0.17 003 013 0.09
Dy 079 083 053 078 070 035 036 041 033 089 109 077 087 073 041 143 096 115 032 1.08 0.74
Ho 020 022 012 0.19 021 0.09 o010 013 018 023 026 019 0.14 021 012 036 025 029 007 029 0.19
Er 058 0.74 038 060 056 033 036 052 055 067 0.69 053 040 064 032 118 081 0.82 035 1.03 0.60
Tm 0.08 0.13 006 0.11 008 0.06 007 0.10 0.11 010 0.1 008 0.08 008 004 016 014 0.13 006 0.18 0.10
Yb 056 097 037 061 072 056 056 091 070 072 0.68 060 056 052 036 129 093 089 067 1.17 0.72
Lu 0.08 0.15 006 0.10 0.10 0.08 006 0.6 011 0.10 0.13 009 008 010 0.10 018 0.14 0.12 0.10 022 0.11
Y 552 645 391 570 533 274 288 377 497 641 722 500 309 560 579 1029 719 827 235 936 5359
SREE 11.44 1127 883 13.71 9.12  6.17 576 877 845 1230 1752 9.7 6.62 1269 10.16 2025 1326 19.63 551 19.85 11.52
LREE/HREE 1.15 040 148 1.71 038 1.09 0.69 09 054 072 178 062 042 156 156 0.86 0.63 1.56  0.73 1.22  1.00
SEu .02 0.87 040 080 1.07 0.63 069 044 060 069 078 082 035 059 092 072 065 0.73 050 080 0.70
6Ce .19 104 115 114 1.18 087 077 117 095 133 107 086 128 1.04 110 099 123 111 1.03  1.03  1.08
U/Th 0.91 1.00 0.51  0.81 139 186 1.00 139 054 081 076 1.00 100 1.00 133 069 098 085 1.89 0.54 1.01
V/(V +Ni) 099 1.0 099 099 100 099 100 100 099 1.00 1.00 1.00 099 100 1.00 100 1.00 099 099 097 099
V/Cr 581 553 418 480 589 573 602 499 647 527 509 458 313 374 393 456 486 455 548 519 499
Y/Ho 27.60 29.86 3229 29.69 26.00 30.80 28.10 28.11 2837 28.11 2820 2577 2222 2679 4639 2882 2888 2832 3257 32.61 2948
(La/Lu)x 0.57 0.10 066 080 013 056 034 036 021 023 072 029 0.5 075 043 049 021 071 029 053 043

Eu anomaly (Genna et al., 2014). Bua (1991) found that a high temperature (up
to 600 °C) regime can fractionate other REE to Eu, resulting in a positive Eu
anomaly. In relatively low temperature conditions, hydrothermal or
metamorphic fluid-rock interaction, for example, will cause a negative Eu
anomaly and an extremely low REE content. Hence, the negative Eu anomaly
and low REE content (Fig. 8) of the calcite grains support a relatively low
temperature hydrothermal condition.

Finally, the characteristics of some trace elements indicate a saline and
reducing environment during the formation of calcite grains. A Y/ Ho ratio >
28 generally indicates marine water or saline lake water (Cao et al., 2020). The
range of Y/Ho ratio of the calcite grains is 27.48 to 57.29, and 32.07 on average
(Table 5), indicating that they were formed in a high-salinity water. Besides,
elements of U, Th, V, Ni, and Cr are widely applied to reflect the redox state.
For example, U/Th >1.25, V/(V + Ni) >0.45, and V/Cr >2 all indicate anoxic
environments (Cao et al., 2020). Those ratios of the calcite grains are 1.01, 0.99,
and 4.99 on average (Table 5), respectively, suggesting an anoxic condition,
although the U/Th ratio indicates a dysoxic condition.

Above all, the in-situ geochemical data of the calcite grains indicate that the
calcite grains were formed in a dominantly mantlediverved fluid mixed with a
hydrothermally influenced saline and reducing lake water.

5.3. Depositional environment for tuffaceous mudstone containing sand-sized
calcite grains

The biomarker parameters of the TMC indicate an anoxic and saline
palacoenvironment, as interpreted from other evidence above. Generally,

larger than 0.5 are interpreted as fresh, brackish, and saltwater, respectively (Li
et al., 2017). The value of the gammacerane/0.5C5,af (22R + 22S) ratio of our
samples is up to 5.07, indicating that the TMC was deposited in a highly saline
water. Finally, the relative proportion of Cy, Cas, and Cy (Fig. 11) lies in the
paleoenvironment field of open marine, instead of the mixed fields of terrestrial,
shallow lacustrine, and open marine (Farhaduzzaman et al., 2012) for the TM
and the common shale in Lucaogou Formation (Hackley et al., 2016; Liu et al.,
2017).  Considering the values of gammacerane index and
gammacerane/0.5Cs;a(22R + 22S) ratio and the lacustrine setting of the TMC,
the proportion of C,7, Cas, and Cyyis interpreted to indicate a lake water that is
much more saline than that of the other shales in the Lucaogou Formation.

5.4. Hydrocarbon generation in tuffaceous mudstone containing sand-sized
calcite grains

The total organic carbon (TOC) content of the TMC is greater than that of
common shale and the underlying and overlying TM in the Lucaogou
Formation (Table 1). The matrix contains abundant organic particles (Figs. 2K,
4B, G). The relative proportion of C,7, Cys, and Cyo (Fig. 11) suggests a mixed
organic source dominated by algae (Huang and Meinschein, 1979; Mackenzie
et al., 1982; Volkman, 1986). Algal blooms induced by volcanic-hydrothermal
activities (Xie et al., 2010) may be the main source of the alginite.

However, hydrocarbon generation commonly depends on temperature
threshold which may be controlled by burial depth. In this study, it is hard to
speculate the depth of the hydrocarbon generation. However, some inorganic
evidence may suggest a weak diagenesis during burial
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in the Lucaogou Formation. Only some diagenetic features during
syndepositional and early burial stages can be observed. First, the
welldeveloped dolomite in the Lucaogou Formation has experienced weak
diagenesis. The evidence supporting this interpretation includes rare
recrystallization and low cation ordering of dolomite, well-preserved dolostone
laminae and abundant biological remains. Typical dolomite with a zonal texture
under CL formed during burial stage are not well developed (Liu et al., 2012).
Second, clay minerals are rare and mainly smectite that is commonly altered
from volcanic ash. The alteration should have occurred rather easily during
burial (Zhu et al., 2017; Gill, 2010). Third, many shard-like volcanic vitric
grains are still well preserved in this formation. Some of them were altered into
analcite (Jiao et al., 2020). This alteration also could have occurred easily
during early burial (Gill, 2010). Hence, the limited occurrence of these
alterations indicates very weak diagenesis occurred during deep burial; and the
main hydrocarbon generation occurred during early stage. If hydrocarbon
generation occurred at a great burial depth, common and strong diagenetic
alterations of minerals should also be present. The two types of hydrocarbon
inclusions in the calcite grains (Fig. 4) indicate the generation of hydrocarbons
from the mudstone during early burial and suggest some other possible
hydrocarbon sources during the formation of calcite grains. The rhombic
hydrocarbon-rich and gas-liquid inclusions are primary inclusions as indicated
by their euhedral shape and isolated distribution (Fig. 4). Generally, a low Apax
value and yellow color of hydrocarbon inclusions indicate a more mature oil in
the inclusions than those with a large A, and orange color (Ryder, 2005; Liu
and Eadington, 2005; Si et al., 2020). Hence, the hydrocarbons in the rhombic
inclusions are
homogenization temperature of the rhombic inclusions indicate that the
hydrocarbon was charged at a relatively early episode during the formation of
the calcite grains and may have been influenced by a combination of

likely more mature. The chemical composition and

hydrothermal activities and early burial diagenesis, resulting in a high
hydrocarbon maturity. The irregular-shaped inclusions, on the other hand,
probably formed after the deposition of the calcite grains. The hydrocarbon was
charged during the healing of micro-cracks and cleavages of the calcite in a late
burial episode. This interpretation is supported by the distribution, irregular
shape, and similar fluorescence color of the inclusions (Fig. 4B, G) and
microscopic fluorescence spectra of organic matters in the matrix (Fig. 6).

The occurrence and characteristics of the rhombic hydrocarbon-rich
inclusions in the TMC are similar to the “hydrothermal petroleum” in many rift
basins and ocean troughs worldwide as reported by Simoneit (1984); Simoneit
et al. (2000). A mass of nutrients different from that in normal aqueous
environments promoted the bloom of hydrocarbon-generating organisms (Xie
et al., 2010; Wright, 2012; Ciotoli et al., 2013; Lee et al., 2018; Procesi et al.,
2019), and provided inorganic materials (e.g., CO, and CHa) to form inorganic
gas accumulations (Dai et al., 2005). Some hydrocarbon may have migrated
from the underlying strata by hydrothermal fluid and/or was generated directly
by inorganic CO and H, from volcanic-hydrothermal activities through the
Fischer-Tropsch process (Simoneit, 1984; Hyatt, 1984; Liu et al., 2019).
Methane may have been directly originated from mantle, as indicated by the
composition of fluid inclusions. These hydrocarbons provided extra supply for
hydrocarbon accumulation. Unfortunately, further evidence is lacking to
substantiate the interpretation, such as carbon isotope of the hydrocarbon in the
euhedral hydrocarbon-rich inclusions (Fig. 4E, F), which was not obtained due
to the limited samples. Nevertheless, the relatively higher maturity and early
charging of the hydrocarbons argue for a possible inorganic origin. Our recent
research shows that the mudstones without abundant carbonate minerals (TM)
have a low TOC content (Jiao et al., 2020). This is consistent with the different
TOC content between the TMC and the underlying and overlaying TM (Table
1). Furthermore, isotopic values of the well-developed dolomite in the
Lucaogou Formation suggest the significant presence of mantle-originated
hydrothermal fluids (Liu et al., 2012; Jiao et al., 2020). Many other researchers
also found that volcanic-hydrothermal activities may have significantly
influenced hydrocarbon accumulation in the Lucaogou Formation (Pan et al.,
2020; Liu et al., 2020; Zhang et al., 2021). Hence, the above characteristics
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serve as evidence that the volcanic-hydrothermal activities probably also played
a significant role in hydrocarbon generation. However, further work needs to
find some direct evidence. The characteristics of mantle-derived hydrothermal
calcite grains and its hydrocarbon inclusions with a variable maturity in this
study provide a direct example for the link between volcanichydrothermal
activities and hydrocarbon generation.

5.5. Depositional model of tuffaceous mudstone containing sand-sized calcite
grains

A depositional model of a volcanic-hydrothermal system is developed to
describe the forming processes of the TMC and its hydrocarbon generation (Fig.
13A). The mudstone was deposited in a subaqueous hydrothermal system in an
intracontinental lake with an anoxic and saline bottom water. Continuously-
supplied hydrothermal fluid originated from the mantle had abundant calcium
and methane-hydrogen gas to precipitate carbonate-rich laminae. The laminae
were gradually altered and recrystallized to mono- and polycrystalline calcite
(Kelley et al., 2001, 2005). During this period, hydrocarbons similar to the
“hydrothermal petroleum” of Simoneit (1984); Simoneit et al. (2000) migrated
from mantle directly and/ or underlying stratum and may have been formed by
inorganic materials through the Fischer-Tropsch process. The hydrocarbons
were incorporated into the calcite crystals. The local high temperature caused
the hydrocarbon to have a high degree of maturity (Fig. 6) and to form the
rhombic primary fluid-gas and hydrocarbon-rich inclusions in the calcite grains
(Figs. 4, 5).

Subaqueous volcanic eruption and related hydrothermal exhalation formed
two types of fragments. When a hot magma came in contact with lake water,
intense fragmentation would occur to form very fine particles by fracturing the
crystals in the magma (Kokelaar and Busby, 1992). However, the subaqueous
volcanic eruptions were instantaneous and frequent and only produced a small
amount of pyroclastics due to the hydraulic pressure of lake water (White,
2000), which occurred locally to provide feldspar-rich pyroclastic sediments.
In the meanwhile, continuously upwelling hydrothermal fluid would induce
increasing pressure to break through the overburden pressure of the previously
formed laminated precipitates. Fragments of water bursting brecciation (Zheng
et al., 2006) occurred. Comparing with the volcanic eruption, the hydrothermal
brecciation is relatively weak. Fragmentation only occurs along the weak
boundaries which are vertical to the grain surfaces, such as the crystal
boundaries and cleavage of the calcite crystals. Hence, the calcite grains have a
similar width but a variable length with smooth edges along the long axis and
angular saw-toothed edges along the short axis (Fig. 2A—H). This hydrothermal
exhalation fragmented the calcite laminae into mono- and poly-crystalline
calcite grains with abundant micro-cracks (Fig. 2B). Both the claysized
pyroclastic and the calcite grains of variable sizes were thoroughly mixed
during the formation and transport of debris flows on the lake floor. Due to the
high density of the flow, the deposits are overall massive. Calcite and
pyroclastic grains are poorly sorted and angular. As a result of a varying degree
of fragmentation of the calcite laminae, the size and content of the calcite grains
are variable in the debris flow deposit (Fig. 13B). The largest grains are mainly
poly-crystalline and were accumulated at the lower part of the sediments and
show a crude orientation (Figs. 2A, 13B) due to depositional shear sorting
(Stow, 2005). In the middle part, calcite grains are smaller and mixed with
mono- and poly-crystalline calcite grains. In the upper part, the content of
calcite grains gradually decreases upward (Fig. 2A). Furthermore, a large
nutrition influx supplied by volcanic-hydrothermal activities induced algae
blooms to promote the production of microorganisms (Xie et al., 2010). In the
meanwhile, thermo-metamorphic or mantle-derived carbon dioxide and
thermogenic methane were released from those activities (Procesi et al., 2019),
which increased the hydrocarbon accumulation. As a result, hydrocarbon is rich
in the matrix of the TMC and in the irregular-shaped inclusions in the micro-
cracks in the calcite grains (Fig. 4B-D). Hydrocarbons in the TMC likely have
two sources, resulting in a higher TOC content than that in the underlying and



X. Jiao, Y. Liu, W. Yang et al.

overlying TM as well as the common shales in the Lucaogou Formation in the
Santanghu Basin.

6. Conclusions

Detailed mineralogical, petrographic, inorganic isotopic, and organic
geochemical data documented sand-size calcite grains in hydrocarbonrich
tuffaceous mudstones in the middle Permian Lucaogou Formation in the
Santanghu rift basin. A model of subaqueous volcanic-hydrothermal field with
high-density debris flows is developed to interpret the sedimentation of the
calcite grains and related hydrocarbon accumulation. In this environment,
mantle-derived hydrothermal fluids formed calcite laminae by early carbonate
precipitation and later alteration. Then, local volcanic eruption and
continuously hydrothermal exhalation provided clay-sized pyroclastic grains
and fragmented the calcite laminae into sand sized calcite grains, respectively.
Those grains mixed together and were deposited as muddy sediments with
sand-sized calcite grains by debris flows on the lake floor.

This work provides an
volcanichydrothermal activities and hydrocarbon generation. Hydrocarbon was
partly generated by algal matter that was produced by algal bloom due to the
abundant nutrition supplied by volcanic-hydrothermal activities. The other
hydrocarbon may be generated directly from inorganic synthesis of materials

analog for the relationship between

released by the volcanic-hydrothermal activities and/or have migrated from the
underlying strata. Both sources of hydrocarbons jointly formed the hydrocarbon
accumulation in the calcite-bearing mudstone. Volcanic-hydrothermal center
and their distal deposits should be a good potential target for shale oil
exploration. The results provide insights on subaqueous volcanic-hydrothermal
sedimentation and related hydrocarbon generation in lacustrine fine-grained
sedimentary rocks in tectonically active rift basins.

Supplementary data to this article can be found online at https:/doi.
org/10.1016/j.sedge0.2022.106158.
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