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ARTICLE INFO ABSTRACT

Keywords: Lacustrine beach-bar sandstone reservoirs are economical important exploration targets in the Dongying
Reservoir petrophysical property Depression, Bohai Bay Basin. The factors that controls reservoir quality and hydrocarbon accumulation in la-
Diagenesis custrine beach-bar sandstones were systematically investigated through an integrated petrographic, petrophy-
Compaction

sical, and diagenesis analysis. The reservoir properties of the beach-bar sandstones are mainly affected by
compaction, carbonate cementation and dissolution. Significant negative relationships exist between both the
porosity and permeability and the volume of carbonate cement. Carbonate cement is mainly distributed along
the sandstone-mudstone contacts. Sandstones with thicknesses less than 1 m are generally tightly cemented to
form zones with low petrophysical properties. The material source of the carbonate cement in the tightly ce-
mented zone was highly likely from the interbedded mudstone. Content of carbonate cements in the center of the
thick sandstones is low, whereas compaction is the dominant diagenetic process, with some dissolution. There is
a positive correlation between the petrophysical properties of the beach-bar sandstones and the content of
kaolinite. The petrophysical properties have an inverse correlation with the contents of illite and illite-smectite
mixed-layer clays. Reservoir petrophysical property largely controls hydrocarbon accumulation in the beach-bar
sandstones. Compared with non-oil bearing sandstones, oil-bearing sandstones have higher porosity and a larger
pore-throat size. Sandstones with a porosity of less than 8.5% and/or low permeability of less than
1.02 x 10~ >um? are mostly incapable of accumulating oil.

Carbonate cementation
Hydrocarbon accumulation
Dongying depression

1. Introduction

The term ‘beach-bar’ is a comprehensive term that describes the
beach and the bar sandbodies in the shallow-water zones of lacustrine
basins (Monroe, 1981; Reid and Frostick, 1985; Basilici, 1997; Patel
et al., 2002; Deng et al., 2011; Jiang et al., 2011). Terrigenous clastic
beach-bar sandbodies usually develop in open littoral and shallow
lakes, which are formed from the re-handling and re-deposition of
shallow water deltas (Deng et al., 2011; Gao et al., 2014) and other
associated near-shore shallow sedimentary systems under the action of
waves and coastal currents (Cao et al., 2010; Deng et al., 2011; Jiang
et al., 2011; Goulart and Calliari, 2013; Gao et al., 2014). In the Bohai
Bay Basin, Beach-bar sandstone reservoirs occur in a many kinds of
tectonic settings, such as rift lacustrine basins, depression lacustrine

basins, intracratonic lacustrine basins and foreland lacustrine basins,
and greatly affect the geometries and characteristics of reservoirs
(Williams et al., 1975; Aitken et al., 1988; Engels and Roberts, 2005;
Fisher, 2005; Jiang et al., 2011; Zhao et al., 2014). There are large scale
of lacustrine beach-bar sandstone reservoirs in the Eocene depressions
in the Bohai Bay Basin (Fig. 1A; Deng et al., 2011; Jiang et al., 2011;
Gao et al., 2014), e.g., during deposition of the Es4s, beach-bar sand-
bodies covered ca 50%-70% of the Boxing Sag, ca 660-924 km? (Jiang
et al., 2011), which provides a good opportunity to thorough under-
stand the characteristics of lacustrine beach-bar reservoirs because of
its representativeness and relatively rich data (Cao et al., 2010; Jiang
et al., 2011).

With the increase of the hydrocarbon exploration activities in the
Dongying Depression, the focus of the exploration has gradually
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Fig. 1. (A) Tectonic setting of the Boxing Sag in the southern Jiyang subbasin (I) of the Bohai Bay Basin. Other subbasins in the Bohai Bay Basin include the
Huanghua subbasin (II), Jizhong subbasin (III), Linqing subbasin (IV), Bozhong subbasin (V) and Liaohe subbasin (VI). (B) Structural map of the Boxing sag with the

well locations and the main faults in the Es4s unit.

transferred from high-permeability to low-permeability sandstones and
from structural to stratigraphic traps (Yuan and Qiao, 2002; Li et al.,
2014). In recent years, beach-bar plays have become one of the main
exploration targets in the Dongying Depression (Zhang et al., 2005).
Since 2005, six oil fields, namely, the Jinjia, Zhenglizhuang, Daluhu,
Boxing, Chuanhua-Xiaoying and Wangjiagang oil fields, have been
found in beach-bar reservoirs in the upper fourth member of the Eocene
Shahejie Formation (Es4s) in the Dongying Depression (Fig. 2), which
show the enormous exploration potential of the beach-bar sandbodies
in this area. Exploration has shown that the Eocene beach-bar sand-
stone reservoir is a typical low-permeability (permeability of more than
90% of the samples is less than 10 X 10~ ° um?) reservoir with medium-
low porosity (porosity of more than 85% of the samples is less than
15%), complicated pore-throat structure, strong heterogeneity and low
recovery (Han, 2009; Tian and Jiang, 2012). Considerable studies have
been performed on the beach-bar sandstone reservoirs over the past few
years, but most of the research results were focused on their sedimen-
tary characteristics and depositional models (Deng et al., 2011; Jiang
et al., 2011; Tian and Jiang, 2012; Gao et al., 2014; Guo et al., 2014,
Zhao et al., 2014). However, studies on the factors controlling reservoir
properties and hydrocarbon accumulation in the lacustrine beach-bar
sandstones are limited because of the characteristic of thin layer
(usually 0.5-4.5 m), low permeability and complex diagenesis (Si et al.,
2007; Wang et al., 2017b) Searching for high-quality reservoir with
high abundance of oil enrichment is the key for the exploration and
exploitation of low-permeability sandstone reservoirs. Therefore, a
systematical study of the reservoir characteristics of beach-bar sand-
stones and the controlling factors on the reservoir quality and hydro-
carbon accumulation was investigated through an integrated

petrographic, petrophysical, and diagenesis analysis. The results of this
study can help oil and gas exploration and exploitation in the lacustrine
deposits in the Bohai Bay Basin and other similar basins, e.g., the Pa-
leogene in the Subei Basin (Ji et al., 2013) and the Paleogene in the
Pearl River Mouth Basin (Liu et al., 2015).

2. Geological background

The Bohai Bay Basin (Fig. 1A), which is an important hydrocarbon-
producing basin (By the end of 2013, the proved petroleum reserves is
140.52 x 10%; production of oil and gas equivalent in 2013 was
7596 x 10* (Zhao et al., 2015)), is located on the eastern coast of
China. The basin is a complex rifted basin formed in the Late Jurassic
through the early Tertiary on the basement of the North China platform.
The tectonic evolution of the basin consists of a synrift stage
(65.0-24.6 Ma) and a postrift stage (24.6 Ma to the present) (Lampe
et al., 2012). The Boxing Sag is a secondary tectonic unit of the Don-
gying Depression (Fig. 1A) bounding to the Gaoging fault in the west,
Shicun fault in the east, Chunhua-Caogiao fault in the north and Luxi
Uplift in the south (Fig. 1B). The Boxing-1 and Boxing-2 faults are 2s-
order faults in the center of the Boxing Sag (Jiang et al., 2011).

The Boxing Sag developed on a northward-dipping, subsiding,
faulted block within the Dongying Depression (Jiang et al., 2011,
Fig. 1B). The sag is filled with the Cenozoic to Quaternary deposits,
which are composed of the Kongdian (Ek), Shahejie (Es), Dongying
(Ed), Guantao (Ng), Minghuazhen (Nm) and Pingyuan (Qp) formations
(Fig. 2A). The upper part of the fourth Member of the Shahejie For-
mation (Es4s) consists of fine-grained and thin-bedded sandstones in-
terbedded with gray mudstone, which is the focus of this study. The
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Fig. 2. (A) Schematic Tertiary stratigraphy and tectonic evolution of the Boxing Sag. The Es4s unit developed during the initial rift stage and comprises sandstones
that are interbedded with mudstones. Beach-bar sandstones mainly occur in the lower part of the Es4s Member. (B) Seismic section cross Wells G31 to F143 showing
the distribution of the upper and lower parts of the Es4s Member. (C) Sedimentary cross-section from Wells G31 to F143 along a north/south direction in the Boxing
Sag. Qp-Quaternary Pingyuan Formation; Nm-Neocene Minghuazhen Formation; Ng-Neocene Guantao Formation; Ed1-the first Member of the Paleogene Dongying
Formation (Ed); Ed2-the second Member of Ed; Ed3-the third Member of Ed; Es1-the first Member of the Paleogene Shehejie Formation (Es); Es2s-the upper second
Member of Es; Es2x-the lower second Member of Es; Es3s-the upper third Member of Es; Es3z-the middle third Member of Es; Es3x-the lower third Member of Es;
Es4s-the upper fourth Member of Es; Es4x-the lower fourth Member of Es; Ek1-the first member of the Paleogene Kongdian Formation. Systems tracts are after Jiang
et al. (2011). See Fig. 1B for the location of seismic section and sedimentary cross-section.

Es4s member developed during the late period of the initial rift stage,
and is divided into the lower part (Es4scx, avg. 140 m) and the upper
part (Es4scs, avg. 160m) according to the stratigraphic and rock
characteristics (Fig. 2B and C). During the depositional stage of the
Es4scx, large-scale shore-shallow beach-bar sandbodies developed
under the conditions of gentle paleotopography (Fig. 2C, Jiang et al.,
2011), semi-arid to semi-humid paleoclimate, high salinity lake water
(Wang et al., 2015), a shore-shallow lacustrine environment and a re-
lative abundance of sediment supply. During the sedimentary stage of
the Es4scs, large-scale dark-gray mudstones and shale developed, which
are some of the major hydrocarbon source rocks in the Boxing Sag
(Fig. 2C, Guo et al., 2010; Guo et al., 2014).

The Zhenglizhuang oilfield is located in the southeastern part of
Gaoging County and lies between the Gaoqing oilfield and the Jinjia
oilfield. The tectonic location of the Zhenglizhuang oilfield is mainly
between the Boxing-1 and Boxing-2 faults (Fig. 1B), with more than 200
exploration wells and 13 cored wells. Analyses of drill, seismic and core
data indicate that the beach-bar sandstones in the Zhenglizhuang oil-
field trend NE-SW. The strata, which are characterized by sandstone
and mudstone interval layers, are up to 200 m thick. The beach-bar
sandstones are usually buried between the depths of 2200 and 3500 m.

3. Samples and methods

13 exploration wells with approximately 634m cores were em-
ployed to collect samples of beach-bar sandstones in the study area
(Fig. 1B). Samples were impregnated with blue resin before thin sec-
tioning in order to highlight pores. Thin sections were partly stained
with Alizarin Red S and K-ferricyanide for carbonate mineral determi-
nation. Point counting method was used to determine the composition,
and 135 thin sections were analyzed by counting 300 points per thin
section. The classification scheme for the beach-bar sandstone was
based on Folk (1980). The Udden-Wentworth grain size scale was used
to determine the sandstone grain size (Udden, 1914; Wentworth, 1922).
According to the standard charts of Folk (1980) the sorting was de-
termined. Ten samples were analyzed using a Hitachi S-4800 scanning
electron microscopy under the conditions of 20 °C, 35%RH, 5.0 kV, and
less than 15 mm WD. A total of 102 samples were collected for clay
mineral analyses and 52 samples were collected for mudstone compo-
sition analyses using X-ray diffraction (XRD) through a D8 DISCOVER
with Cu-Ka radiation, a voltage of 40 kV, and a current of 25 mA. Before
the analyses, every sample was oven-dried at 40 °C for 2 days and in
order to completely disperse the minerals, an agate mortar was used to
ground these samples to less than 40 mm without chemical pre-
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treatment. In order to analyze the compositions of clay minerals, the
samples were put in a plastic bottle, soaked in distilled water, and then
disintegrated with an oscillator. Distilled water was added to the
sample until the conductivity is less than 50 us/cm, and the suspension
was separated by a centrifuge at a speed of 2000 r/min for 2 min. Fil-
tering granular suspension less than 2 ym with ceramic filter, and then
the clay mineral particles were placed in an oven to dry at 50°C.
Samples were scanned from 3° to 70° with a step size of 0.02°. The
relative content of the multiple clay mineral phases in weight percent
was identified through diffractograms and semiquantitatively analyzed
by computer analyses.

528 cylinders drilled from the cores with diameters of 2.5 cm were
used to determine the porosity and permeability. The porosity was
measured following Boyle's law via using a helium porosimeter. The
preprocessed sample (dry, clean) was injected with helium at ap-
proximately 200 psi in a porosimeter. The grain volume was calculated
by measuring the corresponding pressures and volumes through the
Boyle's Law equation. The bulk volume that was measured through the
Archimedes Principle with mercury immersion was used to determine
the pore volume by subtracting the grain volume, and then the grain
and bulk volumes were used to calculate total porosity. The perme-
ability was measured following Darcy's law using a gas permeameter.
The preprocessed sample was injected with dry air under approximately
980Pa differential pressure to ensure that the air passes through the
filter plate under the laminar flow condition.

4. Results
4.1. Petrological characteristics of sandstones

Compositions of oil-bearing and non-oil bearing beach-bar sand-
stones are summarized in Table 1. The detrital compositions of oil-
bearing sandstones and non-oil bearing sandstones are mainly lithic
arkoses according to Folk (1980) classification scheme, with corre-
sponding average compositions for the two types of sandstones being
Q43.2F30.5R26, Q42.0F35.3R25 3 (Fig. 3). There is no obvious difference in
the content of detrital quartz between oil-bearing and non-oil bearing
sandstones (Table 1). The contents of potassium feldspar and

Table 1
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Fig. 3. Detrital composition triangular diagram of the oil-bearing and non-oil-
bearing beach-bar sandstones in the Boxing Sag. The samples mainly plot in the
lithic arkose field and rarely in the arkose and feldspathic litharenite fields
based on the classification of Folk (1980).

plagioclase feldspar in oil-bearing sandstones are lower than those in
non-oil bearing sandstones (Table 1). Lithic fragments are mainly of
volcanic and metamorphic types, which are higher in oil-bearing
sandstones. Other detrital components include mainly small amounts of
mica and chert (Table 1). The average grain sizes of the beach-bar
sandstones are mainly between 0.04 mm and 0.16 mm, of which 62.3%
of the samples are 0.0625-0.125 mm (very fine sand) and 23% of the
samples are 0.125-0.25 mm (fine sand). The sorting coefficient of the
beach-bar sandstones is between 1.28 and 4.63, with an average of
1.77, indicating medium to good sorting for most of the sandstones. The
roundness of almost all the detrital particles of the beach-bar sand-
stones in the Zhenglizhuang oilfield are hypo-edge angle (Fig. 4).

The compositions and differences of the oil-bearing and non-oil bearing beach-bar sandstones in the Boxing Sag.

Oil-bearing sandstones

Non-oil bearing sandstones

Min Max Mean Min Max Mean
Detrital grains
Quartz (vol. %) 24.1 53.5 43.2 24.4 53.5 42.2
Potassium feldspars (vol. %) 8.4 22.3 15.4 9.1 25.6 17.8
Plagioclase feldspars (vol. %) 8.8 27.9 15.1 9.4 30.2 17.5
Volcanic lithic fragments (vol. %) 1.9 45.1 15.3 1.3 45.7 12.2
Metamorphic lithic fragments (vol. %) 5.1 19.2 9.3 5.1 19.6 8.5
Sedimentary lithic fragments (vol. %) 0 15.3 1.4 0 16.7 1.6
Mica (vol. %) 0 2.2 0.1 0 2.5 0.1
Chert (vol. %) 0 2.1 0.2 0 2.3 0.1
Matrix (vol. %) 0 23.3 7.8 0 25.4 7.5
Diagenetic alterations
Calcite (vol. %) 0.5 13.3 4.5 8 30.2 14.2
Dolomite (vol. %) 0 6.2 1.5 0.5 17.4 3.1
Ankerite (vol. %) 0 2.3 1.1 0 1.5 0.7
Quartz overgrowths (vol. %) 0.4 3.5 1.2 0 2.5 0.4
Pyrite (vol. %) 0.5 5.6 0.3 0 3.5 0.2
Clay minerals (vol. %) 2 10 5 0 18 5.6
Kaolinite (%) 8 38 29.4 1 30 20.1
Illite (%) 25 52 38.9 30 71 46.5
Illite-smectite mixed layer clays (%) 3 45 25.3 6 53 26.1
Chlorite (%) 1 18 6.4 2 20 7.3
Porosity
Intergranular porosity (vol. %) 4.5 17.2 6.6 0 6.3 1.2
Intragranular porosity (vol. %) 0.5 2.8 0.9 0 0.7 0.1
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4.2. Petrological characteristics of mudstones

The XRD compositions of mudstones interbedded with beach-bar
sandstones are summarized in Table 2. Quartz, feldspar and clay mi-
nerals are the most abundant components in mudstones interbedded
with beach-bar sandstones. Content of K-feldspar is obviously lower
than that of Plagioclase feldspar. Carbonates in mudstones are domi-
nated by calcite and ankerite. Clay minerals are dominated by illite-
smectite mixed layer clays and illite.

4.3. Diagenesis and authigenic minerals in sandstones
The reservoir petrophysical properties and thin section analysis in-

dicate that the Eocene beach-bar sandstones experienced complex di-
agenetic processes. The diagenesis that controlled the beach-bar

Marine and Petroleum Geology 99 (2019) 1-16

Fig. 4. (A) Point-line contact between detrital grains,
primary intergranular pores and quartz overgrowth
from well G890 at 2598.2 m (PPL); (B) Deformation
of micas and line-concavo-convex contact between
detrital grains from well F137 at 3169.7 m (PPL); (C)
Crystalline calcite filling in intergranular pores, point
contact between detrital grains from well G351 at
2446.19m (PPL); (D) Isolated calcite and dolomite
and intergranular pores from well G890 at 2598.2 m
(PPL); (E) Isolated calcite and dolomite, quartz
overgrowth, and intergranular pores from well G351
at 2434.24 m (PPL); (F) Quartz overgrowth and in-
tergranular pores from well F137 at 3171.6 m (PPL);
(G) Feldspar dissolution pores and intergranular
pores from well G890 at 2599.7m (PPL); (H)
Feldspar dissolution pores from well F151-1at
2701 m (PPL). P-pore, Q-quartz, Fd-feldspar, Cal-
calcite, Dol-dolomite, Qo-quartz overgrowth, (PPL)
indicates the plane polarized light.

reservoir quality mainly included compaction, carbonate cementation,
quartz overgrowth cementation, clay mineral cementation and the
dissolution of unstable components.

(1) Compaction: Evidence of the compaction of the beach-bar sand-
stone reservoirs is significant in the burial depth range of
2200-3500 m. The contact types are changed from point contacts
and line contacts to concavo-convex contacts or line-concavo-
convex contacts with increasing burial depth (Fig. 4A and B), which
are dominated by point and line contacts. Ductile grains such as
mica are commonly deformed (Fig. 4B).

(2) Carbonate cements: The interstitial matter in the beach-bar sand-
stone reservoirs comprises carbonate cements, authigenic quartz
and clay matrix (Table 1). Carbonate cements are the most common
authigenic minerals in the beach-bar sandstones, which usually fill
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Table 2
The compositions of the mudstones interbedded with beach-bar sandstones in
the Boxing Sag.

Min Max Mean
Quartz (wt. %) 20 33 27.8
Potassium feldspars (wt. %) 3 15 5.3
Plagioclase feldspars (wt. %) 8 21 14.1
Calcite (wt. %) 7 16 12.7
Dolomite (wt. %) 0 4 1.7
Ankerite (wt. %) 0 20 5.1
Clay (wt. %) 11 53 32.4
Kaolinite (wt. %) 0 9 3.8
Illite-smectite mixed layer clays (wt. %) 33 80 55.7
Illite (wt. %) 16 65 33.3
Chlorite (wt. %) 2 16 5.3
Pyrite (wt. %) 0 3 1.1

primary intergranular pores or feldspar dissolution pores (Fig. 4C,
D, E and Fig. 5C, D, E, F). Carbonate cement mainly consists of
calcite, dolomite and ankerite, of which calcite is the main type.
There are two types of calcite cements in beach-bar sandstone re-
servoirs. The first type fills all the intergranular pores as crystalline
calcite cements. The clastic grains mainly occur as point contacts
(Fig. 4C), this shows that the precipitation time is early, cement
content is higher and reservoir is tighter. The second type occurs as
isolated calcite crystals filling some intergranular pores. The clastic
grains usually have point-line contacts between each other, and

$4800 5.0kV 9.3mm x3.00k SE(M) 10.0um | S4800 5.0kV 10.6mm x1.10k SE(M)
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Fig. 6. Porosity vs. permeability plot for the beach-bar sandstone reservoirs
from the Es4s unit in the Boxing Sag.
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Fig. 5. Scanning electron microscope (SEM) images
of beach-bar sandstones. (A) Quartz overgrowths,
authigenic kaolinite and mixed-layer illite/smectite
that fill pore spaces from well G890 at 2599.2 m; (B)
Dissolution of feldspar and authigenic kaolinite that
fills pore spaces from well G351 at 2434.24 m; (C)
Carbonate cement and quartz overgrowths that fill
pore spaces and authigenic chlorite that grows along
the surface of detrital grains from well F151-1 at
2685.5m; (D) Carbonate cement, quartz over-
growths, authigenic illite and mixed-layer illite/
smectite that fill pore spaces from well F151-1 at
2701 m; (E) Carbonate cement and mixed-layer illite/
smectite that fill pore spaces from well G890 at
2596.7 m; (F) Carbonate cement and mixed-layer il-
lite/smectite that fill pore spaces from well G351 at
2464.79 m.
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of oil-bearing and non-oil bearing beach-bar sandstones in the Boxing Sag.

cement content is relatively lower (Fig. 4D and E). The content of
calcite in oil-bearing sandstones (0.5-13.3%, avg. 4.5%) is ob-
viously lower than that of calcite in non-oil bearing sandstones
(8-30.2%, avg. 14.2%) (Table 1). Dolomite and ankerite mainly
occur as isolated crystals filling some intergranular pores (Fig. 4D
and E). The contents of dolomite in oil-bearing sandstones and non-
oil bearing sandstones have the similar characteristics as the con-
tents of calcites (Table 1).

(3) Quartz Overgrowths: Authigenic quartz is usually formed as partial
or whole overgrowth rims around quartz grains, with widths of
5-30 um (Fig. 4A, E, F and Fig. 5A, C, D). The content of quartz
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volumetrically, with an average of 1.2%, which is higher than that
of quartz overgrowths in non-oil bearing sandstones (Table 1).

(4) Matrix and Clay minerals: Clay minerals in the beach-bar sandstone
mainly occur as matrix material and authigenic clay minerals. The
content of clay minerals falls between 0 and 18%, with an average
of 5.3%. The X-ray and SEM analyses indicate that the main com-
ponents of the clays are kaolinite (Fig. 5A and B), chlorite (Fig. 5C),
illite (Fig. 5D), and illite-smectite (I-S) mixed-layer minerals
(Fig. 5A, D, E, and F). Kaolinite mainly occurs as pore-filling ce-
ment, occurring as well-crystallized, pseudohexagonal platelets and
forms vermicular or booklet textures. The content of kaolinite in oil-
bearing sandstones is higher than that of kaolinite in non-oil
bearing sandstones (Table 1). Sheet-like illite mainly fills pores and
the content in oil-bearing sandstones is lower than that in non-oil
bearing sandstones (Table 1). Sheet-like or flake-like I-S mixed-
layer clays mainly occur as pore-filling cement. Chlorite grows
along the surfaces of detrital grains as rims. There is no obvious
difference between the content of I-S mixed-layer clays and chlorite
in oil-bearing and non-oil bearing sandstones (Table 1).

(5) Dissolution: Dissolution in the beach-bar sandstone reservoirs
mainly occurred in feldspar and unstable rock fragments to form
dissolution pores (Fig. 4G and H and Fig. 5B).

4.4. Reservoir pore types and properties

The beach-bar sandstone reservoirs have a positive relationship
between porosity and permeability (Fig. 6). The porosity is usually
between 1.6% and 23.3%, with an average of 10.4%; the permeability
is usually 0.05 x 10 3um?152.3 x 103 um?, with an average of
4.8 x 10~ 3pm?.

The reservoir pore spaces of the beach-bar sandstones mainly occur
as intergranular pores and dissolution pores in feldspars (Fig. 4A, D, E,
F, G, H and Fig. 5B). The intergranular porosity (thin section estima-
tion) in oil-bearing sandstones is usually between 4.5% and 17.2%,
with an average of 6.6%; the intragranular porosity (thin section esti-
mation) in oil-bearing sandstones is mainly between 0.5% and 2.8%,
with an average of 0.9%. Both the intergranular porosity and in-
tragranular porosity in oil-bearing sandstones are higher than those in

overgrowths in oil-bearing sandstones is usually 0.4-3.5% non-oil bearing sandstones (Table 1). Fig. 7 shows two typical mercury
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injection curves for the oil-bearing sandstone and non-oil bearing
sandstone. The displacement pressure and the pressure corresponding
to a 50% Hg saturation of the oil-bearing sandstone (0.18 MPa,
0.74 MPa) are obviously lower than those of non-oil bearing sandstone
(4.6 MPa, 73.5 MPa) (Fig. 7A). The pore throat radii of the oil-bearing
sandstone sample are less than 4 um, with an average of 1.3 um, while
the pore throat radii of the non-oil bearing sandstone sample are less
than 0.16 um, with an average of 0.03 um (Fig. 7B).

4.5. Oil saturation of beach-bar sandstones

The oil saturations were tested from the core samples once they
were removed from the ground by the Exploration and Development
Research Institute of Shengli Oilfield. The test results show that the oil
saturation of beach-bar sandstones is in the range of 6.5%-53.1% (avg.
27.1%).
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5. Discussion
5.1. Controls on reservoir quality

Reservoir quality is controlled by various factors, among which
grain size, sorting, compaction, cementation and dissolution play more
important roles (Rossi et al., 2002; Morad et al., 2010; Gaupp and
Okkerman, 2011; Li et al., 2013). There are no obvious correlations of
porosity and permeability with sorting coefficient and average grain
size of beach sandstones or bar sandstones (Fig. 8), and almost no
discrepancy of roundness cannot affect the reservoir petrophysical
properties, which suggests that diagenetic factors controlled the re-
servoir quality during the burial process.

5.1.1. Compaction

The dominated point and line contacts and the deformed ductile
grains (e.g., mica) indicates that compaction in beach-bar sandstones is
mainly mechanical compaction (Fig. 4B). The initial porosity of the
beach-bar sandstone is between 26.3% and 38.5% (avg. 32.6%) ac-
cording to the Beard and Weyl's method (1973). The compactional
porosity loss (COPL) during the burial process is 3.8%-19% (avg.
11.2%) as calculated using the Wang's method (Wang et al., 2017a),
which is 17.3%-87.2% (avg. 57.3%) of the total porosity loss, in-
dicating that mechanical compaction controlled the porosity reduction
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in the beach-bar sandstones to a great extent.

Beach-bar sandstones contain certain content of matrix (including
muddy matrix and clay matrix) (Table 1). Sandstones with a large
amount of matrix have obviously low porosity and permeability and
high compactional porosity loss (COPL) (Fig. 9). The deformation of
plastic matrix can enhance the compaction degree to a great extent
during the burial process (Gier et al., 2008; Van Den Bril and Swennen,
2009; Hammer et al., 2010; Dutton et al., 2012; Li et al., 2014).

The intergranular volume (IGV) has no obvious change with the
increasing burial depth within 1 m to the sandstone-mudstone contact,
whereas the IGV has a deceasing trend with the increasing burial depth
beyond 1 m to the sandstone-mudstone contact (Fig. 10A). The COPL
not only has an increasing trend with the increasing burial depth
(Fig. 10B), but also increases gradually from the sandstone-mudstone
contact to the center of sandstone (Fig. 10C). Within 1 m to the sand-
stone-mudstone contact, the COPL is relatively low and increases ra-
pidly far away from the contact; beyond 1 m to the sandstone-mudstone
contact, the COPLs is relatively high and tends to be stable (Fig. 10C).
Carbonate or authigenic quartz cements filling intergranular pores can
prevent compaction to some extent (Lima and De Ros, 2002; Li et al.,
2014). It is clear from the IGV-Depth and COPL-CEPL diagrams
(Lundegard, 1992) that the majority of samples within 1m to the
sandstone-mudstone contact have lost more porosity by cementation
than by compaction, while the majority of samples beyond 1 m to the
sandstone-mudstone contact have lost more porosity by compaction
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than by cementation (Figs. 10A and 11). The negative relationship
between the COPL and cementational porosity loss (CEPL) indicates
that cementation prevents compaction to some extent (Fig. 11).

Early overpressure is considered as an important factor that may
prevent compaction to preserve porosity (Hansom and Lee, 2005;
Madon, 2007). Overpressure occurs in beach-bar sandstone reservoirs
with the depth below approximately 2500m in the Boxing Sag
(Fig. 10D), but the trend lines of the IGV beyond 1m to sandstone-
mudstone contact and COPL show no obvious change from shallow to
deep (Fig. 10A and B). Fluid inclusion and basin numerical simulation
analyses indicated that the overpressure of the Es4 interval in the
Boxing Sag formed after 15 Ma B.P., which was mainly caused by hy-
drocarbon charge (Wang et al., 2017b). Rapidly COPL mainly occurs
during the early diagenetic process (< 2000m) (Chen et al., 2009; Li
et al., 2014). Thus, overpressure had little influence on compaction and
porosity loss of the beach-bar sandstone reservoirs in the Boxing Sag.

5.1.2. Carbonate cementation

The cements in the beach-bar sandstone reservoirs in the Boxing Sag
are dominated by carbonate, authigenic quartz and clay minerals
(Figs. 4 and 5). Carbonate cement has the highest content and mainly
fills primary intergranular pores and dissolution pores. The influence of
the carbonate cements that fill the pores is much bigger than those
cement that surround grains (e.g., quartz overgrowths) (Carvalho et al.,
1995; Dutton, 2008; Morad et al., 2010). The carbonate cement content
shows an obvious negative correlation with the porosity and perme-
ability of the reservoirs (Fig. 12). Samples with high porosity and
permeability usually have low content of carbonate cement. Therefore,
the distribution of carbonate cements greatly controls the reservoir
quality.

The samples in this study all have a certain amount of carbonate
cements, with an extremely inhomogeneous distribution in the re-
servoirs. Only samples along the sandstone-mudstone contact have high
carbonate cement content, where they exhibit tightly cemented natures.
For instance, the carbonate cement contents from 3169.2m to 3174 m
in the sandstones near the sandstone-mudstone contacts in well F137
are usually high (avg. 20.2%), whereas the carbonate cement content in
the middle of the sandstone is relatively low (avg. 9.6%) (Fig. 13). The
porosity and permeability of sandstone near the sandstone-mudstone
contact is very low (avg. 6.3% and 0.076 x 10~ >um?, respectively).
However, the porosity and permeability in the middle of the sandstone
is high (avg. 11.8% and 0.68 x 10~ °um?, respectively). Tightly car-
bonate-cemented sandstones are well-developed in the Eocene beach-
bar sandbodies in the Boxing Sag.

According to the analytical test data of cores, the interbedded
mudstones strongly affected the content of carbonate cement, porosity
and permeability (Fig. 14). When the distance to the sandstone-mud-
stone contact is less than 1 m, the carbonate cement content is usually
greater than 10%, and the porosity and permeability are less than 15%
and 0.3 x 103 um?, respectively. When the distance to the sandstone-
mudstone contact is more than 1 m, the content of carbonate cement is
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Fig. 12. Relationship between the carbonate cement content and the porosity and permeability of beach-bar sandstones from the Es4s unit in the Boxing Sag.
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low and decreases slowly with increasing distance to the contact,
whereas the porosity and permeability increase slowly with the in-
creasing distance to the contact. Hence, when the thickness of the
sandstone is less than 1 m, it is usually tightly cemented by carbonate
cements and the reservoir quality is very poor. When the thickness of
the sandstone is greater than 1 m, the influence of carbonate cements on
the middle part of the sandstone is weak and a large amount of inter-
granular pores can be preserved. Therefore, the thicker the sandstone,
the weaker the influence of carbonate cement on the reservoir, and the
better the reservoir quality (Li et al., 2014; Wang et al., 2017a).
According to the thin section observations, near the sandstone-
mudstone contacts, carbonate cements fill the pores and mainly the
point contact occurs between grains. In contrary, in the middle of the
thick sandstones, the carbonate cements are mostly isolated crystals
partly filling intergranular and dissolution pores (Fig. 13). The source of
the carbonate cements in the clastic reservoirs is mainly external and
internal (Dutton, 2008). The amount of carbonate rock fragments in the
beach-bar sandstone is very low and insufficient to serve as the source
for the carbonate cements. Due to the aforementioned distribution
characteristics, the carbonate cements in the beach-bar sandstones are
external and are most likely related to the diagenesis of the interbed-
ding mudstones (Milliken and Land, 1993; Li et al., 2014; Wang et al.,
2017a). Compositions of mudstones interbedded with beach-bar sand-
stones (Table 2) indicates that the source of the carbonate cements is
mainly from the absorbed metal ions in the mudstones (Wang et al.,
2018), the conversion of smectite to illite (Boles and Franks, 1979;
McHargue and Price, 1982; Li et al., 2014), the K-feldspar dissolution
and the corresponding conversion of kaolinite to illite in the mudstones
(Macaulay et al., 1993; Li et al., 2014; Wang et al., 2017a). Compaction
flow and diffusion are the two major ways for the mass transfer from
mudstone to adjacent sandstone (Bjgrlykke, 1993; Bjgrlykke and
Jahren, 2012), which broke the initial chemical balance and allowed
the carbonate cements to form along the sandstone-mudstone contact
(Milliken and Land, 1993; Dutton, 2008; Chen et al., 2009; Li et al.,
2014; Wang et al., 2016, 2017a). A large number of metal ions were
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absorbed in the interbedded mudstones due to the high salinity lake
water (Wang et al., 2015), promoting the transformation of clay mi-
nerals to release more ions, which facilitated early carbonate ce-
mentation along the sandstone-mudstone contact (Mansurbeg et al.,
2008; Wang et al., 2013; Deconinck et al., 2014). The point contacts
between grains also proved that the beach-bar sandstone reservoirs did
not experience deep burial until the carbonate cements at the edge of
the sandstone was precipitated (Wang et al., 2018). The negative re-
lationship between COPL and CEPL also indicates that the early strong
carbonate cementation can largely prevent compaction (Budd, 2002;
Zhong et al., 2007; Morad et al., 2010), but the anti-compaction ca-
pacity in the middle of thick sandstone layers, where they show low
carbonate cement content, is weak (Fig. 11).

5.1.3. Clay cementation

Clay is also an important factor that affects the reservoir quality (Li
et al., 2014). The clay in the beach-bar sandstones mainly includes clay
matrix and authigenic clay minerals that formed during diagenetic
processes. During the burial process, the organic materials in the
overlying hydrocarbon source rocks generated considerable organic
acids. After these acids migrated into the reservoirs and reacted with
feldspar and other unstable aluminosilicate components, numerous of
dissolution pores and authigenic kaolinite were generated (Salem et al.,
2005; Mansurbeg et al., 2008; Morad et al., 2010). For instance, the
content of plagioclase in the sandstones near the sandstone-mudstone
contact from 3169.2 m to 3174 m in well F137 is higher than that in the
center of sandstones, while the content of kaolinite in sandstones near
the sandstone-mudstone contact is lower than that in the center of
sandstones (Fig. 13). During the burial process, the clay minerals gen-
erally experienced transformation from smectite and kaolinite to illite
or chlorite. Different types of clay minerals have various effects on
reservoir quality. The porosity and permeability of the beach-bar
sandstones have a positive correlation with the kaolinite content
(Fig. 15A and B) because the authigenic kaolinite indicates the devel-
opment of dissolution pores in the feldspar (Fig. 13) and can have
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numerous intercrystalline pores itself (Li et al., 2014), which can im-
prove the porosity of the reservoirs (Morad et al., 2010; Li et al., 2014).
Most illite filled the pore-throats in the beach-bar sandstones (Fig. 5A,
D, E, F) and degraded the reservoir porosity and permeability. Thus, the
porosity and permeability of the beach-bar sandstones have a negative
correlation with the illite content (Fig. 15C and D). The porosity and
permeability of the beach-bar sandstones also have negative relation-
ships with the mixed-layer I-S content (Fig. 15E and F), suggesting that
the mixed-layer I-S also fills reservoir pore spaces and reduces the re-
servoir quality. The grain-coating chlorite can prevent both compaction
and the development of quartz overgrowths because of its oil-wet
nature (Barclay and Worden, 2000), resulting in the preservation of
intergranular pores (Thomson, 1982; Ehrenberg et al., 1993). The
content of chlorite in beach-bar sandstones is very low (Table 1), the
distribution of chlorite rims is very limited, and the thickness of chlorite
rim is very small, which can only be seen under SEM (Fig. 5C). Due to
the low chlorite content in the beach-bar sandstones, the thickness and
development of the chlorite coats are not adequate to protect the re-
servoir quality (Fig. 15G and H).
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5.1.4. Dissolution

Dissolution is a key factor that increases reservoir quality.
Dissolution in the beach-bar sandstones mainly occurred in feldspar and
other aluminosilicate components (Fig. 4G and H). The dissolution of
unstable components (e.g., feldspar) requires a large amount of acidic
formation fluids (Milliken, 1989; Wilkinson et al., 2001), mainly in-
cluding meteoric water (Mansurbeg et al., 2006, 2012), pore water that
contains organic acids and CO, (Schmidt and McDonald, 1979; Surdam
et al.,, 1984; Morad et al., 2000; Mansurbeg et al., 2008) or deep
thermal fluids (Taylor and Land, 1996). No evidence exists that de-
scribes the effects of deep thermal fluids in the study area and adjacent
area (Li et al., 2014). Meteoric water is generally weakly acidic and
unsaturated and is beneficial to strong carbonate and feldspar dissolu-
tion (Bjgrlykke, 1984). The formation of authigenic kaolinite in re-
servoirs is often related to the incursion of meteoric water in shallow
burial or epidiagenetic environments (Mansurbeg et al., 2006; 2012).
Content of kaolinite in the shallow beach-bar sandstone reservoirs
(< 2000m) is very low (Wang et al., 2017b), which suggests that the
dissolution of feldspars and unstable rock fragments was probably
nothing to do with meteoric water.

The beach-bar sandstones are adjacent to the overlying hydrocarbon
source rock. The enormous organic acids and CO, that were produced
by organic materials during the thermal evolution process mainly ac-
count for the dissolution of feldspar and other aluminosilicate compo-
nents (Surdam et al., 1989). The products that were generated during
the dissolution process of feldspar mainly include quartz and kaolinite
(Rossel, 1982; Bjgrlykke, 1998). The precipitation temperature of au-
thigenic quartz in the beach-bar sandstones is usually 85°C-124 °C ac-
cording to the fluid inclusion microthermometry (Wang et al., 2017b),
which agrees with the favorable formation and preservation tempera-
ture of organic acids (80°C-120°C) (Surdam et al., 1989). The geo-
thermal gradient of the study area is 36.1 °C/km, and the average
surface temperature is 20 °C (Qiu et al., 2004). Therefore, the depth
range for the precipitation of authigenic quartz and dissolution of
feldspar is approximately between 1800m and 2880 m, which is in
accordance with the depth range of the maximum abundance of kao-
linite (2000m-3200 m) (Wang et al., 2017b). Quartz overgrowths do
not occur in samples with early diagenetic tight calcite cementation
(Fig. 4C), in which the calcite was precipitated in the temperature range
of 60°C-90 °C (Wang et al., 2016, 2017b). All of these indicate that the
time for the dissolution of feldspar and formation of quartz overgrowths
is later than that of early calcite cementation. Affected by the tightly
cemented zones along the sandstone-mudstone contact of the thick
sandstones, late pore fluids rich in organic acids and CO, were mainly
concentrated in the middle of the thick sandstones, forming numerous
dissolution pores in feldspar to increase the reservoir porosity and pore-
throat size (Wang et al., 2017b). That is why the amount of dissolution
pores has a positive relationship with the distance to the sandstone-
mudstone contact (Fig. 16).

5.2. Diagenetic process and reservoir quality evolution

Analysis of diagenesis in beach-bar sandstones indicates that the
diagenetic process and reservoir quality evolution in the edge of
sandstones (less than 1 m to sandstone-mudstone contact) and in the
center part of thick sandstones (beyond 1m to sandstone-mudstone
contact) are obviously different.

Influenced by the high-salinity depositional water, a large number
of ions, such as Ca®*, Mg?*, Fe?*, etc., were absorbed in mudstones
(Milliken and Land, 1993; Li et al., 2014; Wang et al., 2018), which
were transferred into the adjacent beach-bar sandstones by compaction
flow during the early burial process (Bjorlykke, 1993; Bjgrlykke and
Jahren, 2012). These ions were concentrated in beach-bar sandstones
along the sandstone-mudstone contact, forming strong calcite ce-
mentation (Fig. 17). Metal ions released by transformation of smectite
to illite and chlorite in mudstones strengthened the calcite cementation
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Fig. 15. Relationship between the reservoir quality and the relative content of clay minerals in beach-bar sandstones from the Es4s unit in the Boxing Sag.
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on the edge of beach-bar sandstones (Mansurbeg et al., 2008;
Deconinck et al., 2014). Due to the relatively lower precipitation
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temperatures (60°C-90 °C) (Wang et al., 2016, 2017b), the precipitation
time of calcites on the edge of sandstones were between 41.5Ma-35Ma
(Fig. 17). Early strong calcite cementation restrained compaction on the
edge of sandstones, which caused the rapid decrease of porosity and
poor reservoir quality during the early burial process (Fig. 17). Late
diagenesis was difficult to affect the reservoir porosity on the edge of
sandstones due to the tight cementation.

The center part of thick sandstone was little affected by early calcite
cementation, where the porosity was reduced by compaction in a great
extent (Fig. 10A, C). The precipitation temperature of quartz over-
growth (85°C-124 °C) (Wang et al., 2017b) indicated that the dissolu-
tion of feldspar by organic acids and CO, and precipitation of authi-
genic quartz and kaolinite in the center part of sandstone were mainly
during the time range of 38Ma-24.1Ma (Fig. 17). The precipitation
temperature of isolated calcite and dolomite in the center part of
sandstone ranged from 114 °C to 135 °C (Wang et al., 2017b), indicating
the precipitation time range was 30.8Ma-8Ma (Fig. 17). The material
source of late isolated calcite and dolomite was mainly from the dis-
solution of feldspar and transformation of clay minerals (Li et al., 2014;
Wang et al., 2018). Porosity of the center part of sandstone has a trend
of gradual decrease with the increasing burial depth affected by
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compaction. Influenced by feldspar dissolution, the porosity of the
center part of sandstone was increased by feldspar dissolution pores to a
certain extent (Fig. 17). Reservoir quality in the center part of sand-
stones is obviously better than that near the sandstone-mudstone con-
tact.

5.3. Influences on hydrocarbon accumulation

Oiliness of the beach-bar sandstone reservoirs has a very strong
heterogeneity. Oil saturation has obvious positive correlations with the
porosity, permeability and pore-throat radius in fine sandstones and
siltstones with different sorting coefficient (Fig. 18A, B, C), which
suggests that hydrocarbon accumulation in beach-bar sandstone re-
servoirs is significantly controlled by reservoir petrophysical properties
(Li et al., 2014). Porosity and pore-throat radius analyses indicate that
the porosity of the oil-bearing sandstones is generally 6.3%-23.3%
(avg. 13.5%) and their pore-throat radius is usually 0.33 pm-5.75 um
(avg. 1.63 um), while the porosity of the non-oil bearing sandstone is
generally 2.6%-16.6% (avg. 8.5%) and its pore-throat radius is 0.05
pum-0.73 pm (avg. 0.32 pm).

The dissolution of numerous unstable components occurred in the
oil-bearing sandstones, such as the dissolution of feldspars. Under
acidic water conditions, the dissolution of feldspar can form numerous
dissolution pores, kaolinite and authigenic quartz (Rossel, 1982;
Bjorlykke, 1998). Therefore, feldspar dissolution and kaolinization can
form significant authigenic minerals and improve the reservoir's por-
osity and pore throat radius (Figs. 13 and 15A and B). Large pore-throat
is conducive to the hydrocarbon entry and enhances accumulation in
reservoirs because of the small resistance to fluid flow (Xi et al., 2016).

There were mainly two stages of hydrocarbon filling in the Eocene
beach-bar sandstone reservoirs in the Boxing Sag according to the
analysis of fluid inclusions, one was 29.5 Ma B.P.-24.1 Ma B.P., and the
other one was after 8 Ma B.P. (Fig. 17; Wang et al., 2017b). The time of
the first stage of hydrocarbon filling was later than that of the pre-
cipitation of the early diagenetic calcite near the sandstone-mudstone
contact (Wang et al., 2017b), which caused the first stage of hydro-
carbon to accumulate in the center part of the thick sandstones. After
the early hydrocarbons filled the reservoirs, they greatly inhibited the
carbonate cementation (Wilkinson et al., 2004; Gier et al., 2008),
leading to the preservation of reservoir pore spaces. The average car-
bonate cement content in the oil-bearing sandstone is 8.5%, while the
average carbonate cement content in the non-oil bearing sandstone is
18% (Table 1). On the other hand, the hydrocarbons tended to carry a
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large amount of organic acids into the reservoir during the filling
process, promoting the dissolution of feldspar and other unstable
components (Wilkinson et al., 2004). This is also the reason for the
different rock compositions in the oil-bearing and non-oil bearing
sandstones (Table 1). The pore-throat protected by the early hydro-
carbon was also more conducive to the second stage of hydrocarbon
filling. In addition, the hydrocarbon filling could change the hydro-
philicity to lipophilicity of pore throat surface and promoted the second
stage of hydrocarbon to accumulate in this type of reservoir spaces
(Kumar et al., 2005). Kaolinite formed during the feldspar dissolution
process could also enhanced the lipophilicity of pore-throat surface to
promote the hydrocarbon accumulation (Fig. 18 D; Lebedeva and
Fogden, 2011).

Because the reservoir's petrophysical properties are important fac-
tors that control hydrocarbon accumulation, a lower limit for the pet-
rophysical properties defines the reservoir's ability to accumulate hy-
drocarbons. The porosity vs. permeability plot of oil-bearing and non-
oil bearing sandstones indicates that the lower limit of the porosity and
permeability for the oil-bearing sandstone reservoir is 8.5% and
1.02 x 10~ 3 um?, respectively (Fig. 19). Sandstones with petrophysical
properties that are lower than the limit did not accumulate hydro-
carbon.

6. Conclusions

The thickness of the single layer of beach-bar sandstone in the
Boxing Sag is thin (usually 0.5-4.5 m) with fine grain size and medium
to good sorting. The beach-bar sandstone reservoir experienced com-
plicated diagenesis during the burial process, including mechanical
compaction, carbonate cementation, quartz overgrowth cementation,
clay cementation, feldspar and unstable rock fragment dissolution, etc.
Because of the influence of compaction and selective and extensive
cementation, the beach-bar sandstone reservoir has a very strong het-
erogeneity.

The mechanical compaction, carbonate cementation and dissolution
are the main factors that control the petrophysical properties of the
beach-bar sandstone reservoirs. Carbonate cements are mainly dis-
tributed along the sandstone-mudstone contacts. The early strong car-
bonate cementation can largely prevent compaction, but the anti-
compaction capacity in the middle thick sandstones is poor. A weak
carbonate cementation effect occurs in the middle part of the thick
sandstones, but compaction occurred more intensely in the central part
causing the destruction of primary pore spaces. Dissolution in the
center part of thick sandstones increases the porosity and pore throat
radius.

The analyses of the petrophysical properties and oil saturation
suggest that a reservoir's petrophysical properties largely control hy-
drocarbon accumulation in beach-bar sandstones. Compared with non-
oil bearing sandstones, oil-bearing sandstones have higher porosity and
a larger pore-throat size. Sandstones with a porosity of less than 8.5%
and/or low permeability of less than 1.02 x 10~ 3 um? are mostly in-
capable of accumulating oil.
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