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Extensional fractures filled with calcite are widespread in the ultra-deep reservoir sandstones of the Cretaceous
Bashijiqike Formation (>6000 m) in the Kuqa Depression, western China. Microstructures of calcite veins pro-
vide an excellent opportunity for investigating fracture opening processes in a tectonically active, ultra-deep
foreland basin setting. The syntaxial calcite vein is the dominant type and is formed through a single crack-
seal event. Calcite crystals in fractures show blocky and elongated blocky shapes. The textural and geochem-

ical characteristics of syntaxial calcite veins were investigated in detail using optical cathodoluminescence, trace
element distributions and stable carbon and oxygen isotopes. Calcite veins were inferred to have precipitated
from a mixture of seawater and meteoric water. Y"REE + Y and elemental concentrations of Mg?", Mn?*, Fe?*
and Sr?* both increase from fracture walls to the center. This process was controlled by temperature, crystal
growth rate and variations in elemental concentration in a relatively closed environment. Medium REE-bulge
patterns after Post Archean Average Shale (PAAS) normalization, negative 8Ce and positive 8Eu anomalies all
indicate that calcite wall-rock cements and veins may inherit constituents from seawater and from meteoric
water containing feldspar-weathering components, respectively. Both 136CpDB and 18605M0w of the parent fluids
imply that calcite veins were primarily precipitated from seawater under a relatively closed diagenetic envi-
ronment. Considering the scope and timing of the transgression of the Tethyan Ocean in the study area, meteoric
water may have been retained prior to the seawater invasion (65 Ma). The mixing of meteoric water and
seawater within the reservoir could be the primary origin of the fluids forming the calcite veins.

1. Introduction

Subsurface fractures and fluid flow can be simultaneously induced by
tectonic movements. Consequently, tectonically induced mineral veins
(e.g., calcite and quartz) can record fluid flow and diagenetic environ-
ment changes. Open fractures are crucial fluid pathways for petroleum
migration and mineral deposition in ultra-deep (>6 km) reservoirs
(Solano et al., 2011; Kang et al., 2013; Fall et al., 2015; Lyu et al., 2017;
Lietal., 2019; Liu et al., 2021), and oversaturated pore fluids can enter
tectonically induced fractures and precipitate mineral veins. As a result,
the microstructures and fine-scale geochemical features of these mineral
veins can record fluid events (Barker et al., 2006, 2009; Bons et al.,
2012; Maskenskaya et al., 2014; Laubach et al., 2019). Delineation of
deep-seated fluids is essential for understanding the evolution of

ultra-deep reservoirs. In this study, calcite veins from ca. 6 km depth are
described using petrological and geochemical evidence in order to
investigate potential fluid origins and evolution.

Mineral deposits may precipitate during fracture opening or after
fractures cease opening (termed syn- and post-kinematic deposits,
respectively; Laubach, 1988) and consequently may record conditions
existing at different times. Moreover, deposits formed during fracture
opening can record a progression of conditions if repetitive fracture
opening and sealing is recorded by veins within microstructures. In
fractures formed in low-temperature diagenetic environments,
crack-seal textures may form bridge cements that span between fracture
walls (e.g., Laubach et al., 2004; Hilgers and Urai, 2005; Gale et al.,
2010; Lander and Laubach, 2015) leaving space in the fracture for
post-kinematic cementation (blocky, textureless etc.) (Laubach, 2003).
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The presence of vein microstructures is generally interpreted as evi-
dence for cyclic changes in fluid pressure and/or far-field stress (Fisher
and Brantley, 1992; Fall et al., 2015; Hooker and Katz, 2015; Laubach
et al., 2019).

Veins within syn- and/or post-kinematic textures thus provide a re-
cord of fluid properties and precipitation conditions when fractures
formed. Such deposits may record sequential changes of fluid temper-
atures, compositions, origins and horizon pressures during rock defor-
mation (Becker et al., 2010; Fall et al., 2015; Laubach et al., 2019). In
fractures, mineral veins can show various internal microstructures with
different crystal shapes (blocky, fibrous, stretched etc.) and growth di-
rections (e.g., either from the wall rock into the vein or in the opposite
direction) (Ramsay, 1983; Passchier, 1996; Bons et al., 2012; Ukar and
Laubach, 2016) (Fig. 1).

The focus of this study is an ultra-deep (>6 km) clastic reservoir, the
Cretaceous Bashijigike Formation (Kjps) in the Kuga Depression, west-
ern China. In the Kuqa foreland thrust belt multiple fractures and car-
bonate veins were developed (Liu et al., 2009; Zeng et al., 2010; Lai
et al., 2017), providing excellent diagenetic records for studying mi-
crostructures and geochemical indicators of calcite veins. As is discussed
below, the active tectonic setting in which these fractures and veins were
formed make it likely that the fractures were a response to tectonic
shortening and were fractured mechanically. The principal purpose of
this study is to establish the relationship between the microstructures of
calcite veins and their associated geochemical characteristics, and to
reconstruct fluid evolution during fracture openings. As such, this is the
first interdisciplinary investigation of microstructures and geochemical
characteristics of tectonic veins in the Bashijigike Formation of lower
Cretaceous, Kuga Depression. The results provide insights into the
coupling of tectonic and diagenetic processes and fluid evolution in a
deep burial foreland basin setting.

2. Geological setting

The Kuqa Depression is in the northern part of Tarim Basin western
China (Fig. 2 a). The study area, about 220 km long and 30 km wide (Liu
et al., 2022), is within the Kelasu Fold Belt, which is rich in oil and gas.
From west to east, the Kelasu fold belt is divided into four zones: the
Awate, Bozi, Dabei and Keshen zones (Fig. 2 b). Fault-bend traps in the
Kelasu Fold Belt are mainly thrusting-related folds (Fig. 2 c), whose
development and evolution has been primarily controlled by the Late
Yanshan (approximately 65 Ma) and Himalayan (approximately 23.3
Ma) orogenies (Shi et al., 2020; Wang et al., 2021). Although the tec-
tonic evolution stages of the Kuqa Depression are still uncertain (Jia
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etal., 1998; Chen et al., 2004; Li et al., 2004), the prevailing view is that
the Kuqga Depression has experienced continuous deformation since the
beginning of the Cenozoic (Yin et al., 1998; Chen et al., 2004, 2005; Jin
et al., 2008). During the late Cretaceous, the entire Kuga Depression was
uplifted and the upper part of the Cretaceous horizon began to be eroded
(Fig. 3). Subsequent to the deposition of the Kuga Formation in the
Neogene and Quaternary, the collision between the Indian Plate and the
Eurasian Plate has led to more intensive shortening and massive
thrust-nappe structures (Graham et al., 1993; Lu et al., 1994; Yin et al.,
1998; Chen et al., 2004; Boorder, 2012).

The Cretaceous Bashijigike Formation (Kjpg) is a major hydrocarbon
reservoir in the Kuqga Depression (Lai et al., 2017, 2021; Shi et al., 2020;
Wang et al., 2021) with burial depths varying from 3 to 8 km (Fig. 3 a)
(Chen et al., 2000; Zou et al., 2006; Shi et al., 2020). The predominantly
terrestrial sediments are mainly derived from the southern Tianshan
Orogenic Belt (Ma et al., 2016) (Fig. 2 b). Since the early Cretaceous, the
region has evolved from a warm, moist to an arid, hot climate (Jiang
et al., 2007; Li et al., 2013), and K;ps was deposited in the early Creta-
ceous in a fluvial-fresh-water lacustrine deltaic setting (Guo et al.,
2002). Feldspathic lithic sandstone and lithic feldspar sandstones are
widespread within the lacustrine delta depositional systems, which are
controlled by braided rivers (Zeng et al., 2010; Wang et al., 2021). The
remnant thickness of K;ps is approximately 100-360 m. During the late
Cretaceous, the Tethys Ocean flooded the region from west to east and
submerged the remnant Kj} in the Kuga Depression (Guo et al., 2002),
providing highly oxidizing seawater as a major fluid type for mineral
deposition during this period.

3. Materials and methods

Opening-mode fractures and carbonate veins were developed in the
Dabei and Keshen Zones in drilling cores (Fig. 4) (Zhang et al., 2020; Lai
et al., 2021; Wang et al., 2021). Various fracture-filling minerals were
found in the studied area, including carbonate cement (calcite, dolomite
and ankerite) (Figs. 4 and 5) and euhedral quartz (Fig. 5 f-i). Rock
samples from 15 wells were stained with a mixed solution of Alizarin
Red S and K-ferricyanide to distinguish carbonate mineral types (Dick-
son, 1966; Finkelman and Lindholm, 1972).

In order to obtain in situ analysis of elemental concentrations in
various parts of carbonate cement, total of 50 points of the same thin
sections from two calcite veins were used to conduct optical cath-
odoluminescence (CL), Electron Microprobe Micro-Analysis (EMPA) and
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS). Powdered calcite samples from 13 calcite veins and 20 wall rocks
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Fig. 1. (a) Basic scheme of internal crystal morphology within syntaxial veins that have experienced single or multiple crack-seal events (Bons et al., 2012). (b) Basic
scheme depicting growth of syn- and post-kinematic crystals during fracture opening (after Ukar and Laubach, 2016).
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Fig. 2. (a) Geographic location of the Kelasu Thrust Belt and subdivisions of structural elements in the Kuqa Depression, Tarim Basin (after Yu et al., 2016; Lai et al.,
2021; Wang et al., 2021). KD - Kuqa Depression; NTU - North Tarim Uplift; NTD - North Tarim Depression; CTU - Central Tarim Uplift; SWTD - Southwest Tarim
Depression; STU - South Tarim Uplift; SETD - Southeast Tarim Depression. (b) Enlarged map of the Kelasu Thrust Belt and mapping locations of four zones (from west
to east: Awate, Bozi, Dabei and Keshen) (after Lai et al., 2017, 2021; Wang et al., 2021); (c) Representative geological profile perpendicular to the local structural
trend. The profile location (A-B) is marked in Fig. 2 (b) (after Lai et al., 2021).

were used for stable oxygen and carbon isotopes analyses. In this paper,
four geochemical methods were used to analyze the properties, com-
positions, and isotopic ratios of the minerals in the fractures. These
geochemical indicators then were used to determine the material origins
and environments of the vein-forming fluids in the K reservoirs in the
Kuqa Depression.

The CL images were obtained using a CAMBRIDGE CL8200 MK5
detector on the Zeiss microscope at the China University of Petroleum
(East China). An acceleration voltage of 10 kV, 250 pA electric current,
and automatic exposure time (average value from 10s to 20s) were
selected to capture CL images. Optical CL has long been used to

determine the brittle structure in both unmetamorphosed and meta-
morphosed rocks (e.g., Sprunt and Nur, 1979; Travé et al., 1998; Steven
et al., 2003; Blyth et al., 2004; Holland and Urai, 2010; Lavenu et al.,
2013), study diagenesis in carbonate rocks (Richter et al., 2003) and
delineate fractures (e.g., Montanez, 1994; Marquez and Mountjoy, 1996;
Gale et al., 2010). In addition, CL colors can qualitatively reflect subtle
differences in trace- and rare earth elements concentrations and mineral
textures (Pagel et al., 2000). However, quantitative analysis of minor
elements and their spatial distribution require the use of higher preci-
sion instruments such as EMPA and LA-ICP-MS.

EPMA analysis was conducted using a JEOLJXA-8230 microanalyzer
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Fig. 3. (a) Simplified tectonic-stratigraphic chart of the Kuqa Depression showing key stratigraphic horizons, lithology and absolute ages (after Zeng et al., 2010; Shi
et al., 2020); (b-c) Burial history curves from the Keshen and Dabei zones (after Yuan et al., 2015; Zhang et al., 2020).

at Ocean University of China using a beam spot of 10 pm diameter under
15 kV acceleration voltage and 1078 A electric current. EPMA is sensi-
tive down to ~3 wt% concentration of minor elements and ~1 wt%
concentration of major elements. For carbonate minerals, EMPA can
provide precise quantitative elemental concentrations of CaO and MgO.
For minor elements like FeO and MnO, EMPA can provide only semi-
quantitative measurement. REE and Yttrium (Y) are below the detec-
tion limit of EPMA and are measured using LA- ICP-MS.

LA-ICP-MS has been widely applied for in situ microanalysis of trace
element contents and U-Pb dating of geological samples (Jackson et al.,
1992; Fryer et al., 1993) since Gray (1984) pioneered the elemental
analysis and Pb isotope dating of granites. The LA-ICP-MS analyses were
done using the system in the Guiyang Laboratory of Chinese Academy of
Sciences, which has a GeoLasPro laser ablation system and a detection
limit (>1 ppm). The CaO concentration or percentage from EPMA as the
primary parameter is used as an internal standard to correct the minor
elements of calcite cements. The data processing and associated soft-
ware are detailed in Liu et al. (2008) and Chen et al. (2011).

Carbon and oxygen isotopes are widely used to compare fluid sources
and fluid-rock interactions (Hodson et al., 2016) due to their sensitivity
to fluid compositions, mineral formation temperature, and diagenetic
processes (Friedman and O’Neil, 1977; Hodson et al., 2016). Carbon and
oxygen stable isotope analyses were carried out at China University of
Geosciences (Wuhan). The Peedee Belemnite (PDB) standard is the ref-
erences for computing carbon and oxygen isotopic ratios. The precisions
of both carbon and oxygen isotope ratios are approximately +0.2%o.

4. Results
4.1. Crystal morphology characteristics of syntaxial veins

Syntaxial mineral veins were developed in the study area. According
to crystal shapes, syntaxial veins generally contain two types: blocky and
elongate blocky. Blocky veins are characterized by anhedral equi-
dimensional crystals (Fig. 5 a and b). The crystals of elongate blocky
veins generally grow side by side until the fracture is completely sealed
(Fig. 5 c and e). Compared to blocky veins, elongate blocky veins have
higher length-width ratios and crystal growth showed certain orienta-
tions (Fig. 5 ¢ and e). As calcite crystals grow, some crystal growth is
restricted accompanying with promoted crystals, which generally grow
wider. The blocky and elongate blocky veins both incorporate wall-rock
fragments or whole grains from surrounding rocks (Fig. 5 a, b and d).
These fragments or grains are generally rotated and have lost their initial
orientations.

Syn-kinematic cement can be simultaneously deposited during
fracture opening, while post-kinematic cement fills fracture voids after
fracture opening (Laubach, 1988; Evans and Fischer, 2012).
Syn-kinematic cement in fracture generally possess repetitive crack-seal
textures, like stretched or fibrous textures and inclusion bands (Bons
et al., 2012; Ukar and Laubach, 2016). Post-kinematic cementation in
fractures generally is blocky or textureless (Laubach, 2003). Most
euhedral quartz cements in this study show prismatic habit (Fig. 5 f), a
common morphology for quartz growing into open void space. Quartz
cements generally grow more readily along a- or c-axis in continuity
with their quartz substrates. Some quartz cements are ideal hexagons
and located in the middle of fractures without quartz substrates (Fig. 5
f-i). Occasionally, the oblique angle between thin section orientation



S. Wang et al.

Journal of Structural Geology 173 (2023) 104895

Fig. 4. (a) Open fractures from Well BZ12, 6909.5 m; (b) Completely filled tectonic fractures from Well KS501, 6423.6 m; (c—d) Partially filled fractures from Well
KS25, 6690 m and Well DB304, 6878.2 m; A characteristic syntaxial vein is displayed in (d) with carbonate crystals growing from wall rock towards the center of

the fracture.

and crystal growth direction may be responsible for formation of ideal
hexagon quartz crystals (Lander and Laubach, 2015). In addition, an
obvious inclusion band is observed between the euhedral quartz cement
and substrate quartz grain (Fig. 5 g and h). Therefore, euhedral quartz
cements in fractures can be regarded as syn-kinematic cements. In the
fracture space, calcite cements in fractures develop straight crystal
boundaries (Fig. 5 h) and possess blocky or elongate blocky shapes
without obvious crack-seal textures. Most calcite veins could form by a
single crack-seal event without obvious crack-seal textures and then be
regarded as post-kinematic syntaxial calcite veins. In addition, one
post-kinematic calcite vein possesses unique e-twinning morphology
(Fig. 5 d), which appear as thin black lines under optical microscopy.

4.2. Geochemistry characteristics of calcite cements

4.2.1. Optical CL features and variations of minor elements across calcite

The calcite wall-rock cements and veins in these samples generally
exhibit yellow to orange CL (Figs. 6-8). Fine variations in CL colors are
primarily controlled by trace element types and concentrations (Mn%*
ion, Fe?* jon and trivalent REE ions (esp. Sm3+, Dy3+ and Tb3+) (Richter
et al., 2003; Maskenskaya et al., 2014). Consequently, in situ analysis of
minor elements and REE + Y for two typical calcite veins and

corresponding calcite wall-rock cements were performed (Figs. 6 and 7).
Observations show that CL colors and intensities of both blocky veins
and elongate blocky veins gradually become duller from vein margins
toward vein centers. CL colors and intensity of calcite wall-rock cements
generally are brighter yellow than veins.

EPMA and LA-ICP-MS are combined to quantitatively acquire minor-
and rare earth element concentrations on the same individual points.
Minor elements, such as Mg, Mn and Fe, are obtained by both EPMA
(blue points from Figs. 6 and 7) and LA-ICP-MS (red points from Figs. 6
and 7). Low-concentration minor and rare earth elements can only be
analyzed by LA-ICP-MS (red points from Figs. 6 and 7). Minor element
concentrations analyzed by both EPMA and LA-ICP-MS show similar
variation tendencies (Fig. 6 c-e and 7 c-e). Elemental abundances
measured from LA-ICP-MS are generally higher than those obtained
from EPMA. Calcite veins generally contain higher minor element con-
centrations, such as Mg, Mn, Fe and Sr, than calcite wall-rock cements
(Fig. 6 c-f and 7 c-f). In addition, the minor element concentrations
within veins decrease gradually from vein centers towards vein margins,
which is similar to the trends of CL colors (Fig. 6 c-f and 7 c-f). The
> REE concentrations are mostly below 600 ppm, except for some out-
liers, showing no distinct variations between calcite cements in fractures
and wall rocks (Fig. 6 g and 7 g). The minor element distribution
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Fig. 5. (a-b) Blocky calcite vein from Well DB7, 4851.7 m, Well KS501, 6506.1 m; (c) elongate blocky to blocky calcite vein from Well DB12, 5448.9 m; (d) blocky
calcite vein from Well DB9, 4851.7 m; (e) Partially filled syntaxial veins from Well DB17, 6154.2 m; (f) Integral euhedral quartz crystals within a calcite vein, Well
DB12, 5448.9 m; (g-i) Euhedral quartz crystals on quartz substrates of fracture walls, Well DB304, 7030.4 m, Well DB304, 6918.6 m, Well KS10, 6232.5 m; (j)
Completely filled dolomite vein, Well KS10, 6231.6 m; (k) Completely ankerite filled vein, Well DB304, 7027.6 m; (1) Completely gypsum filled vein, Well KS904,
7734.5 m. SQ-substrate of quartz grain; EQ-euhedral quartz; IB-inclusion band; SCA-stained calcite; CA-unstained calcite; DO-dolomite; GY-gypsum; AK-ankerite;
FW-fragments of wall rocks; FP-fracture pores; black lines mark boundaries between veins and wall rocks. All thin sections made from core samples were pro-
vided by the Research Institute of Exploration and Development, Tarim Oilfield Company, PetroChina.

patterns of the blocky (Fig. 6) and the elongate blocky (Fig. 7) calcite
veins are both characterized by convex shapes.

4.2.2. Patterns and anomalies indicators of REE + Y

The rare earth elements and yttrium (REE + Y) for calcite wall-rock
cements and veins, including a series of lanthanoid elements (La-Lu)
plus yttrium (Y), were analyzed. Because REE + Y exhibit the lanthanide
contraction (Johannesson et al., 1999, 2006), the ionic radius gradually
decreases as the 4f electron shell is filled. The lanthanide contraction can
produce a slight fractionation among REE + Y, resulting in systemic
changes of their chemical properties (Sholkovitz et al., 1989). Patterns
and anomalies of REE + Y are two common indicators to describe REE +
Y characteristics. However, the raw REE + Y data need to be normalized

against a common reference before they can be interpreted. In this study,
the Post Archean Average Shale (PAAS; McLennan, 2001) is used as the
normalization reference for both types of calcite cements (e.g., Van
Kranendonk et al., 2003; Kamber et al., 2004; Hohl et al., 2015).

8La, 8Ce, 8Eu, 8Gd, and Y/Ho represent anomalous degrees of
common rare earth elements illustrating variations of the calcite-
deposition environments. 8La, 5Ce, 8Eu and 8Gd are calculated by
Equations (1)-(4), respectively, by the geometric average method
(Lawrence et al., 2006). In these equations, N represents the
PAAS-normalized value, * represents this data from PAAS value.

SLa=Lan/Lax* = Lan/(Pry*(Pra/Ndy)?) @
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Fig. 6. Variations in the minor element distributions and concentrations in the blocky calcite vein from the DB9 well, 4851.7 m; (a-b) Images from reflected light and
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SCCZCBN/CBN* = CBN/(PI‘N*(PI'N/NdN)) (2)
SEu=Eun/Eun* = Eun/(Sm&*Tby)'? 3)
5Gd=Gdn/Gdx* = Gdn/(Tb%*Smy)' 4)

The REE + Y patterns of both the blocky calcite (Fig. 9 a) and the
elongate blocky calcite veins (Fig. 10 a) show similar MREE-bulge dis-
tributions. LREE (La-Nd) and HREE (Er-Lu) are slightly depleted while
MREE (Sm-Ho) is slightly enriched relative to PAAS. Only a few points
in the calcite wall-rock cements (point 16 in Fig. 9 a, points 3 and 4 in
Fig. 10 a) show apparent Ce depletion, while the other calcite wall-rock
cements display distribution patterns and a MREE-bulge distribution
similar to those of the calcite veins. Almost all 8La values for samples
from calcite wall-rock cements and veins range from slightly negative to
slight positive anomalies (Fig. 9 b and 10 b). Almost all calcite cements
have moderately to slightly negative 8Ce (Fig. 9 b and 10 b) except for
two calcite wall-rock cements that show slightly positive anomalies
(Fig. 9 b). All calcite samples have moderately positive §Eu and slightly

positive 8Gd (Fig. 9 ¢ and 10 c). There is no apparent correlation be-
tween 8Ce and S8Eu (Fig. 9 d and 10 d). The ratios of Y/Ho from two
calcite veins mainly range from 28 to 44 and the ratios of Er/Nd show
dispersive variations around 0.27 (Fig. 9 e and 10 e). In addition, the
ratios of Y/Ho of the calcite wall-rock cements from the nearby Dabei
Zone mainly range from 28 to 44 (Fig. 9 e), while some Y/Ho ratios from
the nearby Keshen Zone are between 25 and 28 (Fig. 10 e). The ratios of
Er/Nd show similar dispersive variations around 0.27 as that in the
calcite veins (Fig. 9 e and 10 e).

4.2.3. Carbon and oxygen isotope characteristics

5'3Cppp values of calcite veins range from —3.36%o to —1.35%o with
an average of —2.53%o, while 613CPDB values of calcite wall-rock ce-
ments are between —4.76%o0 and —0.81%o with an average of —2.37%o.
6180pDB values of calcite veins range from —16.43%o to —11.37%o with
an average of —13.57%o, while 5'80ppg values of calcite wall-rock ce-
ments are between —14.95%o and —9.86%o with an average of —12.37%o.
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The distribution of 8'3Cppg values in the calcite cements is more
concentrated than that of §'80ppg values (Fig. 11 a) and the 5'%0ppp
range of calcite wall-rock cements is more scattered than that of calcite
veins. According to stable isotopes and previously reported Th results
(Yuan et al., 2015; Zhang et al., 2020), two formation stages of calcite
veins may be distinguished (Table 1 and Fig. 11 a). If the 613CPDB and
5'80ppp results came from different geochemical fluids, they could show
obvious differences. This means that a single outlier may represent a
stage of fracture opening. While using a single point to identify a frac-
ture opening stage may induce uncertainties, reliability of the C and O
isotope results is considered high. Consequently, this outlier may be
indicative of a stage of fracture opening. The paleosalinity index (Z
values) of pore water can then be calculated by 5'3Cppp and 8'80ppp
(Equation (5); Keith and Weber, 1964) to differentiate carbonate
deposited in a marine or freshwater setting (Table 1).

Z = a(8"*Cppp+50) + b(8'*0ppp+50) (5)

Where a and b are constants of 2.048 and 0.498, respectively. The Z
values can be used to semi-quantitatively reflect paleosalinity of calcite
samples (Keith and Weber, 1964; Xi et al., 2019).

In order to eliminate temperature effect for oxygen isotope, reported
fluid inclusion Th ranges of calcite veins (Yuan et al., 2015; Zhang et al.,
2020) are used to calculate the SISOSMOW of vein-forming fluid (Fig. 11 b
and Table 1) and further infer fluid origins (Fig. 11 c) according to the
calcite fractionation equation (Dietzel et al., 2009). The 5'80ppp values
of the vein-forming fluids can then be calculated from these calculated
51%0gmow  values using the empirical equation: 5%0gmow =
1‘03086*61801;1)3—&—30.86, recommended by the United States Geological
Survey. The 5'80ppg and 5'3Cppg can be used to calculate the Z values
and semi-quantitatively evaluate paleosalinity of pore water. Z values of
calcite veins range from 102.52 to 111.54 (Table 1). Due to the lack of
fluid inclusion Th values from the calcite wall-rock cements, §'®Ogmow
and Z values of calcite wall-rock cements cannot be acquired.

5. Discussion

Tectonic veins may form concurrently with or slightly lagging frac-
ture opening, or they may be deposited long after fractures ceased

opening (Laubach, 2003). Evidence in the form of textures within veins,
or overlapping relationships among mineral phases, are needed to
determine when deposits formed relative to fracture opening (Fig. 1).
The presence of some textures such as “stretched crystals” or “crack-seal
texture” depend on crystal growth rates compared to fracture opening
rates (i.e., spanning potential, Lander and Laubach, 2015). Conse-
quently, some mineral deposits that accumulate in opening fractures
may lack textural evidence that the deposits formed during fracture
opening (Fig. 1b).

For deposits formed contemporaneously with opening, geochemical
compositions can be linked to the formation fluids present during
opening. Fine-scale geochemical investigation may provide important
clues on the origin, types, temperature-pressure regimes and evolution
of deposit-forming fluids (e.g., Jensenius and Burruss, 1990; Lee and
Morse, 1999; Budai et al., 2002; Blyth et al., 2004, 2009; Holland and
Urai, 2010; Cobbold et al., 2013; Fall et al., 2015) and thus conditions
existing when fractures were active. Elemental fluctuations or concen-
trations may indicate potential fluid origin, for example, meteoric water
usually contains higher Mn, Fe and lower Sr than that of seawater (Liu
etal., 2010; Shen et al., 2010). The concentration of transition metals (e.
g., Fe, Mn, Zn, Pb etc.) tends to increase with enhanced fluid-rock in-
teractions at elevated temperature and chlorinity (Yardley, 2013). These
interactions may also be influenced by elemental partition coefficients
within different fluids and carbonate minerals, and element concentra-
tions in the solution (Brand and Veizer, 1980). In addition, rare earth
element indicators from REE + Y patterns and common anomalies may
be used to infer fluid types (e.g., seawater, meteoric water or hydro-
thermal fluids), pH and redox environments (Lawrence et al., 2006;
Debruyne et al., 2016). Stable carbon and oxygen isotopes are known to
be effective tools in identifying fluid origin, types of precipitation
environment and fluid-rock interaction degrees (Bons et al., 2012;
Maskenskaya et al., 2014; Xi et al., 2019). Primary fluid inclusion ho-
mogenization temperatures (Th) without late diagenetic alteration are
commonly employed to derive §'%0gyow values of the parent fluids
(Goldstein, 2001, p. 201; Mangenot et al., 2017). Potential fluid origin
can thus be inferred by using the 5'3Cppp and 61805Mow values.
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m). (a) Wall-rock cements and veins mainly display MREE-bulge patterns after PAAS normalization; (b-e) Distribution characteristics of common anomalies (SREE

>1 indicates positive anomaly, while SREE <1 represents negative anomaly).

5.1. Implications from the microstructures of syntaxial veins

Syntaxial veins are usually considered to form in the void space
formed by extensional strain. Under a regional compressional stress,
they mainly appear at the crests of thrust anticlines (Figs. 1 and 4),
where local extensional stress is present. Meanwhile, fluid overpressure
caused by shortening horizons can also promote fracture opening and
mineral deposition (Eckert et al., 2014). Crystals in syntaxial veins
generally grow symmetrically from wall rocks into the open fracture
space, but occasionally crystals can grow from one side of wall rock
towards the other. As veins are sealed, the difference between fracture
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opening rates and crystal growth rates can result in differences in the
extent of sealing (i.e., open, partially filled or completely filled).
Although blocky and elongate blocky veins can both form under
similar mechanical conditions, they show different crystal shapes.
Continuous crystal nucleation with/without substrates in an over-
saturated fluid can lead to the development of a blocky crystal shape.
Different growth rates of calcite crystals that lack space to grow due to
their crystal habits could form unequal granular blocky crystals. When
crystal growth rates are slower than the fracture opening rates, some
crystals gradually become narrower while others can form elongate-
blocky or blade-like crystals along the growth direction of crystals.
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This phenomenon results in a crystallographic preferred orientation
(CPO) (Bons et al., 2012). The crystal growth competition present in
elongate blocky veins may imply that crystals grow into a fluid-filled
crack.

5.2. Variations of CL colors and trace-element concentrations within
syntaxial veins

For carbonate cement, long CL wavelengths ranging from yellow to
red light require longer time to decay after excitation by the electron
beam (Boggs and Krinsley, 2006; Ukar and Laubach, 2016). This
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phenomenon is termed phosphorescence (Reed and Milliken, 2003; Lee
et al., 2005), which is a key factor activating yellow to red CL of calcites.
Therefore, optical CL can be conveniently used to map carbonate cement
in fractures (e.g., Travé et al., 1998; Rimsa et al., 2007; Holland and
Urai, 2010; Lavenu et al., 2013). Emissions of CL are primarily
controlled by trace element types and concentrations. The variations in
the CL intensity can thus reflect the chemical characteristics of
carbonate-forming fluids and their evolution during the carbonate
cement precipitation. Mn?" ion and trivalent REE ions (esp. Sm3*, Dy3Jr
and Tb®") appear to be the most important activators for extrinsic CL,
whereas Fe? is the principal quencher (Richter et al., 2003;
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Fig. 11. (a) Carbon and oxygen isotopes of calcite cements in wall rocks and fractures; (b) Oxygen isotopic fractionation curve with increasing precipitation
temperature (from Friedman and O’Neil, 1977); (c) Ranges of fluid §'®0gyow value for potential oxygen sources (after Rollinson, 1993 and references therein); (d)
Ranges of 8'3Cppp value for potential carbon sources (after Xi et al., 2019 and references therein).

Table 1

Carbon and oxygen isotope compositions, 5'®0gyow range of the parent fluid and Z value range of calcite veins. The minimum and maximum values for the oxygen
isotope ratios of the parent fluids are a function of the range of Th values. Homogenization temperature range modified from Yuan et al. (2015); Zhang et al. (2020).

Zone Vein formation Well Depth, 5'%Cppp 5'%0ppy Th value 5'80gpmow of parent 5'80ppp of parent fluid  Z values
stage m %o %o ranges °C fluid %o %o
minimum  maximum minimum maximum  minimum  maximum
Dabei First DB12 5397 —2.448 -12.825 60-120 —4.66 2.39 —34.50 —27.66 105.10 108.51
DB12 5401 —2.447 —12.654 —4.49 2.57 —34.33 —27.49 105.19 108.60
DB12 5401.8 —2.157 —12.272 -4.10 2.95 —33.96 —27.11 105.97 109.38
DB9 4846.1 —-2.179 —12.545 —4.38 2.68 —34.23 —27.38 105.79 109.20
DB9 4851.7 —2.572 —13.096 -4.93 2.12 -34.77 —27.93 104.72 108.13
DB17 6154.2 -1.977 —11.374 -3.20 3.87 —33.08 —26.23 106.78 110.19
Second DB12 5442.3 —2.329 —14.317 110-160 -0.07 4.05 —30.05 —26.05 107.56 109.56
DB304  7077.5 —-1.354 —14.341 -0.10 4.03 —30.08 —26.07 109.55 111.54
Keshen  First KS10 6312.3 —2.993 —14.257 60-130 —6.10 1.82 —35.90 —28.21 103.29 107.12
KS10 6379.6 —2.731 —14.180 —6.03 1.90 —35.83 —28.14 103.87 107.69
KS25 6688 —2.991 —13.865 -5.71 2.22 —35.52 —27.83 103.49 107.32
KS25 6690 —-3.358 -14.312 —6.16 1.76 —35.96 —28.27 102.52 106.35
Second KS501 6505.2 —3.336 —16.431 120-170 -1.27 2.56 —31.21 —27.49 104.92 106.78

Maskenskaya et al., 2014).

The intensity of REE-activated luminescence is generally much lower
in sedimentary calcite than that of hydrothermal calcite because sedi-
mentary calcites contain insufficient REEs to activate CL (Figs. 6 and 7).
Since the emission spectra of REEs and Mn?" overlap extensively, CL
activated by low-concentrations of REEs can be obscured by high con-
centration of Mn?* (Habermann et al., 1996). Consequently, the CL
colors and intensities can be controlled in large part by the potential
relationship between Mn?* and Fe?* concentrations in Kips in the Kuga
Depression. A cross-plot of CL intensity versus Mn?* and Fe?" concen-
trations in calcite and dolomite (Fig. 8) has previously been established
on the basis of empirical data (Machel et al., 1991; Machel, 2000).
Therefore, the intensity of CL emissions is a complex function of mod-
erate Mn?' concentration activation, quenched by Fe**and high
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concentration of Mn?" ions.

Although both blocky and elongate blocky calcite veins show bright-
to dull-orange CL colors (Fig. 8 a and d), they contain variable Mn®*
content (3000-6000 ppm). Highly variable Fe?* content (500-8000
ppm) could therefore be responsible for the dull CL. The Fe?* concen-
trations within a calcite vein gradually increase from the outer vein to
the inner vein (Fig. 6 b-c and 7 b-c). This distribution occurs since Fe?tis
usually precipitated at the final stage of calcite vein precipitation in the
form of Fe oxide/hydroxides (Maskenskaya et al., 2014). In addition, the
Mg?*, Mn?" and Sr?" concentrations show the same distributions as
Fe?* within individual veins. This suggests that the ratios of concen-
trations among Mg, Mn?*, Sr?* and Fe?" are relatively constant in the
vein-forming fluid during the growth of calcite crystals. As a result, the
increase in the minor element concentrations from vein wall to the inner
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vein could be common for the syntaxial veins, regardless of whether the
vein is of blocky or elongate blocky crystal morphology. Trace-element
variations can occur even over a 200 pm distance and could produce
large fluctuations to influence CL colors and intensities (Samples 4, 5, 7,
8 in the blocky calcite vein; Fig. 6). Such trace-element variations within
a single vein may be associated with variability in trace elements in the
precipitation solution (Denniston et al., 1997; Barker et al., 2006),
trace-element incorporation rates in calcite due to different crystalliza-
tion conditions (Denniston et al., 1997; Barker et al., 2006), fluid flow
rates (Maskenskaya et al., 2014), the mixture of exotic fluids with
various chemistries induced by tectonic movement (Wogelius et al.,
1997; Debruyne et al., 2016), and changes in the redox potential and
clay-mineral diagenesis.

5.3. Parent fluid geochemical characteristics and material sources

Minor elements, REEs and carbon and oxygen stable isotopes have
been collectively used to identify possible subsurface fluid environment
evolution and the origins of the precipitating materials. The connate or
initial waters, accompanying sediments at the time of deposition, are
generally theoretical and conceptual, because of later complicated
geochemical influences by various geological processes (Morad et al.,
1999). Parent fluids are defined as the entire fluid volume from which
the analyzed crystals and co-precipitating phases originated (Debruyne
et al., 2016). Therefore, several geochemical tools can be applied to
probe calcite cements in wall rocks and fractures to reconstruct the
parent fluid compositions.

5.3.1. Interpretation of REE + Y distributions and common anomalies

The similarity and contrast of trace elements and isotope ratios be-
tween calcite wall-rock cements and calcite veins can provide insights
on whether vein material originated or inherited from the surrounding
wall rocks. For example, quartz particles of wall rock are likely to be a
major contributor to quartz cement in fractures, but other silicates (e.g.,
clays, feldspars) may also contribute to quartz veins. Except for minor
amounts of calcite wall-rock cements that show apparent negative 5Ce,
most calcite wall-rock cements and veins exhibit MREE-bulge distribu-
tions (Fig. 9 a and 10 a), which are similar to features of sedimentary
pore fluid (Grandjean et al., 1987; Kidder and Eddy-Dilek, 1994; Kidder
et al., 2003; Bright et al., 2009). In addition, the non-correlation be-
tween &Ce and 8Eu (Fig. 9 ¢ and 10 c¢) may indicate that late diagenetic
alteration had little influence on the REE + Y distributions of authigenic
carbonate (Shields and Webb, 2004).

Apart from REE + Y patterns, common anomalies may also imply
potential fluid origins. Both the calcite wall-rock cements and veins
show similar common features: (1) moderately-slightly negative 5La
anomalies (Fig. 9 b and 10 b); (2) moderately-slightly negative &Ce
anomalies (Fig. 9 b and 10 b); (3) moderately positive §Gd anomalies
(Fig. 9 c and 10 c); (4) moderately positive 5Lu anomalies (Fig. 9 ¢ and
10 ¢); (5) no apparent correlation between 5Ce and SEu; (6) scattered Y/
Ho ratios between 28 and 44, with values that are generally higher than
that of calcite wall-rock cements (Fig. 9 d and 10 d); and (7) variably
scattered Er/Nd ratios (Fig. 9 d and 10 d).

The largest inter-elemental fractionations are associated with Ce and
Eu, since certain redox environments can induce changes of elemental
valences (German and Elderfield, 1989; Bau and Moller, 1992; Holser,
1997). Generally, Ce®" in sub-aerial environments is oxidized to Ce**.
As a result, a negative 8Ce may indicate oxidizing fluid conditions
(German and Elderfield, 1989; Holser, 1997). Most calcite wall-rock
cements and veins of Kjps have slightly to moderately negative 8Ce
(Figs. 9 and 10), which is consistent with inheritance from weakly
oxidizing seawater. At low mineralization temperatures, Eu is normally
trivalent (Debruyne et al., 2016). Most of the samples from K;jps show
positive 8Eu (Figs. 9 and 10), implying a divalent state of Eu in calcite
wall-rock cements and veins rather than a trivalent one. Preferential
leaching of Eu-rich material like feldspar, reducing conditions during
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calcite deposition and increasingly divalent state of Eu with temperature
(generally found in hydrothermal fluids, T > 250 °C) are important
factors to influence the positive degree of 8Eu (Sverjensky, 1984; Bau
and Moller, 1992). In addition, raw REE data after PAAS normalization
may also induce slightly higher 8Eu compared with other normalization
materials (Debruyne et al., 2016). Due to the lack of evidence of hy-
drothermal fluid injection and the possible weak oxidizing environment
inferred from negative 8Ce values, preferential leaching of Eu-rich ma-
terial from feldspar is the preferred interpretation for the moderately
positive dEu.

Modern sea water and river water commonly show positive 8La and
8Gd (Elderfield et al., 1990; Bau and Dulski, 1996; Lawrence et al., 2006;
Zhao et al., 2019). 8La values are also dependent on the solution pH
value and 8La becomes negative when pH < 6.5 (Lawrence et al., 2006;
Zhao et al., 2019). These samples mostly show negative 6La anomalies,
implying a weak-acidic solution origin like meteoric water. Sea water
and river water with positive 8La anomalies may be partially incorpo-
rated. The moderately positive 8Gd anomalies are incorporated into
calcite veins and wall-rock cements. Previous studies demonstrated
positive 8Gd anomalies may be of anthropogenic origin (Bau and Dulski,
1996; Nozaki et al., 2000) and be induced after PAAS normalization (De
Baar et al., 1985). However, since these samples are from drilling cores,
an anthropogenic influence on 8Gd can be excluded.

Y/Ho and Er/Hd ratios are generally used to determine potential
fluid origins from river water or sea water (Fig. 9 e and 10 e) (De Baar
et al., 1985; Nozaki et al., 1997; Bolhar and Van Kranendonk, 2007).
Y/Ho ratios of calcite wall-rock cements show variable distributions
ranging from 26 to 39, consistent with a mixture of river water (25 <
Y/Ho < 28) and sea water (Y/Ho > 44). Y/Ho ratios of most calcite veins
investigated range from 30 to 40, indicating an increasing sea water
contribution compared to calcite wall-rock cements. Er/Hd ratios can
also be used as a reference to identify fluid types; normal seawater has
an Er/Hd ratio of 0.27 (de Baar et al., 1988). These calcite samples
including both calcite wall-rock cements and veins are characterized by
variable Er/Hd (Fig. 9 e and 10 e), implying that other types of fluids
may be incorporated along with seawater.

REE + Y patterns and common REE + Y anomalies may provide in-
sights for geochemical features of the parent fluids. Overall, calcite wall-
rock cements and veins show no evidence of contribution from fluids
other than the original pore fluids, meteoric water and seawater. This
mixed parent fluid shows an acidic and oxidizing character during the
calcite deposition.

5.3.2. Interpretation of stable carbon and oxygen isotopes

The 8'3C and 580 values plus the fluid inclusion Th data can indi-
cate the types and potential origins of the parent fluids. Th values are
regarded as crystallization temperatures as suggested by Hrabovszki
et al. (2022). However, the calculated §'80gyow values of parent fluids
are generally underestimated, since the Th values without pressure
correction represent the minimum trapping temperatures (Goldstein and
Reynolds, 1994; Diamond, 2003). The s13C ranges of calcite wall-rock
cements and veins mostly overlap (Fig. 11 a) and are similar to the
53¢ range of sea water (Fig. 11 d). In addition, two stages of calcite vein
formation in Kjps are recognized from fluid inclusions and
oxygen-isotope ratios (Fig. 11 a). The 61805M0w values of possible
parent fluids can be calculated by the calcite-water fractionation equa-
tion (Dietzel et al., 2009) (Fig. 11 b) and their range is consistent with
5'80gmow ranges of sea water and meteoric water (Fig. 10 c¢). Although
possible sources of parent fluids, seawater and meteoric water, can be
inferred, the fluid origin is often not unique, because the 5'80gmow
range of various fluids may overlap each other (Fig. 11 c¢), and their
signatures could also be masked by fluid-rock interaction and fluid
mixing.

In addition, the range of stable isotope ratios can be used to
discriminate whether the fluid environment is relatively closed or open.
If the stable isotopes ratio range scatters within 3%o, the fluid
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geochemistry and temperature may be regarded as constant (Lee et al.,
1997; Barker et al., 2006) and are possibly buffered by wall rocks over
geological time scales (Hilgers and Sindern, 2005; Smith et al., 2014).
This would indicate a relatively closed and stable fluid environment. In
contrast, if stable isotope ratios show strong fluctuations (>6%o), various
degrees of fluid-rock interactions may have occurred (Rye and Brad-
bury, 1988) or a mixture of different fluid types was present (Wogelius
et al., 1997). This may indicate a relatively open fluid environment. The
5'3Cppp and 5'%0gmow ranges of calcite cements in wall rocks and
fractures fluctuate within 4%., showing no extreme variations (Fig. 11
a). This may indicate a relative stable fluid chemistry and temperature
(Lee et al., 1997) buffered by the wall rocks, or a rapid crystallization of
individual veins preventing effective isotopic fluid-rock exchange
and/or temperature exchange (Katz et al., 2006). Consequently, if the
injection of exotic fluids and short-term intensive effect of fluid-rock
interactions can be excluded, the calcite veins may have been directly
precipitated from the parent fluid under a relatively stable and closed
geochemical condition.

The Z value was originally derived from carbonate by selecting
samples which could be certainly classified into marine or freshwater
(Keith and Weber, 1964). Therefore, this indicator has been often used
to discriminate carbonates sourced from seawater (>120) or fresh water
(<120) (Hofer et al., 2013; Veras et al., 2021). That the calcite veins
were precipitated from deep pore fluids without mixing of exotic fluids
was demonstrated by stable isotope variation and structural evolution.
Therefore, oxygen isotope changes mainly caused by increasing tem-
perature could be an important factor for Z values calculation. Th data,
the calcite fractionation equation and empirical equation between
5'%0ppp and 5'80gyow can be used to eliminate the temperature effect
and obtain 5'®0ppg values of the parent fluid that range from —35.96%o
to —26.05%0 (Table 1). The Z values calculated from 5'3Cppg and
5'%0ppp can indicate the fluid paleosalinity during the formation of
calcite veins. The Z values of calcite veins range from 102.52 to 111.54
(Table 1), suggesting that calcite veins in the study area have inherited
properties from fresh water (Keith and Weber, 1964; Zhang et al., 2020).
Considering the results of 5'3Cppp, 5'0smow and Z values together,
meteoric water appears to be a dominant part of the parent fluid with a
minor contribution from seawater. As the K5 Formation was gradually
buried and only weakly deformed, the chemical compositions of the
parent fluid became stabilized and formed a relatively closed diagenetic
environment.

5.4. Possible fluid evolution processes for calcite precipitation

Combining minor elements, REE + Y patterns, REE + Y anomalies,
stable carbon and oxygen isotopes and Z values, the parent fluid com-
positions can be determined. However, the connate water characteristics
during the Kjps deposition cannot be effectively inferred from these
geochemical data alone. Therefore, we try to combine geochemical data
and a previous paleoenvironment reconstruction (Li et al., 2013) to
determine possible fluid evolution processes since the deposition of the
Kjps Formation.

Previous studies demonstrated that in the study area the paleo-
environment had evolved from warm and moist in the early Creta-
ceous, with the deposition of fresh water fluvial-lacustrine sediments in
the early Cretaceous in the Kuqa Depression (Guo et al., 2002) to arid
and hot in the late Cretaceous (Jiang et al., 2007; Li et al., 2013).
Meteoric water should thus be a major connate water for the K;ps For-
mation in the early Cretaceous. Initially, meteoric fluid could be devoid
of dissolved ions and well equilibrated with atmospheric oxygen. By
dissolving minerals in the sedimentary basin, other ions and REE + Y are
incorporated into the undersaturated meteoric water. This process
would be limited due to weak fluid-rock interactions under a relatively
low temperature and a shallow burial depth. As the entire Kuqa
Depression was uplifted to the surface during the late Cretaceous, the
upper Cretaceous formations were nearly completely eroded. Under a

14

Journal of Structural Geology 173 (2023) 104895

hot-arid open near-surface environment (Jiang et al., 2007; Li et al.,
2013), intensive weathering and erosion caused by meteoric water
would be enhanced. Feldspars would be eroded easily with the released
Eu?* incorporated into pore fluids (Bau and Méller, 1992). During late
Cretaceous, the Tethyan Ocean transgressed eastwards and flooded the
lower remaining Cretaceous formations in the Kuga Depression (Guo
et al., 2002). High volumes of Cretaceous oxidizing surface seawater
could then be mixed with pore fluids in the Cretaceous units, adding
abundant Ce** to the Kips Formation pore fluid. This interpretation
explains why both negative 5Ce anomalies and positive 8Eu anomalies
are present in the calcite cements. The ranges of Y/Ho and Er/Hd ratio
also suggest a mixture of seawater and fresh water. All Z values are less
than 120 and further support the inference of major effect from meteoric
water. After a major erosional event caused by entire uplift of Kuqa
Depression at 65 Ma, the Cretaceous units continued to be buried
without further intensive tectonic movements. As burial depths and
horizon temperatures increased, pore water became reduced chemically
and led to weaker negative 8Ce anomalies than those initially inherited
from sea water. The §!3Cppg of the calcite crystals and 5'80gmow of the
inferred parent fluids both show relatively minor fluctuations of less
than 4%, indicating a relatively closed diagenetic environment during
the precipitation of the calcite wall-rock cements and veins in the
absence of exotic or/and hydrothermal fluids injection. According to
previous studies of structural evolution and burial history curves,
intense compression and thrust deformation occurred about 2-5 Ma ago
(Graham et al., 1993; Lu et al., 1994; Yin et al., 1998; Chen et al., 2004;
Boorder, 2012). Meanwhile, petroleum generation, including organic
acids, potential deep magmatic fluids or hydrothermal brines could be
injected into reservoirs along thrust faults (Chen et al., 2000, 2004; Jin
et al., 2008). Organic acids could induce feldspar dissolution and change
the chemistry of pore fluid after the formation of calcite veins. There-
fore, organic acids, potential deep magmatic fluids or hydrothermal
brines would not be involved and alter the chemical compositions of
calcite veins.

6. Conclusions

1. Syntaxial growth is common in calcite veins developed in an ultra-
deep (>6 km) reservoir in the Baishijigike Formation, Kuga
Depression. Petrographic evidence indicates that each vein formed
by a single crack-seal event. The calcite veins of typical blocky and
elongate blocky crystals without obvious crack-seal textures are
attributed to post-kinematic cements after fracture opening. The
growth process of calcite from fracture wall to center is accompanied
by variations in CL colors, CL intensities and minor element con-
centrations (especially the complex relationship between Mn?* and
Fe?* ions).

2. The calcite wall-rock cements and veins inherited their compositions
from the same parent fluid. This parent fluid initially evolved from a
mixture of oxidizing seawater and meteoric water and was chemi-
cally reduced to a certain content under a relatively closed, deeply
buried and high temperature environment. In addition, minor
element concentrations increasing from vein walls to vein centers
indicate an operational process of ion concentrations being gradually
increased as the fracture space decreases.

3. Combining paleo-environmental studies, Tethyan Ocean trans-
gression and structural evolution, the fresh water or meteoric water
was initially retained as connate water in the Kjps reservoirs in early
Cretaceous. During the late Cretaceous, oxidizing surface seawater of
Tethyan Ocean and meteoric water containing ions dissolved from
the eroded upper Cretaceous formation entered the reservoir and
altered the geochemistry of connate water. Subsequently, the entire
Kuga Depression was buried and the pore water began to be heated
and reduced without exotic fluid injection. Calcite wall-rock cements
and veins were then deposited from pore water and inherited its
geochemistry.
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