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ABSTRACT

It remains controversial whether the in-
fluence of hydrothermal fluids on dolomite
reservoirs is dominated by dissolution or
precipitation. In this study, the influence of
multistage hydrothermal fluids on the dolo-
mite reservoirs of the Lower Ordovician Yeli-
Liangjiashan Formation in the Chengdao-
Zhuanghai area was investigated based on
petrographic observations and geochemical
analyses, with an emphasis on the temporal
relationships among dolomitization, pore for-
mation, and multistage hydrothermal fluid
activities determined by in situ U-Pb dating.
The 680, §13C, and ¥Sr/%Sr data indicate
that the genesis of pre-hydrothermal dolo-
mites and the earliest-formed dolomite ce-
ment (Cd1) closest to the edges of pores were
related to coeval seawater. The U-Pb age of
pre-hydrothermal dolomites is 427 + 11 Ma,
representing the time when early dolomiti-
zation occurred. The original pore forma-
tion predates the precipitation of Cd1 with a
U-Pb age of 391 = 12 Ma. Stage I and stage
II hydrothermal fluids were derived from
the Precambrian basement and the mantle,
respectively, as evidenced by differences in
81804,,,4 values and rare earth element char-
acteristics. Stage I and II hydrothermal fluids
occurred at 161 = 12 Ma and 81 + 16 Ma,
respectively. Therefore, early dolomitization
and pore formation are not correlated with
the two stages of hydrothermal fluids. Stage
IT hydrothermal fluids contained a relatively
higher amount of H,S than stage I hydrother-
mal fluids. H,S-related dissolution caused by
stage II hydrothermal fluids mainly occurred
in the dolomite reservoirs adjacent to major
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faults, and H,S was gradually consumed as
the distance from the major faults increased.
The two stages of hydrothermal minerals
successively filled most of the spaces in pores
and fractures. The influence of multistage hy-
drothermal fluids on dolomite reservoirs was
found to be dominated by precipitation.

1. INTRODUCTION

Hydrothermal dolomites have gained exten-
sive attention globally because of their potential
as hydrocarbon reservoirs (Qing and Mountjoy,
1994; Davies and Smith, 2006; Lavoie et al.,
2010; Hirani et al., 2018; Koeshidayatullah et al.,
2020a). Some cases of dolomite reservoirs that
have undergone hydrothermal dolomitization
or hydrothermal alteration have been proposed
(Lonnee and Machel, 2006; Davies and Smith,
2006; Zhu et al., 2015; Guo et al., 2016; Du et al.,
2018; Ahmad et al., 2021). Hydrothermal fluids
(at least 10 °C higher than the ambient burial
temperatures) are complex geological fluids that
interact with surrounding rocks when they infil-
trate carbonate reservoirs during burial (White,
1957; Davies, 1997; Al-Aasm, 2003; Machel
and Lonnee, 2002; Montes-Hernandez et al.,
2016). Hydrothermal fluids have been inter-
preted as causing dolomitization of limestones at
shallow burial depths (Davies and Smith, 2006;
Lavoie et al., 2010; Hollis et al., 2017; Mansur-
beg et al., 2021; Stacey et al., 2021a) or modi-
fying pre-hydrothermal dolomites (Dong et al.,
2013; Zhu et al., 2015; Ahmad et al., 2021; Li
et al., 2021). However, whether the influence of
hydrothermal fluids on pre-hydrothermal dolo-
mites is mainly dominated by dissolution or
precipitation remains controversial (Ehrenberg
et al., 2012; Dong et al., 2013; Zhu et al., 2015;
Ehrenberg and Bjgrlykke, 2016; Guo et al.,
2021; Li et al., 2021).
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The following views on the influence of
hydrothermal fluids on dolomite reservoirs have
been proposed: (1) Precipitation occurs mainly
in dolomite reservoirs infiltrated by hydrother-
mal fluids, causing a reduction in the porosity
and permeability (Katz et al., 2006; Ehrenberg
et al., 2012; Biehl et al., 2016; Ehrenberg and
Bjgrlykke, 2016; Li et al., 2021; Pan et al.,
2021). (2) Dissolution mainly occurs in dolomite
reservoirs infiltrated by hydrothermal fluids at
certain temperatures and pressures, causing an
increase in porosity and permeability (Jin and
Yu, 2011; Martin-Martin et al., 2015; Zhu et al.,
2015; Liu et al., 2017; Mansurbeg et al., 2016;
Montes-Hernandez et al., 2016). Silicon-rich
and fluorine-bearing hydrothermal fluids exhibit
strong dissolution abilities (Montafiez, 1994;
Gigoux et al., 2016; Guo et al., 2021; Su et al.,
2021; Jiaet al., 2022). The activity of hydrother-
mal fluids is episodic, which results in a cyclic
dissolution ability (acidity) (Wierzbicki et al.,
2006). (3) The influence of hydrothermal fluids
evolves from early precipitation to late dissolu-
tion or from early dissolution to late precipita-
tion, with variations in temperature, pressure,
pH. and ion concentration (Wei et al., 2017; Du
et al., 2018; Jiu et al., 2020; Chen et al., 2022).

The reason for a lack of consensus on this
topic is that the contribution of hydrother-
mal fluids to dolomite reservoirs is difficult to
accurately evaluate. First, dolomite reservoirs
are affected by a variety of geological fluids
and undergo complex diagenetic modifications
(Loucks, 1999; Cai et al., 2001; Lavoie et al.,
2010; Zhou et al., 2018). Second, the phenom-
ena observed in petrography can be interpreted
in various ways (Ehrenberg et al., 2019), leading
to limited geochemical analysis by petrographic
observations. For example, the phenomenon
of hydrothermal minerals in pores/vugs can
be explained either by the formation of pores/
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vugs first by hydrothermal dissolution, where
spaces are later filled by hydrothermal minerals
(Zhu et al., 2015; Mansurbeg et al., 2016; Guo
et al., 2021), or the inheritance of pores/vugs
from earlier precursor limestones or dolomites,
where spaces are directly filled by hydrothermal
minerals (Loucks, 2003; Ehrenberg et al., 2012;
Ehrenberg and Bjgrlykke, 2016). The reason for
the multiplicity of interpretations is that the tem-
poral relationships among dolomitization, pore
formation, and hydrothermal fluid activity have
not been precisely established. Recently, in situ
U-Pb dating has been widely used to study dia-
genetic fluids and pore evolution in dolomite res-
ervoirs (Roberts et al., 2017; Shen et al., 2019;
Woodhead and Petrus, 2019; Pan et al., 2020;
Mansurbeg et al., 2021; Yang et al., 2022), pro-
viding a new method for determining the tem-
poral relationships among dolomitization, pore
formation, and hydrothermal fluid activity.

In recent years, activity in the Shengli oilfield
has focused on exploring the inner dolomite res-
ervoirs of the Lower Ordovician Yeli-Liangji-
ashan Formation in the Jiyang subbasin, Bohai
Bay Basin (Li et al., 2016; Zhang et al., 2022).
Dolomite reservoirs in the Yeli-Liangjiashan
Formation experienced multistage hydrothermal
fluid activities (Lin, 2006; Li et al., 2016; Xu
et al., 2017; Guo, 2021) and developed typical
hydrothermal minerals, which are representa-
tive of the influence of multistage hydrothermal
fluids on dolomite reservoirs. The objectives of
this study were: (1) to clarify the stages and char-
acteristics of hydrothermal fluids based on petro-
graphic observations and geochemical analyses;
(2) to establish the temporal relationships among
dolomitization, pore formation, and multistage
hydrothermal fluid activities based on in situ
U-Pb dating of carbonate minerals; and (3) to
reveal whether the influence of late multistage
hydrothermal fluids on dolomite reservoirs was
predominantly dissolution or precipitation. This
research is helpful in resolving the controversy
regarding the influence of hydrothermal fluids on
dolomite reservoirs.

2. GEOLOGICAL SETTING

The Bohai Bay Basin is located on the eastern
coast of China (Fig. 1A) and consists of six sub-
basins: Liaodong, Bozhong, Jiyang, Huanghua,
Jizhong, and Linqing (Fig. 1B; Liu et al., 2016).
The Chengdao-Zhuanghai area, with an area of
~500 km?, is located between the Bozhong sub-
basin to the northeast and the Jiyang subbasin to
the southwest (Fig. 1B; Luo et al., 2021) and is
adjacent to the Shanan Sag to the north, Gunan
Sag to the south, Chengbei Sag to the west, and
Zhuangdong Sag to the east (Fig. 1C). In addi-
tion, the Chengdao-Zhuanghai area is close to
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the Tanlu strike-slip fault zone, which is the larg-
est strike-slip fault in eastern China (Fig. 1B; Li
et al., 2006; Wang et al., 2022a).

The study area has undergone multistage tec-
tonic movements since the Paleozoic, including
Caledonian, Hercynian, Indosinian, Yanshanian,
and Himalayan movements (Li et al., 2006; Song
et al., 2019; Luo et al., 2021; Lin et al., 2021).
Five major faults have developed in the study
area: the Chengbei fault, Chengbei 20 fault,
Chengbei 30 North fault, Chengbei 30 South
fault, and Chengnan fault (Figs. 1D and 1E). The
tectonic movements in the study area are mainly
divided into three stages (Zong et al., 1999; Yang
et al., 2012). (1) Indosinian movement stage: At
the end of the Triassic, the study area was under
NE-SW compressive stress caused by the left-
lateral strike-slip movement of the Tanlu fault,
forming the basic structural framework and
several NW thrust faults (Wu et al., 2005; Xiao
et al., 2019; Cheng et al., 2023). (2) Yanshanian
movement: During the Jurassic and Cretaceous,
the left-lateral strike-slip motion of Tanlu fault
zone generated NW extrusion pressure and NE
tension in the study area (Luo et al., 2021). The
major faults that formed during the Indosinian
movement were reactivated and penetrated deep
thermal sources (Song et al., 2019; Wang et al.,
2022a; Cheng et al., 2023). The major faults
then experienced a negative tectonic inversion
from compression to extension and converged
southward in a broom shape (Fig. 1D; Song
et al., 2019). (3) Himalayan movement: During
the Cenozoic, major faults were inherited based
on fault development during the Mesozoic (Liu
et al., 2019). Under the right-lateral strike-slip
stress regime on the Tanlu fault, the study area
experienced nearly N-S strike-slip-extension
movement, and conjugate strike slip on NE- and
NW-trending fault systems was formed (Luo
et al., 2021; Liu et al., 2022). The Yanshanian
and Himalayan movements were the main devel-
opmental stages of normal and strike-slip faults
(Li et al., 2006; Ye et al., 2019; Cheng et al.,
2023). Multiple magmatic intrusions and volca-
nic eruption events occurred in the study area,
mainly during the Mesozoic (Jin et al., 2012; Li
et al., 2016; Wang and Li, 2017).

The Lower Paleozoic section in the study area
consists of Cambrian and Ordovician strata. The
Ordovician section is divided into four forma-
tions, from bottom to top: Yeli, Liangjiashan,
Majiagou, and Badou Formations (Fig. 2; Tian
et al., 2021). From the late Caledonian to the
early Hercynian, the study area was uplifted and
subjected to erosion, which resulted in a lack of
Upper Ordovician to Devonian strata (Li et al.,
2004; Zhang et al., 2015). Seawater retreated
because of seabed uplift during the sedimen-
tary period of the Ordovician Yeli-Liangjiashan
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Formation, the sea area gradually narrowed, and
the sedimentary environment changed from a
vast shallow sea to a limited sea, which caused
extensive dolomitization (Ma et al., 1998; Liu
etal., 1999; Song, 2001). The Yeli-Liangjiashan
Formation in the study area is composed mainly
of limestones, argillaceous limestones, dolo-
stones, dolorudstones, and argillaceous dolo-
stones (Fig. 2). As for the burial history of the
Yeli-Liangjiashan Formation, at the end of the
Permian and before the start of the Indosin-
ian movement, the Yeli-Liangjiashan Forma-
tion reached a maximum burial depth of nearly
5000 m and a maximum stratigraphic tempera-
ture of ~180 °C. At the end of the Indosinian
movement, the Yeli-Liangjiashan Formation was
uplifted to a depth of nearly 1100 m, while the
burial temperature dropped to ~60 °C. By the
Late Cretaceous, the strata were again starting
to be continuously buried and reached the pres-
ent depth of ~3000—4000 m, with the present
measured temperature of the strata being from
128 °C to 153 °C (average 140 °C).

3. METHODOLOGY

Approximately 200 representative dolostone
samples with diameters of 2.5 cm and lengths
greater than 5 cm were collected from the
Yeli-Liangjiashan Formation in the study area.
All the analytical samples were obtained from
oilfields. Six wells were used for the intensive
sampling and key research (Fig. 1D). The top
of the Yeli-Liangjiashan Formation in these six
wells is more than 350 m on average from the
Ordovician top unconformity, which minimizes
the influence of meteoric water on dolomite
TESEervoirs.

To analyze the mineralogy, diagenesis, and
pore/fracture characteristics, 178 polished and
cast thin sections were prepared and stained
with Alizarin Red S to differentiate calcite from
dolomite (Dickson, 1966), and 62 cathodolu-
minescent (CL) thin sections were prepared.
Optical observations were performed using a
Zeiss Axioscope A1 APOL digital transmission
microscope. CL analysis was performed using
a CAMBRIDGE CL8200 MKS5 detector on a
Zeiss microscope. The operating conditions
for the CL microscope were set to 15 kV and
400 pA. Ten typical core samples plated with
platinum were prepared to accurately observe
the crystal morphology and dissolution using
a Coxem-30P"s scanning electron microscope
(SEM). The Coxem-30P"s SEM was integrated
with a Bruker energy-dispersive X-ray analy-
sis system (XFlasher Detector 430-M), which
allowed the analysis of a spot ~1 pum in diameter.

In total, 43 thin sections with a thickness of
80 pm were prepared to conduct fluid inclusion



Influence of multistage hydrothermal fluids on dolomite reservoirs

0360 720km
¢ Zbohai Bay Basin
Ia) : e
e =i
.CB-SOZ
38"
-
....... =l
CB-304 =
* Bohai Bay Basin S
[ EE——— D i~ [ &
ZH-10 -
) — a
;- l,ucul[un and well number of 4ZH-102 o
sampling wells £
36 -, el s f ¥ cn
— Tanlu Slnkc-shn‘ Sh, Location and well number of 3 g
Fault Zone / o Sag Kkey sampling wells ZG-39 =
Basin Boundary %, = E
‘%ﬂ,‘\ ”%“’fVB Major fault
Coastline o T w
‘(q Oy, Secondary fault
I:|Burim hill A (P~ [| Zhuangdong Sag o
L €ngna
[ Jswirere L, Sectionline gnan Fault
.
B |114°E |116 (118 C Gunan Sag|“Z/
CB-244 SHG-2 CB-30 k]
E| a CBg 1 5; a
z 0 0
=
2
@
=]
1000 —1000
2000 —2000
3000 —3000
4000 —4000
5000 — 5000
| —t | /]
Lower Upper Mesozoic Shahejie Dongying Guantao  Minghuazhen  Angular Parallel Yeli-Liangjiashan Fault
Paleozoic Paleozoic Formation Formation Formation Formation unconformity unconformity Formation

Figure 1. (A) Location of Bohai Bay Basin in China. (B) Structural map of Bohai Bay Basin showing distribution of main subbasins (Liu
et al., 2023). Red box indicates location of the study area. (C) Distribution of the buried hills and Cenozoic sags in the study area (Xu et al.,
2017). (D) Structural map of the Chengdao-Zhuanghai area showing major and secondary faults and locations of main wells (Lin et al.,
2021). (E) Section a—a’ provides the reconstructed tectonostratigraphic framework showing the major unconformities, faults, wells, and

Lower Paleozoic strata.

+0.5 °C. A laser Raman test was performed to
analyze the vapor-phase composition of the lig-
uid-vapor two-phase aqueous inclusions (LVAIs)

enization temperature measurements were per-
formed using a Linkam TH-600 heating-cooling
stage. The measured temperature precision was

studies. The petrography of the fluid inclusions
was characterized in detail using transmitted light
and ultraviolet fluorescence microscopy. Homog-
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Figure 2. Comprehensive stratigraphic column from the Fengshan to Badou Formations. Stratigraphic development sequence is modified
from Liu et al. (2023), relative sea-level changes refer to Liu et al. (1999), and sequence stratigraphy refers to Ma et al. (1998).

using a micro-Raman spectrometer (Renishaw
inVia) with a 514 nm excitation light source.
For oxygen (O) and carbon (C) isotope analy-
sis of different types of carbonate minerals, 18
thin sections with a thickness of 100 pm were
prepared to obtain a powder of carbonate miner-
als by microdrilling (Marathon BM50M). The
purity of the powder samples reached nearly
100% using microdrilling sampling. The C and
O isotope analysis on microdrilling powder sam-
ples (5 mg) was performed on a MAT253 Plus
isotope ratio mass spectrometer at a temperature
of 26 °C and a relative humidity (RH) of 60%
RH. The error for C isotopes was +0.003%o, and
the error for O isotopes was £0.051%o. Here,

10% InQyopomite-tiuia = 3-2 X 109T-2 — 3.3 and
10° Inogeite-muia = 2.78 x 10T~2 — 2.89 were
used to determine the fluid 6'0 values in the
dolomite-fluid and calcite-fluid system, respec-
tively (Land, 1983; Friedman and O’Neil, 1977).

In total, 40 thin sections with a thickness of
100 pm were prepared to obtain in situ trace-
element data. Representative thin sections were
subjected to laser ablation—inductively coupled
plasma-mass spectrometry (LA-ICP-MS)
analysis. Laser sampling was performed using
a GeoLasPro laser system and Agilent 7900
ICP-MS. The operating conditions for the laser
included a repetition rate of 5 Hz and an energy
density of 5 J/cm?. Each analysis spot size was
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44 pm with a background acquisition of ~20 s
(gas blank) followed by data acquisition of 50
s. For details of calibration methods and data
processing, refer to Liu et al. (2008) and Chen
et al., (2011). Rare earth element (REE) con-
centrations were normalized to post-Archean
Australian shale (PAAS; Taylor and McLennan,
1985). Normalized REE anomalies were quan-
tified following the methods of Bau and Dulski
(1996) and Lawrence et al. (2006) and were
defined as follows: Cey/Ce*y = Cey/(2Pry —
Ndy), Euy/Eu*y = Euy/(0.67Smy + 0.33Tby),
and Pry/Pr¥*y = Pr/(0.5Cey + 0.5Ndy).
Fourteen sections with a thickness of 100 pm
were prepared to obtain the in situ Sr isotopic
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Figure 3. Petrological characteristics of dolorudstones and three types of nonmimic dolostones. (A) Core photograph of dolorudstones (DR),
showing a distinctive granular morphology. Red lines indicate relict grains of dolorudstones (D1). Yellow dashed line is the boundary be-
tween fine to medium crystalline dolostone (FMCD) and DR. Well CB244, 2920.6 m. (B) Photomicrograph of D1 in part A, displaying very
fine to fine dolomite crystals and apparently granular morphology. Red lines indicate relict grains. Well CB244, 2920.6 m, plane-polarized
light (PPL). (C) Photomicrograph showing the planar euhedral (planar-e)/planar subhedral (planar-s) crystals of D1, and dolomitic mud
(Dm) distributing among the relict grains. Well ZG28, 4137.93 m, PPL. (D) Photomicrograph of D2, showing fine euhedral to subhedral
crystals. Well ZG28, 4122.92 m, PPL. (E) Photomicrograph of D3, showing fine to medium, subhedral to anhedral crystals. Well CB302,
4005.26 m, PPL. (F) Photomicrograph of D4, showing medium to coarse, nonplanar-anhedral (nonplanar-a) crystals, and a sharp to slightly
wavy extinction. Well ZH102, 4622.66 m, cross-polarized light (XPL).

values of the carbonate minerals. Measurements
were conducted using a Nu Plasma III multi-
collector (MC) ICP-MS attached to a RESO-
Iution-155 193 nm ArF laser-ablation system.
The operating conditions were as follows: 30
s baseline time, 40 s ablation time, 60 pm spot
size, 6 Hz repetition rate, and 6 J/cm? energy
density. Calibration methods and data process-
ing followed the method described by Ramos
et al. (2004) and were fully addressed by Gao
and Zhou (2013).

To determine the timing of the carbonate min-
erals, 10 thin sections with a thickness of 100 pm
were prepared for in situ U-Pb dating. Represen-
tative thin sections were obtained using a GeoLas-
Pro 193 nm ArF excimer laser-ablation system
coupled with a Thermo Fisher Scientific quadru-
pole for mass spectrometry detection. The operat-
ing conditions of the laser included a repetition
rate of 10 Hz and an energy density of 5 J/cm?.
Each analysis spot size was 90 pm, with a back-
ground acquisition of ~20 s (gas blank) followed
by data acquisition of 40 s. Details of the calibra-

tion methods and data processing were provided
in Roberts et al. (2017) and Tang et al. (2020).

Thin-section preparation, microdrilling sam-
pling, optical observations, CL analyses, SEM
analyses, petrographic observations, homogeni-
zation temperature measurements of fluid inclu-
sions, and stable C and O isotope determinations
were performed at the Key Laboratory of Deep
Oil and Gas, Ministry of Education, China Uni-
versity of Petroleum, Qingdao, China. U-Pb
dating, Sr isotopic analyses, and trace-element
analyses were conducted at the State Key Labo-
ratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences,
Guiyang, Guizhou Province, China.

4. RESULTS
4.1. Petrography
4.1.1. Lithology

The dolostone types of the Yeli-Liangjiashan
Formation primarily include both fabric-preserv-
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ing and fabric nonmimic varieties (Sibley and
Gregg, 1987). The fabric-preserving types are
mainly dolorudstones (DR). The relict grains
of the dolorudstones (D1) show a distinct grain
morphology at the core scale, with the size of
the relict grains varying from 2 mm to 10 mm
(Fig. 3A). In the interior of D1, the dolomite
crystals are mostly 40—170 um in size and char-
acterized by planar euhedral (planar-e) to planar
subhedral (planar-s) textures (Figs. 3B and 3C).
Dolomitic mud (Dm) with crystals less than 10
pm in size is distributed among the relict grains
(Fig. 3C).

Based on petrographic observations of crystal
size, distribution, and crystal plane shape and
according to the classification scheme of Sib-
ley and Gregg (1987), three types of nonmimic
dolostones were recognized: fine crystalline
dolostone (FCD), fine to medium crystalline
dolostone (FMCD), and medium to coarse crys-
talline dolostone (MCCD). D2, D3, and D4 refer
to the matrices of FCD, FMCD, and MCCD,
respectively. The crystal size of D2 with planar-e
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Figure 4. Petrological characteristics of dolomite cements in pores and fractures (Cdl: A-D, Cd2: E-H, SD: I-L). (A) Photomicrograph of
earliest-formed dolomite cement (Cd1) with planar euhedral (planar-e) texture. Red dashed lines are the boundary between Cd1 and D3.
Well CB302, 4007.76 m, plane-polarized light (PPL). (B) Cathodoluminescence (CL) photomicrograph of the yellow dashed box in part A.
Cd1 shows red to shiny red luminescence, and D3 shows red to dull-red luminescence. Yellow dashed lines are the boundary between Cd1
and D3. Well CB302, 4007.76 m. (C) Backscattered electron (BSE) image of Cd1 growing around D3. Well CB302, 4002.36 m. (D) Scanning
electron microscope (SEM) image showing euhedral Cd1 around pore. Yellow dashed lines are the boundary between Cd1 and D3. Well
CB302, 4002.36 m. (E) Photomicrograph of Cd2 as clear overgrowth rims. Well CB302, 4005.45 m, PPL. (F) Magnified view of red dashed
box in part E, showing Cd2 as clear overgrowth rims around Cd1. Green dashed lines are the boundary between Cd1 and D3, red dashed
lines are the boundary between Cd2 and Cdl1, and yellow dashed lines are the boundary of Cd2. (G) BSE image of Cd2 growing around
Cd1. Well ZH102, 4623.26 m. (H) CL photomicrograph of Cd2 displaying nonluminescent to very dull-red luminescence under CL. Well
CB302, 4005.45 m. (I) Core photograph of saddle dolomite (SD) growing along two sides of the fracture. Well ZG28, 4123.42 m. (J) Photo-
micrograph showing SD growing along the edge of the fracture. Well ZG28, 4123.42 m, PPL. (K) CL photomicrograph of image in part J,
where SD displays nonluminescent to very dull-red luminescence. (L) Photomicrograph of SD with curved crystal plane and wavy extinc-
tion. Well ZG28, 4122.92 m, cross-polarized light (XPL). P—pore; C1—the first type of calcite; D1—relict grains of the dolorudstones; D2,
D3, and D4—matrices of fine crystalline dolostone (FCD), fine to medium crystalline dolostone (FMCD), and medium to coarse crystalline

dolostone (MCCD), respectively.

to planar-s textures varied from 70 pm to 250 pm
(Fig. 3D). The crystal size of D3 with planar-s
to planar-anhedral (a) textures varied from 100
pm to 400 um (Fig. 3E). D4 exhibited nonplanar
textures with sharp to slightly wavy extinction
under cross-polarized light (XPL), and the crys-
tal size of D4 was greater than 250 pm (Fig. 3F).
The nonmimic dolostones are the most abundant
type in the formation, accounting for ~80% of
the total dolostones in the Lower Ordovician
Yeli-Liangjiashan Formation.

4.1.2. Dolomite Cements

The earliest-formed dolomite cement (Cdl).
Cdl1, with a crystal size of 20-120 pm, mainly
overgrows around the D3 type dolomite in
the form of a clean ring-band structure, and it
shows a planar-e texture under plane-polarized
light (PPL; Fig. 4A). Cd1 displays red to shiny
red luminescence under CL (Fig. 4B). Cdl is
distributed around the pores/vugs and is the
first phase of cement closest to the edges of the
pores (Figs. 4A and 4C). Cdl1 is characterized
by a smooth crystal plane and a complete crystal
morphology under SEM (Fig. 4D). Furthermore,
Cd1 mostly developed in the FMCD.

Dolomite cement adjacent to Cdl (Cd2).
Cd2 mainly overgrows around Cd1 in the form
of a clean ring-band structure (Figs. 4E-4G).
The crystals of Cd2 are planar and range from
50 pm to 250 pm in size. Cd2 displays nonlu-
minescent to very dull-red luminescence under
CL (Fig. 4H). Cd2 also fills the fractures and is
closest to the walls of the fractures. Additionally,
Cd2 mainly developed in dolomite reservoirs
away from major faults, such as in well CB302.

Saddle dolomite (SD). SD consists of medium
to coarse crystalline, nonplanar-a dolomite
rhombs, ranging from 300 pm to 800 pm in
size. SD grows along both sides of the fractures
(Figs. 41 and 4J). These crystals show typical
features of saddle dolomite with a distinctively

curved crystal plane and wavy extinction under
XPL (Figs. 4], 4L, and 5A). SD displays nonlu-
minescent to very dull-red luminescence under
CL (Fig. 4K). Additionally, the dissolution of
the SD in the fractures can be clearly observed
(Fig. 5), and calcite and quartz fill some of the
dissolution pores of the SD (Figs. SA and 5B).
SD mainly developed in dolomite reservoirs
adjacent to major faults, such as in well CB244.

4.1.3. Calcite and Quartz

There are two types of calcite in the Lower
Ordovician Yeli-Liangjiashan Formation, which
occur as coarsely crystalline spar-filling frac-
tures and pores. The first type of calcite (C1),
with a cloudy crystal surface, is characterized
by subhedral to anhedral coarse crystalline crys-
tals over 400 pm in size (Fig. 6A). C1 displays
bright-orange to yellow luminescence under
CL (Fig. 6B). The second type of calcite (C2)
exhibits a euhedral crystal plane and bright-
orange to dull-yellow luminescence under CL
(Figs. 6A and 6B). C1 is closer to the walls of
the fractures than C2 (Fig. 6C). In the fractures,
C1 precipitated after Cd2 (Fig. 6D) and filled the
dissolution pores of the SD (Fig. SA). Moreover,
Cl1 filled the intercrystalline pores after the pre-
cipitation of Cd1 and SD/Cd2 (Figs. 6E and 6F).

Quartz (Qz) is characterized by euhedral crys-
tals 30-150 pm in size (Figs. 7A and 7B) and
exhibits a hexagonal bipyramidal crystal mor-
phology (Figs. 7C and 7D). Qz is pervasive in
fractures and intercrystalline pores (Figs. 7A and
7B) and partially fills the dissolution pores of
the SD (Figs. 7E-7H). Moreover, Qz is always
associated with barite or pyrite (Figs. 7B=7D).

4.1.4. Pores

Three types of pores, intercrystalline pores,
vugs, and dissolution pores, developed in the
dolomite reservoirs of the Lower Ordovician
Yeli-Liangjiashan Formation. All these pore

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37150.1/5958303/b37150.pdf
bv China Univ Petroleum (East China) | ibrarv Seriale Dent user

»
>

types mainly developed in the FMCD. The
dolomite crystals around the intercrystalline
pores (Figs. 8A-8C) and vugs (Figs. 8D-8E)
are euhedral with a flat crystal plane. SD filled
the vugs following the precipitation of Cdl
(Figs. 8F-8H). The dissolution pores of the SD
appear to be embayed (Figs. 5B and 5C) and are
most common in the fractures (Fig. 5).

4.1.5. Microfractures

Microfractures are generally defined as frac-
tures less than 100 pm in width (Anders et al.,
2014). The microfractures in the Lower Ordovi-
cian Yeli-Liangjiashan Formation can be divided
into two stages. The first-stage microfractures
(Mf-]) are filled with Cd2 (Figs. 9A and 9B).
The second-stage microfractures (Mf-1I), cut-
ting Mf-I, are mostly filled with C1 (Figs. 9A
and 9B). The pores connected by Mf-I always
developed Cd2 (Figs. 9C and 9D), while the
pores not connected by Mf-I did not develop Cd2
(Fig. 9E). The walls of Mf-II can be observed to
be uneven due to dissolution (Fig. 9F). More-
over, because of the Mf-II connecting pores, the
SD in the pores was affected by the erosive flu-
ids, resulting in crystal plane deformation and
unevenness (Figs. 9F-9H).

4.2. Geochemistry

4.2.1. Trace Elements

The contents of Mn and Fe in D1 are rela-
tively low, with an average of 16.5 ppm and
1160.4 ppm, respectively. The Mn and Fe con-
tents in D2 are relatively moderate, with aver-
ages of 84 ppm and 1455 ppm, respectively. D3
is characterized by relatively moderate contents
of Mn and Fe, with an average of 76.1 ppm
and 1784.5 ppm, respectively. D4 is character-
ized by relatively low contents of Mn and Fe,
with an average of 47.8 ppm and 956.3 ppm,
respectively. Cdl is characterized by higher
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200pm

Mn content and Fe content with an average
of 111.2 ppm and 2872.1 ppm, respectively.
The average contents of Mn and Fe in Cd2 are
349.5 ppm and 18,537.1 ppm, respectively.
The average contents of Mn and Fe in SD are
422.0 ppm and 16,497.7 ppm, respectively. The
Fe and Mn contents of Cd2 and SD are much

400pm

100pm

higher than those of D1, D2, D3, D4, and Cd1
(Fig. 10A).

4.2.2. Rare Earth Elements

D1 displays distinguished negative Ce anoma-
lies from 0.28 to 0.40 and is within the seawa-
ter quadrant of the Ce/Ce* versus Pr/Pr* plot
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(Fig. 10B). D1 is characterized by depletion of
light REEs (LREEs; Fig. 10C). The REE pat-
terns of D1 are comparable to those of seawa-
ter, including prominent negative Ce anomalies
(Fig. 11A).

D2, D3, D4, and Cd1 exhibit flat REE pat-
terns (Figs. 11A and 11B) and are characterized
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Figure 5. (A) Multiview collage showing the dissolution of saddle dolomite (SD) in a fracture,
where C1 fills in part of the dissolution pores of SD. Well CB244, 2914.37 m, plane-polarized
light (PPL). (B) Photomicrograph of SD indicated by red dashed box in part A, where dis-
solution pores (pink arrows) are preserved in SD, and Qz fills in dissolution pores. Scan-
ning electron microscope image. (C) Laser scan confocal photomicrograph of SD, where red
dashed line is the boundary of SD, and green areas represent dissolution pores (pink arrow)
preserved in SD. Well CB244, 2914.37 m. C1—the first type of calcite; Qz—quartz.

by enrichment of LREESs and depletion of mid-
dle REEs (MREEs; Table Al [see Appendix];
Fig. 10C). The ¥REEs in D2, D3, and D4 suc-
cessively decrease with increasing crystal size
(Table Al).

Cd2 and SD are outside the seawater quadrant
of the Ce/Ce* versus Pr/Pr* plots (Fig. 10B).
Cd2 and SD exhibit very low XLREE/>MREE
ratios (Table A1; Fig. 10C). SD displays distinc-
tively positive Eu anomalies from 0.94 to 2.70,
while Cd2 exhibits slightly positive Eu anoma-
lies from 0.94 to 1.42 (Table A1; Fig. 10D). Both
Cd2 and SD exhibit extremely low La/Ho ratios
(Fig. 10D). The REE patterns of Cd2 and SD are
extremely LREE-depleted and exhibit a leftward
dip (Fig. 11B).

C1 exhibits significantly positive Eu anoma-
lies from 0.99 to 2.31, and C2 exhibits negative
Eu anomalies ranging from 0.72 to 1.00 (Table
A2 [see Appendix]; Fig. 10E). In the Yb/La-Yb/
Ca cross-plot, C1 is distributed in the range of
hydrothermal origin, while C2 is mostly dis-
tributed in the range of sedimentary origin
(Fig. 10F). Qz displays significantly positive Eu

anomalies ranging from 1.20 to 4.75 (Table A3
[see Appendix]; Fig. 10I). The REE patterns of
Qz and C1 display a slight MREE bulge and are
similar to the hydrothermal fluids of the Mid-
Atlantic Ridge (Figs. 11C and 11D).

4.2.3. Carbon and Oxygen Isotopes

The oxygen and carbon isotopic composi-
tions of D1, D2, D3, D4, Cdl, Cd2, SD, ClI,
and C2 are presented in Table A4 (see Appen-
dix) and are plotted in Figure 12A. The §'30
and §'3C values of D1 range from —7.00%o to
—6.03%o relative to Vienna Peedee belemnite
(VPDB) and 0.07%o to 1.41%0 VPDB, respec-
tively. The 6'80 and §'3C values of D2 range
from —5.77%o to —5.00%0 VPDB and —1.68%0
to 0.07%0 VPDB, respectively. The §'%0 and
O13C values of D3 range from —7.17%0 to
—6.55%0 VPDB and from —2.15%0 to 0.45%o
VPDB, respectively. As for D4, the 6§'%0 and
d13C values span from —8.50%0 to —7.26%o
VPDB and from —0.66%0 to 0.26%0 VPDB,
respectively. The §'80 and §'°C values of Cdl
span from —7.72%o to —6.28%0 VPDB and from
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—0.35%0 to 0.44%0 VPDB, respectively. The
8180 and 8'3C values of D1, D2, D3, D4, and
Cd1 are mostly within the estimated range for
carbonate precipitated from the late Cambrian—
Early Ordovician coeval seawater.

The §'%0 and 6"3C values of Cd2 vary from
—14.93%0 to —13.41%¢ VPDB and from
—0.78%0 to —0.43%0 VPDB, respectively. SD
exhibits extreme §'80 depletion from —19.15%o
to —17.12%0 VPDB and §'3C from —1.18%o to
—0.40%0 VPDB.

The 6*0 and §'3C values of C1 span from
—18.24%0 to —14.26%0 VPDB and from
—2.27%0 to —1.27%0 VPDB, respectively. The
8180 and 6'3C values of C2 span from —15.40%o
to —12.13%0 VPDB and from —2.72%o to
—2.27%0 VPDB, respectively.

4.2.4. Strontium Isotopes

The 87Sr/%Sr ratios are presented in Table A5
(see Appendix) and Figure 12B. The 37Sr/%6Sr
ratios of D3, D4, and Cdl range 0.70883—
0.70890, 0.70907-0.70925, and 0.70885-
0.70901, respectively, which overlap with the
estimated 87Sr/%Sr ratio range for carbonate pre-
cipitated from the late Cambrian—Early Ordovi-
cian coeval seawater.

The #7Sr/3Sr ratios of Cd2, SD, C1, and C2
range 0.71455-0.71482, 0.71472-0.71496,
0.71670-0.71692, and 0.71459-0.71562,
respectively, which are much higher than those
of D3, D4, and Cdl and significantly deviate
from the 87Sr/%Sr ratios of coeval seawater.

4.2.5. In Situ U-Pb Dating

The U-Pb Tera-Wasserburg concordia dia-
grams for D3, D4, Cdl1, SD, Cl1, and C2 are
shown in Figure 13. Uncertainties on the U-Pb
ages of dated samples are given at 20. The
207Pb/206Ph and 238U/2%Pb ratios of D3 define
a linear array on the Tera-Wasserburg concor-
dia diagram, generating an intercept age of
427 + 11 Ma (mean square of weighted devi-
ates [MSWD] = 1.7; Fig. 13A), correspond-
ing to the Late Ordovician to Early Devonian
(Caledonian period). The U-Pb age of D4 is
310 = 17 Ma MSWD = 1.3; Fig. 13B), corre-
sponding to the early Carboniferous to late Car-
boniferous (Hercynian period). The U-Pb age of
Cdl is 391 £+ 12 Ma (MSWD = 1.6; Fig. 13C),
which is close to, but later than, the age of D3,
corresponding to the Early Devonian to Late
Devonian (Hercynian period). The U-Pb age of
SD is 161 + 12 Ma (MSWD = 3.3; Fig. 13D),
corresponding to the Middle Jurassic to Late
Jurassic (Yanshanian period). The U-Pb age of
Cl is 81 £ 16 Ma (MSWD = 3.7; Fig. 13E),
corresponding to the Late Cretaceous (Yansha-
nian period). However, the U-Pb age of C2 is not
available (Fig. 13F).
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Figure 6. Petrological characteristics of the first type of calcite (C1) and second type of calcite (C2). (A) Photomicrograph of C1 and C2
filling fractures. The fracture wall is outlined by the green dashed line. C1 is adjacent to the fracture wall, and C2, filling the remaining frac-
ture space, is next to C1. Yellow dashed line is the boundary between C1 and C2. Well CB302, 4003.76 m, plane-polarized light (PPL). (B)
Cathodoluminescence (CL) photomicrograph of image in part A, showing the bright-orange to yellow luminescence of C1 and the bright-
orange to dull-yellow luminescence of C2. Well CB302, 4003.76 m. (C) Photomicrograph of C2 displaying crystal characteristics similar to
C1 and filling the remaining fracture space after C1. Well CB302, 4002.36 m, scanning electron microscope image. (D) Photomicrograph
of Cd2 (dolomite cement adjacent to Cd1) and C1 successively filling the fracture, where the fracture wall is outlined by the yellow dashed
lines. Well CB302, 4007.76 m, PPL. (E) Photomicrograph of C1 filling the intercrystalline pore. Pore was filled successively by earliest-
formed dolomite cement (Cd1), saddle dolomite (SD), and C1. Blue dashed lines are the boundary between Cd1 and D3 (matrix of fine to
medium crystalline dolostone). Dissolution can be observed in SD and Cd1. Well CB244, 2903.77 m, PPL. (F) Photomicrograph of C1 filling
the intercrystalline pore, where the pore was filled successively by Cd1, Cd2, and C1. Yellow dashed lines are the profile of Cd2, blue dashed

lines are the profile of Cd1, and green dashed lines are the profile of C1. Well CB302, 4005.45 m, CL.

4.3. Fluid Inclusions

Fluid inclusions in the dolomites, calcites,
and quartz were mainly liquid-vapor two-phase
aqueous inclusions (LVAIs), which varied in size
from ~3.35 um to 18.76 pm. The vapor phase
of LVAIs accounted for ~4%—18% of the total
inclusion volume. The LVAIs in D4, Cd2, SD,
Cl1, C2, and Qz were selected to measure the
homogenization temperatures. The LVAIs in D4
were isolated (Fig. 14A). The LVAIs in Cd2, SD,
C1, C2, and Qz were mostly distributed linearly
(Figs. 14B—14F) and can be considered as fluid
inclusion assemblages (FIAs; Goldstein and
Reynolds, 1994). The LVAIs in D1, D2, D3, and
Cd1 were too small to be measured.

The homogenization temperatures of the
LVAIs in D3, Cd2, and SD ranged 85.2-95.2 °C,
107.2-168.5 °C, and 142.3-192.5 °C, with aver-
age values of 88.9 °C, 138.7 °C, and 166.1 °C,

respectively (Fig. 14G). The homogenization
temperatures of the LVAIs in C1 and C2 ranged
124.5-178.6 °C and 98.0-141.9 °C, with aver-
age values of 141.6 °C and 111.5 °C, respec-
tively (Fig. 14H). The homogenization tempera-
tures of the LVAIs in Qz ranged from 155.4 °C
to 179.8 °C, with an average value of 160.1 °C
(Fig. 14I).

A laser Raman analysis was performed on the
vapor-phase components of the LVAIs (Fig. 15).
The results showed that the vapor-phase compo-
nents of the LVAIs in C1 adjacent to the major
faults and Qz contained hydrogen sulfide (H,S;
Figs. 15B, 15D, and 15E). However, there were
no distinct H,S peaks in the LVAIs in C1 away
from the major faults or in SD (Figs. 15A and
15C). The intensity of H,S contained in the
vapor-phase components of the LVAIs in C1
adjacent to the major faults ranged from 104.16
counts/s to 319.89 counts/s, while the intensity
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of H,S contained in the vapor-phase components
of the LVAIs in C1 away from the major faults
ranged from 2.64 counts/s to 11.89 counts/s.

5. DISCUSSION

5.1. Stages and Characteristics of
Hydrothermal Fluids

Based on the comprehensive analyses of
petrography, geochemistry, fluid inclusions,
U-Pb dating, and tectonic movements, two
stages of hydrothermal fluids were distinguished
in the dolomite reservoirs of the Lower Ordovi-
cian Yeli-Liangjiashan Formation.

5.1.1. Stage I Hydrothermal Fluids

SD shows typical features of saddle dolomite
with distinctive curved crystal faces (Figs. 4]
and 4L), suggesting that SD formed in a hydro-



thermal setting (Radke and Mathis, 1980; Al-
Aasm et al., 2002; Davies and Smith, 2006). SD
commonly fills or lines the walls of fractures
(Figs. 4] and 5A), indicating that its genesis
was associated with fracturing/faulting caused
by tectonic events (Luczaj et al., 2006). The
U-Pb age of 161 £ 12 Ma for SD (Fig. 13D)

Kai Sheng et al.

Figure 7. Petrological characteristics of
quartz (Qz). (A) Photomicrograph of Qz
filling the intercrystalline pores. Well ZG28,
4123.32 m, cross-polarized light (XPL).
(B) Photomicrograph of Qz, pyrite (Py),
first type of calcite (C1), and saddle do-
lomite (SD) filling a fracture. Well ZG28,
4122.92 m, XPL. (C) Photomicrograph of
barite (Brt) and Qz. Position of character-
istic energy spectra (inset) indicated by red
dot. Well CB244, 2904.67 m, scanning elec-
tron microscope (SEM). (D) Photomicro-
graph of Qz with hexagonal bipyramidal
quartz crystals and Py. Position of char-
acteristic energy spectra (inset) indicated
by red dot. Well ZG28, 4122.92 m, SEM.
(E) Photomicrograph of Qz and C1 filling
the dissolution pores of SD. Well CB244,
2914.37 m, SEM. (F) Energy-dispersive X-
ray spectroscopy (EDX) analysis (SEM) of
the entire field of part E. (G) Photomicro-
graph of Qz filling the dissolution pores of
SD. Well CB244, 2914.37 m, SEM. (H) EDX
analysis of the Qz in part G. Cdl—earliest-
formed dolomite cement.
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corresponds to the period of intense left-slip
thrusting on the Tanlu fault during the early
Yanshanian movement (Xiao et al., 2019; Luo
etal., 2021). High-angle thrust faults connected
to the Precambrian basement developed during
the Middle to Late Jurassic (Cheng et al., 2023).
These basement-rooted faults are likely the

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37150.1/5958303/b37150.pdf
bv China Univ Petroleum (East China) | ibrarv Seriale Dent user

<
<

pathways for the migration of hydrothermal flu-
ids (Du et al., 2018). Combined with the burial-
thermal history of the Yeli-Liangjiashan Forma-
tion, the burial depth of the Yeli-Liangjiashan
Formation should have been ~1100 m during
the Middle to Late Jurassic, corresponding to
burial temperatures ranging from 55 °C to 65 °C
(Fig. 16). The homogenization temperatures of
the LVAIs in SD (Fig. 14G) significantly exceed
the ambient burial temperature, indicating that
the precipitation of SD was closely related
to hydrothermal fluids (Machel and Lonnee,
2002). Hydrothermal fluids are often charac-
terized by significantly positive Eu anomalies
(Bau, 1991; Bau and Moller, 1993; Frimmel,
2009). SD displays distinctively positive Eu
anomalies (Fig. 10D), further illustrating that
the genesis of SD was related to hydrothermal
fluids. Based on the §'30 values (Fig. 12) and
the homogenization temperatures, employing
Land’s dolomite-fluid equation (Land, 1983),
the calculated §'80y,,4 values for stage I hydro-
thermal fluids range from —4.48%o to 1.98%o
relative to Vienna standard mean ocean water
(VSMOW), which is lower than hydrothermal
fluids of mantle origin (Mattey et al., 1994).
The 87Sr/%Sr ratios of SD are much higher than
those of coeval seawater (Fig. 12B), indicating
that the hydrothermal fluids interacted with
the silicate clastic rocks and obtained radioac-
tive Sr from the felsic Precambrian basement
(Cai et al., 2008; Han et al., 2017; Koster et al.,
2017; Lima et al., 2020). The REE patterns of
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Figure 8. Petrological characteristics of pores and vugs. (A) Core photograph of the pores (pink arrow) in the fine to medium crystalline
dolostone (FMCD). Well CB302, 4007.06 m. (B) Photomicrograph of intercrystalline pore (pink arrow). Well CB302, 4007.06 m, plane-
polarized light (PPL). (C) Scanning electron microscope (SEM) image of intercrystalline pore (pink arrow). Well CB302, 4007.06 m. (D)
Core photograph of the FMCD developing vugs (pink arrow). Well CB244, 2903.77 m. (E) Photomicrograph of the vug (pink arrow), and
Cd1 and SD filling around the vug. Well CB244, 2903.77 m, PPL. (F) SEM image of the vug (pink arrow), where yellow dashed line is the
boundary of the vug. Cd1 and SD successively filled the vug. Well CB244, 2903.77 m. (G) Energy-dispersive X-ray spectroscopy (EDX)
analysis of the SD in part F, yellow point. (H) EDX analysis of the Cd1 in part F, red point. Cd1—earliest-formed dolomite cement; D3—
matrix of fine to medium crystalline dolostone; SD—saddle dolomite.

SD show significant LREE depletion and heavy
REE (HREE) enrichment (Fig. 11B), which
are consistent with the REE patterns of sad-
dle dolomite precipitated from nonmagmatic
hydrothermal fluids (Zhang et al., 2014; Stacey

et al., 2021a) and distinctly different from gen-
eral LREE-enriched and HREE-depleted sad-
dle dolomites formed in magmatic hydrother-
mal fluids (Haas et al., 1995; Cai et al., 2008;
Kareem et al., 2021). Consequently, the stage I
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hydrothermal fluids that precipitated SD were
derived from the Precambrian basement.

Both SD and Cd2 exhibit dull-red lumines-
cence (Figs. 4H and 4 K) closest to the fracture
walls (Figs. 41, 4], and 6D). SD developed in the



dolomite reservoirs adjacent to the major faults,
whereas Cd2 dominantly developed away from
the major faults (Fig. 17), indicating a gradual
change in the characteristics of the same stage of
hydrothermal fluids as they infiltrated the strata
(Koeshidayatullah et al., 2020b; Stacey et al.,
2021a). Most of the geochemical characteris-
tics of Cd2 highly coincide with SD, including

Kai Sheng et al.
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the §'3C values, 87Sr/30Sr ratios (Fig. 12), La/
Ho ratios, YLREE/~MREE ratios, and Fe and
Mn contents (Figs. 10A, 10C, and 10D). These
results further demonstrate that Cd2 formed
during the same stage as the hydrothermal flu-
ids that precipitated SD. However, Cd2 shows
minor positive Eu anomaly characteristics
(Fig. 10D) and relatively lower homogenization
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Figure 9. (A) First-stage microfractures
(Mf-I) filled with Cd2 (dolomite cement
adjacent to Cdl) and cut by second-stage
microfractures (Mf-II) filled with first type
of calcite (C1). Well CB302, 4003.26 m,
plane-polarized light (PPL). (B) Cathodo-
luminescence (CL) photomicrograph of im-
age in part A. Well CB302, 4003.26 m. (C)
Mf-I filled with Cd2 crosscutting the inter-
crystalline pores (pink arrow) where Cd2
developed. Well CB302, 4005.45 m, PPL.
(D) Mf-I filled with Cd2 crosscutting the
intercrystalline pores (pink arrow) where
Cd2 developed. Blue dashed lines are the
profile of Cd2. Well CB302, 4003.26 m, CL.
(E) Photomicrograph showing Cd2 did not
develop in the intercrystalline pores (pink
arrow) that are not connected by Mf-1. Well
CB302, 4006.76 m, CL. (F) Mf-II displaying
uneven edge with dissolution (pink arrow).
Well CB244, 2903.77 m, PPL. (G) Scanning
electron microscope (SEM) image of Mf-II
and pore (pink arrow), with Mf-II connected
with the pore. Well CB244, 2906.47 m, SEM.
(H) Magnification of the green dashed box
in part G, where saddle dolomite (SD) filling
the pore displays dissolution characteristics
(pink arrow). SEM.

<
<

temperatures of the LVAIs in Cd2 than those in
SD (Fig. 14G), indicating that Cd2 formed in
relatively low-temperature hydrothermal fluids
(Bau et al., 2010; Frei et al., 2017). Tempera-
ture significantly affects the growth behavior
of crystals, resulting in larger crystal sizes at
higher temperatures (Rollett et al., 1989; Holm
et al., 1998; Wei and Li, 2011). Therefore, par-
ticularly in the fractures, the crystal size of Cd2
(Fig. 6E) is significantly narrower than that of
SD (Figs. 4] and 5A), suggesting that the differ-
ence in size is due to the change in temperature
of the hydrothermal fluids. The constant cool-
ing of hydrothermal fluids as they migrated into
the formation led to differences in the homog-
enization temperatures of the LVAIs in SD and
Cd2 as well as differences in 6'30 values due to
temperature variations (Milliman, 1974; Veizer
and Prokoph, 2015). Furthermore, the MgCO,
content of Cd2 (42.32-44.56 wt%) is lower than
that of SD (44.55-45.11 wt%). Therefore, com-
bined with the homogenization temperatures of
the LVAIs in Cd2 and SD, as the hydrothermal
fluid migrated along the fractures toward the
interior of the formation, it gradually trans-
formed from a Mg-rich hot hydrothermal fluid
to a Mg-depleted cooler-temperature hydrother-
mal fluid (Figs. 18B-18D; Wendte et al., 2009;
Kaczmarek and Thornton, 2017; Koeshidayatul-
lah et al., 2020b; Li et al., 2022). Additionally,
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Figure 10. (A) Mn versus Fe concentrations. (B) 8Ce versus dPr (Bau and Dulski, 1996; Webb and Kamber, 2000; Stacey et al., 2021a). (C)
XMREE/ZHREE ratios versus ZLREE/XMREE ratios (L/M/HREE—Ilight/middle/heavy rare earth elements). (D) La/Ho ratios versus
0Eu. (E) 6Eu of Qz, C1, and C2. (F) Yb/La ratios versus Yb/Ca ratios of C1 and C2 using the method of Moller et al. (1980). D1—relict
grains of the dolorudstones; D2, D3, and D4—matrices of fine crystalline dolostone (FCD), fine to medium crystalline dolostone (FMCD),
and medium to coarse crystalline dolostone (MCCD), respectively; Cd1, Cd2—earliest-formed dolomite cement and dolomite cement adja-
cent to Cd1, respectively; C1, C2—first and second type of calcite; respectively; SD—saddle dolomite.

Cd2 exhibits relatively lower ¥REE compared
to SD (Table A1), suggesting that continuous
dilution of REE concentrations due to hydro-
thermal fluid was gradually affected by mixing
with the original formation water and interaction

with the carbonate wall rocks (Hu et al., 2010;
Wang et al., 2014).

In particular, to prevent misleading readers
when dividing the stages of the hydrother-
mal fluids, it is worth noting that these two
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phases of dolomite (Cd2, SD) were identified
separately in the petrographic and geochemi-
cal descriptions, but this does not mean that
they were derived from different stages of the
hydrothermal fluids. The petrographic and
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Figure 11. (A) Rare earth element (REE) patterns of D1, D2, D3, and D4. (B) REE patterns of Cd1, Cd2, and SD. (C) REE patterns of C1 and
C2. (D) REE patterns of quartz (Qz). REE pattern of modern seawater normalized to post-Archean Australian shale (PAAS) was adopted from
Webb and Kamber (2000); hydrothermal fluid profile was adopted from Douville et al. (2002). See Figure 10 caption for mineral abbreviations.

geochemical comparisons of Cd2 and SD
precipitated from stage I hydrothermal fluids
reflect the constantly varying characteristics
of the hydrothermal fluids as they infiltrated
the strata. Additionally, the U content of Cd2

is extremely low, resulting in the unavailability
of an accurate U-Pb age. However, the above
discussion suggests that the U-Pb age of SD
is an approximate representation of the U-Pb
age of Cd2.

5.1.2. Stage 11 Hydrothermal Fluids

The positive Eu anomalies (Fig. 10E) of C1
and Qz and the high homogenization tempera-
tures (Figs. 14B and 14C) of the LVAIs in C1
and Qz suggest that C1 and Qz precipitated
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Figure 12. (A) Carbon and oxygen isotopic compositions and ranges of carbonate minerals. The isotopic range of carbonate precipitated
from the late Cambrian-Early Ordovician coeval seawater is marked with a blue bar (data from Veizer et al., 1999). (B) 3’Sr/*Sr ratios
of carbonate minerals. Blue area represents the ’Sr/3Sr ratios of the carbonate precipitated from the late Cambrian—Early Ordovician
coeval seawater, ranging from 0.7086 to 0.7092 (Burke et al., 1982; Veizer et al., 1999). See Figure 10 caption for mineral abbreviations.

VPDB—Vienna Peedee belemnite.
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of weighted deviates.

from hydrothermal fluids (Dong et al., 2013).
C1 plots within the hydrothermal origin in the
Yb/La versus Yb/Ca plot (Fig. 10F; Moller
et al., 1980). Furthermore, both C1 and Qz
exhibit REE patterns similar to those of the
hydrothermal fluid of the Mid-Atlantic Ridge
(Fig. 11C), indicating that these hydrothermal
fluids probably had a magmatic source (Dou-
ville et al., 2002; Jiu et al., 2022). Based on the
calcite-fluid fractionation equation of Friedman
and O’Neil (1977) and the §'80 values and the
homogenization temperatures of the LVAIs in
Cl1, the estimated 8'30g,,4 values of the hydro-
thermal fluids forming C1 vary from —2.48%o
to 5.6%0 VSMOW, which is close to the hydro-

thermal fluids of mantle origin (Mattey et al.,
1994). The U-Pb age of 81 £ 16 Ma for Cl
(Fig. 13E) corresponds to the Late Cretaceous.
During this period, preexisting NW-striking
thrust faults such as the Chengbei fault were
dominantly reactivated, and extensional inver-
sion occurred (Wang et al., 2022a). Meanwhile,
because of the left-lateral strike-slip motion on
the Tanlu fault, NE-striking slip faults formed,
such as the Chengbei 30 fault (Liu et al., 2019;
Cheng et al., 2023). Intense structural strike-
slip activity triggered the upwelling of the
mantle floor and intense volcanic eruptions
(Xiao et al., 2019). The close occurrence of
C1 with Qz (Figs. 7E and 7F) indicates that
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silica was enriched in the hydrothermal fluids
that precipitated C1. The vapor phase of the
LVAIs in both C1 and Qz is characterized by
significant hydrogen sulfide (H,S) gas peaks
(Figs. 15B, 15D, and 15E). The §*C values
of C1 range from —2.27%o to —1.27%0 VPDB
(Fig. 12A), which are close to mantle-derived
calcite (Nelson et al., 1988; Wang et al., 2022b)
but higher than calcites genetically closely
associated with thermochemical sulfate reduc-
tion (TSR; Cai et al., 2013; Hao et al., 2015).
The hydrothermal fluids also precipitated asso-
ciated hydrothermal minerals, such as barite
and pyrite (Figs. 7B=7D), and evidence of the
dissolution of the anhydrite related to the TSR
is not present in the study (Jiang et al., 2018),
indicating that the hydrothermal fluids from the
mantle carried a large amount of sulfur com-
ponents (Zhou et al., 2018). Therefore, stage
II hydrothermal fluids were derived from the
mantle, and the hydrothermal fluids carried
H,S mainly from the reduction of degassed
SO, from the deep magma (Chen et al., 2015).
Moreover, the 87Sr/%¢Sr ratios of C1 (Fig. 12B)
are extremely high. The Cambrian Maozhuang
and Xuzhuang Formations deposited thick shale
(Zhang et al., 2022). When hydrothermal flu-
ids migrated through the felsic Precambrian
basement or Cambrian thick shale containing
argillaceous or feldspathic components, quan-
tities of radioactive Sr isotopes were obtained
(Qing and Mountjoy, 1994; Koster et al., 2017;
Bai et al., 2018; Guo et al., 2021). Additionally,
Qz barely developed in the dolomite reservoirs
away from the major faults (Fig. 17) and gradu-
ally decreases with increasing distance from the
major faults (Figs. 18F and 18H), suggesting
that the migration of hydrothermal fluids into
the formation was accompanied by a gradual
depletion of SiO,.

Although SD/Cd2 and C1/Qz have a hydro-
thermal origin, they were derived from differ-
ent stages of the hydrothermal fluids and have
distinctive characteristics. C1 has a significantly
higher 37Sr/%Sr than SD and Cd2, while show-
ing a significant negative characteristic in §!*C
compared to SD and Cd2. If C1 and SD/Cd2
formed from the same period of hydrothermal
fluids, then §'3C fractionation would be difficult
because of temperature and pressure variations
(Machel, 2004; Huang et al., 2021), and there
should not be such a large difference in 87Sr/30Sr
ratios between them. For petrographic evidence:
(1) SD and Cd2 are closer to the edges of the
pores and fractures compared to C1 (Figs. 4G—
41, 6D—6F, and 8F), (2) both C1 and Qz were
observed filling the dissolution pores of the SD
in the fractures (Figs. 5A, 7E, and 7F), and (3)
Mf-I filled with C1 crosscut Mf-II filled with
Cd2 (Figs. 9A and 9B). These results demon-
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Figure 14. Petrographic photomicrographs (A-F) and homogenization temperatures (G-I) of fluid inclusions. (A) D4, (B) Cd2, (C) SD, (D)
Cl1, (E) C2, and (F) quartz (Qz). Red arrows—liquid-vapor two-phase aqueous inclusions (LVAISs) in the different host rocks. (G) Homog-
enization temperatures of the LVAIs in D4, Cd2, and SD. (H) Homogenization temperatures of the LVAIs in C1 and C2. (I) Homogenization
temperatures of the LVAIs in Qz. See Figure 10 caption for mineral abbreviations.

strate that the hydrothermal fluids that precipi-
tated C1 and Qz occurred later than those that
precipitated SD and Cd2 (Fig. 16).

The §'80 values (Fig. 12A) and #7Sr/36Sr
ratios (Fig. 12B) of C2 are lower than those of
C1, indicating that C2 and C1 originated from
different sources (Huang et al., 2021). The data
from the radioactive U/Pb isotope ratios did not
provide a reliable U-Pb age for C2 (Fig. 13F),
which probably resulted from an open- or
mixed-fluid system (Rasbury and Cole, 2009;
Roberts et al., 2020). However, according
to the distribution between C1 and C2 in the
fractures, C1 is closer to the edges of the frac-
tures than C2 (Figs. 6A-6C), so it is inferred
that C2 definitely formed after C1. Therefore,

the U-Pb age of C1 was utilized to constrain
the age of C2, which suggests that C2 formed
later than the Late Cretaceous (Fig. 16). Dur-
ing this period, under the right-lateral strike-
slip stress of the Tanlu fault, the preexisting NE
and NW strike-slip faults were reextended and
activated (Xiao et al., 2019; Liu et al., 2022).
Deep fluids followed an upward influx. How-
ever, the homogenization temperatures of the
LVAIs in C2 (Fig. 14H) are much lower than
the maximum burial temperature during the
Late Cretaceous to the Neogene (~150 °C).
C2 displays negative Eu anomalies (Fig. 10E)
and mostly occurs in the range of sedimentary
origin in the Yb/La-Yb/Ca cross-plot (Fig. 10F;
Moller et al., 1980). Therefore, the genesis of
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C2 was not closely associated with hydrother-
mal fluids. Furthermore, the content of C2 is
low, and C2 is only distributed in the fractures
(Fig. 6A); therefore, there is no further discus-
sion of C2 here.

5.2. Temporal Relationships among
Dolomitization, Pore Formation, and
Hydrothermal Fluid Activities

5.2.1. Dolomitization Prior to Hydrothermal
Fluid Activities

Constraining the temporal relationship
between early dolomitization and hydrother-
mal fluid activities requires an interpretation of
whether the genesis of early dolomitization was
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Figure 15. Raman analysis spectrum of the liquid-vapor two-phase aqueous inclusions (LVAIs) in: (A) saddle dolomite (SD), well CB244,
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B, illustrating typical H,S peak. Intersection of red dashed lines represents the focal position of the incident laser.

associated with hydrothermal fluids and applica-
tion of in situ U-Pb dating.

D1 is typically characterized by REE pat-
terns similar to those of modern seawater,
including prominent negative Ce anomalies
(Fig. 11A; Webb and Kamber, 2000), and it
lies within the seawater quadrant in the Ce/
Ce* versus Pr/Pr* plot (Fig. 10B), indicating
that D1 formed in a normal seawater environ-
ment (Bolhar and Van Kranendonk, 2007; Zhao
et al., 2009; Stacey et al., 2021b). Fe and Mn
concentrations are typically very low in sea-
water (Warren, 2000). D1, D2, D3, and D4
showed much lower concentrations of Fe and
Mn than Cd2 and SD (Fig. 10A), suggesting
that they formed near the surface of seawater
or at a shallow depth. The 6'80 and 6'3C values
of D2, D3, and D4 are within the respective
ranges of the late Cambrian—Early Ordovician
coeval seawater (Fig. 12A; Veizer et al., 1999),
and the 87Sr/%Sr ratios of D3 and D4 overlap
with the estimated #’Sr/%Sr ratio range for the
late Cambrian—Early Ordovician coeval seawa-
ter (Fig. 12B; Burke et al., 1982; Veizer et al.,
1999), indicating that dolomitization fluids
forming D2, D3, and D4 were all associated
with coeval seawater. Therefore, the genesis
of D1, D2, D3, and D4 was associated with
coeval seawater, further illustrating that early
dolomitization is irrelevant to the two stages of
hydrothermal fluids.

D1 and D2 are characterized by finely sub-
hedral to euhedral crystals (Figs. 3C and 3E),
suggesting that they formed at relatively low
temperatures, lower than the critical roughening
temperature (50-60 °C; Gregg and Sibley, 1984;
Sibley and Gregg, 1987; Warren, 2000). There-
fore, D1 and D2 formed near the surface and
at depths less than 500 m. Combined with the
burial-thermal history, their formation occurred
during the Ordovician Period (Fig. 16). The
U-Pb ages of D3 and D4 are 427 + 11 Ma and
310 = 17 Ma (Figs. 13A and 13B), respectively,
corresponding to the period from the Late Ordo-
vician to the late Carboniferous. However, the
U-Pb ages of SD and C1 are 161 £ 12 Ma and
81 £ 16 Ma, respectively, corresponding to two
stages of hydrothermal activity from the Middle
Jurassic to the Late Cretaceous (Fig. 16). Con-
sequently, the two-stage hydrothermal activities
occurred later than the early dolomitization.

5.2.2. Formation of Pores Prior to
Hydrothermal Fluid Activity

Determining the genesis and sequential
formation of multiphase authigenic minerals
around pores is important for constraining the
temporal relationship between pore formation
and hydrothermal fluid activities.

Cdl is the first phase of authigenic minerals
closest to the edges of the pores/vugs (Figs. 4A—
4G, 6F, 8B, 8F, and 17). Compared to D2, D3,
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and D4, Cd1 is characterized by similar concen-
trations of Fe and Mn (Fig. 10A) and similar REE
patterns (Figs. 11A and 11B). Furthermore, the
8180 values, §'3C values, and 37Sr/80Sr ratios of
Cd1 highly overlap with those of coeval seawater
(Fig. 12). These results demonstrate that the gen-
esis of Cd1 was associated with coeval seawater
rather than hydrothermal fluids. In particular,
the edges of Cdl near the pores exhibit euhe-
dral characteristics (Figs. 4A—4D). A convincing
explanation for this petrographic phenomenon
is that pores/vugs were present before the pre-
cipitation of Cd1; without the presence of these
pores, there would have been no space for Cd1
to grow such euhedral crystals. The U-Pb age
of Cdl is 391 4 12 Ma (Fig. 13C), so the pores
formed earlier than 391 £ 12 Ma. Moreover,
the U-Pb ages of SD and Cl1 are distinctly later
than that of Cd1, indicating that the pores formed
much earlier than the two stages of hydrothermal
fluid activities. This further demonstrates that the
genesis of pores was not correlated with the two
stages of hydrothermal fluids. The U-Pb age of
Cdl is close to that of D3; in other words, the
U-Pb age of Cdl is close to the time of early
dolomitization, suggesting that the pores were
probably inherited from precursor limestones or
the earliest D1 stage of dolomitization (Weyl,
1960; Saller et al., 2014).

An explanation is needed as to why the U-Pb
age of Cdl is earlier than that of D4. Compared
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to D3, there is almost no development of Cdl
in D4. The dolomite crystals of D4 tend to be
coarser and display a more curved crystal plane
(Fig. 3F), indicating a more rapid growth at
temperatures above the roughening temperature
(Gregg and Sibley, 1984). The §'%0 values of D4
(Fig. 12A) are more negative than those of D3,
reflecting a greater degree of recrystallization
with increasing burial temperature (Qing et al.,
2023). Therefore, with increasing burial depth,
D4 probably formed because D3 underwent sig-
nificant recrystallization (Huang et al., 2021). In
a recent study, Gasparrini et al. (2023) revealed
the recrystallization of dolomite by U-Pb dating.
It is suggested that U-Pb ages can be used to rep-
resent the time when recrystallization occurred.
The homogenization temperatures of the LVAIs
in D4 range from 85.2 °C to 95.2 °C (Fig. 14G).
Combined with the burial history (Fig. 16), this
suggests a formation time of D4 from 260 Ma to
250 Ma. This time is later than the U-Pb age of D4
(310 &= 17 Ma). This suggests that the U-Pb iso-
topic system of D4 is a composite of early dolo-
mitization and late recrystallization. In addition,
the diagenesis during the recrystallization process

probably excludes radiogenic Pb from the crystal
lattices, resulting in a younger measured U-Pb
age (Rasbury and Cole, 2009; Qiao et al., 2020).
Therefore, the U-Pb age of D4 is closer to the time
at which recrystallization occurred.

5.3. Influence of Hydrothermal Fluids on
Dolomite Reservoirs

The influence of hydrothermal fluids with dif-
ferent properties (temperature, pH, ion concen-
tration, and gas composition) on dolomite res-
ervoirs is distinctive. In addition, the properties
of the hydrothermal fluids change constantly as
they migrate up the faults and into the forma-
tion (Koeshidayatullah et al., 2020b; Chen et al.,
2022), resulting in differences in the modifica-
tion of the dolomite reservoirs adjacent to or
away from the faults during the same stage of
hydrothermal fluid activity (Fig. 17).

5.3.1. Influence of Stage I Hydrothermal
Fluids

It has been proven that the pores/vugs in
these dolomites were probably inherited from
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precursor limestones or the earliest D1 stage
of dolomitization; therefore, the influence of
the two stages of hydrothermal fluids on the
dolomite reservoirs can be further discussed.
Stage I hydrothermal fluids were derived from
the Precambrian basement, which mainly pre-
cipitated SD and Cd2. In the pores/vugs, SD and
Cd2 grew around Cd1, and Cdl was found to
have a euhedral crystal morphology using SEM
(Figs. 4A—4D, 8C, and 8F), demonstrating that it
was not influenced by hydrothermal dissolution.
This further suggests that hydrothermal dissolu-
tion was not associated with the stage I hydro-
thermal fluids. In addition, based on the intensity
of H,S contained in the vapor-phase components
of the LVAIs in SD (Fig. 15A), the hydrother-
mal fluids precipitating SD contained a relatively
low amount of corrosive gas (H,S), which fur-
ther proves that stage I hydrothermal fluids had
a very weak ability to cause dissolution. SD and
Cd2, especially SD, occupied a large volume of
the fractures (Figs. 4] and 6D). Furthermore,
Cd2 significantly occupied the pore space as a
ring band growing around Cd1 (Figs. 4E—4G and
17D), which is destructive to the dolomite reser-
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voirs. Therefore, the dominant influence of stage
I hydrothermal fluids on the dolomite reservoirs
was precipitation.

5.3.2. Influence of Stage Il Hydrothermal
Fluids

Stage II hydrothermal fluids originated from
the mantle, and the main products were C1 and
Qz, accompanied by pyrite and barite (Figs. 7B—
7D). The most abundant stage II hydrothermal
mineral is C1, which filled both fractures and
pores. Based on the intensity of H,S contained
in the vapor-phase components of the LVAIs in
C1 (Fig. 15D), the stage Il hydrothermal fluids in
the dolomite reservoirs adjacent to major faults

contained a relatively notable amount of corro-
sive gas (H,S; Fig. 18G) that may have caused
dolomite to dissolve (Davies and Smith, 2006).
The reactions were described by Jiang et al.
(2018) as follows:

Fe** +2H,S — FeS, +4H™; D

CaMg(CO;), +4H" — Ca’* +Mg™
+H,0+CO,. (@)

Equation 1 and Equation 2 represent the gen-
eration of H* with pyrite precipitation, which
results in dolomite dissolution. Combined with

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37150.1/5958303/b37150.pdf
bv China Univ Petroleum (East China) | ibrarv Seriale Dent user

the petrographic observations, C1 and Qz filled
the dissolution pores of the SD in the fractures
and were accompanied by significant amounts
of pyrite (Figs. 5A, 7B, 7D, and 17C), indicat-
ing that H,S-related dissolution occurred (Cai
et al., 2001; Jiu et al., 2022) and that the dissolu-
tion was significant in the fractures. Dissolution
is still observed in the pores/vugs and present
in SD and Cd1 (Figs. 6E and 9H). However,
compared to the dissolution within the fractures
(Fig. 5A), the dissolution in the pores/vugs is
much weaker and hardly extends into the matrix.
There are still significant dissolved residues of
Cd1 and SD (Fig. 6E), indicating that the sec-
ondary pores generated by H,S-related dissolu-
tion are very few and much fewer than the pores
prior to the precipitation of Cd1. Consequently,
after the dissolution by stage I hydrothermal flu-
ids, the pore space did not recover to the original
pore space prior to the precipitation of Cd1.
Dissolution is not visible in the dolomite res-
ervoirs away from major faults. As previously
mentioned, stage I hydrothermal fluids in the
dolomite reservoirs away from the major faults
mainly precipitated Cd2 (Fig. 17D). Cd2 was
barely dissolved by the stage II hydrothermal
fluid and exhibits intact crystal planes in the
pores and fractures (Figs. 4F, 6D, and 6F). The
stage I hydrothermal fluids away from the major
faults contained a relatively lower amount of cor-
rosive gas (H,S) than the stage II hydrothermal
fluids adjacent to major faults (Figs. 15C, 15D,
and 18G). Therefore, it is speculated that as stage
II hydrothermal fluids migrated along the frac-
tures into the strata, the corrosive gas (H,S) was
gradually consumed, and the dissolution ability
of the hydrothermal fluids decreased gradually
(Fig. 18G). The trend of constant depletion of
H,S is similar to that of the gradual decrease in
the amount of Qz with increasing distance from
the major faults (Fig. 18H). Based on the trend
in the intensity of H,S, it should be noted that
the dissolution capacity of hydrothermal flu-
ids was probably depleted within a distance of
800 m from the major faults (Fig. 18H). There-
fore, the influence of dissolution can be consid-
ered to be minimal for extensively developed
dolomite reservoirs. This localized dissolution
mainly dissolved the minerals precipitated by
the hydrothermal fluids in the previous stage
in the pores/fractures (Figs. 5A, 9F, and 9H)
and did not constructively alter the dolomite
matrix and generate new pore spaces, indicat-
ing that the contribution of such dissolution was
limited. Moreover, C1 significantly occupied
most of the pores/fractures in the dolomite res-
ervoirs, whether adjacent to or away from the
major faults (Figs. 6D—6F, 17C, and 17D). In
summary, stage II hydrothermal fluid caused
significant H,S-related dissolution in the dolo-
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mite reservoirs adjacent to the major faults, but
dissolution was weakened or not visible away
from the major faults. The influence of stage II
hydrothermal fluids was primarily through the
destructive filling of fractures and pores.
Hydrothermal fluids driven by geothermal and
pressure gradients can migrate into fracture zones
and permeable layers (Pan et al., 2021; Chen
et al., 2022). However, as early overdolomitiza-

tion and recrystallization densified the dolomite
reservoir (Halley and Schmoker, 1983; Lucia and
Major, 1994; Shen et al., 2019), later fractures
represent crucial features as transport channels
influencing the modification of the reservoir by
hydrothermal fluids (Davies and Smith, 2006;
Li et al., 2023). The development of strike-slip
normal faults and the introduction of hydrother-
mal fluids may increase pressure and create frac-
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tures (Phillips, 1972; Katz et al., 2006; Centrella
etal., 2022). At the microscopic level, microfrac-
tures are important pathways for the migration
of hydrothermal fluids into formations and are
crucial for hydrothermal fluids to modify pores
(Martin-Martin et al., 2015; Guo et al., 2016;
Li et al., 2023). Mf-I is almost fully filled and
has relatively straight fracture edges (Figs. 9A
and 9C), indicating that the influence of stage I
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hydrothermal fluids was predominantly precipi-
tation. In contrast, the edges of Mf-II are uneven
and not fully filled (Figs. 9A and 9F), indicating
that both dissolution and precipitation occurred
in stage II hydrothermal fluids. Only the pores/
vugs connected by Mf-I could develop stage |
hydrothermal precipitation (Figs. 9C-9E), and
dissolved crystalline surfaces are visible in the
pores connected by Mf-II (Figs. 9F-9H), indicat-
ing microfractures played a vital and critical role
in hydrothermal modification.

6. CONCLUSIONS

(1) The genesis of pre-hydrothermal dolo-
mites and Cd1 (the earliest-formed dolomite
cement) was related to coeval seawater. Early
dolomitization and pore formation predated mul-
tistage hydrothermal fluid activities. The pores
were probably inherited from precursor lime-
stones or formed during the earliest D1 stage of
dolomitization.

(2) Two stages of hydrothermal fluids were
identified in the Lower Ordovician Yeli-Liangji-
ashan Formation. Stage I and stage II hydrother-
mal fluids were derived from the Precambrian
basement and the mantle, respectively. Stage I
hydrothermal fluids mainly precipitated SD in
the dolomite reservoirs adjacent to the major
faults, while Cd2 was mainly precipitated in the
dolomite reservoirs away from the major faults.
The main precipitated minerals of the stage II
hydrothermal fluids were C1, Qz, pyrite, and
barite. As the distance from the major faults
increased, the temperature of the hydrothermal
fluids gradually became cooler, and SiO, and Mg
were consumed continuously.

(3) Stage I hydrothermal fluids contained a
relatively low amount of corrosive gas (H,S).
Cd1 shows complete crystal morphology with-
out dissolution. SD and Cd2 significantly occu-
pied the pores and fractures. The influence of
stage [ hydrothermal fluid on dolomite reservoirs
was dominated by precipitation.

(4) Stage II hydrothermal fluids in the
dolomite reservoirs adjacent to major faults
caused dissolution owing to a relatively
notable amount of H,S. The H,S-related dis-
solution is relatively limited in the pores. The
secondary pores generated by H,S-related
dissolution are very few and much fewer than
those generated by the pores prior to the pre-
cipitation of Cdl. As the distance from the
major faults increased, the H,S was gradually
consumed. Dissolution is barely visible in
the dolomite reservoirs away from the major
faults. C1 followed the precipitated minerals
in the stage I hydrothermal fluids and occu-
pied most of the pores and fractures. Stage 11
hydrothermal fluids caused localized dissolu-

tion in dolomite reservoirs adjacent to major
faults, but the influence of stage II hydro-
thermal fluid on the dolomite reservoirs was
dominated by precipitation.

APPENDIX

The main geochemical data are included in Tables
A1-AS: Table Al: In situ rare earth element (REE)
data of dolomites. Table A2: In situ REE data of
calcites. Table A3: In situ REE data of quartz (Qz).
Table A4: C and O isotopic values of carbonate miner-
als. Table AS: In situ Sr isotopic values of carbonate
minerals.
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Influence of multistage hydrothermal fluids on dolomite reservoirs

TABLE A2. IN SITU RARE EARTH ELEMENT DATA OF CALCITES, YELI-LIANGJIASHAN FORMATION, CHENGDAO-ZHUANGHAI AREA, CHINA

Well Depth Lithology La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu SEu
(m)
CB244  2903.77 C1 1.93 5.71 0.81 4.44 1.57 0.42 1.48 0.18 0.93 0.15 0.42 0.05 0.30 0.03 1.47
CB244 2903.77 C1 733 22.82 3.1 14.44 4.55 1.26 4.20 0.50 2.38 0.40 0.92 0.1 0.62 0.08 1.53
CB244  2906.47 C1 0.27 162  0.34 2.37 1.05 0.25 0.76 0.08 0.49 0.07 0.17 0.02 0.12 0.01 1.41
CB244  2906.47 C1 0.04 0.14  0.03 0.20  0.09 0.04 0.10 0.02 0.10 0.02 0.04 0.01 0.05 0.01 2.16
CB244 2914.37 C1 0.44 196  0.53 4.41 2.33 0.74 2.28 0.27 1.61 0.26 0.62 0.07 0.36 0.05 173
CB244 2914.37 C1 2.20 771 1.30 729 2.65 0.73 2.44 0.34 2.04 0.38 1.02 0.13 0.78 0.10 1.46
CB244  2914.37 C1 0.39 094  0.20 1.68  0.99 0.41 1.04 0.11 0.56 0.11 0.21 0.03 0.15 0.02 2.31
CB302 4002.36 C1 5.01 13.58 1.87 856  3.32 1.03 3.13 0.35 1.86 0.33 0.76 0.08 0.45 0.06 1.74
CB302 4002.36 C1 3.25 10.72 1.83 11.01 5.00 1.58 4.25 0.50 2.70 0.43 1.03 0.12 0.66 0.09 1.79
72G28 4122.92 C1 0.73 2.67 0.49 3.52 177 0.51 1.59 0.20 1.03 0.17 0.36 0.06 0.29 0.05 1.58
2G28 4123.42 C1 456 10.52 1.33 5.96 1.56 0.30 1.59 0.22 1.26 0.25 0.63 0.09 0.47 0.07 0.99
2G28 4123.42 C1 410 12.27 1.77 799  2.00 0.38 1.74 0.23 1.11 0.20 0.46 0.05 0.29 0.04 1.03
CB302 4006.67 C1 12.75 28.33 3.83 17.51 4.25 0.81 3.76 0.47 2.62 0.44 114 0.15 0.82 0.12 1.04
CB302 400776 C1 16.90 3741 471 20.38 4.32 0.77 3.34 0.42 2.12 0.39 1.04 0.13 0.78 0.12 1.02
ZH102  4624.26 Cc2 0.17 078 0.16 1.03  0.49 0.09 0.43 0.08 0.50 0.07 0.21 0.03 0.12 0.02 0.93
ZH102  4623.86 Cc2 0.27 114 0.19 1.14 0.44 0.08 0.40 0.06 0.35 0.07 0.16 0.02 0.10 0.02 1.00
ZH102  4624.26 c2 0.20 0.90 0.17 133 0.64 0.10 0.61 0.10 0.59 0.11 0.30 0.04 0.28 0.03 0.78
CB302 4005.45 Cc2 0.31 177 043 252  0.50 0.07 0.40 0.06 0.37 0.06 0.16 0.02 0.15 0.02 0.72
CB302 4006.67 Cc2 0.28 1.86  0.46 345 0.75 0.12 0.66 0.08 0.59 0.11 0.27 0.03 0.23 0.02 0.91
CB302 400776 Cc2 0.15 089 0.31 354  3.90 0.64 3.12 0.32 1.45 0.20 0.37 0.04 0.21 0.04 0.98

Note: Values for individual elements are given in ppm. Lithologies: C1, C2—first and second type of calcite, respectively.

TABLE A3. IN SITU RARE EARTH ELEMENT DATA OF QUARTZ (QZ), YELI-LIANGJIASHAN FORMATION, CHENGDAO-ZHUANGHAI AREA, CHINA

Well Depth Lithology La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu SEu
(m)
CB244  2903.77 Qz 0.107 0.168 0.013 0.061 0.012 0.014 0.022 0.003 0.018 0.003 0.000 0.001 0.008 0.003 4.750
CB244  2906.47 Qz 0.333 0.761 0.100 0.797 0.107 0.020 0.016 0.006 0.009 0.000 0.000 0.004 0.025 0.000 1.199
CB244 2914.37 Qz 0.291 0557 0.072 0.242 0.029 0.009 0.005 0.001 0.008 0.003 0.005 0.000 0.008 0.002 2.081
CB244  2914.37 Qz 5.523 5.705 0.008 0.011 0.012 0.005 0.008 0.002 0.010 0.003 0.014 0.003 0.129 0.012 1885
72G28 4122.92 Qz 0.014 0.014 0.001 0.008 0.006 0.003 0.003 0.000 0.006 0.000 0.001 0.000 0.003 0.000 2.757
72G28 4123.42 Qz 0.554 1.034 0.177 0.652 0.080 0.042 0.099 0.013 0.100 0.011 0.042 0.003 0.007 0.010 2.559
72G28 4123.42 Qz 0.003 0.008 0.000 0.023 0.004 0.001 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1555
ZH102  4623.86 Qz 0.001 0.006 0.001 0.005 0.004 0.001 0.007 0.000 0.000 0.000 0.000 0.000 0.006 0.000 1558
ZH102  4623.86 Qz 0.447 0.866 0.094 0.382 0.081 0.021 0.060 0.009 0.053 0.012 0.030 0.005 0.025 0.002 1422

Note: Values for individual elements are given in ppm.
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TABLE A4. C AND O ISOTOPIC VALUES OF CARBONATE MINERALS, YELI-
LIANGJIASHAN FORMATION, CHENGDAO-ZHUANGHAI AREA, CHINA

Well Depth Lithology §13C 5180
(m) (%o, VPDB) (%, VPDB)

ZG28 4137.93 D1 -1.41 —6.03
CB244 2920.60 D1 0.07 -7.00
2G28 4134.73 D2 -1.68 -5.05
ZG28 4122.92 D2 0.07 -5.70
ZG28 4126.87 D2 -1.16 —5.51
ZH102 4622.26 D2 -1.39 -5.77
ZH102 4626.44 D2 -1.52 -5.00
ZH102 4624.26 D2 -0.72 -5.43
ZH102 4623.86 D2 —0.84 -5.29
CB244 2899.19 D3 0.45 —6.86
CB244 2903.77 D3 0.38 -717
CB244 2914.37 D3 —1.49 —6.55
ZH102 4622.92 D3 —0.51 —6.76
ZH102 4623.56 D3 —0.43 -6.81
CB302 4005.45 D3 —2.15 -7.16
CB302 4007.76 D3 —0.37 —6.95
CB302 4005.45 Cd1 —0.28 -6.28
CB244 2903.77 Cd1 0.43 -772
ZH102 4622.96 Cd1 -0.35 —6.62
CB302 4003.50 D4 —0.51 -8.50
CB302 4004.00 D4 —0.66 -8.08
CB302 4004.80 D4 0.26 -7.89
CB302 4001.96 D4 —0.10 —7.26
CB302 4001.00 D4 —0.51 -8.07
ZH102 4622.66 D4 -0.25 =777
ZH102 4624.36 Cd2 0.43 -13.41
CBG6 3037.70 Cd2 —0.46 -13.95
CB302 4005.45 Cd2 —0.60 —-14.25
CB302 4007.76 Cd2 -0.78 —-14.93
2G28 4122.92 SD -0.40 —-17.12
CB244 2903.77 SD -1.18 -18.19
CB244 2914.37 SD —0.55 -19.15
ZH102 4622.96 C1 -1.27 —-15.24
ZH102 4624.36 C1 —2.10 —17.06
CB244 2903.77 C1 —2.26 -17.67
CB302 4007.76 C1 -1.61 -18.24
CB302 4002.36 C1 -1.64 -15.09
CB302 4004.46 C1 —2.27 -17.85
CB244 2914.37 C1 -1.69 —16.02
ZG28 4122.92 C1 -1.43 —14.26
CB302 4003.76 c2 -2.35 —15.40
CB302 4007.76 c2 —2.27 -12.13
CB302 4005.45 Cc2 —2.53 —-12.42
ZH102 4622.96 Cc2 —2.72 —-12.89

Note: Lithologies: D1—relict grains of the dolorudstones; D2, D3, and D4—matrices of fine crystalline
dolostone (FCD), fine to medium crystalline dolostone (FMCD), and medium to coarse crystalline dolostone
(MCCD), respectively; Cd1, Cd2—earliest-formed dolomite cement and dolomite cement adjacent to Cd1,
respectively; SD—saddle dolomite; C1, C2—first and second type of calcite; respectively. VPDB—Vienna

Peedee belemnite standard.
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