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Abstract

The western margin of ordos basin as the main exploration area, because the
thermal evolution process of source rocks in the western margin of the basin
system research is not deep enough, seriously restricts the evaluation and ex-
ploration of oil and gas resources, regional exploration has not been a big
breakthrough. In view of this, based on the restoration of burial history and
thermal evolution history of source rocks, this paper analyzed and summa-
rized the differences in thermal evolution of coal measure source rocks in
Taiyuan Formation of different tectonic units in the study area by using Pe-
troMod basin simulation software. The results show that the thermal evolu-
tion degree of organic matter in the source rocks in the western margin of
Ordos presents a zonal distribution from south to north. On the whole, the
thermal evolution degree of organic matter in source rocks of different hori-
zons in Tianhuan depression is obviously higher than that in the Western
margin thrust belt. The maximum Ro value of the source rocks in the
Taiyuan Formation of the Western margin thrust belt of the Ordos Basin is
1.0% - 1.4%, and most of them have reached the late stage of mature oil and
gas generation and gradually entered the early stage of high mature pyrolysis
gas generation. The maximum Ro value of source rocks in the Taiyuan For-
mation in the west of Tianhuan depression is 1.4% - 2.0%, which reaches the
high maturity stage of thermal cracking. This study can provide reference for
oil and gas exploration and hydrocarbon accumulation research in the west-
ern margin of sedimentary basin.
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1. Introduction

Ordos Basin is a famous large Mesozoic petroliferous basin in western China [1],
Rich oil and gas resources are in source rock reservoir of western margin of ba-
sin [2]. Before 2019, the gas test of horizontal well ZP1 drilled in the coal meas-
ure strata of Taiyuan Formation in the western margin of Ordos Basin was 26.48
x 10* m*/d. In 2021, the gas test production of shale gas horizontal well E102X in
Woulalike Formation was 16.69 x 10* m?/d [3]. Previous studies on the organic
matter abundance, maturity and geochemical indexes of source rocks were car-
ried out by using the data of field outcrops and drilling core samples, and the
geochemical characteristics and effectiveness of source rocks in the western
margin of Ordos were basically clarified.

For a long time, the western Ordos Basin has been the main exploration area.
Although many wells have obtained industrial gas flow, there has been no major
breakthrough. At present, the research on the thermal evolution process of
source rocks in the western margin of the basin is not deep enough, which se-
riously restricts the exploration and evaluation of oil and gas resources. In this
paper, the western margin of Ordos Basin is taken as the main study area. Based
on the full investigation of the geological background of the study area and the
results of previous studies, the erosion amount of the key tectonic period is res-
tored. Using PetroMod basin simulation software, on the basis of restoring the
burial history of the basin, using the Easy%Ro model, combined with the related
research methods of source rock evaluation, the thermal evolution process of
source rocks in the western margin of Ordos Basin was restored, and the differ-
ences of thermal evolution of source rocks in different tectonic units were ana-
lyzed and summarized. This can provide reference for the study of oil and gas
exploration and hydrocarbon accumulation in the western margin of Ordos Ba-
sin, and provide basic data support for the process of hydrocarbon accumulation

in the study area.

2. Geological Settings

The Ordos Basin is one of the three major craton basins in China [4] and the
second largest sedimentary basin in China. As an important oil and gas bearing
basin in China, it is rich in multi-layer and multi-type mineral resources. Coal,
oil and natural gas resources are widely distributed [5], and the scale reserves are
large [6] [7] [8] [9].

The western margin of the Ordos Basin is located at the junction of the Ordos
block, the Alashan ancient land and the Qinling-Qilian orogenic belt. It is also

located at the junction of multiple tectonic units and is a hub connecting differ-
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ent tectonic units in eastern and western China (Figure 1) [10] [11] [12]. This
special tectonic position makes it experienced multiple periods of tensile rifting,
extrusion closure activities in different geological history periods [13].

The study area in this paper is located in the western margin of the thrust tec-
tonic belt and the Western part of the Tianhuan depression. The area has expe-
rienced multiple complex tectonic evolution processes. The Western margin of
the basin is affected by the thrust fold, the fold thrust is strong, the structural
deformation is complex [14] [15], and the overall distribution is north-south
[11] [16]. In the Cenozoic, the Himalayan tectonic movement caused the colli-
sion between the Indian plate and the Tibetan-Qinghai lithospheric plate, which
led to the complication of folds and faults in the western margin, and the faults

in the western margin thrust belt were extremely developed [2].
The thrust fold belt in the west margin of Ordos is an extremely important
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Figure 1. Structural location of western margin of Ordos Basin.
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overthrust tectonic belt developed in Mesozoic era in China. It is transformed by
multiple tectonic movements such as Indosinian movement, Yanshan move-
ment and Himalayan movement. The structure is complex, the tectonic activity
is strong, and the structure of Tianhuan depression is relatively stable [17]. The
complex tectonic environment determines the complex, diverse and segmented
tectonic characteristics of the western margin of the basin [18].

Three sets of source rocks are developed in the west margin of Ordos Basin
from bottom to top, which are the grey mudstone of Uralik Formation of Mid-
dle-Upper Ordovician, coal measure source rocks of Taiyuan Formation and

Shanxi Formation of Permian and Yanchang Formation of Triassic.

3. 1D Basin Modeling Method

The restoration of burial history, thermal evolution history and hydrocarbon
generation history of source rocks in the western margin of Ordos Basin is an
important aspect of oil and gas resource exploration and source rock evaluation
[19] [20]. The hydrocarbon generation history of source rock thermal evolution
determines the hydrocarbon generation evolution process of source rock, and
has an important influence on the process of hydrocarbon generation, preserva-
tion and liquid oil cracking into gas [21]. The burial history of sedimentary ba-
sins controls the speed of basin deposition, the magnitude of uplift and denuda-

tion, and the formation and distribution of source rocks [22].

3.1. PetromMod

Basin simulation technology is based on the actual geological model, in time and
space by the computer quantitative simulation of the formation and evolution of
petroliferous basins [23]. It has been applied to quantitative and dynamic analy-
sis of basins for more than thirty years. With the vigorous development of pe-
troleum exploration and development, the application field is more and more
extensive, and the technical method is more and more mature. It has played an
important role in the tectonic-thermal evolution of the basin, the hydrocarbon
generation and expulsion history of source rock, the dynamic process of migra-
tion and accumulation, and the prediction of oil and gas resources, revealing the
essence of oil and gas law in the basin [24]. Based on the analysis of a large
number of geological data and laboratory results, this paper uses the widely used
basin simulation software system PetroMod 2016 to systematically simulate the
burial history of strata and the mature evolution history of source rocks in the
western margin of Ordos Basin, which provides a basis for the evaluation of oil
and gas resources [25].

Vitrinite reflectance is the most commonly used and direct geochemical indi-
cator of organic matter maturity [26]. Burnham et al.established a VITRIMAT
model related to vitrinite reflectance and thermal maturity based on the Arrhe-
nius first-order parallel reaction equation of chemical reaction activation energy

distribution, and improved it to Easy % Ro model [27].
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3.2. Simulation Parameter Selection

The basic parameters such as formation thickness, sedimentary age, lithology
data, denudation thickness in critical period and organic geochemical parame-
ters of source rocks are needed when using Petromod software system to estab-
lish the numerical simulation of typical well location in the western margin of
Ordos. In addition, boundary condition parameters including sedimentary water
interface temperature, paleo-water depth and terrestrial heat flow are needed to
constrain the software calculation process [28] [29]. Other physical parameters
such as density, porosity, permeability, compression coefficient, thermal con-
ductivity of rock, specific heat and so on are calculated by arithmetic mean or
geometric mean of pure lithology parameters by simulation software [30].

When using EASY % Ro method to simulate the thermal history, it is neces-
sary to correct the thermal history according to the measured vitrinite reflec-
tance value, and adjust the parameters to make it basically consistent with the
measured value. Then the thermal evolution history and hydrocarbon genera-
tion history model of typical well source rock are established [22]. According to
previous studies, the type of kerogen in the coal-bearing source rocks of Taiyuan
Formation in this area is mainly type III humic type [31], and the type III kero-
gen kinetic model is selected for simulation. Through repeatedly adjusting the
simulation parameters, the simulation results can be consistent with the actual
geological conditions in the study area, and more reliable simulation results can
be obtained.

3.2.1. Determination of Erosion Amount

Denudation thickness is one of the important parameters in basin simulation.
The denudation thickness has a great influence on the burial history of strata
and the thermal evolution history of source rocks.

In this paper, the mudstone acoustic time difference method is used to calcu-
late the denudation amount, and the denudation amount of each well is com-
prehensively determined by referring to the previous estimation results of the
denudation thickness of the Ordos Basin. Based on previous studies, it is be-
lieved that the western margin of the Ordos Basin has experienced five stages of
uplift and denudation (Table 1), of which the first four denudations were weak,
and the regional denudation in the late Cretaceous was the strongest [32] [33]
[34].

Table 1. Determination of erosion amount.

Erosion Time Erosion Quantity
Late Os 0-200m
Late Ts 150 - 250 m
Late J: 80 - 100 m
Late Js 120 - 180 m
Late Kz 500 - 600 m
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The method of calculating the amount of strata denudation by acoustic time
difference curve originated from the simple exponential model proposed by
Athy (1930), that is, the exponential relationship between mudstone porosity
and depth [33].

= ¢0e_kD (1)

@ : rock porosity, %; ¢,: Surface rock porosity, %; &k exponential constant; D
Rock buried depth, m.

Ater Wyllie (1958) proposed the relationship between rock porosity (¢ ) and
acoustic travel time (A#) [35]:
_At-At,

¢= At - At

)

At. the measured rock acoustic time difference, ps/m; At rock skeleton
acoustic time difference, ps/m; A#: acoustic time difference of pore fluid in rock,
us/m.

In combination with Equations (1) and (2), Magara pointed out that there is
also a linear relationship between mudstone porosity and acoustic travel time, so
the mudstone compaction equilibrium equation can be directly expressed by

acoustic travel time:
At = Ate ™ (3)

At Acoustic time difference of mudstone at depth H, pus/m; A%: Acoustic time
difference of mudstone extrapolated to the surface, us/m; C The slope of the
normal compaction trend line; /: burial depth, m; The surface acoustic time
difference of the western margin of Ordos Basin is generally taken 600 ps/m.

Combined with logging and mud logging data, 40 wells with complete data,
mudstone development (pure mudstone or shale with thickness greater than 2
m) and small thickness of overlying strata were selected to read mudstone com-
paction curve. The Cretaceous thickness in the study area was calculated. Taking
L14 and L10 as examples, the erosion amount data of Cretaceous (Figure 2) are
calculated. The erosion thickness of L14 Cretaceous is 543 m, and that of L10
Cretaceous is 560 m. The results are in good agreement with the previous re-

search results, and the calculation results of erosion amount are more reliable.

3.2.2. PWD Simulation

Paleo-water depth recovery is an important indicator of paleo-environmental
research and basin analysis, and it is also a key boundary condition in the simu-
lation of stratigraphic burial history and thermal evolution history of source
rocks in sedimentary basins [36]. Reasonable prediction of paleo-water depth
can improve the simulation accuracy of basin simulation. The sedimentary en-
vironment in the western margin of Ordos has the most serious influence on the
ancient water depth. The ancient water depth of each sedimentary period is
mainly based on the sedimentary facies of the period and the comprehensive

prediction of the modern sedimentary water depth data of previous studies, and
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Figure 2. Restoration of eroded thickness; (a) L14, (b) L10.

Table 2. PWD of Ordos Basin in Different Periods [37].

Age Facies PWD/m
K~Q Aeolian loess facies 0
T~K2 Inland lake facies 0-20
C~P Coastal plain facies 0-50
€-~0 Coastal platform facies 50 - 200

the corresponding standard table of ancient water depth and sedimentary facies
is established (Table 2) [35] [37] [38].

3.2.3. SWIT Simulation

The prediction of sedimentary water interface temperature is also one of the key
boundary conditions in basin simulation. The prediction of sedimentary water
interface temperature in the western margin of Ordos Basin mainly uses the
global unified surface temperature temperature-time template (SWIT) provided
by PetroMod software [35]. The regional geographical location of the western
margin of the Ordos Basin is mainly located at 39'N latitude in the central Asia
of the northern hemisphere. Input it into the software to generate a sedimentary
water interface temperature template for the western margin of the Ordos Basin
[30] [37] (Figure 3).

DOI: 10.4236/0alib.1109596

7 Open Access Library Journal


https://doi.org/10.4236/oalib.1109596

L. X. Zhang, F. Q. Zhang

Time [Ma]

Global Mean Surface Temperature (based on Wygrala, 1989)

< =3 =
e w
[00339p] apmn®T
[y =) e
EPNnng il
BEGOC®=g o9 90 o0 0 0 26 2 £ & 8 )
Eégssssaa«-«aaua.—«-««fﬂ»eS
ZE 25 an e g0nGlRa00nanREe Snnaneeso Sunnnes
s I\ 00O
| AN R AR D AT
=

Figure 3. The global mean surface temperature.
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Figure 4. Evolution history of geothermal flow in Ordos basin [39].

3.2.4. Heat Flow Calculation

Selecting reasonable paleoheat flow value in basin simulation software plays a
decisive role in the accuracy of simulation results. Combined with previous re-
search results, it is shown that the current geothermal gradient and heat flow
value of the thrust belt and Tianhuan sag in the western margin of Ordos Basin
are lower than those of other structures. The selection of heat flow value in this

area mainly refers to the research results of Zhanli Ren [35] [39] (Figure 4).

4. Results and Analysis

To verify the reliability of the established geological model of burial history and
thermal evolution history of source rocks, and to avoid errors in the simulation
of burial history. Taking Well FD1 and Well YT1 as examples, the vitrinite ref-
lectance (Ro) value which can sensitively reflect the thermal evolution is selected
as the calibration parameter of the simulation results. In the process of estab-
lishing the geological model, the measured vitrinite reflectance (Ro) value is in-
put and the model is run for simulation verification.

In this paper, the vitrinite reflectance (Ro) value that can sensitively reflect the
thermal evolution is selected as the calibration parameter of the simulation re-
sults to verify whether the established geological model is reliable (Figure 5(b),
Figure 6(b)) [39] [40] [41]. From the verification situation, a large number of
single well formation Ro values are in good agreement with the current meas-
ured Ro values as calibration values, indicating that the selection of simulation
parameters is more accurate and the model establishment is more reliable [42].

The burial history shows that FD1 well and YT1 well have the same tectonic
uplift/subsidence history: both contain three major subsidence stages and three
major uplift stages (Figure 5(a), Figure 6(a)). They are: the first rapid sedimen-
tary stage from Ordovician to late Triassic (450 - 210 Ma). The second slow
burial stage from the early Early Permian to the middle and late Late Cretaceous
(200 - 140 Ma), the strata experienced the maximum burial depth. The third
burial stage is the late uplift burial stage from Cenozoic to present. Affected by

the Yanshan movement, the first uplift event occurred at the end of the Late
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and modeled thermal indicators (b, Ro).
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Triassic (212 Ma), and the denudation intensity was relatively weak, with a de-
nudation thickness of 250 m. After Jurassic sedimentation, the main curtain of
Yanshan movement caused the Late Jurassic Anding Formation to be denuded
to form a second uplift event with a denuded thickness of 100 m. The third uplift
occurred at the end of Cretaceous. The Yanshan late curtain tectonic movement
uplifted the whole basin again, and the Cretaceous strata were strongly denuded
with a thickness of 550 m.

Among them, the western margin thrust belt takes FD1 well as an example
(Figure 5(a)). The maturity evolution history and hydrocarbon generation his-
tory of Paleozoic source rocks in this well can be described as follows: Permian
Shanxi Formation + Taiyuan Formation source rocks: In the early Late Triassic,
the Ro value reached 0.55% and began to enter the hydrocarbon generation
threshold. In the middle and late Late Triassic, the Ro value reached 0.7% and
began to enter the peak of oil generation and entered the main oil window. In
the early and late Late Cretaceous, the Ro value reached 1.0% and began to enter
the late stage of the main hydrocarbon generation stage. The source rocks of this
group have not entered the gas generation stage. Ordovician Lashzhong Forma-
tion + Wulalike Formation source rocks: in the early Late Triassic Ro value
reached 0.55% began to enter the hydrocarbon generation threshold; in the mid-
dle and late Triassic, the Ro value reached 0.7% and began to enter the peak oil
generation period, entering the main oil window; in the middle and late period
of Early Cretaceous, Ro value reached 1.0% and entered the late period of main
hydrocarbon generation period; in the late Cretaceous Ro value reached 1.3%,
began to enter a large number of moisture stage; after the Late Cretaceous, the
thermal evolution of source rocks stopped due to uplift.

In the western part of Tianhuan sag, another structural part of the western
margin of Ordos, taking well YT1 as an example (Figure 6(a)), the mature evo-
lution history and hydrocarbon generation history of the source rocks in this
well can be described as follows: Permian Shanxi Formation + Taiyuan Forma-
tion source rocks: in the early Late Triassic, the Ro value reached 0.55% and be-
gan to enter the hydrocarbon generation threshold, and the source rocks gradu-
ally matured. In the middle and late Late Triassic, the Ro value reached 0.7%,
and began to enter the main oil generation window and began to enter the peak
period of oil generation. In the early Cretaceous Ro value reached 1.0%, entering
the late stage of the main hydrocarbon generation stage; the Ro value reached
1.2% in the middle and late Early Cretaceous, and began to enter the stage of
high maturity (moisture generation). Ordovician Lashzhong Formation + Wu-
lalike Formation source rocks: in the late Middle Triassic Ro value reached
0.55% began to enter the hydrocarbon generation threshold; in the middle of the
late Triassic, the Ro value reached 0.7%, and began to enter the peak period of
oil generation. In the early Cretaceous, the Ro value reached 1.0% and entered
the late stage of main hydrocarbon generation. In the middle of the early Creta-
ceous, the Ro value reached 1.2%, and began to enter the stage of high mature

moisture generation.
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Combined with the evolution diagram of vitrinite reflectance of source rocks
of Taiyuan Formation in 5 wells with time (Figure 7), it can be seen that before
the early Late Triassic, the thermal evolution degree of the basin was low, and
the source rocks of Taiyuan Formation were in the immature stage as a whole
and did not have hydrocarbon generation capacity. The Ro value of the source
rocks in the western margin of Ordos reached 0.55% in the early Late Triassic
and entered the hydrocarbon generation threshold, which was in the stage of low
maturity evolution. During the Yanshan cycle, the basin entered the stage of
flexural differential subsidence after short-term overall uplift. During the uplift
process, the structural characteristics changed significantly. The western margin
of the basin was first uplifted and eroded, forming the tectonic evolution cha-
racteristics of the Yanchang Formation gradually uplifted and eroded from
northeast to southwest. The strata experienced short-term uplift and denuda-
tion, and the evolution of source rocks stagnated, which delayed the time of
source rocks entering the main oil window. With the increase of burial depth, in
the early Jurassic (about 200 Ma ago), the source rocks of Taiyuan Formation
gradually matured. The Ro value of the western margin thrust belt reached or
exceeded 0.6% to enter the hydrocarbon generation threshold, and the Ro value
near the Tianhuan sag reached or exceeded 0.8%, entering the main oil window
and entering the peak oil generation period. The second episode of Yanshan
movement occurred after the deposition of Anding Formation at the end of Late
Jurassic. The main body of the basin rose and the strata were eroded. At the end
of Late Jurassic (145 Ma ago), most of the source rocks of Taiyuan Formation
entered the peak period of oil generation, and the overall evolution degree was
low in the east and north, and high in the west and south. The overall Ro value
of the western margin thrust belt reaches or exceeds 0.8%, and the Ro value near
the Tianhuan sag reaches or exceeds 1.0%, and the range entering the peak hy-
drocarbon generation period is further expanded.

At the end of the Early Cretaceous (100 Ma ago), the thermal evolution of or-
ganic matter increased sharply. The Ro value of the western margin of the
Taiyuan Formation thrust belt is mainly distributed between 0.8% - 1.4%, such
as the Ro = 0.95% of FD1, which entered the stage of thermal catalytic hydro-
carbon generation. The value of Ro is mainly distributed between 1.2% and 1.8%
near the Tianhuan sag, such as Ro = 1.7% of YT1, which enters the stage of high
maturity (moisture). At the same time, after experiencing the maximum burial
depth at the end of the early Cretaceous, the strongest one-stage basin-wide up-
lift and denudation event occurred since the Triassic.Under the action of the late
Yanshan tectonic movement, the basin was uplifted again, and the Cretaceous
strata were denuded, which caused the strata to uplift, the hydrocarbon genera-
tion evolution of the source rocks to stagnate, and the degree of thermal evolu-
tion of the basin did not change much. At present, the thermal evolution degree
of source rocks in Taiyuan Formation maintains the pattern at the end of Late

Cretaceous, and the evolution degree increases slightly under the influence of
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superposition time effect. The Ro value of the western margin thrust belt is
mainly distributed in 1.0% - 1.4%, reaching the late stage of mature oil and gas
generation stage and gradually entering the early stage of high mature thermal
cracking and moisture generation stage, and kerogen gas generation plays a ma-
jor role. The value near the Tianhuan sag is mainly distributed between 1.4% -
2.0%, and in the late stage of high maturity (wet gas), crude oil cracking into gas

is dominant.

5. Conclusions

1) Based on previous studies, the western margin of the Ordos Basin has expe-
rienced five stages of uplift and denudation, of which the first four denudations
were weak. The erosion amount of Ordovician region is about 50 m; at the end
of Late Triassic, the regional denudation is about 150 - 250 m; the denudation
amount at the end of the early Jurassic is 80 - 100 m; late Jurassic unexfoliated
amount is 120 - 180 m; the Late Cretaceous regional denudation is the most in-
tense, the denudation thickness is 500 - 600 m.

2) The simulation results show that the period when the Ro value of Taiyuan
Formation in the western margin of Ordos Basin reaches 0.55% and enters the
hydrocarbon generation threshold is the early Late Triassic. On the whole, the
thermal evolution degree of organic matter of source rocks in different layers of
Tianhuan sag is obviously higher than that of source rocks in the western margin
thrust belt. The maximum Ro value of source rocks in the thrust belt of the
western margin of the basin is 1.0% - 1.4%, most of which have reached the late
stage of mature oil and gas generation and gradually entered the early stage of
high mature thermal cracking and moisture generation. The maximum Ro value
of source rocks in the west of Tianhuan sag is 1.4% - 2.0%, which reaches the
high mature stage of thermal cracking.

3) According to the results of single well simulation, based on the analysis of
burial history and thermal history of source rocks, the thermal evolution degree
of Paleozoic source rocks is analyzed in detail, and the exploration direction is

clarified.
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