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Abstract

Taking the Jurassic Sangonghe Formation in the Mosuowan-Mobei area of the Junggar Basin as an example, this paper
provides a method that evaluates paleo hydrocarbon pools and predicts secondary reservoirs. Through Quantitative Grain
Fluorescence (QGF) experiments, well-tie seismic correlation, and paleo structure analysis, the scale and distribution of
paleo hydrocarbon pools in the study area are outlined. Combining current structural features and fault characteristics, the
re-migration pathways of paleo oil and gas are depicted. Based on barrier conditions on the oil re-migration pathways and
current reservoir distribution, we recognize three types of secondary reservoirs. By analyzing structural evolution and sand
body-fault distribution, the major control factors of secondary reservoirs are specified and, consequently, favorable zones
for secondary reservoirs are predicted. The results are mainly as follows. (1) In the primary accumulation period in the
Cretaceous, paleo hydrocarbon pools were formed in the Sangonghe Formation of the Mosuowan uplift and their size and
distribution were extensive and the exploration potential for secondary reservoirs should not be ignored. Besides, paleo
reservoirs were also formed in the Mobei uplift, but just small scale. (2) In the adjustment period in the Neogene, traps
were reshaped or destroyed and so were the paleo reservoirs, resulting in oil release. The released oil migrated linearly
northward along the structural highs of the Mobei uplift and the Qianshao low-relief uplift and then formed secondary
reservoirs when it met new traps. In this process, a structural ridge cooperated with sand bodies and faults, applying
unobstructed pathways for oil and gas re-migration. (3) The secondary hydrocarbon pools are classified into three types:
low-relief anticlinal type, lithologic pinch-out type and fault block type. The distribution of the first type is controlled by a
residual low uplift in the north flank of the paleo-anticline. The second type is distributed in the lithologic pinch-out zones
on the periphery of the inherited paleo uplift. The third type is controlled by fault zones of which the strikes are
perpendicular to the hydrocarbon re-migration pathways. (4) Four favorable zones for secondary reservoirs are predicted:
the low-relief structural zone of the north flank of the Mosuowan paleo-anticline, the fault barrier zone on the western flank
of the Mobei uplift, the Qianshao low-relief uplift and the north area of the Mobei uplift that parallels the fault zone. The
study above effectively supports the exploration of the Qianshao low-relief uplift, with commercial oil discovered in the
Qianshaol well. Besides, the research process in this paper can also be applied to other basins to explore for secondary
reservoirs.
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1 Introduction

With the continuous development of oilfield exploration, it
becomes increasingly difficult, starting from the source
rock, to find primary oil and gas pools, resulting in a
stalemate in petroleum exploration. Meanwhile, secondary
hydrocarbon pools are considered an important domain for
high-efficiency reservoirs in recent years, because of their
large exploration area, high quality, shallow burial depth
and rapid productivity construction. In recent years, there
have been significant breakthroughs in exploring for sec-
ondary oil and gas pools both at home and abroad, for
example, the Middle-Upper Devonian (Frasnian) and Tri-
assic petroleum system in the Midwest of the Ghdames
Basin, North Africa (Underdown and Redfern 2008), multi-
billion barrel accumulation of heavy oil discovered in the
Prudhoe Bay-Kuparuk area of the Arctic Alaska, North
America (Bird and Houseknecht 2011), the Vuktyl oilfield
in the Timan-Pechora Basin, Russia (IHS 2009), and the
Upper Cretaceous Sarvak reservoir in the Azadengan oil
field, southwest Iran (Du et al. 2016). In China, there also
have been many discoveries, such as the Carboniferous and
Triassic hydrocarbon pools in the Northern Tarim Basin
(Zhu et al. 2013a, b), the Neogene oil and gas pools in the
Bohai Bay and Qaidam Basins (Xu et al. 2016; Zhang et al.
2003; Li et al. 2015; Wang et al. 2015), the Jurassic natural
gas in the Western Sichuan Foreland Basin (Ye et al.
2017), the industrial oil flow discovered in the Damoguaihe
Formation in the Hailar Basin (Dong 2011), and the bead-
like secondary oil and gas pools in the Heidimiao oil layer
in the Songliao Basin (Huang and Guo 2014; Han et al.
2011).

Although secondary reservoirs can exhibit high pro-
ductivity and high economic benefits, they are normally far
from the source rocks, and the oil and gas are characterized
by long distance migration in the lateral direction and
cross-layer migration in the vertical direction. Besides, the
reservoirs are commonly small in scale and widely dis-
persed as a result of damage, re-migration, and re-distri-
bution from primary pools. The multi-stage hydrocarbon
accumulation presents a challenge for further exploration.
Much research has been conducted to elucidate the mech-
anism of secondary hydrocarbon migration and accumu-
lation. For instance, aiming at the secondary reservoirs in
the Jurassic-Cretaceous layer in the hinterland of the
Junggar Basin, some accumulation rules have been raised
such as distal secondary accumulation at a gentle slope (He
et al. 2004), fault-unconformity dominated migration and
accumulation in fault-controlled sands in a low-relief
structural trap (Hu et al. 2006), hydrocarbon migration
along stair-like fractures and unconformity and accumula-
tion outside the source (He et al. 2007), and facies-fault

dominated distal hydrocarbon accumulation at a gentle
slope (Tang et al. 2009). These models may provide an
opportunity to analyze the hydrocarbon accumulation
mechanism from one or two aspects; however, they are still
unable to explain the accumulation rule from a dynamic
process, which is supposed to start from the damage of
paleo reservoirs to re-migration of oil and gas until re-
accumulation of new hydrocarbon pools. Particularly,
elaborate characterization of hydrocarbon migration and
adjustment pathways and distribution rules of secondary
reservoirs remain absent, resulting in no significant dis-
covery for nearly 15 years since the two lithologic oil and
gas pools, i.e., Shinan21 and Shinan31 well blocks.

Secondary oil reservoirs are the result of adjustment of
paleo ones. Therefore, identifying paleo oil pools and
restoring their destruction and adjustment process are
important for predicting favorable zones. At present, the
analysis of paleo oil reservoirs is mainly based on the Grain
containing Oil Inclusions method (GOI) (Wang et al. 2006;
Cao et al. 2007) and Quantitative Grain Fluorescence
technique (QGF) (Liu and Eadington 2005; Liu et al.
2007, 2013). GOI method identifies or measures oil
inclusions on thin sections and, thus, drill cores are indis-
pensable. Besides, the method is operated under micro-
scope and is largely influenced by human factors.
Compared to the GOI method, QGF technology can over-
come the disadvantages of the limited drill cores, using
cuttings to conduct single-well vertical and multi-well
lateral comparison. In addition, the analysis parameters are
obtained by machine, thus eliminating human factors and
consuming less time. In recent years, this technique is
applied more and more to the identification of paleo oil
reservoirs. Formation of secondary reservoirs is generally
after the damage of paleo ones. The common damages are
the morphological change of traps caused by tectonic
movements or the invalidation of the seals caused by faults
(Tao et al. 2017; Wang et al. 2015; Zhu et al. 2013a, b).
The reasons for the formation of secondary oil reservoirs
have been deeply studied, while their prediction is rather
lacking.

In this paper, based on an example of the Jurassic
Sangonghe Formation in the Mosuowan-Mobei area in the
hinterland of the Junggar Basin, we attempt to propose a
systematic approach to evaluate paleo oil and gas pools and
predict secondary ones. The approach started from paleo
accumulations by defining their scale and distribution using
quantitative grain fluorescence (QGF). Then, secondary
exploration potential was evaluated. Next, the re-migration
pathways were precisely depicted and dynamic adjustment
processes were identified by analyzing structural features,
fault systems and sand bodies. Then, the types of secondary
hydrocarbon pools were classified; the main factors con-
trolling their distribution were determined by considering
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trap conditions on the hydrocarbon adjustment pathways
and present distribution features of reservoirs. Finally,
favorable zones for secondary accumulations were pro-
posed, providing valuable suggestions for the next-step
exploration in the mid-shallow layer in the hinterland of the
Junggar Basin. This systematic research can also be applied
to other basins.

2 Geological setting

The Junggar Basin is a large superimposed petroliferous
basin. It consists of six first-order tectonic units: the
Wulungu Depression, Luliang Uplift, West Uplift, East
Uplift, Central Depression and Northern Tianshan Pied-
mont Thrust Belt. Customarily, the vast central area is
referred to as the hinterland, which mainly involves the
first-order tectonic units of Luliang Uplift, Central
Depression (the central part), and Wulungu Depression.
The exploration area is about 40,000 km? (Wei et al. 2014).
Our study region includes two second-order tectonic units
in the hinterland: the Mosuowan uplift and the Mobei uplift
(Fig. 1). The oil and gas in the study area mainly existed in
the Jurassic and Cretaceous. From the bottom to the top,
the Jurassic strata consist of the Badaowan Formation
(J;b), Sangonghe Formation (J;s); the Cretaceous strata
consist of the Qingshuihe Formation (K;q), Hutubihe
Formation (K;h), Shengjinkou Formation (K;s), Lian-
mugqin Formation (K,l) and Donggou Formation (K,d). In
this study, our targeted stratum is the Sangonghe Formation
(J;s), which is further divided into three members: the first

member of the Sangonghe Formation (J;s;) in the bottom,
the second member of the Sangonghe Formation (J;s,) in
the middle, and the third member of the Sangonghe For-
mation (J;s3) in the top.

The hinterland was uplifted continually during the mid-
late Jurassic (Fig. 2), resulting in the development of the
large-scale WSW-NE-trending Chepaizi-Mosuowan uplift
in the Junggar Basin. The Mosuowan area is located in the
main body of that uplift and is called Mosuowan paleo
uplift. In the early Cretaceous, the paleo uplift subsided
steadily, forming anticlinal traps that were favorable for
hydrocarbon accumulation. At the same time, the source
rocks of the Middle Permian lower Urho Formation (P,w)
located in the Penl well west sag were at their generation
and expulsion peak, providing sufficient oil and gas for the
anticlinal traps (He et al. 2008; Ji et al. 2010; Xiang et al.
2016; Zhang et al. 2010). Furthermore, the Yanshan
movement was at an active stage, forming inherited normal
faults above the Hercynian thrust faults, acting as a “high-
speed elevator” for delivering oil and gas from the lower
strata to the upper reservoirs. Paleo structure-source rocks-
fault systems were well matched temporally and spatially,
contributing to the formation of the Mosuowan paleo oil
and gas pools. Some scholars have provided evidence for
the existence of paleo reservoirs at earlier studies using
reservoir GOI method (Cao et al. 2007; Xie et al. 2007;
Zou et al. 2008), fluorescence color and intensity analysis
of organic fluid inclusion (Sun 2009), since the QGF
technique was introduced (Liu and Eadington 2005; Liu
et al. 2007) and successfully applied in many basins of
China (Gong et al. 2007; Lu et al. 2012; Liu et al. 2013). In
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Fig. 2 Burial-thermal history of the Mosuowan uplift

recent years, we also applied the technique to the Junggar
Basin in the previous study to determine the thickness of
the paleo oil layer in the Mosuowan uplift and reconstruct
its hydrocarbon charging history, through integrated anal-
ysis of single-well continuous QGF index and series
inclusion analysis (Ma et al. 2016, 2017) (Fig. 1).

In the Neogene, the source rocks had passed the gen-
eration and expulsion peak and, thus, no longer supplied oil
and gas to the Mosuowan paleo uplift. In the meantime, the
intense activity of the Himalayan orogeny caused the
southward tilting of the whole hinterland of the Junggar
Basin. As a result, structures of the Jurassic strata and those
above exhibited a monocline shape, representing a paleo-
morphological high in the north and morphological low in
the south. The monocline strata not only damaged the
existing traps, but also provided a force for the hydrocar-
bon re-migration. Subsequently, hydrocarbons spilled out
from the paleo reservoirs and were either lost or re-accu-
mulated in new traps to form new hydrocarbon pools
known as secondary hydrocarbon pools.

3 Distribution of paleo oil and gas pools
3.1 Samples and experiments

The existence of paleo oil and gas pools in the J;s in MS1
well block has been confirmed by single-well continuous
QGF analysis (Ma et al. 2016, 2017). In this study, QGF
experiment was conducted for another seven wells dis-
tributed on the Mosuowan-Mobei area to determine the
scale and distribution of the paleo reservoirs. There are a
total of 29 samples and sampling locations are shown in
Fig. 3. Five core samples are from Well M3, with depth
ranging from 4354.21 m to 4379.3 m; five core samples are
from Well M5, depth ranging from 4287 m to 4311.8 m; 4
cutting samples are from Well M7, 4236 m to 4250 m; five
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Fig. 3 Well distribution of quantitative grain fluorescence experiment

core samples are from Well M15, 4293.35 m to 4309.7 m;
five core samples from Well M21, 4358 m to 4396 m; two
core samples from Well MB3, 3803.95 m and 3808.1 m;
and three core samples from Well MBS, 3727.6 m to
3731 m. These samples are mostly gray to green colored
fine sandstone, with few moderate to fine sandstone,
gravel-bearing sandstone and inequigranular sandstone. All
the 29 samples were conducted QGF experiment.

The experimental procedure was as the following. The
cutting samples were washed by hydrogen peroxide to
remove the mud. The core and cutting samples were then
crushed into single grains and then sieved to obtain grains
with a 63 pm-1 mm size distribution. Next, a mineral
separation step was employed using magnetic separation
machine to remove shale or coal fragments. Then, about
1 g-2 g grains were weighed and cleaned by dichlor-
omethane, hydrochloric acid, and hydrogen peroxide to
remove the clay minerals, carbonate cement, and free
hydrocarbon on the surface of the reservoir grains. After
that, the grains were dried. Next, dichloromethane was
added to the dried samples to remove surface adsorbed
hydrocarbon and then the samples were dried again for the
QGF (Quantitative Grain Fluorescence) experiment to be
conducted. The analysis was conducted on a Varian Cary-
Eclipse fluorescence spectrophotometer in the Research
Institute of Petroleum Exploration and Development, Pet-
roChina. The results are listed in Table 1.

3.2 Features of paleo structure and distribution
of faults

The earlier research has proved that the paleo hydrocarbon
pools in the J;s in the Mosuowan uplift were formed during
Cretaceous (Ma et al. 2017). Thus, the Cretaceous paleo
structure had significant control over primary hydrocarbon
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Table 1 Results of the

quantitative grain fluorescence Well name Sample no. Depth, m Formation Lithology QGF index

experiment M3 M3_1 435421  J;sh Gray muddy siltstone 16.5
M3_2 4370.43 J 15% Gray fine sandstone 6.5

M3_3 4372.85 Jis3 Gray fine sandstone 15.8

M3_4 4376 1,83 Gray fine sandstone 7.4

M3_5 4379.3 1,83 Gray fine sandstone 24.4

M5 M5_1 4287 Iish Gray fine sandstone 7.8
M5_2 4290.9 J 1s§ Gray fine sandstone 7.7

M5_3 4294.25 Iish Gray fine sandstone 8.0

M5_4 4308.6 Jish Gray fine sandstone 8.0

M5_5 4311.8 J ls% Gray fine sandstone 7.0

M7 M7_1 4236 Jis3 Gray fine sandstone 18.8
M7_2 4240 1,83 Gray fine sandstone 6.0

M7_3 4244 1183 Gray fine sandstone 7.3

M7_4 4250 J 15% Gray fine sandstone 12.7

MI15 M15_1 4293.35 J 1s§ Gray medium-fine sandstone 9.7
MI15_2 4296.5 Tish Gray gravel-bearing sandstone 7.7

M15_3 4299 Jish Gray gravel-bearing sandstone 9.5

MIl15_4 4305.5 Jis3 Gray fine sandstone 9.8

MI15_5 4309.7 1,83 Gray fine sandstone 4.1

M21 M21_1 4358 Jisd Gray fine sandstone 10.6
M21_2 4366 1,83 Gray fine sandstone 6.6

M21_3 4376 J 1s§ Gray fine sandstone 11.3

M21_4 4388 J 15% Gray fine sandstone 11.2

M21_5 4396 Jls% Gray fine sandstone 6.1

MB3 MB3_1 3803.95 183 Green-gray fine sandstone 73
MB3_2 3808.1 J ls% Green-gray fine sandstone 7.1

MB5 MB5_1 3727.6 1183 Green-gray inequigranular sandstone 9.2
MB5_2 3728.1 Iis3 Green-gray inequigranular sandstone  13.7

MB5_3 3731 Jis3 Green-gray inequigranular sandstone 17.7

MS1 MS1_1 4370 Jlsé Silty-fine sandstone 43
MS1_2 4374 J 155 Silty-fine sandstone 4.0

MS1_3 4378 Iish Silty-fine sandstone 4.2

MSI1_4 4382 Jisd Silty-fine sandstone 4.3

MSI1_5 4396 I;sh Silty-fine sandstone 4.5

MS1_6 4404 Iysh Silty-fine sandstone 4.5

MS1_7 4408 Iish Silty-fine sandstone 3.8

MS1_8 4412 J 1s§ Silty-fine sandstone 49

MSI1_9 4420 J 15% Silty-fine sandstone 49

MS1_10 4424 Jls% Silty-fine sandstone 4.2

MSI1_11 4432 Jis3 Silty-fine sandstone 4.4

MSI1_12 4434 Jis3 Silty-fine sandstone 34

MS1_13 4438 1,83 Silty-fine sandstone 4.2

MS1_14 4440 113 Silty-fine sandstone 4.0

MS1_15 4442 J 1s% Silty-fine sandstone 4.1

MS1_16 4446 J 1s§ Silty-fine sandstone 4.2

MS1_17 4448 J 1s§ Silty-fine sandstone 3.8

MS1_18 4456 Jls§ Silty-fine sandstone 4.1
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accumulation. At the Early Cretaceous, a wide-spread
lacustrine transgression occurred in the Junggar Basin,
forming dark mudstone (the mudstone was characterized
by high-Gamma on logging curves and thus called high-
Gamma mudstone) that was steadily distributed and verti-
cally overlaid on the Cretaceous basal conglomerate in the
hinterland of the basin. Therefore, flattening the top surface
of this high-Gamma mudstone allows us to analyze the
structural feature of different target layers below it.
Accordingly, the paleo structure map of the J;s in the Early
Cretaceous was restored (Fig. 4). The J;s shows a clear
paleo-anticline on the Mosuowan uplift during the Early
Cretaceous, which is significantly different from the pre-
sent-day anticline. The structural high is located in the
southwest of Well MSI1, in proximity to the Permian
hydrocarbon-generating sag and, therefore, is considered a
favorable area to accumulate oil and gas.

Figure 4 also shows the planar feature of the Jurassic
Faults. The NE-trending faults are very common in the

Mobei uplift, distributed in en-échelon form. This kind of
fault has a short lateral distance. By contrast, the NW-
trending faults developed in the Mosuowan uplift exhibit
relatively long distance laterally.

Combining well data and seismic data, the well-tie
seismic section of MS1-M21-M3-M5-M15-M7-MB3-MBS5
was calibrated to interpret horizons and faults. Then, the
profile was flattened along the high-Gamma mudstone at
the bottom of the second member of the Qingshuihe For-
mation (K,q,), i.e., the bottom of the transgressive mud-
stone, to reflect the structural feature of the J;s during the
Cretaceous (Fig. 5). It is shown by the section that faults
developed in the Mosuowan uplift have relatively small
throw, which have control only over the adjustment of
shallow layer hydrocarbon pools and secondary accumu-
lation, while those in the Mobei area have large vertical
throw (some of which even extend to the deeply buried
Hercynian faults) and connect to the source rock, e.g., the
fault in close proximity to well MB3. These faults not only
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Fig. 4 Paleo structure of the Sangonghe Formation and distribution of Jurassic faults in the Cretaceous
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Fig. 5 Fault profile of the second member of the Sangonghe Formation in the Cretaceous (see location in Fig. 3)

provided vertical pathways for hydrocarbon migrating from
the deep layers to the middle-shallow (Jurassic-Cretaceous)
layers during the paleo accumulation period, but also acted
as pathways and barriers for oil and gas re-accumulating
during the adjustment stage.

3.3 Distribution of sand bodies

The Jurassic strata in the hinterland consists mainly of
gentle slope and shallow-water sandstone sediments. Sand
bodies of the J;s, were developed in a transgressive system
tract. During the early stage of the transgressive system
tract, sand types were mainly delta plain facies, with high
sand-shale ratio and were greatly overlapped. Therefore,
structural traps were easily developed while lithologic traps
were absent. At the middle stage of the transgressive sys-
tem tract, the water depth increased and sand-shale ratio
decreased, so the reservoir type was dominated by deltaic
front subaqueous distributary channel sand body, mouth
bar sand body and lacustrine mudstone (Feng et al. 2015).

Sand body correlation across the MSI1-M21-M3-MS5-
M15-M7-MB3-MB5 wells is shown by Fig. 6. The first
sand set of the second member of the Sangonghe Forma-
tion (J;s3) is a small-scale deltaic sand body with relatively
low sand-shale ratio. They are less superimposed and,
basically separated from each other, hence are highly likely
to form lithologic traps. Instead, the second sand set (J )
is a large-scale deltaic sand body with relatively high sand-
shale ratio, with sand bodies connected with one another,
overlapped, and hence are less likely to form lithologic
traps. However, if those sand bodies met with faults or are
located in an anticlinal structure, the opportunity for
structural traps would be greatly increased. For example,
the oil and gas pools formed in M7 well block are both
controlled by anticlinal sand bodies and by faults. The

@ Springer

scales of these structural traps are often larger than those
lithologic ones formed by the first type of sand set.

3.4 Scale and distribution of paleo oil and gas
pools

In combination with the sand body correlation, structural
interpretation and newly experimented QGF index distri-
bution (Fig. 7), the profile was mapped to restore the fea-
tures of paleo hydrocarbon pools (Fig. 8).

The empirical value of QGF index for paleo oil pools is
greater than 4. However, different areas have different
standards in explaining the oil layer and water layer, for the
reservoir characteristics may differ from each other.
Therefore, the overall change trend of the QGF index in
both vertical and horizontal direction should be considered
(Liu and Eadington 2005). QGF index ranges from 6.6 to
11.3 in Well M21, averaging at 9.2; 6.5-24.4 in Well M3,
averaging at 14.1; 7.7-8.0 in Well M5, averaging at 7.7,
4.1-9.8 in Well M15, averaging at 8.1; 6.0-18.8 in Well
M6, averaging at 11.2; and 9.2-17.7 in Well MBS, aver-
aging at 13.6. Well MB3 has only two data points 7.1 and
7.3, respectively, averaging at 7.2. Starting from M7 and to
the southwest towards well MS1, M21 well block shows
greater QGF index than MS; in the northeast direction
towards MB5, QGF index tends to increase. QGF index in
M7 well block itself has exceeded 10. It is, therefore,
inferred that MS1, M7 and MB5 well blocks accumulated
large amount of hydrocarbon (Fig. 8). Hydrocarbon pools
present in MS1 are anticline controlled, with oil layers’
thickness of about 60 m (Fig. 1); those in M7 are fault- and
anticline controlled, and in MBS lithology controlled. From
the section, we can see that the size of reservoirs of M7 and
MBS well blocks is much smaller than that of MS1 and the
potential is not that large.
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<«Fig. 6 Sand body correlation of the second member of the Sangonghe
Formation (see location in Fig. 3)
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It should be noticed that well MS1 is located on a paleo
structural high where hydrocarbons were supposed to be
accumulated and, thus, should have a greater QGF index
than M3 and M21. However, its QGF index ranges only
from 3.4 to 4.9, as indicated by Table 1 and Fig. 1, which
seems contradictory. This contradiction is due to reservoir
quality over different well blocks. Samples from well MS1
are dominated by siltstone to fine sandstone. The practical
size is rather small, with log-interpreted porosity ranging
from 4.5% to 11.2%, generally between 5.1% and 8.9%,
and shale content ranging from 3.0% to 28.4%. They are,
therefore, classified to be poor or even very poor quality
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Projecting the profile distribution of paleo oil pools onto
the planar structural map allows us to roughly circle the
planar distribution and compute their plane area. Well M21
is situated right at the boundary of the paleo oil pool,
indicating that the paleo structure was almost fully
charged. If we define the areal extent of the paleo oil pool
based on contour lines of the paleo-anticline along the
Mosuowan uplift, the computed area is about 600 km?. The
structural area of the paleo oil pool present in M7 and MBS
is relatively small (Fig. 9).

4 Hydrocarbon re-migration pathway
Paleo oil and gas pools, after being formed, tend to change

with time. The occurrence of later tectonic activities may
cause the trap to change in form or even be damaged,

leading to release and re-migration of hydrocarbon.
Accurate characterization of the hydrocarbon adjustment
pathway is helpful for tracking the secondary oil and gas
pools. This process requires the analysis of structural form
during the adjustment period.

4.1 Features of present structure
and hydrocarbon distribution

Influenced by the Himalayan movement, large-scale strata
tilting of the Junggar Basin occurred during the Neogene.
As a result, the preexisting structures shrank or even van-
ished. The Jurassic structure in the hinterland of the basin
shows a monocline shape that is high in north and low in
south. Many nose-like low uplift belts were developed
under the monocline background. Structural map of the
present-day hinterland (Fig. 10) indicates that the

Pen-1 well
-2520

Shawan sag

esl sa

Structural line of second grade unit

III Well positions of QGF experiment

Faults of Sangonghe Formation

Fig. 9 Planar distribution of the paleo oil and gas pools

Cretaceous structural line of Sangonghe Formation
III Paleo hydrocarbon pool

@ Springer



262

Petroleum Science (2018) 15:252-269

=

/
? 20km

e ——

———
=—

Proved oil

I:I Predicted oil

~ = »~ | Structural line of second grade unit

NN

_~ | Faults of Sangonghe Formation

R
./ Oil re-migration direction
.

@ Paleo hydrocarbon pool

__2006 Present structural line of Sangonghe Formation

Fig. 10 Current structural features, oil distribution and predicted oil adjustment pathways. a Migration direction in Mobei uplift, b Migration

direction of Qianshao low-relief uplift

Mosuowan paleo-anticline was damaged, with the southern
flank becoming a monocline and the northern flank
developing into an inherited residual low uplift. The Mobei
uplift shows an inherited nose-like uplift belt both at the
primary accumulation time and adjustment time. As for the
faults, the Jurassic faults in the Mosuowan-Mobei area
were formed and active during the Yanshanian Movement.
The Himalayan faults were mainly active in the north area
in the hinterland of the Junggar Basin (the Luliang uplift
and Shixi uplift) and faulted out the Cretaceous and the
above strata, few faults were formed in the Mosuowan-
Mobei area. So the planar faults characteristics in the study
area only changed slightly.

The Mosuowan uplift differs greatly from the Mobei
uplift in number, type and feature of discovered oil and gas
pools. Figure 10 shows that the distribution feature of the
current hydrocarbon pools is significantly different from

@ Springer

that of the paleo ones. Primary reservoirs formed on paleo
structural high were damaged; oil and gas re-migrated
towards the north along the nose-like uplift belt and then
re-accumulated in traps around the nose-like uplift belt.
Large-scale oil pools were absent from the former area of
the Mosuowan paleo reservoir and were replaced by the
predicted reserves that are located at the northeastern flank
of the paleo uplift, the Pen-5 well block and the Qianshao
low-relief uplift belt. As for the Mobei uplift, current
reservoirs are distributed in the northwestern part of the
fault zone.

4.2 Hydrocarbon re-migration pathways
Hydrocarbon tends to migrate and accumulate towards the

structural high. The structural ridge, as a height position, is
undoubtedly the predominant migration pathway for oil
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and gas adjusting. However, it is only a general trend for
hydrocarbon migration. Whether the structural ridge can be
the predominant migration pathway is dependent not only
on lateral variation of sand bodies (configuration of sand
bodies and structural ridge), but also on cooperation
between sand bodies and faults. According to fault char-
acteristics (Fig. 5) and sand body distribution features
(Fig. 6), the Jurassic faults and the sand bodies of the J;s
are steadily distributed along the structural ridge, providing
a favorable pathway for hydrocarbon adjustment. In addi-
tion, the present-day structural form and the oil and gas
pools distribution indicate that hydrocarbon did migrate
laterally and vertically along the structural ridge, through
the thick sand bodies J;s, and the Jurassic faults. Although
the structural ridges are the present day ones, they can
reflect the general oil migration trend, for oil has been still
at the adjustment period since the Himalayan movement.

Phenanthrene compounds have been widely used as a
maturity indicator. For R, < 1.5%, there is a linear corre-
lation between phenanthrene index and maturity (Radke
et al. 1986; Boreham et al. 1988). In the research,
methylphenanthrene indices of the Jurassic reservoirs in
the Mobei area were collected and analyzed. The distri-
bution map shows that there is a trend of the
methylphenanthrene index decreasing from south to north,
indicating oil and gas migrating from the south towards the
north. The migration paths are close to the structural ridge
(Fig. 11).

Accordingly, two major hydrocarbon adjustment path-
ways along the structural ridge are predicted based on the
present-day structural line: i.e., the structural ridge of the
Mobei low uplift belt (a in Fig. 10) and the Qianshao low-
relief uplift belt (b in Fig. 10).

5 Types and distribution rules of secondary
oil and gas pools

Released oil and gas would re-accumulate when met with
appropriate barriers. If we analyze the barrier conditions on
the hydrocarbon adjustment pathways and types and con-
trol factors of later-developed oil and gas pools, the factors
that control the re-accumulation can be defined. After that,
combined with the characteristics of the current structure,
secondary reservoirs can be further predicted.

5.1 Types of secondary oil and gas pools

Through well-testing data (Table 2), sand body correlation
and fault characteristics, the present oil pool profile was
mapped (Fig. 12). The profile shows that the present-day
hydrocarbon accumulation is controlled by both distribu-
tion of paleo oil and gas pools and the re-migration of oil

and gas. The J;s3 paleo oil pool that was originally located
to the south of well MS1 had moved towards the north,
forming a low-relief anticlinal oil pool, with its top located
in the proximity of well M21. The J;s3 gas pool was
lithology controlled and was not influenced by strata tilting
and, thus, it is preserved so far. Although there was no
paleo oil and gas pools in the M15 well block at the Early
Cretaceous, a commercial oil layer has been confirmed by
well testing. It is, therefore, presumed that hydrocarbon
accumulated in this layer was the result of later-stage
adjustment. The J;s) gas—water layer in the M7 well block
is classified as the lithologic pinch-out type, while the J;s3
is controlled both by the structural high and a fault (there is
no fault depicted in the profile, since the location of the
profile is almost parallel to the fault strike). Well MB5
shares a similar commercial gas layer in J;s3 with M7,
which is also classified as a lithologic pinch-out type.

5.2 Distribution of secondary oil and gas pools

Secondary accumulations that were formed after the
adjustment of the paleo oil and gas pools can be divided
into three types, depending on their structural type and
distribution characteristic in profile (Fig. 12): the first type
is the low-relief anticlinal oil and gas pools, which are
distributed mainly in the northern flank of the paleo-anti-
cline, such as the M21 oil pool; the second type is the
lithologic pinch-out oil and gas pools, which are distributed
mainly in the lithologic pinch-out belt surrounding the
inherited paleo uplift, such as the MBS oil and gas pool and
the M7 J;s3 oil and gas pool; and the third type is the fault
block oil and gas pools, which are distributed mainly in the
fault zone whose strike is perpendicular to the adjustment
or re-migration pathways, such as the M15 oil and gas pool
and the M7 J;s3 oil and gas pool. The followings are their
formation mechanisms.

1. Residual low uplift belt on northern flank of paleo-
anticline.

Low-relief plays were developed on the northern flank
of the anticline, which refers to the structural shape that
was in the form of anticline at the primary hydrocarbon
accumulation period which then turned into a low-relief
structure as the result of strata tilting. Its formation process
can be summarized as follows: in the strata tilting period
also known as the adjustment period, the relief of the
paleo-anticline reduced sharply, and the anticlinal top
moved towards north or even vanished; thus in the northern
flank of the former anticline (the present-day gentle
structural zone), low-relief structures, i.e., residual low
uplift, remained; those low-relief structures trapped the
northward adjusting oil and gas to form new reservoirs.
The oil and gas pool in the M21 well block is such an
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7 Contour line of Methylphenanthrene index

Structural line of second grade unit

lIl Collected wells that have Methylphenanthrene index

Fig. 11 Methylphenanthrene index showing migration direction

example. In the process above, the continuously distributed
sand bodies in paleo structures are the key factors that
control the hydrocarbon migration, while the presence of
the low-relief anticline, the Yanshanian faults and sand
bodies are the key factors that control the hydrocarbon
accumulation. Oil and gas pools formed by this mechanism
are classified as low-relief anticlinal type.

2. Lithologic pinch-out belt on the periphery of the
inherited paleo uplift.

Some uplifts were inherited paleo uplifts from the pri-
mary accumulation period, which turned into monoclines
in the tectonic tilting period. However, the lithologic
reservoirs remained undamaged. Their formation process
can be summarized as follows: the paleo uplifts often
controlled the depositional system and strata denudation,

@ Springer

III Proved oil
_’_4006 Present structural line of Sangonghe Formation

|:| Predicted oil

leading to the formation of a denudation zone or lithologic
pinch-out zone in its periphery areas; when the strata tilted,
lithologic and stratigraphic traps tended to form on the
northern flank of the uplift, so hydrocarbon migrating
towards the north might be trapped to form lithologic and
stratigraphic oil and gas pools. Some typical examples
including the MBS5 oil and gas pool and the M7 J;s} oil and
gas pool are of this type. The presence of the Hercynian
and Yanshanian faults and continuously distributed sand
bodies are key factors that control the migration. The
presence of the bay-shaped pinch-out line is a key factor
that controls the accumulation.

3. Fault zone perpendicular to the migration pathway.

When the northward migrating oil and gas encountered
the Yanshanian faults where the hanging wall happened to
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Table 2 Oil test result of the wells in profile

Well Top depth, Bottom depth, Thickness, Daily oil output, Daily gas output, Daily water output,  Oil test conclusion
name m m m t/day m>*/day t/day
M3 4373 4403 24 1.18 0.07 6.37 Oil-bearing water
layer
4355 4359 4 - 0.64 34 Gas-bearing water
layer
4421.41 4499.75 78.34 - 0.135 - Gas-bearing layer
M5 4300 4308 8 2.54 - 17.08 Oil-bearing water
layer
4286 4294 8 0.25 - 25.26 Oil-bearing water
layer
M7 4258 4262 4 15.94 11.782 19.86 Gas-water layer
4251.5 4253 1.5 11.39 6.042 8.23 Gas—water layer
4223 4232 9 11.92 6.99 5.98 Gas—water layer
M15 4443 4445 2 - - - Dry layer
4296 4301 5 5.48 - 17.2 Oil-water layer
M21 5115 5130 15 8.3 1.107 14.64 Oil-bearing water
layer
4470.12 4563.3 93.18 0.09 2.346 4.12 Gas—water layer
4351 4369 16 11.39 0.943 13.08 Oil-water layer
MB3 3805.2 3806.6 1.4 6.33 - 25.8 Oil-water layer
MBS5 3723.72 3729.4 5.68 17.89 2.1 - Oil-gas layer
3725 3732 7 12.6 1.53 22.18 Oil-water layer
3700 3716 14 - - 233 Water layer

be sandstone and footwall happened to be mudstone, they
would no longer migrate but accumulate along a series of
faults to form oil and gas pools that were vertically over-
lapped. The presence of the Yanshanian faults and con-
nected sand bodies are key factors that control the
hydrocarbon migration and accumulation.

6 Prediction of favorable plays

After the analysis of the hydrocarbon accumulation and
distribution rules of the present-day oil and gas pools, four
favorable zones of three types of secondary oil and gas
plays are predicted on the basis of the present-day struc-
tural features (Fig. 13). The first type is the low-relief
anticlinal type, distributed in the residual low uplift struc-
tural zone on the northern flank of the Mosuowan paleo
uplift (I in the Fig. 13), which has migrated slightly
northward compared with the paleo-anticline during the
primary accumulation stage. The second type is the litho-
logic pinch-out type, distributed in the Qianshao low-relief
uplift belt and the northern area of the Mobei uplift that
parallels the fault zone (II and IV in the Fig. 13). These two
areas have few faults and were structurally located in

peripheral areas of the paleo uplift at the depositional stage,
so they are considered favorable plays for lithologic
reservoirs. The third type is the fault block type, distributed
in the fault barrier zone on the western flank of the Mobei
uplift (IIT in the Fig. 13), which has a nose-like uplift and is
fully developed with faults.

At present, commercial oil has been found in well
Qianshaol in the Qianshao low-relief uplift belt and low
productivity oil has been found in well M16. In addition,
another three wells (F8, F9 and F10) were deployed sur-
rounding these two oil wells to test the target layer, i.e., the
Sangonghe Formation.

The Mosuowan paleo oil play exhibits significantly
potential for secondary exploration after the hydrocarbon
release, given its large-scale. However, there have been
limited discoveries in the predicted zones so far. Thus, a
detailed study on the hydrocarbon migration pathways and
barrier conditions and fine characterization of paleo struc-
tures that existed during the hydrocarbon accumulation and
adjustment periods are necessary. In addition, detailed
research on fault-conformity-sand body migration systems
is required for predicting the location of secondary oil and
gas reservoirs.
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<«Fig. 12 Profile of current reservoir distribution (see location in
Fig. 3). In oil test pie charts, red color represents oil, which is
measured in tonnes per day; blue color stands for water, which is
measured in tonnes per day; yellow color is gas, which is measured in
cubic meters per day

hydrocarbon towards the north along the Mobei low uplift
belt and the Qiaoshao low-relief uplift belt. As a result,
secondary oil and gas pools were formed in reshaped traps
or new traps. Different types of oil and gas pools were
formed along the adjustment pathways after the paleo ones,

=

/
0 20km
/

/
%,AOO Pen-twe },Jg

Fig. 13 Predicted favorable zones for secondary reservoirs. I Favorable zones for low-relief anticlinal reservoirs; 1I, IV Favorable zones for
lithologic pinch-out reservoirs; III Favorable zones for fault block reservoirs

7 Conclusions

In the Cretaceous, which was the primary hydrocarbon
accumulation period, paleo oil and gas pools were formed
in the Mosuowan-Mobei area due to the good configuration
of source rock, structure, sand body and fault. These large-
scale paleo oil and gas pools provide a great potential for
predicting secondary accumulations. In the Neogene time,
tectonic tilting enabled linear adjustment of the paleo

i.e., the low-relief anticlinal pools distributed along the
residual low uplift belt on the northern flank of the paleo-
anticline, the lithologic pinch-out pools controlled by
lithologic pinch-out zones in the peripheral area of the
inherited paleo uplift, and the fault block pools formed as
the result of barriers produced by fault zones perpendicular
to the migration pathway. According to the main factors
that control the secondary oil and gas pools and current
structural characteristics, four secondary plays of the above
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three types have been predicted. These are (1) a low-relief
structural zone on the northern flank of the Mosuowan
paleo uplift; (2) the Qianshao low-relief uplift belt, (3) the
northern part of the Mobei uplift that parallels the fault
zone; and (4) the fault barrier belt on the western flank of
the Mobei uplift.

The study above not only provides guidance for
deploying the next-step exploration for secondary oil and
gas pools in the hinterland of the Junggar Basin, but also
has an influence on other areas. Meanwhile, the study
process has proposed a method for evaluating and pre-
dicting paleo hydrocarbon pools and secondary reservoirs,
which is also worth applying to other basins.
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