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Abstract
By using data such as lithology, thin sections, sedimentary structure, particle size, logging facies signs, mercury intrusion, porosity and
permeability from 34 wells, 11 types of sedimentary microfacies were divided in this study. Upon analysis, sedimentary microfacies exert
significant control on reservoirs, and high quality reservoirs are primarily developed with the following sedimentary microfacies: gray sandy
conglomerate in underwater distributary channels microfacies of fan delta fronts sub-facies, river-estuary dams and gray sandstones of distal bars
on the front edge of the fan delta that have strong hydrodynamic conditions and good stability. Relatively good reservoirs are primarily
distributed in the braided channel in fan-delta plains with brown sandy conglomerates, main channel of underwater distributary channels on the
front edge of the fan delta with gray conglomerates and underwater distributary channel ends on the front edge of the fan delta with gray fine
sandstones. With the stable tectonic background, Triassic sedimentary microfacies in the Mahu sag control the distribution and development of
reservoirs. Therefore, sites of high quality reservoirs can be predicted by sedimentary microfacies, and this study provides guidance for oil and
gas exploration.
Copyright © 2019, Lanzhou Literature and Information Center, Chinese Academy of Sciences AND Langfang Branch of Research Institute of
Petroleum Exploration and Development, PetroChina. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Microfacies; Reservoir; Mahu sag; Junggar Basin
1. Introduction

The Junggar Basin is one of petroliferous and super-
imposed basins in northwest China [1e3] (Fig. 1). Research
and activities of hydrocarbon exploration and development in
this basin have been mainly focused on detailed studies about
the depositional system and reservoir characterizations in the
northwestern margin of the Junggar Basin. They have been
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conducted over the last decade, in particularly, diagenesis
history, facies and sub-facies characteristics of the fan delta,
and reservoir property and its controls of distribution of hy-
drocarbon [4e10]. However, characteristics of microfacies
and their controls on reservoir rocks, such as pore structure,
property, and variation within different sedimentary environ-
ments, have not been thoroughly documented.

In this study, we focus on Triassic Baikouquan Formation
in the northern Mahu sag, northwestern margin of the Junggar
Basin to systematically document its types, distribution, and
potential impacts on reservoir properties (Fig. 1).

The Triassic Baikouquan Formation of the Mahu Sag rep-
resents the transgressive period, leading to the decreasing of
ces AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
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Fig. 1. Tectonic position of the Junggar Basin and location of the study area.
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fan-delta plain areas and increasing fan delta front areas [4,5].
Studies show that fans in the Muhu Sag are well-developed and
superimposed [5], and are mainly dominated by conglomerate
and pebbly medium-coarse sandstone and mudstone.

Therefore, this study reveals the distribution characteristics
of reservoirs with different sedimentary microfacies, to pro-
vide a theoretical basis and method for establishing a depo-
sitional model in an alluvial fan-fan delta-lacustrine
depositional system, and to determine the future exploration
direction of high-quality reservoirs.

2. Geological setting and stratigraphy

During the Late Paleozoic era, the Junggar-Turpan plate
subducted and collided with the Kazakhstan plate, resulting in a
collisional uplift zone and thrust the belt along the northwest
margin of the Junggar Basin [3,11]. From south to north, the
Junggar Basin can be divided into the north-south striking
Hongche fault zone, north-east striking Kebai fault zone and
west-east striking Wuxia fault zone [3,12]. In the Early Permian
Jiamuhe Period, the majority of the Junggar Basin was under a
compressional stress field of the foreland basin, except its
northwest margin that remained as a rift setting. Starting from
the Early Permian Jiamuhe Period to the Late Permian Urhe
Period, deposits of the fan delta from the northwest edge
advanced gradually from the basin margin to the basin center,
and overall areas of fan bodies continued to extend and showed
obvious mobility [4]. Until the Triassic era, the Junggar Basin
began to transit from foreland basin to intra-continental
depression, and syn-depositional thrusting activities along
various Triassic tectonic belts led to the development of sedi-
mentary fan bodies in different structural belts [5,13].

The Mahu Sag is part of the central depression of the
Junggar Basin (Fig. 1). It was mainly developed in the Middle
to Late Permian era and completed in the Triassic era, and
then transformed to a sag basin [3,14e16]. These tectonics are
more developed when strata are deeply buried. However, in
shallow buried strata the tectonics are monoclinic tectonics
declining to the southeast direction, and some places devel-
oped low-angle platform, anticline or nose tectonics [17e19].
Triassic strata in the Mahu Sag can be divided into three
formations from the bottom to the top: the Baikouquan For-
mation (T1b), the Karamay Formation (T2k) and the Baijiantan
Formation (T3b). The Baikouquan Formation can be further
divided into three stages as the 1st (T1b1), the 2nd (T1b2), and
the 3rd (T1b3) members of the Baikouquan Formation from the
bottom to the top (Fig. 2).

The total thickness of the Baikouquan Formation is
approximately 200 m and the thickness of T1b1 is approxi-
mately 50 m. It mainly consists of fan-delta plain sub-facies
with fan-delta plain channel and fan-delta plain river inter-
channel microfacies, and its lithologies are primarily fine-
middle conglomerates that are then inverted into conglom-
erate and sandy conglomerates from the bottom to the top,
where cross bedding and groove bedding are visible (Fig. 2).
At the top of the T1b1 there is a non-conspicuous erosion
surface where coarse sandstone deposits are located on the fine
conglomerates, followed by the development of cross bedding
in the pebbly sandstone and fine sandstone, and ripple bedding
in siltstone and muddy siltstone. The thickness of T1b2 is
approximately 80 m. It is primarily composed of fan delta
front sub-facies with the fan delta front channel and delta front
interchannel microfacies. It is dominated by conglomerate,
mudstones and fine sandstones. The lower part of the fan delta
front consists of high-angle inclined bedding of middle-fine
conglomerate and sandy conglomerate, while the upper part
is mainly composed of low-angle inclined bedding of silt-
stones and a mudstone interlayer; the fine and middle-coarse



Fig. 2. Integrated histogram for the sedimentary facies for Well Ma13.
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conglomerates are a scour contact with the cross bedding. The
thickness of T1b3 is approximately 70 m. Its facies are pri-
marily fan delta front sub-facies and profan delta sub-facies,
and its lithology includes interbedded mudstone and thin
siltstone with ripple bedding and horizontal bedding (Fig. 2).

3. Research methods

Core observation was done at the core center of Xinjiang
Petroleum Company, Karamy city. Thin sections were exam-
ined under a Zeiss microscope at the Test Center of Petro-
China Xinjiang Petroleum Company. The data of grain size,
porosity, permeability and well log curves were collected from
the PetroChina Xinjiang Petroleum Company.
Via integrated core observation, lithology, thin section,
sedimentary structure and texture, particle size and well log-
ging curves, the north Mahu fan delta was divided into 11
sedimentary microfacies. The physical property characteristics
of microfacies of various reservoirs were analyzed by the
porosity, permeability and mercury intrusion curve.

4. Sedimentary microfacies and their characteristics

The study of sedimentary microfacies is mainly based on
facies markers and vertical sequence combinations. A total of
11 types of microfacies was identified in the Mahu Sag based
on sedimentary sequences, rock texture, and well log
signatures.
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The fan delta in the northern Mahu area is controlled by
turbidity current and normal river flow, where the flooding
period is primarily driven by gravity flow or debris-flow, while
the normal water period is primarily driven by tractive current.
As a result, the northern Mahu fan delta has numerous genetic
types, such as debris-flow deposition, braided channel filling
and underwater diversion channel deposition. There are three
sub-facies in the northern Mahu fan delta: the fan delta plain,
the fan delta front and the pro-fan delta. The fan delta plains
over the water surface can be further divided into debris-flow
facies with conglomerate, braided channel facies with
conglomerate and plain inter-channel sandy mudstone
microfacies with sandy mudstone; the fan delta fronts can be
divided further into six sedimentary microfacies, including
underwater main channel facies with gravel, underwater
channel facies with conglomerate, underwater inter-channel
facies with sandy mudstone, underwater river end sandstone
microfacies and river mouth bar-distal bar sandstone microf-
acies; and the pro-fan delta can be divided into pro-fan delta
siltstone microfacies and pro-fan delta mudstone microfacies.
4.1. Debris-flow of the fan-delta plain with
conglomerate microfacies
The debris-flow microfacies in the fan-delta plain with
conglomerate are located at the top of the fan delta which is
above the water surface. They have structural features of an
alluvial fan mixed with sedimentary characteristics of gravity
flow and mudslides during the flooding period. Major signa-
tures include mixed accumulation of gravel, sandy conglom-
erate, and brown, light brown and mottled colored mudstone.
Fig. 3. Sedimentary characteristics of the debris-flow micr
The sedimentary structural features include erosion-filling
structures, high-angle oblique bedding, and thick-layered
massive structures in the conglomerate. Overall, they are
characterized by stacked massive beddings with a visible
erosional surface on the bottom. Grain size of debris-flow
conglomerate facies in the fan delta plain is relatively
coarse, and its probability curve of grain size is of a one-stage
style, and the average and median sizes are �0.74 4 and
�0.89 4, respectively (Fig. 3). Sorting is poor to very poor
with high matrix content, and no imbrication is presented. It is
characterized by deposits of density flow, which reflects the
gravity flow in an unstable, turbulent environment. Its elec-
trical well log curves (GR) show a high magnitude, box-shape
(Fig. 3). The displacement pressure curve of the mercury
intrusion is 0.77 MPa, the average pore-throat radius is
0.07 mm, and the efficiency of mercury withdrawal is 25.54.
The porosity range of the debris-flow facies is 6.3%e10.7%
with an average of 8.87%; the permeability range is
0.53 � 10�3-396.28 � 10�3 mm2 with an average of
8.34 � 10�3 mm2 (Fig. 3).
4.2. Fan delta plain braided channel with sandy
conglomerate microfacies
The fan-delta plain braided river microfacies is primarily
composed of brown and mottled sandy conglomerate and
sandstone. The composition of those conglomerates is
complicated, with a mixture of volcanic rocks and clastic
rocks. They are poorly sorted and moderately rounded with
sub-rounded to sub-angular shapes. Mostly are particle-
supported and interval of grains is filled by a matrix.
ofacies in the fan-delta plain with conglomerate rock.
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Oblique, trough-cross, and graded beddings are common in
lenticular sand bodies (Fig. 4). In addition, there are erosional
surfaces within the sandy conglomerate, reflecting the frequent
scouring and filling processes of floods. The resistivity curve
has an overall box style overprinted with weak tooth-like,
moderate magnitude and cyclic features. Each cycle is tooth-
like, and forms a vertical stack of multiple tooth-like shapes
with a box style. The probability cumulative curve of the grain
size displays a two-stage style, and the average particle size is
�1.504 (4 ¼ �log2

d, d stands for particle diameter mm) and
Fig. 4. Sedimentary characteristics of the fan-delta plain

Fig. 5. Sedimentary characteristics of the fan-delta plain ri
the median size is �2.03 4. The mercury intrusion curve in-
dicates a crooked pore and thin throat distribution. The
displacement pressure is 0.25 MPa, and the average pore-
throat radius is 0.48 mm. In addition, the efficiency of mer-
cury withdrawal is relatively good at 15.85. Overall, the fan-
delta plain braided river conglomerate facies has good reser-
voir properties. It has relatively high porosity and permeability
and is a favorable reservoir microfacies in the Mahu Sag. The
range of porosity is 6.81%e12.90%, with an average porosity
of 10.78%, and the range of permeability is 0.38 � 10�3
braided river microfacies with sandy conglomerate.

ver intercourse microfacies with sandstone-mudstone.
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-243.60 � 10�3 mm2, with an average of 14.07 � 10�3 mm2

(Fig. 4).
4.3. Fan delta plain inter-channels sandstone-mudstone
microfacies
Fan-delta plain inter-channels sandstone-mudstone
microfacies are formed by the deposition of overflowing water
from the side edge of channels. It is primarily brown, palm-
brown, and mottled mudstone, argillaceous siltstone and silt-
stone. The sorting of sandstone is moderate with a high matrix
content. Most of strata have lenticular and wedge shapes with
parallel bedding. The probability cumulative curve of the grain
size shows an atypical two-stage style. The well-logging curve
exhibits tooth-like and box-like shapes with a low magnitude.
Fine particles are dominated in these microfacies, with the
average particle size at 4.08 4 and the median size at 3.39 4.
The mercury intrusion curve shows that the mercury with-
drawal efficiency is 38.33. The pore-throat radius belongs to
micro-pores with an average at 0.19 mm. The average porosity
is 5.15%, and the average permeability is 0.11 � 10�3 mm2.
Compared with the adjacent braided channel, the properties of
the fan-delta plain inter-channels sandstone-mudstone
microfacies are relatively poor (Fig. 5).
4.4. Underwater main channel conglomerate
microfacies in the fan delta front
The underwater main channel conglomerate microfacies on
the fan delta front is located at the underwater zone of the fan
delta. This microfacies is the main body of the fan-delta
Fig. 6. Sedimentary characteristics of the underwater main riv
deposition and has the most developed part of sand bodies
with the largest range of distribution. The lithology is mostly
poorly sorted (with a sorting coefficient of 1.75), sub-rounded
to sub-angular, gray to green and mottled conglomerate, sandy
conglomerate and coarse sandstone. In the thick-layered
conglomeratic rock bodies, there are visible large oblique
trough-cross beddings. The resistivity curve combination ex-
hibits tooth- and bell-like and box-like shapes. The probability
curve of the grain size has the typical traction flow charac-
teristics with a two-stage style. The grain sizes range from -44
to 6 4, averaging at 1.26 4. The range of porosity is 5.3%e
23%, with an average at 9.06%, and the range of permeability
is 0.08 � 10�3-128.67 � 10�3 mm2, with an average at
2.51 � 10�3 mm2. The mercury intrusion curve shows the
displacement pressure is 1.12 MPa, and the efficiency of
mercury withdrawal is relatively good (46.80). Overall, the
main channel conglomerate microfacies in the fan delta front
shows strong reservoir heterogeneity. Its porosity is relatively
good, but its permeability varies spatially and belongs to
moderate-pore and fine-throat categories (Fig. 6).
4.5. Underwater channel sandy conglomerate
microfacies in the fan delta front
The underwater channel sandy conglomerate microfacies is
formed in the fan delta front. When the fan delta advances
toward the lake along with the delta plain sub-facies braided
river course, the channels become wide and shallow as the
hydrodynamics weaken, and the branches gradually increase
to form underwater distributary channels. Therefore, the ver-
tical and horizontal heterogeneity of this facies is strong. The
er course conglomerate microfacies in the fan delta front.



Fig. 7. Sedimentary characteristics of the underwater river course sandy conglomerate in the fan delta front.
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sediments are mainly gray and gray to green conglomerate
sandstone and sandstone. Compared to underwater main
channel conglomerate microfacies, it has fewer conglomerate
content, is mainly particle supported, and has relatively good
roundness and poor sorting (sorting coefficient ¼ 1.97). Large
trough cross-bedding is developed locally in the middle sandy
Fig. 8. Sedimentary characteristics of the underwater river inter-
conglomerate layer with certain imbrication, and there is a
small erosional surface that retains gravel and muddy gravel.
The probability curve of the grain size shows a typical two-
stage channel sediment style. The average particle size is
�2.504, and median particle size is �3.244. Its resistivity
curve is primarily a tooth- and bell-like shape with high
channel sandy mudstone microfacies in the fan delta front.



Fig. 9. Sedimentary characteristics of the underwater debris-flow sandy conglomerate microfacies in the fan delta front.
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amplitude, and it can also form composite style with a bell-
like shape on top of a box-like shape. The mercury intrusion
curve shows that its displacement pressure is 0.59 MPa, the
maximum connected pore-throat radius is 1.25 mm, averaging
0.38 mm, the medium pressure of saturation is 1.40 MPa, and
the efficiency of mercury withdrawal is 50.38. The distribution
Fig. 10. Sedimentary characteristics of the end of
of porosity for 96 core samples is relatively concentrated,
ranging from 8.9% to 12.4%, and averaging 10.37%. The
range of measured permeability for 81 samples is
0.01 � 10�3-117 � 10�3 mm2, with an average of
1.77 � 10�3 mm2 (Fig. 7). Overall, the underwater channel
sandy conglomerate facies in the fan delta front is a good
the underwater channel in the fan delta front.



Fig. 11. Sedimentary characteristics of the river estuarial dam-distal bar sandstone microfacies in the fan delta front.
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reservoir with a high efficiency of mercury withdrawal, rela-
tively good porosity and high permeability.
4.6. Underwater river inter-channel sandy mudstone
microfacies in the fan delta front
This microfacies develops between the underwater chan-
nels in the fan delta front. It is mainly gray green to gray, and
has thin silty mudstone layers with horizontal sandy bedding
or lenticular sandstone. Because of the strong erosion of un-
derwater distributary channels and the frequent diversion,
these sediments are generally thinned and washed away once
the river is diverted. The probability curve of the grain size is a
typical suspended one-stage style, and the medium grain size
is 3.63 4 (average size ¼ 3.96 4) with relatively good sorting
(the sorting coefficient ¼ 2.65). The average porosity is
5.88%, and the average permeability is 0.08 � 10�3 mm2. The
displacement pressure is 2.17 MPa, and the efficiency of
mercury withdrawal is 38.44. The resistivity curve is mostly
tooth-shaped, finger-shaped, or tooth-finger-shaped (Fig. 8).
Overall, this microfacies normally has poor quality reservoir
rocks.
4.7. Underwater debris-flow sandy conglomerate
microfacies in the fan delta front
The underwater debris-flow sandy conglomerate microfa-
cies in the fan delta front is mainly a mixed deposition of gray
and gray green conglomerate, sandy conglomerate, sandstone
and mudstone. The sorting is relatively poor with high matrix
content, and the roundness is moderate. The probability curve
of the grain size is gentle with a small slope and concaved
shape, which represents an overall jumping and slow transition
of suspension without a significant turning point. All of the
particles are in the suspension stage. The range of grain size is
from �54 to 54 (the average size ¼ �3.214; the median
size ¼ �3.484). The resistivity curve indicates a composite of
a box-like shape and bell-like shape with moderate amplitude.
The mercury intrusion curve shows that the average pore-
throat radius is 0.15 mm, the displacement pressure is
0.52 MPa, and the efficiency of mercury withdrawal is 25.82.
Overall, the underwater debris-flow sandy conglomerate
microfacies has an averaged porosity of 6.02%, and the
average permeability is 1.19 � 10�3 mm2 (Fig. 9).
4.8. End of underwater river course sandstone
microfacies in the fan delta front
The end of the underwater river course microfacies in the
fan delta front is formed at the end of an underwater distrib-
utary channel in the fan delta front. It is mainly composed of
well sorted, rounded gray moderate-coarse sandstone with
conglomerates with low matrix content. Small trough-
beddings and tabular beddings are common. The well log-
ging curve is a bell- and finger-shape with moderate magni-
tude. The probability curve of the grain size is a jumping and
suspension and transition style, which reflects the hydrody-
namic characteristics of water flow energy decreasing when
flowing into the lake basin during the normal water period.
The mercury injection curve shows that the displacement
pressure is 0.63 MPa, and the efficiency of mercury with-
drawal is 41.03. The end of the underwater channel sandstone
microfacies acts as good reservoir rocks, where the porosity
and permeability conditions are relatively good with an
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average porosity of 10.26%, and an average permeability of
0.34 � 10�3 mm2 (Fig. 10).
4.9. River estuary dam-distal bar sandstone microfacies
in the fan delta front
The river estuary dam-distal bar sandstone microfacies in
the fan delta front is an extension and product of the under-
water distributary river towards the basin. It is composed of
moderate-fine sandstone, siltstone or pebbly fine sandstone
with cross-beddings and tabular beddings with low matrix
content. Erosion surfaces are rare. They are made of fine to
very fine, well sorted, well rounded sandstone and siltstone.
The lithological and electrical properties exhibit anti-sequence
deposition and the thick layer increases from downward to
Fig. 12. Evolutionary characteristics (a) and sedimentary mode
upward. The probability curve of the grain size is a typical
three-stage style with a high slope. The sorting coefficient is
1.31, which indicates significant traction flow. The resistivity
curve is tooth-funnel-shape with moderate amplitude. The
mercury injection curve indicates that the discharge pressure is
0.54 MPa, and the average pore-throat radius is 0.22 mm. The
efficiency of mercury withdrawal is 22.95. Overall, this
microfacies has relatively high porosity and permeability,
average is 11.89% and 0.53 � 10�3 mm2 respectively (Fig. 11).
4.10. Silty sandstone microfacies in the pro-fan delta
Silty sandstone microfacies in pro-fan delta is located
outside of the fan delta front (Fig. 12). It has the largest area
and thickest deposition in the fan-delta system. The pro-fan
l (b) for the sedimentary facies of the northern Mahu Sag.
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delta silty sandstone consists mostly of grey and gray-green
siltstone and silty mudstone. The common sedimentary
structures include ripple bedding and horizontal bedding. The
roundness is well rounded to rounded; and sorting of siltstone
is very good to good with a sorting coefficient of 1.21, which
indicates sustained and stable hydrodynamic conditions. The
probability curve of the grain size is a typical two-stage type,
and its slope of the jumping component is relatively high. The
resistivity curve is tooth- and finger-shaped with moderate
magnitude. The mercury injection curve indicates that the
average pore-throat radius is 0.31 mm, and the displacement
pressure is relatively high at 1.15 MPa. The efficiency of
mercury withdrawal is relatively poor (34.53). Overall, the
porosity and permeability conditions are relatively poor with
the average porosity at 5.52% and average permeability at
0.07 � 10�3 mm2, indicating that this microfacies is not good
reservoir of rocks (Fig. 13).
4.11. Fine sandstone-mudstone microfacies in the pro-
fan delta
The pro-fan delta mudstone microfacies is located at the
most frontward of the fan deltas. It is characterized by gray
mudstone interbedded with thin argillaceous siltstone and fine
sandstone (the average size ¼ 3.954), with horizontal bed-
dings. The sorting is good with high clay content. Its grain size
probability curve is a two-stage type, which indicates that the
hydrodynamic condition of the fan-delta front is relatively
stable. It has a finger- or tooth-shape on the resistivity curve.
Its mercury injection curve indicates that the displacement
pressure of the front fan-delta mudstone facies is 6.75 MPa,
Fig. 13. Sedimentary characteristics of silty sa
and the average pore radius is close to 0 mm. It has no reservoir
capacity; however, under certain conditions, it can be used as a
good oil-generating rock layer or cap layer (Fig. 14).

5. Sedimentary facies model

Based on a detailed analysis of 11 sedimentary microfacies,
we established a Triassic fan delta facies model in the Mahu
Sag, northwestern margin of the Junggar Basin.
5.1. Facies characteristics and distribution
The sequence stratigraphy has significant control on the
type, scale and continuity of sand bodies. Core observations
and well-logging data provide good conditions for the study of
strata and reservoirs. In general, when the same sedimentary
facies is in different locations along the sequence cycles, the
distribution patterns and physical properties of the sand bodies
can be quite different [20,21]. In this paper, we selected a
northeast-southwest cross-section from the piedmont to the
center of the Mahu Sag to document sequence and facies
characteristics within the Baikouquan Formation (Fig. 12). It
covers the sub-facies of the fan-delta, including fan delta
plain, fan delta front, pro-fan delta, and shore-shallow lacus-
trine sub-facies. Detailed sequence and facies in the Baikou-
quan Formation show that T1b1 mainly consists of fan-delta
plain sub-facies. Overall, it shows normal grading with a
fine-moderate conglomerate at the bottom and sandy
conglomerate and conglomerate on the top. The T1b2 is the
fan-delta front sub-facies that is developed in Well X13 and
Well X72, and the fan-delta plain sub-facies in Well X74. The
ndstone microfacies in the pro-fan delta.



Fig. 14. Sedimentary characteristics of sandstone-mudstone microfacies in the pro-fan delta.
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fan-delta front sub-facies consists of a lower fine conglomerate
and sandy conglomerate with eroded contact and high-angle
oblique bedding, a dark gray mudstone interlayer with hori-
zontal bedding, and upper interbedded fine sandstone and silty
sandstone with low-angle oblique bedding. In the T1b3, fan-
delta front mudstone and silty sandstone facies develop in
Well M13 and Well M133, fan-delta plain sub-facies develops
in Well X74, and the fan-delta front develops in Well X13 and
Well X72. The front fan-delta sub-facies is an interlayer of
dark gray mudstone and silty sandstone with ripple bedding
and horizontal bedding.

Detailed studies of facies of the Baikouquan Formation in
single wells in the northern Mahu Sag suggest that the Triassic
fan delta has retrogressive succession. From the source area to
the basin center, it develops a sequential fan-delta plain, fan
delta front, and pro-fan delta sub-facies. The cross section of
wells show that the fan-delta plain sub-facies mainly develops
in Wells X74, X13, X72, M13, and M133 during the first
segment of the Baikouquan Formation, and the bottom of the
second segment of the Baikouquan Formation in Wells X13
and X72 (Fig. 12a). In the complex microfacies of fan-delta
plains, the gravity flow and braided distributary channel sand
bodies are the two most important microfacies, forming the
majority of sand bodies in the fan delta. The distributary river
inter-channel sandy mudstone is the second important
microfacies. At the bottom of the second segment of the
Baikouquan Formation, the sandy conglomerate microfacies
in fan delta plain formed by the sedimentary gravity flow are
poorly sorted and characterized by a matrix-supported massive
structure. The fan delta front sub-facies mainly develops in
Wells X13 and X72 in the middle and upper part of the second
segment, the third and second segment in Wells M13 and
M133, and at the bottom of the third segment of the Baikou-
quan Formation. In the fan delta front sub-facies belt, the
distributary river estuary dam-distal bar, distributary channel
sandy conglomerate in the fan delta front, and underwater
gravity flow deposits are important potential reservoirs. In the
vertical direction, they normally form reverse grading with
coarser sediment at the top.
5.2. Triassic sedimentary facies model in the northern
Mahu Sag
The Triassic Baikouquan Formation of the Mahu Sag rep-
resents the fan delta of a lake transgressive retrogradational
succession. Based on its lithology, sedimentary structure,
cores, grain size, well-logging signatures, porosity and
permeability data, we divided the fan delta into three sub-
facies and 11 microfacies, and established a Triassic fan-
delta depositional model of the Mahu Sag (Fig. 12b). This
sedimentary model indicates the types of sedimentary systems
that occur from the piedmont source to the lake center in the
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northern Mahu Sag along the northwestern margin of the
Junggar Basin, and spatial distribution of sedimentary
microfacies. Results can be potentially used to provide a
theoretical basis for predictions of large-scale reservoirs.

6. Discussion

Based on core observations, sedimentary structure, thin
section, particle size, signs of well-logging facies, porosity and
permeability data, we defined 11 sedimentary microfacies for
the fan delta in the research area and provided a detailed
elaboration of their characteristics (Figs. 3e13). From the
petrological characteristics and physical properties of these 11
sedimentary microfacies (Figs. 3e13), we can evaluate the
differences of reservoir properties in different sedimentary
microfacies of the Triassic Baikouquan Formation in the
northern Mahu Sag; therefore, we can identify the microfacies
distribution of favorable reservoirs. In addition, we compared
the relationship between porosity and permeability for
different sedimentary microfacies (Fig. 15).

To further reveal the distribution of sedimentary microfacies
and their control of reservoirs, we plotted the sedimentary
microfacies and reservoirs in the second segment of the Bai-
kouquan Formation in the north slope of the Mahu Sag
(Fig. 16). As shown in Fig. 15, the porosity of 11 microfacies
from the fan-delta facies in northern Mahu Sag is mainly
concentrated at 4%e14%, and the permeability is mainly at
Fig. 15. Permeability Correlation diagram between porosity
0.1 � 10�3e100 � 10�3 mm2. In addition, there is a positive
correlation between porosity and permeability, which indicates
the reservoir space is mainly made of original intergranular
pores, and diagenesis has a strong relationship with the reser-
voir's physical property [22e24]. Additionally, the cross plot of
porosity and permeability has a relative concentration, which
reveals that sedimentary microfacies may show a stronger
impact on the reservoir property than diagenesis [25]. Accord-
ing to Fig. 16, the fan-delta plain sub-facies of the second
segment of the Baikouquan Formation is mainly distributed in
the area of X25-X10-X15-M5. The physical properties of the
braided channel microfacies with sandy conglomerate in the
fan-delta plain sub-facies are relatively good. The average
porosity is 10.78%, and the average permeability is
14.07 � 10�3 mm2. This could be due to a relatively shallow
burial at approximately 2000 m and relatively weak compaction
[26]. The preservation of primary pores is relatively complete;
therefore, the porosity and permeability are relatively good.
Although this microfacies has relatively good physical proper-
ties and is near the margin of the lake and piedmont, there is no
indication of hydrocarbon in the braided channel sandy
conglomerate microfacies for the perspective of exploration.
One of the possible reasons is that the structural location in the
upper nappe structure [3,19] is not favorable for the migration
and accumulation of hydrocarbon. As a result, they are not
favorable zones for reservoir microfacies although they have
relatively good physical properties.
and permeability from various sedimentary microfacies.



Fig. 16. Planar distribution of the sedimentary microfacies and reservoirs in the second segment of the Baikouquan Formation in the northern Mahu Sag.

60 X. Lu et al. / Journal of Natural Gas Geoscience 4 (2019) 47e62
The sub-facies of the fan delta front in the second segment
of the Baikouquan Formation is mainly distributed in the area
of W35-FN4-M2-M4. The average porosity of the underwater
river course microfacies with sandy conglomerate in the fan
delta front is 10.37%, and the average porosity of the river
estuary dam-distal bar sandstone is 11.89%. The porosity is
relatively high, and its river course has relatively good phys-
ical properties that are mostly favorable for reservoir rocks in
the fan-delta facies. For this sedimentary microfacies, under
relatively stable hydrodynamic conditions, the conglomerate
has been washed and shows a relatively high compositional
maturity with little muddy matrix content; thus, it has the
highest quality of reservoirs.

The average porosity is 9.06% in the main river course
microfacies with sandy conglomerate rock of the fan-delta plain,
debris-flow microfacies with sandy conglomerate, and the un-
derwater main river course conglomerate microfacies in the fan
delta front sub-facies; the average porosity of the sandstone at the
end of the underwater river course is 10.26%. These microfacies
show a relatively weak washing effect, and the compositional
maturity is relatively lowwith stronger compaction than fan delta
plain sub-facies. In addition, the dissolution is not sufficiently
developed or seldom happens. Therefore, this microfacies is a
low quality reservoir in comparison with those conglomerate
reservoirs within the fan delta front microfacies. Similarly, the
physical properties of alluvial fans, inter-channel in the fan-delta
plain, inter-channel in the fan delta front and the silty sandstone
microfacies in the front fan delta are relatively poor, and they are
not effective reservoirs.

In summary, the hydrocarbon exploration focus should be
placed in the area of the fan delta front. In addition, attention
should be paid to the braided distributary channel sand body in
the fan-delta plain. The amount of development is relatively
small, but the size of a single body is relatively large, and its
physical properties are relatively good. Triassic fan-delta
sedimentary microfacies in the Mahu Sag show important
implications for exploration in the Xinjiang Oilfield. This
model can help explore the “fan-controlled” hydrocarbon
reservoirs in the northwestern margin of the Junggar Basin and
similar settings in other basins.
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7. Conclusions

The main conclusions from this study include:

(1) The Triassic Baikouquan Formation of the Mahu Sag
represents the fan delta of a lake transgressive retro-
gradational succession. Based on its lithology, sedimen-
tary structure, cores, grain size, well-logging signatures,
porosity and permeability data, we divided the fan delta
into three sub-facies and 11 microfacies (lithofacies), and
established a Triassic fan-delta depositional model of the
Mahu Sag.

(2) The underwater river course microfacies in the fan delta
front with conglomerate, estuary dam and distal bar
sandstone microfacies are the mostly favorable reservoir
facies belts; the fan-delta plain braided channel microf-
acies in the fan delta plain with conglomerate, debris-
flow microfacies with conglomerate, underwater main
channel microfacies with conglomerate in the fan delta
front and the end of underwater river course microfacies
with sandstone are relatively favorable reservoir facies
belts.

(3) The underwater debris-flow conglomerate microfacies
and front fan-delta silty sandstone microfacies are
reservoir facies belts as additional reserves; the under-
water river interchannel microfacies with sandstone,
mudstone, sand-shale facies between fan-delta plain river
interchannel microfacies with sandstone-mudstone, and
front fan-delta mudstone microfacies have limited
reservoir properties.
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