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A B S T R A C T

The influence of multi-stage oil emplacement on carbonate cementation was investigated on the basis of de-
termining the sequence of oil emplacement and carbonate cementation in the clastic reservoirs of the upper part
of the fourth member of the Eocene Shahejie Formation (Es4s) in the Yanxie 229 area, Dongying Sag. The
sequence of multistage oil emplacement and carbonate cementation was determined by projecting the homo-
genization temperatures (Ths) of two-phase aqueous inclusions on a burial and thermal history plot. The ratio of
the number of quartz grains with yellow-fluorescent oil inclusions therein to the total number of quartz grains
(YGOI) and the ratio of the number of quartz grains with blue-fluorescent oil inclusions therein to the total
number of quartz grains (BGOI) were calculated to analyze the paleo-oil saturation of each stage of oil em-
placement. The YGOI and BGOI values reflect the relative level of the paleo-oil saturation of the first-stage
yellow-fluorescent (FSYF) oil and the second-stage blue-fluorescent (SSBF) oil, respectively. A large number of
primary pores were preserved in the oil layers, whereas only a small number of dissolution pores and micropores
were developed in the oil-bearing water layers and dry layers. Calcite, dolomite, ferrocalcite, and ankerite ce-
mentation and two-stage oil emplacement occurred in the Es4s reservoirs. The FSYF oil emplacement occurred
earlier than the ankerite cementation and ferrocalcite cementation but later than the calcite cementation and
dolomite cementation. The SSBF oil emplacement occurred later than all phases of carbonate cementation. The
dolomite cementation was not influenced by the FSYF oil emplacement because it occurred earlier than the FSYF
oil emplacement. The ankerite cementation was dominantly inhibited by the FSYF oil emplacement in the oil
layers and the degree of inhibition increased with the increase in paleo-oil saturation of the FSYF oil. The SSBF
oil emplacement further increased the paleo-oil saturation in the oil layers, which enhanced the inhibition of the
ankerite cementation and even stopped it. The ankerite cementation in the dry layers and oil-bearing water
layers was slowed down or stopped due to the lack of pores and the low transportation rate of external material,
which was caused by the intense ankerite cementation prior to the SSBF oil emplacement.

1. Introduction

The origin and distribution of high-quality clastic reservoirs are the
keys to petroleum exploration. Diagenesis is a significant factor influ-
encing reservoir quality (Gluyas et al., 1993; Gaupp et al., 1993; Dutton
and Loucks, 2010; Taylor et al., 2010; Bjørlykke. et al., 2012; Xi et al.,
2015a; Ma et al., 2016; Yuan et al., 2018). Much attention has been
focused on the factors influencing diagenesis (Mansurbeg et al., 2008;
Xi et al., 2015a; Ma et al., 2016). Oil emplacement is considered an

important factor influencing cementation in clastic reservoirs (Saigal
et al., 1992; Wang et al., 1998; Bloch et al., 2002; Friis et al., 2014;
Worden et al., 2018; Yuan et al., 2019). However, the influence of oil
emplacement on cementation is still a controversial topic. Some scho-
lars argued that oil emplacement can inhibit cementation and preserve
porosity (Walderhaug, 1990; Saigal et al., 1992; Oxtoby et al., 1995;
Worden et al., 1998, 2018; Cai et al., 2001; Molenaar et al., 2008;
Taylor et al., 2010; Neveux et al., 2014; Kolchugin et al., 2016; Paganni
et al., 2016). This view point is based on the differences in porosity and
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permeability, the cement content, the characteristics of the inclusions
and the isotope ratio difference between the oil and water zones
(Prozorovich, 1970; Hawkins, 1978; Dixon et al., 1989; Marchand et al.,
2000, 2001; Paganoni et al., 2015; Worden et al., 2018). Researchers
have proposed that (1) the relative permeability of the water phase is
very low in externally-sourced, water-wet/oil-wet clastic reservoirs
under the condition of high oil saturation, leading to the inhibition of
cementation (Walderhaug, 1990; Saigal et al., 1992; Worden et al.,
1998; Worden and Morad, 2000; Cai et al., 2001; Molenaar et al., 2008;
Taylor et al., 2010; Neveux et al., 2014; Kolchugin et al., 2016; Paganni
et al., 2016; Ehrenberg et al., 2016), (2) the diffusion rate is so low that
the cementation is basically stopped because the diffusion paths are
more tortuous under the condition of high oil saturation in internally-
sourced water-wet clastic reservoirs (Walderhaug, 1990; Worden et al.,
1998; Sathar et al., 2012; Bukar, 2013; Friis et al., 2014), and (3) the oil
films on the surfaces of grains inhibit pressure dissolution and material
supply and prevent the pore water from contacting the grains in in-
ternally-sourced oil-wet clastic reservoirs, resulting in the inhibition of
cementation (Worden et al., 1998; Neilson et al., 1998; Bukar, 2013;
Neveux et al., 2014). In contrast, other scholars have argued that ce-
mentation is largely unhindered by oil emplacement. They proposed
that the diffusion of materials would be continued in water films on
mineral surfaces or in residual water under the condition of maximum
oil saturation and that cementation would not be inhibited in clastic
reservoirs (Bjørkum and Walderhaug, 1993; Nedkvitne et al., 1993;
Barclay and Worden, 2000; Worden and Morad, 2000; Bloch et al.,
2002; Aase and Walderhaug, 2005; Taylor et al., 2010; Yuan et al.,
2011). Consequently, the porosity, permeability, cement content, and
isotopic characteristics between oil and water layers exhibit few dif-
ferences (Ehrenberg, 1990; Giles et al., 1992; Ramm and Bjørlykke,

1994; Aase and Walderhaug, 2005; Molenaar et al., 2008).
In the process of researching the influence of oil emplacement on

cementation, the sequence of oil emplacement and cementation needs
to be seriously considered (Worden and Morad, 2000; Bloch et al.,
2002; Worden et al., 2018). For example, if oil was emplaced following
cementation, there is no reason why oil and water layers in the re-
servoirs should have different quantities of cement (Worden and Morad,
2000; Bloch et al., 2002). However, the sequence of oil emplacement
and cementation was not clearly defined in some statistical analyses
(Haszeldine et al., 2003; Cai et al., 2001). It is not appropriate to discuss
the influence of oil emplacement on cementation without defining the
sequence of oil emplacement and cementation (Marchand et al., 2002;
Worden et al., 2018).

Oil saturation may influence the internal sourcing rates and trans-
port rate in the reservoirs and then significantly affect the subsequent
diagenesis (Worden et al., 1998). The present oil saturation was used to
analyze the influence of oil emplacement on cementation (Gong et al.,
2016; Worden et al., 2018). However the present oil saturation is the
sum of the individual charge episodes in the reservoirs with multistage
oil emplacement (Marchand et al., 2002; Tobin et al., 2010; Paganoni
et al., 2015; Worden et al., 2018). It is essential to introduce the paleo-
oil saturation of each stage of the oil emplacement. However, the in-
fluence of the paleo-oil saturation of each stage of the oil emplacement
on cementation has been rarely investigated in reservoirs with a com-
plex sequence of multistage hydrocarbon emplacement and cementa-
tion (Cox et al., 2010; Paganoni et al., 2015).

Current research has mostly focused on the influence of oil empla-
cement on the cementation of quartz and clay minerals (Prozorovich,
1970; Hamilton et al., 1992; Bjørkum and Walderhaug, 1993;
Marchand et al., 2001; Taylor et al., 2010; Worden et al., 2018). The

Fig. 1. (A) Location map of the Dongying Sag in the Jiyang Sub-basin (III) of the Bohai Bay Basin. Other Sub-basins in the Bohai Bay Basin in Eastern China include
the Jizhong Sub-basin (I), Huanghua Sub-basin (II), Bozhong Sub-basin (IV), Liaohe Sub-basin (V), and Dongpu Sub-basin (VI) (Yang et al., 2017). The black rectangle
filled with orange colour shows the location of the Dongying Sag. (B) Structural map of the Dongying Sag showing the distribution of the main Sub-sags, uplift areas,
and major faults and the location of P–P’. (C) South-to-north cross-section P–P′ showing the major stratigraphic units and major tectonic features within the Dongying
Sag. Q: Quaternary Period; Nm: Neocene Minghuazhen Formation; Ng: Neocene Guantao Formation; Ed: Paleogene Dongying Formation; Es1: The first member of
the Paleogene Shahejie Formation (Es); Es2: The second member of Es; Es3 The third member of Es; Es4: The fourth member of Es; Es4s: the upper part of the Es4;
Es4x: the lower part of the Es4; Ek: Paleogene Kongdian Formation. (D) Map showing the location of the study area and well locations in the Yanjia area. The red
dashed box in Fig. 1B is the location of the Yanjia area. The green dashed box is the location of the study area called the Yanxie229 area. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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influence of the oil emplacement on the carbonate cementation in
clastic reservoirs was rarely discussed (Kolchugin et al., 2016; Paganni
et al., 2016). Simple comparisons of the carbonate cement content
between the oil and water layers in clastic reservoirs were conducted by
some researchers (Cox et al., 2010; Bukar, 2013; Neveux, 2014; JI et al.,
2015). However, carbonate cementation has also a significant influence
on reservoir quality in clastic reservoirs (Morad et al., 2012; Wang
et al., 2014; Cao et al., 2016; Yang et al., 2017). Therefore, the objective
of this study is to discuss the influence of multistage oil emplacement on
carbonate cementation in clastic reservoirs by establishing the sequence
of oil emplacement and carbonate cementation and excluding influen-
cing factors other than oil emplacement.

2. Geological background

The Dongying Sag is located in the south-eastern part of the Jiyang
Sub-basin of the Bohai Bay Basin in Eastern China (Fig. 1A). It is a
Mesozoic-Cenozoic half graben rift-down warped basin with lacustrine
deposits directly deposited on Paleozoic bedrocks (Cao et al., 2014;
Wang et al., 2014). The Dongying Sag is bounded to the east by the
Qingtuozi uplift area, to the south by the Luxi and Guangrao uplift
areas, to the west by the Linfanjia and Gaoqing uplift areas, and to the
north by the Chenjiazhuang-Binxian uplift area (Fig. 1B). It covers an
area of 5850 km2 with an east-west and north-south extent of 90 km and

65 km, respectively. In cross-section, it is a half graben with a fault-
controlled northern steep margin and a southern gentle margin
(Fig. 1C). In planar view, the Dongying Sag is further subdivided into
several secondary structural units, such as the northern steep slope
zone, the central low uplift area, the Lijin, Minfeng, Niuzhuang and
Boxing Sub-sags, and the southern gentle slope zone (Zhang et al.,
2014, Fig. 1B). The Paleogene in the Dongying Sag can be divided from
bottom to top into the Kongdian, Shahejie, and Dongying Formations.
The Shahejie Formation can be further subdivided from bottom to top
into the Fourth Member (Es4), the Third Member (Es3), the Second
Member (Es2) and the First Member (Es1), respectively. The Es4 con-
sists of the upper part (Es4s) and the lower part (Es4x) (Wang et al.,
2014, 2016; Cao et al., 2018).

The Yanjia area is located in the northern part of the Minfeng Sub-
sag, which lies in the north-eastern part of the Dongying Sag (Fig. 1B).
The Yanjia area is a steep slope zone controlled by the Chennan listric
normal fault where two canyons named Yan 16 and Yan 18 were de-
veloped (Cao et al., 2018, Fig. 1C and D). The Yanxie229 area is located
in the western part of the Yanjia area, where the canyon of Yan16 was
developed (Cao et al., 2018, Fig. 1D). The canyon of Yan16 was the
source feeder channels of debris flows. During the accumulation of the
Es4s, terrigenous sediments were transported into the deep water along
the canyons of Yan16. The mountain-derived floods and normal
mountain-derived river discharges and were accumulated on the

Fig. 2. Lithologic columns showing the lithology
and the positions of the samples. The location of
the wells Y229-x1, Y229-x2, Yx229, and Yx232 is
shown in Fig. 1D. The lithology of the wells Y229-
x1 and Y229-x2 was described based on the core.
The lithology of the wells Yx229 and Yx232 was
described based on the drilling cuttings. The red
five-pointed stars numbered 1–14 represent the
positions of the typical samples. All the typical
samples are pebbly sandstones. Samples 1–4 are
from dry layers, samples 5–10 are from oil layers,
and samples 11–14 are from oil-bearing water
layers. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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downthrown side of the Chennan fault in the Yanxie229 area, forming
large-scale sandstones and conglomerates of nearshore subaqueous fans
close to deep-water source rocks (Cao et al., 2018). The pebbly sand-
stones in the Es4s in the Yanxie229 area are the predominant research
object of this study. There is a complex alternating relationship between
multi-stage hydrocarbon emplacement and carbonate cementation in
the northern steep slope zone of the Minfeng Sub-sag. (Wang et al.,
2014, 2016).

3. Samples and methodology

3.1. Samples

A total of 8 core samples were obtained from wells Y229-x1 and
Y229-x2 and 49 side well coring samples were obtained from wells
Yx229, Yx232, and Yx233. All samples were taken from the middle fans
of the near-shore subaqueous fans in the Es4s in the Yanxie229 area.
The positions of the 8 core samples of the pebbly sandstones and the 6
typical side well coring samples of the pebbly sandstones are far away
from the sandstone and mudstone interface (Fig. 2). The oiliness of the
samples was interpreted by the Exploration and Development Research
Institution of the Sinopec Shengli Oil field using well-logging data.
Based on the interpreted oil saturation, the oil-bearing grade of the
reservoirs is divided into an oil layer, water-bearing oil layer, oil-
bearing water layer, and water layer. The oil saturations in the oil
layers, water-bearing oil layers, oil-bearing water layers, and water
layers are above 50%, 30%–50%, 10–30%, and below 10%, respec-
tively. Dry layers are defined as reservoirs with a daily fluid production
lower than the specified yield standard of fluid, which is determined by
burial depth and fluid types . The interpretation results show that 6
samples are from oil layers, 4 samples are from oil-bearing water layers,
and 4 samples are from dry layers (Fig. 2).

3.2. Methodology

A total of 57 blue epoxy resin-impregnated thin sections partly
stained with Alizarin Red S and K-ferricyanide were prepared for ob-
servation of the rock mineralogy, diagenesis, and the pores. These thin-
sections were observed under a Zeiss Axio Lab.A1 Pol optical micro-
scope. The thin-section contents of the framework grains, matrices, and
authigenic cements were determined using the following method. First,
5 typical view fields in each thin-section were chosen and photo-
micrographs were obtained using a 10×objective but higher power
objectives were used where necessary. Second, the thin-section areas of
the different types of framework grains, matrices, and cements in each
photomicrograph were sketched and calculations were performed using
the Axio Vision software Rel. Finally, the thin-section contents of the
different types of framework grains, matrices, and cements were de-
termined by averaging the values of the 5 view fields in each thin
section. Scanning electron microscope (SEM) images were acquired
using a Quanta200 scanning electron microscope combined with en-
ergy-dispersive X-ray spectroscopy. Cathodoluminescence (CL) analysis
and electron microprobe point analysis (EMPA) were conducted to
distinguish the different carbonate cements. The CL analyses of 27 ty-
pical samples were conducted under a Zeiss Axio Lab.A1 Pol optical
microscope equipped with a CL8200-MKSCL instrument at an accel-
erating voltage of 15 kV.

The EPMA was conducted using a JEOLJXA-8230 microanalyzer
equipped with a 3-channel spectrometer and energy dispersive spec-
trometer (EDS) (INCAx-act350) at the Ocean University of China. The
microanalyzer has an acceleration voltage of 20 kV, an electric current
of 1× 10−8 A, and a spot size of 5–10 μm. Element test range: B~U.
The chemical analysis values yielded by EPMA were accurate to within
about 1 wt% for the major elements and 3wt% for the trace elements.
The element analysis was calibrated using natural and synthetic stan-
dards and the following materials: MgO-diopside, CaO-diopside, FeO-

hematite, and MnO-bustamite. Limits of detection (three sigma) were
213 ppm for Sr, 116 ppm for Mg, 114 ppm for K, 154 ppm for Ca,
227 ppm for Ti, 199 ppm for Fe, 200 ppm for Cr, and 207 ppm for Mn.

A total of fourteen fluorescence thin sections were prepared for
fluorescence observation. The fluorescence thin sections were not he-
ated and soaked nor cleaned with any organic solvent during the pre-
paration. In addition, alpha-cyanoacrylate glue was used to attach the
thin sections. Fluorescence was observed using a ZEISS ImagerA1
equipped with ultraviolet (UV) epi-illumination.

Twelve samples were prepared as thick doubly polished thin sec-
tions for petrographic analysis, fluorescent color observation, and
homogenization temperature measurement of the fluid inclusions.

The observation of petrographic characteristics was conducted
using a Zeiss Scope A1 optical microscope-equipped UV light. Useable
oculars were 10X with a 1.25X or 1.6X magnification changer. Useable
magnification of objectives were 10X, 50X, and 100X. Fluid inclusion
assemblages (FIA) were determined according to the position of fluid
inclusions in the host minerals. The fluid inclusions without any signs of
stretching or partial leakage were used to measure the homogenization
temperatures (Ths). The microthermometry of the vapor-liquid two-
phase aqueous inclusions was conducted using a Zeiss Scope A1 optical
microscope equipped with a calibrated Linkam THMSG 600 heating-
cooling stage. The phase transitions can be recorded in the temperature
range from −180 °C to 500 °C. The heating rates were 10 °C/min at
temperatures below 80 °C and 5 °C/min at temperatures higher than
80 °C. The manufacturer's stated accuracy for the calibration standards
(synthetic reference inclusions) is better than 1 °C in the range of
temperatures reported here.

We used the method of calculating the grain-containing oil inclusion
(GOI) values (Eadington et al., 1996) to determine the ratio of the
number of quartz grains with yellow-fluorescent oil inclusions therein
to the total number of quartz grains (YGOI) and the ratio of the number
of quartz grains with blue-fluorescent oil inclusions therein to the total
number of quartz grains (BGOI) of the 6 oil-layer samples, 4 oil-bearing
water layer samples, and 4 dry layer samples. The following factors
were considered during the calculation of the YGOI and BGOI. (1) Only
the oil inclusions in the quartz grains were counted considering the
wettability and contents of the grains. (2) More than 200 quartz grains
were counted in each sample to minimize the error. (3) The stretched or
leaked oil inclusions and the oil inclusions which contained bitumen
adhering to the inclusion walls were all excluded because the fluores-
cence of these types of oil inclusions might have changed (Stasiuk and
Snowdon, 1997; Munz, 2001). (4) The blue- and yellow-fluorescent oil
inclusions in the quartz grains were counted separately to calculate the
BGOI and YGOI.

The Ths of the vapor-liquid two-phase aqueous inclusions coeval
with the oil inclusions were projected on the burial and thermal history
plot of the corresponding well to determine the periods of hydrocarbon
emplacement. The Ths of the vapor-liquid two-phase aqueous inclu-
sions in the carbonate cements were projected on the burial and
thermal history plot of the corresponding well to determine the pre-
cipitation periods of the carbonate cements. The sequence of oil em-
placement and carbonate cementation can be determined based on
these periods.

The burial and thermal histories of the wells Yx229, Yx232, Y229-
x1, Y229-x2, and Y22-22 were recovered using the 1-D Basin Mod
software. The data of lithology mixes, depositional age, and eroded
thicknesses of formations and events and other geochemical parameters
such as the bottom-hole temperature (BHT) and paleo-geothermal
gradient were used to model the burial-thermal history. Absolute ages
of depositional and erosional events were defined using the chronos-
tratigraphic framework of the basin (Guo et al., 2012). The initial
porosity and compaction factor of a pure lithology (e.g. shale/mud-
stone, sandstone, siltstone, limestone, and dolomite) were used a de-
fault values in the BasinMod 1D software. The missing thickness (the
erosion thickness) was obtained from Wu and Han (2000) and Bian
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(2009). Mixed lithologies were created by specifying percentages of the
pure lithologies for one-dimensional modeling of individual wells. The
cutting logging data and core samples were collected from the Shengli
Oilfield, SINOPEC. The thermal history model was obtained in the
BasinMod 1D software using the geothermal gradient data obtained by
Qiu et al. (2006). The BHT was used to calibrate the thermal history
model (Fig. 3). Good correlations between the measured and calculated
temperatures were observed (Fig. 3).

4. Results

4.1. Lithology

The reservoirs of the Es4s in the Yanxie229 area are predominantly
composed of pebbly sandstones and sandstones which are dominated by
lithic feldsarenites and feldspathic litharenites based on the thin section
analysis (Fig. 4, Table 1). The pebbly sandstones are poorly sorted with
angular or sub-angular grains. The sandstones are moderately sorted
with sub-angular or sub-rounded grains. The compositional maturity

(ratio of (quartz) content/(feldspar + rock fragment) content) is
0.23–1.33 with an average of 0.55. The quartz grain content ranges
from 19.9% to 40.2% with an average of 28.7%. The feldspar content
ranges from 20.1% to 36% with an average of 30.4%. The rock frag-
ment content ranges from 10.6% to 39% with an average of 26.0%. The
cements include carbonates, quartz overgrowth, and authigenic clay
minerals. The total cement content ranges from 1% to 19.3% with an
average of 9.6%. The dominant cements are carbonate minerals. The
total content of the carbonate cements ranges from 1% to 17.5% with
an average of 8.69% (Table 1). The matrix content ranges from 1% to
15% with an average of 5.5% (Table 1).

4.2. Porosity and permeability

Primary intergranular pores, secondary dissolution pores and in-
tercrystalline micropores in the kaolinite and carbonate cements are
also observed in the oil layers in the Es4s reservoirs in the Yanxie229
area. The primary intergranular pores with straight margins (Fig. 5A)
occur predominantly in the oil layers. The secondary pores are mainly
formed by dissolution of feldspar grains (Fig. 5B) and carbonate ce-
ments (Fig. 5C). The secondary pores mainly include partial dissolution
pores around the edges of the feldspar grains (Fig. 5B) and in-
tragranular dissolution pores (Fig. 5D). The intercrystalline micropores
of the kaolinites and carbonates are small (Fig. 5D).

The porosity and permeability of the reservoirs in the Es4s in the
Yanxie229 area are in the ranges of 5%–10% and 1–10 mD, respectively
(Fig. 6). There are dramatic differences in reservoir quality among the
oil layers, water layers, and dry layers. The porosity and permeability
range from 6.8% to 12.5% and from 1.4 mD to 10.1 mD, respectively in
the oil layers (Fig. 7). The primary intergranular pores are the main
reservoir spaces in the oil layers (Fig. 5A). Secondary dissolution pores
and intercrystalline micropores of the kaolinites and carbonates are also
observed in the oil layers (Fig. 5B, D). The porosity and permeability

Fig. 3. Calibration of thermal modeling for the wells Y22-22, Yx229, Yx232, Y229-x2, and Y229-x2, showing good correlations between the measured temperatures
(solid circles) and modeled temperatures (solid lines).

Fig. 4. Ternary plot showing the rock composition and rock types of the
sandstones and pebbly sandstones in the Es4s in the Yanxie229 area (Folk et al.,
1970). The contents of the rock composition were determined from the 46 thin
sections.

Table 1
Rock composition derived from the 46 thin sections in the Es4s in the
Yanxie229 area.

Q/% F/% R/% M/% C/% Cc/% Otc/%

Max 40.2 36.0 39.0 15.0 19.3 17.5 5.98
Min 19.9 20.1 10.6 1.0 1.0 1.0 0
Ave 28.7 30.4 26.0 5.5 9.6 8.69 1.0

Q-Quartz; F-Feldspar; R-Rock fragment; M-Matrix; C-total content of Cements;
Cc-Carbonate cements; Otc-other types of cements.
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range from 7.7% to 9.5% and from 2.7 mD to 6.9 mD, respectively in
the oil-bearing water layers (Fig. 7). The dissolution pores are the main
reservoir spaces in the water layers and oil-bearing water layers. The
porosity and permeability in the dry layers are less than 5% and 1mD,
respectively (Fig. 7). There are only a few micropores in the dry layers.

4.3. Diagenesis

4.3.1. Carbonate cementation
Carbonate cementation is the most common and dominant diagen-

esis type in the Es4s reservoirs in the Yanxie229 area. Cements of cal-
cite, ferrocalcite, dolomite, and ankerite were detected (Plate 1).

The calcite cementation is uncommon. The calcites are red in the
stained thin sections (Plate 1 A). The poikilotopic calcite cements were
found only in one thin section, where the detrital grains are floating or
have point contacts (Plate 1 A). The calcite cement emits bright yellow
luminescence under the CL microscope (Plate 1 B). The calcite cement
content is very low and nearly similar in the oil layers, oil-bearing
layers, and dry layers (Fig. 9A). The calcite cement content ranges from
0% to 0.38% with an average of 0.11% in the oil layers, from 0.13% to
0.85% with an average of 0.4% in oil-bearing layers, and from 0% to
1.21% with an average of 0.3% in the dry layers (Fig. 9A).

The ferrocalcite cementation is also uncommon and weak. The
ferrocalcites are purple in the stained thin sections (Plate 1 C). The

ferrocalcite cements are mainly pore-filling blocky crystals. Ferrocalcite
cement emits dark red luminescence under the CL microscope (Plate 1
D). The ferrocalcite cement content is low and nearly similar in the oil
layers, oil-bearing layers, and dry layers (Fig. 9B). The ferrocalcite

Fig. 5. Photomicrographs showing the pore char-
acteristics of the reservoirs in the Es4s in the
Yanxie229 area. (A) Well Yx229, 4148.5m, oil
layer, primary intergranular pores; (B) Well
Yx232, 4140m, oil-bearing water layer, dissolu-
tion pores of the feldspar grains; (C) Well Yx232,
4352m, oil-bearing water layer, dissolution pores
of the carbonate cements. (D) Well Yx232,
4000m, oil layer, intercrystalline micropores
within kaolinite crystal clusters. PIP-primary in-
tergranular pore; F- feldspar; FDP- feldspar dis-
solution pore; Do-dolomite; CDP-carbonate dis-
solution pore; K-kaolinite; KMP-intercrystalline
micropores of kaolinites.

Fig. 6. Porosity and permeability of the reservoirs in the Es4s in the Yanxie229 area. (A) Histogram showing the distribution of porosity; (B) Histogram showing the
distribution of permeability.

Fig. 7. Porosity and permeability of the oil layers, oil-bearing water layers, and
dry layers in the Es4s in the Yanxie229 area. Each shape symbol represents one
sample.
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cement content is higher than the calcite cement content. The ferro-
calcite cement content ranges from 0% to 0.84% with an average of
0.20% in the oil layers, from 0% to 2.15% with an average of 0.94% in
the oil-bearing layers, and from 0 to 1.65% with an average of 0.66% in
the dry layers (Fig. 9B).

The dolomite cementation is more common than the ferrocalcite
and calcite cementation. The dolomite cements are colorless in the
stained thin sections (Plate 1 E) and emit light pink luminescence under
CL (Plate 1 F). The results of the EMPA indicate that the cements
consisting of MgO and CaO are probably dolomites (Table 2). The do-
lomite cements usually occur as pore-filling scattered euhedral crystals
(Plate 1 E). The dolomite cements are relatively more abundant in the
dry layers (Fig. 9C). However, the dolomite cement content is almost
the same in the oil layers, oil-bearing water layers, and dry layers
(Fig. 9C). The average content of the dolomite cements ranges pre-
dominantly from 2.5% to 5% (Fig. 9C).

The ankerite cementation is dominant in the E4s reservoirs in the
Yanxie229 area. The ankerite cements are blue in the stained thin
sections (Plate 1 G) and do not emit luminescence under CL (Plate 1 H).
The results of the EMPA indicate that the cements consisting of FeO,
MgO, and CaO are probably ankerites (Table 2). The ankerite cement
content is markedly different in the oil layers, oil-bearing water layers,
and dry layers (Fig. 9D). The ankerite cement content is lowest for the
oil layers with an average of 0.92%, highest for the dry layers with an
average of 7.57% and intermediate for the oil-bearing water layers with
an average of 5.62%. The ankerite cements are more euhedral in the oil
layer (Plate 1 I) than in the dry layers (Plate 1 G).

Replacements between different carbonate cements and quartz
overgrowths also occurred in the Es4s reservoirs in the study area (Plate
1 C, J-L). Some of the ferrocalcite cements replaced the euhedral do-
lomite cements (Plate 1 C) and quartz overgrowths (Plate 1 J, K) and
some of the ferrocalcite cements were replaced by the ankerite cements
(Plate 1 L).

4.3.2. Quartz cementation and authigenic clay minerals
The quartz cementation is uncommon in the Es4s reservoirs in the

Yanxie229 area. Only a small amount of quartz overgrowth was ob-
served under the transmission and CL. The width of most of the quartz
overgrowths is narrow (Fig. 10 A and B) with a few exceptions (Plate 1

J and K). The quartz overgrowth emits dark brown luminescence under
CL (Fig. 10 B). Micro quartz was not detected under the SEM. Authi-
genic clay minerals are also uncommon. Only a small amount of au-
thigenic kaolinite was found in some thin sections (Fig. 5 D). The
content of the quartz overgrowth, micro quartz, and authigenic clay
minerals was low in the Es4s reservoirs in the Yanxie229 area (Table 1).

4.3.3. Dissolution
Dissolution is weak in the Es4s reservoirs in the Yanxie229 area. A

small amount of dissolution of the feldspar grains (Fig. 5B) and car-
bonate cements (Fig. 5C) can be observed in the thin sections of the oil
layers and oil-bearing water layers. The pores created by the dissolution
of minerals are not the dominant reason for the good reservoir quality
of the Es4s reservoirs in the Yanxie229 area.

4.4. Fluorescent characteristics of oil and oil inclusions

The oil and carbonaceous bitumen in the intergranular pores and
the adsorption in the matrix and cement can be distinguished under UV
light. The oil emits yellow and blue fluorescence under UV light (Plate
2). Blue-fluorescent and yellow-fluorescent oil and oil inclusions occur
in the Es4s reservoirs in the Yanxie229 area (Plate 2). In the oil-bearing
water layers and dry layers, the yellow-fluorescent oil is dominant
(Plate 2 A and B). In the oil layers, both blue- and yellow-fluorescent oil
and oil inclusions (Plate 2 C to D) are found and the blue-fluorescent oil
is dominant (Plate 2 C and D). Yellow- and blue-fluorescent oil inclu-
sions exist independently (Plate 2E -H). No yellow- and blue-fluorescent
oil inclusions are found simultaneously in the healed microfracture of
quartz (Plate 2 F and H). Blue fluorescent oil inclusions do not show any
stretching and cracking (Plate 2 G).

4.5. Fluid inclusions

4.5.1. Fluid inclusion petrography
Fluid inclusions could be divided into aqueous inclusions and oil

inclusions depending on the presence of oil. Both aqueous inclusions
and oil inclusions were developed in the Es4s reservoirs in the
Yanxie229 area (Plate. 3, 4).

The oil inclusions are mostly light brown and colorless under plane-

Fig. 8. Backscattered electron images (BSE) showing the characteristics of the carbonate cements and the positions and numbers of the EMPA in the Es4s reservoirs in
the Yanxie229 area. (A) Well Y229-x1, 4179.3m, pore-filling ankerites; (B) Well Yx232, 4031.5m, pore-filling dolomites; (C) Well Yx232, 4031.5m, ankerites with a
dolomite grain inside.

Table 2
EMPA results of the chemical composition of the ankerites and dolomites in the Es4s reservoirs in the Yanxie229 area. See Fig. 8 for the positions and numbers of the
EMPA.

Chemical composition 1 2 3 4 5 6 8

MgO 9.74 wt% 9.37 wt% 8.98 wt% 13.37 wt% 20.61 wt% 20.79 wt% 9.38 wt%
CaO 31.12 wt% 31.03 wt% 32.18 wt% 34.64 wt% 31.99 wt% 31.62 wt% 31.83 wt%
FeO 12.99 wt% 13.06 wt% 11.85 wt% 7.59wt% 1.76 wt% 0.86 wt% 12.03 wt%
MnO 0.23 wt% 0.29 wt% 0.27 wt% 0.21wt% 0.06 wt% 0.00 wt% 0.25 wt%
Carbonate type ankerite ankerite ankerite dolomite dolomite dolomite ankerite
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polarized light and have two phases containing liquid (L) and vapor (V)
at room temperature (Plate 3 A, C). The diameters along the maximum
dimension of the oil inclusions range from 3 to 6 μm (Attached list 1).
Oil inclusions emit yellow and blue fluorescence under UV light (Plate 3
B, D). Yellow- and blue-fluorescent oil inclusions in trails were dom-
inantly distributed in the healed microfractures of the quartz grains
(Plate 3 B, D). Yellow fluorescent oil inclusions also can be found in
ankerite cement (Plate 4 M-O).

Aqueous inclusions are colorless under plane-polarized light (Plate 4
D, G), do not emit fluorescence under UV light (Plate 4 F, K), and have
predominantly two phases containing L and V at room temperature
(Plate 4 D-L). The diameters along the maximum dimension of the
aqueous inclusions range from 3 to 7 μm (Attached list 1). Aqueous
inclusions in trails are also common in the healed microfractures of the
quartz grains (Plate 3 A). Two-phase aqueous inclusions are rare in the
dolomite and ankerite cements (Plate 4 A-L). These inclusions are all
tiny with a diameter of less than 6 μm (Plate 4 D, J). The two-phase
aqueous inclusions in the dolomite cements, ankerite cements, and
healed microfractures of quartz grains are nearly circular and do not
show any signs of stretching or partial leakage (Plate 3, 4 A-L).

Fluid inclusions could be divided into primary, secondary, and pseu-
dosecondary inclusions according to the origin (Goldstein, 2003). In each
sample, the fluid inclusions were classified according to their morphology
and relationship to the growth of the crystal. The aqueous and oil inclu-
sions in the healed microfractures of quartz grains are secondary fluid
inclusions because a single healed microfracture cuts across all growth
zones of the overgrowth of quartz grains (Plate 3 A, C). The origin of the
aqueous and oil inclusions in the dolomite and ankerite cements cannot be
determined by observing the relationship to the growth of the crystal
because the growth zones of the dolomite and ankerite cements are un-
clear (Plate 4 D, J). However, the aqueous and oil inclusions in the do-
lomite and ankerite cements are considered primary fluid inclusions be-
cause the two-phase aqueous inclusions in the dolomite and ankerite
cements are nearly circular and do not show any signs of stretching or
partial leakage (Plate 4 A-L). In addition, no fractures or deformation
features are found near the aqueous inclusions (Plate 4 D, J).

Both single-phase oil inclusions and two-phase aqueous inclusions
are developed in the same healed microfracture of the quartz grains
(Plate 3 A, C), indicating that they are FIAs that were captured at the
same time.

Fig. 9. Histograms showing the characteristics of the carbonate cement content in the oil layers, oil-bearing water layers, and dry layers in the Es4s in Yanxie229
area. (A)–(D) These histograms show the content of calcite, ferrocalcite, dolomite, and ankerite cements, respectively in the oil layers, oil-bearing water layers and
dry layers.

Fig. 10. Photomicrographs showing the char-
acteristics of the quartz overgrowth in the Es4s
reservoirs in the Yanxie229 area. (A) Well Yx232,
4256m, characteristics of quartz overgrowth
under cross-polarized light; (B) The same field
view as A; the quartz overgrowth emits dark
brown luminescence under CL. An-Ankerite; Q-
quartz; Qo-quartz overgrowth.
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4.5.2. Homogenization temperatures
The Ths of the two-phase aqueous inclusions in the dolomite ce-

ments range from 53.3 °C to 93.6 °C (Attached list 1) and the main peak
of the Ths range from 80 °C to 90 °C (Fig. 11). Few aqueous inclusions
occurred in the ankerite cements. Nine Ths of the two-phase aqueous
inclusions in the ankerite cements were measured. The Ths of these 9
two-phase aqueous inclusions range from 123.8 °C to 135.5 °C with the
main peak from 120 °C to 130 °C (Attached list 1; Fig. 11). The Ths of
the two-phase aqueous inclusions coeval with the yellow-fluorescent oil
inclusions range from 86.9 °C to 136.0 °C (Attached list 1) and the main
peak ranges from 120 °C to 130 °C (Fig. 11). The Ths of the two-phase
aqueous inclusions coeval with the blue-fluorescent oil inclusions range
from 123.4 °C to 145.5 °C (Attached list 1) and the main peak ranges
from 130 °C to 140 °C (Fig. 11).

4.6. YGOI and BGOI

The values of the YGOI and BGOI of the 14 samples were calculated
(Attached list 2). The 14 samples include 6 samples from oil layers, 4
samples from oil-bearing water layers, and 4 samples from dry layers
(Fig. 3; Table 3). The lithological characteristics of these selective 14
samples are very similar (Table 3) in order to minimize the influence of
the rock composition on the calculation results of the YGOI and BGOI.

The YGOI values of the oil layer samples, oil-bearing water layer

samples, and dry layer samples range from 27.98% to 46.12% with an
average of 37.20%, from 8.83% to 33.02% with an average of 21.29%,
and from 2.88% to 10.64% with an average of 5.88% (Attached list 2),
respectively. The BGOI values of the oil layer samples, oil-bearing water
layer samples, and dry layer samples range from 14.97% to 48.06%
with an average of 26.32%, from 8.83% to 16.89% with an average of
12.56%, and from 1.18% to 5.96% with an average of 2.64% (Attached
list 2), respectively.

5. Discussion

5.1. Sequence of oil emplacement and carbonate cementation

In order to understand the influence of oil emplacement on carbo-
nate cementation in the case of multistage oil emplacement, it is es-
sential to determine the sequence of oil emplacement and carbonate
cementation (Worden and Morad, 2000; Bloch et al., 2002; Worden
et al., 2018).

The precipitation temperatures of carbonate cements can be de-
termined by the Ths of the two-phase aqueous inclusions in carbonate
cements (Yuan et al., 2015; Wang et al., 2018) and can be calculated
using oxygen stable isotope analysis (Friedman and O’Neil, 1977 ). The
Ths of the two-phase aqueous inclusions in the dolomite and ankerite
cements show that the dolomite and ankerite cements were precipitated

Fig. 11. Homogenization temperatures of the two-phase aqueous inclusions in the Es4s reservoirs in the Yanxie229 area. (A) Ths of the LVAIs in dolomite cements
and ankerite cements; (B) Ths of the LVAIs coeval with oil inclusions.

Table 3
Lithological data of the 8 core samples and the 6 typical side well coring samples of the pebbly sandstones in the Es4s in the Yanxie229 area. See Fig. 2 for the
positions, numbers, and oiliness of the 14 samples. These 14 samples were used to calculate the values of the YGOI and BGOI.

N Well Depth/m F/% Q/% RF/% Mag/% Meta/% Cd/% Mat/% Otc/% Sor Rt Ca/% Do/% Fc/% An/% Tc/% PSo/% O

1 Y229-x1 4175.7 25.2 29.7 25.1 4.2 20.9 0 5.5 0 5.65 PS 0.2 5.27 0.65 9.18 15.3 17.58 DL
2 Y229-x1 4175.95 26.2 31.6 24.2 5.2 15.5 3.5 4.1 0.2 5.78 PS 0.33 4.21 1.36 11 16.9 0 DL
3 Y229-x1 4176 28.4 30.3 24.7 5.1 17 3.2 4.5 1 5.66 PS 0.38 3.71 0.5 12.31 16.9 0 DL
4 Y229-x1 4179.3 27.3 26 30.2 7.2 19.3 3.7 6.4 5.98 4.28 PS 0.33 4.51 0.52 11.84 17.2 0 DL
5 Y229-x2 3753.45 30 34.5 28 14 14 0 4.5 0.06 4.59 PS 0.23 2.63 0 0.08 2.94 42.93 OL
6 Y229-x2 3754.9 30 35 25 9.5 11.9 3.6 6.9 0.01 4.92 PS 0.03 2.17 0.44 0.45 3.09 46.35 OL
7 Y229-x2 3755.85 30.5 32 28 8.8 19.2 0 4.5 0.06 4.58 PS 0.14 3.35 0 1.35 4.84 39.45 OL
8 Y229-x2 3759.1 32 35 27 3 22.5 1.5 3.2 0.26 4.59 PS 0.12 2.28 0 0.44 2.84 36.68 OL
9 Yx229 4132.5 31 33 26 5.2 15.6 5.2 2.1 0.11 6.49 PS 0.27 2.9 0 0.62 3.79 8.37 OL
10 Yx229 4148.5 35 30 30 12.5 16.2 1.3 3.1 0.07 5.36 PS 0 1.61 0 0.22 1.83 33.94 OL
11 Yx232 3987.2 30 32 27 9.9 15.7 2.4 3.9 0.04 5.27 PS 0 3.91 0.27 3.88 8.06 25.4 Obw
12 Yx232 4053.6 34 30 23 3.9 16.5 2.6 5.8 1.33 4 PS 0.13 1.02 1.31 7.18 9.64 11.23 Obw
13 Yx232 4110 31 33 22 14 6 1.8 3 0.56 4 PS 0.78 3.15 0.21 6.33 10.47 24.17 Obw
14 Yx232 4199.1 28 31 27 6.3 20.7 0 2.6 0.09 4.92 PS 0.85 2.33 1.32 6.81 11.31 32.62 Obw

N-number; Q-Quartz; F-Feldspar; RF-Rock fragment; Mag- Magmatite; Meta-Metamorphic rock; Cd-carbonate debris; Mat-Matrix; Otc-other types of cements; Sor-
Sorting; Rt-Rock type; PS-Pebbly sandstone; Ca-calcite; Fc-Ferroan calcite; Do-Dolomite; An-Ankerite; Tc-total carbonate cement; PSo-Present oil saturation; O-
Oiliness; WL-Dry layer; OL-Oil layer; Obw- Oil-bearing water layer; the oil and water saturation were interpreted by the Exploration and Development Research
Institution of the Sinopec Shengli Oil field using well logging data. The contents of the rock composition and the rock texture data were obtained from the 14 thin
sections.
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at 53.3 °C–93.6 °C and at 123.8 °C–135.5 °C, respectively (Attached list
1). Ma et al. (2016) calculated the precipitation temperatures of calcite
and ferrocalcite cements in the Es4s reservoirs in the Yanjia area using
the oxygen isotope fractionation formulas of a calcite-water system
(Kim and O’Neil, 1997) and dolomite-water water system (Horita,
2014). The calculation results showed that the calcite precipitation
temperatures were at 28–41 °C and the ferrocalcite precipitation tem-
peratures were 101–115 °C.

The fluid inclusions are not altered by contamination resulting from
drilling and are unaffected by the time or conditions of storage. Crude
oils with different chemical composition have different fluorescence
colors. The fluorescence color reflects the difference in hydrocarbon
inclusions and their thermal evolution. The fluorescence colors of oil
the inclusions change with the increase in organic matter maturity
(Stasiuk and Snowdon, 1997; Munz, 2001). Multi-phase filling of oil
will lead to the appearance of oil inclusions with various fluorescence
colors (Goldstein and Reynolds, 1994). Fluorescence colors may be used
to determine the relative stage of oil emplacement.

Nevertheless, it is possible that the inclusions with different fluor-
escence colors may represent a single oil charge but the oil inclusions
were trapped under slightly different conditions and/or on different
grain surfaces (George et al., 2001); the yellow- and blue-fluorescent oil
and oil inclusions in the study area (Plate 2; Plate 3 B, D) indeed re-
present two stages of oil emplacement. Firstly, there were two stages of
oil generation in the source rocks in the study area (Guo et al., 2012)
and two stages of oil emplacement into the reservoirs in the north zone
of the Minfeng Subsag (Wang et al., 2016) where the study area is lo-
cated (Fig. 1B). Secondly, it was found that yellow- and blue-fluorescent
oil inclusions existed independently. No yellow- and blue-fluorescent
oil inclusions were found simultaneously in the same healed micro-
fracture of a quartz grain (Plate 2 F; Plate 3 D). Blue fluorescent oil
inclusions did not show obvious stretching and cracking (Plate 3 B),
which indicates that no secondary changes occurred in blue fluorescent
oil inclusions. In addition, only yellow-fluorescent oil inclusions were
found in the ankerite cement (Plate 4 M,O), indicating that yellow- and
blue-fluorescent oil inclusions might not be formed during the same
stage. Finally, the homogenization temperatures of aqueous inclusions
coeval with yellow- and blue-fluorescent oil inclusions were sig-
nificantly different. The Ths of the two-phase aqueous inclusions coeval

with the yellow- and blue-fluorescent oil inclusions in the healed mi-
crofractures of quartz grains ranges from 86.9 °C to 136.0 °C and from
123.4 °C to 145.5 °C, respectively (Attached list 1).

The Ths of fluid inclusions reflect the reservoir temperature at the
time when the fluid inclusions were captured (Karlsen et al., 1993;
Goldstein, 2001; Parnell et al., 2001). The Ths of the hydrocarbon in-
clusions will change because organic matter may break down after
entrapment (Qi et al., 2017; Ping et al., 2017). However, the aqueous
inclusions coeval with the hydrocarbon inclusions have a higher sta-
bility of the Ths. The Ths of the two-phase aqueous inclusions coeval
with the oil inclusions provide a more accurate representation of the
formation temperatures when the hydrocarbon was emplaced into the
reservoirs (Goldstein, 2001; Bourdet et al., 2012).

The Ths are assumed to be the minimum capture temperature of the
aqueous inclusions. The Ths of aqueous inclusions were projected on
the burial and thermal history plot of the corresponding well to obtain
the sequence of oil emplacement and carbonate cementation. This
method has been successfully applied to constrain the diagenetic his-
tory and the period of hydrocarbon emplacement in sedimentary rocks
(Haszeldine et al., 1984; Mclimans, 1987; Goldstein, 2001; Liu et al.,
2013) and has acceptable accuracy. Therefore, in this research, we used
this method to obtain credible Ths of aqueous inclusions.

The primary two-phase aqueous inclusions (Plate 4 D, J) were used
to measure the Ths. The consistent homogenization temperatures of the
FIA indicate that the inclusions were not altered by thermal equili-
bration or necking and trapped miscible liquid and gas phases
(Goldstein and Reynolds, 1994). The differences in the Ths of a single
FIA were small. For example, the difference in the Ths of a single FIA in
dolomite cement (Plate 4 D) was within 2 °C (Attached list 1). The Ths
of aqueous inclusions in a microfracture of quartz (Plate 3 C) is similar
(Attached list 1). During the repeated heating and cooling processes of
the inclusions in the dolomite, ankerite cements, and healed micro-
fractures of quartz grains, the volume of the vapor did not change when
the inclusions cooled to room temperature after Th measurement.
Therefore, the results of the homogenization temperature were cred-
ible. In order to determine the stage of hydrocarbon emplacement, the
Ths of the two-phase aqueous inclusions coeval with the yellow- and
blue-fluorescent inclusions were projected on the corresponding burial
and thermal history plot using Well Yx229 as an example (Fig. 12). The
results show that the emplacement of the first-stage yellow-fluorescent
(FSYF) oil into the Es4s reservoirs occurred from about 41.5Ma to
24.9Ma and the emplacement of the second-stage blue-fluorescent
(SSBF) oil into the Es4s reservoirs occurred from about 13Ma to the
present (Fig. 13 B). In order to determine the precipitation period of the
carbonate cements, the precipitation temperatures of the calcite, do-
lomite, ferrocalcite, and ankerite cements were projected on the burial
and thermal history plot (Fig. 12). The results show that the cements of
the calcites, dolomites, ferrocalcites, and ankerites were dominantly
precipitated in the periods from 43.8Ma to 42.6Ma, from 42.6Ma to
38.7Ma, from 27.8Ma to 23.9Ma, and from 24.2Ma to 14.2Ma
(Fig. 13), respectively.

Based on the determined periods of multistage oil emplacement and
different types of carbonate cementation, the sequence of oil empla-
cement and carbonate cementation was established (Fig. 13). Calcite
cementation occurred first in the Es4s reservoirs in the study area.
Dolomite cementation occurred slightly later than calcite cementation
(Fig. 13 B). The ferrocalcite cementation occurred later than the dolo-
mite cementation and earlier than the ankerite cementation (Fig. 13 B).
The FSYF oil emplacement took place earlier than the ankerite ce-
mentation and later than the calcite cementation. Although the dolo-
mite cementation and the FSYF emplacement overlapped for a short
period, the predominant period of the FSYF oil emplacement was later
than that of the dolomite cementation (Fig. 13 B). The period of fer-
rocalcite cementation was later than the predominant period of the
FSYF oil emplacement (Fig. 13 B). The SSBF oil emplacement occurred
later than all the carbonate cementation (Fig. 13 B).

Fig. 12. Burial and thermal history plot of Well Yx229 showing the time of
carbonate cement precipitation and hydrocarbon emplacement. The black five-
pointed star represents the precipitation time of the dolomite cements. The red
five-pointed star represents the time of yellow-fluorescent oil emplacement. The
purple five-pointed star represents the time of the precipitation time of the
ankerite cements. The blue five-pointed star represents the time of the blue-
fluorescent oil emplacement. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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The periods of calcite and ferrocalcite cementation were determined
by projecting the precipitation temperatures based on the oxygen stable
isotopes on a burial and thermal history plot. There may be errors in
determining the accurate periods of calcite and ferrocalcite cementa-
tion because the δ18OSMOW of the original formation water is difficult to
measure accurately. However, the relative calculation error does not
change the sequence of the two-stage oil emplacement and calcite and
ferrocalcite cementation.

The replacement and cross-cutting relationship between different
carbonate cements can also provide evidence for the sequence of oil
emplacement and carbonate cementation. The ferrocalcite cements re-
placed the euhedral dolomite cements (Plate 1C) and quartz over-
growth (Plate 1J,K), which indicates that the ferrocalcite cementation
occurred later than the dolomite cementation and quartz cementation.
The Ths of the two-phase aqueous inclusions in the quartz overgrowth
range from 118.7 °C to 135.4 °C (Attached list 1). The Ths of the two-
phase aqueous inclusions coeval with the yellow-fluorescent oil inclu-
sions range from 86.9 °C to 135.5 °C, which indicates that the pre-
cipitation time of the quartz overgrowth was almost coeval with the
FSYF oil emplacement. As a result, the ferrocalcite cementation prob-
ably occurred later than the first-stage oil emplacement. The ferro-
calcite cements were replaced by ankerite cements (Plate 1L), in-
dicating that the ferrocalcite cementation took place earlier than the
ankerite cementation and the SSBF oil emplacement.

Therefore the sequence of the two-stage oil emplacement and car-
bonate cementation in the Es4s reservoirs in the study areas is credible
and the influence of the multistage oil emplacement on the carbonate
cementation can be investigated further.

5.2. YGOI and BGOI reflecting paleo-oil saturation

Although it is very difficult to accurately determine paleo-oil sa-
turation (Worden et al., 2018), the technique of GOI, which was de-
veloped by Eadington et al. (1996), efficiently determines the relative
paleo-oil saturation (Lisk et al., 2002). The samples that have been
exposed to high oil saturation have larger GOI values than the samples
that have demonstrably low oil saturation (Lisk et al., 2002). The
number of inclusions is a record of the continuous change in oil

saturation in the reservoirs (Lisk et al., 2002). In most siliceous re-
servoirs, water is still the most important wetting phase; therefore, even
increased oil saturation, diagenesis, and oil inclusion capture may
continue, albeit at a slower rate (Walderhaug, 1994; Worden and
Morad, 2003). Hence, the number of grains containing oil inclusions
reflects the maximum paleo-oil saturation experienced in a sandstone
reservoir irrespective of the present fluid phase (Lisk et al., 2002).

The GOI values reflect the paleo-oil saturation but the exact value
cannot be determined (Eadington et al., 1996; Lisk et al., 2002). The
GOI values are affected by the number of particles with oil inclusions
therein. Except for oil saturation, the capture of oil inclusions can be
influenced by many factors, such as the rate of mineral growth, the
amount of crystal defects formed during mineral growth (Liu, 1979;
Chen et al., 2011), the diagenetic fluid velocity (Prieto et al., 1996), and
the wettability of the mineral surfaces (Chen et al., 2011). In addition,
the GOI values decrease abnormally with a rapid increase in oil sa-
turation caused by episodic oil emplacement because the oil inclusions
are not captured in the diagenetic minerals in this case (George et al.,
2004; Wang et al., 2005). For reservoirs with multistage oil emplace-
ment, multistage emplaced oils have been superimposed. The oil sa-
turation obtained from the actual cores will result in an incorrect un-
derstanding of the influence of multistage oil emplacement on
carbonate cementation. It is necessary to obtain the paleo-oil saturation
of each stage of oil emplacement in order to truly determine whether
multistage oil emplacement exerted a control on carbonate cementa-
tion.

An attempt to obtain the relative paleo-oil saturation of each stage
of multistage oil emplacement by calculating YGOI and BGOI was made
in this research. However, the biodegradation, gas washing, water
washing, mixed source, thermal cracking, and polar adsorption of crude
oil during the capture period of oil inclusions should be taken into
account because these processes cause oil inclusions to be stretched,
leaked, or to contain bitumen adhering to the inclusion walls; this af-
fects the changes in the fluorescence spectral parameters (George et al.,
2001; Su et al., 2015). Therefore, these types of oil inclusions were all
excluded during the calculation of the values of YGOI and BGOI.

The influence of the rock composition on the calculation results of
the YGOI and BGOI was also excluded in this research by selecting

Fig. 13. (A). The time of carbonate cement pre-
cipitation and oil emplacement in the Es4s re-
servoirs in Wells Y229, Yx229-x2, Y229-x1, Yx232,
and Y22-22. The green bar and orange solid dia-
monds represent the precipitation time of the cal-
cite and ferrocalcite cements in the Es4s reservoirs
in well Y22-22. The precipitation time of the cal-
cite and ferrocalcite cements was determined
based on the precipitation temperatures of the
calcite and ferrocalcite cements calculated using
oxygen isotope analysis as described by Ma et al.,
2016. (B). Sequence of oil emplacement and car-
bonate cementation. The periods of the dolomite
cementation, ankerite cementation, FSYF oil em-
placement, and the SSBF oil emplacement were
determined based on the specific precipitation time
of the dolomite and ankerite cements and the
specific emplacement time of the FSYF oil and the
SSBF oil in (A). The periods of the calcite and
ferrocalcite cementation were determined based
on the precipitation time intervals in Y22-22 in
(A), respectively. The width of the bar represents
the strength of oil emplacement and carbonate
cementation. (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)
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samples with similar lithological characteristics (Table 3). The Ths of
the two-phase aqueous inclusions coeval with the FSYF oil inclusions
are higher than 80 °C, which reaches the threshold temperature of
quartz cementation (Walderhaug, 1994 Tingate and Rezaee, 1997). As a
result, oil inclusions could be captured in the healed microfractures of
the quartz grains during the two-stage oil emplacement in the Es4s
reservoirs in the study area. The YGOI and BGOI values were calculated
by only counting the water-wet quartz grains to exclude the influence of
the wettability on the results. The Ths and time of oil emplacement
were also relatively continuous (Fig. 13), indicating that the processes
of oil emplacement were not episodic and rapid in the Es4s reservoirs in
the Yanxie229 area.

The values of YGOI and BGOI were calculated (Attached list 2),
excluding all the possible factors that may have resulted in an in-
accurate evaluation of paleo-oil saturation. Only a small number of oil
inclusions were eliminated during the process of counting the grains
with the oil inclusions therein. Therefore, the values of YGOI and BGOI
should be credible.

Previous research has suggested a GOI value of 5% as an empirical
threshold for samples that have been exposed to high oil saturation,
whereas values below 1% were likely to indicate only the migration of
oil (Eadington et al., 1996; Lisk et al., 2002). The YGOI values of 2
samples from dry layers and the BGOI value of one sample from a dry
layer were greater than 5% in the Es4s reservoirs in the Yanxie229 area.
The values of YGOI and BGOI of all the samples from the oil-bearing
water layers were greater than 5% in the Es4s reservoirs in the
Yanxie229 area. A similar phenomenon was also found by Xie et al.,
2007 in the Junggar Basin in China. The empirical threshold of 5% was
used in the case of a single oil emplacement in a specific study area.

Except for oil saturation, the GOI values were also influenced by the
other aforementioned factors. The BGOI values of the second-stage
emplaced oil should be also impacted by the paleo-oil saturation of the
first-stage emplaced oil. Therefore, the GOI thresholds for the oil layers
and dry layers in the reservoirs with multi-stage oil emplacement
should be redefined according to the specific geological background
(Xie et al., 2007). Although the reason why the YGOI and BGOI values
of the dry layers and oil-bearing water layers are greater than 5% and
the specific threshold for the oil and dry layers are not clear in the Es4s
reservoirs in the study area, in theory, the YGOI and BGOI values
should reflect the level of paleo-oil saturation of the FSYF oil and the
SSBF oil, respectively (Cao et al., 2007; Liu and Eadington, 2005).

5.3. Influence of the multistage oil emplacement on carbonate cementation

There is no correlation or a poor correlation between the content of
total carbonate cements and the present oil saturation (Fig. 14 A)
without considering the sequence of the two-stage oil emplacement and
carbonate cementation in the Es4s reservoirs in the study area; this
result appears to indicate that the influence of the two-stage oil em-
placement on the carbonate cementation was extremely weak and

negligible. In order to investigate whether the two-stage oil emplace-
ment exerted influences on the carbonate cementation, the dolomite
and ankerite cements were selected considering that they represented a
large proportion (Fig. 9 C and D) and the relatively accurate sequence
of the two-stage oil emplacement and the dolomite and ankerite ce-
mentation (Figs. 15 and 16). The calcite cements and ferrocalcite ce-
ments were not selected due to their low content (Fig. 9 A).

In addition to oil emplacement, diagenesis and reservoir quality are
also related to other factors (Worden et al., 1998; Worden and Morad.,
2000; Taylor et al., 2010; Meng et al., 2010). In order to eliminate the
influence of the rock composition and texture on the carbonate ce-
mentation and reservoir quality, 14 samples of pebbly sandstones with
very similarly lithological characteristics were selected (Table 3). No
microcrystalline quartz and authigenic clay coatings were found on the
grain surfaces in the Es4s reservoirs in the Yanxie229 area. Therefore, it
is reasonable and credible that the differences in the dolomite and
ankerite cement contents were principally caused by the multistage oil
emplacement in the Es4s reservoirs in the Yanxie229 area.

There are no or poor negative correlations between the content of
the dolomite cements, the present oil saturation, YGOI, and BGOI
(Figs. 14 B, Fig. 15 A, B), indicating that the two-stage oil emplacement
had no effect on the dolomite cementation. The dolomite cementation
occurred earlier than the FSYF oil emplacement and the SSBF oil em-
placement (Fig. 13 B). As a result, it is reasonable to conclude that there
was no influence of the two-stage oil emplacement on the dolomite
cementation. Therefore, there was almost no difference in the dolomite
cement contents between the oil layers, oil-bearing water layers, and
dry layers (Fig. 9 C).

The close negative correlation between the YGOI and the ankerite
cement content (Fig. 15 C) indicate that the ankerite cementation was
significantly inhibited by the FSYF oil emplacement. The emplacement
of the FSYF oil into the Es4s reservoirs occurred earlier than the an-
kerite cementation (Fig. 13 B). The relative permeability of the water
phase gradually decreased with the emplacement of the FSYF oil into
the Es4s reservoirs, which resulted in a decrease in the transportation
rate of Ca2+, Mg2+, and CO3

2− because these ions were predominantly
derived from the adjacent mudstones by advection in deep clastic re-
servoirs (Wang et al., 2014; Xi et al., 2015b; Yang et al., 2017). As a
result, the transportation of the fluid saturated with calcium carbonate
into the Es4s reservoirs was probably inhibited in the case of high oil
saturation (Worden et al., 1998; Taylor et al., 2010; Bukar, 2013;
Neveux et al., 2014). Therefore, the ankerite cementation was effec-
tively inhibited by the FSYF oil emplacement and the degree of in-
hibition increased with the increase in the paleo-oil saturation of the
FSYF oil (YGOI). The ankerite cement content was less than 2% in the
oil layers when the YGOI values were higher than 30%. The close po-
sitive correlation between YGOI and porosity (Fig. 16 A) and the larger
number of primary and secondary pores in the oil layers also suggests
that the FSYF oil emplacement inhibited the ankerite cementation and
preserved the Es4s reservoirs from being destroyed by the ankerite

Fig. 14. (A) Relationship between present oil saturation and content of total carbonate cements. (B) Relationship between present oil saturation and dolomite
cements.
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cementation.
There was a close negative correlation between the BGOI and the

ankerite content when the ankerite cement content was more than 2%
(Fig. 15 D), suggesting that the ankerite cementation appeared to be
inhibited by the SSBF oil emplacement. In fact, the inhibition was not
caused by the SSBF oil emplacement. The reservoirs with ankerite ce-
ment contents of more than 2% are dry layers and oil-bearing water
layers (Fig. 16 D). The present-day formation temperatures ranged from
142 °C to 151 °C in Well Yx229 and Well Yx232, where the samples of
the dry layers were taken. The Ths (123.5 °C–138.8 °C) of the two-phase
aqueous inclusions in the ankerite cements in these dry layers (Table 3)
were lower than the present-day formation temperatures. The ankerite
cementation occurred earlier than the SSBF oil emplacement (Fig. 13).

The low content of the SSBF oil (Plate 2 C, D) and the BGOI values
less than 15% (Fig. 15D) suggest that small amounts of the SSBF oil
were emplaced into the dry layers and oil-bearing water layers. Most
pores in the dry layers and oil-bearing water layers were damaged by
ankerite cementation (Fig. 5G). In particular, only a few micropores
were preserved in the dry layers (Fig. 7). The intense ankerite ce-
mentation had occurred in the dry layers prior to the emplacement of
the SSBF oil into the Es4s reservoirs because it lacked the protection of
the FSYF oil emplacement, which resulted in a small number of pores

being preserved prior to the SSBF oil emplacement. Consequently, the
second-stage oil could not easily charge into the Es4s reservoirs, which
resulted in the low BGOI values in the dry layers (Fig. 15 D). Therefore,
the ankerite cementation in the dry layers and oil-bearing water layers
was inhibited or stopped not because of the SSBF oil emplacement but
because of the significant destruction of the pores and the reduction in
the transportation rate of the external material by the intense ankerite
cementation prior to the SSBF oil emplacement.

There was no correlation between the BGOI and the ankerite cement
content in the oil layers when the ankerite cement content was less than
2% and the BGOI values were greater than 15% (Fig. 15D); this in-
dicated that the ankerite cementation was not inhibited by the SSBF oil
emplacement. However, the ankerite cementation occurred later than
the FSYF oil emplacement and earlier than the SSBF oil emplacement
(Fig. 13). The Th (124.2 °C) of the two-phase aqueous inclusions in the
ankerite cements in the oil layers (Attached list 1) was similar to the
Ths (123.5 °C–138.8 °C) of the two-phase aqueous inclusions in the
ankerite cements in the dry layers; this temperature was lower than the
present-day formation temperatures. These results indicate that the
ankerite cementation continued slowly in the oil layers where the FSYF
oil had been effectively accumulated if the SSBF oil was not emplaced
into these oil layers. Consequently, in essence, the SSBF oil

Fig. 15. Relationships among YGOI, BGOI, and the dolomite and ankerite cement content in the Es4s reservoirs in the Yanxie229 area. The yellow, blue, and red solid
circles represent the dry layers, oil-bearing water layers, and oil layers, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 16. Relationship between YGOI and BGOI and between YGOI and porosity in the Es4s reservoirs in the Yanxie229 area.
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emplacement increased the paleo-oil saturation in the oil layers and
basically stopped the ankerite cementation.

The porosity increased with the increase in the BGOI values except
for two abnormal points (Fig. 14 C), also suggesting that the SSBF oil
emplacement did preserve the reservoir quality. The close positive
correlation between YGOI and BGOI (Fig. 16 B) and the larger amount
of SSBF oil than FSYF oil in the oil layers (Plate 3 A and B) suggest that
the SSBF oil was more likely to be accumulated in the reservoirs where
the FSYF oil had been accumulated. The FSYF oil emplacement in-
hibited the ankerite cementation and preserved the porosity, which
reduced the migration resistance of the SSBF oil. The FSYF oil empla-
cement probably changed the wettability of the reservoirs from water-
wet to oil-wet (Hielmeland and Larrondo, 1986; Robin et al., 1995).
The oil-wet ankerite cements also reduced the flow resistance of the
SSBF oil (Toledo et al., 1996; Zhang et al., 2007). As a result, the SSBF
oil was more easily emplaced into the reservoirs where the FSYF oil was
accumulated. Yan et al. (2012) also proposed that the later oil would
prefer to migrate along the pathways where the FSYF oil migration had
occurred. Therefore, the ankerite cementation was dominantly in-
hibited by the FSYF oil. The SSBF oil emplacement played a significant
role in the further increase in paleo-oil saturation, which enhanced the
inhibition of the ankerite cementation and even stopped it in the oil
layers.

6. Conclusions

The determination of the sequence of oil emplacement and carbo-
nate cementation is crucial to understand the influence of oil

emplacement on carbonate cementation against the geological back-
ground of multistage oil emplacement and carbonate cementation. If
the sequence of oil emplacement and carbonate cementation is not
considered, it is likely that misleading conclusions will be drawn.

The emplacement of the FSYF oil into the Es4s reservoirs in the
study area occurred earlier than the ankerite cementation and ferro-
calcite cementation but later than the calcite cementation and dolomite
cementation. The emplacement of the SSBF oil into the Es4s reservoirs
in the study area occurred later than all the carbonate cementation. The
dolomite cementation was not influenced by the FSYF oil emplacement
in the Es4s reservoirs in the study area because the dolomite ce-
mentation had stopped before the FSYF oil emplacement occurred. The
ankerite cementation was dominantly inhibited by the FSYF oil em-
placement in the Es4s oil layers. The SSBF oil emplacement played a
significant role in the further increase in paleo-oil saturation, which
enhanced the inhibition of the ankerite cementation and even stopped
it in the Es4s oil layers.
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Appendix A

Attached list 1
Homogenization temperatures and sizes of the two-phase aqueous inclusions in the Es4s reservoirs in the Yanxie229 area.

N Well Depth, m Size, μm Th/°C Host mineral Fc N Well Depth, m Size, μm Th/°C Host mineral Fc

1 Y229-x2 3253.45 5.64 53.3 Do – 31 Yx229 4179.3 3.09 145.5 Hmq B
2 Yx229 4307 3.22 59.7 Do – 32 Y229-x2 3755.85 4.18 124.3 Hmq B
3 Y229-x2 3253.45 4.51 68.2 Do – 33 Y229-x2 3755.85 3.91 142.8 Hmq B
4 Y229-x2 3253.45 5.83 70.6 Do – 34 Y229-x2 3755.85 6.67 133.4 Hmq B
5 Y229-x1 4175.3 3.81 81.2 Do – 35 Yx232 4350.2 6.35 125.3 Hmq Y
6 Y229-x1 4175.3 4.58 87.3 Do – 36 Yx232 4350.2 4.21 118.6 Hmq Y
7 Yx232 4224 5.47 88.5 Do – 37 Y229-x1 4175.7 3.78 112.8 Hmq Y
8 Y229-x1 4175.3 4.26 88.5 Do – 38 Y229-x2 3254.9 5.33 86.9 Hmq Y
9 Yx232 4366 3.45 88.6 Do – 39 Yx229 4179.3 3.85 125.2 Hmq Y
10 Y229-x1 4175.3 4.51 92.5 Do – 40 Yx229 4179.3 5.46 131.1 Hmq Y
11 Y229-x2 3253.45 3.71 93.6 Do – 41 Yx229 4179.3 3.61 103.4 Hmq Y
12 Y229-x2 3754.9 4.23 83.5 Do – 42 Yx229 4179.3 2.82 136 Hmq Y
13 Y229-x2 3754.9 3.98 87.1 Do – 43 Yx229 4179.3 5.57 131.8 Hmq Y
14 Y229-x1 4175.7 5.23 90.1 Do – 44 Y229-x2 3755.85 4.65 116.7 Hmq Y
15 Y229-x1 4175.95 5.2 123.8 An – 45 Y229-x2 3755.85 5.45 114.8 Hmq Y
16 Yx229 4179.3 5.81 124.2 An – 46 Y229-x2 3755.85 4.44 132.3 Hmq Y
17 Y229-x1 4175.95 3.83 126.2 An – 47 Y229-x2 3755.85 4.45 121.6 Hmq Y
18 Y229-x1 4175.95 4.37 135.5 An – 48 Y229-x1 4175.95 4.81 126.4 Hmq Y
19 Y229-x2 3755.85 2.73 125.9 An – 49 Y229-x1 4175.7 3.56 126.1 Hmq Y
20 Y229-x2 3755.85 3.35 126.7 An – 50 Yx232 4350.2 4.36 93.7 Hmq Y
21 Y229-x2 3755.85 3.62 125.8 An – 51 Yx232 4350.2 3.18 135.5 Hmq Y
22 Y229-x1 4175.3 3.41 136.3 An – 52 Yx232 4350.2 2.55 115.8 Hmq Y
23 Y229-x2 3754.9 2.85 129.5 An – 53 Yx232 4350.2 3.69 103.5 Hmq Y
24 Y229-x1 4175.7 5.36 131.8 Hmq B 54 Y229-x1 4175.7 3.7 93.6 Hmq Y
25 Y229-x1 4175.7 5.12 130.6 Hmq B 55 Y229-x1 4175.7 3.78 112.8 Hmq Y
26 Y229-x1 4175.7 4.26 138.3 Hmq B 56 Yx232 4224 2.48 135.4 Qo Y
27 Y229-x1 4175.7 3.44 136.5 Hmq B 57 Yx232 4224 3.42 118.7 Qo Y
28 Yx232 4224 3.06 125 Hmq B 58 Yx232 4224 4.12 124.8 Qo Y
29 Yx232 4224 6.21 130.2 Hmq B 59 Y229-x2 3755.85 3.65 121.6 Qo Y
30 Yx229 4179.3 5.78 123.4 Hmq B 60 Y229-x2 3755.85 4.12 132.4 Qo Y

Abbreviation: Th-homogenization temperature; Hmq-healed microfracture of a quartz grain; Do-dolomite cement; An-ankerite cement; Qo-quartz overgrowth; Fc-
fluorescence color of the hydrocarbon inclusions coeval with two-phase aqueous inclusions; B-blue fluorescence; Y-yellow fluorescence.

W. Yanzhong, et al. Marine and Petroleum Geology 112 (2020) 104063

14



Attached list 2
Values of YGOI and BGOI in the Es4s reservoirs in the Yanxie229 area. See Fig. 2 for the positions, numbers, and oiliness of the 14 samples.

N Well Depth/m NQG NQYG NQBG YGOI BGOI Oiliness

1 Y229-x1 4175.7 677 33 8 4.87% 1.18% DL
2 Y229-x1 4175.95 235 25 14 10.64% 5.96% DL
3 Y229-x1 4176 208 6 4 2.88% 1.92% DL
4 Y229-x1 4179.3 665 34 10 5.11% 1.50% DL
5 Y229-x2 3753.45 604 233 130 38.58% 21.52% OL
6 Y229-x2 3754.9 582 185 123 31.79% 21.13% OL
7 Y229-x2 3755.85 386 108 90 27.98% 23.32% OL
8 Y229-x2 3759.1 442 154 128 34.84% 28.96% OL
9 Yx229 4132.5 464 214 223 46.12% 48.06% OL
10 Yx229 4148.5 835 367 125 43.95% 14.97% OL
11 Yx232 3987.2 259 80 39 30.89% 15.06% Obw
12 Yx232 4053.6 691 61 61 8.83% 8.83% Obw
13 Yx232 4110 527 174 89 33.02% 16.89% Obw
14 Yx232 4199.1 508 63 48 12.40% 9.45% Obw

Annotation: NQG: Total number of quartz grains counted; NQYG: number of quartz grains with yellow-fluorescent oil inclusions; NQBG: number of quartz grains with
blue-fluorescent inclusions; YGOI: the ratio of the number of quartz grains with yellow-fluorescent oil inclusions therein to the NQG; BGOI: the ratio of the number of
quartz grains with blue-fluorescent oil inclusions therein to the NQG. OL: Oil layer; Obw: Oil-bearing water layer; DL: Dry layer.

Plate 1. Photomicrographs showing the characteristics of the carbonate cementation in the Es4s reservoirs in the Yanxie229 area. (A) Well Yx229, 4098m, oil layer,
red calcites in stained thin section; (B) Well Yx233, 3788m, dry layer, calcites emit yellow luminescence under CL; (C) Well Yx229, 4098m, oil layer, pore-filling
ferrocalcite is purple in stained thin section and dolomite is colorless; the dolomite was replaced by ferrocalcite; (D) Well Yx232, 4091.7m, oil-bearing water layer,
ferrocalcite emit dark red luminescence under CL; (E) Well Yx232, 4352m, oil layer, discrete euhedral dolomite cements in stained thin section; (F) Well Y229-x1,
4179.3m, dry layer, dolomite cements emit light pink luminescence under CL; (G) Well Yx233, 3536.6m, dry layer, poikilotopic blue ankerite in stained thin section;
(H) Well Y229-x1, 4179.3m, dry layer, ankerite without luminescence under CL; (I) Well Yx229, 4148.5m, oil layers, euhedral ankerite under SEM; (J) Well Yx233,
3536.6m, purple ferrocalcite and colorless dolomite in stained thin section, quartz overgrowth was replaced by ferrocalcite and dolomite, plane-polarized light; (K)
The same field view as J under cross-polarized light; (L) Well Yx232, 4199.1m, purple ferrocalcite and blue ankerite in stained thin section; the ferrocalcite was
replaced by ankerite. Ca-calcite; Fc-Ferroancalcite; Do-Dolomite; An-Ankerite; Q-quartz; Qo-quartz overgrowth.
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Plate 2. Photomicrographs showing the fluorescent characteristics of the oil and oil inclusions in the oil layers, oil-bearing water layers, and dry layers in the Es4s
reservoirs in the Yanxie229 area. (A) Well Yx232, 4000m, oil-bearing water layer, under plan-polarized light. (B) The same field view as (A), under ultraviolet light,
oil emits yellow fluorescence (yellow arrow). (C) Well Y229-x2, 3754.9m, oil layer, under plan-polarized light. (D) The same field view as (C), under ultraviolet light,
oil emits yellow (yellow arrow) and blue fluorescence (red arrow). (E) Well Y229-x2, 3759.1m, oil layer, under plan-polarized light. (F) The same field view as (E),
under ultraviolet light, oil inclusions in the healed microfracture of quartz emit yellow fluorescence. (G) Well Y229-x2, 3754.9m, oil layer, under plan-polarized
light. (H) The same field view as (G), under ultraviolet light, oil inclusions in quartz grains emit blue fluorescence.
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Plate 3. Photomicrographs of oil inclusions and aqueous inclusions trapped in healed microfractures of quartz grains in the Es4s reservoirs in the Yanxie229 area. (A)
Well Yx2322, 3286 m, two-phase (L + V) aqueous inclusions (LVAI) coeval with single-phase oil inclusions in a healed microfracture of a quartz grain. Both the
aqueous and oil inclusions are colorless under plane polarized light. The pink color of the magnified oil inclusions is the result of the refractive indices of the fluid
inclusion and host mineral (Kerkhof and Hein, 2001). (B) the same field view as (A), single-phase blue-fluorescent oil inclusions and two-phase aqueous inclusions
coeval with the single-phase blue-fluorescent oil inclusions; the oil inclusions emit blue fluorescence and the two-phase aqueous inclusions do not emit fluorescence
under ultraviolet light. (C) Well Y229-x2, 3759.1 m, the two-phase aqueous inclusions coeval with single-phase oil inclusions in a healed microfracture of a quartz
grain. Both the aqueous and hydrocarbon inclusions are colorless under plane polarized light; (D) the same view as (C); the single-phase oil inclusions emit yellow
fluorescence under ultraviolet light. The two-phase aqueous inclusions coeval with the single-phase oil inclusions do not emit fluorescence; LVAI-two-phase (L + V)
aqueous inclusion; OI-oil inclusion.
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Plate 4. Photomicrographs of oil inclusions and aqueous inclusions trapped in dolomite and ankerite cement in the Es4s reservoirs in the Yanxie229 area. (A) Well
Y229-x2, 3755.85m, ankerite cement, under plane-polarized light, (B) the same field view as (A), under cross-polarized light; (C) the same field view as (A), under
cathodoluminescence. Ankerite does not emit luminescence under CL. (D), (E) and (F) were the enlargement of the red dash rectangle in (A). (D), (E) and (F) were
taken under plane-polarized light, cross-polarized light and ultraviolet light; the two-phase aqueous inclusions in ankerite cement do not emit fluorescence under
ultraviolet light. (G) Well Y229-x2, 3755.85m, dolomite cement, under plane-polarized light, (H) the same field view as (G), under cross-polarized light; (I) the same
field view as (G), under cathodoluminescence. Dolomite cement emit dark red luminescence under CL. (J) and (K) were the enlargement of the red dash rectangle in
(G). (J) and (K) were taken under plane-polarized light, and ultraviolet light; the two-phase aqueous inclusions in dolomite cement do not emit fluorescence under
ultraviolet light. (L) Well Y229-x2, 3755.85m, dolomite and ankerite cement under cross-polarized light. (M) the same field view as (L), under cathodoluminescence.
Ankerite does not emit luminescence under CL. Dolomite cement emits dark red luminescence under CL. (N) and (O) were the enlargement of the red dash rectangle
in (L). (N) and (O) were taken under plane-polarized light, and ultraviolet light; the two-phase oil inclusions in ankerite cements emit yellow fluorescence under
ultraviolet light.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.marpetgeo.2019.104063.
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