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The identification of geologic fluids and related fluid–rock interactions during

diagenesis is the subject of much research in sedimentary petrology. Authigenic

calcite potentially provides a record of geologic fluids and it occurs

heterogeneously in the Upper Permian Wuerhe Formation (P3w) in the

Shawan Sag, Junggar Basin, which has a complex history of geologic fluid

activity. This provides an ideal opportunity to study the effectiveness of

authigenic calcite in tracing fluids. We conducted optical,

cathodoluminescence (CL), and scanning electron microscopic observations,

as well as the major and trace element and stable carbon and oxygen isotopes

of authigenic calcite. The results show that three generations of calcite were

precipitated in the P3w Formation, and the diagenetic fluid was affected to

varying degrees by paleo-meteoric water and hydrocarbon-bearing fluids.

During early diagenesis, diagenetic fluid with low Mn contents precipitated

the amorphous early-stage calcite (dark red in CL images, MnO <1.5%,
δ13C = −8.6‰ to 2.1‰, VPDB). Its carbon source was mainly meteoric CO2.

During mesodiagenesis, the limited hydrocarbon emplacement during the

Middle Jurassic enriched the pore fluids in Mn and 13C-depleted organic

derived CO2, subsequently precipitating the late-stage sparry calcite I

(orange in CL images with MnO of 2.5%–4% and δ13C of −14.5‰ to −8.1‰).

The carbon in this calcite came from the dissolution of early-stage calcite and

CO2 generated by decarboxylation of organic acids. During the Early

Cretaceous, large-scale hydrocarbon charging occurred and the pore fluids

were further enriched in Mn and organic derived CO2, eventually precipitating

the late-stage sparry calcite II (bright yellow in CL images with MnO of >4% and

δ13C of −25.7‰ to −14.9‰). Its carbon source was mainly CO2 produced by the

decarboxylation of organic acids. The precipitation of abundant late-stage
sC-depleted calcite suggests that the hydrocarbons were oxidized to organic

acids in the reservoir. The two periods of hydrocarbon charging caused the

dissolution of laumontite and the early-stage calcite, forming secondary

minerals and dissolution pores, which increased the porosity and

permeability of the rock. Therefore, authigenic calcite is a useful tracer of
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fluid properties, fluid–rock interactions, and alteration processes in

petroliferous basins.
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Introduction

Siliciclastic petroleum reservoirs are distributed widely in

petroliferous basins worldwide. For example, in China, the

measured petroleum resources hosted in siliciclastic rocks

account for >70% of total petroleum resources (Li, 2004; Ma

et al., 2017). In petroliferous basins, meteoric water,

hydrocarbon-bearing fluids, deep mantle-sourced fluids, and

other external fluids can alter the diagenetic pathways of

siliciclastic rocks by triggering fluid–rock interactions or by

forming or destroying reservoir space (Jin et al., 2002;

Seewald, 2003; Xie et al., 2009; Yuan et al., 2017; Huang et al.,

2021; Zhi et al., 2022). Identifying these fluids is necessary for

better understanding diagenesis and alteration in siliciclastic

reservoirs and improving the evaluation of these reservoirs.

Typical authigenic minerals, such as calcite, pyrite, and

quartz, can potentially record geologic fluids in altered

sedimentary rocks. The precipitation of different generations

of authigenic minerals can be identified using crystal

morphology, cathodoluminescence (CL) images, and the

relationships between minerals. The fluids that form

authigenic calcite can then be identified from the chemical

and stable carbon and oxygen isotopic compositions of the

calcite, and the corresponding fluid–rock interactions can be

further deciphered (Irwin et al., 1977; Spiro, 1977; Krouse et al.,

1988; Zhu et al., 2006; Drake et al., 2015; Hu et al., 2018). In

carbonate rocks, major element (e.g., iron and manganese), trace

element (e.g., uranium), and carbon and oxygen isotopic

compositions have been combined to identify different stages

of calcite formation, alongside the source of their carbon and

their formation processes (Irwin et al., 1977; Zhao et al., 2016; Xie

et al., 2020; Sun et al., 2021). Thermochemical sulfate reduction

accompanied by hydrocarbon oxidation has been identified using

the relationships between authigenic minerals, the geochemical

characteristics of H2S-enriched natural gas,
13C-enriched residual

hydrocarbons, and the negative δ13C values of authigenic calcite

(Krouse et al., 1988; Zhu et al., 2006; Hao et al., 2008; Liu et al.,

2020). In siliciclastic rocks, the precipitation of authigenic calcite

with high MnO contents and extremely negative δ13C values

[down to −70‰ VPDB (Vienna Pee Dee Belemnite)] indicates

hydrocarbon oxidation induced by high-valence Mn or Fe oxides

(Hu et al., 2018; Kang et al., 2021). Therefore, authigenic calcite

may record information implying the origin of geologic fluids

and fluid–rock interactions in siliciclastic reservoirs.

The upper Permian Wuerhe (P3w) Formation in the Shawan

Sag is a coarse siliciclastic sedimentary sequence composed of gray

sandy conglomerates and brown mudstones. During diagenetic

stage, as well as diagenetic fluids, the rocks also affected by

leaching by an external geologic fluid (e.g., meteoric water) and

by hydrocarbon emplacement (Yuan et al., 2017; Zhi et al., 2022).

Authigenic calcite with varying geochemical compositions was

observed in the P3w cores. This formation provides a good

opportunity for testing the potential of using authigenic calcite to

trace geological fluids in siliciclastic rocks; therefore, we conducted

petrological and mineralogical studies of the P3w Formation and

used the in situ major element, trace element, and carbon and

oxygen isotopic compositions of calcite formed in different stages to

reveal the possible composition of geologic fluids that were present

and the fluid–rock interactions and alteration of the reservoir that

occurred during diagenesis.

Geologic setting

The study area is in the Shawan Sag in the west of the Junggar

Basin, northwestern China, adjacent to the Zhongguai Uplift to the

north, the Hongche Fault Zone to the west, the Homatu Anticline to

the south, and theWestern P1 Sag andMosuowan Uplift to the east

(Figure 1A). Since the late Carboniferous, the study area has been

affected by subduction, accretion, and closure of the Darbute and

northern Tianshan oceans, and several wedge-shaped fault

depressions were developed in the sag (Han et al., 2006; Tang

et al., 2010; Tao et al., 2021). At the end of the early Permian, the

emergence of the structural wedge in the transition zone between the

Shawan Sag and the Chepaizi Uplift caused the topography to slope

gently from west to east (Liang et al., 2018). During the late

Permian–Triassic, the strata were uplifted, exposed, and denuded,

forming an unconformity. During the Cretaceous–Paleogene, the

whole basin experienced steady subsidence. Since the Neogene, the

large-scale thrusting adjacent to the Tianshan Mountains in

response to the Himalayan Orogeny caused the sag to slope

gradually southward, forming its current tectonic arrangement

(Zhang et al., 1999; Zhang et al., 2006).

The late Permian Upper Wuerhe Formation (P3w)

unconformably overlies the middle Permian Lower Wuerhe

Formation (P2w) and also unconformably underlies the Lower

Triassic Baikouquan (T1b) Formation. The P3w Formation is

150–210 m thick (Figure 1B) and was deposited in a coarse-

grained fan delta system (Zou et al., 2007; Du et al., 2019). The

formation is composed of coarse-grained gray and brown

conglomerate with interbedded reddish-brown mudstone. The

overall formation represents a fining upward sequence, and the
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proportion of conglomerate decreases upward, reflecting a lake

transgression systems tract.

Three mature to highly mature source rocks exist in the

Shawan Sag—the Lower Wuerhe (P2w), Fengcheng (P1f), and

Jiamuhe (P1j) formations—leading to large-scale hydrocarbon

production in the P3w Formation (Zhang et al., 2015; Du et al.,

2019; Xia et al., 2022). Two periods of oil and gas emplacement

occurred (during the Middle Jurassic and Early Cretaceous) as

the faults became active allowing migration (Wang, 2016; Pan

et al., 2021). Since 2018, successful exploration has been carried

out in the sandy conglomerate reservoir in the P3w Formation.

Daily oil and gas production from wildcat well ST1 reached

30.25 m3 and 2.14 × 103 m3, respectively, after hydraulic

fracturing. High industrial oil and gas yields have also been

obtained from well ST2, indicating that the reservoir shows a

good prospect for future exploration and development (Kuang

and Zhi, 2022).

Sample descriptions and methods

Detailed core logging was conducted on 10 wells in the

study area, and 89 core samples were collected systematically

with vertical intervals of <1 m. Thin sections were studied

under an optical microscope (Table 1). Thirty-two

representative samples were analyzed using a scanning

FIGURE 1
(A) Geologic map of the Shawan Sag and surrounding area. (B) Lithological column for the study area and typical geologic elements of the
hydrocarbon reservoirs.

TABLE 1 Core samples from the P3w Formation.

well samples depth Production test result

K206 6 3627.9–3642.5 m Water layer

JT1 6 4453.5–4484.5 m Water layer

13 4502.5–4538.1 m Water layer

CP24 6 4604.9–4610.8 m Water layer containing oil

ST1 6 5281.9–5284.5 m Water layer containing oil

5 5309.3–5311.3 m Water layer containing oil

G191 12 4333.2–4350.7 m Heavy oil layer

ST2 8 4897.5–5168.6 m Low-quality oil layer

1 5171.0m Dry layer

SP1 3 4828.5–4832.0 m Dry layer

C45 7 4074.5–4220.3 m Dry layer

XG1 3 4490.2–4491.9 m Dry layer

G3 7 4610.5–4760.8 m Gas layer

6 4862.1–5260.5 m Water layer
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electron microscope (SEM), and selected minerals were

analyzed using energy dispersive spectroscopy (EDS). The

SEM analyses were carried out on a TESCAN MIRA three

using an accelerating voltage of 5 kV, 30 μm standard

grating, and a counting time of 40 s, and the EDS analyses

were carried out using an Oxford AZtec X-Max 150 detector

with an accelerating voltage of 15 kV.

The different generations of authigenic calcite were

identified using CL images, and the major element

compositions of laumontite and each generation of calcite

were measured using a JEOL JXA-8800 electron probe

microanalyzer (EPMA). In addition, laser

ablation–inductively coupled plasma–mass spectrometry

(LA–ICP–MS) was used to analyze the trace element

contents of authigenic calcite. We used a Jena PlasmaQuant

MS Elite mass spectrometer with He as the carrier gas, a laser

spot diameter of 40 μm, and an energy intensity of 3.5 J cm−2.

NIST SRM 610 was used as the external standard, and the Ca

content obtained using the EPMA was used as the internal

standard. The accuracy of the trace element analyses

was <10%. Rare Earth element (REE) data were normalized

to the composition of post-Archean Australian shale (PAAS)

values.

The carbon and oxygen isotopic compositions of

authigenic calcite from 29 samples were analyzed. Each

sample aliquot of ca. 100–120 mg of rock powder

(200 mesh) was cleaned in acetone for 2 h under

ultrasound to remove adsorbed organic contaminants. After

rinsing with deionized water, the aliquot was dried at 60°C.

Half the aliquot was dissolved in a phosphate solution in a

GasBench II system. The purified CO2 gas was transferred to a

Thermo Scientific MAT 253 isotope ratio mass spectrometer

for analysis. The results were expressed relative to the VPDB

standard using the Chinese standard GBW04416

(δ13C = −6.06‰, δ18O = −11.59‰) and expressed using δ

notation. The accuracy of the C and O isotopic compositions

is <0.10‰ and <0.08‰ (1 standard error), respectively.

To ascertain whether the crude oil in the study area has

undergone microbial degradation, the composition of saturated

hydrocarbons and biomarkers in the crude oil samples were also

analyzed using a Shimadzu GC-2014 gas chromatograph and

Shimadzu GCMS-QP2020 NX gas chromatography mass

spectrometer, respectively.

Results

Petrology

The P3w Formation contains mainly light gray and brown

sandy conglomerate with interbedded brown mudstone. The

clasts in the sandy conglomerate are dominated by lithic

fragments (>90%; Figure 2A), with <10% quartz and feldspar

grains (Figures 2C,D). The lithic fragments comprise mainly

mafic–intermediate volcanic rock (Figure 2A), with low (<15%)

metamorphic and sedimentary rock contents. The volcanic

lithic fragments comprise mainly tuff (Figures 2A,B) with a

small amount of basalt and andesite (Figure 2C). Poor sorting

and subangular–subrounded clasts (Figure 2A) in the

conglomerate demonstrate the low textural maturity of this

formation and suggest that it was deposited close to provenance

areas.

The reservoir rocks can be divided into oil-, gas-, and

water-bearing and dry layers according to the fluid they host.

Authigenic laumontite and calcite occur in oil-bearing layers

alongside authigenic quartz and kaolinite (Figure 3B, D, E).

Mixed-layer illite/smectite was observed in the intergranular

pores (Figure 3C). Solid bitumen was also found in residual

and secondary pores, indicating hydrocarbon emplacement

(Figure 2E). Sparry laumontite and calcite with rare analcime

are precipitated in the water-bearing layers (Figures 2C, 3F).

Lithic clast surfaces are often coated with a mixed-layer

illite/smectite. Dry layers have lower laumontite and

calcite contents, and abundant mixed-layer illite/smectite

coats the lithic grains and comprises the matrix in

intergranular pores.

Diagenesis

During diagenesis, the P3w Formation experienced

mechanical compaction, mineral dissolution, cementation,

and mineral replacement. Different diagenetic processes

occurred in the different layers, particularly cementation

and mineral dissolution. Because the studied strata have

generally been buried to depths >4,000 m, all of the sandy

conglomerates have undergone strong mechanical

compaction. The grains have linear to concave and convex

contacts (Figure 2A) and primary pores have been almost

entirely destroyed (Figure 2B).

In the oil- and gas-bearing layers, laumontite and calcite

occur as the primary cement (Figure 2F). Abundant secondary

pores were generated by the extensive dissolution of laumontite

and calcite cements and feldspar grains (Figures 2D,E, 3A).

Bitumen often remains in the dissolution pores (Figure 2E).

Late-stage calcite partially filled the pores formed by dissolution

of laumontite and feldspar (Figure 2F, 4A, 5C). Authigenic quartz

and vermicular kaolinite aggregates also occur in pores formed

by dissolution of laumontite (Figures 3D,E). Leaf-like chlorite

aggregates are often precipitated between grains (Figure 3C), and

smectite has been gradually replaced by mixed-layer illite/

smectite via illitization.

In the water-bearing layers, little dissolution has occurred

and a small volume of dissolution porosity is found in only a few

samples. Sparry laumontite and calcite form the primary cement

(Figures 2B,C). Rare authigenic analcime occurs in several
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samples (Figure 3F). The dry layers have low zeolite and calcite

contents and almost no dissolution has occurred. Smectite

experienced extensive illitization, forming abundant mixed-

layer illite/smectite (Figure 3C).

Calcite occurrence and geochemistry

In the oil-bearing layers, three generations of calcite can be

identified by their dark red, orange, and bright yellow

appearance in CL images (Figure 4). The dark red early-

stage calcite occurs mainly as primary cement in primary

pores and around the lithic grains (Figures 4C, 5A). The

orange late-stage calcite I was precipitated mostly in

primary pores through the recrystallization of early-stage

calcite (Figure 4). The early-stage calcite in the oil- and

gas-bearing layers has been partially dissolved then

replaced by mixed-layer illite/smectite (Figure 5B). The

bright yellow late-stage calcite II was precipitated in

unconnected residual intergranular pores and pores formed

by the dissolution of laumontite (Figures 4A, 5C,D). In the

water-bearing layers, early-stage and late-stage calcite I

commonly occurs with a small amount of late-stage calcite

II in pores formed by the dissolution of laumontite

(Figure 4A).

The authigenic calcite in the P3w Formation has a wide

range of MnO contents (Figure 6). Calcite in the oil-bearing

layers yields MnO contents of 0.05%–5.06% (mean = 1.42%),

the MnO contents of calcite in the water-bearing layers fall

into two groups (0–1% and 2%–4%), and the MnO contents of

calcite in the oil-bearing layers fall into three groups (<1.5%,

2.5%–4%, and 4%–6%; Figure 6). The FeO contents of calcite

are generally <0.20%.

In situ LA–ICP–MS analyses were used to measure the REE

contents of the calcite in the P3w Formation and yielded light

REE (LREE)/heavy REE (HREE) ratios of 2.20–7.80 (mean =

FIGURE 2
Photomicrographs of the Upper Wuerhe Formation. (A) Grayish white sandstone from a dry layer under plane-polarized light (PPL). (B)Water-
bearing brown sandy conglomerate under PPL. (C) Water-bearing gray sandy conglomerate under PPL. (D) Brown gravelly conglomerate from a
heavy oil-bearing layer under PPL. (E)Gray sandy conglomerate from a heavy oil-bearing layer under PPL. (F) Gray conglomerate from a low-quality
oil-bearing layer under PPL. Tc: tuffaceous clast, Cal: calcite, Q: quartz, La: laumontite, Ac: andesite clast, Bc: basalt clast, Or: orthoclase, SP:
secondary pores, Bit: bitumen, Chl: chlorite.
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5.17), showing LREE enrichment. The calcite yields Y/Ho ratios

of 19.10–28.43 (mean = 21.77), negative Ce anomalies (δCe =

0.26–0.61; mean = 0.33), and positive Eu anomalies (δEu =

1.04–1.74; mean = 1.26).

Calcite carbon and oxygen isotopic
compositions

The calcite in layers with different hydrocarbon charging

intensities have different carbon isotopic compositions. The calcite

in the oil-bearing layers is depleted in 13C, with δ13C values of −25.7‰

to −6.2‰ (mean = −14.1‰). The δ13C values of calcite in the water-

bearing layers is higher, at −12.4‰ to +1.2‰ (mean = −7.1‰). There

are no clear differences in the oxygen isotopic compositions of the

calcite among the different layers. The calcite in the oil-bearing layers

yields δ18O values of −20.9‰ to −13.6‰ (mean = −15.5‰), and the

calcite in the water-bearing layers yields δ18O values of −18.0‰

to −11.5‰ (mean = −15.6‰; Table 2).

Oil biomarkers

Previous studies have suggested that the crude oil hosted

by the P3w Formation may have been biodegraded near the

fault zone (Pan et al., 2021); therefore, we analyzed crude oil

biomarkers from the sampled layers. The total ion

chromatogram from the crude oil from the study area

shows a relatively complete sequence of n-alkanes, and

typical biodegradation markers (e.g., 25-norhopanes) were

not identified in the mass spectrum (Figure 7). Limited

samples possibly underwent mild biodegradation as the

existence of UCM (unidentified compound materials,

Figure 7).

FIGURE 3
SEM images of intergranular minerals in the P3w sandy conglomerates. (A) Gray sandy conglomerate from the heavy oil-bearing layer. (B) Gray
sandstone from the heavy oil-bearing layer. (C) Gray–green sandy conglomerate from the heavy oil-bearing layer. (D) Gray sandy conglomerate
from the gas-bearing layer. (E) Gray sandy conglomerate from the gas-bearing layer. (F) Gray gravelly conglomerate from the water-bearing layer.
La: laumontite, SP: secondary pores, Chl: chlorite, Q: quartz, I/S: mixed-layer illite/smectite, (K) kaolinite, An: analcime.
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Discussion

Geologic fluid identification

The redox sensitive element (e.g., Mn and Fe) contents of

calcite are closely related to the fluid from which it precipitated

and can potentially indicate the geologic fluids present during

diagenesis (Gregg and Shelton, 1989; Aggarwal et al., 2004; Liu

et al., 2019). Previous studies have shown that hydrocarbon-

bearing fluids in the Junggar Basin are enriched inMn (Cao et al.,

2007, 2020). In addition, in rocks containing red layers, the

thermochemical oxidation of hydrocarbons by high-valence

Mn3+/4+ ions also releases Mn2+ ions into the pore water (Hu

et al., 2018; Kang et al., 2021). Therefore, the MnO contents in

calcite most likely reflect the intensity of hydrocarbon charging

and subsequent hydrocarbon–water–rock interactions.

Furthermore, the alteration of volcanic material may also lead

to a slight increase in the Mn and Fe contents of pore water and a

slight increase in its pH (Xi et al., 2015; Xie et al., 2020). In

addition to elemental composition, the carbon isotopic

compositions of calcite are also widely used to trace the

sources of geological fluids, as calcite precipitated from

meteoric water and calcite affected by 13C-depleted organic

carbon from hydrocarbons will have different carbon isotopic

compositions (e.g., Irwin et al., 1977; Surdam et al., 1993;

Seewald, 2003; Hu et al., 2018). The MnO contents in the

three calcite stages and the lower δ13C values of calcite in the

hydrocarbon-bearing layers indicate that the diagenetic fluids

were altered by hydrocarbon-bearing fluids during diagenesis

(Irwin et al., 1977; Seewald, 2003; Cao et al., 2007; Zhi et al.,

2022).

In the oil- and gas-bearing layers, some of the late-stage I

calcite formed via recrystallization of early-stage calcite, and both

of these generations of calcite are found mainly in the primary

pores (Figures 4B,C). In contrast, the late-stage calcite II occurs

mainly in secondary pores (Figure 5C), indicating that this calcite

was precipitated after large-scale dissolution. As the MnO

increase due to the alteration of volcanic material is limited,

FIGURE 4
CL images of intergranular calcite cement in a sandy conglomerate from the P3w Formation. (A)Gray fine-grained conglomerate from awater-
bearing layer. (B)Gray sandy conglomerate from a heavy oil-bearing layer. (C)Gray conglomerate from a gas-bearing layer. (D)Gray sandstone from
an oil-bearing layer. La: laumontite, Cal-I: early-stage calcite, Cal-II: late-stage calcite I, Cal-III: late-stage calcite II.
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the higher MnO content of the late-stage calcite II reflects a

change in the diagenetic fluid caused by hydrocarbon

emplacement during diagenesis (Figure 6; Cao et al., 2007; Hu

et al., 2018). The calcite in the oil- and gas-bearing layers yield a

wide range of δ13C values (−25.7‰ to −6.2‰), indicating that the

source of the C in the calcite changed gradually during diagenesis

from inorganic CO2 in meteoric water to organic derived CO2

from hydrocarbons (Irwin et al., 1977; Seewald, 2003). The early-

stage calcite with low MnO contents (<1.5%) and high δ13C and

δ18O values (δ13C > −10.0‰; δ18O > −15.0‰) was precipitated in

the oil- and gas-bearing layers (Figures 6, 8), and the higher δ18O
values were inherited from meteoric water (Figure 8; Swart,

2015).

The first stage of hydrocarbon emplacement occurred during

the Middle Jurassic (Wang, 2016; Pan et al., 2021); however little

hydrocarbon charging occurred during this stage (Zhi et al.,

2022). Organic acids and organic derived CO2 in the

hydrocarbon-bearing fluids led to a slight decrease in the

pH and an increase in the Mn contents of the pore water

(Cao et al., 2007; Hu et al., 2018) and provided organic

carbon for the precipitation of the late-stage calcite (Seewald,

2003; Wu et al., 2017). This calcite generation is characterized by

higher MnO contents (2.5%–4%) and slightly lower δ13C values

(−15.0‰ to −10.0‰). During the Early Cretaceous, a second,

large-scale hydrocarbon charge further altered the diagenetic

fluids, resulting in a series of hydrocarbon–water–rock

interactions (Seewald, 2003; Swart, 2015; Kang et al., 2019;

Sun et al., 2021). Organic acids and organic derived CO2

dissolved in hydrocarbon-bearing fluids further reduced the

pH of the pore water, and the decarboxylation of organic

acids in moderately hot rocks also produced CO2 (Irwin et al.,

1977). Intense hydrocarbon charging led to further enrichment

of the pore water in Mn and organic derived 13C-depleted CO2

(Cao et al., 2007; Zhi et al., 2022). Thermochemical oxidation of

the hydrocarbons also likely occurred in some layers, forming

organic acid intermediate, and even more 13C-depleted CO2 than

FIGURE 5
Backscattered electron images of laumontite and calcite in the P3w Formation. (A) Gray sandstone from a water-bearing layer. (B) Gray sandy
conglomerate from an oil-bearing layer. (C) Gray sandy conglomerate from an oil-bearing layer. (D) Gray sandy conglomerate from an oil-bearing
layer. Cal-I: early-stage calcite, Cal-II: late-stage calcite I, Cal-III: late-stage calcite II, La: laumontite.
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decarboxylation derived CO2 (Seewald, 2003; Hu et al., 2018).

The late-stage calcite that formed in this environment has high

MnO contents (4%–6%) and low δ13C values (less than −15.0‰;

Figures 6, 8).

The water-bearing layers contain mainly early-stage and late-

stage I calcite (Figure 5A), with a little late-stage II calcite

precipitated in the pores formed during dissolution of

laumontite (Figure 4A). The late-stage calcite in the water-

bearing layers has low MnO contents (<1.0%; Figure 6), and

their δ13C values are generally lighter than −10.0‰ (Figure 8).

This indicates that the diagenetic fluids in the water-bearing

layers were not affected by large-scale hydrocarbon emplacement

and inherited their compositions mainly from paleo-meteoric

water (Zhi et al., 2022). However, in individual layers (e.g., at a

depth of 3,629.5–3,642.0 m in well K206), the pore fluids might

have been affected by water-soluble organic acids and CO2

derived from hydrocarbons (Aggarwal et al., 2004; Minor

et al., 2019). The late-stage calcite in these layers has high

MnO contents (2.44%–3.82%) and negative δ13C values

(−12.4‰ to −10.7‰).

In the P3w Formation, laumontite cement is abundant and

widespread (Figure 2A) and is related to the alteration of volcanic

lithic fragments in the rocks (Hay, 1966; Zhu et al., 2012).

Laumontite can be observed in the water-, oil-, and gas-

bearing layers (Figures 2C,E), indicating that the alteration of

volcanic material was widespread. The moderately high MnO

and FeO contents of early-stage calcite show that Mn2+ and Fe2+

ions were released into the pore water from the volcanic material

during eodiagenesis, and the process slightly increased the pH of

the pore water and promoted the precipitation of the early-stage

calcite (Figure 6; Gieskes and Lawrence, 1981; Elderfield and

Gieskes, 1982; Zhu et al., 2012).

Overall, the presence of calcite with low MnO contents

(<1.5%) and moderately high δ13C values (greater

than −10.0‰) shows that the early diagenetic fluids in the

study area were affected by meteoric water (Irwin et al., 1977;

Aggarwal et al., 2004). The wide range of MnO contents (2.5%–

6%) and lower δ13C values (less than −10.0‰) of the authigenic

calcite in the hydrocarbon-bearing layers indicate that during

subsequent hydrocarbon charging the diagenetic fluid was

altered by hydrocarbon-bearing fluids (Figures 6, 8).

Individual water-bearing layers were also affected by water-

soluble carboxylic acids and organic-matter derived CO2.

Moreover, in siliciclastic strata where oxidizing minerals

occur, hydrocarbon–water–rock interactions promoted by high

temperatures (>90°C) or microorganisms may cause

hydrocarbon oxidation and generate organic acids and
13C-depleted CO2 (Surdam et al., 1993; Seewald, 2003; Hu

et al., 2018; Wan et al., 2021). CO2 generated via this process

can lead to further precipitation of authigenic calcite with δ13C
values of less than −25‰ under alkaline conditions (Figure 8;

Irwin et al., 1977; Hu et al., 2018).

Precipitation sequence of the authigenic
minerals

Authigenic minerals are widespread in the P3w

Formation and characterized by multiple phases of

precipitation (Figure 2). Multiple generations of

authigenic minerals are products of changing geological

fluids and complex fluid–rock interactions (Xie et al.,

2020; Sun et al., 2021; Zhi et al., 2022). In the oil- and

gas-bearing layers, hydrocarbon charging changed the

diagenetic sequence, leading to the dissolution and re-

precipitation of various secondary minerals (Walkden and

Berry, 1984; Swart, 2015; Wu et al., 2017; Kang et al., 2019).

During the early diagenetic stage, the pore water was

transferred from the interbedded plastic mudstone layers

to the clast-supported sandy conglomerate layers. As the

burial depth increased, the temperature rose gradually, and

the volcanic material experienced extensive alteration

leading to the precipitation of authigenic laumontite as

primary cement (Zhu et al., 2012). This process led to an

increase in the pH of the pore water (Elderfield and Gieskes,

1982; Sample et al., 2017) and inorganic CO2 and terrestrial

Ca2+ concentrated gradually in the pore water, leading to

precipitation of the early-stage calcite in residual

intergranular pores (Figures 2B, 4C). There was a hiatus

after the deposition of the P3w Formation before the

deposition of the overlying Early Triassic Baikouquan

Formation, forming the Permian–Triassic unconformity

around the sag (Figure 1B). This meant that the P3w

formation was affected by leaching by meteoric water

during diagenesis (Yuan et al., 2017). The neutral to

FIGURE 6
MnO and FeO contents of calcite cement in the P3w
Formation.
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TABLE 2 δ13C and δ18O values of calcite in the P3w Formation.

Sample
well

Depth,
m

Lithology Calcite stages Well test
result

δ13CVPDB,

‰
δ18OVPDB,

‰

K206-1 3627.9 Gray sandy conglomerate Early- and Late-
stage

Water layers −8.3 −16.9

K206-2 3629.5 Early- and Late-
stage

−10.7 −15.5

K206-3 3635.1 Gray inequigranular sandstone Gray sandy
conglomerate

Early- and Late-
stage

−8.6 −17.1

K206-4 3640.1 Early- and Late-
stage

−12.4 −18.0

K206-5 3642.0 Early- and Late-
stage

−10.9 −14.8

K206-6* 3642.5 Early-stage −2.1 −11.5

PD1-8 5262.6 Gray muddy siltstone Early-stage −4.2 −16.2

JT1-7* 4482.8 Gray inequigranular sandstone Early- and Late-
stage

−7.3 −15.1

JT1-14* 4530.1 Gray granule conglomerate Early-stage 1.2 −16.6

JT1-16* 4532.3 Gray mudstone Early- and Late-
stage

−6.8 −14.5

G3-9v 4932.2 Grayish brown Medium-fine conglomerate Early- and Late-
stage

−7.6 −15.8

G191-2 4334.0 Gray sandy granule conglomerate Early- and Late-
stage

Heavy oil layers −14.9 −15.1

G191-5 4334.8 Early- and Late-
stage

−13.7 −17.7

G191-6 4335.0 Early- and Late-
stage

−8.8 −14.0

G191-7* 4335.2 Early- and Late-
stage

−13.9 −14.4

G191-8* 4335.4 Gray muddy sandstone Late-stage −14.3 −16.6

G191-9 4335.5 Gray sandy granule conglomerate Early- and Late-
stage

−14.9 −20.9

G191-10 4335.6 Early- and Late-
stage

−12.9 −19.3

G191-12 4350.7 Gary muddy siltstone Late-stage −25.7 −15.0

ST1-2* 5282.3 Grayish white sandy conglomerate Early- and Late-
stage

Oil layers containing
water

−11.0 −13.8

ST1-3* 5282.9 Early- and Late-
stage

−14.5 −14.7

ST1-6* 5284.5 Late-stage −18.9 −16.3

ST1-10* 5310.9 Gray mudstone Late-stage −19.5 −15.0

ST2-4* 5165.7 Gray sandy conglomerate Early- and Late-
stage

Low-quality oil layers −8.3 −14.6

ST2-5* 5166.3 Early- and Late-
stage

−18.5 −15.4

ST2-6 5167.5 Early- and Late-
stage

−19.9 −13.7

ST2-8 5168.6 Gray sandy granule conglomerate Early- and Late-
stage

−8.1 −13.6

G3-4 4641.9 Gray medium-fine conglomerate Early- and Late-
stage

Gas layers −6.2 −14.2

G3-5 4759.6 Early- and Late-
stage

−6.8 −14.7

*indicates the δ13C and δ18O data was cited from Zhi et al., 2022.
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FIGURE 7
(A–C) Chromatograms and (B–D) mass spectrograms (with m/z ratio of 191) of crude oil samples from the P3w Formation. Pr: pristane, Ph:
phytane. (A)A complete sequence of n-alkanes in the total ion chromatogram (TIC) of ST1-4 oil sample. (B–D) 25-norhopaneswere not found inm/z
191 mass spectrograms of ST1-4 and ST1-10 oil. (C) Limited unidentified compound materials occur in the total ion chromatogram of ST1-10 oil
sample, indicating mild biodegradation.

FIGURE 8
Carbon and oxygen isotopic compositions of the P3w calcite compared with typical authigenic calcite in siliciclastic rocks.
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acidic meteoric water changed the properties of the pore

water and caused partial recrystallization of the early-stage

calcite.

Limited hydrocarbon emplacement occurred during the

Middle Jurassic (Figure 9; Pan et al., 2021). The acidic

hydrocarbon-bearing fluids promoted the alteration of

volcanic material and led to precipitation of the late-stage I

calcite (Figure 5B). The second, large-scale hydrocarbon charging

event during the Early Cretaceous introduced organic acids and

organic derived CO2 (Figure 9; Surdam et al., 1984, Surdam et al.,

1989; Zhi et al., 2022), which further reduced the pH of the pore

water, leading to extensive dissolution of laumontite and early-

stage calcite (Figure 2E). These secondary pores became

interconnected along cleavage fractures (Figure 3E) and

retained small amounts of solid bitumen (Figure 2E). When

the Ca2+, Al3+, and Si4+ ions released by the dissolution of

laumontite and early-stage calcite reached saturation,

secondary quartz and kaolinite precipitated in the pores

(Figures 3D,E). Dissolution also buffered the pH of the pore

water (Surdam et al., 1984, 1993), leading to the precipitation of

late-stage calcite II in dissolution and residual intergranular

pores (Figures 5C,D).

In the water-bearing and dry layers, alteration of volcanic

lithic fragments and the pore water composition led to

precipitation of laumontite and early-stage calcite during

eodiagenesis. More sparry laumontite and calcite cements

occur in the water-bearing layers than in the dry layers, as

water aids ion transport (Figure 2C). Leaching by meteoric

water also promoted recrystallization of early-stage calcite

(Figures 2B, 5A). During mesodiagenesis, most minerals

(including the laumontite cement) remained stable in the

water-bearing layers, except for smectite, which was illitized.

FIGURE 9
Integrated diagenetic evolution based on petrology and burial and thermal histories and their effect on the porosity of the P3w sandy
conglomerates. The burial history and thermal evolution of P3w is taken from Well ZJ1. The stratigraphy is from Wang (2016), and the tectonic and
geothermal evolution data are from Qiu et al. (2002).
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Origin of organic acids in the reservoir

The late-stage calcite in the study area was affected by

organic acids dissolved in the hydrocarbon-bearing fluids

(Figure 8). A small amount of organic acid is dissolved in

hydrocarbon-bearing fluids when they are extracted from

source rocks (Irwin et al., 1977; Franks and Forester, 1984).

The δ13C values of the authigenic calcite in the oil- and gas-

bearing layers of the P3w Formation are lighter than those of

calcite in typical source rocks (Figure 10), suggesting that

insufficient organic acid was supplied from the source rocks to

generate the 13C-depleted late-stage calcite. Assuming that the

maximum organic acid content in the in hydrocarbon-bearing

fluids that migrated into the reservoirs in the P3w Formation

from the source rock was 10,000 mg L−1 (Shock, 1994), and

that the porosity of the reservoir rock was 15% when the

reservoir was charged by oil and gas, the organic acid in one

cubic meter of rock could have generated 1,100 g of CO2

through thermal decarboxylation. However, the calcite

content of the formation is ~6%, which would have

required 71,280 g of CO2 per cubic meter of rock. As stable

carbon isotopic fractionation is mass balanced, we can assume

δ13C values of −2‰ and −25‰ for the early-stage calcite and

the calcite related to thermal decarboxylation of organic acids,

respectively (Irwin et al., 1977; Hu et al., 2018). Using the

carbon isotopic compositions of the calcite in the P3w

Formation, we can estimate that CO2 from the thermal

decarboxylation of organic acids accounts for 18%–100%

(mean = 53%) of the calcite in the oil- and gas-bearing

layers. In the water-bearing layers, this proportion reduces

to 0%–45% (mean = 23%). Using these proportions, we still

estimate that the authigenic calcite in one cubic meter of rock

in the hydrocarbon- and water-bearing layers would have

required 37,779 and 16,395 g, respectively, of CO2 from the

decarboxylation of organic acids. Both values are far higher

than the 1,100 g supplied by the source rocks, which suggests

that the supply of organic acids from source rocks was

insufficient, and that additional organic acids were most

likely produced in the reservoir rocks via interactions

between organic hydrocarbons and inorganic minerals.

It has been suggested that hydrocarbons reacting with

SO4
2− or high-valance Fe and Mn oxides, induced by

microorganisms or high temperatures, to generate organic

acids after hydrocarbons are emplaced in a reservoir (Surdam

et al., 1993; Seewald, 2003). The low δ13C values (as low

as −25.7‰) of the late-stage calcite confirm that

hydrocarbon oxidation occurred in the P3w reservoirs. The

oxidation consisted of a series of intermediary reactions

involving alkene, alcohol, ketone, and carboxylic acid,

ultimately producing short-chained saturated hydrocarbons

and CO2 (Figure 11). The mineral oxidants provided a strong

driving force for the reaction to proceed by consuming H2 that

would otherwise accumulate in pore fluids (Seewald, 2001).

The rapid kinetics of the reactions that consume the alkene,

alcohol, and ketone intermediaries resulted in very low

concentrations of these species in solution during n-alkane

oxidation, whereas the sluggish kinetics of the destruction of

carboxylic acids by decarboxylation and oxidation would have

allowed their certain concentrations in aqueous fluids

(Seewald, 2001, 2003). The carboxylic acids most likely

FIGURE 10
δ13C and δ18O values of calcite cement in the P3w Formation comparedwith typical authigenic calcite in source rocks (modified from Franks and
Forester, 1984).
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provided the excess organic derived CO2 required to

precipitate the calcite in the P3w Formation.

The homogenization temperatures of fluid inclusions in the

P3w Formation indicate that they formed at temperatures

of >80°C during hydrocarbon charging (Wang, 2016); such

temperatures are not conducive to the metabolism and

survival of bacteria (Peters et al., 2005). Moreover, the crude

oil in the P3w Formation contains a relatively complete n-alkane

sequence, with no significant increase in typical microbial

degradation biomarkers (e.g., 25-norhopanes; Figure 7),

providing further evidence against the possibility that the

organic acids were generated by microbial activity. In

addition, no authigenic pyrite or H2S were found in the

samples, ruling out the possibility of thermochemical sulfate

reduction (Krouse et al., 1988). Thus, some of the organic acids in

the P3w Formation were generated via the oxidation of

hydrocarbons by high-valence Fe and Mn oxides at

temperatures of >80°C.
The REE characteristics of the calcite also support an

oxidized diagenetic environment during burial of the P3w

FIGURE 11
Reaction pathways for the oxidation of long-chain hydrocarbons alongside the reduction of high-valence Mn and Fe oxides. Modified after
Seewald (2003).

FIGURE 12
PAAS-normalized REE diagram for calcite in the P3w Formation.
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Formation. The calcite in this formation is enriched in LREEs

relative to HREEs (Figure 12). Previous studies have shown that

when crude oil or other organic matter is degraded, more LREEs

than HREEs are released from hydrocarbon-bearing fluids into

the pore water (Haley et al., 2004; Himmler et al., 2010). This

process likely caused the LREE enrichment in the authigenic

calcite. The calcite also yields negative Ce and positive Eu

anomalies (Figure 12), indicating an oxidizing environment

(Zhao, 1997). The calcite also yields high Y/Ho ratios

(19.10–28.43). Bau and Dulski (1999) argued that Fe and Mn

oxides and hydroxides preferentially adsorb Ho relative to Y in

an oxidizing environment, thus increasing the Y/Ho ratios of

diagenetic fluids. In addition, interbedded brown mudstone

layers are found in the P3w Formation, and hematite also

exists in some conglomerate layers. These indicate an

oxidizing diagenetic environment in this formation. It implies

that organic acids were generated by the oxidation of long-chain

hydrocarbons by oxidizing meterials when hydrocarbons

migrated into reservoirs in the P3w Formation.

Alteration of deeply buried siliciclastic
reservoirs by fluid

Owing to the different volumes of meteoric water and

hydrocarbon-bearing fluids, different fluid–rock interactions

occurred in the hydrocarbon-bearing, water-bearing, and dry

layers, which altered the diagenetic processes and affected

reservoir quality. During the early stage of diagenesis, the P3w

Formation was only shallowly buried, leading to weak

FIGURE 13
Evolution of the geologic fluid and formation of the P3w reservoirs.
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compaction. Authigenic laumontite and early-stage calcite

precipitated as primary cements, partially resisting compaction

by the overlying strata (Figure 13A; Liu et al., 2019). As burial

depth increased, increased compaction, the recrystallization of

the early-stage calcite, and clay mineral precipitation reduced the

residual primary porosity. During the depositional hiatus at the

end of the Permian, the CO2 supply from meteoric water caused

slight dissolution of soluble components, including the

laumontite cement and feldspar debris at the top of the

formation, and these dissolution pores were filled mostly by

recrystallized calcite. Thus, only limited secondary porosity

formed close to the top of this formation owing to leaching

by meteoric water (Figures 2, 13B).

During mesodiagenesis, a limited phase of hydrocarbon

emplacement during the Middle Jurassic played an important

role in alteration of the P3w reservoirs. Owing to charging by

acid hydrocarbon bearing fluids derived from the source

rocks, the pH of the pore water in the reservoir decreased,

preventing the precipitation of laumontite and calcite or

promoting their dissolution and forming a small amount of

secondary porosity. This period of hydrocarbon emplacement

interrupted the decline in reservoir porosity caused by

mechanical compaction, providing pore space for

subsequent hydrocarbon accumulation and laying the

foundation for further reservoir alteration (Figure 13C).

After intense hydrocarbon charging during the Early

Cretaceous, the high-temperature oxidation of

hydrocarbons produced organic acids that added to those

initially derived from the source rocks. The decrease in the

pH of the pore fluids caused extensive dissolution of

laumontite and early-stage calcite and produced abundant

secondary pores. Overall, the two periods of hydrocarbon

emplacement considerably increased the reservoir porosity

and contributed to the formation of the P3w reservoir beds

(Figure 11D).

Conclusion

Multiple generations of calcite record the properties of and

changes in diagenetic fluids and fluid–rock interactions in the P3w

Formation. In hydrocarbon-bearing layers, early diagenetic fluid

mainly inherited its composition from paleo-meteoric water and

precipitated early-stage calcite with lowMnO contents (<1.5%) and
normal δ13C values (−10.0‰ to +2.0‰). During mesodiagenesis,

limited hydrocarbon charging during the Middle Jurassic altered

the diagenetic fluid, causing enrichment in Mn and 13C-depleted

organic derived CO2, leading to precipitation of late-stage calcite I

with high MnO contents (2.5%–4%) and negative δ13C values

(−10.0‰ to −15.0‰). Large-scale hydrocarbon emplacement

during the Early Cretaceous produced diagenetic fluid that was

more enriched in Mn and organic derived CO2, thus forming late-

stage calcite II, characterized by higher MnO contents (4%–6%)

and more negative δ13C values (less than −15.0‰). The

emplacement of hydrocarbon-bearing fluids altered the

diagenetic process substantially. The abundant volcanic lithic

fragments in this formation were altered to form abundant

authigenic laumontite during eodiagenesis, while hydrocarbon

charging caused dissolution of laumontite and early-stage calcite

and precipitation of other minerals, including kaolinite, quartz, and

late-stage calcite. This process formed a network of dissolution

pores, increasing the porosity and permeability of the rock. In

contrast, in water-bearing and dry layers, most of the laumontite

and calcite remained stable. In addition, in oxidizing rocks such as

the P3w formation, long-chain hydrocarbons can be oxidized to

carboxylic acids that enhance diagenesis, as thermal

decarboxylation forms 13C-depleted CO2. This study shows that

authigenic calcite can record the properties of diagenetic fluids and

the fluid–rock interactions that occur during diagenesis, and its

composition can be used to identify diagenetic fluids in

petroliferous basins.
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