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The carbonate cements in the sandstones of the Eocene Shahejie Formation in the Dongying Depression record
crucial temporal and thermal information related to hydrothermal activity. This study presents a comprehensive
investigation of these carbonate cements, detailing their diagenetic process, chronological formation, and ma-
terial origins. Sedimentological evidence indicates that the sandstones in the study area were predominantly
deposited in deltaic and marginal lacustrine settings, with a subdivision into matrix-rich and matrix-poor types at
the microscale. Petrographic observation and electron probe microanalysis (EPMA) reveal that calcite is the
predominant authigenic mineral phase, exhibiting variability in both abundance and morphology depending on
sandstones maturity. Matrix-poor sandstones, characterized by higher maturity, predominantly exhibit blocky
calcite cement, whereas those with a rich matrix and lower maturity tend to develop scattered patchy calcite.
Fluid inclusion homogenization temperatures indicate that these calcite cements precipitated under abnormally
high-temperature conditions, ranging from 85 to 350 °C. And the carbonate cements exhibit low 8'°C (~11.8 to
—3.1 %0 VPDB) and 5'%0 (clustered tightly from —14.0 to —11.1 %o VPDB) values, interpreted to reflect a mixed
source comprising magmatic COs, air CO», and a potential contribution from soil CO,. In situ U-Pb isotopic dating
of calcite constrains the timing of carbonate cement precipitation, with ages ranging from 39.4 + 1.9 Ma to 42 +
7.6 Ma. Ultimately, the results indicate that the calcium source for the carbonate cements in the Eocene Shahejie
Formation sandstones of this region is primarily a mixture of primary alkaline formation waters and hydro-
thermal fluids. The carbon source is dominated by a mixture of magmatic CO, and air CO,, with a potential
minor contribution from soil COs. This study suggests that the hydrothermal activity influencing carbonate
cementation in the study area was likely associated with the Cenozoic subduction of the New Pacific Plate.
Through the integration of multiple advanced analytical techniques, this study elucidates the material origins
and precipitation timing of hydrothermal derived carbonate cements, validating the potential application of
advanced techniques such as in situ U-Pb isotopic dating of calcite in clastic rock research. Additionally, the
hydrothermal activity age determined for the Shahejie Formation in this study provides crucial data support for
the research on tectonic-magmatic activity in the Dongying Depression.

1. Introduction precipitation processes of carbonate cements are controlled by various

factors, including temperature, pressure, and the chemical composition

Hydrothermally derived carbonate cements are widely developed
across multiple layers in various basins (Liang et al., 2024; Cui et al.,
2024). However, the extent to which carbonate cements are influenced
by hydrothermal fluids and the mechanisms by which these fluids drive
cementation remain active areas of research. The dissolution and

of the fluids (Carvalho et al., 1995; Morad, 1998; Worden and Burley,
2003; Morad et al., 2010; Xi et al., 2019; Luo et al., 2020). Generally,
rapid temperature drop, low pressure, and high salinity favor the pre-
cipitation of carbonate cements (Worden and Matray., 1998; Morad
et al, 2010). Hydrothermal fluid invasion and the subsequent
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cooling-decompression process are key factors providing these condi-
tions. Hydrothermal fluids migrate from deep to shallow reservoirs via
diapirs or major faults, leading to energy and material exchange with the
surrounding rock and sediments. This process alters the temperature and
pressure conditions of the strata and introduces substantial amounts of
deep-sourced materials, thereby accelerating carbonate mineral pre-
cipitation (Zhu et al., 2019b; Cui et al., 2022; Liang et al., 2024).
Consequently, fault zones facilitating upward fluid migration, as well as
areas surrounding and overlying igneous intrusions, are the primary loci
of hydrothermal carbonate cementation (Lafay et al., 2017; Su et al.,
2022; Cui et al., 2024).

Around 45 Ma, the New Pacific Plate subducted in a WNW direction
beneath the Eurasian Plate. During subduction, dehydration of the
mantle transition zone facilitated partial melting in the overlying mantle
wedge, promoting the upwelling of hydrous mantle material into the
asthenosphere. Subsequently, lithospheric delamination triggered large-
scale upwelling of mantle-derived hot materials, resulting in intense
rifting throughout the Bohai Bay Basin, accompanied by large-scale
magmatic and metallogenic activities (Liang et al., 2016; Wang et al.,
2022).

As an important component of the Bohai Bay Basin, the Dongying
Depression experienced multistage magmatic activity during the depo-
sition of the Shahejie Formation, influenced by the Cenozoic subduction
of the New Pacific Plate beneath the eastern margin of the North China
Craton. Basaltic magmas derived from the asthenospheric mantle were
emplaced within the study area in the form of multiple stages of dikes
and sills (Wu et al., 2006; Li et al., 2014). Hence, the Shahejie Formation
contains numerous basalt interlayers and preserves distinct hydrother-
mal alteration signatures (Li et al., 2024b; Zhu et al., 2025). Hydro-
thermal activities in the Shahejie Formation of the Dongying Depression
are primarily concentrated near deep faults or in regions rich in volcanic
rocks (Jin et al., 2004; Liang et al., 2024). These hydrothermal activities
have a profound impact on the diagenesis of clastic sediments (Menezes
et al., 2019), particularly the precipitation and transformation of car-
bonate minerals. For example, under the influence of hydrothermal
fluids, minerals such as calcite, dolomite, and aragonite undergo
dissolution, reprecipitation, and replacement (Menezes et al., 2019; Su
et al., 2022). Moreover, the infiltration of hydrothermal fluids also
promotes the formation of hydrothermal minerals with crystallization
temperatures 5-10 °C higher than ambient temperatures (Machel and
Lonnee, 2002), such as ankerite, saddle dolomite, ammonium
dawsonite, apatite, and gypsum. The presence of these hydrothermal
minerals and mineral assemblages serves as direct evidence of hydro-
thermal activity (Mills and Elderfield, 1995). Petrographic observation,
isotopic analysis, fluid inclusion microthermometry, and in situ U-Pb
isotopic dating of calcite provide critical constraints into the timing,
origin, migration pathways, and spatial distribution of the hydrothermal
fluids (Smith and Davies, 2006; Yang et al., 2022; Li et al., 2023).

Previous studies have demonstrated the presence of hydrothermal
activity in the Eocene Shahejie Formation of the Dongying Depression
through petrographic and mineralogical analyses. Evidence includes
hydrothermal mineral assemblages such as fluorite-anhydrite-pyrite-
quartz, anhydrite-barite (Li and Li, 2016), kaolinite-dolomite (Li and
Li, 2017), and dolomite-calcite-apatite (Hou et al., 2019), as well as core
features like mudstone bleaching and thermal fracturing features (Hou
etal., 2019). Additionally, previous studies have investigated the impact
of hydrothermal fluids on reservoir diagenesis and source rock matu-
ration (Li et al., 2024b). In summary, ample evidence demonstrates the
strong influence of hydrothermal fluid activity on the diagenesis and
reservoir evolution of the Eocene Shahejie Formation. However, the
timing, duration, and spatial extent of hydrothermal fluid activity, as
well as the material sources and formation mechanisms of hydrother-
mally influenced carbonate cements, remain relatively underexplored.

Therefore, this study comprehensively employs petrographic and
mineralogical techniques (thin section observation, scanning electron
microscopy, electron probe microanalysis, cathodoluminescence) and
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geochemical methods (fluid inclusion microthermometry) to examine
the mineralogical composition, morphology, stage, distribution, and
formation mechanisms of hydrothermally derived carbonate cements in
the Eocene Shahejie Formation sandstone reservoirs of the Dongying
Depression. Additionally, in situ U-Pb isotopic dating of calcite is
employed to constrain the timing of hydrothermal fluid migration,
providing supplementary evidence to existing theories on the evolution
of hydrothermal fluids in the Dongying Depression. The specific objec-
tives of this study are as follows: 1) to identify petrographic and
geochemical evidence of hydrothermal fluid influence on the Eocene
Shahejie Formation sandstones in the Dongying Depression; 2) to
investigate the material origin and formation mechanisms of hydro-
thermally derived carbonate cements; 3) to determine the stages and
timing of hydrothermal activity in the Eocene Shahejie Formation of the
Dongying Depression.

2. Geological setting

The Dongying Depression is located in the southeastern part of the
Jiyang Depression within the Bohai Bay Basin (Fig. 1A and B). It is
bounded by the Chenjiazhuang Uplift to the north, the Luxi and Guan-
grao Uplift to the south, the Qingcheng Uplift to the west, and the
Qintuozi Uplift to the east. (Fig. 1C) (Meng et al., 2021). The depression
is characterized by the structural features of ‘northern faults and
southern onlap’, and a ‘steep northern slope and gentle southern slope’,
forming a typical asymmetric continental half-graben basin. (Fig. 1D)
(Zahid et al., 2016; Yang et al., 2018). Controlled by a series of
syn-sedimentary normal faults (Dou et al., 2020), the depression is
divided into three zones from north to south: the northern steep slope
zone, the central sag zone, and the southern gentle slope zone. The
central sag zone comprises the Minfeng, Lijin, Niuzhuang, and Boxing
Subsag (Liu et al., 2017). The study area is located in the northern part of
the Dongying Depression (Fig. 1C).

During the Mesozoic, the northeastern margin of the Eurasian
continent was tectonically dominated by the subduction of the Paleo-
Pacific plate, commonly referred to as the Izanagi Plate. This north-to
northwest-directed subduction persisted until approximately 50 Ma,
when the Izanagi-Pacific spreading ridge was fully subducted beneath
the East Asian margin, marking the cessation of Izanagi subduction and
initiating a major reorganization of the Pacific Plate’s motion (Wu and
Wu, 2019; Liu et al., 2020). Following this transition, the New Pacific
Plate began to subduct westward at a lower angle, progressively influ-
encing the tectonic evolution of East Asia during the Cenozoic (Xu et al.,
2021). Consequently, the hydrothermal processes that influenced the
Eocene Shahejie Formation in the northern Dongying Depression of the
Bohai Bay Basin are more plausibly linked to regional tectonic reorga-
nization associated with the westward subduction of the New Pacific
Plate, rather than to the earlier Izanagi subduction regime.

Within this tectonic background, the Bohai Bay Basin underwent two
extensional evolutionary stages during the Mesozoic and Cenozoic eras
(Hu et al., 2001), accompanied by significant intermediate and basic
magmatic activity. Cenozoic magmatic activity is divided into four
stages: from the Kongdian stage to the fourth member of Shahejie stage,
the third member of Shahejie stage, from the second member of Shahejie
stage to the Dongying stage, and the Guantao stage. Magmatic activity
exhibits a spatial pattern of ‘more in the east and less in the west, more in
the north and less in the south’, with volcanic rocks being more
concentrated in the Kongdian Formation, the third member of Shahejie
Formation, the first member of Shahejie Formation, and Guantao For-
mation (Fig. 1B) (Jin et al., 2012).

The Cenozoic sedimentary strata in the Dongying Depression are
well-preserved, comprising, from bottom to top, the Paleogene Kong-
dian (Ek), Shahejie (Es), and Dongying Formation (Ed), followed by the
Neogene Guantao (Eg) and Minghuazhen Formation (Em) (Feng et al.,
2013). Among these, the Shahejie Formation is extensively distributed
across the Dongying Depression and is subdivided into four members,
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Fig. 1. (A) Location of the Bohai Bay Basin in East China. (B) Tectonic location of the Dongying Depression in the Bohai Bay Basin (modified from Lao et al., 2020;
Jin et al., 2012). (C) Schematic map of secondary tectonic units in the Dongying Depression (modified from Lampe et al., 2012; Feng et al., 2013; Meng et al., 2021);
and (D) a N-S trending, structural section with the location shown in (C) (Lao et al., 2020; Yang et al., 2023). Ng: Guantao Formation (Miocene); Ed: Dongying
Formation (Oligocene); Es1: the first Member of the Shahejie Formation (Oligocene); Es2: the second Member of the Shahejie Formation (Eocene-Oligocene); Es3: the
third Member of the Shahejie Formation (Eocene); Es4: the fourth Member of the Shahejie Formation (Eocene); Ek: Kongdian Formation (Eocene); Mz: Meso-

zoic Formation.

ranging from Es4 at the bottom to Esl at the top. The Eocene Shahejie
Formation serves as the primary stratigraphic target for this investiga-
tion. After deposition, the formation experienced a brief uplift phase,
succeeded by prolonged subsidence. Maximum burial depths range from
approximately 1700 m-4600 m, with corresponding paleotemperature
of approximately 90-180 °C (Fig. 2) (Chen et al., 2022). The Eocene
Shahejie Formation was deposited during the initial stages of major fault
development in the Bohai Bay Basin, leading to the rapid deposition of a
fan delta system, which includes two subfacies: the pro-fan delta and the
fan delta front, as well as steep bank and alluvial plain deposits (Wu
et al., 2006). The formation is characterized by interbedded, unevenly
thick deposits of mudstone, gravelly sandstone, sandstone, and siltstone
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Fig. 2. Simulated burial and thermal history of Well FS1 in the Dongying
Depression showing paleoisotherms and Ro values (modified from Chen et al.,
2022). Q: Quaternary Formation; Nm: Minghuazhen Formation (Pliocene); Ng:
Guantao Formation (Miocene); Ed: Dongying Formation (Oligocene); Esl: the
first Member of the Shahejie Formation (Oligocene); Es2: the second Member of
the Shahejie Formation (Eocene-Oligocene); Es3: the third Member of the
Shahejie Formation (Eocene); Es4: the fourth Member of the Shahejie Forma-
tion (Eocene).

(Fig. 3).
3. Samples and analytical techniques
3.1. Petrological analysis

This study presents a systematic investigation of reservoir charac-
teristics of the Eocene Shahejie Formation, Dongying Depression, based
on 153 subsamples collected from 15 representative core samples.
Twenty-one thin sections were prepared to analyze the mineralogical
characteristics, spatial distribution, and diagenetic evolution. All thin
sections were impregnated with blue epoxy resin to enhance pore visi-
bility, and stained with a mixture of alizarin red-S solution and potas-
sium ferricyanide to differentiate non-iron-bearing carbonate minerals
and iron-bearing carbonate minerals. The images were captured using
an Olympus BX51 metallographic microscope equipped with the
Olympus Stream image acquisition system (Olympus Soft Imaging So-
lutions GmbH). All images were taken under consistent conditions at a
resolution of 4800 x 3600 pixels and stored in JPG format for further
analysis at the State Key Laboratory of Petroleum Resources and Pro-
specting, China University of Petroleum (Beijing).

Following thin section analysis, seven samples were selected to
prepare polished thin sections without cover slips for -cath-
odoluminescence (CL) analysis at the State Key Laboratory of Petroleum
Resources and Prospecting, China University of Petroleum (Beijing). The
CL8200 Mk-2 system from Cambridge Image Technology Limited (CITL,
Hatfield, UK) was integrated with a Leica DM2500 microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a dedicated camera
system to examine luminescence characteristics and compositional
variations of carbonate minerals. Due to variations in luminescence in-
tensity across the samples, the exposure time was adjusted between 1
and 8 s to achieve optimal image clarity.

Scanning electron microscope (SEM) observations were conducted
on freshly fractured surfaces of sandstone samples, and 21 samples were
ultrasonically cleaned in ethanol to remove surface contaminants and
fine-grained debris. Secondary electron imaging was performed using an
SU8010 field emission scanning electron microscope (FE-SEM; Hitachi
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Member of the Shahejie Formation (Eocene).

Company, Tokyo, Japan) equipped with an energy dispersive X-ray
spectroscopy (EDS) microanalyser. To reduce charging effects and
improve image resolution, a conductive gold coating was applied to the
freshly fractured rock surfaces. At an acceleration voltage of 20 kV,
secondary electron images were acquired at a resolution of 1280 x 960
pixels and stored in TIF format. This part of the work was also carried
out at the China University of Petroleum (Beijing).

Quantitative elemental analysis of carbonate cements in six samples
was conducted at the School of Civil and Resource Engineering, Uni-
versity of Science and Technology Beijing (USTB), using a JEOL JXA-
8100 electron microprobe (JEOL Limited, Tokyo, Japan), operated at
15 kV acceleration voltage, 10 nA beam current, and a beam diameter of
approximately 5 pm. The analytical accuracy for major elements was
within 1 wt% (weight percent), while that for trace elements was within
3 wt% (weight percent).

3.2. Bulk isotope geochemistry (5'°C and §'%0)

To constrain the origin and diagenetic environment of carbonate
cements, carbon and oxygen isotope compositions were measured on six
representative samples characterized by abundant calcite cement at the
State Key Laboratory of Petroleum Resources and Prospecting, China
University of Petroleum (Beijing). Approximately 0.25-0.30 mg of
powdered material was obtained using a micro-spatula and reacted with
2 mL of concentrated orthophosphoric acid (HsPO4) in sealed vials at
75 °C for a minimum duration of 5 h to ensure complete liberation of
CO,. The evolved CO, was transported using ultra-high purity helium
(99.999 %) as a carrier gas to an Isoprime PrecisION isotope ratio mass
spectrometer (Elementar, Langenselbold, Germany) for 5'3C and 50

analysis. All measurements were calibrated against the international
reference material IAEA-CO-8 (6'3C = —5.764 %eo; 5'%0 =-22.7 %), and
results are reported in per mil (%o0) relative to the Vienna Pee Dee
Belemnite (V-PDB) standard. The analytical reproducibility was better
than +0.02 %o for both isotopes based on replicate measurements of
internal laboratory standards. Detailed sample information and raw
isotopic data are presented in Appendix S1.

3.3. Fluid inclusion

Three samples containing carbonate-rich cements were analyzed to
determine fluid inclusion homogenization temperatures. The experi-
ments were performed at the Beijing Institute of Uranium Geology
Analytical Laboratory (China National Nuclear Corporation, CNNC). To
achieve precise measurements (+2 °C), the experiments were conducted
using a Linkam THMS-600 heating stage (Linkam Scientific Instruments,
Salford, UK; temperature measurement range: 100 to 400 °C) mounted
on a Zeiss Axio Imager 2 microscope (Carl Zeiss AG, Oberkochen, Ger-
many). Before the measurements, fluid inclusions in the calcite crystals
were observed on doubly polished thin sections (100 pm thick) to
determine the size, shape, orientation, and liquid-to-gas ratio. During
heating, the temperature ramp rate was initially set at 10 °C/min and
then reduced to 1-2 °C/min as the phase transition point was
approached. During cooling, the fluid inclusions were frozen
completely, then reheated at a rate not exceeding 0.5 °C/min. Images
(2592 x 1944 pixels) were captured and stored in JPG format. It is
important to note that during the systematic measurements of homog-
enization temperatures from low to high, precautions were taken to
avoid overheating and stretching of the inclusions, and non-
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reproducible results were excluded from the analysis (Zhu et al., 2019a).

3.4. Carbonate U-Pb geochronology

To conduct a geochronological study of carbonate cements, two
samples were selected for U-Pb analysis and age determination at the
Micro-Origin and Spectrum Laboratory (Sichuan Chuanyuan Weipu
Analytical Technology Co. Ltd., Chengdu, China). The rock samples
were first cut to expose fresh surfaces, which were then embedded in
epoxy resin mounts with a diameter of 2.5 cm. The surfaces were pol-
ished to meet the analytical requirements. Subsequently, in situ U-Pb
dating of the carbonate cements was performed using the ASI Resolution
LR 193 nm ArF Excimer Laser system in conjunction with a Thermo
Scientific Quadrupole iCap TQ Inductively Coupled Plasma Mass Spec-
trometer (Q-ICP-MS). The procedure was as follows: prior to analysis,
the samples were cleaned in an ultrasonic bath with ethanol, and the
entire analytical system was flushed with the helium gas. During anal-
ysis, manual pre-screening was performed to identify areas with varying
U/Pb and 2°7Pb,/2%6pb isotope ratios. The samples were then ablated in a
helium atmosphere. The laser operated in a circular ablation spot with a
diameter of 120 pm, a frequency of 15 Hz, and an energy density of 3 J/
em?,

The data processing methods were based on those of Roberts and
Walker (2016) and Nuriel et al. (2019). The 2°7Pb,/2%6Pb and 2°6Pb,/2%8U
isotope ratios were normalized using the AHX-1d carbonate standard
(independently calibrated to an age of 236.9 + 1.6 Ma by isotope dilu-
tion; Zhao et al., unpublished data). Cross-validation was performed
using the LD-5 (72.5 + 1.0 Ma; Wu et al., 2024) and Duff (~64 Ma; Hill
et al., 2016) carbonate standards to ensure the accuracy and reliability
of the results. After the analysis, the data from all test samples were
plotted on a Tera-Wasserburg Concordia diagram using the Isoplot
plugin to calculate the final isotopic age.

4. Results
4.1. Framework composition

According to the classification scheme of Folk (1974), the Eocene
Shahejie Formation sandstones in Dongying Depression are primarily
lithic feldspathic sandstones, followed by lithic sandstones, feldspathic
lithic sandstones, feldspathic sandstones, and a minor proportion of
feldspathic quartz sandstones (Fig. 4A). The mineralogical framework
composition is Q4g 2F24.2R27.6. Detrital quartz content ranges from 25.2
% to 781 %, with monocrystalline quartz being predominant
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(Fig. 5A-F). The feldspar content ranges from 3.3 % to 60.7 %, with
typical Carlsbad twin features observable under cross-polarized light
(Fig. 5F). The lithic fragment content ranges from 2.1 % to 47.8 %, with
metamorphic lithic fragments being the most abundant type, accounting
for approximately 48.9 % of the total lithic fragments. In addition, the
lithic fragments include 33.9 % volcanic lithic fragments and 17.2 %
sedimentary lithic fragments (Fig. 4B). The volcanic lithic fragments are
mainly composed of extrusive lithic fragments, while the sedimentary
lithic fragments are predominantly shale fragments.

4.2. Diagenetic minerals

4.2.1. Calcite

The carbonate cements in the Eocene Shahejie Formation, Dongying
Depression, exhibit a relatively simple composition. Under polarized
light microscopy, alizarin red-stained calcite cement occupies a sub-
stantial portion of the intergranular space, with no observation of
siderite, dolomite, or ankerite (Fig. 5A-F). These calcite cements exist in
two forms: one as block calcite cement and the other as scattered patchy
calcite.

Blocky calcite cement: Blocky calcite cement is commonly
observed in sandstones with low matrix content, where the clastic par-
ticles are distributed in a ‘floating’ arrangement with minimal contact
between them (Fig. 5A-C). The crystals of blocky calcite cement are
relatively coarse with well-developed cleavage (Fig. 5D). Under cath-
odoluminescence, these cements exhibit an orange-red luminescence,
without distinct indications of different cementation generations (Fig. 5I
and J). These calcite cements almost completely fill the pore spaces,
resulting in very low porosity.

Scattered patchy calcite: Scattered patchy calcite primarily fills the
intergranular pores in matrix-rich sandstones, where the clastic particles
are in point contact with one another (Fig. 5E and F). Compared to
blocky calcite cement, scattered patchy calcite has significantly smaller
crystal sizes due to the limited space available for growth (Fig. 5G).
Under cathodoluminescence, scattered patchy calcite also exhibits an
orange-red luminescence without distinct indications of cementation
generations (Fig. 5K and L).

Chemical composition of carbonate cements:To investigate the
differences in the chemical composition of calcite cements in different
forms, electron probe microanalysis was conducted on 11 carbonate
cement spots from 4 sandstone samples. The results reveal that blocky
calcite cements (Fig. 6A-D) and scattered patchy calcite (Fig. 6E) are
primarily composed of CaCOs, with very low contents of Mg, Fe, and
Mn. The molar percentages of the components are as follows: CaCOs:

60

n=66
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301

Percent(%)

20

10 A
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Metamorphic
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Fig. 4. (A) Q-F-R (quartz-feldspar-rock) triangular diagram of sandstone petrography showing the composition of the Eocene Shahejie Formation (Es). (B) Histogram

of different types of debris content of the Eocene Shahejie Formation (Es).
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10 um KYKY-3800B SEM  SN:0079

Fig. 5. (A) Almost all pores are filled with blocky calcite, resulting in extremely low surface porosity. Well H56, Es, 2034 m, PPL. (B) Blocky calcite cement is
commonly observed in matrix-poor sandstones, appearing red upon staining. Well T36, Es, 2019.6 m, PPL. (C) Calcite displays the high white interference color under
cross-polarized light. Well Z20, Es, 2077.9 m, XPL. (D) Blocky calcite cement with well-developed cleavage. Well Z20, Es, 2077.9 m, XPL. (E)Scattered patchy calcite
filling intergranular residual pores. Well T30, Es, 1842.6 m, PPL. (F) Feldspar with Carlsbad twins. Well Y11, Es, 1370.9 m, XPL. (G) Calcite cement filling inter-
granular pores. Well Z20, Es, 2100.3 m, SEM. (H) Worm-like kaolinite filling secondary pores. Well Z20, Es, 2166.75 m, SEM. (I) Well-developed blocky calcite
cement. Well T36, Es, 2019.6 m, PPL. (J) Blocky calcite cement presents as deep orange-red under cathodoluminescence (CL) observation. Well T36, Es, 2019.6 m,
CL. (K) Well-developed scattered patchy calcite. Well Z20, Es, 2074.6 m, PPL. (L) Scattered patchy calcite presents as deep orange-red under CL observation. Well
720, Es, 2074.6 m, CL. CC: calcite cement; F: feldspar; K: kaolinite; LF: lithic fragment; PPL: plane-polarized light; Q: quartz; SEM: scanning electron microscopy; XPL:

cross-polarized light.

92.18 %-98.15 %; MgCOs3: 0.45 %-2.80 %; FeCOs: 0.64 %—2.34 %;
MnCOs: 0.17 %-2.86 %. The average chemical composition is expressed
as Cap.964Mgo.013F€0.013Mng,011CO3 (Fig. 7).

Distribution of carbonate cements: The sandstones of the Eocene
Shahejie Formation in Dongying Depression can be classified into two
types on rock maturity: matrix-rich sandstones and matrix-poor sand-
stones. These two types exhibit significant differences in the develop-
ment of carbonate cements. Matrix-rich sandstones typically display
poor sorting and a high content of intergranular matrix, indicating low
maturity. Carbonate cement is either absent or sparsely present, filling a
small amount of the pore spaces between the grains. In contrast, matrix-
poor sandstones are well sorted with low matrix content, exhibiting
abundant blocky calcite cement under the microscope (Fig. 8). There-
fore, carbonate cement is more extensively developed in well-sorted
sandstones with lower matrix content and higher maturity.

4.2.2. Authigenic kaolinite

Authigenic kaolinite appears as loosely packed crystals with widely
developed intercrystalline pores, largely filling secondary porosity in a
loose arrangement. Scanning electron microscopy (SEM) observations
reveal that the size of kaolinite stacks is uniform, predominantly ranging
from 5 to 10 pm in diameter (Fig. 5H). A small proportion of kaolinite
results from feldspar alteration and adheres to grain surfaces. Dissolu-
tion of carbonate minerals is evident between kaolinite crystals,

indicating that the formation of authigenic kaolinite postdates carbon-
ate cementation.

4.2.3. Barite

Under plane-polarized light, barite exhibits two nearly perpendicular
cleavage sets (Fig. 9A and C), while under cross-polarized light, it ex-
hibits a grayish-white interference color (Fig. 9B and D). Electron probe
microanalysis reveals that the primary composition of barite is BaSO4
(Fig. 6F). Barite is predominantly found near fault zones, with small
amounts of authigenic kaolinite observed in its dissolution pores.
Notably, in areas with significant barite development, no calcite cement
is present. These findings suggest that barite precipitation occurred prior
to kaolinite formation, and barite does not coexist with calcite cement.

4.2.4. Dawsonite

Microscopically, dawsonite is colorless and transparent, exhibiting a
high white interference color (Fig. 9E and F). Most unit crystals show
single radial structures ranging from 10 to 50 pm in length and 1-5 pm in
diameter (Fig. 9G). Aggregates are commonly formed by connecting
multiple radial unit crystals. The dawsonite forms around the calcite,
from the edge to the inside (Fig. 9F), indicating that the dawsonite forms
after calcite. Additionally, dawsonite locally exhibits selective replace-
ment of feldspar along cleavage planes and quartz along microfractures
(Fig. 9H).
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Fig. 6. Photomicrographs and electron probe microanalysis (EPMA) results of carbonate cements and barite. Yellow solid circles indicate the areas analyzed by
electron microprobe. (A) Blocky calcite cement. Well T36, Es, 2019.6 m, EPMA. (B) Blocky calcite cement. Well Z20, Es, 2075.84 m, EPMA. (C) Blocky calcite cement.
Well Z20, Es, 2077.9 m, EPMA. (D) Blocky calcite cement. Well Z20, Es, 2077.9 m, EPMA. (E) Scattered patchy calcite. Well Y93, Es, 1808.85 m, EPMA. (F) Barite.

Well B44, Es, 2103.4 m, EPMA. EPMA: electron probe microanalysis.

CaCo,

0 720-7

720-5
O T36-2
A Y93-6

Average chemical composition:
(Call.9GAMgO.OIJFeILI)IJMnlJ.Oll)CO]

Calcite n=10
FeCO,+MnCO,

MgCO,

Fig. 7. Major element composition of carbonate cements in the Eocene Sha-
hejie Formation, Dongying Depression.

4.3. Fluid inclusion thermometry

As calcite precipitated, a large number of fluid inclusions were
captured. In three samples, 24 aqueous inclusions containing a vapor
bubble were found within blocky calcite cement and scattered patchy
calcite, and their homogenization temperatures were measured. Almost
all inclusions exhibit a gas-liquid phase ratio distribution of <10 %, with

individual inclusions reaching 15 % or 20 %. These inclusions displayed
elongated, elliptical, rounded, and, less commonly, irregular crystal
shapes, with diameters ranging from 2 to 16 pm. The majority of them
are distributed in clusters or zones (Fig. 10A-D). It is challenging to
determine the origin of these fluid inclusions and to define fluid inclu-
sion assemblages (FIAs) in these calcite crystals because no growth
banding is evident. However, most fluid inclusions appear to be primary,
as they are clustered with varying abundances within these calcite
crystals, which may be related to growth zonation (Goldstein and Rey-
nolds, 1994). Inclusions that are isolated or distributed along micro-
fractures are likely secondary and were therefore excluded from further
analysis.

Basal or completely porous calcite cements are typically considered
to have precipitated during shallow burial stages at relatively low
paleotemperatures (Zhu et al, 2019b). However, the micro-
thermometric data from the fluid inclusions in this study show homog-
enization temperatures ranging from 85 to 350 °C, with an average of
195.08 °C (Fig. 10E), significantly higher than the geothermal condi-
tions of the corresponding strata at that time.

4.4. Isotope geochemistry

The §'%0 and §'3C values were obtained for the carbonate cements of
six samples from five cored wells (Fig. 11; Appendix. S1). Carbonate
cement 50 values exhibit a narrow range from —14.0 to —11.1 %o
VPDB (Vienna PeeDee Belemnite), with an average of —12.5 %o, indi-
cating a relatively homogeneous oxygen isotope composition. In
contrast, the values of §!3C show a broader distribution, ranging from
—11.8 to —3.1 %0 VPDB, with an average of —6.6 %eo.
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Fig. 8. Vertical distribution characteristics of carbonate cement in Well T30 and Well Z20, Eocene Shahejie Formation. Sandstones with low maturity (poor sorting
and abundant matrix) exhibit scattered patchy calcite, whereas sandstones with high maturity (well-sorted and low matrix content) contain well-developed blocky
calcite cement.

Fig. 9. Typical microscopic and SEM images of barite and dawsonite. (A) Barite filling secondary pores. Well B44, Es, 2103.4 m, PPL. (B) Same view as in (A), with
barite showing grayish-white interference color. Well B44, Es, 2103.4 m, XPL. (C) Barite displays two sets of nearly perpendicular cleavage. Well B44, Es, 2103.4 m,
PPL. (D) Same view as in (C), with barite showing grayish-white interference color. Well B44, Es, 2103.4 m, XPL. (E) Dawsonite radiates outward and fills in the
matrix. Well B52, Es, 1498 m, XPL (Li and Li, 2016). (F) The dawsonite forms around the calcite, from the edge to the inside, collectively filling intergranular pores.
Well B52, Es, 1615.1 m, XPL (Li and Li, 2016). (G) The unit crystals of dawsonite appear as single radial structures. Well B16, Es, 1499.1 m, SEM (Li and Li, 2016). (H)
Dawsonite fills space left by dissolved K-feldspar. Well B16, Es, 1531.1 m, SEM (Li and Li, 2016). B: barite; Cal: calcite; Daw: dawsonite; F: feldspar; LF: lithic
fragment; PPL: plane-polarized light; Q: quartz; SEM: scanning electron microscopy; XPL: cross-polarized light.

4.5. Calcite U-Pb ages

The LA-ICP-MS in-situ U-Pb isotopic analysis was performed on two
typical calcite cement samples from the study area. A total of 42
analytical spots in the Z20-7 calcite cement sample (n = 42) yielded
238y,/296pb and 2°7Pb,/2°°Ph ratios that ranged from 6.02 to 142.0 and
0.21 to 0.84, respectively. The data were integrated with Tera-
Wasserburg Concordia diagrams, yielding a lower intercept age for the
720-7 calcite cement of 39.4 + 1.9Ma (206), with a mean squared
weighted deviates (MSWD) of 27 (Fig. 12A).

A total of 154 in situ spot analyses of the T36-2 calcite cement sample
(n = 154) yielded 2%3U/2°°pb and 2°7Pb/2%°Pb ratios ranging from 0.05
to 5.13 and 0.84 to 0.93, respectively. These U-Pb isotopic data give an
isochron age of 42 + 7.6 Ma (20), with the MSWD of 1.2 (Fig. 12B).
5. Discussion

5.1. Hydrothermal evidence

Evidence for hydrothermal activity in Dongying Depression’s Eocene
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Fig. 10. Photomicrographs of fluid inclusions in the investigated carbonate cements under plane-polarized light (PPL) and histogram of the homogenization
temperatures for aqueous inclusions in carbonate cements. (A) Well Z20, Es, 1808.85 m. (B) Well Z20, Es, 1808.85 m. (C) Well T36, Es, 2019.6 m. (D) Well Z20, Es,
2077.9 m. (E) Histogram of homogenization temperatures of carbonate cements.
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Fig. 11. Cross-plot diagram of §'®0 and 5'3C values of calcite cements from the Shahejie Formation (isotopic signatures and distribution intervals of various fluid
flows were from De Boever et al., 2017). The red rectangle represents the concentrated distribution range of all tested samples.

Shahejie Formation is summarized as follows. required for the formation of dawsonite in the Shahejie Formation of
the  Dongying  Depression  originates from  Cenozoic

1 Magmatic rocks, formed by magma intruding into strata or extruding magmatic-hydrothermal activities ((Li and Li, 2016; Li et al., 2024b).

to the surface and subsequently cooling, are typically associated with
the migration of mantle-derived fluids. As such, they serve as direct
indicators of hydrothermal processes (Wang et al., 2024). A signifi-
cant volume of basalt, with a cumulative thickness of approximately
464.1 m, have been identified in the Shahejie Formation along the
Gaoqing-Pingnan fault zone in the Dongying Depression (Li et al.,
2024a).

The formation of barite is typically associated with reactions be-
tween deep-seated, barium-rich hydrothermal fluids and sulfate-
bearing fluids (Urabe and Kusakabe., 1990; Hein et al., 2007). This
mineral is commonly found in low-temperature hydrothermal veins.
Additionally, previous studies have shown that the carbon dioxide

Therefore, the occurrence of hydrothermal minerals such as barite
and dawsonite serves as an important indicator of hydrothermal
activity.

3 Abnormal homogenization temperatures of fluid inclusions can serve

as an important indicator of hydrothermal fluid activity (Davies and
Smith., 2006; Yan et al., 2023). The homogenization temperatures of
fluid inclusions in the carbonate cement of sandstones from the
Eocene Shahejie Formation, Dongying Depression, are significantly
higher than typical paleotemperatures. This result clearly indicates
that the formation of these carbonate cements was notably influ-
enced by deep hydrothermal activity.
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Fig. 12. Tera-Wasserburg Concordia plots showing 23815 /206D, versus 2°’Pb/?°°Pb for the calcite cements. (A) Well Z20, Es, 2077.9 m. (B) Well T36, Es, 2019.6 m.

Please see Appendix S2 for the detailed data and laser beam point locations.

4 The Cenozoic gas reservoirs in the Dongying Depression primarily
contain three types of mantle-derived gases: CO», Ar, and He (Li and
Li, 2017; Liang et al., 2024). This indicates that the strata connected
to deep, major faults, such as the Gaoqing-Pingnan fault (Fig. 1C),
have been influenced by mantle-derived fluids, providing strong
evidence for the existence of hydrothermal activity.

5 Previous research has demonstrated that decreases in 820 values
within carbonate cements are commonly associated with elevated
precipitation temperatures during progressive burial (Sliwiriski
et al., 2016). In this study, the notably low 5'80 values (ranging from
—14.0 %o to —11.1 %o) observed in carbonate cements are interpreted
as a geochemical signature of high-temperature fluid influence, most
likely of hydrothermal origin.

5.2. Timing and geodynamic setting for hydrothermal fluid flow

Petrographic observations of clastic rocks from the Eocene Shahejie
Formation in Dongying Depression have documented numerous miner-
alogical and petrographic evidences related to hydrothermal activity in
previous studies. These include typical hydrothermal mineral associa-
tions such as fluorite-anhydrite-autogenic pyrite-quartz, anhydrite-
barite (Li and Li, 2016), muscovite-sodalite-dolomite (Li and Li,
2017), and dolomite-calcite-apatite (Hou et al., 2019). Additionally,
core samples display characteristic features such as mudstone bleaching
and rock thermal fracturing structures (Hou et al., 2019), confirming the
existence of hydrothermal activity. Subsequent studies have examined
the geochemical characteristics of rocks altered by hydrothermal fluids,
revealing an enrichment of light rare earth elements (LREEs) and a
depletion of heavy rare earth elements (HREEs), with &g, values
showing a distinct positive anomaly. Moreover, the Tpax and R, values
of source rocks influenced by hydrothermal fluids were significantly
elevated. These findings provide the geochemical evidence supporting
the role of hydrothermal fluids (Li et al., 2024a). In addition, the
mantle-derived CO; gas reservoirs distributed in the Dongying Depres-
sion have also been confirmed to be closely related to hydrothermal
activity (Zeng et al., 2004; Li and Li, 2017; Liang et al., 2024). These
results collectively indicate that hydrothermal activity during the
deposition of the Eocene Shahejie Formation in the study area is both
objectively present and widespread.

The Bohai Bay Basin is located on the southeastern margin of the
Eurasian Plate, adjacent to the Pacific Plate, the Indian Ocean Plate, and
the Philippine Plate. As a result, its tectonic evolution has been largely
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controlled by the relative motions of these neighboring plates, with the
influence of the Pacific Plate being the most significant. Around 45 Ma,
the subduction direction of the New Pacific Plate relative to the Eurasian
Plate shifted from north-northwest to northwest-west, accompanied by a
significant increase in subduction rate, resulting in enhanced slab roll-
back and mantle wedge convection beneath East China (Liang et al.,
2016; Zhu et al., 2021; Xu et al., 2021). Numerical deformation re-
constructions further reveal that the Bohai Bay Basin underwent its most
significant extensional deformation between 42 and 32.8 Ma, which
facilitated fault reactivation, deep fluid circulation, and increased
geothermal gradients-key conditions for hydrothermal fluid migration
(Zhu et al., 2021). Additionally, thermal history reconstruction based on
apatite fission-track (AFT) and (U-Th)/He thermochronology from the
Bohai Bay Basin reveals that the regional heat flow reached a second
peak of approximately 80 mW/m? during the Late Eocene. This elevated
heat flow is interpreted as a manifestation of intensified lithospheric
thermal input, likely related to crustal thinning and asthenospheric
upwelling driven by the westward subduction of the Pacific Plate (Chang
etal., 2018). This temporal correlation provides strong evidence that the
regional heat source required for hydrothermal carbonate formation
were established during this critical interval. The subduction of the
Pacific Plate led to crust and lithosphere thinning, upwelling of the
asthenospheric mantle, and triggered surface extension, subsidence, and
magmatic activities. As an important part of the Bohai Bay Basin, the
Dongying Depression was significantly impacted by the upwelling of
thermal materials resulting from the Cenozoic subduction of the New
Pacific Plate during the deposition of the Eocene Shahejie Formation.
This resulted in exceptionally intense hydrothermal fluid activity within
the depression, which in turn influenced the diagenetic evolution of the
ancient sediments of the Shahejie Formation. Based on the geological
background, this study suggests that the hydrothermal fluids in the
study area may be products associated with volcanic activity triggered
by the subduction of the New Pacific Plate. Although the exact genesis of
the hydrothermal upwelling remains speculative, this interpretation is
highly reasonable when considering the regional geological context and
existing evidence.

The deep major fault zones serve as primary conduits for the upward
migration of deep-seated materials, with magma and associated hy-
drothermal fluids typically erupting or intruding along these faults
(Barbieri et al., 2020). The distribution of such faults is closely coupled
with the spatial extent of hydrothermal fluid activity, as fault systems
directly influence fluid distribution within the basin. Multiple phases of
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magmatic activity in the Dongying Depression during the Cenozoic
reflect the continuous release of deep materials toward the surface.
Seismic data analysis reveals a distinct fault-controlled distribution of
magmatic rocks within the basin (Luo et al., 2020), and mantle-derived
CO4, is also found to be distributed along fault zones (Zeng et al., 2004; Li
and Li, 2017). These observations indicate that the fault and fracture
systems within the Dongying Depression provide favorable geological
conditions for the migration of deep-seated materials, with the
Gaoging-Pingnan fault acting as a key conduit for deep-sourced material
transfer and directly controlling the spatial distribution of hydrothermal
activity. The Gaoging-Pingnan fault, located in the western part of the
Dongying Depression, displays an "S" shape, with an overall NE-SW
trend and a length exceeding 60 km (Zeng et al., 2004). This fault ex-
tends from the shallow crust and continues downward into the
low-velocity body of the mid-crust, making it a key basal fault that plays
a pivotal role in the structural evolution of the Dongying Depression.
The fault began developing during the Kongdian Formation deposition
and reached its peak activity during the third member of the Shahejie
Formation, with basaltic eruptions accompanying this period. The
fault’s activity gradually waned thereafter. A large number of interme-
diate to basic volcanic rocks and mantle-derived CO gas reservoirs are
found in proximity to the fault, confirming the fault’s crucial role in
facilitating the migration of deep-sourced materials.

Hydrothermal fluids that migrated along deep major fault zones have
exerted significant influence on the diagenetic evolution of sediments. In
the Eocene Shahejie Formation sandstones within the study area, car-
bonate cementation is widely developed. The homogenization temper-
atures of fluid inclusions within these cements range from 85 to 350 °C,
indicating a close relationship with hydrothermal activity. Both blocky
carbonate cement and scattered patchy calcite are composed of CaCOs3.
Under cathodoluminescence, they exhibit a uniform color, without
multiphase characteristics. This uniformity suggests that the cementa-
tion of these calcite cements occurred ‘instantaneously’ under the in-
fluence of hydrothermal fluids. U-Pb geochronological analyses confirm
that the hydrothermal cementation took place during the Eocene (39.4
+ 1.9Ma for Sample Z20-7 and 42 + 7.6Ma for Sample T36-2), which
aligns closely with the timing of the New Pacific Plate Cenozoic sub-
duction beneath the Eurasian Plate. However, owing to the relatively
low U/Pb ratios, this age result is associated with a relatively large
uncertainty. However, such an error range is commonly reported in
previous U-Pb dating studies of carbonate minerals in hydrothermal
systems (e.g., Roberts et al., 2020; Jin et al., 2021). The main contrib-
uting factors include the compositional heterogeneity of hydrothermal
carbonates, inherently low uranium concentrations, and potential lead
loss, all of which can lead to a certain degree of data scatter in in-situ
analyses. Despite the uncertainty, the age result is statistically robust
and can still provide a reasonable constraint on the timing of major
hydrothermal activity.

In summary, this study suggests that the hydrothermal activity in the
Dongying Depression was likely associated with the Cenozoic subduc-
tion of the New Pacific Plate, with significant intensity during the
deposition of the Eocene Shahejie Formation. As the primary medium
for transporting deep-seated materials, hydrothermal fluids were chan-
neled to the target formation through major deep faults, delivering rich
materials for the formation of carbonate cements.

5.3. Genesis of carbonate cements

The formation mechanisms of carbonate cements in clastic rock
reservoirs have been extensively studied, and the main explanations for
their origin include: (1) carbonate minerals precipitate directly from
carbonate-oversaturated alkaline waters; (2) meteoric freshwater
leaching dissolves calcium-rich detrital grains, leading to localized su-
persaturation of calcium carbonate, which subsequently precipitates in
situ; (3) acidic fluids derived from organic acid pyrolysis and decar-
boxylation dissolve feldspar grains and early carbonate cements,
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releasing large amounts of Ca%* and CO3~ into the pore water, leading to
carbonate cement precipitation in secondary pores; (4) upwelling of
deep hydrothermal fluids brings large amounts of deep-sourced mate-
rials, triggering extensive carbonate cement precipitation (Dutton,
2008; Ma et al., 2016; Cui et al., 2023).

In the sandstones of the Eocene Shahejie Formation in the Dongying
Depression, the degree of carbonate cementation varies significantly
across different regions. In areas distant from faults, the carbonate
cement content is markedly lower. Moreover, no dissolution of car-
bonate clasts was observed in thin section observations, thus ruling out
the possibility of meteoric water leaching as the origin of the cementa-
tion. Carbonate cements in the sandstones primarily fill primary inter-
granular pores and formed prior to significant compaction, with no
precipitation in secondary dissolution pores. And there is a lack of
extensive feldspar and lithic grain dissolution (Fig. 5E and F), indicating
that Ca®" released by organic acid-driven dissolution did not play a
dominant role in the carbonate cementation processes in this area.
Previous studies suggest that during the deposition of the Eocene Sha-
hejie Formation, the Dongying Depression was a typical continental rift
saline lacustrine basin (Dou et al., 2020), where the formation waters
were rich in Ca?*, providing a substantial source for the precipitation of
carbonate cements. As demonstrated in the previous sections, the
abnormally high homogenization temperatures of fluid inclusions, along
with the presence of hydrothermal minerals such as barite and
dawsonite, provide strong evidence that carbonate cementation
occurred under high-temperature conditions. Therefore, we propose
that the calcium source for the carbonate cements in the Eocene Shahejie
Formation sandstones of the Dongying Depression is a mixture of cal-
cium derived from primary alkaline formation waters and hydrothermal
fluids. During their upwelling, hydrothermal fluids carried large
amounts of Ca>" into the Eocene Shahejie Formation, increasing the
calcium saturation in the primary alkaline formation waters.

The carbon isotope compositions of carbonate cements provide
important insights into the origin and nature of the carbon sources
involved during diagenesis. The low 513C values (V-PDB) in carbonate
cements can result from several mechanisms: (1) input of marine dis-
solved inorganic carbon (e.g. Walter et al., 2007; Savard et al., 2021);
(2) contributions from deep-sourced magmatic CO, associated with
hydrothermal activity (e.g. Parks et al., 2013; Cinti et al., 2017). (3)
infiltration of atmospheric CO, via meteoric water interaction (e.g.
Morad, 1998; Yuan et al., 2017); (4) soil CO, derived from soil respi-
ration (e.g. Cerling, 1984; Da et al., 2020); and (5) thermal degradation
of organic matter in sediments (e.g. Nelson and Lawrence, 1984; Wang
et al., 2016). In the present study, carbonate cements were precipitated
under non-marine conditions, effectively ruling out contributions from
marine dissolved inorganic carbon (DIC). Based on carbon isotopic ev-
idence, most 8'3C values of the carbonate cements fall within the range
typically associated with magmatic CO, and air CO; (Fig. 11). Regarding
the magmatic CO,. During the ascent and cooling of magma from the
crust or upper mantle, substantial amounts of volatile substances, such
as COgy, are released. These CO; typically exist in dissolved form, with
some remaining in a gaseous state. Both forms migrate upward with the
hydrothermal fluids, ultimately reaching the surface or shallower strata
(Tingle and Green, 1987). Once the CO5 enters the target formation, it
rapidly combines with Ca?t, resulting in the ‘instantaneous’ precipita-
tion of substantial amounts of calcite cement within the pore spaces. And
the carbonate cements in the study area exhibit markedly depleted §'%0
values, ranging from —14.0 %o to —11.1 %o. According to Sliwinski et al.
(2016), such strongly negative 5'80 signatures reflect elevated tem-
peratures during diagenesis, which is consistent with the interpretation
of hydrothermal activity in the region. With regard to air CO», the car-
bonate cements in the study area were formed during the synsedi-
mentary to early diagenetic stages, when sediments were subjected to
subaerial exposure or influenced by shallow meteoric water infiltration.
Air CO2 could have been introduced into the subsurface along with
meteoric water percolation, increasing the concentration of dissolved
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inorganic carbon in pore waters and thereby promoting carbonate pre-
cipitation. In addition, only one 8'3C value of the carbonate cements
falls within the typical range of soil-derived CO», suggesting that soil
systems at or near the surface may have influenced the shallow burial
environment, albeit to a limited extent. Overall, the carbon incorporated
into the carbonate cements is interpreted to be a mixture of magmatic
and air CO,, with a potential but limited contribution from soil CO,.
Among these sources, magmatic CO,, owing to its high flux rate, is
considered the dominant contributor, reflecting the critical role of deep
hydrothermal activity in driving the diagenetic cementation process.

In summary, the formation process of carbonate cements in the
Eocene Shahejie Formation sandstones of the Dongying Depression can
be outlined as follows: During the synsedimentary to early diagenetic
stages of the Eocene Shahejie Formation sandstones (39.4 + 1.9 Ma for
Sample Z20-7 and 42 + 7.6 Ma for Sample T36-2), the sediments
experienced limited compaction, with particles primarily exhibiting
point contact or minimal interaction. During this stage, air CO; infil-
trated the subsurface via meteoric precipitation, while the surficial soil
system contributed additional soil CO5 to the pore waters, collectively
enhancing the concentration of inorganic carbon in the primary saline
water. Under the influence of New Pacific Plate subduction, magmatic
activity and associated hydrothermal fluid activity in the Dongying
Depression were frequent. Deep hydrothermal fluids upwelled along
extensional large faults (e.g., the Gaoqing-Pingnan Fault), leading to the
release of substantial magmatic CO, from the degassing of these fluids.
Acting as key transport agents, the hydrothermal fluids carried both
magmatic CO, and deep metal ions into the target layers, resulting in
supersaturation of calcium carbonate in the saline formation waters,
which caused the ‘instantaneous’ precipitation of calcite cement be-
tween particles. Ultimately, blocky carbonate cement formed in the low-
matrix sandstones, while scattered patchy calcite appeared in the high-
matrix sandstones. Sandstones farther from the fault zones, less affected
by hydrothermal fluid circulation, exhibited no significant carbonate
cementation (Fig. 13).
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5.4. Carbonate cement formation mode

The diagenetic evolution of the sandstone in the Eocene Shahejie
Formation, Dongying Depression, can be divided into three stages.

1 Pre-hydrothermal influence stage (50-40 Ma). During the deposition of
the Eocene Shahejie Formation, Dongying Depression was primarily
characterized by the development of deltaic and shallow lacustrine
sand bodies, which resulted in interbedding of matrix-rich sand-
stones with matrix-poor sandstones (Fig. 8). During this stage, the
Eocene Shahejie Formation was in early burial and had not yet un-
dergone significant compaction. Grain contacts were predominantly
non-contact to point-contact. Compared to matrix-rich sandstones
(Fig. 14A1), matrix-poor sandstones exhibited superior initial pet-
rophysical properties (Fig. 14B1).

2 Hydrothermal intensive influence stage (~40 Ma). Prior to significant
compaction, the study area underwent intense hydrothermal activ-
ity, with hydrothermal fluids percolating into the target strata along
basement faults (Jin et al., 2004; Liang et al., 2024), inducing a rapid
increase in formation temperature. Simultaneously, the influx of
large amounts of Ca®* and CO, led to the supersaturation of diage-
netic fluids with calcium carbonate, resulting in the precipitation of
substantial quantities of carbonate cements within the pores. In
particular, matrix-poor sandstones were profoundly influenced by
hydrothermal activity, leading to the formation of blocky calcite
cement between the grains, which almost entirely filled the pore
spaces (Fig. 14B2). In contrast, matrix-rich sandstones, which exhibit
relatively inferior initial petrophysical properties, experienced a
more limited influence from hydrothermal fluids due to their poor
permeability. As a result, only a modest quantity of scattered patchy
calcite was formed between the grains, occupying a fraction of the
original pore space (Fig. 14A2). However, sandstones that remained
unaffected by hydrothermal fluids showed negligible carbonate
cementation (Fig. 14C2).

3 Post-hydrothermal influence stage (<40 Ma). During this stage, due to
relatively rapid subsidence, the Eocene Shahejie Formation in the
study area underwent intense compaction. Matrix-poor sandstones,
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Fig. 13. The source model of carbonate cement in the Eocene Shahejie Formation, Dongying Depression.
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Fig. 14. Diagenetic evolution model under hydrothermal influence in the Eocene Shahejie Formation, Dongying Depression.

influenced by hydrothermal fluids, contained blocky carbonate
cement, which effectively resisted strong compaction. The grains in
these matrix-poor sandstones remained unconnected and were
‘floating” within the cement. However, the presence of carbonate
cement significantly reduced the permeability of the sandstone,
impeding organic acid infiltration and resulting in limited subse-
quent dissolution (Fig. 14B3). In contrast, matrix-rich sandstones
with scattered patchy calcite (Fig. 14A3), as well as sandstones un-
affected by hydrothermal fluids, which contained minimal carbonate
cement (Fig. 14C3), were unable to resist intense burial compaction.
This led to significant plastic deformation of mica flakes and lithic
fragments, causing a marked reduction in intergranular porosity.
However, under the influence of organic acids during later diagen-
esis, both sandstone types experienced differential dissolution,
resulting in intergranular and intragranular dissolution pores.
Although some of these pores were later filled with kaolinite, the
petrophysical properties of the matrix-rich sandstones and hydro-
thermally unaffected sandstones remained superior to those of the
matrix-poor sandstones.

6. Conclusion

The results of this integrated study provide strong evidence sup-
porting the material origin and formation timing of the hydrothermally
derived carbonate cements in the sandstones of the Eocene Shahejie
Formation, Dongying Depression.

Extensive carbonate cementation is observed in the sandstones near
the faults of the Eocene Shahejie Formation, Dongying Depression.
Petrographic and EPMA analyses indicate that calcite is the primary
component of these carbonate cements, forming during the early
diagenetic stage. The morphology of calcite differs depending on sand-
stone maturity. Matrix-poor sandstones commonly exhibit blocky calcite
cement, while matrix-rich sandstones primarily contain scattered patchy
calcite. Fluid inclusion analyses indicate homogenization temperatures
of 85-350 °C, suggesting calcite formation under elevated thermal
conditions. The carbonate cements exhibit low 8'3C (—=11.8 to —3.1 %o
VPDB) and 580 (clustered tightly from —14.0 to —11.1 %o VPDB)
values, which suggest that the carbon was derived from a mixed source
comprising magmatic CO,, air CO5, and a potential contribution from

13

soil CO,.

Under the influence of Cenozoic New Pacific Plate subduction, vol-
canic and hydrothermal activities were exceptionally frequent in Don-
gying Depression. Ca2t and CO, were introduced into the Eocene
Shahejie Formation via hydrothermal fluids, leading to the supersatu-
ration of calcium carbonate in the alkaline formation water and then
‘instantaneously’ precipitation of substantial amounts of calcite ce-
ments. This study utilized in situ U-Pb isotopic dating of calcite to
constrain the timing of hydrothermal activity to between 39.4 + 1.9 Ma
and 42 + 7.6 Ma.

This study is among the few to integrate in situ U-Pb isotopic dating of
calcite in combination with other advanced techniques for analyzing
intergranular carbonate cements in clastic rocks. It establishes a novel
framework for constraining the material origin and precipitation timing
of carbonate cements, thereby demonstrating the broad applicability of
in situ U-Pb isotopic dating of calcite in the field of clastic rock studies.
Additionally, the timing of hydrothermal activity in the Shahejie For-
mation determined in this study offers crucial constraints on tectonic-
magmatic activity in the Dongying Depression.
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