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The Silurian Kepingtage Formation of Tarim Basin is an important deep clastic reservoir. Exploration practice shows that the
reservoirs are generally characterized by extremely low porosity and permeability, exhibiting strong mineral composition and
physical property heterogeneities. The study of heterogeneity and its effect on oil charge is of great significance to the
understanding of oil migration and accumulation in such reservoirs and thus is crucial to oil exploration. Therefore, based on
identification and quantitative statistics of thin sections, SEM, and homogenization temperature measurements, this study was
designed to examine the relationship between diagenetic evolution and oil emplacement in the Silurian Kepingtage Formation in
S9 Block in Tarim Basin. The control of differential diagenesis and physical property evolution on oil charge process are discussed.
It is found that the sandstones with fine grain size and high content of ductile grains (>20%) have experienced strong mechanical
compaction, the porosity decreases rapidly in the early stage of burial. The densification process has been completed before the first
period of oil charge so that no oil was found in the reservoir. In contrast, sandstones with relatively coarse grain size and low
ductile grain content have better porosity and permeability properties, which are generally oil-bearing. This kind of sandstone
generally experienced two periods of oil charge. Apart from moderate compaction, multiple diagenesis events were also observed,
including quartz cementation, calcite cementation, and dissolution. Before the early period of oil charge, the diagenesis events are
dominated by moderate compaction, chlorite cementation, and dissolution, and the reservoir property is still high. It seems that
the time of late period oil charge is relatively long. With the growth of multiple types of authigenic minerals such as quartz, calcite,
and illite after or sometimes synchronously occurred with the late period oil charge, the porosity gradually decreases.

1. Introduction

With the development of global oil and gas industry, the
exploration of oil and gas continues to extend to deep and
ultradeep reservoirs. In recent years, exploration practice
has proved that there are rich oil and gas resources in the
deep reservoirs [1, 2]. More than 1000 oil and gas fields with
a depth of more than 4500 meters have been discovered
worldwide [3, 4].

Under deep conditions, the formation and evolution of
effective reservoirs have always been one of the key issues

for deep hydrocarbon migration and accumulation [5]. With
the increase of burial depth, the sedimentary strata experi-
enced various diagenesis events. Therefore, the porosity and
permeability properties of the reservoir are generally poor
and the distribution of reservoir physical properties shows
strong heterogeneity [2, 6].

Reservoir heterogeneity is the comprehensive result of
original sedimentation, diagenesis, and tectonic movements
[7, 8]. Influenced by the original sedimentary structure and
mineral composition, the diagenetic characteristics and dia-
genetic degree of different positions in the same sand body
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are completely different, resulting in different diagenetic evo-
lution and porosity reduction process [9, 10]. As a result, the
permeable rocks in the reservoir are separated by low- or
nonpermeability interlayers (such as fine-grained sandstone
layer rich in ductile grains and tight cemented nodules of
early carbonate). These low-permeability or impermeable
rocks are distributed in accordance with certain sedimentary
structures at different scales [11, 12]. Due to the influence of
these interbeds, the hydrocarbon migration behaviours in
such heterogeneous reservoirs are extremely uneven and

are far different from the traditional homogeneous reservoirs
[11, 12]. The study of heterogeneity and its effect on oil
charge is of great significance to the oil migration and
accumulation in such reservoirs and thus is crucial to oil
exploration.

In recent years, industrial oil breakthrough has been
achieved in Kepingtage Formation of Silurian in S9 well
block in Tarim Basin. However, the overall burial depth of
the Kepingtage Formation is generally between 5500 and
6500 meters. The physical properties of deep-buried
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Figure 1: (a) Regional geological map showing the structure features of Tarim Basin and the location of the study area. (b) Location of the
studied wells.
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reservoirs are generally poor and highly heterogeneous. The
characteristics and formation process of effective reservoirs
are unclear, which affects further exploration deployment.

In this paper, the tight sandstone of the Silurian Keping-
tage Formation in the S9 well block of Tarim Basin is taken as
a research example. Based on thin section observation, SEM,
and fluid inclusion analysis, the periods of hydrocarbon
charge are studied and the main diagenesis events causing
reservoir densification are analysed. In light of this, the rela-
tionship between oil emplacement and diagenetic evolution
is determined and the formation and evolution of effective
deep reservoirs is discussed.

2. Geological Background

Tarim Basin is located in northwest China, with an area of
56 × 104 km2. It is the largest petroliferous basin in inland
China. From north to south, the basin is divided into seven
major structural units: Kuqa depression, the Tabei uplift belt,

the Northern depression belt (the Awati sag and Manjiaer
sag), the Central uplift (the Bachu uplift, Tazhong uplift,
and Guchengxu uplift), the Southwest depression belt, the
Tadong uplift, and Southeast depression (Figure 1(a)). The
study area is located in the southern part of the Shuntuoguole
low uplift, adjacent to the Tabei Uplift in the north, Tazhong
Uplift in the south, and Manjiaer sag in the east, which is a
relatively stable paleostructural unit (Figure 1(b)).

The Shuntuoguole region has experienced multistage tec-
tonic evolution. In the early Caledonian period (Cambrian to
Middle Ordovician), the Shuntuoguole region was in the
stage of weak extension within the craton and experienced
regional stable tectonic subsidence [13]. In the middle Cale-
donian (Ordovician), the area is in the stage of craton uplift
formation under compression. At the end of the Late Ordo-
vician, Tazhong uplift and Tabei uplift on the north and
south side of the Shuntuoguole low rise were fully formed,
and the overall compression state lasted until the late Caledo-
nian to early Hercynian (Silurian to Devonian) [14]. In the
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Figure 2: Generalized stratigraphic column of the Well S9 Block in Tarim Basin.
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middle and late Hercynian (Carboniferous to Permian),
affected by continuous uplift of Tabei uplift, the Shuntuoguole
low rise was also further uplifted [15]. During Indosinian to
Yanshanian (Triassic to Cretaceous), the Shuntuoguole region
continued to be buried and the present structural pattern was
formed in the Himalayan period [15, 16].

The Tarim Basin was in a stable subsidence period during
Silurian in which coastal and shallow marine sandy clastic
sedimentary system was developed [17–19]. The Silurian
strata in the study area are Kepingtage formation, Tataertage
formation, and Yimugantawu formation from bottom to top
(Figure 2). The target strata of this study can be further sub-
divided into upper, middle, and lower members (Figure 2).
During the sedimentary of the lower member (S1k

1), the
strata on both the north and south side of the Tarim Basin
were uplifted and eroded under the influence of the North-
South tectonic compressive stress. With sufficient terrige-
nous clastic supplies, the coastal to shallow shelf sedimentary
system was developed in the study area [19]. During the sed-
imentary of the middle member (S1k

2), the study area is
dominated by shallow marine shelf mud affected by trans-
gression [17], forming a good reservoir-cap assemblage with
the lower member of the Kepingtage formation [20–22].
Shoreface and tidal flat sand bodies were developed in the
upper member of Kepingtage formation, forming an ideal
reservoir-cap assemblage with the red mudstone of the over-
lying Tataertag formation (Figure 2).

The study area is close to Manjiaer hydrocarbon genera-
tion sag, in which two sets of high-quality source rocks are
developed: the Cambrian and the Lower Ordovician source
rocks, providing superior oil source conditions [23, 24]. With
multistage tectonic movements in the Tazhong area, the two
source rocks experienced three peaks of hydrocarbon gener-

ation and expulsion: Middle-Late Ordovician, Permian-Tri-
assic, and Paleogene-Neogene. The first two stages are
dominated by oil generation, while the later stage is domi-
nated by gas generation [24]. Under the multistage tectonic
movements, a series of NE trending strike-slip faults were
developed in the study area (Figures 1(b) and 3), along which
the deep oil and gas can migrate vertically and then migrate
laterally in Silurian reservoirs [25–27].

3. Methodology and Samples

As oil discoveries are mainly located in the lower member of
the Kepingtage Formation, therefore, only the S1k

1 reservoir
is targeted for detailed study in this paper. Based on the core
observations of six wells (S9, S901, S902H, S903, S904, S10),
twenty-four selective samples were collected regarding the
differences between oil-bearing level and grain size. By means
of porosity and permeability analysis, thin section, SEM, clay
mineral X-ray diffraction, and homogenization temperature
test of inclusions, the differences of petrology characteristics,
diagenesis, and hydrocarbon charge of different oil-bearing
reservoirs are analysed to clarify the origin of reservoir het-
erogeneity and the evolution process of Silurian Kepingtage
formation.

Porosity determination was by helium injection and per-
meability to air under unstressed conditions. 24 samples are
measured and 92 measurements are collected from the previ-
ous report by Sinopec.

All samples were impregnated with blue epoxy resin in a
vacuum to remove gas from the samples. Modal point count
analysis was carried out on all samples to investigate grain
size, mineralogy, pore type, and pore volume (300 points in
each section). Selected samples were examined for the habits
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Table 1: Summary point count data and sample petrophysical properties.

(a)

Well Depth Petrofacies
Textural characteristic Thin section porosity (%) Core measurement

Sorting
(class)

Roundness
(class)

Median grain size
(μm)

Total Primary Secondary
Porosity
(%)

Permeability
(mD)

S9 5578.95 A G SA-SR 266 4.4 3.2 1.2 8 0.51

S9 5580.1 B G SA-SR 164 1.4 0.01

S9 5581.22 A M SA-SR 264 2.8 1.9 0.9 7.5 0.53

S9 5584.37 A G SA-SR 248 3.6 3 0.6 9 0.4

S9 5584.75 A G SA-SR 228 2.2 1.6 0.6 7.5 0.26

S9 5586.43 B G SA-SR 157 2.3 0.05

S9 5605.41 B G SA-SR 159 0.3 0.3 5.3 0.02

S901 5503.84 B G SA-SR 179 2.9 0.02

S901 5508.72 A G SA-SR 220 0.5 0.5 6.1 0.05

S901 5512.08 A G SA-SR 257 2.8 2 0.8 9.2 0.15

S902H 5516.07 A G SA-SR 264 0.7 0.7 5.8 0.18

S902H 5522.31 A G SA-SR 221 1.2 0.7 0.5 7.51 0.09

S902H 5522.81 A G SA-SR 220 1.9 1.6 0.3 7.55 0.23

S902H 5517.17 A M SA-SR 228 0.5 0.5 5.4 0.23

S902H 5527.09 A G SA-SR 208 1.2 0.9 0.3 7.7 0.09

S902H 5527.16 A G SA-SR 200 0.5 0.5 7.2 0.13

S902H 5528.79 A G SA-SR 253 2.3 1.5 0.8 8.1 0.44

S903 5576.52 B G SA-SR 146 2.1 0.11

S903 5580.36 A M SA-SR 230 1.3 0.7 0.6 7.4 0.84

S903 5593.97 B G SA-SR 153 2.9 0.05

S903 5603.48 A G SA-SR 250 3.3 1.9 1.4 7.9 0.1

S904 5574.15 A G SA-SR 251 2.4 1.6 0.8 8.8 0.07

S904 5576.58 A G SA-SR 225 2.1 1.4 0.7 8 0.2

S10 5692.86 A G SA-SR 220 1.7 1.5 0.2 7.8 0.15

(b)

Well Depth
Detrital grains (%) Authigenic minerals (%)

Clay minerals
(%)

Quartz Feldspar Rock fragment Pseudomatrix
Ductile
grains

Quartz
overgrowth

Calcite
Clay

minerals
I/S It C I/S,S

S9 5578.95 42.1 8.5 49.4 2.5 16.1 2.1 0.3 1.5

S9 5580.1 28.1 5.8 66.1 25.6 28.6 5.0 25 24 51 20

S9 5581.22 40.5 3.8 55.7 4.8 12.8 2.1 1.0 1.0

S9 5584.37 48.6 6 45.4 3.3 11.6 0.7

S9 5584.75 38.4 7.2 54.4 5.5 15.4 2.0 0.8 2.0

S9 5586.43 31.4 2.3 66.3 16 25.7 4.5 50 24 26 20

S9 5605.41 30.7 6.8 62.5 14.6 24.1 0.2 4.0 20 20 60 15

S901 5503.84 32.8 5.4 61.8 12.3 21.6 5.0 54 36 10 20

S901 5508.72 42.3 5.7 52 8.4 17.8 3.3 0.1 1.0 31 18 51 15

S901 5512.08 53.6 8.1 38.3 3.1 10.7 1.3

S902H 5516.07 41.3 6 52.7 2.7 12.3 4.5 2.0 46 29 17 20

S902H 5522.31 37.5 8.1 54.4 4.5 16.7 1.6 2.5 29 18 53 15

S902H 5522.81 48.3 2.6 49.1 6.5 17.1 0.6 30 10 60 15

S902H 5517.17 33.7 5.2 61.1 13.1 20.6 0.4 1.2 1.0 45 21 34 15

S902H 5527.09 48.9 4.7 46.4 8.6 19.3 2.1
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of diagenetic minerals and textural relationships between
diagenetic minerals using scanning electron microscopy
(SEM).

X-ray diffraction analysis was undertaken on the <2μm
fraction of 14 samples to establish the clay mineralogy.
Clay-fraction XRD analyses were run airdried, after solvation
with ethylene glycol vapor overnight, and after heat treat-
ment at 350°C for 2 hours.

All samples were made into 100-μm-thick doubly
polished thin sections for oil-filled inclusions petrographic
studies. By using incident ultraviolet light and transmitted
white light with a Nikon 80I microscope, the pore bitumens
(free oils and solid bitumens) and oil-filled inclusions were
identified and classified. Their paragenetic sequences were
also observed. The wavelength of the emission fluorescence
is greater than 420nm. The fluorescence spectra of individual
oil-filled inclusion were acquired using a HORIBA IHR320
Core3 miniature fiber optic spectrometer.

4. Results and Analysis

The petrology, structure, type, and content of authigenic
minerals and physical properties of 24 core samples are
tested. The results are shown in Table 1.

4.1. Physical Properties. The overall reservoir property of the
reservoir is tight, with porosity of 1.4%-9.2% and average

value of 6.3%, permeability of 0:01 − 2:84 × 10−3 μm2 with
an average value of 0:38 × 10−3 μm2 (Table 1 and Figure 4).
The present thin section porosity is low (0-4.4%), and the
pore type is mainly residual primary intergranular pore
(0.2-3.2%), which is generally irregular triangle or polygon.
In addition, some intergranular and intragranular dissolu-
tion pores are developed, but the proportion is relatively
low (0.2-1.4%).

4.2. Petrology. According to the thin section identification
and statistical analysis of the above samples, the lower mem-
ber of the Silurian Kepingtage formation in the study area are
all classified as litharenite using the classification of Folk [28]
(Figure 5). The average content of detrital quartz grains is
40.9%, which is dominated by single crystal quartz and a
small amount of polycrystalline quartz and chert. The rock
fragment has an average content of 53.3%, mainly comprised
of metamorphic rock fragments and sedimentary rock frag-
ments, indicating the composition maturity is relatively
low. The content of feldspar is low, with an average content
of 5.7%. The sandstones are mainly fine-grained, and the
median grain size is 146-266μm. Sorting varied from good
to medium, and the roundness is generally subangular to
subrounded (Table 1).

Table 1: Continued.

Well Depth
Detrital grains (%) Authigenic minerals (%)

Clay minerals
(%)

Quartz Feldspar Rock fragment Pseudomatrix
Ductile
grains

Quartz
overgrowth

Calcite
Clay

minerals
I/S It C I/S,S

S902H 5527.16 46.9 6.1 47 4.2 14.6 1.6

S902H 5528.79 52.3 5.9 41.8 3.3 11.8 3.1 0.5

S903 5576.52 26.8 4.1 69.1 19.5 26.5 34 33 33 20

S903 5580.36 46.4 7.2 46.4 2 12.9 2.1 0.5 25 28 47 15

S903 5593.97 31.7 5.6 62.7 16.9 24.8 20 13 67 15

S903 5603.48 49.5 5.7 44.8 4.1 14.3 2.0 26 14 60 15

S904 5574.15 49.3 4.9 45.8 5 13.8 1.8 2.0

S904 5576.58 45.6 6.7 47.7 4.3 14.1 1.3 0.3 1.5

S10 5692.86 35.7 5.2 59.1 3.7 15.6 1.7 1.0 22 20 58 15
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Figure 4: Reservoir physical properties of Kepingtage Formation.
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4.3. Diagenesis. Based on the observation of petrology,
physical property, and diagenesis of 24 samples, two sand-
stone petrofacies have been recognized (Table 1) according
to the differences of reservoir physical properties, oil-bear-
ing, ductile grain content, and diagenesis type and degree
(Table 2). Petrofacies A sandstones are all oil-bearing with
relatively good physical properties, coarser grain size, and
ductile grain content less than 20%, in which multistage
and multitype diagenesis occurred. However, the physical
properties of Petrofacies B are generally poor and no oil
show was found. They are relatively fine grain size and
have ductile grain content of more than 20%, and thus,
the diagenesis of these sandstones is dominated by strong
compaction.

4.3.1. Petrofacies A. Petrofacies A sandstones are mainly fine
to medium grained, with the median grain size values of 200-
266μm. In Petrofacies A sandstones, the thin section poros-
ity ranges from 0.5% to 4.4%. The pore types are mainly
residual intergranular pores (0.5-3.2%), and a small number
of secondary porosity (0.2-1.4%) are developed, which are
mainly composed of intragranular dissolution pores of min-
erals such as feldspar and rock fragment (Figures 6(a), 6(b),
7(a), and 7(b) and Table 1). It is found that the content of
ductile grains in Petrofacies A is less than 20%. It could be
seen that some ductile grains (i.e., metamorphic rock frag-
ments) are strongly compacted and deformed, blocking the
primary intergranular pores (Figure 6(a)).

In Petrofacies A sandstones, authigenic minerals are
dominated by quartz overgrowth (0.2-4.8%), clay minerals
(0.5-5.0%), and calcite cement (0.1-1.2%) (Table 1). Quartz
overgrowth is very common in the study area. They often
grow around detrital quartz grains with thickness varies from
a few microns to tens of microns (Figures 6(b)–6(h)). In
some cases, it can be seen that the quartz overgrowth could
grow thick enough so that part of the overgrowth is located
in adjacent rock fragment dissolution pore (Figures 6(c)
and 6(d)), indicating that there is at least one stage of disso-
lution prior to the quartz precipitation.

Calcite cements are often patchy filled in primary
intergranular pores (Figures 6(c), 6(d), 6(g), and 6(h)).
Sometimes, they could also occur as grain replacements of
feldspars, rock fragments, and quartz overgrowths
(Figures 6(c), 6(d), and 7(c)). Most microscopic petrological
evidence indicates that calcite precipitated after the quartz
overgrowth (Figures 6(c) and 6(d)), but in a few cases, the
lattice defect of quartz overgrowth can be seen due to the
calcite preoccupied the pore space (Figure 6(g)). It is sug-
gested that these two authigenic minerals exhibit a compet-
itive growth relationship and precipitation may occur at
the same time.

The X-ray diffraction analysis of clay minerals shows that
the main clay minerals are chlorite, illite, and mixed layers of
illite-smectite (Table 1). The relative content of chlorite
ranges from 17% to 60% (Table 1), which mainly occurs as
grain riming. Most of the chlorite grain rims underlie quartz
overgrowth (Figure 6(e)). SEM results showed that although
the surface of the quartz is coated by chlorite rims, the growth
of quartz cement was not prevented (Figure 7(d)). The chlo-
rite rims also developed on the surface of quartz overgrowths
or rock fragments (Figures 7(e) and 7(f)), indicating that
there were two stages of chlorite precipitation and the second
stage of chlorite film formed later than quartz overgrowth.
The relative content of illite is mainly 10-29% (Table 1).
The illite is often filled in pores or attached to the grain sur-
faces in flaky or fibrous form (Figure 7(g)). The relative con-
tent of mixed layers of illite-smectite is 22-46% (Table 1),
which is mainly attached on grain surface or as pore fillings
(Figure 7(h)).

4.3.2. Petrofacies B. The grain size of Petrofacies B sandstone
is generally fine with median grain size of 146-180μm
(Figures 6(i) and 6(j)), reflecting weak hydrodynamic condi-
tions during deposition. As a result, the ductile grain content
is higher than 20% with a maximum number of 28%. The
ductile grains are mainly comprised of low-grade metamor-
phic rock fragments and mica. The overall capacity of com-
paction resistance of Petrofacies B sandstones is relatively
weak compared with Petrofacies A sandstones. Therefore,
the diagenesis is dominated by strong compaction. There is
no obvious thin section porosity (core test porosity is less
than 5%) (Table 1). It is often seen that the mineral grains
in Petrofacies B sandstones are distributed directionally
under strong compaction, and some ductile grains are
squeezed into the pores to form pseudomatrix (Figures 6(i)
and 6(j)). Therefore, the content of pseudomatrix in this kind
of reservoir is higher than that in sandstone of Petrofacies A
(Table 1). As the majority of pores in this kind of sandstone
are destroyed by compaction, there are no other authigenic
minerals except clay minerals. X-ray diffraction analysis of
clay minerals shows that chlorite, illite, and mixed layers of
illite-smectite are the main clay minerals in Petrofacies B
(Table 1), with relative contents of 10-67%, 13-36%, and
20-54%, respectively.

4.4. Pore Bitumens and Oil-Filled Inclusions. The oil shows of
the two types of sandstone are quite different. There is no
hydrocarbon fluorescence displayed in Petrofacies B
sandstone, indicating that hydrocarbon charge has never
occurred. On the contrary, there are various hydrocarbon
shows in the Petrofacies A sandstones. It can be seen that
solid bitumens and oil asphaltenes exist in different forms.

Table 2: Summary of reservoir characteristics of Petrofacies A and B.

Petrofacies Median grain size (μm) Ductile grains (%) Pseudomatrix (%) Porosity (%) Permeability (mD) Oil beaing

A 200-266 (236) 10.7-20.6 (14.8) 2-13.1 (4.9) 5.4-9.2 (7.5) 0.05-0.84 (0.14) Yes

B 146-179 (160) 21.6-28.6 (25.2) 12.3-19.5 (16.0) 1.4-5.3 (2.6) 0.01-0.11 (0.04) No
∗ The format in Table 2 is minimum-maximum (median).

7Geofluids



200 𝜇m

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6: Continued.
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4.4.1. Oil Inclusion Petrography. Abundant free oil asphal-
tenes and solid bitumens are observed in Petrofacies A
sandstones. The solid bitumens are black and opaque under
transmitted light and are nonfluorescent under UV light.
They are mainly filled in primary pores and dissolved cleav-
age cracks of feldspar grains (Figures 8(a) and 8(b)). They
also occur as inclusions in quartz overgrowth (Figures 8(e)
and 8(f)) and calcite cement (Figures 8(g) and 8(h)), indicat-
ing that the solid bitumen exists before the precipitation of
quartz and calcite cement. The oil asphaltenes are black
under transmitted light and yellow-white and blue under
UV light with dominant fluorescence color of yellow-white.
Similar as the solid bitumens, these oil asphaltenes are com-
monly seen in residual primary pores or adsorbed on the
surface of feldspars and rock fragments (Figures 8(a)–8(d)).

Apart from free oil asphaltenes, the oil inclusions were
also found in authigenic minerals. The size of these oil inclu-
sions is generally between 5 and 10μm, a few of them are
larger than 10μm, and the gas-liquid ratio is between 5%
and 10%. The yellow-white fluorescent oil inclusions are
the most common. They occur in large quantities in quartz
overgrowth and calcite cement (Figures 8(e)–8(h)), indicat-
ing that oil charge occurred before or at least during cemen-
tation. It should be noted that sometimes solid bitumens and
yellow-white fluorescent oil inclusions are simultaneously
trapped in the same quartz overgrowth (Figures 8(e) and
8(f)) or calcite cement (Figures 8(g) and 8(h)). The content
of blue fluorescent oil inclusions is less; they are often
captured as thin oil films or single inclusion in quartz
overgrowth (Figures 8(i) and 8(j)). No blue fluorescent oil
inclusion is found in calcite cement.

UV-visible microfluorescence spectra of single oil inclu-
sion from representative samples are presented in Figure 8.
It can be seen that the fluorescence spectrum characteristics

of oil inclusions diverse with different fluorescence colors
(Figure 9). Microfluorescence spectra of yellow-white fluo-
rescent oil inclusions have a maximal intensity wavelength
(λmax) at approximately 550-560 nm, whereas the spectra
of blue fluorescent oil inclusions have a λmax at 480-500 nm.

4.4.2. Fluid Inclusion Microthermometry. In this study, based
on the observation of hydrocarbon inclusions, the homoge-
neous temperature of gas-liquid two-phase aqueous fluid
inclusions associated with oil inclusions were measured. As
shown in Figure 9, the homogenization temperature of aque-
ous inclusions associated with hydrocarbon inclusions in the
Kepingtage Formation is between 60 and 130°C. However,
the homogenization temperature of aqueous inclusions asso-
ciated with oil inclusions of different fluorescence colors var-
ies (Figure 10). The temperature of aqueous inclusions
associated with yellow-white fluorescent oil inclusions is
between 60 and 130°C with peaks at 90-100°C. The homoge-
nization temperature of aqueous inclusions associated with
blue fluorescent oil inclusions is between 70 and 130°C with
peaks at 100-110°C. The temperature of aqueous inclusions
associated with solid asphalt was not measured.

5. Discussion

The heterogeneity of sedimentary reservoirs is very common
and many previous studies have been conducted [29, 30].
However, when it comes to petroleum exploration-oriented
reservoir petrology, such heterogeneity is mostly covered up
by simple statistical analysis. For example, as shown in
Table 1, the test results of Kepingtage Formation in our study
are basically consistent with those observed by previous
scholars [31, 32]. However, many different understandings
have been obtained when we divided the reservoir into two

(i) (j)

Figure 6: Optical photomicrographs of sandstones (pore space is indicated in blue). (a) Sample 5583.47, well S9: the reservoir is dominated by
primary pores, note there are some metamorphic rock fragments which are extruded and deformed under compaction, blocking the primary
pores. (b) Sample 5580.36, well S903: partially dissolution of feldspar grain forming secondary porosity, note the quartz overgrowths are
occupying primary pores. (c, d) Sample 5516.07, well S901, plane-polarized light and cross-polarized light, respectively: the quartz
overgrowth is located in adjacent rock fragment dissolution pore and then partially replaced by later calcite cement. (e) Sample 5580.36,
well S903: chlorite developed as grain coating rims and engulfed by quartz overgrowths. (f) Sample 5692.86, well S10, two phases of quartz
overgrowths. (g) Sample 5528.79, well S902H: lattice defect of quartz overgrowth can be seen due to the calcite cement preoccupied the
pore space. (h) Sample 5516.07, well S901: intense quartz overgrowth and no visible thin section porosity is observed. (i, j) Sample 5580.1,
well S9, plane-polarized light and cross-polarized light, respectively: the grains are distributed directionally under strong compaction, and
some ductile grains are squeezed into the pores to form pseudomatrix. Key: quartz (Qtz), metamorphic rock fragment (MRF), quartz
overgrowth (Qtz-o), Calcite (Ca), Chlorite (Chl), primary porosity (PP), secondary porosity (SP).
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petrofacies sandstones and made observation and statistical
analysis of the two sandstones individually.

5.1. Oil Charge History. Through the observation of fluores-
cence color of free oils and oil inclusion in the reservoir, it
is found that there are three types of asphalt in the reser-
voir: nonfluorescent solid bitumen, yellow-white fluores-
cent, and blue fluorescent oil asphaltenes. The alternate
occurrence of solid bitumens and oil asphaltenes in differ-
ent authigenic minerals indicates that the reservoir may
have experienced multiple stages of oil charge [33, 34].
Although the homogenization temperature of aqueous fluid
inclusions associated with nonfluorescent solid bitumens
was not measured, it is generally recognized by previous
studies that the solid bitumens are the product of the
destruction of paleooil reservoirs in late Caledonian (late
Silurian) [33, 35, 36]. In the late Caledonian period, the
strata in Tazhong area were uplifted and strongly eroded
due to the north-south tectonic compressional stress [11].
The preexisted oil reservoirs have been uplifted to the sur-
face and experienced strong water washing, oxidation, and
biodegradation. The oils in the reservoir are finally evolved
to the nonfluorescent black solid bitumen [35], which rep-
resent the earliest stage of oil charge.

The fluorescence color of oil asphaltene is closely related
to its physical and chemical properties. With the increase of
oil maturity, the fluorescence color of oil asphaltene changes
in turn from yellow-white to yellow-green and then to blue
[37]. The difference of maturity is also reflected in the UV-
visible microfluorescence spectra of oil inclusions. With the
decrease of λmax, the fluorescence color of petroleum inclu-
sions appears blue shift, which indicates that the oil maturity
of inclusions increases. Conversely, with the increase of
λmax, the redshift phenomenon appears and the maturity
decreases [38]. As shown in Figure 10, the λmax of blue fluo-
rescent oil inclusions is mainly distributed in the range of
480-500 nm, which is generally smaller than that of yellow-

white fluorescent oil inclusions, indicating that the maturity
of blue fluorescent oil inclusions is relatively high.

However, it cannot be determined that the two oil asphal-
tenes with different fluorescence colors represent two periods
of oil charge. The homogenization temperature test results
show that the homogenization temperatures of aqueous fluid
inclusions associated with these two fluorescent oil inclusions
are not significantly different (Figure 10), indicating that the
charge time of the two oil inclusions is relatively close. How-
ever, the peak homogenization temperature of aqueous
inclusions associated with blue fluorescent oil inclusions is
slightly higher than that of yellow-white fluorescent oil inclu-
sions (Figure 10). According to the occurrence sequence of
authigenic minerals and oil inclusions, it can be seen that
the blue fluorescent oil inclusions are captured in the second
phase of quartz overgrowth, while the yellow-white fluores-
cent oil inclusions are trapped in the first phase of quartz
overgrowth, which may indicate that the blue fluorescent
oil charge occurs later (Figures 8(i) and 8(j)). Combined with
the previous research on thermal and burial history in the
northern slope of Tazhong [33, 36], it can be seen that the
charge time of yellow-white fluorescent asphaltenes and blue
fluorescent asphaltenes is obviously different, but it is diffi-
cult to divide them into different periods. Therefore, it is con-
sidered that there are two episodes of oil charge in the same
period of late Hercynian (Figure 11). Therefore, we believe
that the Silurian Kepingtage formation has experienced two
periods and three episodes of oil charge: late Caledonian
and late Hercynian.

5.2. Relationships between Diagenetic and Hydrocarbon
Charge. Among all the samples collected in the study area,
only the Petrofacies A sandstones have experienced multiple
types of diagenesis and multiple periods of oil charge. In
order to clarify the type of reservoir diagenesis and the phys-
ical properties during the key oil charging period, different
periods of oil charges were used as time marks to analyse

(g)

HV
20.0 kV

Sport
4.0

Mag
3219x

WD
8.9 mm

Det Pressure 20.0 𝜇m
ETD ---

(h)

Figure 7: (a) Sample 5581.22, well S9, dissolved cleavage cracks of feldspar grain. (b) Sample 5508.72, well S901, partially dissolved feldspar
grain. (c) Sample 5528.75, well S902H: quartz overgrowth occurs before calcite cement. (d) Sample 5584.75, well S9: the chlorite occurs as
grain rimming and engulfed by quartz overgrowth. (e) Sample 5508.72, well S901: the quartz overgrowths are filled in the intergranular
pores, and the chlorite is attached on the surface quartz overgrowth. (f) Sample 5584.75, well S9, chlorite film developed on quartz
overgrowth. (g) Sample 5516.07, well S902H: occurrence of platy and fibrous illite. (h) Sample 5586.43, well S9: mixed layers of illite-
smectite. Key: quartz overgrowth (Qtz-o), calcite (Ca), chlorite (Chl).
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the diagenesis processes that happened before and after the
oil charge.

For Petrofacies A, before the first period of oil charge
(late Silurian), with the rapid burial depth of the strata, the
main diagenesis is mainly compaction. In addition, authi-
genic minerals are not developed apart from a small amount
of chlorite in the form of grain coating (Figure 7(d)). In late
Caledonian, a series of strike-slip faults and echelon faults
were formed in the study area under the action of strong tec-
tonic compression, which connected deep oil sources [27,
39]. During this period, the oil began to charge (Figure 11).
Compared with the Petrofacies B sandstone, the Petrofacies
A sandstone has higher porosity and permeability so that
the latter is preferentially charged by oil. Due to continuous
uplift and formation exposure, the first period of oil accumu-
lation was destroyed and the crude oils gradually turned into
black solid bitumen (Figures 8(a) and 8(b)). Before the first

(i)

(i)

(j)

(j)

Figure 8: Optical photomicrographs of oil asphaltenes and solid bitumens under transmitted light (left) and UV light (right). (a, b) Sample
5603.48, well S903, black solid bitumen and yellow-white fluorescent free oils charged along dissolved cleavage cracks of feldspar grains; (c, d)
Sample 5584.75, well S9, blue fluorescent free oils charged along dissolved cleavage cracks of feldspar grains. (e, f) Sample 5517.17, well
S902H, black solid bitumens, and yellow-white fluorescent oil films were found in the same quartz overgrowth. (g, h) Sample 5580.36, well
S903, black solid bitumen, and yellow-white fluorescent oil inclusions were captured in calcite cement. (i, j) Sample 5512.08 well S901, two
phases of quartz overgrowth are observed, black solid bitumen and yellow-white fluorescent oil film coexist in the first phase of quartz
overgrowth while in the second phase of quartz overgrowth the blue fluorescent oil film and inclusions were observed. Key: quartz
overgrowth (Qtz-o), calcite (Ca), S-Bit (Solid bitumen).
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Figure 9: Microfluorescence spectra of oil inclusions with (a) blue and (b) yellow-white fluorescence colors.
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period oil charge, the organic acid expelled during the matu-
ration of organic matters plays a key role in the improvement
of reservoir physical properties by dissolution. It is often seen
that feldspar and other unstable aluminosilicate minerals are
dissolved to form secondary pores and, then, filled with black
solid bitumens (Figures 6(a), 7(a), 7(b), 8(a), and 8(b)). Based
on petrological evidence, the diagenetic sequence of Petrofa-
cies A sandstones before the first period of oil charge should
be the following: chlorite film→dissolution→first period of
oil charge and paleo oil reservoir destruction (Figure 11).

After the first period of oil charge, the Kepingtage Forma-
tion continued to be buried deep and the reservoir tempera-
ture continued to increase, a series of dissolution and
cementation began to take place on a large scale, and the sec-
ond period of oil charge occurred in the late Hercynian. At
this time, Petrofacies B sandstone has already completed
densification, but Petrofacies A still has medium porosity
and permeability conditions. During this period, the source
rock has entered into high maturity stage [24, 39]. Further
dissolution of unstable minerals such as feldspar and rock
fragments has taken place, creating secondary pores as
migration pathways and storage spaces for oil migration
and accumulation. Under UV light, it can be seen that dis-

solved cleavage cracks of feldspar are filled with yellow-
white fluorescent oil (Figures 8(a) and 8(b)). But at the same
time, under acidic conditions, the dissolution of feldspar and
the transformation of some clay minerals provide the neces-
sary sources for the precipitation of SiO2. And as the reser-
voir is buried deeper, the formation temperature gradually
rises to the critical temperature of large-scale siliceous
cementation [40–43]. In addition, the pressure dissolution
between quartz grains strengthens. Large amount of quartz
overgrowth begins to grow around the quartz grains
(Figures 7(c)–7(h)). In addition to compaction, quartz over-
growth is an important pore reduction diagenesis event in the
study area. When the quartz overgrowth is well developed,
almost all the pore spaces are filled (Figure 6(h)). However,
quartz overgrowth generally occurs after the yellow-white
fluorescent oil charge, evidenced by the fact that in most
cases, the black solid bitumens and the yellow-white fluores-
cent oil can be simultaneously captured in the same quartz
overgrowth (Figures 8(e) and 8(f)). It indicates that the crude
oil charge occurs before or at least simultaneously with the
quartz overgrowth. As the burial depth is further increased,
the maturity of the source rock also increases, and oils with
higher maturity are charged into the targe reservoirs along
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Figure 11: Diagenetic sequences and burial-thermal history of the Kepingtage Formation of S9 well block with timing of two period of oil
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the fault, and they appear as blue fluorescent oil asphal-
tenes in the reservoir. According to the emplacement rela-
tionship between diagenetic minerals and oil asphaltenes, it
can be seen that the blue fluorescent oil inclusions are cap-
tured in the second phase of quartz overgrowth, while in
the first phase of quartz overgrowth, the black solid bitu-
men and yellow-white fluorescent oil were captured
(Figures 8(i) and 8(j)), indicating that the blue fluorescent
oil is charged later than the yellow-white fluorescent oil.
With further increase in temperature and pressure, the
consumption of organic acids together with the transform
of clay minerals, the pH of the pore fluid increased and a
small amount of calcite cement began to precipitate
(Figures 7(c)–7(f)). In the calcite cement, solid asphalt
and yellow-white fluorescent oil inclusions can be seen at
the same time, indicating that its formation period is later
than the two periods of oil charge.

In summary, after the second period of oil charge, the
densification of the reservoir was intensified under further
burial compaction and large scale of quartz overgrowth.
The diagenetic sequence in this period is the following:
dissolution→yellow-white fluorescent oil charge→quartz

overgrowth I→blue fluorescent oil charge→quartz over-
growth II→calcite cementation (Figure 11).

The content of ductile grains in Petrofacies B is very high
(>20%) (Table 1). The diagenesis is dominated by strong
compaction and the porosity decreases rapidly. Except for
some clay mineral precipitations, there are no other authi-
genic minerals in this kind of reservoir, which indicates that
the pores of the reservoir have been destroyed in the early
stage of shallow burial. According to the burial history of
the study area (Figure 11), the burial depth of the reservoir
has reached to 2000 meters before the first period of oil
charge. Therefore, it is speculated that the reservoir has
already become tight before the first period of oil charge (cor-
responding to the period of solid bitumen charge in Petrofa-
cies A) and nearly no pore space is left for oil migration and
accumulation.

5.3. Control of Sandstone Petrology on Diagenesis and
Reservoir Quality. Petrofacies B sandstones and Petrofacies
A sandstones coexist in the same bed and have an alternating
distribution (Figure 12). While experiencing the same burial
process, the two petrofacies had reached very different
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reservoir properties. Petrofacies A has better reservoir quality
than Petrofacies B. This difference is mainly dominated by
diagenesis changing the original pore structures of
sandstones via ductile grain-induced compaction. Previous
compaction physical simulation experiments show that the
porosity reduction rate can reach to more than 80% at the
equivalent burial depth of 1000m in those reservoirs with
the ratio of ductile grains to quartz grains of 1 : 1 [29]. Petro-
facies B have higher contents of ductile grains and thus
experienced stronger compaction than Petrofacies A. In
Petrofacies B sandstone, a certain number of ductile grains
is squeezed into the pores under strong compaction to form
pseudomatrix (Figures 6(i) and 6(j)). As shown in
Figure 13(a), the higher the content of ductile grains, the
higher the content of pseudomatrix, and the worse the reser-
voir physical properties (Figure 14).

The abundance of ductile grains is well correlated with
grain size controlled by the sedimentary hydrodynamic con-
ditions. The statistical results show that the finer the grain
size of the reservoir, the higher the content of ductile grains
(Table 1, Figure 12(b)). The Kepingtage Formation is mainly
developed in shallow shelf sedimentary system in the study
area [19]. As shown in Figure 12, the sand body of Keping-
tage formation in the study area is actually formed by a ver-
tical stack of a series of sand bars.

By detailed core description, combined with the classifi-
cation of reservoir petrofacies, it is found that the Petrofacies
A sandstone is mainly developed at the top of the sand bar,
while the Petrofacies B sandstone is mainly developed at
the middle and lower part of the sand bar where the deposi-
tional energy is low (Figure 12). Therefore, the physical
properties of Petrofacies A are generally higher than that of
Petrofacies B.

It is inferred that the hydrodynamic condition of the sed-
imentary environment controls the original grain composi-
tion of the reservoir, which in turn controls the intensity of
compaction and whether hydrocarbon charge can occur.
Therefore, the future work should focus on the study of sed-
imentary sand body architecture to predict the distribution of
sand bodies with high content of ductile grains. On the basis
of this, the reservoir heterogeneity model could then be built
and oil and gas migration simulations could be carried out to
predict the distribution of oil-bearing reservoirs.

6. Conclusion

(1) The sandstone of the Silurian Kepingtage Formation
is dominated by litharenite sandstone. According to
the difference in reservoir physical properties, oil-
bearing, the content of ductile grains, and the type
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Figure 14: Relationships between reservoir ductile grain content and porosity (a) and permeability (b).
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and degree of diagenesis, it can be further divided
into two types of petrofacies. The content of ductile
grains in Petrofacies B sandstones is generally greater
than 20%, and the reservoirs are extremely tight
under intense compaction. However, the content of
ductile grains in Petrofacies A sandstone is low, and
the reservoir has relatively better porosity and
permeability

(2) The reservoirs of the Kepingtage Formation have
generally experienced two periods of oil charge: late
Caledonian and late Hercynian. After the early Cale-
donian oil charge, the formation was uplifted and
eroded, and the paleo oil reservoir was destructed
and the oil turned into black nonfluorescent solid
bitumens. In the late Hercynian, two episodes of oil
charges occurred in Petrofacies A sandstones. Under
UV light, they are yellow-white fluorescent oils and
blue fluorescent oils, respectively

(3) Due to strong compaction in Petrofacies B, severe
densification has occurred before the first period of
oil charge; therefore, no oil charge has occurred. On
the contrary, various types of diagenetic events
occurred in Petrofacies A sandstones, such as quartz
overgrowth, calcite cementation, and dissolution.
These authigenic minerals occurs alternately with
hydrocarbon charge or sometimes they occur
simultaneously
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