Carpathian Journal of Earth and Environmental Sciences, February 2020, Vol. 15, No. 1, p. 233 - 245; Doi:10.26471/Cje€5/2020/015/125

LINK DIAGENETIC CEMENTS CHARACTERISTICS TO THE
PETROLEUM SOURCE AND FLUID EVOLUTION: AN EXAMPLE FROM
THE EOCENE SHAHEJIE FORMATION, BOHAI BAY BASIN, CHINA

Zhiyong NI* %", Jianhui ZENG?! 2, Xiaoxiao MAQO 2, Bing YOU' 2, Xuejun
WANG? & Qing LIU3
IState Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing 102249, China.
2College of Geosciences, China University of Petroleum, Beijing 102249, China.
3Shengli Oil field Branch Company, SINOPEC, Dongying, 257000, China.
* Corresponding author: Zhi-Yong Ni
Mailing address: 18 Fuxue Road, Changping District, Beijing 102249, P.R. China
Tel: (+86)-10-8973-9110 Email: nizhy@cup.edu.cn

Abstract: The Dongying depression is one of the regions with the high petroleum production in the Bohai
Bay basin. The third member of the Eocene Shahejie Formation (Es3, 42.5-38.0 Ma) is one of principal
reservoir rock section in the region. This paper reports a new paleo-fluid dataset obtained from diagenetic
cements, in an attempt to reveal the fluid source and evolution of the Shahejie Formation. The petrology,
mineralogy, stable isotopic compositions, and fluid inclusions in carbonate cements in the Es3 sandstone
reservoirs in the Dongying depression were investigated. Group | calcite cement display red luminescence.
In contrast, Group Il calcite cements have undergone dolomitization and is not luminescent. Furthermore,
fluid inclusions in quartz overgrowth are characterized by low salinity (4.1%-4.8%), whereas Group Il
cement preserves high-salinity fluids (up to 22.6%). The C-O isotopic compositions of the carbonate
cements are also distinct. The 5'®*0PDB values of Group | and Group Il range from —17.4%o to —7.3%o and —
11.9%o0 to —4.9%o, respectively. The carbon isotopic composition (§**CPDB) of Group Il is more negative
than that of Group I, and both are more negative than the lacustrine carbonates from the same basin. Our
data suggest that Group | and Group Il cements were produced from fluids derived from Es3 and Es4,
respectively. Furthermore, the petroleum inclusions display two fluorescence colors (bright-yellow and
khaki) under UV light. The homogenization temperatures of aqueous inclusions coexisting with two kinds of
petroleum inclusions are consistent with each other. It suggests that the hydrocarbon fluid of the reservoir in
Es3 was almost charged in the same time. The different fluorescence colors are caused by difference
between source rocks. The integrated studies are useful to understand the fluid origin and evolution of the
Eocene reservoir, and would improve the accuracy of reservoir prediction in Dongying depression.
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1. INTRODUCTION and show spatially heterogeneous oil-bearing

properties (Hao et al., 2009a; Hao et al., 2011; Hao

The Bohai Bay basin is one of the most
important petroleum-rich basins in China, with
nearly 30% of the total oil production of China (Hao
et al., 2011). The Dongying depression is located in
the Jiyang sub-basin, which is one of the most
petroliferous regions. The upper part of Eocene
Shaheje Formation (Es3) is one of the significant
reservoirs, which is dominated by deltaic sandstones

et al., 2009b; Huang & Pearson, 1999; Tian et al.,
2017; Wang et al., 2016). The storage property of
deep reservoirs is one of important factors to
determine the oil-bearing property. In particular, the
cementation and dissolution of carbonates are
directly associated with poor and good qualities of
deep reservoirs, respectively (Longstaffe et al., 2003;
Mansurbeg et al., 2008; Morad et al., 2012; Wang et
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al., 2016) However, the evolution of the paleo-fluid
in the reservoir during burial and its influence on
reservoir quality are rarely discussed. In the
Dongying depression, various carbonate cements are
widely distributed in reservoir rocks during
diagenesis process, and the important authigenic
minerals provide an effective media to investigate
the fluid evolution. The carbon and oxygen isotopic
compositions have been proved to be useful method
to determine the cement characteristics and the fluid

evolution (Liu et al., 2014; Mansurbeg et al., 2012;
Wang et al., 2016). The oxygen isotopic are
confined by the temperature, fractionation factor,
and the source of fluids (Melezhik et al., 2003;
Morad et al., 1990; Spezzaferri et al., 2002). In
addition, the fluid inclusions could print the
temperature of the paleo-fluid. 83C can trace the
carbon origins during water-rock interaction process
(Bourque et al., 2001; Liu et al., 2014; Sanyal et al.,
2005; Yang et al., 2010).
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Figure 1. Geological map presenting the sampled wells location and the major tectonic units of the Dongying
Depression (modified after Meng et al., 2018; Tian et al., 2017).
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Hence, in this contribution, we focus on the
diagenetic cements of the Es3, with the aim of
characterizing typical cementation systems of
sandstone reservoirs. We use the petrology studies,
fluid inclusion, and stable isotope data to infer the
interactions among fluid and rock during reservoir
formation. Our results show that the §3C and 50
of Group Il carbonate cements are more negative
than those that belongs to Group I. Negative §°C
values may record petroleum migration, and the
difference in 8°C and &0 between the two
generations of carbonate cement may be used to
determine the source of the fluid. Our results also
highlight the importance of cementation system
reworking for secondary pore reservoirs in
sandstone units, and may improve future reservoir
identification in the Dongying depression.

2. REGIONAL GEOLOGY

The Bohai Bay Basin is one of the most vital

petroleum-rich basins in China, and it was formed as
a Cenozoic rift (Fig. 1D). The petroliferous Jiyang
sub-basin is situated within the south of the Bohai
Bay basin and comprises four depressions: the
Dongying, Huimin, Zhanhua, and Chezhen
depressions, and a number of uplifted blocks (Fig.
1B-D). The Dongying Depression is situated in the
southeastern part of Jiyang sub-basin, and underwent
two tectonic events: a syn-rift stage and a post-rift
stage, during the Paleogene (65.0-24.6 Ma) and from
the Neogene to the present (24.6-0 Ma), respectively
(Allen et al., 1997; Hsiao et al., 2010; Hu et al., 2001;
Huang & Pearson, 1999; Qi, 2004; Xia et al., 2018).
The Paleogene units comprise the Kongdian (EK,
65.0-50.4 Ma), Shahejie (Es, 50.4-32.8 Ma), and
Dongying (Ed, 32.8-24.6 Ma) formations from
bottom to top. Neogene sections include the Guantao
(Ng, 24.6-5.1 Ma), Minghuazhen (Nm, 5.1-2.0 Ma),
and Pingyuan (Qp, 2-0 Ma) formations from bottom
to top. Quaternary units are represented by the
Pingyuan (Qp) Formation (Hao et al., 2011) (Fig. 2).
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Figure 2. Cenozoic stratigraphy and lithological characteristics of the Dongying Depression (modified after Meng et al., 2018).
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The Es3 (42-38 Ma) and Es4 (50.4-42 Ma) are the
two major source rocks in the region (Hao et al., 2011;
Tianetal., 2017).

The source rocks Es3 are dominated by
lacustrine oil shales, mudstones, and calcareous
mudstones that were deposited in semi-deep to deep
lacustrine environments (Yuan et al., 2017). Es4 source
rocks are gray mudstones, and the mudstones
commonly consist of gypsum and halite interlayers,
thus are inferred to have been formed in a salt-lake
environment (Zhu et al.,, 2004). The difference in
depositional environment between Es4 and Es3 has
been used to determine fluid systems based on oil and
formation water compositions (Qian & Zeng, 2009;
Zhang et al., 2003; Zhu & Jin, 2003) (Fig. 1C). The
upper part of Es3 is one of the most significant
reservoirs in the region, and mainly consisting of
deltaic sandstones (Hao et al., 2009b) (Fig. 2).

3. METHODOLOGY

Samples analyzed in this study were selected
from drill cores from 30 wells in the Dongying
Depression, and doubly polished to 0.03-mm-thick
sections for the study of mineralogy and diagenesis.
The drill core samples were collected by the routine
core procedure. Porosity data from core plug analysis
was conducted using routine porosimeter, which uses
helium for measurements at Shengli oilfield company
of China Petroleum & Chemical Corporation. Thin
sections were stained by Alizarin Red S to aid with
carbonate mineral identification. Diagenetic features,
detrital grain composition, cement content, and surface
pore structures were analyzed with a Leica 4500P
polarizing microscope. Unidentifiable diagenetic
minerals were further examined by
cathodoluminescence (CL) imaging and scanning
electron microscope (SEM).

Microthermometric measurements were
conducted by a Linkam THMSG600 heating—freezing
stage following standard procedures, in the fluid-
inclusion laboratory at the State Key Laboratory of
Petroleum Resources and Prospecting, China
University of Petroleum, Beijing, China. The stage was
calibrated at —56.6°C, —10.7°C, and 0.0°C using
synthetic fluid inclusions (Fluid Inc.). The precision of
measurements was estimated as +0.2°C for < 30°C,
and #1°C for between 30°C and 200°C.
Homogenization temperatures (Th) and freezing points
(Tm, ice) of fluid inclusions were measured. We used a
rate of 1-5°C/min during the initial stages of heating,
which was reduced to 0.3—1°C/min when approaching
the temperature of phase changes. Salinities of
aqueous-fluid inclusions were calculated using the

freezing point of H,O-NaCl (Bodnar, 1993).

Carbon and oxygen isotopic compositions
(31C and 5'®0) were determined at the State Key
Laboratory of Petroleum Resources and Prospecting,
China University of Petroleum, Beijing, China by
gas isotope ratio mass spectrometry. The samples
were crushed to 200 mesh, then allowed to react
with the phosphoric acid for 1 hour in a water-bath
thermostatic chamber at 25°C, and CO; gas was
extracted following (Al-Aasm et al., 1990). Carbon
and oxygen isotopes were measured using a MAT-
253 mass spectrometer. All §*C and 5180 values
are reported relative to the Pee Dee Belemnite
standard (PDB). Analytical uncertainty (1c) was
better than 0.10%o for 3*C and 0.15%o for 520.

4. RESULTS

The characteristics of  petrology and
mineralogy, the observation and microthermometry
analysis of fluid inclusions, and the data of stable
isotopic compositions are summarized as following:

4.1. Petrographic characteristics

Optical microscope observation of thin sections
indicates that the sandstone samples comprise 31.0%—
56.6% quartz (mean = 40.4%), 24.0%-44.1% feldspar
(mean = 30.8%), and 16.4%-36.9% rock fragments
(mean = 23.0%) (Table 1). Based on sandstone
classification scheme (Folk, 1980), most of samples
plot in the fields of feldspathic litharenite and lithic
arkose (Fig. 3). Detrital grains are fine- to medium-
grained, angular to sub-rounded, and show point
contacts (Fig. 4a). Lithic fragments are dominantly
metamorphic and igneous in origin, and include
quartzite, schist, granite, and carbonate fragments.
Porosity ranges from 4.2% to 25.0% (Table 1). Low-
porosity samples display calcite cementation (Fig. 4a,
d, e, h) or contain kaolinite within pore throats, which
formed through the dissolution of feldspar (Fig. 4b, c,
f, g). In contrast, high-porosity samples have
undergone cement dissolution (Fig. 4i-k) or lack
kaolinite within their pores (Fig. 4l).

4.2. Calcite cement

Carbonate cement is widespread throughout the
samples and comprises <21.7% of the rock volume
(Table 1). Two groups of carbonates are identifiable by
their occurrence and colors in CL images. Group |
carbonate cement displays an annular structure, fills
primary pores (Fig. 4a, e), and exhibits bright red
luminescence in CL images (Fig. 4m). In addition,
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Group | cement has been replaced by quartz
overgrowths (Fig. 4n). Group Il calcite cement displays
a granular structure, contains larger crystals than Group
I, and is not luminescent in CL images (Fig. 40).
Furthermore, Group Il calcite cement is observed to
replace quartz or feldspar and has undergone variable
degrees of dolomitization (Fig. 4k, p).

4.3. Fluid inclusions

Carbonate cement is widely distributed in the
Shahejie (Es) formation sandstone (Fig. 4).
Petroleum and aqueous inclusions are observed at
intersections among Group Il calcite cement within
fracture trails (Fig. 5) and quartz overgrowths.

Few inclusions are observed in Group |
calcite, due to their small grain size and the grains
are too dark to allow identification of fluid
inclusions.
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Figure 3. Composition of detrital clasts within the analyzed
sandstone samples (based on Folk, 1980)

Figure 4. Thin-section photomicrographs of cements in reservoir sandstones of the Dongying Depression. (A) Detrital
grains with point contacts and primary intergranular pores that are partially filled by microcrystalline calcite (Ca)
observed in the well G111 at the 2104.25 m depth. (B) Pore throat partially filled by kaolinite, which replaced earlier
analcime (Well G111, at 2115.49 m depth). (C) Pore throat partially filled with coexisting kaolinite and quartz
overgrowths in well G111, 2104.25 m depth). (D) Calcite partially replacing a quartz grain in the well G111, observed at
2104.25 m depth. (E-H) SEM images of A-D. (i) Dissolution pores (DP) that were produced during dissolution of Cal
and detrital grains, and were later filled by ferrocalcite in the Well N22, at 3208.78 m depth. (j) Calcite completely filling
a circular pore observed in the well no. N22, 3228.91 m depth. (k) Dolomitization resulting from the dissolution of Cal
and detrital grains (well no. N22, 3232.6 m depth. (I) Dissolution of a feldspar (Fsp) grain (N22 Well, 3231.1 m depth.
(m-p) CL images of Cal, Ca2, feldspar and quartz observed in the well N10, 3044.6-3099.1 m depth
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Table 1. Diagenetic cements, porosity and stable isotopic compositions of carbonate cements in Es3 reservoirs in the Dongying Depression

Sample Depth . Grains (%) Cements (%) Porosity| **Crps | $*Opps
No. Well (m) Fm Lithology Quartz | Feldspar fraFé?r%(nts Calcite | Dolomite ovg’g?’{)g\zrth (%g?ggis.;@) Group| (%) (%o0) (%o0)
1 N105 | 3118.8 | Ess |medium lithic arkose | 36.6 26.6 35.8 1.0 - - - I 10.8 15 -14.2
2 N101 | 3050.5 | Ess [fine lithic arkose 31.0 24.8 21.7 0.8 19.4 0.8 1.6. (Kaolinite) I 8.7 -1.1 -5.5
3 N110 | 3000.6 | Ess |very fine arkose 40.9 32.0 16.4 7.1 2.7 0.9 - [ 21.3 3.5 -12.0
4 N110 | 3004.8 | Ess [fine lithic arkose 33.2 28.2 22.0 124 1.7 0.8 1.7, (charcoal) [ 15.2 4.3 -12.3
5 S106 | 3398.7 | Ess [fine lithic arkose 404 28.4 22.9 5.5 1.8 0.5 0.5, (siderite) [ 16.2 3.3 -13.5
6 H130 | 2404.0 | Ess [fine arkose 46.8 34.1 18.0 - 1.0 - - I 22.9 5.0 -7.3
7 H130 | 2780.4 | Ess medium arkose 38.6 314 20.6 - 9.0 0.4 - I 15.2 2.7 -11.8
8 H163 | 2833.4 | Ess [fine-medium arkose 39.8 33.2 22.3 3.8 - 0.9 - I 4.2 2.1 -10.6
9 | L1105 | 2767.1 | Es, [T fEIdANIC ) 355 | 503 | 216 | 129 . 09 . || 71 | 25 | 74

itharenite
10 | Y67 |3068.7 | Ess ffine lithic arkose 386 | 240 227 | 17 3.4 0.4 0'4'}25?)'"(2:?5%' | | 135 | 29 | -11.2
11 B654 | 2829.5 | Ess [fine-medium arkose 37.2 24.0 17.1 2.3 194 - - I 6.8 34 -4.9
12 H156 | 2752.8 | Esz |very fine arkose 43.5 32.9 22.7 - 1.0 - - I 154 -2.5 -8.9
13 H156 | 3215.5 | Ess [fine arkose 38.0 28.7 18.1 0.4 14.3 04 - I 7.6 -4.3 -7.6
14 H159 | 2954.3 | Ess [fine lithic arkose 35.0 25.2 36.9 - 2.9 - - I 7.0 1.0 -5.1
15 |HX108| 3481.8 | Ess [fine arkose 43.0 34.8 20.9 - 0.8 0.5 - I 10.6 -2.2 -11.7
16 N22 |3226.5 | Ess [fine lithic arkose 33.8 32.0 24.0 0.4 8.9 04 0.4, Kaolinite [ 21.9 3.0 -9.8
17 S127 | 3214.5 | Ess ffine lithic arkose 34.7 32.9 21.7 1.9 1.9 0.9 - [ 9.8 2.8 -9.9
18 | T716 | 32179 | Es, [nedium feldspathic | 57\ 547 | 244 | 47 . 0.5 - | 72 | 09 | -141
litharenite
19 | X154 | 20365 | Es [[11C feldspathic 442 | 250 | 284 | - 05 1o [0S 03 @iderite) o5 o6 | 104
litharenite barite)
20 | G111 | 1981.4 | Es; [fine arkose m1| 335 | 20 | - 10 - |08 LS yrite e | g | 72
Kaolinite)
21 G10 | 913.8 | Ess [fine lithic arkose 55.0 44.1 - - 0.9 - - I 25.0 -9.8 -9.0
22 N116 | 3099.7 | Ess [fine lithic arkose 46.0 25.7 24.3 0.7 - 0.5 2.9, (siderite) [ 7.0 2.2 -13.9
23 S112 | 3042.4 | Ess [fine arkose 56.6 40.3 - 2.5 - 0.6 - [ 22.3 1.6 -10.6
24 S117 | 3332.5| Ess very fine arkose 38.8 30.8 194 8.8 - 0.4 1.8, (siderite) [ 6.8 1.3 -13.9
25 S117 | 3392.1 | Ess very fine arkose 43.4 34.0 17.9 3.8 0.9 - - [ 5.6 14 -14.0
26 S121 | 3530.0 | Ess very fine arkose 43.3 32.3 17.1 1.8 5.5 - - I 7.8 -2.5 -11.9
27 |wx114| 2676.1 | Es; [redium feldspathic 1455 | 290 | 310 - . - - 120 | 27 | 73
litharenite
28 B172 | 2828.5 | Ess largillaceous limestone| - - - - - - - - 2.5 -13.2
29 B420 | 2626.0 | Ess Jargillaceous dolomite - - - - - - - - 3.3 -6.2
30 B433 | 1659.4 | Ess |dolomitic limestone - - - - - - - - 0.8 -12.9
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Figure 5. Characteristics of typical fluid inclusions in WeII CH51. Homogenlzatlon temperatures (Th) of 68

aqueous inclusions in calcite cements and quartz overgrowths from well CH51 (Table 2) were measured.
Aqueous inclusions that were coeval with khaki-colored petroleum inclusions (type-1) have Tnvalues of 106°C
to 126°C. Type-l aqueous inclusions yielded ice-melting temperatures (Tm, ice) of —2.5°C to —2.9°C (4.1 to 4.8
wt.% NaCl eqv.). Aqueous inclusions that are coeval with bright-yellow-colored oil inclusions (type-Il) were
homogenized to a liquid phase at temperatures between 83°C and 166°C, with a peak temperature of 100 —
130°C. Type-II inclusions yielded ice-melting temperatures (Tm,ice) 0f —0.3°C to —21.6°C (0.5 to 22.6 wt.%
NaCl eqv.). The microthermometric data are summarized in Figures 6 and 7.

Three fluid-inclusion types are identified
based on their UV-epifluorescence characteristics
and their phases at room temperature (21°C): (1)
petroleum inclusions that display a bright-yellow
color under UV light; (2) petroleum inclusions with
khaki color under UV light; and (3) aqueous
inclusions that coexist with the two above-
mentioned petroleum inclusions. We selected large
inclusions with regular shapes for microthermometry

analysis.  Bright-yellow- and  khaki-colored
petroleum inclusions are observed in Group I
calcite cements and quartz  overgrowths,

respectively. All aqueous inclusions contain two
phases (L-V; Fig. 5) at room temperature (21°C),
and most are ellipsoidal and ~15 um in size.
Aqueous inclusions are observed within calcite
cements and quartz overgrowths, and are closely
associated with petroleum inclusions.
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4.4, Carbon and oxygen isotopic compositions

Carbon and oxygen isotopic compositions of
whole-rock samples were analysed to represent the
isotopic compositions of the carbonate cements. The
S13C and 6180 values of the carbonate cements vary

between —9.8%o and 5.0%o, and —17.4%o and —4.9%o,
respectively (Table 1 and Fig. 8). As mentioned
above (Section 4.2), two groups of carbonate cement
are distinguished based on their petrologic
characteristics. The isotopic compositions of the two
cements are also distinct; i.e., Group | calcite-
dominant cement yields more negative 6180 and
heavier 613C than Group II dolomite-dominant
cement (Table 1).

5. DISCUSSION
5.1. Isotopic composition of paleo-lake water

Carbon within the analyzed cements was likely
derived from organic matter and paleo-lake water.
Organic matter is characterized by a highly negative
carbon isotopic composition, typically between —35%o
and —20%o. (Dutton & Land, 1985; Irwin et al., 1977;
Macaulay et al., 2000; Rosenbaum & Sheppard,
1986; Sullivan et al., 1990). In the Dongying
Depression, paleo-lake water isotopic composition is
constrained by carbonate interlayers in the lacustrine
hydrocarbon source rocks of the Shahejie Formation.
The 8C and 30 values of carbonates in the Es3
range from 2.7%o to 5.2%o. and from —8.4%. to —
13.4%o, respectively (Liu, 2017) (Fig. 8). The §°C
and 880 values of carbonates in the Es4 range from
3.0% to 5.4% and from -8.6%. to —4.2%o,
respectively (Cai et al., 2009; Liu, 2017) (Fig. 8). The
d1C compositions of carbonates from Es3 and Es4
are similar; however, the carbonates in Es4 yield a
heavier 880 isotopic composition than those in Es3.
To explain these results, we propose that during the
deposition of Es4, the volume of lake water
decreased, resulting in the widespread evaporation
and fractionation of oxygen isotope, thereby
producing heavier §'®0 values (Cai et al., 2009).

5.2. Origin of calcite cements

We divide the analyzed calcite cements into two

groups based on their isotopic compositions (Fig. 8).
It suggests that the Group | cements are dominated by
fluid derived from Es3, and yield lower values of
813C and 6180 (-2.5%0 to 5.0%0 and —17.4%o to -
7.3%o, respectively) than values of the lacustrine
carbonate in Es3.
Group Il cements formed in the Es4 system, and
yield lower 8*C and 880 (-9.8%0 to 3.4%o and —
11.9%o0 to -4.9%o, respectively) than Es4 lacustrine
carbonate. Furthermore, the 50 values of Group Il
cements are heavier than those of Group | cements
(Table 1, Fig. 8).
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Table 2. Microthermometric data of the CH51 well fluid inclusions.

Sample Th Tm,ice Salinity type Coexisting inclusions

CH51-1 121 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-1 114 -8.5 12.2 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-1 116 -5.0 7.8 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-1 119 -9.1 12.9 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-1 122 -8.6 12.3 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-1 115 -5.5 8.5 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-2 124 -3.2 5.2 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-2 123 -0.9 1.6 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-2 121 -3.7 6.0 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-2 121 -3.9 6.3 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-2 110 -3.7 6.0 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-2 108 -3.0 4.9 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-2 114 -5.1 8.0 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-2 115 -2.8 4.6 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-2 110 -5.5 8.5 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-2 113 -1.8 3.0 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-3 115 -5.9 9.0 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-3 119 -5.4 8.4 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 114 -4.8 75 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 106 - - 2-phase L-V Aqg Fls khaki-colored petroleum inclusions
CH51-3 104 -0.3 0.5 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-3 97 -0.7 1.2 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 127 -2.1 3.5 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 112 - - 2-phase L-V Aqg Fls khaki-colored petroleum inclusions
CH51-3 110 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-3 107 -4.4 7.0 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 119 -4.8 75 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-3 122 -5.4 8.4 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-3 108 -4.8 75 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-3 103 -5.9 9.0 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 164 - - 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 159 - - 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-4 149 - - 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-4 129 - - 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 143 - - 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 136 - - 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-4 83 - - 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-4 123 -3.1 5.1 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 126 - - 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-4 125 - - 2-phase L-V Aqg Fls khaki-colored petroleum inclusions
CH51-4 120 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-4 129 -4.7 7.4 2-phase L-V Ag Fls vellow-colored petroleum inclusions
CH51-4 134 -5.7 8.8 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-4 117 -21.6 22.6 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-4 116 -20.7 22.1 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-4 117 -20.5 22.0 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 118 -5.4 8.4 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 120 -3.6 5.8 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-5 123 -5.9 9.0 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-5 125 -5.4 8.4 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 123 -2.9 4.8 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-5 120 -6.5 9.8 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-5 125 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-5 129 -4.1 6.6 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 125 - - 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-5 128 -4.2 6.7 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-5 121 -5.8 8.9 2-phase L-V Aq Fls yellow-colored petroleum inclusions
CH51-5 126 - - 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-5 116 -4.0 6.4 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 123 -4.1 6.6 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-5 119 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-5 160 -16.0 19.2 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 159 -12.0 15.9 2-phase L-V Ag Fls yellow-colored petroleum inclusions
CH51-5 166 7.2 10.7 2-phase L-V Aqg Fls vellow-colored petroleum inclusions
CH51-5 120 - - 2-phase L-V Aq Fls khaki-colored petroleum inclusions
CH51-5 121 -2.9 4.8 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-5 126 - - 2-phase L-V Ag Fls khaki-colored petroleum inclusions
CH51-5 106 -2.5 4.1 2-phase L-V Aqg Fls khaki-colored petroleum inclusions
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The isotopic compositions of Group | samples
reflect changes in environment relative to Es3
lacustrine carbonate. The negative 3*C values of
Group | samples likely resulted from an increase in
organic carbon content due to thermal degradation of
Es3 source rocks. The large variation in 2°C values
(-2.5%0 to 5.0%0) suggests a variable degree of
mixing between organic and inorganic carbon (Fig.
8). Such mixing processes would also influence
5180, because fluid derived from deep source rocks
typically has a more negative 50 value than lake
water (Lawrence et al., 1975; Perry et al., 1976). The
high 580 values of Group Il samples indicate that
the precipitating fluids were more enriched in 0
than Es3 paleo-lake water. Given that (1) calcite
cements derived from Es4 yield higher 50 values
than Es3, and (2) 5'®0 values decrease with depth,
we infer that 380 values in Group Il cements reflect
mixing between fluids derived from Es3 and Es4.
The high 380 values reported for Group Il cements
likely resulted from interaction with Es4 source
rocks, which formed in an evaporation environment.
This conclusion is consistent with oil-source
comparison studies that indicate wells within the Es3
fluid system (Fig. 1C) contain calcite-dominated
with C and O isotopic compositions of Group I. In
contrast, wells in the Es4 fluid system (Fig. 1C)
contain dolomite-dominated cements and have C
and O isotopic compositions of Group Il (Fig. 8).

5.3. Evolution of paleo-fluids

We infer that, following deposition, Es3 was
subjected to alternating cycles of acidic and alkaline
diagenetic environments. At shallow depths,
sedimentary environments are typically alkaline,
with diagenetic products represented by early
calcite. With the progressive buried of the deposits,
fluids evolved to more acidic compositions, resulting
in dissolution of feldspar and the development of
quartz overgrowths that replaced early calcite. Early
calcite in our samples is fine-grained and opaque,
which prevents the identification of fluid inclusions.
Instead, we conducted microthermometry analysis
on aqueous fluid inclusions within quartz
overgrowths. Homogenization temperatures range
from 106°C to 126°C, and salinity varies from 4.1 to
4.8 wt.% NaCl eqv. Due to the early calcite is
formed before quartz overgrowth, the formation
temperature of early calcite is no more than 106°C.
Furthermore, we calculated the O isotopic
compositions of early stage fluid based on isotope
fractionation factor of calcite and water (Zheng &
Chen, 2000) and formation temperature (106°C).

The 80 values of early stage fluid vary from —
34.7%0 to -24.6%o, which fall into the range of
meteoric waters (Hoefs, 2009). It suggests that the
early stage fluid is dominated by shallow fluid
system.

As the sediments were buried deeper, organic
acids were gradually consumed and the depositional
environment interstitial fluid became more alkaline.
During this process, montmorillonite was converted
to illite, and the iron content in newly formed
carbonate minerals increased. Hence, late-stage
calcite cement (Ca2) does not display luminescent in
CL images. Aqueous fluid inclusions in late
dolomite yield higher homogenization temperatures
(up to 166°C) and salinities (up to 22.6 wt.% NaCl
eqv.). Based on the isotope fractionation factor of
dolomite and water (Hoefs, 2009) and the peak
temperature of fluid inclusions in late dolomite
(120°C), the 30 values of late stage fluid vary
from -28.5%o t0 -21.5%o. The heavier §'80 values are
likely indicating fluid input from a deep source.

A further stage of diagenesis is recorded by the
dissolution of late-stage carbonate cements,
indicating a transition back to an acidic fluid
composition. We speculate that this change in fluid
properties may represent a renewal of the
hydrocarbon generation process in the source rocks.

5.4. Impact on reservoir quality and
petroleum accumulation

Carbonate cements play a key role in
controlling reservoir quality, which in turn
influences hydrocarbon accumulation (Esteban &
Taberner, 2003; Heasley et al., 2000; Neilson &
Oxtoby, 2008). As show in Figure 9, Group | calcite
cement, derived from paleo-lake water, reduced the
porosity of the sandstone during diagenesis (Fig. 4a,
d). The carbon isotope values of calcite cement are
more negative, the porosity of the reservoir becomes
smaller. During this process, acidic fluid containing
carbon dioxide and carboxylic acid flowed into the
reservoir rocks, resulting in the dissolution of
feldspar and generation of kaolinite (Fig. 4b—c). This
kaolinite may also have contributed to filling pore-
space (Wang et al.,, 2016), and aluminosilicate
minerals may have acted as a pH buffer, which
would reduce the ability of carboxylic acid to
dissolve calcite (Seewald, 2003).

However, late-stage carbonate cements show
distinct organic acid contributions and contain
abundant secondary pores. The porosity of reservoir
becomes larger (6.8% ~ 25%) as the carbon isotope
becomes more negative (3.4%o0 ~ -9.8%o0) except the
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Sample No.19. (Table 1, Fig. 9). The more and more
organic acids were generated by thermo-catalytic
degradation of kerogen and produced negative 5'°C
values in late-stage carbonate cements. The multiple
acidic fluid charging which greatly improved the
ability of organic acids to dissolve and erode pores
in the deep reservoir.

porasity /%

® Early stage cemenls L]

® | ate slage caments

-12 1w -K -6 -4
[ia e

Figure 9. 8Cppg vs. porosity diagram for calcite
cements.

6. CONCLUSIONS

The main conclusions are the next:

(1) In the Es3 sandstone reservoirs of the
Dongying Depression, we observed abundant
secondary pores that are related to the reworking of
the cementation system. The production of such
pores allowed for subsequent petroleum
accumulation.

(2) The presence of *C-depleted calcite cement
(relative to lacustrine carbonate) is potentially a
trace of hydrocarbon migration. Furthermore,
differences in C-O isotopic compositions may be
used to distinguish between Es3 and Es4 fluid
sources in our research region.

Although our study is focused on the Dongying
Depression, Bohai Bay Basin, China, our results
could be applied to any sedimentary basin where
considerable  carbonate cements in  clastic
sedimentary rock reservoirs exist. This work has
potentially wider implications in petroleum
exploration, such as indicator of hydrocarbon
migration and difference fluid sources.
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