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The hydrothermal activity in the Ediacaran Dengying (DY) Formation in central Sichuan has modified the res-
ervoirs and paleo-oil reservoirs; however, these modifications are not specific due to the challenges in recovering
the hydrothermal scale. This paper classified pyrobitumen in the DY Formation into five categories by optical
textures and analyzed the physical structure and trace element composition of the different pyrobitumen using
scanning electron microscope, reflectance, and trace elements. Finally, the responses of the trace element con-
centrations and optical textures of the pyrobitumen to hydrothermal alteration were discussed and used to
restore the hydrothermal scale in the central Sichuan Basin. The results show that isotropic, fine-grained, me-
dium-grained, coarse-grained mosaic, and fibrous pyrobitumen develop in the DY Formation. As the optical
texture of the pyrobitumen changes from isotropic to mosaic to fibrous, the order degree of aromatic lamella in
pyrobitumen gradually increases, the maturity, the maximum reflectance, and the bireflectance of pyrobitumen
gradually increase. Except for isotropic pyrobitumen, anisotropic pyrobitumen is subject to varying degrees of
hydrothermal alteration. The hydrothermal alteration on pyrobitumen is primarily in the form of material ex-
change, precipitating illite, salt, and barium-enriched minerals in pyrobitumen pores and enriching some ele-
ments (Ba, Cr, Nb, and Sr) in the pyrobitumen. As the optical texture changes from isotropic to mosaic to fibrous,
the element enrichment degree gradually increases. Medium-grained mosaic, coarse-grained mosaic, and fibrous
pyrobitumen are widely observed in central Sichuan. Therefore, hydrothermal modification on the DY reservoirs
and paleo-oil reservoirs is not limited to the deep faults but widely develop in central Sichuan, and should be an
essential part of the further study of hydrocarbon accumulation.

Central sichuan basin

1. Introduction strata buried thousands of meters, it is challenging to restore the scale of

hydrothermal activity only by the hydrothermal minerals developed in

Hydrothermal activity has been found in many sedimentary basins.
The hydrothermal fluid significantly affected the formation of metal
mineral deposits and oil and gas reservoirs and has become one of the
hot spots in petroleum geology studies [27,30,12,19]. Hydrothermal
modifications have been observed in hydrocarbon accumulation in
many oil and gas fields, especially deep oil and gas, which has gradually
become a research hotspot [36,42,54,29,25]. Hydrothermal fluid can
cause dissolution or recrystallization of carbonate rocks to improve the
porosity and permeability or promote the hydrothermal mineral filling
to destroy existing pores. Hydrothermal modification on reservoirs is
significant for oil and gas accumulation [4,18,17,20]. However, in the

the drilling cores. Therefore, it is challenging to determine the extent of
hydrothermal modification in deep oil and gas reservoirs.

The Sichuan Basin is at the southwest edge of the upper Yangtze
plate, a valuable gas-enriched sedimentary basin in China
[49,55,56,59,60]. The Anyue gas field in the central Sichuan Basin is
one of the largest in the Sichuan Basin. Its primary production layer is
Ediacaran-lower Cambrian, with a burial depth of > 4500 m [60,55,39].
Natural gas component, carbon isotope, and pyrobitumen distribution
range analyses confirmed that the Anyue gas field was primarily derived
from oil cracking, generating a large amount of pyrobitumen in the
reservoir [22,33,34,43,60]. Current research proposes that the
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1-Geographic location; 2-Well location; 3- contour line; 4-Pinch line of the D-4 member; 5-Stucture; 6-Shale; 7-mudstone; 8- Siltstone;

9- Sandstone; 10- Limestone; 11- Dolomite; 12- Oolitic limestone; 13-Algal dolomite; 14- Lava; 15- Magmatic rock; 16- Weathering crust;

Fig. 1. Geological setting in central Sichuan. (a) The location of the study area and the primary wells; (b) The lithologic column in central Sichuan (modified from

[471; (c) The sectional view of the strata (modified from [62]).

hydrothermal activity in the Dengying (DY) Formation was related to
the Emeishan mantle plume at the end of the Late Permian (259.1 Ma)
[16,52]. Hydrothermal activity improved the physical properties of the
DY Formation reservoir and provided adequate spaces for natural gas
charging. Therefore, hydrothermal dolomite is the focus of gas explo-
ration [18,9,10]. Furthermore, some studies also found that hydro-
thermal activity could have led to the oil cracking in the DY paleo-oil
reservoir, a discovery for studying the hydrocarbon accumulation in the
DY Formation [46,58,65]. However, due to the lack of effective methods
to define the hydrothermal range, hydrothermal modification is chal-
lenging to determine and has not been paid enough attention in hy-
drocarbon accumulation studies [18,9,10]. Therefore, clarifying the
hydrothermal scale could significantly influence understanding the hy-
drocarbon accumulation mechanism and exploration priorities.

Since the hydrothermal fluid led to oil cracking, the pyrobitumen
cracked from oil could hold some traces of hydrothermal alteration. The
hydrothermal fluid typically has a high temperature, and the fluid
composition differs from the formation fluid. Therefore, the hydro-
thermal alteration on the pyrobitumen can occur on the maturity and
the trace element composition. This paper classified the pyrobitumen in
the DY Formation by optical texture and analyzed different pyrobitu-
mens employing scanning electron microscopy (SEM), reflectance, and
trace elements, to determine the relationship between the hydrothermal
modification, optical texture, and trace element composition of pyro-
bitumen, and discuss the hydrothermal scale and the geological signif-
icance. The results have defined the hydrothermal scale, which has not
been defined by predecessors, in the DY Formation in central Sichuan.
This result can specify the range of hydrothermal modification on the
reservoirs and paleo-oil reservoirs in a further study. In this study, the
optical textures and trace elements of pyrobitumen were combined
excellently to study the hydrothermal scale, providing a new method for

hydrothermal study in the deep strata where pyrobitumen developed,
and helping to specify the range of hydrothermal modification on oil and
gas accumulation.

2. Geological setting

The Anyue gas field is in the gentle structural belt of the central
Sichuan Basin and east of the axis of the Leshan-Longnvsi paleo-uplift
[39]. Its primary reservoirs are the Ediacaran DY and Cambrian Long-
wangmiao (LWM) Formations (Fig. 1) [6,44,60]. DY Formation pri-
marily comprises carbonate rocks deposited from rimmed platform
facies and can be divided into four members from the bottom to the top:
D-1, D-2, D-3, and D-4 (Fig. 1c) [6,44,53]. Affected by the Tongwan
movement, numerous dissolution holes are developed in the D-2 and D-4
members, and a set of weathering crusts are developed on top of D-2 and
D-4 (Fig. 1band c) [21,22,32]. The LWM Formation primarily comprises
granular dolomite deposited from gentle slope platform facies, and
intergranular and dolomite intercrystalline pores are developed in the
formation [5,53]. Large-scale paleo-oil reservoirs were developed in the
DY and LWM formations in the central Sichuan Basin. Natural gas was
derived from the oil cracking of the paleo-oil reservoirs, with a large
amount of pyrobitumen remaining in the D-2, D-4, and LWM reservoirs
after oil cracking [51,55,60,64].

3. Samples and experimental methods
3.1. Polished block preparation
Based on the core observation of approximately 40 drilling wells in

the study area (Fig. 1a), the pyrobitumen-containing dolomite samples
from the D-2, D-4, and LWM reservoirs were selected and placed into a
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Fig. 2. Optical texture of the pyrobitumen in the DY Formation reservoir All photos were taken under reflected and cross-polarized light. (a) MX13, 4581.3 m, LWM,
isotropic pyrobitumen; (b-c) MX145, 5822.15 m, D-4, (c) is the enlarged view of (b), FM pyrobitumen filled in the intergranular pore of dolomite;(d) PT1, 5733.89 m,
D-2, FM pyrobitumen alternatively developed with fibrous pyrobitumen in (i); (¢) MX125, 5383.79 m, D-4, MM pyrobitumen; (f) MX116, 5125.72 m, D-4, CM
pyrobitumen filled in the intergranular pore of dolomite; (g) G520, 5183.47 m, D-4, CM pyrobitumen with bubbles, some mesophase spheres in the pyrobitumen has
fused; (h) PT1, 5786.73 m, D-2, fibrous pyrobitumen with dark and bright bonds filled in the intergranular pore of dolomite; (i) GS6, 5367.00 m, fibrous pyrobitumen

with dark and bright bonds;

mold containing a mixture of epoxy resin, ethylenediamine, and dioctyl
phthalate. After this mixture solidified, it was polished for the optical
observation of pyrobitumen and reflectance measurement.

3.2. Pyrobitumen sample preparation

Based on the observation of numerous rock thin sections, the drilling
cores containing the pyrobitumen with a single optical texture were
selected for pyrobitumen powder preparation. The pyrobitumen sam-
pling range was controlled within a small area where the related thin
sections were ground and the pyrobitumen sample weight was
controlled within 200 mg. Therefore the optical texture of the obtained
pyrobitumen was consistent with that of the thin section, and the rela-
tive amount of the corresponding texture was close to 100 %.

The pyrobitumen-containing dolomite blocks were first broken into
3-5 mm pieces to obtain pure reservoir pyrobitumen samples. The
pyrobitumen particles that separated from the rock sample were
selected using wooden tweezers. The attached mineral fragments, such
as dolomite and quartz on the pyrobitumen surface, were removed using
awooden tool under a 10 x microscope. The pyrobitumen particles were
then placed into a small beaker filled with deionized water, cleared
under 50 Hz ultrasonic waves for 1 h, and dried in a drying oven. Finally,
the pyrobitumen samples were ground into the 200-mesh powder using
an agate mortar.

Some pyrobitumen powder samples were placed into a beaker

containing hydrochloric acid with a concentration of 75 % and washed
for 1 h under 50 Hz ultrasonic vibration. The washed samples were
filtered using filter papers and flushed repeatedly using deionized water.
The process was repeated three times, and the samples were finally dried
in a drying oven. This treatment removed the authigenic minerals filled
in the pyrobitumen pores.

3.3. SEM sample preparation

The pyrobitumen particles obtained from the dolomite were knocked
using a small hammer to show a fresh surface. The pyrobitumen was
glued to the metal plate with black conductive tape. The samples were
gilded using an SCD500 Ion sputtering instrument for SEM observation.

3.4. Experimental methods

3.4.1. Polished block observation

The optical texture of pyrobitumen was observed at the State Key
Laboratory of Oil and Gas Resources and Exploration of China University
of Petroleum (Beijing), using a Leica DM 4500P polarized microscope
equipped with a DFC450C camera.

3.4.2. Reflectance measurement
The China University of Petroleum, Beijing, completed the pyrobi-
tumen reflectance measurements. The reflectance was measured under
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Fig. 3. Scanning electron microscopy (SEM) photos of pyrobitumen with different optical textures (a—c) MX13, 4581.3 m, LWM, the internal structure is uniform,
and no mesophase spheres precipitate in the isotropic pyrobitumen; (d—f) PT1, 5733.89 m, D-2, bubbles are observed in the FM pyrobitumen while mesophase
spheres are too small to observe; (g-i) MX125, 5383.79 m, D-4, many mesophase spheres are observed in the pyrobitumen, and aromatic lamella (AL) is observed in
some mesophase spheres; (j-1) numerous mesophase spheres with apparent and orderly arranged AL are observed in the CM pyrobitumen; some fused mesophase
spheres (FMP) exhibit curved AL; (m-0) GS6, 5367.00 m, several orderly arranged AL were observed in the fibrous pyrobitumen.
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oil immersion (1.518 refractive index oil) using a Leica microscope
equipped with a CRAIC microscope photometer and calibrated with a
cubic-zirconia reference (R, = 3.08 %) and a strontium titanate refer-
ence (R, = 5.39 %). During the measurement, the microscope stage was
rotated 360°, and the reflectance was measured every 10° to obtain the
maximum and minimum reflectance (Ro.max and Ro.min, respectively) at
a measured point [23,24]. Every reflectance test area was approximately
1 pm?. The bireflectance value was calculated as the difference between
Ro.max and Ro.min.

3.4.3. SEM observation

The pyrobitumen SEM observation was conducted at the Materials
and Microstructure Laboratory of the China University of Petroleum,
using a SU8010 cold field emission SEM with an energy dispersive X-ray
spectrometer (EDS). Photos were taken under vacuum at 20 kV and a
working distance of approximately 10.0 mm. The weight and atomic
percentage of elements measured by EDS were estimated using the
normalized nonstandard EDAX-ZAF quantitative method.

3.4.4. Trace element analysis

Pyrobitumen trace elements were analyzed at the Beijing Institute of
Geology of Beijing Nuclear Industry using a Thermo Scientific Element
XR inductively coupled plasma mass spectrometer, and 10-ng Rh was
used as the online internal standard in the experiment. The repeated
laboratory measurement of standard rock samples controlled the anal-
ysis accuracy, and the trace element analysis error was less than 5 %.
The Post-Archean Australian Shale (PAAS) was used for standardization
to eliminate the odd-even effect of trace elements.

4. Results
4.1. Optical texture of pyrobitumen

Pyrobitumen in the DY Formation can be divided into five categories
according to its optical texture: isotropic, fine-grained mosaic (FM),
medium-grained mosaic (MM), coarse-grained mosaic (CM), and fibrous
[13,28,31,41] (Fig. 2). The isotropic pyrobitumen has no anisotropic
particles inside, showing a uniform texture (Fig. 2a). FM pyrobitumen
has anisotropic particles of less than one micron, performing weak
anisotropy under the microscope (Fig. 2b—d). MM and CM pyrobitumens
have larger anisotropic particles (Fig. 2e-g) with diameters of 1-5 and
> 5 pm, respectively [30]. The fibrous pyrobitumen shows an alter-
nating texture of dark and bright bands (Fig. 2h and i), which could
result from the collapse of bubbles formed from volatile components
[40,36,30].

In the study, some FM and MM pyrobitumens (abbreviated as FM-F
and MM-F, respectively, in the following text) were found alterna-
tively developed with fibrous pyrobitumen (Fig. 2d). In previous studies,
we have confirmed that these mosaic pyrobitumen shows a similar hy-
drothermal modification to fibrous pyrobitumen through thermogravi-
metric and nuclear magnetic analysis [58].

4.2. Physical structure of pyrobitumen

The pyrobitumens with different optical textures exhibit different
structures under the SEM (Fig. 3). The internal surface of isotropic
pyrobitumen is uniform, with a smooth fractured surface (Fig. 3a—c).
However, the mesophase spheres can be observed in FM, MM, CM, and
fibrous pyrobitumens (Fig. 3d-o). Isolated and fused mesophase spheres
can be observed in the CM and fibrous pyrobitumens. The aromatic
lamellae in these mesophase pyrobitumens are developed and neatly
arranged (Fig. 3j-0). These aromatic lamellae are polycondensate from
polycyclic aromatic compounds in pyrobitumen at a high temperature
(over 300 °C) [3,40,26,14,48,7,38].
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Table 1

Reflectance of pyrobitumen with different optical textures.

Note: Rymax = maximum reflectance; Ry min = minimum reflectance; BR, = bire-
flectance value.

Well Depth Formation  Optical Ro-max Ro-min BR,
(m) texture (%) (%) (%)

MX13 4581.32 LWM Isotropic 2.78 2.63 0.15
2.45 2.42 0.03

2.37 2.15 0.22

2.70 2.35 0.35

PT1 5733.89 D-2 FM-F 3.75 2.40 1.35
3.86 2.42 1.44

3.92 2.38 1.54

3.99 2.45 1.54

4.02 2.30 1.72

3.93 2.10 1.83

3.79 2.01 1.78

MX125  5334.72 D-4 MM 6.09 1.52 4.56
5.35 1.63 3.72

5.22 1.58 3.64

5.94 1.44 4.50

GS124 5547.57 CM 8.52 1.39 7.13
7.11 1.36 5.75

7.41 1.60 5.81

7.72 1.30 6.42

8.18 1.52 6.66

8.06 1.47 6.59

GS6 5367.00 Fibrous 8.67 0.88 7.79
7.53 0.58 6.95

8.17 0.77 7.40

GS7 5260.50 Fibrous 9.35 0.14 9.21
9.12 0.35 8.77

9.12 0.34 8.78

9.03 0.23 8.80

8.86 0.32 8.54

O Anisotropic

I O Isotropic

Reflectance (%)
Ny

0 50 100 150 200 250 300 350
Degree (°)

Fig. 4. The changing trend of pyrobitumen reflectance with the platform angle
The reflectance of isotropic pyrobitumen alters weakly as the platform angle
increases; the reflectance of anisotropic pyrobitumen exhibits the trend of in-
crease — decrease — increase — decrease as the platform angle increases;

4.3. Reflectance of pyrobitumen

Isotropic pyrobitumen performs optical isotropy. The Ry.max values
of pyrobitumen range from 2.37 % to 2.78 %, whereas the Ry, values
range from 2.15 % to 2.63 %. The bireflectance values are lower than
0.5 %, and the reflectances at different angles are similar (Table 1,
Fig. 4). The reflectance of anisotropic pyrobitumen performs bireflec-
tance. As the microscope stage angle alters, the reflectance of pyrobi-
tumen exhibits regular changes (Fig. 4). As the optical texture of
pyrobitumen changes as isotropic - FM — MM — CM — fibrous, the R,.
max Value of pyrobitumen gradually increases, the Ry.min value gradually
decreases, and the bireflectance value gradually increases, indicating an
increasing degree of anisotropy (Table 1).
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Fig. 5. SEM photos of minerals filled in the pyrobitumen pores The positions in the red box of the figures were analyzed by energy spectrum, and the energy
spectrogram is shown in Fig. 6. (a, b) MX116, 5125.72 m, D-4, authigenic flaky illite is filled in the pores inside the pyrobitumen; (c) GS124, 5547.6 m, D-4,
authigenic ribbon illite is filled in the pores inside the pyrobitumen; (d, e) GS7, 5293.4 m, D-4, authigenic ribbon illite is filled in the pores inside the pyrobitumen; (f,
8) ZJ2, 6546.27 m, D-2, cubic salt crystals are filled in the pores inside the pyrobitumen; (h) ZJ2, 6547.22 m, D-2, some amorphous barium-enriched minerals are
attached to the pore wall; (i) PT1, 5746.51 m, D-2, the banded barium-enriched minerals along the high porosity of pyrobitumen. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

4.4. Minerals filled in the pyrobitumen pores

The SEM photos show that the pores are developed in the DY pyro-
bitumen and filled with some authigenic minerals (Fig. 5). Two illite
shapes are observed in the pores (lamellar and ribbon), and primarily
comprise O, Mg, Al, Si, and K. Unlike ribbon illite, lamellar illite also
contains some V, Cr, and other elements (Fig. 5a-e, 6a—c). The pyrobi-
tumen pores also contain some regular cubic minerals. The EDS result
confirms that this mineral is salt primarily somprising Na and Cl (Fig. 5f,
g, 6d). Some irregular minerals are found in the pyrobitumen pore walls,
containing high concentrations of Ba and nemerous S, O, Ca, and other
elements (Fig. 5h, i, 6e, f).

4.5. Trace elements of pyrobitumen

The trace element concentrations in pyrobitumen before hydro-
chloric acid treatment ranged from 413.57 to 25925.32 pg/g (mean
value of 5190.14 pg/g). The trace element concentrations in pyrobitu-
mens with different textures noticeably differed (Table 2, 3). However,
the trace element concentrations in the pyrobitumen after hydrochloric
acid treatment had a narrow range from 185.37 to 772.16 ug/g (mean
value of 426.73 pg/g), lower than that of pyrobitumen before hydro-
chloric acid treatment. Not all elements significantly decreased after
treatment. The Ba, Cr, Sr, Nb, Zn, and U concentrations noticeably
decreased, while other elements had not changed much, especially V

and Ni (Fig. 7).
5. Discussion
5.1. Relationship between optical texture and maturity

Temperature significantly affects the optical texture of pyrobitumen.
Due to the molecular characteristics of aromatic hydrocarbon, the
appropriate temperature for thermal polycondensation reaction is
generally 350-500 °C. If the reaction temperature is below 300 °C, the
mesophase spheres cannot form, and pyrobitumen shows an isotropic
texture [35,7,48,8,38]. When the temperature exceeds 300 °C, meso-
phase spheres gradually form with the maturity increase. Through
growing up and mutual fusing, an anisotropic nematic liquid crystal
structure is formed [3,15,1,2,45]. The SEM photos of pyrobitumen show
that the fractured surface of isotropic pyrobitumen is uniform, and no
mesophase spheres precipitate, indicating that the formation tempera-
tures of these pyrobitumen are low. Therefore, the aromatic compounds
in the pyrobitumen do not polycondense yet. The optical characteristics
of this type of pyrobitumen show noticeable isotropy, and the reflec-
tivity does not change as the platform angle changes. With the maturity
increase, the aromatic compounds in the pyrobitumen polycondense to
form mesophase spheres, and the pyrobitumen performs optical
anisotropy (Fig. 3). The sizes of mesophase spheres in FM pyrobitumen
are too small (<1 pm) to observe under the microscope, whereas the
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mesophase spheres in the MM pyrobitumen show apparent shapes. The
orderly stacked aromatic lamella can be observed inside some meso-
phase spheres. These aromatic lamellae have a limited specific order
degree (Fig. 3d-i). The mesophase spheres in the CM pyrobitumen are
very developed, and some mesophase spheres have fused. The order
degree and orientation of the aromatic lamellae improve (Fig. 3j-1). The
aromatic lamellae inside the fibrous pyrobitumen are arranged orderly,
with the highest order degree and best orientation (Fig. 3m-o0). As the
order degree and orientation of aromatic lamellae gradually improve,
the optical texture of the pyrobitumen changes regularly as isotropic —
FM — MM — CM - fibrous, and its bireflectance increases gradually
(Table 1, Fig. 8). The optical texture of pyrobitumen could be the
mapping of its internal structure. As the order degree and orientation of
aromatic lamellae improve, the pyrobitumen maturity gradually in-
creases, and the optical texture regularly changes. This result is consis-
tent with that obtained through thermogravimetry and nuclear
magnetic resonance analysis [58]. The pyrobitumen reflectance is
closely related to its optical texture. As the order degree and orientation
of the aromatic lamellae gradually improve, the Ry max and bireflectance
of pyrobitumen increase progressively (Table 1, Fig. 8).

5.2. Trace element enrichment

The SEM and EDS results confirm that some illite, salt, and barium-
enriched minerals are filled in the pyrobitumen pores (Figs. 5 and 6).
These barium-enriched minerals contain high concentrations of S, O, Ba,
and Na, which could be a mixture of barite, mirabilite, salt, and other
minerals (Fig. 6e, f). Illite and salt show a high idiomorphic degree,
precipitated in the pyrobitumen pores (Fig. 5a-g). However, DY and
LWM reservoirs in the study area comprise carbonate, lacking the
potassium-enriched condition for illite precipitation. Therefore, illite is
rarely found in the reservoir. Furthermore, the salinity of the general
formation fluid is only 8 wt% NaCl, which does not reach the concen-
tration for salt precipitation. The fluid from which these minerals pre-
cipitate differs from the formation fluid at that time. The Ba enrichment
in the reservoir is typically considered to be the drilling mud pollution.
Considering that the samples were cleared by deionized water and the
barium-enriched minerals are found filling the pyrobitumen pores
without other symbiotic clastic materials contained in the mud, these
barium-enriched minerals are suggested to be authigenic in the pores.
Gao et al. [11] found some barium-enriched minerals in the DY
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Fig. 8. Reflectance characteristics of the pyrobitumen with different optical
textures (a) As the optical texture changes as isotropic -~ FM - MM — CM —
fibrous, the maximum reflectance (Ro.max) gradually increases while the mini-
mum reflectance (Ro.min) gradually decreases; MM, CM, and fibrous pyrobitu-
men samples fall near the baseline of the abnormal thermal event while
isotropic, and FM pyrobitumen samples fall near the baseline of normal burial-
related maturation; (b) As the optical texture changes as isotropic - FM — MM
— CM - fibrous, the bireflectance increases gradually;

pyrobitumen pores and considered them authigenic barite related to
hydrothermal activity. The apparent decrease in Ba concentrations after
the treatment indicates that the Ba enrichment in pyrobitumen is in
barite and other barium-enriched minerals. Combining the previous
study results and the precipitation environment of illite and salt, these
minerals that filled the pyrobitumen pores are of hydrothermal origin.
The related hydrothermal fluids have high salinity (>18 wt% NaCl) and
could pass through deep clastic strata during their upward migration
[11,61] (Fig. 1b and c). Therefore, the hydrothermal fluids with high
salinity and rich terrigenous materials provide precipitation conditions
for salt and illite.

The precipitated barium-enriched minerals, illite, and salt carry
numerous elements, remaining the trace of hydrothermal participation
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Fig. 9. Trace element changes of the pyrobitumen after hydrochloric acid
treatment The concentrations of V and Ni are stable after hydrochloric acid
treatment, whereasthose of Cr, Sr, Nb, and Ba decrease.

(Fig. 6). The trace element comparision in the pyrobitumen samples
before and after treatment shows that Ba, Cr, Sr, and Nb in the untreated
pyrobitumen samples are enriched (Fig. 9). The Ba enrichment is related
to barium-enriched minerals, and the Cr enrichment could relate
lamellar illite. The enrichment of these elements is closely related to
hydrothermal minerals. Although EDS does not effectively measure
some enriched elements (Sr and Nb), their concentrations positively
correlate with those of Cr and Ba (Fig. 10). Therefore, these enriched
elements could have the same source and are related to hydrothermal
activities. However, the V and Ni concentrations before and after
treatment are not significantly changed, indicating that the hydrother-
mal influence on these elements is limited, and they maintain the parent
characteristics (Fig. 9). There are differences in the trace element
compositions of the hydrothermal altered and normal pyrobitumen.
These differences are more likely related to the precipitation of some
hydrothermal minerals in the pyrobitumen pores. This discovery pro-
vides direct evidence for identifying the hydrothermally altered
pyrobitumen.

5.3. Optical texture and hydrothermal modification

Identifying hydrothermally altered pyrobitumen has not attracted
much attention, and most scholars only refer to the reflectance and
optical texture of pyrobitumen for preliminary judgment [11]: [50].
Goodarzi (1993) first proposed this method when studying the pyrobi-
tumen in the Baffin Island Nanisivik mine, Canada [63]. Concerning this
chart, the MM, CM, and fibrous pyrobitumen samples in the study area
fall near the abnormal thermal event line, indicating that they experi-
ence hydrothermal influence. The isotropic and FM pyrobitumen sam-
ples fall close to the normal burial-related maturation line, indicating
that they come from the normal burial-related oil cracking (Fig. 8). The
optical change of pyrobitumen is primarily controlled by aromatic
lamellae order, representing the highest temperature the pyrobitumen
experienced or its maturity. The maximum burial depth of the DY For-
mation can reach 7000-8000 m, and the corresponding formation
temperature was 220-240 °C [37,66]. Although mesophase pyrobitu-
men is hard to form under 300 °C in the lab, many people speculate that
a high burial temperature of 240 °C can promote the mesophase sphere
precipitation and the formation of anisotropic pyrobitumen under the
compensation of geological time. Therefore, it is unconvincing to iden-
tify the hydrothermally altered pyrobitumen simply from the optical
texture and reflectance.

Hydrothermal activities enrich some elements in pyrobitumen, and
conversely, the pyrobitumen enriched these elements could experience
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Fig. 10. Cross plot of trace elements in pyrobitumen (a—c) The concentrations of Sr, Nb, and Cr positively correlate with that of Ba; (d) The concentrations of V and
Ni in pyrobitumen before and after hydrochloric acid treatment have similar distribution ranges.

hydrothermal modification. Since the hydrothermal activity has led to
trace element enrichment while some elements retain their parent
characteristics, the ratio of the two trace element sets can reflect the
material exchange degree between pyrobitumen and hydrothermal
modification. In this study, the most enriched elements (Ba, Sr, Nb, and
Cr) are selected to characterize the material exchange degree, whereas V
and Ni, which have a minor hydrothermal modification, are selected as
the stable elements. The ratio of these two element sets can indicate the
material exchange degree. Generally, these parameters can be combined
to analyze the hydrothermal alteration degree of pyrobitumen (Fig. 11).
It is suggested that the isotropic pyrobitumen in the study area primarily
comes from the normal burial related oil cracking [11,58,61]. Fig. 11
shows that all parameters of isotropic pyrobitumen are extremely low,
indicating that the element exchange between the pyrobitumen and
hydrothermal fluid is the weakest. Therefore, this pyrobitumen has the
slightest hydrothermal modification, consistent with a previous study
[11]. The parameter values of different elements in the DY pyrobitumen
are highly consistent with the optical textures. As the optical texture
changes as FM - MM — CM - fibrous, each parameter gradually in-
creases, indicating that the optical texture is closely related to the hy-
drothermal participation (Fig. 11). In essence, the optical texture of
pyrobitumen has little to do with the participation of the materials in the
hydrothermal fluid, but with the hydrothermal temperature. The hy-
drothermal influence on the optical texture of pyrobitumen can be
realized by thermal conduction through the rocks or direct contact with
the pyrobitumen. The study results of trace elements and optical texture
support the latter, and the optical texture alteration correlate well with
the trace element changes. Especially for fibrous pyrobitumen, various
trace element parameters are all the highest (Fig. 11), indicating that the
higher the material exchange degree between the pyrobitumen and
hydrothermal fluid, the more orderly the aromatic lamellae in the
pyrobitumen and the greater the graphitization degree. The DY For-
mation in the study area primarily comprises carbonate rocks deposited
in bioherm beach facies. Under supergene karstification, the reservoir
has good porosity and permeability, and two sets of high permeability
weathering crusts are developed at the top of D-2 and D-4 members
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(Fig. 1¢), providing a practical path for hydrothermal fluid and making it
possible for the material exchange between hydrothermal fluid and
pyrobitumen. Note that the trace element ratios of FM and MM pyro-
bitumen in the LWM Formation are higher than those of DY pyrobitu-
men with the same optical textures, indicating a sufficient material
exchange and a lower temperature modification. The hydrothermal fluid
must pass through the thick QZS Formation (Fig. 1c) during the upward
migration through the DY Formation. Thus, a temperature loss occurs in
the hydrothermal fluid in this migration; therefore, there is little fibrous
pyrobitumen in the LWM Formation, and its distribution is limited [58].

Previous studies have found that hydrothermal activity can improve
the porosity and permeability of the DY reservoir and promote the oil
cracking of paleo-oil reservoirs [18,9,10]. These impacts are presumed
to be confined near the deep faults due to the lack of hydrothermal scale
studies. The optical textures and trace element concentrations of DY
pyrobitumen confirm that a degree of material exchange occurred be-
tween anisotropic pyrobitumen and hydrothermal fluid in the DY For-
mation. As the optical texture changes as FM — MM — CM — fibrous, the
material exchange and the hydrothermal alteration degrees increase.
According to the plane view of pyrobitumen distribution, the MM, CM,
and fibrous pyrobitumens dominate the central Sichuan Basin (Fig. 12),
indicating that the hydrothermal activity is not limited to the faults but
is widely developed. The entire central Sichuan area is affected by hy-
drothermal activity, whereas the hydrothermal modification degree
varies in different regions. The highest hydrothermal temperature and
modification are found in the Gaoshiti area, where fibrous pyrobitumen
develops in the D-2 and D-4 members. The hydrothermal modification
on the hydrocarbon accumulation of the DY Formation cannot be
ignored.

6. Conclusion

Through the SEM, reflectance, and trace element analyses, this paper
clarified the trace element concentrations and optical texture of hy-
drothermally altered pyrobitumen and discussed the hydrothermal scale
and its geological significance in central Sichuan. The following
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Fig. 11. The cross plots of concentration ratios between Ba, Cr, Sr, Nb, V, and Ni The concentration ratios between Ba, Cr, Nb, Sr, V, and Ni gradually increase as the
optical textures of pyrobitumen change as isotropic - FM — MM — CM — fibrous. The element concentration ratios of the FM and MM pyrobitumen samples from
the LWM Formation are higher than these of DY pyrobitumen with the same optical textures.

conclusions can be drawn:

Five optical pyrobitumen categories develop in the DY Formation:
isotropic, FM, MM, CM, and fibrous. With the optical texture changes
from isotropic to fibrous, the order degree of the aromatic lamella in
the pyrobitumen and the pyrobitumen maturity gradually increase.
Affected by the hydrothermal fluid, the pyrobitumen pores are filled
with authigenic illite, salt, and barium-enriched minerals, which
could cause the Ba, Cr, Nb, and Sr enrichment in the hydrothermally
altered pyrobitumen.

The hydrothermal alteration on pyrobitumen is primarily through
direct contact. As the optical texture of the pyrobitumen changes as
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FM —» MM — CM - fibrous, the element enrichment degree gradu-

ally increases.

The hydrothermal activity is not limited to the deep faults but de-
velops in the entire central Sichuan Basin; therefore, hydrothermal
modification on the reservoirs and paleo-oil reservoirs might occur in
the entire central Sichuan Basin, which should be an essential part in
the further studies on hydrocarbon accumulation.

This study identified the responses of trace elements and optical
textures of ultra-deep pyrobitumen to hydrothermal alteration, and
these responses were used to determine the hydrothermal range. It
also provides a new method for hydrothermal studies in the deep
strata, and helps specify the hydrothermal modification scale on
deep hydrocarbon accumulation.
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Fig. 12. Plane view of the pyrobitumen with different optical textures in the DY Formation The DY Formation is primarily filled with MM, CM, and fibrous
pyrobitumens, indicating a large-scale hydrothermal modification not limited to the fractures. The fibrous pyrobitumen is observed in the D-2 and D-4 formations in
the Gaoshiti area, representing the most vigorous hydrothermal modification in the study area.
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