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Pore fluids control the diagenetic processes and storage spaces of deep clastic rock reservoirs and
have become a major area of interest within the fields of sedimentology and petroleum geology.

This paper aims to relate the diagenetic processes of the Oligocene Zhuhai sandstones in the Baiyun
Sag to pore fluids varying with burial depth. The types and distribution patterns of authigenic
minerals are investigated through analysis of petrographic, mineralogical, and geochemical

features to illustrate the origin and flow patterns of pore fluids and their influences on reservoir
diagenesis. Strong cementation of eogenetic carbonate cement near the sandstone-mudstone
interface was a consequence of material migration from adjacent mudstones on a large scale. The
pore fluids were mainly affected by microbial methanogenesis and carbonate mineral dissolution

in adjacent mudstones during eogenesis. The pore fluids were diffusively transported in a relatively
open geochemical system within a local range. Support for this model is provided by the heavier
stable isotopic values present in eogenetic calcite and dolomite. Feldspar dissolution during early
mesogenesis was spatially accompanied by the precipitation of authigenic quartz and ferroan
carbonate cement. Pore fluids in this period were rich in organic acids and CO2, and their migration
mechanism was diffusive transport. The obviously lighter carbon and oxygen isotopic compositions of
the ferroan calcite support this inference. During late mesogenesis, the input of deep hydrothermal
fluid might have been partly responsible for the precipitation of ankerite, barite and authigenic albite.
Oil charging may have inhibited carbonate cementation and compaction, accordingly preserving
porosity, and together with authigenic kaolinite, might have promoted the transition of the reservoir
from water wet to oil wet to the benefit of oil entrapment. The findings reported here shed new light
on the evaluation and prediction of sandstone reservoirs that have experienced multiple periods of
fluid flow.

Pore fluids are nearly ubiquitous in clastic rocks and, with increasing burial depth, exert a crucial influence on
the petrophysical properties through various fluid-rock interactions'->. Aggressive pore fluids strongly corrode
aluminium silicate minerals and carbonate minerals in deep clastic rock reservoirs, creating (or redistributing)
secondary pores of a certain scale, thereby significantly (or slightly) improving reservoir porosities. The con-
comitant precipitation of secondary minerals, mainly in the form of pore-filling minerals, due to mass transfer
by pore-fluid flow plays a negative role in reservoir permeability®~”. Identifying the origin and flow patterns of
pore fluids is crucial for research on sandstone-shale diagenesis and storage properties®. Complex sandstone
reservoirs interbedded with mudstone can be complicated by the potential for multiple stages of evolving pore
fluids and corresponding fluid-rock interactions during progressive burial. To define and prioritize reservoir
targets, the sources, flow patterns and spatiotemporal distribution of pore fluids must be understood.
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Stable isotope ratios are commonly employed to constrain (1) the sources of pore fluids, (2) the pathways and
timing of fluid events, (3) the formation temperatures of multiple-stage cements, and (4) the material sources
of diagenetic byproducts®'*. The stable isotopic compositions of carbon and oxygen are highly stable in differ-
ent fluid systems that have deep circulation characteristics. The degree of oxygen isotope fractionation between
fluids and minerals is reduced with increasing formation temperature (surface to ~300°C'*). The §'*0 value
preserved in cement can serve as a proxy record of cementation temperature. Thus, it is a useful indicator to
infer the time of cement formation and to clarify the evolution of pore fluids when given a reasonable pore-fluid
880 value''¢. Compared to the §'*C value in the original carbon pool, that preserved in cement is heavier by
approximately 9-10 %o due to carbon isotope fractionation. Thus, §'*C values can be used to trace the external or
internal sources of carbon'*" and to address frequently asked questions related to fluid-rock interaction'®-*’. On
the basis of these two stable isotope systems, combined with the regional evolution history, the physicochemical
and flow features of fluids throughout the whole diagenetic process can be reconstructed*"*.

The Oligocene Zhuhai Formation in the Baiyun Sag, northern margin of the South China Sea, is a vital target
of offshore petroleum exploration and development in China?. The interval consists of multistage, shelf-margin
deltaic fine- to medium-grained siliciclastics. Pore fluids related to the interbedded mudstones are likely to have
transported large amounts of ions driven by various mechanisms with increasing burial depth, which may have
exerted a critical influence on the diagenetic processes of the sandstones**~2¢. Therefore, the Zhuhai Formation
is an ideal archive for research on the characteristics of fluid evolution and related fluid-rock interactions. In
this study, we investigated the type, nature and distribution patterns of diagenetic minerals in the Zhuhai sand-
stone reservoirs in the Baiyun Sag and clarified the evolution of the pore fluids responsible for those diagenetic
processes.

Geological setting

The Baiyun Sag is located on the northern margin of the South China Sea and covers an area of 1.2 x 10* km?
with water depths of 200 m to 2000 m (Fig. 1a). As a Cenozoic extensional basin, the sag can be divided into a
synrift stage between the Eocene and early Oligocene (65-32 Ma) and a postrift stage between the late Oligocene
and the present (32-0 Ma) (Fig. 2)¥". The study area, as one of the most hydrocarbon-rich deep-water areas, lies
in the southeastern Baiyun Sag (Fig. 1b).

The sag is filled with Cenozoic sediments and, in ascending order, consists of the Palacogene Shenhu, Wen-
chang, Enping and Zhuhai Formations; the Neogene Zhujiang, Hanjiang, and Yuehai Formations; and Quaternary
groups (Fig. 2). The evolution of the synrift stage was mainly affected by the Zhuqiong movement and the Nanhai
movement and can be subdivided into three stages. The studied section, i.e., the Oligocene Zhuhai Formation, was
deposited in the late synrift stage and is mainly composed of Palaeo-Pearl River shelf-margin deltaic sandstones®.

The tectonic activity was relatively quiescent during the Zhuhai depositional stage. Shelf breaks stably devel-
oped in the southern deep-water area of the sag. Fluctuations in sea level and salinity were frequent and rapid.
The Baiyun Sag was characterized by a wide distribution of oscillatory continental-marine transition sedimen-
tary environments. Large-scale grey—greyish white sandstones interbedded with brown-dark grey mudstones
developed in the sag, forming a laterally extensive Palaeo-Pear] River shelf-margin delta system. The sedimentary
facies were dominated by subaqueous distributary channels, mouth bars and sheet sands in the southern deep-
water area of the sag and inter fingered with more subaqueous inter distributary bay and pro delta argillaceous
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Figure 1. (a) Tectonic unit divisions of the Pear] River Mouth Basin, South China Sea. (b) Structural map
and well locations of the Baiyun Sag (modified from ? by using CorelDRAW Graphics Suite 2018 v20.0.0.633
https://www.corel.com/cn).
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Figure 2. Schematic Cenozoic stratigraphy of the Baiyun Sag with tectonic evolution stages and the major
reservoir formation elements (modified from * by using CorelDRAW Graphics Suite 2018 v20.0.0.633 https://
www.corel.com/cn).

deposits. The thick, organic-rich mudstones are important potential hydrocarbon source rocks for the intercalated
thin sandstone reservoirs®.

Samples and methods

Sixty-five core samples with burial depths of 800-3000 m were collected from five wells (Fig. 1). All samples were
obtained from delta deposits with various thicknesses. To analyse the underlying correlation between reservoir
quality and distance from the sandstone-mudstone interface, samples were selected from different positions
within one bed. A total of 210 core analysis data points of Zhuhai sandstones were taken to evaluate porosity
and permeability.

Point counting was performed on 116 thin sections of Zhuhai sandstone in the southeastern Baiyun Sag in
this study to estimate the modal composition. Thin sections were impregnated with blue epoxy under vacuum
to identify visual porosity and stained with potassium ferricyanide and Alizarin Red S to aid in distinguishing
carbonate. A total of 300 points were counted for each thin Sect.?®. For the accurate estimation of cement and
pore contents, 20 micrographs per thin section were first obtained under a Zeiss microscope, and the targets per
micrograph were then sketched and calculated using the AxioVision software Rel and Image-Pro Plus software.
Finally, the average values of each target area in all micrographs were obtained, which can be regarded as the
contents of pores and cement.

All 65 samples were prepared for mineralogical X-ray diffraction (XRD) analysis using an Ultima IV X-ray
diffractometer. Samples were X-rayed, centrifuged, glycolated, and heated to 550 °C. XRD analysis was based on
the procedure used by within an error range of 10%. After detailed petrographic analysis, seven representative
samples were observed using cathodoluminescence microscopy (CL) to distinguish multiphase carbonate cement.
For the spatial morphology of authigenic mineral identification, 22 gold-coated samples were observed under a
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ZEISS EVO LS15 scanning electron microscope (SEM) equipped with an energy-dispersive spectroscopy X-ray
microanalyzer.

Thirty organic matter-free sandstone samples were prepared based on petrological studies for carbon and
oxygen isotope measurements. To target specific carbonate cement generations, microsamples (0.35-0.45 mg)
of different types of cement were drilled from thick petrographic sections using a microscope-mounted dental
drill. Each sample was reacted with 100% ortho-phosphoric acid at 70 °C for 4 to 8 h. The carbon and oxygen
stable isotope values were obtained from the CO, liberated from the carbonate cement samples using a Thermo-
Finnigan MAT 253 IRMS. The measurement precision was+0.014%o for oxygen and +0.02%o for carbon. The
stable isotope data were reported in § notation relative to the Pee Dee belemnite (V-PDB). §'30,,,p; values were
converted to §'®0ygyow (Vienna standard mean ocean water) values using the equation §'8Oygyow = 1.03091
x 8180y ppg +30.91%,

Seven core samples were prepared as doubly polished fluid inclusion wafers for microthermometric
measurement. Microthermometry was conducted using a calibrated LINKAM THMSG600 stage. The
homogenization temperature (Th) was obtained by cycling. Th values were measured using a heating rate of
10 °C/min when the temperature was lower than 80 °C and a rate of 5 °C/min when the temperature exceeded
80 °C. The measured temperature precision for Th was + 1 °C. All the analyses mentioned above were performed
in the Key Laboratory of Petroleum Resources Research, CAS (Lanzhou).

Results

Detrital petrology. Compositionally, the studied Zhuhai sandstones are dominantly feldspathic litharen-
ites followed by lithic arkoses (Fig. 3). They are mostly fine- to medium-grained, moderately to well sorted and
subangular to subrounded. Based on point-count data, detrital quartz accounts for 34-85% (average 56.5%) and
is the predominant framework grain. Detrital feldspar accounts for 3-38.5% (average 20.3%), and K-feldspar
(average 14.9%) is more abundant than plagioclase (average 5.4%). The rock fragment content is approximately
4-38.2% (average 23.2%) and consists of 2.5-28% volcanic rocks (average 13.8%), 0.3-26.5% sedimentary rocks
(average 2.78%), and 0.3-14.7% metamorphic rocks (average 6.62%). Only small quantities of micas and heavy
minerals can be found. The mud content is 0.3-45% (average 4.68%), and the cement content is 0.2-32.3% (aver-
age 7.24%). The compositional maturity varies between 0.52 and 5.67, with an average of 1.55.

Feldspar dissolution. Partial to complete feldspar grain dissolution is very common in the Zhuhai sand-
stones, and most dissolved grains are K-feldspar and locally plagioclase. Feldspar grains preferentially dissolved
along the cleavage, revealed as irregular dissolution edges and feldspar residue (Fig. 4a,b,d). Some feldspar grains
were almost totally dissolved, forming mouldic pores (Fig. 4c). Spatially, feldspar-dissolution pores are accompa-
nied by pore-filling authigenic clays, albite and quartz cements (Fig. 4c and e). The authigenic albite presents as
columnar aggregates of euhedral crystals, and the elongated crystals are parallel to the cleavage of the dissolved
K-feldspar (Fig. 4f). The content of dissolved feldspar is 0.1-3.1%, with an average of 1.26%. The quantity of
dissolution pores marginally increases with burial depth (Fig. 5a); moreover, there is a marked increase in sand-
stones more than 1 m away from the sandstone-mudstone contact within a bed (Fig. 6a).

Carbonate cements. Carbonate cements are the most abundant of the secondary minerals, and the mean
content is 11.6% (range 0.2-28%) (Fig. 5d). These cements are mainly composed of calcite (Fig. 7a), dolomite
(Fig. 7b), ferrocalcite (Fig. 7c), ankerite (Fig. 7d, and e) and siderite (Fig. 7f). Calcite (average 2.54%) is mainly
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Figure 3. Triangular diagram of the rock composition of the Zhuhai sandstones in the Baiyun Sag. All data
come from optical point counting of thin sections.
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Figure 4. Photomicrographs of feldspar dissolution and associated authigenic minerals in the Zhuhai
sandstones. (a) LW1-1, 1707.5 m: dissolution of feldspar along the cleavages; (b) LW4-1, 1519.8 m: leached
feldspar with the precipitation of secondary kaolinite and associated secondary minerals; (c) LW1-2, 2429.5 m:
feldspar-dissolution mouldic pores and kaolinite precipitation; (d) LW1-1, 1707.5 m: SEM micrograph showing
leached feldspar along the cleavages; (e) LW3-1, 1861.5 m: SEM micrograph showing a feldspar-dissolution pore
filled by clay precipitation; (f) LW1-2, 2509.5 m: precipitation of albite on leached feldspar. Note: Q =quartz,

FD =feldspar dissolution, PP = primary pore, IS =illite and smectite mixed layers, K=Lkaolinite, and Al=albite.
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Figure 5. Vertical distribution characteristics of the main diagenetic products in the Zhuhai sandstone. Point-
count data of thin sections are used.
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Figure 6. The relationship between the abundance of the main diagenetic products in the sandstones and the
distance to the sandstone-mudstone interface. Point-count data of thin sections are used.
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Figure 7. Photomicrographs of carbonate cements in the Zhuhai sandstones. (a) LW1-1, 2027.25 m:
poikilotopic, blocky calcite filling most primary pores; (b) LW1-1, 2037.5 m: dolomite filling intergranular
primary pores with zoning and engulfed by ankerite; (¢) LW1-2, 2563.5 m: calcite replaced by ferrocalcite; (d)
LW1-2, 2563.5 m: quartz overgrowths replaced by ankerite; (e) LW1-1, 2037.5 m: dolomite engulfed by ankerite;
(f) LW1-2, 2429.5 m: siderite precipitated around detrital grains. Note: Cc = Calcite, Do = Dolomite, Fc=Ferroan
calcite, An = Ankerite, FD = Feldspar dissolution pore, Qa=Quartz overgrowth, Sid = Siderite.
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present as poikilotopic blocky or pore-filling crystals with crystal sizes in the range of 5-300 um, which either
infilled primary pores or replaced detrital grains partially or completely. Calcite was observed to be zoned and
engulfed by ferroan calcite (Fig. 7¢).

Dolomite (average 1.07%) is commonly composed of microsparry or micritic aggregates (5-250 pm) that
generally appear as rhombohedral crystals (Fig. 7b and e). Dolomite cements were also observed to fill primary
pores between uncompacted framework grains as pore-filling poikilotopic cement.

Ferroan calcite (average 1.69%) is mainly present as isolated crystals filling pores and secondarily scattered
euhedral crystals (5-200 pm; Fig. 7c), while ankerite (average 4.62%) mainly occurs as euhedral rhombs
(5-150 pm; Fig. 7d) and mosaic clusters (10-250 pum; Fig. 7e). These cements partly occupy fractures and
feldspar-dissolution pores and have replaced clastic grains or early carbonate cements (Fig. 7b,c,e). The siderite
ranges in colour from light to dark brown and appears as irregular rhombs filling intergranular pores (Fig. 7f).

The carbonate cement content is commonly observed to be higher in sandstones less than 1.0 m away from
the sandstone-mudstone interface (Fig. 6b), forming sandstones tightly cemented by calcite and dolomite filling
all the intergranular pores (Fig. 7).

On the basis of the isotopic analysis, the calcite cements have 813C values between — 0.3 and + 2.51%o, and
8"80 values range between — 11.27 and — 8.28%o. The dolomite cements have a range of §">C values (- 0.76%o
to+2.12%o) and §'%0 values (— 11.24%o to — 8.49%o) that are similar to those of calcite. In contrast, the ferroan
calcite cements have significantly lighter §'°C values (- 24.42%o to — 4.19%o) and slightly lighter §'%0 values
(- 16.63%o to — 13.67%o) (Table 1). For the ankerite cements, the §'30 values do not vary much, ranging between
— 18.05 and — 12.06%o, but the §'*C values are significantly heavier (= 7.72%o and — 1.02%o; Table 1, Fig. 8) than

those of the ferroan calcite.

Precipitation Temperature (‘C)Precipitation Temperature (‘C)
880, ater-5 880 ater-2 880 qter-0
Well Depth (m) Carbonate 8°C (%0 VPDB) 880 (%o VPDB) (%oSMOW) (%oSMOW) (%oSMOW)
1 Lw4-1 1519.8 Cc 0.97 - 8.62 31 - -
2 LwW4-1 1559.8 Cc 1.58 -9.92 38 - -
3 LW1-1 1657.64 Cc 2.51 -9.73 37 - -
4 LW1-1 1657.64 Cc 1.43 —10.44 41 - -
5 IW1-1 1708.25 Cc 0.11 -9.59 36 - -
6 LW1-1 2027.25 Cc -0.3 -8.28 29 - -
7 Lw1-2 2609.1 Cc 1.23 -11.27 45 - -
8 Lw4-1 1514.8 Do 1.56 -8.75 61 - -
9 IWi-1 1671.45 Do 0.12 -10.31 72 - -
10 LW1-1 1713.5 Do 0.35 -9.49 66 - -
11 IWi1-1 2026.5 Do -0.76 -8.49 59 - -
12 IW1-1 2037.5 Do 2.12 -11.24 80 - -
13 LW1-1 2037.5 Do 1.44 -10.76 76 - -
14 LW1-2 2577 Do 1.54 -9.67 68 - -
15 Iwi-2 2577 Do 0.73 -10.31 72 - -
16 LW3-1 1861.5 Fc -7.48 -13.67 60 79 94
17 LW1-1 2026.5 Fc -11.96 -15.43 71 92 108
18 IW1-1 2563.5 Fc — 2442 - 16.63 79 101 118
19 IW1-1 2563.5 Fc -13.87 - 15.74 73 94 110
20 Lwi1-2 2609.1 Fc -10.72 - 142 63 83 98
21 LW1-2 2824.8 Fc -4.19 -13.92 61 81 95
22 Lw4-1 1559.8 An -7.53 —14.58 88 114 137
23 ILWi1-1 1658 An -7.72 -14.13 85 110 132
24 LW1-1 2026.5 An —4.48 -12.06 71 92 109
25 IW1-1 2033.39 An —247 -15.27 94 121 142
26 IWi1-1 2045 An -1.02 -17.22 111 142 167
27 Lwi1-2 2563.5 An -3.36 -13.55 81 105 123
28 LW1-2 2701.5 An —2.65 -15.46 96 123 136.25
29 Iwi-2 2702.5 An -7.25 - 14.26 86 111 131
30 Lw2-1 2997.5 An -6.51 -18.05 119 152 179

Table 1. Isotopic composition and calculated formation temperature of carbonate cements in the Zhuhai
sandstones in the study area.
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Figure 8. Crossplot of 8°C and §'®0 compositions of carbonate cements in the Zhuhai sandstones. Standard
isotopic zones for carbon sources of variable carbonate cements are according to *2.

Quartz cements. Authigenic quartz can be categorized into three types according to various morphologies:
syntaxial overgrowths, small prismatic euhedral crystals, and microfracture-filling quartz cements (Fig. 9). Two
stages of quartz overgrowth with thicknesses varying from 2 to 60 pm could be locally identified (Fig. 9a,b,e).
The first stage of quartz overgrowth (Qal) was enclosed or engulfed by ankerite and ferroan calcite cements
(Fig. 7d), indicating that ankerite and ferroan calcite cementation occurred after Qal. The quartz cement content
is relatively low and stable, making up less than 1% (Fig. 5b), and has a positive correlation with feldspar dissolu-
tion porosity (Fig. 6¢).

Aqueous inclusions are primarily present in the microfracture-filling quartz cements (Fig. 10a) and partly
in the quartz overgrowths (Fig. 10b), with a few in carbonate cements. These aqueous inclusions are commonly
two-phase liquid-vapour inclusions with a diameter range of mainly from 3 to 9.5 um. The Th values of aqueous
fluid inclusions range from 77.5 to 125 °C in the quartz overgrowths and from 94.3 to 146 °C in the microf-
ractures (Table 2, Fig. 11). Only two Th values of aqueous fluid inclusions were measured in ankerite, 113.7 °C
and 124.3 °C (Fig. 11). According to measured Th values, two stages of quartz overgrowth were confirmed. The
mean Th value of aqueous inclusions in Qal is 89.8 °C (range 77.5-107.9 °C), and that in Qa2 is 114.3 °C (range
104.5-125 °C) (Table 2).

Clay and other minerals. The main authigenic clay mineral types are kaolinite and illite in the studied
interval, followed by illite/smectite mixed layer and chlorite. Kaolinite fills primarily primary pores as well as
feldspar-dissolution pores and generally occurs in the forms of vermicular pseudohexagonal and euhedral book-
let aggregates (Fig. 4b and c). The kaolinite aggregates consist mainly of thin, closely associated platelets with
obvious intercrystalline microporosity (Fig. 9e and f). Some kaolinite crystals feature fibrous edges due to illiti-
zation (Fig. 9g). The honeycomb-textured illite—smectite mixed layer features schistose crystals with a rolled
border approximately 5 to 10 pm in size under SEM. Fibrous and flaky illite can also be observed in primary
pores and dissolved pores and locally on grain surfaces (Fig. 9g). Similar to the quartz cement, a positive rela-
tionship also exists between the abundance of clay minerals and feldspar-dissolution porosity (Fig. 6d).

Based on XRD analysis of the clay fraction (<2 um) of sandstones, kaolinite is the major clay mineral and
is dominant at depths above 2000 m, decreasing sharply in abundance below this depth, particularly below
approximately 2500 m. Illite is dominant at depths greater than 2000 m (Fig. 12). Additionally, the contents of
the illite/smectite mixed layer and chlorite have wide ranges and show marked increases from 1900 to 2100 m
and from 2250 to 2350 m, respectively (Fig. 12).

Barite can be identified as a minor diagenetic mineral with small amounts of less than 1%. Based on the
SEM—EDS analysis, irregularly shaped barite (BaSO,) commonly fills the gaps among clastic grains in the Zhuhai
sandstones (Fig. 9h and i).

Discussion
Burial and thermal history. The Oligocene Zhuhai sequence experienced stable and persistent subsid-
ence after deposition (Fig. 13). The overlying strata of the Zhuhai layer include up to 2200 m of deep-sea gravity
flow and muddy sediments, and the average water depth at present is approximately 1450 m?’. The Baiyun Sag
is a typical hot basin, as demonstrated by previous studies, with present-day heat flow values of 24.2 to 121.0
mW/m?*. The geothermal gradient has a steady rise from northwest to southeast in the sag, which can be up to
approximately 55 °C/km for the study area®. This discrepancy could be due to the southward transition of the
spreading ridge and crustal thinning caused by the Baiyun movement since 23.8 Ma and neotectonics since ca.
13.8 Ma, along with continual deep thermal fluid upwelling in the southeastern Baiyun Sag?.

The average subsidence depth of the Zhuhai Formation is approximately 3600 m. The present-day maximum
burial depth is approximately 3000 m, with a maximum temperature of approximately 140 °C*. Overpressure
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Figure 9. Photomicrographs of quartz, clay and other cements in the Zhuhai sandstones. (a) LW1-1,

1714.25 m: Two phases of quartz overgrowths; (b) LW1-1, 2563.5 m: Two phases of quartz overgrowths, and
the dissolution of feldspar along the cleavages; (c) LW1-2, 2509.5 m: Syntaxial quartz overgrowths; (d) LW1-
1, 1714.25 m: Quartz overgrowths and prismatic quartz crystals; (e) LW1-1, 2563.5 m: Two phases of quartz
overgrowths and kaolinite cover on grain surface; (f) LW4-1, 1559.8 m: Kaolinite and ankerite in sandstones;
(g) LW1-2, 2509.5 m: Transition of kaolinite to illite; (h) LW1-1, 2563.5 m: Barite filling among particles; and
the yellow cross represents an EDS analysis point; (i) LW1-1, 2563.5 m: EDS-tested composition of the barite
(BaSO,). Note: Qal =first phase of quartz overgrowth, Qa2 =second phase of quartz overgrowth, K =kaolinite,
I=illite.

developed at 30 Ma and gradually increased to a peak at 13.8 Ma to 10 Ma. Afterwards, the overpressure sharply
decreased and reached the present normal pressure®.

Diagenetic sequence. Paragenetic sequence during eogenesis. A temperature of 70 °C is generally regard-
ed as the dividing line between eogenesis and mesogenesis®. Compaction is the dominant eogenetic process.
The precipitation of calcite and dolomite is common, especially in sandstones less than 1.0 m away from the
sandstone-mudstone interface (Fig. 6b). Siderite is also demonstrated to be an eogenetic product in view of
the filling relationships of these cements and primary pores between uncompacted framework grains (Fig. 7f).

According to the latitudinal gradient of the §'®0 value of modern-day global precipitation®, the §'®Ogyow
values of the sedimentary water in the Baiyun sag can be considered — 5%o (ranging from 0 to — 10%o) for the
palaeolatitude of the sag at approximately 20°N. This value represents the §'%Ogyow value of the pore fluid from
which carbonate cements precipitated during eogenesis. On the basis of the fractionation equations of the oxygen
isotopes for calcite-water® and dolomite-water*, the calculated formation temperatures are between 29 and
45 °C for the calcite cements and between 59 and 80 °C for the dolomite cements (Table 2).
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(a) (b)

Figure 10. Photomicrographs of aqueous inclusions in annealed microfractures in quartz grains (a) and quartz
overgrowths (b) under transmitted light observed in Zhuhai sandstones of the Baiyun Sag.

Well Depth (m) | Inclusion location | Size (um) | Th (‘C) | Well Depth (m) | Inclusion location | Size (um) | Th (‘C)
LW1-1 1663.54 Qal 52 83.2 IWI1-1 | 2045 ME 55 127
LW1-1 1663.54 Qal 6.2 77.5 LWI1-1 | 2045 ME 4.8 130.4
LW1-1 1663.54 Qal 7 95.3 IW1-2 |2609.1 Qal 7.5 107.9
LW1-1 1663.54 MEF 6.7 95.7 IW1-2 |2609.1 MF 4 126.5
LW1-1 1663.54 MF 8 97.9 LW1-2 |2609.1 ME 3.8 137.3
IW1-1 1663.54 ME 4.5 104.7 LW1-2 |2609.1 MF 3 145.2
ILW1-1 1663.54 MF 5.7 106.8 LW1-2 |2702.5 Qa2 3.6 125
IWIi-1 1708.25 Qal 4.7 84.5 LW1-2 |2702.5 Qa2 6 117.3
IW1-1 1708.25 Qal 8.5 90.4 LW1-2 |2702.5 MEF 5.5 141
IWi-1 1708.25 MF 8 94.3 LW1-2 | 2702.5 MEF 4.7 146
LW1-1 1708.25 MF 35 97.5 LW1-2 | 2702.5 MEF 8.8 129
IWil-1 1708.25 ME 7 106.7 Lw3-1 1861.5 MF 4.8 112.3
IW1-1 1708.25 MF 7.5 114.8 Lw3-1 1861.5 MF 33 113.8
ILWi1-1 1708.25 MF 5 111.3 Lw3-1 1861.5 MF 9.5 117.1
LW1-1 1708.25 ME 55 108.2 Lw3-1 1861.5 ME 59 115.3
LWi-1 2045 Qal 59 89.5 Lw3-1 1861.5 MF 7.1 120.1
LW1-1 2045 Qa2 5.4 104.5 Lw3-1 1861.5 MF 6.2 124.6
LwWi-1 2045 Qa2 7 110.4 ILW1-2 |2702.5 Ank 55 113.7
LW1-1 2045 MF 33 119.3 LW1-2 | 2702.5 Ank 8 124.3
IW1-1 2045 MF 7.1 1242

Table 2. Th of aqueous fluid inclusions in the Zhuhai sandstones of the Baiyun Sag. MF = Microfracture.

Paragenetic sequence during mesogenesis. Further compaction and feldspar dissolution were the main mesoge-
netic processes in the Zhuhai sandstones. The secondary pores generated from the dissolution of feldspars are
observed to be mostly filled with diagenetic byproducts, such as clay and quartz cements (Figs. 4 and 5)***!. The
point and linear contact between detrital minerals indicates that minimal pressure dissolution has occurred in
the Zhuhai sandstones. Pressure dissolution may have limited significance for quartz overgrowth*2. The aqueous
inclusions in the quartz overgrowths have a continuous Th distribution (70 °C to 130 °C) (Table 1), indicating
continuous development of these cements®. The formation temperatures are 77.5-107.9 °C and 104.5-125°C
for Qal and Qa2, respectively. It is inferred that feldspar dissolution and clay mineral transformation acted as an
internal silica source for quartz cementation.

Petrological evidence, such as ferroan carbonate cements commonly filling feldspar-dissolution pores,
suggests that these cements probably postdate the feldspar dissolution. The §'*O value of pore fluid becomes
heavier with increasing temperature due to isotopic modification by feldspar alternation and other fluid-rock
interactions'>*!. The §'®QOgy o values of the pore fluid during mesogenesis were assumed to be — 5%o, — 2%o, and
0%o**. Using a §'®Ogpow value of — 2%o and the fractionation equations of oxygen isotopes for calcite-water*
and dolomite-water®, the precipitation temperatures are calculated to be 79-101 °C for the ferroan calcite
and 91-152 °C for the ankerite (Table 2). The measured Th of aqueous fluid inclusions in the ankerite cements
(113.7 °C, 124.3 °C, Table 1) are within the results calculated for the ankerite. Therefore, it is reasonable to
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Figure 11. Histograms of Th for aqueous inclusions in annealed microfractures, quartz overgrowths and
ankerite in Zhuhai sandstone reservoirs.
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Figure 12. The content of clay minerals versus burial depth in the Zhuhai sandstones. X-ray diffraction data are
used.

assume that the pore fluid had a §'®QOgyo value of — 2%o when the ferroan carbonate cements precipitated
during mesogenesis.

Hydrocarbon inclusions are pervasively developed and are closely associated with the coeval aqueous
inclusions in quartz microfractures in the Zhuhai sandstones (Fig. 10a). The Th of the coeval aqueous inclusion
is regarded as the closest equivalent to the trapping temperature of the coexisting hydrocarbon inclusions, and
it ranges from 94.3 to 146 °C, as previously stated. This result agrees with the previous detailed work of*®, which
showed that two periods of oil charge exist in the study area, occurring at 13.1-7.3 Ma and 5.5-0 Ma*®. The first
period of oil charge postdated the dissolution of feldspar and antedated or was synchronous with the precipitation
of mesogenetic ferroan calcite. The second period of oil charge postdated the late ankerite cementation (Fig. 13).

Figure 13 illustrates the paragenetic sequence of the main diagenetic events of the Zhuhai sandstones. How-
ever, not all reservoirs experienced the entire paragenetic sequence mentioned above?’. Parts of reservoirs,
especially thin beds or the marginal parts of thick beds (< 1.0 m), were rich in early calcite and dolomite cements
during eogenesis, even filling all the intergranular spaces and becoming tight reservoirs, and hardly any other dia-
genetic alteration occurred (Figs. 13a and 14a). The middle parts of thick beds (> 1.0 m), by contrast, experienced
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Figure 13. Burial history, diagenetic sequence and porosity evolution of the Zhuhai reservoirs in well LW1-1.

complex diagenetic histories, mainly including compaction, weak early carbonate cementation, and relatively
strong dissolution of feldspar (Fig. 14b,c). Subsequently, reservoirs without the early oil charge experienced
strong cementation of the late carbonate, whereas the charging of late oil slowed late carbonate cementation
to a certain extent (Fig. 13(b) and 14(b)). For reservoirs with the early oil charge, the selective early oil charge
affected the path of diagenetic evolution; in particular, it significantly hindered late carbonate cementation. This
resulted in the alteration of the wettability from water wet to oil wet. This aided the second period of oil charge
(Figs. 13b and 14b).
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Figure 14. Schematic diagram showing the fluid flow and diagenetic evolution of the Zhuhai sandstones.

Evolution of pore fluid and process of fluid—rock interaction.  Fluid flow and related fluid—rock in-
teractions during eogenesis. The eogenetic products record early burial fluids during the precipitation process
and the climatic conditions during deposition®**. The rapid subsidence of the studied interval suggests that the
pore fluids during eogenesis were not significantly influenced by meteoric water. In addition, meteoric water has
a 813C value of — 7%o, which is much lower than the §"*C values of the early-formed calcite cements (- 0.76%o
to+2.51%o), indicating that it contributed little to the precipitation of these cements.

The greater precipitation of calcite and dolomite in sandstones less than 1.0 m away from the
sandstone-mudstone interface (Fig. 6b) indicates that interbedded mudstones might have been a crucial source
of the early-formed carbonate cements in the sandstones. The interbedded shelf mudstones contain a considerable
amount of organic matter (TOC values range from 0.66 to 1.47%, average 1.08%)*¢. The bicarbonate species
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related to microbial methanogenesis of organic matter (8'*C up to + 8%o) might have been an important carbon
source for the early-formed calcite and dolomite. This is supported by the relatively positive §**C values (- 0.76%o
to +2.51%o) of these cements (Fig. 14a)*. In addition, the mudstones in the Zhuhai Formation are high in detrital
carbonate minerals (over 15%). These minerals have §'°C values that vary from 0 to + 5.9%o°". The dissolution
of the carbonate minerals in adjacent mudstones could thus be another carbon source®. Additionally, the Ca**
and Mg?* ions dissolved in the mudstone were probably transported to sandstone as well.

During this stage, pore fluids from the mudstones interbedded with the sandstones were mainly driven by
compaction (Fig. 14d). Large-scale mass transfer occurred from the mudstones to adjacent sandstones, implying
that a relatively open diagenetic environment occurred within a local range (e.g., several metres). The rapid
subsidence and extensive mechanical compaction of the mudstones during eogenesis may have expelled fluids
into adjacent sandstone reservoirs™. However, much of the research to date has demonstrated that the rate of
fluid flow from mudstones to sandstones is rather low, only several millimetres per year***. Thus, advection
and convection likely made an insignificant contribution to mass transport. With the dissolution of carbonate
minerals, microbial alteration of organic matter in mudstones alters the ion concentration of pore fluids, creating
steep diffusion gradients. The diffusive transport of dissolved ions from mudstones to sandstones may have had
a great impact on the distribution pattern of the early carbonate cements. Similar conclusions have been reached
in other sedimentary basins®***>.

Fluid flow and related fluid-rock interactions during mesogenesis. Due to thermal maturation of kerogen (tem-
perature>70 °C), a chemical gradient was formed between the source rock and adjacent sandstones. Organic
CO, and acids were transported via diffusion. This resulted in a certain amount of feldspar dissolution®>*’.
However, the dissolution of feldspar barely occurred near the edge but rather occurred in the middle part of the
sandbodies (Fig. 6). The most likely cause is strong carbonate cementation near the sandstone-mudstone inter-
face during diagenesis, resulting in tight layers forming along the sandbody edges, which control the transport
of pore fluids rich in organic CO, and acids, crossing the sandbody edge and reaching the porous zone in the
centre of the sandbody (Fig. 14b).

The solubility of silica is extremely low*>>. Together with the relatively limited flux of formation water, which
is difficult over long distances and in large quantities, the distribution patterns of quartz cement indicate little or
no external silica involvement (Fig. 6)**. The intimate association between diagenetic mineral assemblages (Fig. 6)
suggests that the silica source of quartz cement is closely related to feldspar dissolution. This is also supported by
the precipitation temperature zone of Qal (77.5 °C to 107.9 °C, average 89.8 °C). Thus, the dissolution of feldspar
may have served as an important silica source for Qal***>%. As mentioned before, kaolinite is mainly stable above
2000 m (temperature < 100 °C), and the rapid and mass illitization of kaolinite occurs in the sandstone below
2000 m, especially between 2200 and 2500 m (with temperatures from 100 to 120 °C). The formation temperature
of Qa2 ranges from 104.5 to 125 °C, with an average of 114.3 °C, coinciding with the optimal temperature zone
of the illitization of kaolinite. It seems highly likely that the illitization of kaolinite was a major source of silica
for Qa2 in the study area.

The relatively negative §"°C values (- 24%o to — 1%o) of the ferroan calcite suggest an organic source from
adjacent mudstones.

(8"Cyppp from — 25 to — 10%o) (Table 2)*. In addition, the precipitation of ferroan carbonate replacing
nonferroan carbonate can be caused by abundant organic CO, that can dissolve some early-formed carbonate.
Thus, the ferroan carbonate precipitation during early mesogenesis was dominated by a mixture of carbon sources
from the decarboxylation of organic matter and dissolution of early-formed carbonate cements. The illitization
of smectite (60-100 °C) in the mudstones is consistent with the temperature range of the ferroan carbonate
cements®, which can release Fe?* that is transported to sandstones via diffusion, and this process may have served
as the main source of the ferroan carbonate cements in the sandstone*®**%, as evidenced by the distribution
pattern of carbonate cements proximal and distal to the sandstone-mudstone interface. It is inferred that there
was a relatively open system for organic CO, and Fe ?* ion transfer on the local scale during early mesogenesis,
and the predominant dissolved material was driven by diffusive transport.

The ankerite cements have higher §'*C values than the ferroan calcite and formed at significantly higher
temperatures (91-152 °C), suggesting another origin from CO,-containing deep hydrothermal fluid (Fig. 14d).
The hydrothermal fluid from depth had §"3C values of approximately — 5+ 2%o and generally positive §'*0 values
ranging from + 5.0 to + 7.0%0°". The increasing §'*C and §'%0 values of the ankerite with increasing temperature
may be related to the ascent and intrusion of hydrothermal fluid from depth to the sandstones. This conclusion
is supported by the precipitation of barite and albite, which are typical hydrothermal minerals, as noted by
others?®?>2 Tt is likely that diffusion was predominant in a locally open system with migration of hydrothermal
fluid during late mesogenesis. Further study with more focus on this hydrothermal fluid is suggested.

Oil charge may inhibit the compaction and late carbonate cementation of reservoirs, consequently acting to
preserve porosity®>®*. In the studied interval, the oil saturation of the reservoirs steadily increases as the content of
carbonate cements decreases, which corresponds to a gradual increase in porosity (Fig. 15). There are numerous
differences between the two periods of oil charge in terms of the impact on reservoir quality®. The first period of
oil charging effectively inhibited the precipitation of ferroan calcite and ankerite prior to mesogenetic cementa-
tion (Fig. 14b,c). The first period of oil charge was synchronous with or subsequent to the transformation of
feldspar to kaolinite. Both of the events may have altered the reservoir wettability to oil wet, which helped the
subsequent oil charging and entrapment®-%. Overall, high-quality reservoirs might be present in the middle part
of the thickly bedded delta sandstones, and these reservoirs experienced both periods of oil charging.
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Figure 15. Binary diagram of porosity versus carbonate cement content in sandstones with different oil
contents.

Conclusions

This paper presents the evolution of fluids with progressive burial and the complex interactions with sandstone
reservoirs, as exemplified by the Oligocene Zhuhai sandstones in the Baiyun Sag. On the basis of detailed analyses
of petrographic, mineralogical, and geochemical features in the Zhuhai sandstones, this study has demonstrated
the following.

(1) The Oligocene Zhuhai sandstones experienced compaction and calcite and dolomite cementation in
the eogenetic stage. Subsequently, they underwent two phases of feldspar dissolution and concomitant quartz
overgrowth formation, the cementation of ferroan calcite and ankerite, the conversion of clay minerals, and two
periods of oil charging in the mesogenetic stage. The precipitation of typical hydrothermal minerals (such as
authigenic albite and barite) was synchronous with ankerite in the late mesogenetic stage.

(2) The pore fluids were influenced by microbial methanogenesis and carbonate mineral dissolution in
adjacent mudstones during the eogenetic stage. Large-scale mass transfer occurred along steep diffusion gradients
in a relatively open geochemical system and resulted in abundant precipitation of calcite or dolomite within 1.0 m
of the sandstone-mudstone interface. This conclusion is supported by the heavier carbon and oxygen isotopic
compositions during eogenesis.

(3) Thermal maturation of organic matter significantly controlled the pore fluids in the early mesogenetic
stage. Organic acid and CO, contributed to the dissolution of feldspar and early cements. Diffusion-migrated
dissolved material was mainly reprecipitated in situ or in adjacent pores in the form of authigenic quartz
and ferroan calcite. This conclusion is supported by the obviously lighter isotopic compositions of the early
mesogenetic ferroan calcite. During late mesogenesis, dissolution might have been partly driven by deep
hydrothermal fluid. Evidence that supports this interpretation includes the precipitation of typical hydrothermal
minerals and the abnormally high isotopic compositions of the late ankerite.

(4) Oil charging, especially the first period of oil charging, may have inhibited carbonate cementation and
compaction, accordingly causing the preservation of porosity. This could have altered the reservoir wettability
from water wet to oil wet in combination with the precipitation of authigenic kaolinite caused by feldspar
dissolution. The multistage pore-fluid activity and related fluid-rock interaction lead to the potential for high-
quality reservoirs developed in the middle part of the thickly bedded delta sandstones that experienced both
periods of oil charge.
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Received: 5 May 2023; Accepted: 26 August 2023
Published online: 28 August 2023

References

1. Winter, B. L., Johnson, C. M., Simo, J. A. & Valley, ]. W. Paleozoic fluid history of the Michigan basin: Evidence from dolomite
geochemistry in the middle Ordovician St. Peter Sandstone. J. Sediment. Res. 65, 306-320 (1995).

2. Morad, S., Al-Ramadan, K., Ketzer, J. M. & De Ros, L. E. The impact of diagenesis on the heterogeneity of sandstone reservoirs: A
review of the role of depositional facies and sequence stratigraphy. AAPG Bull. 94, 1267-1309 (2010).

3. Bjerlykke, K. & Jahren, J. Open or closed geochemical systems during diagenesis in sedimentary basins: Constraints on mass
transfer during diagenesis and the prediction of porosity in sandstone and carbonate reservoirs. AAPG Bull. 96,2193-2214 (2012).

4. Giles, M. R. Mass transfer and problems of secondary porosity creation in deeply buried hydrocarbon reservoirs. Mar. Pet. Geol.
4(3), 188-204 (1987).

5. Lasaga, A. C. & Luttge, A. Variation of crystal dissolution rate based on a dissolution stepwave model. Science 291(5512), 2400-2404
(2001).

Scientific Reports |

(2023) 13:14067 | https://doi.org/10.1038/s41598-023-41428-3 nature portfolio



www.nature.com/scientificreports/

10.

11.

12.
13.
14.
15.

16.

17.
18.
19.
20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

38.
39.
40.

41.
. Wang, Y. Z. et al. Sources of authigenic quartz in the Permian tight sandstones close to Gaoqing Fault, Dongying Sag, Bohai Bay

. Fu, Q. et al. Coupled alkali-feldspar dissolution and secondary mineral precipitation in batch systems: 1. New experiments at 200

°C and 300 bars. Chem. Geol. 258(3-4), 125-135 (2009).

. Yuan, G. H,, Cao, Y. C,, Gluyas, J. & Jia, Z. Z. Reactive transport modeling of coupled feldspar dissolution and secondary mineral

precipitation and its implication for diagenetic interaction in sandstones. Geochim. Cosmochim. Acta 207, 232-255 (2017).

. Morad, S., Ketzer, J. M. & Deros, L. E. Spatial and temporal distribution of diagenetic alterations in siliciclastic rocks: Implications

for mass transfer in sedimentary basin. Sedimentology 47, 95-120 (2000).

. Morad, S., Al-Aasm, L. S., Ramseyer, K., Marfifil, R. & Aldahan, A. Diagenesis of carbonate cements in Permo-Triassic sandstones

from the iberian range, Spain: Evidence from chemical composition and stable isotopes. Sediment. Geol. 67, 281-295 (1990).
Spezzaferri, S., McKenzie, J. A. & Isern, A. Linking the oxygen isotope record of late Neogene eustasy to sequence stratigraphic
patterns along the Bahamas margin: Results from a paleoceanographic study of ODP Leg 166, Site 1006 sediments. Mar. Geol.
185, 95-120 (2002).

Melezhik, V. A., Fallick, A. E., Smirnov, Y. P. & Yakovlev, Y. N. Fractionation of carbon and oxygen isotopes in C-13-rich Palaeopro-
terozoic dolostones in the transition from medium-grade to high-grade greenschist facies: A case study from the kola superdeep
drillhole. J. Geol. Soc. 160, 71-82 (2003).

Fayek, M. et al. In situ stable isotopic evidence for protracted and complex carbonate cementation in a petroleum reservoir, north
coles levee, San Joaquin Basin, California, USA. J. Sediment. Res. 71, 444-458 (2001).

Longstaffe, E. ., Calvo, R., Ayalon, A. & Donaldson, S. Stable isotope evidence for multiple flfluid regimes during carbonate
cementation of the Upper Tertiary Hazeva Formation, Dead Sea Graben, southern Israel. J. Geochem. Explor. 80, 151-170 (2003).
Milliken, K. L. & Land, L. S. The origin and fate of silt sized carbonate in subsurface miocenee oligocene mudstones, south Texas
Gulf Coast. Sedimentology 40, 107-124 (1993).

Mansurbeg, H. et al. Meteoric-water diagenesis in late cretaceous canyon-fill turbidite reservoirs from the Espirito Santo Basin,
eastern Brazil. Mar. Pet. Geol. 37, 7-26 (2012).

Liu, S. B., Huang, S. ], Shen, Z. M., Lu, Z. X. & Song, R. C. Diagenetic fluid evolution and water-rock interaction model of car-
bonate cements in sandstone: An example from the reservoir sandstone of the fourth member of the Xujiahe formation of the
Xiaoquan-Fenggu area, Sichuan Province, China. Sci. China Earth Sci. 57, 1077-1092 (2014).

Bourque, P. A,, Savard, M. M., Chi, G. X. & Dansereau, P. Diagenesis and porosity evolution of the upper silurian-lowermost
devonian west point reef limestone, eastern Gaspe Belt, Quebec Appalachians. Bull. Can. Pet. Geol. 49, 299-326 (2001).

Sanyal, P,, Bhattacharya, S. K. & Prasad, M. Chemical diagenesis of Siwalik sandstone: Isotopic and mineralogical proxies from
Surai Khola section, Nepal. Sediment. Geol. 180, 57-74 (2005).

Xi, K. L. et al. Diagenesis and reservoir quality of the Lower Cretaceous Quantou Formation tight sandstones in the southern
Songliao Basin, China. Sediment. Geol. 330, 90-107 (2015).

Yang, Z. et al. Formation mechanism of carbonate cemented zones adjacent to the top overpressured surface in the central Junggar
Basin, NW China. Sci. China Earth Sci. 53, 529-540 (2010).

El-Ghali, M. A. K., Mansurbeg, H., Morad, S., Al-Aasm, 1. S. & Ajdanlisky, G. Distribution of diagenetic alterations in flfluvial
and paralic deposits within sequence stratigraphic framework: Evidence from the Petrohan Terrigenous group and the Svidol
formation, lower Triassic, NW Bulgaria. Sediment. Geol. 190, 299-321 (2006).

El-Ghali, M. A. K. et al. Distribution of diagenetic alterations within depositional facies and sequence stratigraphic framework
of fluvial sandstones: Evidence from the petrohan terrigenous group, lower Triassic, NW Bulgaria. Mar. Pet. Geol. 26, 1212-1227
(2009).

Mi, L. ], Liu, B. J., He, M., Pang, X. & Liu, J. Petroleum geology characteristics and exploration direction in Baiyun deep water
area, northern continental margin of the South China Sea. China Offshore Oil Gas 28, 10-22 (2016) ([in Chinese with English
abstract]).

Mansurbeg, H. et al. Diagenesis and reservoir quality evolution of palaeocene deep-water, marine sandstones, the Shetland-Faroes
Basin, British continental shelf. Mar. Pet. Geol. 25, 514-543 (2008).

Luo, J. L. et al. Diagenetic response on thermal evolution events and high geothermal gradients in the southern Pearl River Mouth
Basin and its enlightenment to hydrocarbon exploration. Acta Pet. Sin. 40, 90-104 (2019) ([in Chinese with English abstract]).
Lei, C. et al. Impact of temperature and geothermal gradient on sandstone reservoir quality: The Baiyun Sag in the Pearl River
Mouth Basin study case (northern South China Sea). Minerals 8, 452 (2018).

Pang, X. et al. Basic geology of Baiyun deep-water area in the northern South China Sea. China Offshore Oil Gas 20, 215-222
(2008) ([in Chinese with English abstract]).

Liu, B. et al. Middle Permian environmental changes and shale oil potential evidenced by high-resolution organic petrology,
geochemistry and mineral composition of the sediments in the Santanghu Basin, Northwest China. Int. J. Coal Geol. 185, 119-137
(2018).

Hillier, S. Quantitative analysis of clay and other minerals in sandstones by x-ray powder diffraction (XRPD). In Clay mineral
cements in sandstones (Worden, R. H. & Morad, S. eds.) International Association of Sedimentologists Special Publication. 34,
213-251 (2003).

Coplen, T. B, Kendall, C. & Hopple, J. Comparison of stable isotope reference samples. Nature 302, 236-238 (1983).

Folk, R. L., Andrews, P. B. & Lewis, D. Detrital sedimentary rock classification and nomenclature for use in New Zealand. N. Z. J.
Geol. Geophys. 13, 937-968 (1970).

Irwin, H., Curtis, C. & Coleman, M. Isotopic evidence for source of diagenetic carbonates formed during burial of organic-rich
sediments. Nature 269, 209-213 (1977).

Shi, X. B., Qiu, X. L., Xia, K. Y. & Zhou, D. Characteristics of surface heat flow in the South China Sea. J. Asian Earth Sci. 22,
265-277 (2003).

Song, Y. et al. Tectono-thermal modeling for Qiongd ongnan Basin and Pearl River Mouth Basin in the northern South China Sea.
Chin. J. Geophys. 54, 3057-3069 (2011) ([in Chinese with English abstract]).

Yuan, Y. et al. Uniform geothermal gradient” and heat flow in the Qiongdongnan and Pearl River Mouth Basins of the South China
Sea. Mar. Pet. Geol. 26, 1152-1162 (2009).

Li, C. et al. Impact of high thermal setting and fluid activities on sandstone compaction: A case study of the Baiyun Sag in the Pearl
River Mouth Basin (Northern South China Sea). Geofluids 8, 1-15 (2021).

Chen, H. H., Chen, C. M., Pang, X., Jiahao, W. H. & Shi, W. Z. Natural gas sources, migration and accumulation in the shallow
water area of the Panyu lower uplift: An insight into the deep water prospects of the pearl river mouth basin, South China Sea. J.
Geochem. Explor. 89, 47-52 (2006).

Rozanski, K., Araguas-Araguas, L. & Gonfiantini, R. Isotopic patterns in modern global precipitation. Geophys. Monogr. 78, 1-36
(1992).

Kim, T. & O'Neil, J. R. Equilibrium and non-Equilibrium oxygen isotope effects in synthetic carbonates. Geochim. Cosmochim.
Acta 61, 3461-3475 (1997).

Schmidt, M., Xeflide, S., Botz, R. & Mann, S. Oxygen isotope fractionation during synthesis of Ca Mg-carbonate and implications
for sedimentary dolomite formation. Geochim. Cosmochim. Acta 69, 4665-4674 (2005).

Giles, M. R. & de Boer, R. B. Origin and significance of redistributional secondary porosity. Mar. Pet. Geol. 7, 378-397 (1990).

Basin. China. Mar. Pet. Geol. 113, 104109 (2020).

Scientific Reports |

(2023) 13:14067 | https://doi.org/10.1038/s41598-023-41428-3 nature portfolio



www.nature.com/scientificreports/

43.

44,

45.

46.

47.

Hyodo, A., Kozdon, R., Pollington, A. D. & Valley, J. W. Evolution of quartz cementation and burial history of the Eau Claire
Formation based on in situ oxygen isotope analysis of quartz overgrowths. Chem. Geol. 384, 168-180 (2014).

dos Anjos, S. M., De Ros, L. E, de Souza, R. S., de Assis Silva, C. M. & Sombra, C. L. Depositional and diagenetic controls on the
reservoir quality of Lower Cretaceous Pendencia sandstones, Potiguar rift basin. Braz. AAPG Bull. 84, 1719-1742 (2000).
Horita, J. Oxygen and carbon isotope fractionation in the system dolomite-water-CO, to elevated temperatures. Geochim. Cosmo-
chim. Acta 129, 111-124 (2014).

Mi, L. J. et al. Integrated study on hydrocarbon types and accumulation periods of Baiyun sag, deepwater area of pearl river mouth
basin under the high heat flow background. China Offshore Oil Gas 31, 1-12 (2019) ([in Chinese with English abstract]).

Liu, B. et al. Impact of thermal maturity on the diagenesis and porosity of lacustrine oil-prone shales: Insights from natural shale
samples with thermal maturation in the oil generation window. Int. J. Coal Geol. 261, 1-14 (2022).

48. Zhang, G. C. et al. The Baiyun Sag: A giant rich gas-generation sag in the deepwater area of the Pearl River Mouth Basin. Nat. Gas
Ind. 34, 11-25 (2014) ([in Chinese with English abstract]).

49. Curtis, C. D. Possible links between sandstone diagenesis and depth-related geochemical reactions occurring in enclosing mud-
stones. J. Geol. Soc. 135, 107-117 (1978).

50. Zhu, J. Z. et al. Origins and geochemical characteristics of gases in well LW3-1-1 in the deep sea region of Baiyun Sag, Pearl River
Mouth Basin. Nat. Gas Geosci. 19, 229-233 (2008) ([in Chinese with English abstract]).

51. Zhu, W. L. et al. Geochemistry, origin, and deep-water exploration potential of natural gases in the Pearl River Mouth and Qiong-
dongnan basins, South China Sea. AAPG Bull. 93, 741-761 (2009).

52. Whiticar, M. J., Faber, E. & Schoell, M. Biogenic methane formation in marine and freshwater environments: CO, reduction vs.
acetate fermentation-Isotope evidence. Geochim. Cosmochim. Acta 50, 693-709 (1986).

53. Dutton, S. P. Calcite cement in Permian deep-water sandstones, Delaware Basin, west Texas: Origin, distribution, and effect on
reservoir properties. AAPG Bull. 92, 765-787 (2008).

54. Chuhan, F. A, Bjorlykke, K. & Lowrey, C. J. Closed system burial diagenesis in reservoir sandstones examples from the Garn
Formation at Haltenbanken area, Offshore Mid-Norway. J. Sediment. Res. 71, 15-26 (2001).

55. Bjorlykke, K. Relationships between depositional environments, burial history and rock properties. Some principal aspects of
diagenetic process in sedimentary basins. Sediment. Geol. 301, 1-14 (2014).

56. Surdam, R. C,, Crossey, L. J., Hagen, E. S. & Heasler, H. P. Organic-inorganic interactions and sandstone diagenesis. AAPG Bull.
73,1-23 (1989).

57. Thyne, G. A model for diagenetic mass transfer between adjacent sandstone and shale. Mar. Pet. Geol. 18, 743-755 (2001).

58. Liu, Y. F et al. Fluid-rock interaction and its effects on the Upper Triassic tight sandstones in the Sichuan Basin, China: Insights
from petrographic and geochemical study of carbonate cements. Sediment. Geol. 383, 121-135 (2019).

59. Boles, J. R. & Franks, S. G. Clay diagenesis in Wilcox sandstones of southwest Texas: Implications of smectite diagenesis on sand-
stone cementation. J. Sediment. Res. 49, 5-70 (1979).

60. Wang, J. et al. Pore fluid evolution, distribution and water-rock interactions of carbonate cements in red-bed sandstone reservoirs
in the Dongying Depression. China. Mar. Pet. Geol. 72, 279-294 (2016).

61. Azmy, K. & Blamey, N. J. E Source of diagenetic fluids from fluid-inclusion gas ratios. Chem. Geol. 347, 246-254 (2013).

62. Wang, D. E, Luo, ], L., Chen, S. H., Hu, H. Y, Ma, Y. K,, Li, C,, Liu, B. J. & Chen, L. Carbonate cementation and origin analysis
of deep sandstone reservoirs in the Baiyun sag, Pearl River Mouth Basin. Acta Geol. Sin. 91, 2079-2090 (2017), [in Chinese with
English abstract].

63. Taylor, T. R. et al. Sandstone diagenesis and reservoir quality prediction: Models, myths, and reality. AAPG Bull. 94, 1093-1132
(2010).

64. Wilkinson, M. & Haszeldine, R. S. Oil charge preserves exceptional porosity in deeply buried, overpressured, sandstones: Central
North Sea. UK. J. Geol. Soc. 168, 1285-1295 (2011).

65. Luo, X. R. et al. Oil accumulation process in the low-permeability Chang-81 member of Longdong area, the Ordos Basin. Oil Gas
Geol. 31, 770-778 (2010) ([in Chinese with English abstract]).

66. Fassi-Fihri, O., Robin, M. & Rosenburg, E. Wettability studies at the pore level: A new approach by use of cryo-scanning electron
microscopy. SPE Form. Eval. 10, 11-19 (1995).

Acknowledgements

This research work was funded by the National Natural Science Fund, China (Grant No. 42262020), Major
Projects of National Science and Technology, China (Grant No. 2016ZX05026) and the Research Program of
Science and Technology at Universities of Inner Mongolia Autonomous Region (Grant No. NJZY22445). CNOOC
Research Institute Company Limited are gratefully acknowledged for providing the data and analytical report.

Author contributions
B.T., Y.Y. and J.T. designed the research; S.Z. improved the revised version; Y.Z. reviewed the methodology and
results; and M.L. and C.G. designed the figures. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:14067 | https://doi.org/10.1038/s41598-023-41428-3 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:14067 | https://doi.org/10.1038/s41598-023-41428-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Fluid evolution and related fluid–rock interactions of the Oligocene Zhuhai sandstones in the Baiyun Sag, northern margin of the South China Sea
	Geological setting
	Samples and methods
	Results
	Detrital petrology. 
	Feldspar dissolution. 
	Carbonate cements. 
	Quartz cements. 
	Clay and other minerals. 

	Discussion
	Burial and thermal history. 
	Diagenetic sequence. 
	Paragenetic sequence during eogenesis. 
	Paragenetic sequence during mesogenesis. 

	Evolution of pore fluid and process of fluid–rock interaction. 
	Fluid flow and related fluid‒rock interactions during eogenesis. 
	Fluid flow and related fluid–rock interactions during mesogenesis. 


	Conclusions
	References
	Acknowledgements


