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Abstract. Analysis of the abundance and type of organic matter of oil shale in
the sequence stratigraphic framework of the Middle Permian Lucaogou
Formation at the northern foot of Bogda Mountain, NW China, was carried
out. The Lucaogou Formation consists of two well-completed 3rd order oil
shale sequences, sequence 1 and sequence 2. With respect to organic matter
abundance, in each sequence, the TOC of oil shale in the lowstand systems
tract (LST) and the regressive systems tract (RST) is of medium abundance.
The TOC of oil shale in the transgressive systems tract (TST) is of higher
abundance, and in the highstand systems tract (HST), of highest. In regard to
type, the organic matter of oil shale in the LST of either sequence is mainly of
type 11, or type I11;. In TST and HST, it is predominantly of type II; and type 1,
respectively, and in RST, of type 11, or II,. The proportion of lake algae in the
organic matter of oil shale is the highest in HST, while the share of
terrestrial plants is the highest in LST and RST. Being originated from lake
algae and terrestrial plants, the organic matter of oil shale in TST is of mixed

type.

Keywords: northern foot of Bogda Mountain, Lucaogou Formation, oil shale,
sequence stratigraphy, organic matter characteristics.

1. Introduction

The thick-layered oil shale is found in the Permian Lucaogou Formation at
the northern foot of Bogda Mountain, Junggar Basin, NW China, which has

* Corresponding author: e-mail 2114990442@gqq.com
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a huge hydrocarbon generation potential [1, 2]. Many Chinese scientists
have researched the ancient climate, sedimentary environment, oil shale
deposits features and geochemistry of the Lucaogou Formation in different
areas of the region [3—13]. Previous studies have shown that the Lucaogou
Formation may have a potential for generating oil shale, shale oil and shale
gas [4-6]. However, the characteristics of oil shale in the sequence strati-
graphic framework of the formation in the study areas have not been
systematically analyzed yet. This work discusses the abundance and type of
organic matter of oil shale in the sequence stratigraphic framework of the
Lucaogou Formation at the foot of Bogda Mountain. Although the nature of
oil shale was not investigated, better knowledge of it may lay foundations for
the joint exploration of the rock in the region.

2. Geological setting

The northern foot of Bogda Mountain usually refers to the areas between the
eastern Tianshan Mountains and the southeastern margin of the Junggar
Basin. The structural features in these areas are very complex due to the
tectonic activities in different periods. A series of multiple anticlines and
multistage thrust faults were well developed here under the action of intense
squeezing. The Lucaogou Formation stratum was exposed on the surface
because of intense tectonic activities [2] (Fig. 1).

The Lucaogou Formation stratum in the region’s five areas (Yaomoshan,
Tianchi, Sangonghe, Dahuangshan and Shichanggou) and one well (JZK2)
were selected as an object of study (Fig. 2).
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Fig. 1. Sketch map of the northern foot of Bogda Mountain and the locations of the
study areas and well JZK2.
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3. Samples and tests

Samples for the study were taken from the Permian Lucaogou Formation
stratum in the above five areas — Yaomoshan, Tianchi, Sangonghe,
Dahuangshan and Shichanggou, at the northern foot of Bogda Mountain in
the Junggar Basin and, in addition, nine samples were collected from well
JZK2 from the same region (Fig. 2). The collected samples were mostly gray
or black oil shale. Oil shale from the same areas has been investigated before
and some data come from [10, 12—15]. In the current work, all the samples
were analyzed for total organic carbon (TOC, wt%) and by Rock-Eval
pyrolysis. TOC was determined using a LECO CS-400 instrument. The
crushed sample (about 100 mg, sieved through a 120 mesh sieve) was heated
from ambient temperature to 1200 °C in an induction furnace after removing
carbonate material with HCI. Rock-Eval pyrolysis was carried out using a
Rock-Eval 6 instrument following standard procedures [16, 17].

4. Sequence stratigraphic framework

The Yaomoshan, Tianchi, Sangonghe, Dahuangshan and Shichanggou areas
and well JZK2 were selected to build the sequence stratigraphic framework
of the Lucaogou Formation at the northern foot of Bogda Mountain. Based
on continental sequence stratigraphy principles [18], the formation consists
of two well-completed 3rd order sequences, sequence 1 and sequence 2.
Each sequence consists of four systems tracts: the lowstand systems tract
(LST), the transgressive systems tract (TST), the highstand systems tract
(HST) and the regressive systems tract (RST), from bottom to top. The main
sedimentary facies are semideep-deep lake subfacies, shallow lake subfacies
and fan delta facies (Fig. 2). In addition, the sedimentary facies type and
distribution characteristics in each systems tract are different.

5. Organic matter abundance features

Organic matter abundance is an important parameter to judge the quality of
an oil shale.

5.1. Organic matter abundance in sequence 1
5.1.1.LST

The source rock generative potential S; + S, of the LST of sequence 1 in the
Tianchi area (average TOC 2.79%) is good to very good. In the Sangonghe,
Dahuangshan and Shichanggou areas (avg TOC 7.9%, 7.98% and 9.1%,
respectively), this potential is very good (Fig. 3).
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5.1.2. TST

In the TST of sequence 1, the source rock generative potential S;+S, in
the Tianchi (average TOC 6.14%), Sangonghe (average TOC 8.55%),
Dahuangshan (average TOC 11.34%) and Shichanggou (average TOC
12.55%) areas is very good. The TOC content of oil shale in the TST of each
area and well JZK?2 is higher than that in LST (Fig. 3).

5.1.3. HST

The source rock generative potential S; + S, of the HST of sequence 1 in the
Yaomoshan (average TOC 5.52%), Tianchi (average TOC 8.55%),
Sangonghe (average TOC 8.55%), Dahuangshan (average TOC 11.34%) and
Shichanggou (average TOC 12.55%) areas is very good. The TOC content of
oil shale in the HST of the sequence in each area and well JZK2 is high

(Fig. 3).

5.1.4.RST

In the RST of sequence 1, the source rock generative potential S; + S, in
the Yaomoshan (average TOC 4.63%), Tianchi (average TOC 5.01%),
Sangonghe (average TOC 8.55%), Dahuangshan (average TOC 11.34%) and
Shichanggou (average TOC 12.55%) areas and well JZK2 (average TOC
8.55%) is very good. Compared with that in HST, the TOC of oil shale in
RST in each area is lower (Fig. 3).

5.2. Organic matter abundance in sequence 2
52.1.LST

The source rock generative potential S; + S, of the LST of sequence 2 in the
Yaomoshan area (average TOC 1.45%) is poor to good. The same potential
in the Tianchi and Dahuangshan areas (avg TOC respectively 5.25% and
7.45%) is very good. In the Sangonghe area (average TOC 3.68%) and well
JZK2 (average TOC 2.36%), the source rock generative potential is good to
very good, and in the Shichanggou area (average TOC 2.34%), good

(Fig. 3).

522.TST

In the TST of sequence 2, the source rock generative potential S; + S, in the
Yaomoshan area (average TOC 1.92%) is fair to very good. In the Tianchi,
Sangonghe and Dahuangshan areas (avg TOC 7.08%, 5.94% and 8.87%,
respectively) and well JZK2 (average TOC 3.55%), this potential is very
good, and in the Shichanggou area (average TOC 3.59%), good to very
good. The TOC of oil shale in the TST of sequence 2 in each area is higher
than that in LST (Fig. 3).
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5.2.3. HST

The source rock generative potential S; + S, of the HST of sequence 2 in
the Yaomoshan (average TOC 13.1%), Tianchi (average TOC 13.07%),
Sangonghe (average TOC 11.75%) and Dahuangshan (average TOC
14.51%) areas and well JZK2 (average TOC 4.24%) is very good. Though
this potential in well JZK2 is also very good, the source rock quality in the
well is not as good as that in the above four arecas. The source rock
generative potential in the Shichanggou area (average TOC 4.46%) is good
to very good. The TOC of oil shale in the HST of sequence 2 in all areas is
high (Fig. 3).

5.2.4.RST

In the RST of sequence 2, the source rock generative potential S; + S, in the
Yaomoshan area (average TOC 1.40%) is fair, but is very good in the
Tianchi and Dahuangshan areas (avg TOC 4.47% and TOC 7.95%,
respectively). In the Sangonghe and Shichanggou areas (average TOC
respectively 2.91% and 2.30%) and well JZK2 (average TOC 2.70%), this
potential is good. Compared with that in HST, the TOC of oil shale in the
RST of each area is lower (Fig. 3).

6. Organic matter type features

Organic matter type is mainly determined by original biological types and
their combination, which is controlled by biological living environments
[19]. The kerogen in source rocks can be divided into three types: type I,
type II and type III. Type I kerogen mainly comes from lake algae. Type II
kerogen is divided into subtypes — type II; and type II,, while type II;
kerogen is chiefly derived from lake algae mixed with some higher terrestrial
plants, and type II, kerogen primarily originates from higher terrestrial plants
mixed with some lake algae. Type Il kerogen is predominantly derived from
higher terrestrial plants. Thus the type of organic matter can indicate the
material’s sources and sedimentary environments [20-23].

6.1. Organic matter type in sequence 1
6.1.1. LST

In the LST of sequence 1, the organic matter of oil shale in the Tianchi,
Shichanggou and Dahuagnshan areas is of type II;, which suggests that the
matter is mainly derived from lake algae mixed with some higher terrestrial
plants. The organic matter of oil shale in the Sangonghe area is of type I,
indicating mostly the material’s lake algal origin (Fig. 4).
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6.1.2. TST

The type of organic matter of oil shale in the Tianchi and Sangonghe areas is I,
suggesting that the matter is mainly of lake algal origin. The organic matter of
oil shale in the Dahuangshan and Shichanggou areas is of type II;, indicating
that the material is predominantly derived from lake algae mixed with some
higher terrestrial plants. Unlike the organic matter type in the LST of sequence
1, it changed from II; to I in TST in the Tianchi area. However, the type
remained unchanged in the Dahuangshan and Shichanggou areas (Fig. 4).

6.1.3. HST

The organic matter of oil shale in the HST of sequence 1 in the Yaomoshan,
Tianchi and Sangonghe areas in the western parts of the Junggar Basin is of
type I, which means that the matter is chiefly derived from lake algae. In the
Dahuangshan and Shichanggou areas, the organic matter type is 1I;, which
suggests that the material primarily originates from lake algae mixed with
some higher terrestrial plants (Fig. 4).

6.1.4. RST

In the RST of sequence 1, the organic matter of oil shale in all areas and well
JZK2 is of type II;, indicating that it chiefly comes from lake algae mixed
with some higher terrestrial plants (Fig. 4).

6.2. Organic matter type in sequence 2
6.2.1. LST

In the LST of sequence 2, the organic matter type of oil shale in all areas and
well JZK2 is II,. This implies that the matter is mainly derived from higher
terrestrial plants mixed with some lake algae. Unlike the organic matter type
in the RST of sequence 1, it changed from I, to II, in the LST of sequence 2

(Fig. 4).

6.2.2. TST

The organic matter of oil shale of the TST of sequence 2 in the Yaomoshan,
Tianchi and Sangonghe areas in the western parts of the Junggar Basin and
in the Dahuangshan area and well JZK?2 in the basin’s eastern parts is of type
II,. This indicates that the organic matter is mainly derived from lake algae
mixed with some higher terrestrial plants. In the Shichanggou area, the
organic matter type of oil shale is Il,, implying the matter’s origin from
higher terrestrial plants mixed with some lake algae. Differently from the
organic matter type of oil shale in the LST of sequence 2, the type changed
from II, to II; in the sequence’s TST in most areas and well JZK2 in the
eastern parts of the Junggar Basin. However, no corresponding change took
place in the Shichanggou area (Fig. 4).



40 Mingming Zhang et al.

6.2.3. HST

In the HST of sequence 2, the organic matter type of oil shale in the
Yaomoshan, Tianchi and Sangonghe areas in the western parts of the
Junggar Basin is I, indicating mainly the material’s lake algal origin. The
organic matter type of oil shale both in the Dahuangshan area and well JZK2
is II;, which implies that the matter is derived from lake algae mixed with
some higher terrestrial plants. In the Shichanggou area, the organic matter is
of type I, (Fig. 4).

6.2.4.RST

The organic matter type of oil shale of the RST of sequence 2 in all areas
and well JZK?2 is II,, which signifies the matter’s origin mainly from higher
terrestrial plants mixed with some lake algae (Fig. 4).

7. Organic matter evolution characteristics
7.1. Organic matter abundance evolution characteristics

Through the comparative analysis it can be found that the TOC evolution
features in sequence 1 are similar to those in sequence 2 in the vertical direc-
tion. In each sequence, the TOC of oil shale in LST is of medium abundance
and in RST, of higher abundance. In HST, the oil shale TOC is of highest
abundance (Fig. 5a). The TOC evolution features in both the sequences may
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Fig. 5. The evolution characteristics of organic matter abundance and type in the
sequence stratigraphic framework of the Permian Lucaogou Formation at the
northern foot of Bogda Mountain: (a) evolution characteristics of organic matter
abundance, (b) evolution characteristics of organic matter type.
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have been controlled by changes of sediments deposition rate and accom-
modation space [24, 25].

7.2. Organic matter type evolution characteristics

The evolution characteristics of organic matter type in sequence 1 are a little
different from those in sequence 2. The organic matter type in the LST of
sequence 1 is mainly II;, and in individual areas, I. In the TST of sequence 1,
the organic matter types are II; and I. Compared with LST, the input volume
of higher terrestrial plants in TST is smaller. The reason for this may be that
the lake level gradually rose which caused the shore distance to increase.
Thus the input volume of terrestrial plants in organic matter gradually
decreased and the productivity of lake algae steadily increased [26, 27]. The
organic matter in the HST of sequence 1 is predominantly of type I, and in
individual areas, of type II;. This may be because the productivity of lake
algae further increased and the input volume of terrestrial plants in organic
matter further decreased [26, 27]. The organic matter type in the RST of
sequence 2 is II;. This may be explained by that the lake level gradually
dropped which caused the shore distance to reduce. Thus the input volume of
terrestrial plants in organic matter gradually increased and the productivity
of lake algae step-by-step decreased [26, 27] (Fig. 5b).

The organic matter type in the LST of sequence 2 is exclusively IL,. In
TST, it is mainly I, and in individual areas, II,. The reason for this may be
that the lake level gradually rose which caused the shore distance to increase.
Thus the input volume of terrestrial plants in organic matter gradually
decreased [26, 27]. The organic matter in the HST of sequence 2 is pre-
dominantly of type I and in individual areas, of type II; and type II,. The
changes of organic matter type may have been due to the further rise of lake
level, which may have caused the productivity of lake algae to further
increase and the contribution of higher terrestrial plants to organic matter to
further decrease [26, 27]. The organic matter type in the RST of sequence 2
is exclusively II,. This may be explained by that the lake level rose, causing
the productivity of lake algae to decrease and the input volume of higher
terrestrial plants in organic matter to further increase [26, 27] (Fig. 5b).

8. Conclusions

The main sedimentary facies of the Lucaogou Foramtion at the northern foot
of Bogda Mountain are shallow lake subfacies, deep lake subfacies and fan
delta facies. The Lucaogou Formation consists of two well-completed 3rd
order sequences, sequence 1 and sequence 2.

The organic matter abundance evolution features in sequence 1 are
similar to those in sequence 2. In each sequence, the TOC of oil shale in LST
is of medium abundance and in RST, of higher abundance. The TOC
abundance of oil shale is the highest in HST.
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The organic matter type of oil shale in LST is mainly II, or II;. In TST,
the type is predominantly II;, in HST, mostly I. The organic matter type of
oil shale in RST is II; or II,. The proportion of lake algae of oil shale is the
highest in HST. The share of terrestrial plants of oil shale is the highest in
LST and RST. Being originated from lake algae and terrestrial plants, the oil
shale organic matter in TST is of mixed type.
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