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Abstract: Formation overpressure is an important controlling factor for the formation of high-yield
oil reservoirs in the shale series of the Permian Fengcheng Formation in the west and south of
Mahu Sag, the Junggar Basin. Hydrocarbon-generating pressurization (HGP) is an important cause
of overpressure in the shale series of Fengcheng Formation, but the evidence for this viewpoint
is insufficient. There is still no systematic study on the quantitative calculation and distribution
characteristics of HGP in the Fengcheng Formation shale series. The control effect of HGP on the
formation of high-pressure and high-yield reservoirs is still unclear. Therefore, by using the data of
mudstone logging and measured formation pressure, the causes of overpressure in the Fengcheng
Formation shale series are clarified. The predicted organic matter abundance, the predicted maturity
and thickness of source rocks, and the statistical ratios of mudstone thickness to formation thickness
in each section of Fengcheng Formation are used for HGP of shale series. Combined with the physical
characteristics of reservoir rocks and the geochemical characteristics of oil, the control effect of HGP
on the formation of high-pressure and high-yield reservoirs is analyzed. The results indicate the
following: (1) The organic matter abundance and the thickness of source rocks predicted by the
logging data gradually decrease from the eastern lake basin area to the western slope area. (2) The
HGP of shale series in Fengcheng Formation is related to the hydrocarbon generation capacity and the
overpressure preservation conditions of the source rocks. The HGP can be quantitatively predicted by
comprehensively using the organic matter abundance, the maturity, the thickness of source rocks, and
the ratios of mudstone thickness to formation thickness. (3) The HGP in the Fengcheng Formation
shale series also gradually decreases in distribution characteristic from the eastern lake basin area to
the western slope area. (4) The oil accumulation mode of the Fengcheng Formation shale series is
that, with the drive of overpressure, the oil migrates slightly within the layer, and finally accumulates
to form the oil reservoir. The research results are helpful to understand the distribution characteristics
of HGP and the formation mechanism of high-pressure and high-yield reservoirs in the shale series
of Fengcheng Formation in the west and south of Mahu Sag, and are of great significance to guide
the exploration and development of shale oil and tight oil.

Keywords: oil accumulation mode; hydrocarbon-generating pressurization; shale series; Fengcheng
Formation; the west and south of Mahu Sag; Junggar Basin

1. Introduction

The fan delta lake sedimentary system was developed in Fengcheng Formation of the
Lower Permian in the west and south of Mahu Sag [1,2], and its fan delta front subfacies are
favorable areas for exploration, with a cumulative area of over 2000 km2. The shale source
rocks in fan delta front subfacies, the tight sandstone reservoir rocks, and the tight siltstone
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reservoir rocks of Fengcheng Formation are frequently interbedded [3–5], forming the
shale series of Fengcheng Formation, and developing shale and tight sandstone–siltstone
reservoirs. It was found in the research by PetroChina Xinjiang Oilfield Company that
the production of shale series in oil reservoirs of Fengcheng Formation is closely related
to formation overpressure, which is a favorable condition for the formation of high-yield
oil reservoirs. Therefore, the study on the origin, distribution, and reservoir relationship
of overpressure in Fengcheng Formation in the west and south of Mahu Sag is helpful to
understand the formation mechanism of the shale series reservoirs in this area, and is of
great significance for guiding the exploration and development of shale oil and tight oil in
Fengcheng Formation of Mahu Sag.

The rocks within the shale series are generally dense, and the formation overpressure
replaces buoyancy as the main driving force for oil migration. There are many causes
of formation of overpressure in shale series, including under compaction, tectonic com-
pression, hydrocarbon generation, fluid thermal expansion, mineral transformation and
dehydration, etc. However, only when there is a pressure difference between the source
rock and the reservoir rock in the shale series, the reservoir rock adjacent to the source
rocks can better capture oil and become a favorable location for oil accumulation [6,7].
Because the reservoir rocks are located in the shale series and are adjacent to the source
rocks, their burial temperature evolution histories and their tectonic evolution histories are
the same, which results in the approximate pressurization of formation mechanisms with
some abnormal high pressure, such as tectonic compression and fluid thermal expansion.
However, due to the overall compactness of shale series, other formation mechanisms of ab-
normal high pressure, such as the effect of fluid density contrast and water head difference,
cannot be the main factors for the formation of abnormal high pressure. The hydrocarbon
generation of source rocks increases the volume of pore fluid, which becomes the key factor
for the formation of strong overpressure [8–11]. At the same time, with the migration of
oil, overpressure must also be transmitted from source rocks to reservoir rocks, which is
conducive to the formation of high-pressure and high-yield reservoirs [7,12–14]. However,
the genetic mechanism of abnormal overpressure in Fengcheng Formation in the study
area is still controversial [15,16]. The normal compaction of the Fengcheng Formation in
the study regions proves that undercompaction and tectonic compression are not the main
factors contributing to the abnormally high formation pressure. The Fengcheng Formation
is an important source rock. Is hydrocarbon generation the main genetic mechanism of
abnormally high pressure? The current prediction methods for formation pressure are
mostly based on undercompaction. How to establish the relationship between hydrocar-
bon generation and overpressure, and then quantitatively predict HGP? The exploration
practice of the Fengcheng Formation has found a close relationship between shale oil sweet
spots and abnormally high pressure. Accurately characterizing the distribution characteris-
tics of abnormal high pressure in the Fengcheng Formation and clarifying the relationship
between abnormal high pressure and sweet spots are key practical problems to be solved
in the exploration practice of shale oil in the Fengcheng Formation.

In order to quantitatively calculate the amount of HGP, and then analyze the relation-
ship between the HGP and the formation of high yield reservoirs in the shale series of
Fengcheng Formation, it is necessary to analyze the origin of formation of overpressure in
the shale series of Fengcheng Formation in the west and south of Mahu Sag, establish the
relationship between the HGP and the hydrocarbon generation capacity of the source rocks
and the overpressure preservation capacity of the shale series, and calculate the amount of
HGP. Finally, a microdistance migration and accumulation model of oil in the shale series
of Fengcheng Formation under the control of HGP was established, providing theoretical
support for searching for high-pressure and high-yield oil reservoirs.

2. Geological Condition

Mahu Sag is located in the northwest of Junggar Basin, with a total exploration area
of about 5000 km2. It is one of the sags with the most abundant oil and gas resources in
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Junggar Basin [17–20]. The research area is located in the western and southern regions
of Mahu Sag (Figure 1b), with sedimentary strata including the Carboniferous, Permian,
Triassic, Jurassic, and Cretaceous sediments. Fengcheng Formation of the Lower Permian
is the target layer for this study. Fengcheng Formation can be further divided into the first
section (P1f 1), the second section (P1f 2), and the third section (P1f 3) from bottom to top
(Figure 1d) [3,21–23].

Processes 2023, 11, x FOR PEER REVIEW 3 of 20 
 

 

shale series of Fengcheng Formation under the control of HGP was established, providing 
theoretical support for searching for high-pressure and high-yield oil reservoirs. 

2. Geological Condition 
Mahu Sag is located in the northwest of Junggar Basin, with a total exploration area 

of about 5000 km2. It is one of the sags with the most abundant oil and gas resources in 
Junggar Basin [17–20]. The research area is located in the western and southern regions of 
Mahu Sag (Figure 1b), with sedimentary strata including the Carboniferous, Permian, Tri-
assic, Jurassic, and Cretaceous sediments. Fengcheng Formation of the Lower Permian is 
the target layer for this study. Fengcheng Formation can be further divided into the first 
section (P1f1), the second section (P1f2), and the third section (P1f3) from bottom to top (Fig-
ure 1d) [3,21–23]. 

 
Figure 1. The research area and lithology: (a) location of Junggar Basin; (b) location of the research 
area; (c) sedimentary characteristics and well location; and (d) lithological histogram of Fengcheng 
Formation. 

Figure 1. The research area and lithology: (a) location of Junggar Basin; (b) location of the re-
search area; (c) sedimentary characteristics and well location; and (d) lithological histogram of
Fengcheng Formation.

During the sedimentary period of the Early Permian Fengcheng Formation, Mahu Sag
had a sedimentary environment of an alkaline lake [21,24,25], and Fengcheng Formation
extensively developed dolomitic rocks [26–28]. The alkaline lacustrine shales of Fengcheng
Formation deposited in semi-deep lake and deep lake environments are the main source
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rocks in this region, and most source rocks are mature, i.e., highly mature oil source rocks
with high organic matter abundance and good types [29–31]. A series of fan deltas were de-
veloped around the alkali lake in Fengcheng Formation of Mahu Sag (Figure 1c), including
the Zhongguai fan and Baqu fan in the southern slope of Mahu Sag, the Huangyangquan
fan in the western slope of Mahu Sag, and the Xiazijie fan in the northern slope of Mahu
Sag. Among them, the Zhongguai fan and Baqu fan in the southern slope of Mahu Sag
are distributed in contiguous areas with the Huangyangquan fan in the western slope of
Mahu Sag. Each fan can be divided into fan delta plain subface and fan delta front subface,
but the identification of the front fan delta subface is not clear. The subface of the fan delta
front can be further divided into the inner side of fan delta front near the sediment source
and the outer side of fan delta front far from the sediment source.

Under the background of alkaline lake sedimentary environment in Fengcheng For-
mation, fan deltas were widely developed around the lake basin, and volcanic activity is
strong during the same period. This results in both endogenous carbonate deposits and
terrigenous clastic material deposits in Fengcheng Formation of the Mahu Sag, as well
as volcanic material inclusions, forming a mixed sedimentary body with multiple sedi-
ment sources. The lithology of Fengcheng Formation is diverse, including conglomerate,
sandstone, dolomite, mudstone, tuff, salt rock, and other types (Figure 1d) [3,19].

There are various types of reservoirs in Fengcheng Formation, including conventional
reservoirs developed near the fracture zone, tight oil and shale oil developed in the slope
area and inside the sag. Among them, in the fan delta front subfaces environment, shale
source rocks are frequently interbedded with sandstone and siltstone tight reservoirs [3–5],
and shale series tight oil reservoirs and shale oil reservoirs are formed by micro migration
or in situ retention of oil.

3. Methods
3.1. Method for Obtaining Shale Compaction Curve

The overall density of the rocks in the shale series is prone to be undercompacted.
The porosity of undercompacted shale is abnormally large, which is characterized by
abnormally large acoustic time difference and abnormally low density on the logging
curve. In order to determine whether undercompaction is the main factor contributing to
the formation of overpressure in the shale series of Fengcheng Formation, the following
three steps of research were carried out: (1) Five wells with normal formation pressure
in Fengcheng Formation at the edge of the sag were selected (wells JL17, B25, B22, K891,
and MH33 in Figure 1c). The acoustic time difference data of mudstone were screened,
and the normal compaction curve of mudstone in the study area was obtained. (2) By
comparing the normal compaction curve characteristics of mudstone in the study area
and the compaction curve characteristics of drilling wells with abnormally high formation
pressure in Fengcheng Formation inside the sag (wells B25, MH7, MH49, and MH54
in Figure 1c), and by combining the measured formation pressure with the formation
pressure calculated by the equilibrium depth method (wells MH39, MH54, MH48, MH52,
MH57, MH106, and FY1 in Figure 1c), the relationship between undercompaction and the
overpressure in Fengcheng Formation has been analyzed. (3) The vertical effective stress of
mudstone using the Bowers method is calculated [32,33], and the cause of overpressure
in Fengcheng Formation based on the relationship between acoustic time difference and
vertical effective stress is further analyzed.

3.2. Experiments and Prediction Method of Total Organic Carbon

A total of 29 shale samples from Fengcheng Formation were considered for experi-
ments of total organic carbon (TOC), which were obtained from wells MH39, MH52, MH54,
FY1, and MY2. The TOC experimental process is as follows: Weigh approximately 0.1 g of
the shale sample, and fully react it with 12.5% HCl and carbonate in the sample, and then
wash the sample with distilled water every half an hour for a total of three days. Wash the
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reaction product thoroughly before drying. Place the dried sample into the Leco CS-230
analyzer to measure TOC.

Using the logging data to predict the TOC of the Fengcheng Formation shale in the
study area, a total of 17 wells were predicted, including wells AK1, BQ1, FY1, JL35, K892,
MH26, MH28, MH33, MH39, MH48, MH49, MH52, MH54, MH57, MH085, MH106, and
MY2. The prediction process is as follows: (1) Using multiple regression analysis, establish
a relationship between the logging data and the measured TOC of the Fengcheng Formation
shales. (2) Use this relationship to predict the TOC value of the Fengcheng Formation
shales in the key drilling wells.

3.3. Prediction Method of HGP

The amount of HGP is related to both the amount of hydrocarbon generation and the
preservation conditions. On the premise that the organic matter types of source rocks in
the west and south of Mahu Sag are the same, the amount of hydrocarbon generated in the
shale series is related to the thickness, the average TOC, and the maturity of source rocks,
and the preservation conditions are related to the ratios of mudstone thickness to formation
thickness (r). The parameters affecting the hydrocarbon generation pressurization amount
are obtained as follows: (1) The shales of Fengcheng Formation with TOC greater than 0.5%
are predicted as source rocks, and the thickness of the source rocks are accumulated from
each sub layer of the source rocks in Fengcheng Formation. (2) The average TOC is the
average value of predicted TOC of Fengcheng Formation source rocks. (3) The relationship
between Vitrinite reflectance (Ro) and depth was established by Basin modelling method.
The Basin modelling results were verified by the measured Ro data of source rocks in
Fengcheng Formation from PetroChina Xinjiang Oilfield Company, and the maturity of the
source rocks were predicted according to the burial depth. (4) Based on the statistics and
calculations of rock debris logging and logging GR data, the r of each member of Fengcheng
Formation was obtained. The relationship equations between the hydrocarbon generation
pressurization amount of Fengcheng Formation shales and the thickness (Hs), the average
TOC, the average Ro of source rocks, and the r were established, respectively. With reference
to these relationships, the calculation model of the hydrocarbon generation pressurization
amount of Fengcheng Formation shales was regressed using SPSS25 software, and the
hydrocarbon generation pressurization amount of each member of Fengcheng Formation
in the west and south of Mahu Sag was finally obtained.

4. Results and Discussion
4.1. Shale Compaction Curve and Formation Pressure Characteristics

The variation trend of shale acoustic time difference with depth is used to reflect the
characteristics of shale compaction curve in the study area. MH33-K891-B22-B25-JL17
is located at the edge of the study area (well locations are shown in Figure 1c), and the
lithology of Fengcheng Formation is mainly sandstone and conglomerate, with a small
proportion of shale. The shales deposited in this area were easily able to discharge their pore
fluid into adjacent high permeability sandstone and conglomerate, and the shales were in a
normal compacted state. By using these five wells, the normal compaction curve of shale in
the study area can be obtained. Comparing the normal compaction curve characteristics
of shales from these five wells, it was found that the shale in the study area had a unified
normal compaction curve (Figure 2a). This means the following: (1) in shallow formations
less than 1800 m, the relationship between shale acoustic time difference (AC) and depth
(H) is H = 140e(−0.00026AC) and (2) in deep formations greater than 1800 m, the normal
compaction curve is H = 110e(−0.00013AC).
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Figure 2. Compaction curve characteristics of shales in Fengcheng Formation. The locations of the
sections are shown in Figure 1. (a) A cross-section in the north-south direction; (b) A cross-section in
the east-west direction.

B25-MH7-MH49-MH54 is an east–west connected well section (see Figure 1c for well
locations). From the well B25 at the edge of the sag to the well MH54 inside the sag, the
shale content in Fengcheng Formation gradually increases; the burial depth of the formation
also gradually increases; the rock gradually becomes denser, and the drainage capacity
gradually weakens. The Fengcheng Formation shales of well MH54 are more prone to be
undercompacted, and the shale acoustic time difference should be larger than the normal
value. However, compared to the normal compaction curve of shales in Figure 2a, it can be
seen that the acoustic time difference of wells MH49 and MH54 inside the sag in Fengcheng
Formation shales is normal, and there is no undercompaction (Figure 2b).

The equilibrium depth method can calculate the abnormal high pressure formed
by shale undercompaction. The selected wells are shown in Figure 3 (well locations are
shown in Figure 1c), all of which are located inside the sag, and the shales are prone to be
undercompacted, resulting in abnormally high pressure in the formation. The results show
that a majority of the formation pressure calculated by the equilibrium depth method for
Fengcheng Formation is normal formation pressure, and the measured formation pressure
is significantly greater than the formation pressure calculated by the equilibrium depth
method. It can be seen that the equilibrium depth method cannot accurately calculate the
formation pressure of Fengcheng Formation. The main cause of abnormally high formation
pressure in Fengcheng Formation is not undercompaction, but may be HGP.
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The vertical effective stress of well MH48 was calculated using the Bowers method,
and the acoustic velocity of shales was calculated using the logging acoustic time difference.
A scatter plot of the vertical effective stress and acoustic velocity of shales was established
(Figure 4). From Figure 4, it can be seen that the acoustic velocities of the Fengcheng
Formation shales are relatively high, reflecting the characteristics of overpressure caused
by fluid expansion, which may be caused by hydrocarbon generation [34–36].

4.2. Shale Organic Matter Abundance and Source Rock Distribution
4.2.1. Organic Matter Abundance of Shale

The measured TOC data of the Fengcheng Formation shales show (Table 1) that the
TOC ranges from 0.27% to 3.85%, with an average value of 1.50%. Through multiple
regression, the relationship between TOC and the logging parameters of the Fengcheng
Formation shales is established and is as follows:

TOC′ = −7.053DEN − 0.031AC − 0.012GR − 0.0000017RI − 0.004SP + 0.01RXO −
0.177CALI − 0.004RT + 0.063CNL + 22.97 (R2 = 0.68)

(1)
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Figure 4. Identification of formation overpressure genesis in well MH48 by the Bowers method:
(a) scattered plot of sonic and depth of shale and (b) scattered plot of vertical effective stress and
acoustic velocity of shales.

In Equation (1), TOC′ is the predicted total organic carbon content (%). DEN is the
rock density logging data (g/cm3). AC is the logging data of rock acoustic time difference
(µm/ft). GR is the rock natural gamma logging data (API). RI represents shallow resistivity
logging data (Ω•m). SP represents natural potential logging data (mv). RXO represents
flushing charged resistivity logging data (Ω•m). CALI represents caliper logging data (cm).
RT represents deep resistivity logging data (Ω•m), and CNL represents neutron porosity
logging data (v/v).

Using Equation (1), TOC′ of the Fengcheng Formation rocks is predicted based on
logging data. The results showed that the TOC′ of the samples ranged from 0.01% to 3.14%,
with an average value of 1.54% (Table 1). Comparing the TOC and TOC′ values of the
samples (Figure 5), it was found that both TOC and TOC′ peaks appeared in the range of
1.00% to 2.00%, indicating that most samples had higher organic matter abundance. Both
TOC and TOC′ scatter points are distributed near Y = X ray, indicating that using logging
data can better predict TOC values.
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Table 1. Measured TOC and predicted TOC of the Fengcheng Formation shales.

Well Depth
(m) Lithology

Measured
TOC
(%)

Predict
TOC (%)

Absolute
Error

Relative
Error
(%)

DEN
(g/cm3)

AC
(µm/ft)

GR
(API)

RI
(Ω•m)

SP
(mv)

RXO
(Ω•m)

CALI
(cm)

RT
(Ω•m)

CNL
(v/v)

MH39 5119.14 Mudstone 3.34 2.56 0.78 23.26 2.48 73.514 88.227 15.197 −37.247 13.85 8.365 14.557 26.566
MH39 5119.2 Mudstone 3.08 2.56 0.52 16.94 2.481 75.826 86.624 11.783 −37.289 11.412 8.351 11.28 27.571
MH39 5119.52 Mudstone 3.85 2.26 1.59 41.25 2.481 84.177 99.638 12.219 −37.459 14.019 8.431 11.888 29.291
MH39 5119.85 Mudstone 2.13 2.36 0.23 10.63 2.491 83.484 89.551 11.5 −37.786 10.541 8.507 11.588 30.374
MH39 5120.01 Mudstone 1.94 2.35 0.41 21.02 2.51 81.229 81.092 12.368 −37.949 9.948 8.389 12.509 29.454
MH39 5120.34 Mudstone 1.55 1.71 0.16 10.54 2.58 78.696 84.654 13.586 −38.152 11.902 8.393 13.85 26.427
MH39 5120.64 Mudstone 1.02 1.43 0.41 39.94 2.612 75.158 77.572 15.56 −38.394 13.125 8.434 16.089 22.428
MH39 5121.93 Mudstone 0.92 1.65 0.73 79.30 2.578 79.614 85.416 9.235 −38.949 7.542 8.516 9.931 26.525
MH39 5122 Mudstone 1.1 1.64 0.54 49.34 2.582 80.109 83.896 9.313 −39.002 7.555 8.523 9.987 26.837
MH39 5340 Tuffaceous mudstone 0.97 1.30 0.33 34.44 2.603 58.61 77.016 6.842 −64.215 7.446 8.301 7.431 9.553
MH39 5341.4 Tuffaceous mudstone 0.88 1.20 0.32 36.70 2.599 64.002 84.186 6.99 −65.028 3.928 8.326 8.091 12.138
MH39 5342 Tuffaceous mudstone 1.18 1.18 0.00 0.18 2.604 66.435 97.945 4.138 −65.624 3.756 8.326 4.884 15.904
MH39 5343.81 Tuffaceous mudstone 1.38 1.71 0.33 23.72 2.58 66.292 80.69 3.843 −67.775 3.128 8.396 4.734 18.414

MH52 5286.93 Calcareous mudstone 0.87 0.87 0.00 0.20 2.699 56.639 89.119 201.977 −514.49 45.147 8.856 298.042 0.161
MH52 5287.65 Calcareous mudstone 3.01 3.13 0.12 3.90 2.511 57.047 88.462 95.924 −514.192 62.994 8.717 113.204 0.106
MH52 5287.82 Calcareous mudstone 1.79 3.14 1.35 75.39 2.533 57.99 86.685 132.886 −514.134 94.123 8.669 149.564 0.123
MH52 5288.17 Calcareous mudstone 2.48 2.67 0.19 7.51 2.558 57.89 87.46 309.97 −513.461 151.995 8.568 370.723 0.129

MH54 5138.95 Tuffaceous mudstone 1.36 1.19 0.17 12.82 2.667 59.963 79.67 18.459 −315.9 18.665 8.725 17.849 0.102
MH54 5139.3 Tuffaceous mudstone 1.14 1.20 0.06 4.93 2.678 56.584 83.032 20.883 −314.974 22.321 8.72 20.141 0.088
MH54 5139.5 Tuffaceous mudstone 0.85 1.32 0.47 55.81 2.672 55.264 82.774 31.361 −314.765 30.78 8.72 30.446 0.078
MH54 5139.6 Tuffaceous mudstone 1.57 1.49 0.08 5.21 2.67 54.723 79.397 57.54 −314.489 50.499 8.72 56.308 0.075
MH54 5139.98 Tuffaceous mudstone 2.99 1.69 1.30 43.45 2.664 53.273 61.639 90.252 −313.623 54.785 8.73 90.122 0.076

FY1 5230.96 Calcareous mudstone 0.72 0.93 0.21 29.07 2.5 64.838 67.859 8.035 −17.625 2.652 9.354 9.111 0.177
FY1 5232.71 Calcareous mudstone 1.06 0.70 0.36 33.97 2.55 66.009 64.143 5.578 −27.588 2.511 8.993 6.154 0.19

MY2 4430.14 Calcareous mudstone 0.27 0.01 0.26 97.86 2.503 60.699 53.499 46.3 −44.482 40.451 9.126 707.94 17.108
MY2 4430.48 Calcareous mudstone 0.51 0.81 0.30 59.00 2.438 64.782 54.144 7.144 −44.705 30.264 11.171 581.631 24.07
MY2 4430.79 Calcareous mudstone 0.44 0.53 0.09 20.57 2.361 67.873 39.455 15.458 −45.07 1.568 18.614 602.8 36.51
MY2 4432.02 Calcareous mudstone 0.47 0.52 0.05 10.92 2.368 62.858 76.507 41.666 −48.045 45.537 21.402 461.527 33.433
MY2 4432.13 Calcareous mudstone 0.56 0.63 0.07 12.88 2.39 61.641 82.506 70.567 −48.205 43.661 20.999 330.755 29.052
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According to the TOC prediction results of single well shales, consider TOC′ greater
than 0.5% as source rocks, calculate the average TOC′ value of source rocks in each member
of Fengcheng Formation, and draw the average TOC′ contour maps of the first, second,
and third members of Fengcheng Formation (Figure 6). It can be seen from Figure 6 that the
average TOC′ of the first member of Fengcheng Formation is between 0.7% and 1.5%, the
average TOC′ of the second member of Fengcheng Formation is between 0.5% and 3.5%,
and the average TOC′ of the third member of Fengcheng Formation is between 0.8% and
2.0%. The average TOC′ change trend of each member is gradually increasing from west to
east and southeast. The average TOC′ of each member is closely related to sedimentary
subfacies, which is from fan delta plain subfacies at the edge of the sag to semi-deep lake,
deep lake subfacies inside the sag, and the average TOC′ of source rocks gradually increases.
In the semi-deep lake, i.e., deep lake subfacies environment, the average TOC′ of the second
member is the highest, reaching a maximum of 3.5%, while the average TOC′ of the first
member is the lowest.
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4.2.2. Distribution Characteristics of Source Rocks

According to the shales’ TOC prediction results of a single well, the shales with TOC′

greater than 0.5% were considered as the source rocks. The thickness of each sub source
rock layer is accumulated to calculate the source rock thickness of each member. According
to the single well’s source rock thickness, the contour maps of source rock thickness from
the first, second, and third members of Fengcheng Formation have been drawn, respectively
(Figure 7). It can be seen from Figure 7 that the source rock thickness of the first and second
members of Fengcheng Formation is between 0~300 m, the source rock thickness of the
third member of Fengcheng Formation is between 0~240 m, and the source rock thickness
of each member gradually increases from the west to the east and southeast of the sag.

4.3. HGP Characteristics of the Shale Series in Fengcheng Formation
4.3.1. The Relationship between Key Parameters and HGP

According to the average TOC′ of source rocks, the average Ro of source rocks, the
thickness of source rocks (Hs), the ratios of mudstone thickness to member thickness
(r), and the measured HGP (∆P) of each member in Fengcheng Formation (Figure 8),



Processes 2023, 11, 2847 11 of 19

the relationship between the average TOC′ of source rocks and the ∆P is an exponential
relationship, the relationship between the average Ro of source rocks and the ∆P is a
logarithmic relationship, the relationship between the Hs and the ∆P is a linear relationship,
and the relationship between the r and the ∆P is also a linear relationship. Among them,
the average TOC′ of source rocks and the Hs are most closely related to ∆P, with R2 of
0.6238 and 0.6217, respectively.
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Referring to the relationships between the average TOC′ of source rocks, the average
Ro of source rocks, the Hs, the r, and the ∆P of each member in Fengcheng Formation, the
calculation Formula (2) of HGP was established by using multiple regression method:

∆P = 0.0000068e0.41TOC′ ·(ln(Ro) − 106.974)·(Hs + 148.497)·(r − 139.963)·(R2 = 0.894) (2)

In Equation (2), ∆P is the HGP (MPa); TOC′ is the average total organic carbon content
of source rocks (%); Ro is the reflectance of Vitrinite (%); Hs is the thickness of source rocks
(m); and r is the ratio of mudstone thickness to member thickness (m/m).

The R2 in Equation (2) is 0.894. It can be seen that according to Equation (2), the HGP
can be accurately calculated.

4.3.2. Characteristics of Key Parameters

The basin model method of single well was used to simulate the Ro of well MH39. The
measured Ro data of shales was used to correct the results, and finally, the variation curve of
Ro with depth was obtained (Figure 9). According to the burial depth at the top and bottom
of each member of Fengcheng Formation, the average Ro of each member was calculated,
and the average Ro contour maps of each member were drawn (Figure 10). On the flat
surface, the average Ro values of each member of Fengcheng Formation gradually decrease
from east to west. Vertically, the biggest average Ro value of the deepest source rocks in
the first member reaches 1.5%, and most of the source rocks formed in the semi-deep lake
environment are in the highly mature evolution stage. The biggest average Ro value of the
moderately buried source rocks in the second member is about 1.2%, and the source rocks
formed in the semi-deep lake environment are in the mature to highly mature evolution
stage. The biggest average Ro value of the shallowest source rocks in the third member is
about 1.1%, and the source rocks formed in the semi-deep–deep lake environment is in the
mature evolution stage.
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thickness of each member in Fengcheng Formation is calculated. The shale cumulative
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thickness is divided by the member thickness to obtain the r of each member. Finally, the
r contour maps of each member in Fengcheng Formation are drawn (Figure 11). From
Figure 11, it can be seen that the r of each member in Fengcheng Formation gradually
increases from the west to the east. The r is related to the sedimentary subfacies. The
main rock types of fan delta plain and inner fan delta front subfacies sedimentation are
sandstones and conglomerates, while the main rock type of semi-deep–deep lake subfacies
sedimentation is shale, indicating that the r of semi-deep–deep lake subfacies is the highest.
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4.3.3. HGP Characteristics

Using formula (2) to calculate the ∆P, combined with the measured ∆P of single
wells, the ∆P contour maps of each member in Fengcheng Formation have been obtained
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(Figure 12). From Figure 12, it can be seen that the ∆P of the first member is between
0 and 70 MPa, the ∆P of the second member is between 0 and 120 MPa, and the ∆P of
the third member is between 0 and 100 MPa. The ∆P of each member in Fengcheng
Formation gradually increases from the west to the east. The maximum ∆P of each member
in Fengcheng Formation are distributed in the semi-deep–deep lake subfacies environment.
It can be seen that the semi-deep–deep lake subfacies develop high-quality source rocks
and thick shale, which have both good hydrocarbon generation conditions and favorable
pressure preservation conditions. The ∆P is the largest in this environment.
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4.4. Microdistance Migration and Accumulation Model of Oil in the Fengcheng Formation
Shale Series
4.4.1. Reservoir Physical Characteristics

The reservoir rocks in the shale series of Fengcheng Formation mainly include glutenite,
sandstone, siltstone, and shale. According to the statistical tables (Table 2) and the scattered
plots (Figure 13) of porosity and permeability of reservoir rocks in different sedimentary
subfacies, it can be concluded that (1) The overall porosity and permeability of Fengcheng
Formation reservoir rocks in the west and south of Mahu Sag are very low. (2) Tight
reservoir rocks are defined as those with a porosity of less than 10% or a permeability
of less than 1 × 10−3 µm2. The reservoir rocks of Fengcheng Formation in the west of
Mahu Sag are all tight reservoir rocks, while the majority reservoir rocks of Fengcheng
Formation in the south of Mahu Sag are tight reservoir rocks. (3) From the distribution
range and average values of porosity and permeability of reservoir rocks, it can be seen
that the correlation between porosity and permeability of reservoir rocks and sedimentary
facies types is not significant. Almost all the reservoir rocks of each sedimentary facies in
Fengcheng Formation are tight reservoir rocks.

4.4.2. Geochemical Characteristics of Oil

During the migration of oil, its compound composition will change. In deep forma-
tions, under the influence of chromatography, light hydrocarbons in oil easily migrate,
while heavy hydrocarbons with high molecular weights migrate with relative difficulty.
Therefore, as the migration distance increases, the relative content of light hydrocarbons in
oil gradually increases. Based on the results of gas chromatography–mass spectrometry
(GC-MS) analysis of saturated hydrocarbons, the light hydrocarbon content (ΣnC20−, sum
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of contents of n-alkanes with a carbon number less than or equal to 20) and the heavy hy-
drocarbon content (ΣnC20+, sum of contents of n-alkanes with a carbon number more than
20) of oil from Fengcheng Formation was statistically analyzed, and the relative content
of light and heavy hydrocarbons (ΣnC20−/ΣnC20+) was calculated. The results are shown
in Figure 12. From Figure 12, it can be seen that the ∆P of MH48 in the second member
of Fengcheng Formation is significantly greater than its adjacent wells MH26 and MH49,
and the well MH48 is closer to the center of the sag, indicating a trend of oil migration
from the well MH48 to the wells MH26 and MH49. However, the oil ΣnC20−/ΣnC20+ of
well MH48 from the second member of Fengcheng Formation is 3.88, which is significantly
higher than 1.96 of well MH26 and 1.89 of well MH49, indicating that there is no significant
lateral migration of oil in Fengcheng Formation nearby the well MH48. Similar evidence
also appears between the wells MH54 and MH48 and the wells MH54 and MH49 in the
third member of Fengcheng Formation. Comparing the ∆P of each member in Fengcheng
Formation of well MH48, it can be seen that the ∆P of the second member is about 34.5 MPa,
and the ∆P of the first and third members are about 30.4 MPa and 29.0 MPa, respectively.
The oil from well MH48 of Fengcheng Formation shows a trend of migration from the
second member to the first and third members. However, the oil ΣnC20−/ΣnC20+ of well
MH48 from the second member of Fengcheng Formation is 3.88, significantly higher than
the oil ΣnC20−/ΣnC20+ from the first and third members (2.55 and 1.70, respectively),
which indicates that the oil of well MH48 did not migrate from the second member to the
first and third members of Fengcheng Formation. According to the physical properties of
the reservoir rocks in Fengcheng Formation, although there is a difference in formation
pressure within Fengcheng Formation, it is still difficult for oil to migrate laterally and
vertically in tight rocks, and the oil generated from the source rocks can only migrate to its
adjacent reservoirs.

Table 2. Statistical table for measured porosity and permeability of Fengcheng Formation
reservoir rocks.

Region

Sedsedimentary
Facies

(N = Number of
Samples)

Porosity
(%)

Average
Porosity

(%)

Porosity < 10%
(%)

Permeability
(×10−3 µm2)

Average
Permeability
(×10−3 µm2)

Permeability
< 1 × 10−3 µm2

(%)

South

Fan delta plain
subfacies
(N = 6)

2.6~11.6 5.37 83 0.012~2.250 0.42 83

Inner side of fan delta
front subfacies

(N = 186)
0.5~15.5 6.28 92 0.011~0.350 0.108 98

Outer side of fan
delta front subfacies

(N = 184)
0.2~15.2 4.14 96 0.010~16.100 0.205 99

West

Fan delta plain
subfacies
(N = 21)

0.9~3.2 2.41 100 0.010~0.137 0.026 100

Inner side of fan delta
front subfacies

(N = 14)
0.2~2.3 0.9 100 0.020~0.200 0.05 100

Outer side of fan
delta front subfacies

(N = 39)
0.4~4.7 2.46 100 0.012~10.000 0.907 87

Semi-deep lake
subfacies
(N = 22)

1.7~6.5 3.95 100 0.016~4.690 0.708 82
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4.4.3. Microdistance Migration and Accumulation Model of Oil

In the shale series of fan delta front subfacies in Fengcheng Formation of Mahu Sag,
shale source rocks are interbedded with tight sandstone and siltstone reservoir rocks.
According to the exploration results of Xinjiang Oilfield Company, the daily production of
a single well in the shale series of Fengcheng Formation is linearly and positively correlated
with the formation pressure coefficient, and exponentially and positively correlated with
the TOC of source rock (Figure 14). Through analysis, it is believed that shale source rocks
produce formation overpressure in the process of hydrocarbon generation. In addition
to meeting their own storage requirements, excess hydrocarbons are discharged under
the action of formation overpressure, and then, they migrate through a small distance
into the adjacent tight sandstone and siltstone reservoir rocks. With the transmission
of overpressure, overpressure reservoirs were formed. High quality source rocks have
a large amount of hydrocarbon expulsion and a large amount of HGP, thus forming an
overpressure and high-yield reservoir.

According to the thickness ratios of shale source rocks and tight sandstone–siltstone
reservoir rocks in the formation, it can be further divided into: (1) Oil reservoirs’ forming
mode of weak overpressure and low production (Figure 14d). The shale source rocks in the
formation have a small thickness ratio, low organic matter abundance, and a small total
amount of hydrocarbon generated. When the hydrocarbons are discharged into thick sand-
stone and siltstone reservoirs, the sandstones with unit thickness obtain less hydrocarbons,
and the pore fluid volume of reservoir rocks do not increase significantly. Weak formation
overpressure is developed in the reservoir rocks, forming the weak overpressure and low
production oil reservoirs, For example, in the third member of well MH48 (Figure 14b), the r
is 0.05; the average TOC′ value of source rocks is 0.906%; the ∆P is 29 MPa, and the daily oil
production is 12.59 t. (2) Oil reservoirs’ have forming mode of strong overpressure and high
production (Figure 14c). The shale source rocks in the formation have a large thickness ratio,
high organic matter abundance, and a large amount of generated hydrocarbon. When the
hydrocarbons are discharged into thin sandstone and siltstone reservoirs, the sandstones
with unit thickness obtain more hydrocarbons, and the pore fluid volume of reservoir rocks
increases significantly. Strong formation overpressure is developed in the reservoir rocks,
forming the strong overpressure and high production oil reservoirs. For example, in the
third member of well MH52 (Figure 14a), the r is 0.36; the average TOC′ value of source
rocks is 0.937%; the ∆P is 104 MPa, and the daily oil production is 23.37 t.
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Figure 14. Microdistance migration and accumulation model of oil in shale series of Fengcheng
Formation: (a) combination of reservoir forming elements of well MH52 in the third member of
Fengcheng Formation; (b) combination of reservoir forming elements of well MH48 in the third
member of Fengcheng Formation; (c) the oil reservoirs’ forming mode of weak overpressure and low
production; and (d) the oil reservoirs’ forming mode of strong overpressure and high production.

5. Conclusions

(1) The Permian Fengcheng Formation shale in the west and south of Mahu Sag does not
exhibit obvious undercompaction characteristics, and HGP should be the main cause
of overpressure in the Fengcheng Formation shale series.

(2) The logging data of Fengcheng Formation is related to the measured organic matter
abundance of the shale source rocks and can be used to predict the organic matter
abundance of the shale source rocks. The predicted organic matter abundance and
thickness of the source rocks gradually decrease from the east to the west.

(3) The ∆P of shale series in Fengcheng Formation is related to the hydrocarbon generation
capacity and overpressure preservation conditions. The ∆P can be quantitatively
predicted by comprehensively using the TOC′, Ro, Hs, and r. The ∆P of the shale series
in Fengcheng Formation also has a distribution characteristic of gradually decreasing
from the east to the west.

(4) The oil reservoirs’ forming mode of the Fengcheng Formation shale series is the
microdistance migration and accumulation model driven by the overpressure. It
can be further divided into the oil reservoirs’ forming mode of weak overpressure
and low production and the oil reservoirs’ forming mode of strong overpressure and
high production.
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