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The distribution of solid bitumen in the Devonian carbonate reservoir from well Desheng 1, Guizhong Depression, was investigated
by optical microscope and hydrocarbon inclusions analysis. Vb and chemical structure indexes measured by bitumen reflectance,
laser Raman microprobe (LRM), and Fourier transform infrared spectroscopy (FTIR) were carried out to determine the thermal
maturity of solid bitumen. Based on the solid bitumen thermal maturity, the burial and thermal maturity history of Devonian
carbonate reservoir were reconstructed by basin modeling. The results indicate that the fractures and fracture-related dissolution
pores are the main storage space for the solid bitumen. The equivalent vitrinite reflectance of solid bitumen ranges from 3.42% to
4.43% converted by Vb (%) and LRM. The infrared spectroscopy analysis suggests that there are no aliphatic chains detected in the
solid bitumen which is rich in aromatics C=C chains (1431-1440 cm ™). The results of Vb (%), LRM, and FTIR analysis demonstrate
that the solid bitumen has experienced high temperature and evolved to the residual carbonaceous stage. The thermal evolution of
Devonian reservoirs had experienced four stages. The Devonian reservoirs reached the highest reservoir temperature 210-260°C

during the second rapid burial-warming stage, which is the main period for the solid bitumen formation.

1. Introduction

Reservoir bitumen, a type of solid and amorphous organic
matter, is the product of maturation of organic matter and
can be regarded as a critical symbol to prospect hydrocarbon
reservoirs [1-5]. The origin of reservoir solid bitumen is
generally attributed to thermal cracking and nonthermal
cracking. The thermal events, such as the high overburden
temperature and the activity of igneous rocks, can gener-
ate the thermal gradual change bitumen and the thermal
spikes bitumen, respectively [6]. In the high temperature
geothermal-system, the light component chains of bitumen
are eventually alkanoylated to generate methane, and the
heavy component is condensed to form a polycyclic coke

bitumen residue characterized by a high carbon compound.
The pyrolytic bitumen represents the end product of oil
thermal cracking. The accumulation of pyrolytic bitumen in
reservoirs usually can be used to indicate industrial oil-gas
reservoirs. The formation of nonthermal cracking reservoir
bitumen is basically due to oxidation, biodegradation, water
washing, and deasphalting. Biodegradation is thought to
be the most common trigger to secondary alteration of
hydrocarbon and accounts for most of heavy oil in the world
[7-9].

The occurrence state and geochemical characteristics of
solid bitumen record the processes of hydrocarbon gen-
eration, migration, and accumulation. There is abundant
geological information which is useful for exploration and
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exploitation activities in oil and gas bearing basin. The
formation and evolution of bitumen are closely related to
the evolution history of oil-gas reservoirs, which are of great
significance to understand the history of oil and gas reservoirs
formation, reconstruction, and destruction [10-12].

Determination of the thermal maturity of solid bitumen is
very important to reconstruct the evolution history of reser-
voirs. Comparing with the bitumen reflectance detection,
the laser Raman microprobe (LRM) and Fourier transform
infrared spectroscopy (FTIR) can provide maturity informa-
tion from the chemical structure of solid bitumen. Depending
on the ordering degree of the molecular structure arrange-
ment and the change of chemical composition during the
thermal evolution, the Raman spectrum characteristic peaks
of carbonaceous organic matter show a systematic change
with the increase of maturity. Therefore, it can be used as an
indicator of Raman spectroscopy that reflects the maturity
of carbonaceous organic matter [13, 14]. The correlation
between the parameters of laser Raman spectroscopy and the
vitrinite reflectance of organic carbonaceous matter has been
studied, and several corresponding regression relationships
have been proposed [15-18]. Infrared spectroscopy is proven
to be an effective method in determining the structure and
composition of hydrocarbon organic matter [19, 20]. With
increasing maturity, the change of functional groups on
FTIR corresponds to the chemical structure conversion of
organic matter. During the process of thermal evolution, the
aliphatic bands are gradually reduced, to vanish eventually.
However, the absorption band of aromatic hydrocarbon will
correspondingly increase.

Guizhong Depression is one of the most important areas
for oil and gas exploration in the marine carbonate rocks,
southern China [21-24]. It is characterized by complex
tectonic evolution, multiple sedimentary systems, and multi-
stage hydrocarbon accumulations. Abundant oil-gas seepages
in the Guizhong Depression including 31 oil-gas seepages and
57 bitumen displays (32 of Devonian, 35 of Carboniferous,
15 of Permian, and 6 of Triassic) have been found previously
[25]. The abundant reservoir bitumen and oil sands not only
indicate the history of large-scale hydrocarbon generation,
migration, and accumulation in this area but also imply
the complexity and risk for oil and gas exploration in this
area. After having experience of oil and gas exploration in
this area for more than 40 years, it is generally accepted
that this area has the primitive geological conditions for the
formation of medium to large size oil-gas field. Although the
ancient reservoirs have undergone frequent destruction and
alteration, they may still have residual reservoirs [22, 23, 26].

In 2014, Sinopec deployed the deepest prospecting well
Desheng-1 (in what follows named as DSI) on the Desheng
biohermal lithologic traps in the Yishan fault depression,
north of Guizhong Depression. The drilling depth of well
DS1 was 5170.00 m, and its target drilling stratigraphic unit
was the Lower Devonian Yujiang Formation. There are no
obvious oil and gas shows in the target layer, but some reser-
voir bitumen shows were found in the Devonian carbonate
reservoir. The major objectives of this study were to (1)
investigate the distribution characteristics of solid bitumen
in the Devonian carbonate reservoir of well DS1 by physical
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property observation; (2) document the thermal maturity
of the reservoir solid bitumen by reflectivity detection and
chemical structure indexes analysis; (3) reconstruct the burial
and thermal maturity history of bituminous reservoir based
on the erosion thickness restoration and basin modeling
technique. Our results not only have theoretical significance
but also provide scientific guidance to oil and gas assessment,
strategic area selection, and exploration deployment in the
study area.

2. Geological Setting

The Guizhong Depression is located at the junction zone
between the southern margin of the Yangtze plate and the
southern Caledonian fold belt (Figure 1(a)). The Guizhong
Depression, covering approximately 4.6 x 10*km? is an
important part of the Nanpanjiang-Youjiang Basin [21, 27,
28]. This depression can be further divided into 13 subtectonic
units. The study area is located in the Yishan fault sag of the
Guizhong Depression (Figure 1(b)).

The Guizhong Depression is a large Late Paleozoic
marine sedimentary depression overlying the Caledonian
movement, which is mainly composed of the Upper Paleozoic
marine strata (Figure 2) [30]. During the Hercynian period
(D - P,), the study area gradually entered the passive con-
tinental margin depression stage. The sedimentary thickness
from Devonian to Early Permian is more than 14,000 m [23,
31]. The Lower Devonian was deposited in the tidal flat-shore
environment. During Middle and Late Devonian stage, this
depression was mainly filled with carbonate and mudstone
deposits, formed in the platform and interplatform environ-
ment. The Middle and Late Devonian was the main period
of reef development [26, 32]. After a brief erosion of the
Dongwu movement, the study area entered the Indosinian
period. Thick layer of clastic rocks was deposited from the
Late Permian to Middle Triassic in the study area [24]. By
the late stage of Middle Triassic, the marine sedimentary
history of the study area came to an end due to the basin-
mountain transition. During the Yanshan-Himalayan period,
the Guizhong Depression suffered continuous extrusion
uplift. There is less deposition of Triassic-Cretaceous deposit
retained by synclines in this study area, and the thickness is
about 1500 m [33].

The hydrocarbon accumulation condition of Guizhong
Depression was superior in the geological history [22]. The
residual bitumen stored in the famous Middle Devonian
paleoreservoir of Dachang reef is estimated to be tens of
millions of tons. Previous studies suggest that the original oil
accumulation could be more than 100 million tons [22, 24].
Therefore, the Devonian is the main target strata for the oil
and gas exploration in the study area (Figures 2 and 3). The
mudstone of the Middle Devonian Tangding Formation and
Luofu Formation deposited in the interplatform basin are the
main source rocks, and the dolomite and biohermal lime-
stone deposited in the platform are the main reservoir. Both
the mudstone and limestone of Upper Devonian deposited in
the interplatform basin and foreslope could be the potential
cap rock.
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FIGURE 1: (a) The location of the Guizhong Depression. (b) The subtectonic units of Guizhong Depression and the location of sampling wells.

3. Samples and Methods

3.1. Samples. We collected carbonate samples from Upper
Devonian Rongxian Formation and Middle Devonian Ying-
tang Formation and Donggangling Formation (Figure 2).
These formations were deposited in the reef subfacies of
the carbonate platform-platform edge. Yingtang Formation
is comprised of algal marl and black-gray dolomite. The
brachiopod fossils are distributed in the algae marlite, and
the thin layer of tiny asphalt particles can be observed
on the core cross-section. The Ist section of Donggangling
Formation is composed of a set of black-gray algae marl.
Rongxian formation developed the oolitic limestone and algal
mudstone, and gray-black sheet of highly evolved bitumen
can be seen on their core cross-section. Porosity types of
the carbonate reservoir can be divided into intraparticle pore
and interparticle pore within ooids, intergranular pore within
dolomite, dissolution pore and cave, microfracture, and so
forth.

In this study, reservoir solid bitumen observation and
hydrocarbon inclusions detection were carried out on the
carbonate reservoir samples. The laser Raman microprobe
analysis was used to determine the composition of the bitu-
men and hydrocarbon inclusions. The bitumen reflectance
detection, laser Raman microprobe, and Fourier transform
infrared spectroscopy (FTIR) were used to determine the
thermal maturity of solid bitumen. The burial and thermal
maturity history of carbonate reservoir bearing solid bitu-
men of well DS1 were reconstructed by using Basin Model

Simulation Software. FTIR analysis was performed at the
Materials and Chemical Analysis and Testing Center, China
University of Geosciences (Wuhan). All the other tests were
completed at the Key Laboratory of Structural and Oil and
Gas Resources, Ministry of Education, China University of
Geosciences (Wuhan).

3.2. Identification on Solid Bitumen and Hydrocarbon Inclu-
sions. 15 carbonate samples were selected to make the casting
thin section slides. The distribution characteristics of solid
bitumen and pore structure in these carbonate rocks were
studied by using the transmission microscope of Nikon
Eclipse LV100 POL, 5x (+). The surface porosity (within
bitumen or not) was also be estimated.

Six carbonate samples and 13 calcite vein samples were
selected to make double-side polishing thin sections and were
analyzed on the identification of hydrocarbon inclusions by
using Nikon Eclipse LVI00N POL, 100x (+).

3.3. Laser Raman Microprobe Analysis. The composition of
solid bitumen and hydrocarbon inclusions were analyzed
by the laser Raman spectroscopy. The Raman microprobe
analyses were collected with a JY/Horiba LabRam HR800
Raman system at room temperature of 25°C, equipped with a
frequency doubled Nd:YAG laser (532.06 nm) where output
laser power is 14 mW, and laser hit the surface of the sample
power is generally 2~12mW with the line width <0.1nm.
It was equipped with a 50x long-work-distance Olympus
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objective with a numerical aperture of 0.5. The aperture of
the confocal hole was set to 200 yum. Raman peak position
was regularly calibrated with the ~520.7cm™" band of a
polished silicon wafer. The spatial resolution was 0.1 ym in the
transverse direction and 0.3 ym in the longitudinal direction,
and the data was collected every 40 seconds.

3.4. Bitumen Reflectance Analysis. Limited by the sample
weight of the test required, only two solid bitumen samples
from Ist section of Upper Devonian Donggangling Formation
were selected for bitumen reflectance analysis. Jacob [34]
proposed that bitumen reflectance could be used as a maturity
parameter, due to the stochastic linear relationship between
the reflectances of vitrinite and bitumen. Several conversion
formulas between the bitumen reflectance and the vitrinite
were summarized by Jacob [34], Feng and Chen [35], and Liu
and Shi [36]:

R, = 0.6180R, + 0.4000 [34],

R, = 0.6790R, + 0.3195

base on pyrolysis simulation experiment [35],
@
R, = 0.6569R,, + 0.3364

base on natural thermal evolution [35],

R, = 0.6880R, + 0.3460 [36],
where R, is the vitrinite reflectance and R, the bitumen
reflectance.

Thermal maturity of the two solid bitumen samples
was determined by measuring bitumen reflectance and then
converting into the vitrinite reflectance by using the above
equations.

3.5. Fourier Transform Infrared (FTIR) Spectroscopy Analysis.
The solid bitumen samples from Upper Devonian Rongxian
Formation were analyzed by FTIR. Prior to the experiment,
2g of the bitumen powder sample was placed in a low-
temperature drying oven and dried less than 80°C. Samples
were fully mixed with potassium bromide in a ratio of
1:150, and then we placed the mixture in tablet press tested
by Thermo Infrared spectrometer. The test is based on
GB/T6040-2002 with the detection-ambient temperature of
23°C and the relative humidity of 53%. The infrared spectrum
of the bitumen organic matter is in the range of 4000~
400cm™.

3.6. Basin Modeling. One-dimensional modeling technology
can be used to simulate hydrocarbon generation and primary
migration, defined as movement of hydrocarbon through
and out of the source rocks [37]. BasinMod software was
used to carry out the one-dimensional modeling of burial
and thermal maturity history. According to the geological
background of the study area and conceptual model [15], the
instantaneous heat flow history model and the EASY% Ro
mature history model are used to simulate the thermal
evolution history of well DSI. The equivalent reflectivity of

bitumen and inclusions was used to calibrate modeling results
in this study [38, 39].

4. Results

4.1. Distribution Characteristics of Solid Bitumen. Thin sec-
tion analysis suggests that the solid bitumen is mainly
concentrated in the Upper Devonian Rongxian Forma-
tion (2860 m-2870m), Middle Devonian Donggangling
Formation (4210 m-4220m), and the Yingtang Formation
(4640 m-4655m). The surface porosity filled with solid
bitumen ranges from 3% to 8% and is slightly higher in the
Rongxian Formation.

Three main filling types of solid bitumen in the reservoir
have been observed: fracture filling, dissolution pore filling,
and recrystallization pore filling.

Fracture Filling. This filling type is mainly developed in
the limestone reservoirs. According to the characteristics
of fractures filled with solid bitumen, the fractures can be
divided into two types: structural fractures and diagenetic
dissolution fractures. Structural fractures are mainly found in
oolitic limestone of the Upper Devonian Rongxian Formation
(Figure 4(a)). The combination of main fracture with branch
fractures has the shear characteristics and is distributed in
the form of horsetail. The morphology of the ooids on the
two sides of the fractures is quite different. The surrounding
ooids were always cut through by the fractures, and the
broken ooids were filled or disseminated by the bitumen (Fig-
ure 4(b)). Diagenetic dissolution fractures display bending
and irregular shape and are commonly found in the limestone
reservoirs of all layers (Figures 4(c)-4(f)). In the algae marl
of the Middle Devonian Donggangling Formation, these
fractures are developed around large blocks of calcite crystals
(Figures 4(c) and 4(d)). In the black-gray limestone and algae
marl of the Middle Devonian Yingtang Formation, it was
shown that different fractures filling bitumen interpenetrated
each other (Figures 4(e) and 4(f)). This type of fracture
is generally filled with bitumen and a small amount of
microcrystalline calcite or fine-grained calcite.

Dissolution Pore Filling. This filling type of solid bitumen
is mainly distributed in the oolitic limestones of the Upper
Devonian Rongxian Formation. The dissolution pores of
ooids filled with solid bitumen are commonly distributed
around the microfractures (Figure 4(a)). The ooids close to
the fractures are inclined to be disseminated be by bitumen,
but the ooids far away from the fractures are well preserved.
The solid bitumen within the dissolved ooids displays floc-
culent and pure black. The filling substance between ooids is
mainly composed of microcrystalline calcite or fine-grained
calcite. The calcite crystals that are large in size and well-
crystallized can be seen occasionally but are not affected by
bitumen. In the Donggangling Formation, a small amount
of dissolution pore is distributed around the dissolution
fractures, and the pores have been filled with carbonaceous
bitumen (Figure 4(c)).

Recrystallization Pore Filling. They are mainly distributed
in dolomitic limestones of the Middle Devonian Yingtang
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FIGURE 4: Distribution of bitumen in the carbonate reservoirs of well DS1in Guizhong Depression. ((a) and (b)) DS-X06, 2864.44-2864.49 m,
oolitic limestones, 5x (—). Bitumen filled in the fractures and dissolved pores in Rongxian Formation. (c) DS-X44, 4211.21 m, algal mudstone,
10x (-) and (d) DS-X44, 4211.21 m, algal mudstone, 20x (—). Dissolution fractures are filled with bitumen and sparry calcite in the 1st
section of Donggangling Formation. (e) DS-X51, 4648.27 m, algal mudstone, 5x (-), and (f) DS-X53, 4648.76-4648.81 m, dolomite, 5x (-).
Dissolution fractures are filled with bitumen in Yingtang Formation. (g) DS-X16, 3889.97-3890.05 m, dolomite, 5x (-), and (h) DS-X19,
3894.05-3894.09 m, dolomite, 5x (-), no bitumen filled in the pores and fractures in the upper Ist section of Donggangling Formation.
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Formation. The dolomitic limestone shows well-developed
and well-crystallized calcite crystals. The recrystallization
pores are distributed as a network, concentrate between the
calcite crystals, and completely filled with bitumen (Fig-
ure 4(f)). The edge of solid bitumen is commonly straight, and
some of solid bitumen shows polygonal shape. In addition,
the recrystallization pores are also well developed in the
dolomite reservoir in the upper 1st section of Middle Devo-
nian Donggangling Formation. However, almost no solid
bitumen within these pores was observed based on the cores
and casting thin sections analysis (Figures 4(g) and 4(h)).
There are some straight structural fractures in the Yingtang
Formation without bitumen filling and without or partially
filled with secondary calcite.

4.2. Characteristics of Fluid Inclusions. Fluid inclusion anal-
ysis suggests that there are a large amount of gas-liquid
two-phase salt-water inclusions observed in the carbonate
reservoirs and calcite veins in the Middle Devonian Yingtang
Formation and the Donggangling Formation (Figures 5(a)
and 5(b)). Basically, these inclusions are small in size, which
are generally 3-5 ym in size (the smallest is less than 3 ym and
the largest is close to 9 ym). The ratio of gas to liquid in the
salt-water inclusions is approximately 6-12%. They display
oblong or irregular shape, occurring in small clusters along
the direction of fracture or paralleling mineral joints. A small
amount of bitumen inclusions and methane-containing fluid
inclusions were also detected, but no fluorescent hydrocarbon
inclusions were observed (Figures 5(c) and 5(d)). The solid
bitumen inclusions are dark gray or black in the single
polarized opaque and characterized by different size and
rectangular or irregular in shape. The methane-containing
fluid inclusions display isolated distribution in the dolomite
and calcite veins, which were gray-black in the transmission
of low transparency light, and have a wide range of shapes
such as oval, rectangular, and irregular shape (Figure 5(d)).

4.3. LRM of Solid Bitumen and Hydrocarbon Inclusions. Laser
Raman Microprobe is a molecular spectral microanalysis
technique, and it becomes an effective method for the study
of carbonaceous particles in sedimentary and metamorphic
sedimentary rocks [16-18]. Based on the principle of “differ-
ent substances correspond to the corresponding peak posi-
tion,” organic carbonaceous matters have two characteristic
peaks in the frequency range of 1000cm™ to 2000 cm™
on the spectra. The position of the two characteristic peaks
are located from 1580 cm™ to 1600 cm™" and 1350 cm™" to
1380 cm™', respectively. The formation of the former peak
is due to the vibration of the C=C bond on the aromatic
configuration plane of the molecule, and the latter is due to
the defect between the disordered structure and the aromatic
structural unit. The characteristic peaks of hydrocarbon gas
are mainly distributed 2890-2594 cm™".

Solid Bitumen. The laser Raman Microprobe analysis indi-
cates that the dark materials filled within the microfrac-
tures and around ooids of the Upper Devonian Rongxian
Formation (Figure 6(a)), in the intergranular pores and

fractures of the Middle Devonian Donggangling Formation
(Figure 6(b)) and the reticular recrystallized pores of the
Middle Devonian Yingtang Formation (Figures 6(c) and
6(d)), manifesting obvious spectral peak characteristics of
organic matter. By comparing with the typical laser Raman
spectra of carbonaceous bitumen and pyrobitumen reported
by Liu et al. [18] (Figures 6(e) and 6(f)), these dark materials
can be determined as solid bitumen.

Hydrocarbon Inclusions. The laser Raman spectra of sus-
pected bitumen inclusions in the gray dolomite of Dong-
gangling Formation are shown in Figures 7(a) and 7(b). In
the spectrums of bitumen inclusions, two typical organic
characteristic peaks appeared in the frequency range of
1000 cm™'-2000 cm™, indicating that the inclusions con-
tained bitumen organic matter. As the inclusions are small
and not clear, the test location is mostly gas-liquid-mineral
mixed phase. Therefore, the spectrums often contain the
characteristic peaks of the background minerals, mainly
including calcite or some other carbonate minerals. Addi-
tionally, the peaks of water can also be displayed on the
spectrograms, which have larger width and lower height.
The laser Raman spectra of suspected methane-
containing fluid inclusions in the dolomite reservoirs of
the Donggangling Formation and the calcite veins of the
Yingtang Formation are shown in Figures 7(c) and 7(d). The
response level of the inclusions’ component may be limited
by the size of the inclusions and their hydrocarbon content.
The positions of the Methane Raman scattering peak (V) in
the spectrograms of the Donggangling Formation are mainly
in the range of 2910-2945 cm™! (Figure 7(c)). The reason for
such a wide peak may be affected by the ethane composition
that existed in the inclusion. In the Yingtang Formation
(Figure 7(d)), the V, peak in the spectrograms has higher
response where the position is around 2925.99 cm™".

4.4. Thermal Maturity of Solid Bitumen

(1) Bitumen Reflectance. Thermal maturity of solid bitu-
men can be determined by measuring their reflectance and
converting into the vitrinite reflectance [6]. The bitumen
reflectance values (% R;) of the two samples from the 1st
section of Donggangling Formation are 5.35% and 5.44%,
respectively (Table 1). The equivalent vitrinite reflectances are
ranging from 3.70% Ro to 4.09% Ro based on the different
conversion formulas.

(2) Equivalent Vitrinite Reflectance by LRM. Due to the
regular change of the distance between vibration peaks G
and D and the ratio of their heights with the increase of
maturity, Liu et al. [18] proposed that equivalent reflectance
(rmcR,%) converted by the Raman spectroscopy analysis
parameters could be used as a maturity parameter. The
equivalent reflectivity of solid bitumen can be calculated
through the equation “; | R % = 1.1659h (Dh/Gh) + 2.7588”
(where h (Dh/Gh) is the ratio of peak height of peaks G
and D), which is suitable for thermal evolution stage from
overmature to granular graphitization.
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TABLE 1: Results of equivalent vitrinite reflectance by bitumen reflectance.

Sample number Formation Lithology of reservoir

Bitumen reflectance (%)

Equivalent vitrinite reflectance (%)
Feng and Chen, 1988

Jacob, 1989 Liu and Shi, 1994
Pyrolysis ~ Natural
1
DS1-5-1 Dzd1 Muddy Limestone 5.35 3.70 3.95 3.85 4.03
DS1-5-4 D,d 5.44 3.76 4.01 3.91 4.09

FIGURE 5: Photomicrographs of fluid inclusions trapped in calcite veins. ((a) and (b)) Gas-liquid two-phase salt-water inclusions in the calcite
veins of carbonate reservoirs of the Ist section of Donggangling Formation, 3802.22 m, transmitted light. (c) Solid bitumen inclusions in the
calcite veins of carbonate reservoirs of Yingtang Formation, 4653.16 m, transmitted light. (d) Gas-liquid two-phase salt-water inclusion and

methane-containing fluid inclusion in the calcite veins of carbonate reservoirs of Yingtang Formation, 4653.16 m, transmitted light.

The equivalent vitrinite reflectance calculated from the
laser Raman characteristic peaks of the bitumen in thin sec-
tions are shown in Table 2, and the values range between 3.42
and 4.43%. The equivalent vitrinite reflectance values of the
bitumen inclusions range from 3.80% to 4.23% (Table 2). The
conversion values are consistent with the vitrinite reflectance
calculated from the measured bitumen reflectivity, and both
results indicate that the Devonian carbonate reservoirs of well
DS1 have experienced high thermal evolution to the quasi-
metamorphism stage.

4.5. Infrared Spectroscopy of Solid Bitumen. Limited by the
amount of samples, only several solid bitumen samples form
the Upper Devonian Rongxian Formation are eligible for this
experiment. The results are shown in Figure 8.

According to the principles of infrared spectroscopy and
organic chemistry, as well as the most likely distribution of the
various bands summarized by the predecessors [3, 5, 40-42],
the most likely functional groups represented by the absorp-
tion peaks in the solid bitumen infrared spectrum of this
test can be summarized as follows: (1) the peaks of free

water, adsorbed water, crystal water, and structured water are
shown, respectively, in the vicinity of 3756 cm ™, 3435cm ™",
3200-3250 cm ™', and 3640 cm ™', which are related to stretch-
ing vibration of -OH groups in molecular water; (2) the
bands locating in 1600-1550 cm ™" and 1450 cm ™" are mainly
related to the C=C group skeleton vibration of aromatic
hydrocarbons; (3) the bands locating in 3100-3000 cm™
show the stretching vibration of the chemical bond of the
C-H on the aromatic ring; (4) the absorption peak at the
1154.74-1021.46 cm ™" position may be related to the structure
of the Si-O chemical bond of the clay mineral; (5) the weakly
continuous bands at 880cm™ to 680 cm™ are related to
the out-of-plane bending vibration of the chemical bond of
C-H of various aromatic hydrocarbons and depend on the
number of adjacent protons; and (6) the bands locating in the
vicinity of 1420 cm™Y, 955-954 cm™!, and below 680 cm™ are
heteroatom absorption peaks.

The results show that the band peak of the oxygen-
containing groups (C=0) displayed at 1710 cm ™" have disap-
peared completely (Figure 8). Only a very little band peak
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FIGURE 6: Laser Raman spectra of the solid bitumen in well DS1 and typical bitumen from previous publication. (a) DS-X06,
2864.44-2864.49 m, Rongxian Formation, oolitic limestones, 5x (-). (b) DS-X44, 4211.21 m, 1st section of Donggangling Formation, algal
mudstone, 10x (-). (¢) DS-X51, 4648.27 m, Yingtang Formation, algal mudstone, 5x (-). (d) DS-X53, 4648.76-4648.81 m, Yingtang Formation,
dolomite, 5x (-). (e) Carbonaceous bitumen with R = 4.74% and (f) pyrobitumen with , R = 3.82% taken from Liu et al. [18]. +: the

exact location of the laser Raman analysis.

of aliphatic chain located in 2800-3000cm ™" exist on the
FTIR spectrum (Figure 8). Except for the slight absorption
peak near 875cm™' and 710cm™, the bands of out-of-
plane bending vibration of C-H chemical bond have also all
disappeared. It indicates that the alkyl hydrocarbon chains
in the bitumen samples almost have been depleted. On the
other hand, the peaks associated with aromatics C=C or C-C
bonds located in 1431-1440 cm™" are apparently higher than
any other band peaks (Figure 8). Such characteristic FTIR
spectrum generally represents the organic matter except low
maturity samples, which indicates that the high thermal
mature bitumen samples are enriched with aromatics and

have a relatively high condensation degree of aromatic rings
4, 5, 29].

4.6. Thermal Evolution History of Devonian Carbonate Reser-
voirs. Based on the geothermal gradient map and the
geothermal flow chart of China [43-45], the present
geothermal gradient of the Guizhong Depression is about
3.5°C/100 m and the heat flux is ranging from 45 to 55 mW/
m?®. According to the regional paleogeographic data, the
paleogeothermal gradient in the Guizhong Depression prior
to the late Indosinian uplift is estimated to be 2.82°C/100 m.
There are two important uplift erosion movements in the
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TABLE 2: Equivalent vitrinite reflectance of bitumen converted by LRM.

Sample number Formation Type of sample Lithology of reservoir Equivalent vitrinite reflectance (%)
DS-Do1 3.55
DS-D02 ) Oolitic limestone 379
DS-DO05 Dyr Bitumen Samples 3.74
DS-X06 3.42
DS-X10 Algal mudstone 3.64
DS-X44 D,d' Bitumen Samples Algal mudstone 4.43
DS-X51 D,y Bitumen Samples Algal mudstone 4.09
DS-X53 Dolomite 3.46
DS-X19-8-1 4.23
DS-X19-9 3.80
DS-X19-10 D,d! Bitumen Inclusions Dolomite 3.86
DS-X20-4 3.77
DS-X20-5 3.76
[N
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FIGURE 7: Laser Raman spectra for the bitumen and methane-containing fluid inclusion in the calcite vein and dolomite of well DSI. (a) DS-
X19, 3894.07 m, Bitumen inclusion within the dolomite of 1st section of Donggangling Formation. ((b) and (c)) DS-X20, 3895.49 m, Bitumen
and methane-containing fluid inclusion within the dolomite of Ist section of Donggangling Formation. (d) DS-X64, 4653.16 m, methane-
containing fluid inclusion within the calcite vein of Yingtang Formation.

Guizhong Depression. By using the Easy% Ro model simpli-
fied by Wang et al. [46], the erosion thickness of the main
tectonic uplift-denudation stage (late Indosinian-Yanshan-
Himalayan period) in well DS1 can be restored as approx-
imately 4012.9 m according to the measured equivalent Ro
data in this study. The erosion thickness of the Guizhong
Depression during Yanshan-Himalayan Period was calcu-
lated by the previous study to be around 4000 m based
on the homogenization temperature of fluid inclusions and

vitrinite reflectivity [23, 33]. The erosion thickness of Dongwu
movement, which occurred during the early Indosinian,
could not be calculated accurately. Its thickness roughly
ranges from 300 to 500 m according to previous publications
[47, 48]. In this paper, we assigned erosion thickness of 400 m
for the Dongwu movement.

The detailed maturity history of Devonian carbonate
reservoirs in well DS1 is modeled (Figure 9(a)). A very good
correlation between measured and modeled temperatures
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FIGURE 8: Infrared spectroscopy of solid bitumen in Rongxian Formation of well DSI and other area. (a) DS-D02, 2866.70 m, (b) DS-D09,
2866.78 m, and (c) DS-D12, 2868.08 of oolitic limestone in well DSI. (d) Silurian bitumen from well H1 (6081 m) of Tarim Basin, Ro (%) =
0.36% [29], characterized with richness in aliphatic chains (2800-3000 cm™). (e) Carboniferous bitumen from well LN14 (5070 m) of Tarim
Basin, Ro (%) = 0.64% [29], characterized with richness in aliphatic chains (2800-3000 cm™). (f) Cambrian bitumen from Northwestern
Hunan, depth = 335 m, Ro (%) = 4.88% [3], characterized with lack of aliphatic chains and richness in aromatics C=C chains (1450 cm ™).

and equivalent Ro values implies that thermal and maturity
history model are a good fit for this study area (Figure 9(b)).
As shown in Figure 9, the Devonian Formation began to
enter early mature threshold (Ro = 0.5%) at a depth range of
1800-2000 m and at a temperature range of 105-115°C during
the deposition of 2nd section of Donggangling Formation.
Beginning at the early stage of Triassic deposition (around
240 Ma), the Devonian reservoirs passed the overmature
stage threshold (Ro > 2.0%), successively. The maximum
experienced temperature of Yingtang Formation and Rongx-
ian Formation of well DS1 occurred during Middle Triassic

and reached the highest temperature of 265°C and 225°C,
respectively.

5. Discussion

5.1. Distribution Characteristics of Solid Bitumen. The frac-
tures and the dissolution pores associated with the fracture
are the main existing forms of solid bitumen in the limestone
reservoirs, whereas the recrystallized pores are the main stor-
age space for the solid bitumen in the dolomitic limestone.
There are obvious differences in the size of the ooids on
both sides of the diagenetic fractures of the Upper Devonian
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FIGURE 10: Distribution of bitumen in the carbonate reservoirs of well DS1 in Guizhong Depression. (a) DS-X08, 2866.24-2866.35 m, 5x (-),
differences in ooids size on both sides of the diagenetic fracture in oolitic limestones of Rongxian Formation. (b) DS-X51, 4648.27 m, 5x (-),
differences in size of calcite crystals on both sides of the dissolution fractures in algal mudstone of Yingtang Formation. (c) DS-X53, 4648.76—-
4648.81 m, 5x (), grid-like dissolution fractures in dolomite of Yingtang Formation.

Rongxian Formation (Figure 10(a)), and there are also some
differences in the size of calcite crystals on both sides of the
diagenetic dissolved fractures (Figure 10(b)). It is speculated
that these fractures are formed by mechanical compaction or
tectonic stress during early diagenetic stage. These fractures
were then dissolved to dissolution fractures by the liquid
hydrocarbons and other acidic fluids generated at later
stage. Finally, the liquid hydrocarbons were transferred into
bitumen. Dissolution and recrystallization play an important

role in the formation of dissolved pores and the filling of
the bitumen in the dolomitic limestone of the Middle Devo-
nian Yingtang Formation. The network distribution of the
solid bitumen in the Middle Devonian Yingtang Formation
indicates that it may be associated with the early developed
diagenetic fractures (Figure 10(c)). The diagenetic fractures
not only provide main channels for the hydrocarbons and
dissolved fluids flow but also expand the distribution range
of dissolution pores due to the dissolution. These crossed
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fractures are favorable to bitumen and secondary calcite
filling. The fractures and pores filled with solid bitumen are
supposed to be formed at the early stage of oil production and
injection.

In the upper section of Donggangling Formation, there
is no obvious bitumen filling in the pores of high qual-
ity dolomite reservoirs. However, bitumen inclusions and
methane-containing fluid inclusions found in these reser-
voirs could be considered as the evidences for the oil and gas
activities (Figures 6 and 7). There are two possible reasons
for this phenomenon: one is that the reservoirs were formed
before the main period of liquid hydrocarbon generation
and migration but were not in the favorable place for the
hydrocarbon accumulation in the reef traps. They are only
the carrier beds, even not on the main migration path for
the hydrocarbons. Thus, these reservoirs only captured a
small amount of hydrocarbon inclusions. The other reason
could be that the reservoirs were formed after the signif-
icant hydrocarbon generation and charging. Only a small
amount of hydrocarbon inclusions was captured during the
hydrocarbon migration process of fluid activity after the
reservoir destruction. With the same reason, there were no
obvious bitumen deposits in the flat tectonic fractures of the
reservoir (Figures 4(g) and 4(h)). Few inclusions of bitumen
and methane were found in some calcite veins (Figure 5),
indicating that these fractures probably formed during the
adjustment and reform stage of liquid hydrocarbon accumu-
lation.

5.2. Thermal Maturity of Solid Bitumen. The bitumen ob-
served on the core DS1 was described as hard, brittle,
steel-gray, insoluble in chloroform, conchoidal fracture, and
nonfluorescent. These features are similar to the carbon bitu-
men with high thermal evolution degree in paleoreservoirs
of Nanpanjiang area [1, 24]. This suspected solid bitumen
observed by microscope mainly filled in the microfractures,
intergranular pores, dissolved holes, and intercrystal pores
and display several regular morphologies (Figure 4). They
show some clear characteristics of pyrobitumen and similar to
the solid bitumen in the carbonate reservoir of well Guizhong
1, Sichuan Basin [1, 49]. This pyrobitumen is different from
the precipitation bitumen and biodegraded bitumen which
are grainy and irregular in shape.

The spectra of the laser Raman spectroscopy and infrared
spectroscopy suggest that the solid bitumen has charac-
teristics of highly evolved aromatic compounds. The vitri-
nite reflectances calculated by the laser Raman spectra are
strongly consistent with the vitrinite reflectances converted
from bitumen reflectance (Tables 1 and 2), indicating that
the solid bitumen has reached a mature stage of meta-
morphism. In order to highlight the high thermal maturity
characteristics of the solid bitumen in this study, the infrared
spectra of the solid bitumen in Rongxian Formation are
compared with the different maturity bitumen published by
previous researchers (Figure 8). The infrared spectroscopy of
the low maturity bitumen from Tarim Basin is characterized
as aliphatic chains enrichment (2800-3000 cm™) (Figures
8(d) and 8(e)), which is obviously different from the solid
bitumen in this study [4, 29]. The solid bitumen of Rongxian
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Formation is similar to the anthraxolite of Cambrian (Ro% is
4.88%) reported by Cao et al. [3], which is characterized with
lack of aliphatic chains but richness in aromatics C=C chains
(1450 cm ™). The result of comparison demonstrates that the
solid bitumen had undergone a very high thermal evolution
degree and had evolved to the residual carbonaceous stage
such as pyrobitumen and schungite [2, 5].

5.3. Thermal Evolution History of Devonian Reservoirs.
According to the comprehensive analysis of basin simulation
and the thermal maturity of solid bitumen, the thermal
evolution history of Devonian reservoirs in well DSI can be
divided into four stages:

(1) The early rapid burial-warming stage from Early and
Middle Devonian to Middle and Late Permian: the
Rongxian Formation entered the medium mature
stage and the bottom temperature of the reservoir
reached 140°C. The Ist sections of Donggangling
Formation and the Yingtang Formation were in stage
of mature to overmature, and the temperature of the
reservoir reached up to 190°C. After this stage, the
liquid crude oil that filled the Devonian carbonate
reservoir has been cracked into wet gas and lower
maturity bitumen.

(2) During the Late Permian, the study area entered into
a temporary uplift-cooling stage caused by Dongwu
movement. The Devonian reservoir was uplifted sev-
eral hundred meters, and the reservoir temperature
decreased by about 10-20°C.

(3) The rapid burial-warming stage from Late Permian to
Early and Middle Triassic: at the end of the Permian,
the 1st section of Donggangling Formation and the
Yingtang Formation completely entered the overma-
ture stage, and the temperature of the reservoirs was
over 200°C. The lower part of Rongxian Formation
also entered into overmature stage at Early Triassic
(Ro = 2.0%). As a result of this rapid burial and
warming up, the entire Devonian reservoirs in well
DSI have experienced the stage of overmature and
metamorphism. And they have reached the high-
est reservoir temperature of 210-260°C before the
tectonic uplift caused by late Indosinian orogeny
occurred at the late period of Early Triassic. At
this stage, the lower maturity bitumen was further
thermally cracked into pyrobitumen because of high
temperature.

(4) Since Middle Triassic, the study area entered a slow
uplift and cooling stage. The uplift and erosion that
occurred during Yanshan-Himalayan period have sig-
nificant influence on the thermal maturity evolution
of the Devonian reservoirs. From 230Ma to present,
there was no increase in the maturity probably
because of the uplift and having no deeper burial. The
temperature of Devonian reservoirs has been reduced
by 120°C due to the uplift to the present-day depth.
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6. Conclusions
The following conclusions can be drawn in this study:

(1) Fractures and fracture-related dissolution pores are
the main storage space for solid bitumen.

(2) The equivalent vitrinite reflectance of the solid bitu-
men in well DS1 ranges from 3.42% to 4.43%, and no
aliphatic chains were detected by the FTIR.

(3) The pyrobitumen in Devonian carbonate reservoir
is supposed to be the result of thermal cracking in
the high temperature after crude oil charged into the
reservoir at the early stage.

(4) The thermal maturity history demonstrates that the
Devonian reservoirs have experienced four stages.
The entire Devonian reservoirs reached the highest
reservoir temperature 210-260°C during the second
rapid burial-warming stage, which is the main period
for solid bitumen formation.
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