
lable at ScienceDirect

Petroleum Science 19 (2022) 2549e2571
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Prediction of multiscale laminae structure and reservoir quality in
fine-grained sedimentary rocks: The Permian Lucaogou Formation in
Jimusar Sag, Junggar Basin

Xiao-Jiao Pang a, b, *, Gui-Wen Wang a, b, **, Li-Chun Kuang c, Jin Lai a, b, Yang Gao d,
Yi-Di Zhao a, b, Hong-Bin Li a, b, Song Wang a, b, Meng Bao a, b, Shi-Chen Liu a, b,
Bing-Chang Liu a, b

a State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, 102249, China
b College of Geosciences, China University of Petroleum (Beijing), Beijing, 102249, China
c Technology Administration Department, PetroChina Company Limited, Beijing, 100007, China
d Research Institute of Exploration and Development, Xinjiang Oilfield Company, PetroChina, Karamay, Xinjiang, 834000, China
a r t i c l e i n f o

Article history:
Received 5 January 2022
Received in revised form
15 May 2022
Accepted 5 August 2022
Available online 10 August 2022

Edited by Teng Zhu and Jie Hao

Keywords:
Fine-grained sedimentary rocks
Mineral composition
Multiscale laminae structure
Reservoir quality
Image logs
Lucaogou formation
* Corresponding author. China University of Petrole
Changping, Beijing, 102249, China.
** Corresponding author. China University of Petrole
Changping, Beijing, 102249, China.

E-mail addresses: xiaojiaopang0829@163.com (X.-
(G.-W. Wang).

https://doi.org/10.1016/j.petsci.2022.08.001
1995-8226/© 2022 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Fine-grained sedimentary rocks have become a research focus as important reservoirs and source rocks
for tight and shale oil and gas. Laminae development determines the accumulation and production of
tight and shale oil and gas in fine-grained rocks. However, due to the resolution limit of conventional
logs, it is challenging to recognize the features of centimeter-scale laminae. To close this gap, comple-
mentary studies, including core observation, thin section, X-ray diffraction (XRD), conventional log
analysis, and slabs of image logs, were conducted to unravel the centimeter-scale laminae. The laminae
recognition models were built using well logs. The fine-grained rocks can be divided into laminated rocks
(lamina thickness of <0.01 m), layered rocks (0.01e0.1 m), and massive rocks (no layer or layer spacing of
>0.1 m) according to the laminae scale from core observations. According to the mineral superposition
assemblages from thin-section observations, the laminated rocks can be further divided into binary,
ternary, and multiple structures. The typical mineral components, slabs, and T2 spectrum distributions of
various lamina types are unraveled. The core can identify the centimeteremillimeter-scale laminae, and
the thin section can identify the millimeteremicrometer-scale laminae. Furthermore, they can detect
mineral types and their superposition sequence. Conventional logs can identify the meter-scale layers,
whereas image logs and related slabs can identify the laminae variations at millimeterecentimeter
scales. Therefore, the slab of image logs combined with thin sections can identify laminae assemblage
characteristics, including the thickness and vertical assemblage. The identification and classification of
lamina structure of various scales on a single well can be predicted using conventional logs, image logs,
and slabs combined with thin sections. The layered rocks have better reservoir quality and oil-bearing
potential than the massive and laminated rocks. The laminated rocks’ binary lamina is better than the
ternary and multiple layers due to the high content of felsic minerals. The abovementioned results build
the prediction model for multiscale laminae structure using well logs, helping sweet spots prediction in
the Permian Lucaogou Formation in the Jimusar Sag and fine-grained sedimentary rocks worldwide.
© 2022 The Authors. 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/
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1. Introduction

With the development of unconventional oil and gas explora-
tion worldwide, fine-grained sedimentary rocks have gradually
become a research focus as crucial reservoirs and source rocks for
tight and shale oil and gas (Curtis, 2002; Hill et al., 2007; Loucks
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et al., 2009; Lai et al., 2015; Liu et al., 2020; Altawati et al., 2021; Li
et al., 2021). Fine-grained sedimentary rocks are fine-grained sed-
iments with particle sizes less than 0.0625 mm, are widely
distributed globally (Liu et al., 2019b), and account for approxi-
mately two-thirds of the sedimentary rocks (Krumbein, 1947;
Schieber, 1991; Saidian and Prasad, 2015; Liu et al., 2019b). Fine-
grained rocks contain huge oil and gas resources in China,
showing a broad prospect for tight and shale oil and gas exploration
(Liu et al. 2018, 2019a, 2020, 2022b). Fine-grained sedimentary
rocks are the source rocks of conventional hydrocarbon and un-
conventional oil and gas (tight oil and gas, shale oil and gas) res-
ervoirs. Therefore, studying fine-grained sedimentary rocks has
theoretical and practical significance (Zou et al., 2012; Chen et al.,
2017; Wu et al., 2019; Li et al., 2020; Altawati et al., 2021). Due to
Fig. 1. (a) Structure characteristic map and well targeting Lucaogou Formation in the Jimusa
2012; Xi et al., 2015; Ma et al., 2020).
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the complexity and high grade of heterogeneity, detailed integra-
tion between geological and petrophysical studies are recom-
mended to characterize the multiscale, highly heterogeneous
layered rocks (Nabawy and El Sharawy, 2015; El Sharawy and
Nabawy, 2016; Abuamarah et al., 2019; Nabawy et al., 2020).

Sedimentary laminae are the basic components of fine-grained
sedimentary rocks, and most fine-grained sedimentary rocks
contain laminae of micrometeremeter scales (Anderson, 1996;
Yawar and Schieber, 2017; Ma et al., 2019; Zhao et al., 2019). Mul-
tiscale laminae structure occurs in fine-grained sedimentary rocks,
and the features of laminae from macro- (meter scale) to micro-
scales (millimeter to micrometer scales) can be obtained through
various observationmethods (Chen et al., 2017; Li et al. 2018, 2020).
The vertical superposition of different rock types (lithology) within
r Sag and location map of the Jimusar Sag in Junggar Basin (b) in China (c) (Kuang et al.,
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the range of meteredecimeter-scale lamina can be observed
through outcrops and conventional well log data (Chen et al., 2017;
Li et al., 2020). The millimeterecentimeter-scale laminated rocks
formed by different mineral compositions in various superimposed
ways on the centimeter-scale can be obtained from core observa-
tions (Chen et al., 2017; Li et al., 2020). Thin-section observation
and scanning electron microscopy can obtain the milli-
meteremicrometer-scale laminated rocks formed by a mineral
layer-superimposed sequence. Millimeteremicrometer-scale
laminated rocks comprise binary (superimposition of two min-
erals), ternary (superimposition of three minerals), or multiple
(superimposition of more than three minerals) laminae on the
micron scale. The meterecentimeter lamina structure reflects the
lithology variation, whereas the millimeteremicrometer lamina
structure reflects the cyclicity changes of various mineral compo-
nents (Rickman et al., 2008; Aplin andMacquaker, 2011; Chen et al.,
2017; Li et al., 2020).

The lamina structure., i.e., the lamina scale and the super-
imposed sequence of mineral layers, determines the reservoir
quality and oil-bearing properties in fine-grained sedimentary
rocks (Li et al. 2018, 2020; Xi et al., 2020). Overall, the more
developed the laminae in shales, the better the physical properties
Fig. 2. Stratigraphic columns of the Permian Lucaogou Formation i
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(Davies et al., 1991; Chen et al., 2017; Wang et al., 2019; Bai et al.,
2022). The laminae also determine the crude oil occurrence and
oil mobility (Tang et al., 2019; Zhao et al., 2019; Liu et al., 2021; Feng
et al., 2021; Sun et al., 2022). Many geological factors control the
laminae in fine-grained sedimentary rocks, and the multiscale
laminae structure ranges from meter-scale lithology changes. The
millimeteremicrometer-scale of mineral superimposition patterns
is complex (Yuan et al., 2015; Liu et al., 2019b; Cai et al., 2022).
Therefore, it is urgent to investigate the controlling relationships
between the macroscopic physical properties of the reservoir and
the multiscale laminae structure and mineral superposition
sequences.

There are no comprehensive logging recognition methods for the
multiscale laminae structure and the related reservoir quality it
controls. Additionally, the laminae vary from meter to
millimeteremicrometer scales, making it challenging to evaluate the
lamina structure via well logs. This study uses core, thin section,
conventional logs, image logs, and image log-derived slabs to unravel
the multiscale laminae structure in the fine-grained sedimentary
rocks of the Lucaogou Formation in the Jimusar Sag, Junggar Basin.
The classification and logging characterization of various scale lamina
structures and mineral superposition assemblages in fine-grained
n Jimusar Sag, Junggar Basin (Modified after Cao et al., 2016).
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sedimentary rocks are realized using core, thin sections, image logs,
and slabs. The recognition methods of lamina structure ranging from
the macroscopic lithology variations to microscopic mineral compo-
sitions are built usingwell logs. Furthermore, the vertical distribution
of lamina structure and the related reservoir quality are unraveled.
The research results provide insights into the lamina structure infine-
grained sedimentary rocks and predict the high-quality reservoirs in
shale/tight oil play.

2. Geological settings

The Junggar Basin is a crucial petroliferous basin in Western
China (Fig. 1) (Cao et al. 2016, 2020; Yang et al., 2019; Wang et al.,
2020; Lin et al., 2021). The Jimusar Sag is in the southeast of the
Junggar Basin, surrounded by several faults and highlands with
obvious boundary features surrounded by the Qitai uplift, Santai
uplift, Fukang fault zone, and Shaqi uplift, and the area is
approximately 1,278 km2 (Kuang et al., 2014; Zhao et al., 2014;
Fig. 3. Slab derived from image logs in fine-grained sedimentary rocks in the Permian Luc
second is static image logs, and the third track is the dynamic image logs, the fourth and fift
than the image logs.
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Zhang et al., 2019; Ma et al., 2020) (Fig. 1a). The Jimusar Sag has
experienced multiple stages of tectonic subsidence and uplift (Qiu
et al., 2016; Cao et al., 2017; Wu et al., 2019). The Permian strata in
the Jimusar Sag can be divided into the Jiangjunmiao Group (P2j),
Lucaogou Group (P2l), and Wutonggou Group (P2w) from the
bottom to the top during the Hercynian tectonic episode with
contemporaneous rifting and volcanic activities (Allen and
ENG€OR, 1995; Xiao et al., 2008; Qi et al., 2013; Ma et al., 2020).
The Lucaogou Formation, conformably overlying the Jiangjunmiao
Formation and unconformably underlying the Wutonggou For-
mation, contains abundant shale oil resources, distributed
throughout the sag with a thickness from 200 m to 350 m and
covering 806 km2 (Kuang et al., 2012; Xi et al., 2015; Zhang et al.,
2019; Lin et al., 2021). The Lucaogou Formation is characterized by
self-sourced, self-reservoir, and near-source hydrocarbon accu-
mulation. The main exploration area's stratigraphy dip is moder-
ately gentle with a structural dip angle from 3� to 5� (He et al.,
2013; Zhao et al., 2014; Lu et al., 2015; Lai et al., 2022a). In the
aogou Formation in the Jimusar Sag (J10016). The first track shows the depth, and the
h tracks are the static and dynamic slabs. The slabs show more bedding characteristics
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Yanshan movement, the tectonic activity was intense (Wang et al.,
2020). During the Indosinian movement in the Late Jurassic, the
Guxi uplift rose significantly, resulting in the erosion of the
Permian and Triassic strata (Yang et al., 2019).

The entire Lucaogou Formation is deposited in a saline shore-
lake environment (Gao et al., 2016; Zhang et al., 2017). The
Permian Lucaogou Formation's source rocks went through the oil
generation window after the Late Triassic and experienced two oil
generation and expulsion stages during the Jurassic and Cretaceous
(Qiu et al., 2016). The Lucaogou Formation can be divided into the
lower part (P2l1) and the upper part (P2l2) from the bottom to the
top according to the maximum flooding surface and lithological
associations (Kuang et al., 2012; Pang et al., 2022). It can be further
subdivided into six sandbody associations (P2l21, P2l22, P2l23, P2l11, P2l12,
and P2l13) (Fig. 2). Two sweet spot sets (high-quality reservoirs) have
been found vertically in the P2l22 and P2l12 (Liu et al., 2020). Many
recently drilledwells had obtained commercial oil flows, and the oil
test results reveal promising oil exploration potential.

3. Materials and methods

Core plug samples of fine-grained sedimentary rock were ob-
tained from Wells J10016, J10022, and J10025 in the Middle
Permian Lucaogou Formation in the Jimusar Sag (Fig. 1). This study
used 32 core plug samples to conduct experiments for obtaining
the geological properties. These experiments included thin sections
and X-ray diffraction (XRD). The core plugs were cut into 30 mm
thickness and then were examined using Leica optical microscopy
under plane-polarized light (PPL) and cross-polarized light (XPL).
Before the thin section preparation, blue or red fluorescent epoxy
was impregnated into rocks to highlight the pores. Thin sections
Fig. 4. Core photos and thin sections show the lithology and mineral composition in the P
(a) Siltstones, J10025, 3701.7 m
(b) Dolostones, J10025, 3539.15 m
(c) Mudstones, J10025, 3702.5 m
(d) Siltstone, quartz, feldspar and fragment, J10022, 3484.92 m
(e) Dolostone accompanied with laminae, J10022, 3489.33 m
(f) Mudstones with laminae, J10016, 3311.26 m.
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were also stained with mixed Alizarin Red and potassium ferricy-
anide solution to differentiate Ferroanecalcite from
Ferroanedolomite calcite. The mineralogy was based on XRD, and
the data of these tests are from the same samples in this study.

Standard wire-line logs comprise natural gamma-ray (GR),
caliper (CAL), bulk density (DEN), neutron porosity (CNL), sonic
interval transit time (AC), and shallow/deep resistivity (Rxo and
RT). Schlumberger's combinable magnetic resonance tool was run
to acquire the nuclear magnetic resonance (NMR) T2 spectra dis-
tribution. Therefore, information on pore structure and oil-bearing
can be obtained.

Schlumberger's fullbore formation microimager (FMI) was used
to obtain a high-resolution (up to 5 mm vertical resolution) pseu-
dopicture of boreholes (Lai et al., 2020, 2021). Eight pads, four
hosting pads fixed to two orthogonal arms, and each pad had an
attached flap (Rajabi et al., 2010; Lagraba et al., 2010), each con-
taining 24 buttons, was fixed on the FMI. Therefore, there were 192
electrodes distributed on four pads and four flaps, collectively
generating 192 microresistivity curves (Rajabi et al., 2010; Moreau
and Joubert, 2016). The colorful images were obtained through
basic preprocessing workflows, including speed correction,
centering correction, and normalization of the raw data (Folkestad
et al., 2012; Lai et al., 2020). The borehole images were displayed as
static and dynamic images that imply the electrical contrasts (Serra,
1989; Moreau and Joubert, 2016).

Usually, four white strips of missing information are invisible on
the image (Bize et al., 2015). Hurley and Zhang (2011) integrated the
two methods to fill these gaps to form the full images. Then, the
slabs can be reconstructed using the geometrical relationships
between the borehole cylinder's surface and the section's plane
(Fig. 3) (Kumar et al., 2014; Bize et al., 2015). The slabs show more
ermian Lucaogou Formation of Jimusar Sag, Junggar Basin
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Fig. 5. Thin section images showing the lithology and pore spaces of the Lucaogou
Formation in the Jimusar Sag
(a) Siltstones with primary intergranular pores (red arrows) and intragranular disso-
lution pores (yellow arrows), J10025, 3554.83 m
(b) Intergranular dissolution pores and intragranular dissolution pores due to various
degree of grain dissolution, J10016, 3314.12 m
(c) Abundance of intergranular pores and intragranular dissolution pores, low to
moderate degree of compaction, J10025, 3541.79 m
(d) Microfractures paralleled and vertical to lamina, J10025, 3571.73 m
(e) Extensive compaction and microfractures with filling of pyrite and bitumen, J10016
3311.88 m
(f) Parallel fractures filled of cementation of calcite and dolomite, J10022, 3475.54 m
(g) Fine-grained sandstones with metasomatism of calcite, J10016, 3312.35 m
(h) Dolomite with authigenic quartz, J10016, 3325.22 m
Q, quartz; RF, rock fragments; F, feldspar; Ca, Calcite; D, dolomite; AQ, authigenic
quartz. BI, bitumen.
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geological characteristics (bedding) than the image logs (Fig. 3). The
light-shaded areas of the images indicate resistive, dense, and
cemented rocks, organic matter, or hydrocarbon occurrence,
whereas the dark-shaded areas represent conductive clays and
shale-like rocks (Khoshbakht et al., 2012; Muniz and Bosence, 2015;
Lai et al., 2018a). The transitional color-shaded areas imply
moderately resistive rocks, for instance, feldspar and quartz. The
dominant minerals are felsic (feldspar and quartz), carbonate, clay
minerals, and organicmatter in the Permian Lucaogou Formation in
the Jimusar Sag. Therefore, the image's color can illustrate the
mineral types.

4. Results

4.1. Lithology

The lithologies of the Lucaogou Formation have been identified
and classified based onmineral compositions (Xi et al., 2015; Zhang
et al., 2018; Lin et al., 2021). The primary lithologies include silt-
stones, dolostones, and mudstones (Fig. 4aec). Also, transitional
lithologies occur, such as dolomitic siltstones, dolomicrite, and
dolomitic mudstones. Interbedded siltstone and dolostones are
typically in vertical contact with mudstones in the Lucaogou For-
mation of the Jimusar Sag (Lin et al., 2021). The complex lithologies
are attributed to lake-level fluctuations, provenance, and deposi-
tional environments (Zhang et al., 2019).

The siltstones comprise feldspar, quartz, and rock fragments
(Fig. 4d). Dolostones are mostly dolarenite, and the intraclast do-
lomites are detected by thin section analysis (Fig. 4e). Mudstones
mostly consist of clay minerals and, in some cases, organic matter
(Fig. 4f). Silt-sized particles of quartz and feldspar and rock frag-
ments are identified in the siltstones (Fig. 5a).

Cores and thin section observations show that feldspar, quartz,
carbonate, and clay minerals are the dominant mineral compo-
nents in the Permian Lucaogou Formation (Zhang et al., 2019). Clay
minerals are dominated by smectite, with moderate amounts of
mixed layer illite/smectite and minor illite and chlorite.

4.2. Reservoir pore spaces

The reservoir is characterized by strong heterogeneity (Guan
et al., 2020) with low porosity and permeability. According to the
core-measured porosity and permeability data, the porosity is
1.2%e23.8%, and the average value is 12.5%, and the permeability is
0.01 mD to 32.9 mD and averaged as 0.9 mD. The cores and thin
sections indicate that the pore spaces of the Permian Lucaogou
Formation are complicated and can be divided into primary inter-
granular pores (Fig. 5a), secondary dissolution pores (Fig. 5aec),
and fractures/microfractures (Fig. 5def).

Primary intergranular pores include the residually primary
intergranular pores preserved after mechanical compaction,
enlarged by dissolution, formingmixed pores that primarily exist in
the siltstones (Fig. 5a). These pores are the main contributors to the
porosity of the Lucaogou Formation in the Jimusar Sag. However,
some are filledwith authigenic quartz, carbonate cement, and other
minerals (authigenic clayminerals), reducing the reservoir's quality
(Fig. 5g and h). Secondary pores are crucial reservoir spaces in the
Lucaogou Formation and are observed in most lithologies, espe-
cially sandstones and dolostones. Secondary pores are primarily
intragranular dissolved pores within framework grains, such as
feldspar and rock fragments. Microfractures developed with sparry
carbonate crystals and organic matter precipitated in the micro-
fracture planes (Fig. 5e and f).

Natural fractures are vital reservoir spaces and seepage channels
in hydrocarbon reservoirs, and they play a significant role in
2554
controlling the exploration and development potential of tight/
shale oil play (Lai et al., 2022a). Fractures can be divided into
bedding parallel and inclined (tectonic) fractures. Studies have
shown that bedding fractures developed along the bedding planes
(Zhang et al., 2017; Liu et al., 2019a). The fractures in the Lucaogou
Formation are further divided into open and closed fractures based
on whether they are cemented. The formation of fractures could be
the tectonic origin, hydrocarbon generation, accumulation, and
diagenesis (Zeng and Li, 2009; Lai et al., 2016; Zhang et al., 2017; Liu
et al., 2020). The fractures not cemented by cements such as cal-
cites, i.e., open fractures, will be hydrocarbon storage spaces (Gale
et al., 2007, 2014; Kuang et al., 2012; Ghanizadeh et al., 2015;
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Hooker et al., 2015; English and Laubach. 2017; Liu et al., 2020), and
they will become migration channels for fluids. Dissolved ions
carried by fluids will precipitate as diagenetic minerals during fluid
migration due to temperature and pressure changes (Zhang et al.,
2017).

Moreover, SiO2 migration results in quartz precipitation,
whereas CaCO3 migration results in calcite precipitation and
cementation (Cao et al., 2016; Kuang et al., 2012; Ghanizadeh et al.,
2015). Some microfractures were filled with asphalt, calcite, pyrite,
and other minerals (Fig. 5e and h). Many tectonic fractures and
microfractures in the Permian Lucaogou Formationwere filled with
cement, such as calcite, clay, or quartz. Precipitation and cemen-
tation will reduce the fracture effectiveness and decrease the value
Fig. 6. Core photos showing the lithology and the three types of lamina structure of the Lu
(a) Massive mudstone, J10012, 3157.30 m
(b) Massive dolostone, J10025, 3607.50 m
(c) Layered dolostone, J10025, 3699.58 m
(d) Layered sandstone, J10022, 3313.36 m
(e) Layered dolostone, J10025, 3687.74 m
(f) Laminated siltstone, J10025, 3714.85 m
(g) Laminated dolostone, J10025, 3696.54 m
(h) Laminated dolostone, J10025, 3675.38 m.
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of porosity and permeability (Bennett et al., 1991). In the thin
section observation, microfractures were mostly near-parallel to
the lamina surfaces (Fig. 5d and f).

The fractures parallel to the bedding planes in the reservoirs
were often oil-bearing, indicating hydrocarbon accumulation
(Zhang et al., 2017). Cross, horizontal, and oblique beddings are
structurally weak surfaces that facilitate fracture formation (Liu
et al., 2020).

Feldspar dissolution (Fig. 5c) and carbonate cementation
(Figs. 4d, 5e and 5g) were the two dominant diagenetic modifi-
cations, causing heterogenization of the fine-grained sedimentary
rock reservoir (Lin et al., 2021). Feldspar dissolution occurred in
pyroclastic laminae with low carbonate contents and was caused
caogou Formation in the Jimusar Sag
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by organic acid-rich fluids. Carbonate cementation occurs in car-
bonate laminae (Lin et al., 2021). The carbonate particle dissolu-
tion by organic acids and CO2 provides the material sources for
secondary carbonate cements (Lin et al., 2021). The Ca2þ andMg2þ

ions produced by transforming smectite to illite in the laminae
also provide material sources for secondary carbonate cements
(Lin et al., 2021).

4.3. Multiscale laminae structure

The core and thin section observations show that laminated
rocks with rhythmic bedding are common in the Lucaogou For-
mation. Rocks with different felsic mineral contents are frequently
alternated vertically. Even in rocks with similar felsic mineral
contents, the carbonate, clay, and organic matter contents are
varied considerably (Lin et al., 2021).

4.3.1. Division of multiscale laminae patterns
Lamina refers to the smallest or thinnest original sedimentary

layer that can be distinguished in sediments or sedimentary rocks
(Li et al., 2018). The slabs derived from the image logs are employed
Fig. 7. Four types of lamina composition patterns in the Permian Lucaogou Formation in th
Abbreviation: FEL felsic lamina; CAL carbonate lamina; CLL clay lamina; ORL organic lamin
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to describe the laminae characteristics. A single layer's thickness is
typically less than 10 mm, and the lamina of shale is
0.02 mme1mm (Li et al., 2018; Zhu, 2021). The definition of lamina
is extended, and theminimum level of lamina that can be identified
from relevant observation means at a certain scale is defined as the
lamina at that scale (Li et al. 2017, 2018). Therefore, multiscale
laminae from meter to millimeter can be identified from macro-
emesoemicroscopic observations (Li et al. 2017, 2018). In our
study, we divided the lamina structure into laminated rocks
(millimeter-scale; single layer thickness is less than 1 cm), layered
rocks (centimeter-scale; single layer thickness is 1e10 cm), and
massive rocks (decimeter-scale; single layer thickness is larger than
10 cm). Conventional logs can identify the meteredecimeter-scale
lamina, and the image logs, especially the slabs derived from the
image logs, can identify the millimeteredecimeter-scale lamina.
Core observations can identify the centimeteremillimeter-scale
lamina, and the thin section can identify the milli-
meteremicrometer-scale lamina.

Regarding the scale of laminae patterns, the lamina structure on
the core can be divided into 1) massive (no layer or the layer
spacing is > 0.1 m) (Fig. 6a and b), 2) layered (the thickness of an
e Jimusar Sag
a.
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Fig. 8. Lamina structure types interpreted from core photos and thin sections as well as relative well log response characteristics (NMR, slabs and image) of the Lucaogou Formation
in the Jimusar Sag
(a1), thin section, J10016, 3324.3 m, binary lamina (felsic, clay) with the homologous diagram (a2), core photo (a3), and the corresponding of image log (a4) and slab (a5), the NMR
T2 spectrum of this kind of lamina (a6).
(b1), thin section, J10016, 3302.8 m, ternary lamina (felsic, clay, carbonate) with the homologous diagram (b2), core photo (b3), and the corresponding of image log (b4) and slab
(b5), the NMR T2 spectrum of this kind of lamina (b6).
(c1), thin section, J10016, 3306.3 m, ternary lamina (felsic, clay, organic) with the homologous diagram (c2), core photo (c3), and the corresponding of image log (c4) and slab (c5),
the NMR T2 spectrum of this kind of lamina (c6).
(d1), thin section, J10016, 3310.8 m, multiple lamina (felsic, clay, carbonate, organic) with the homologous diagram (d2), core photo (d3), and the corresponding of image log (d4)
and slab (d5), the NMR T2 spectrum of this kind of lamina (d6).
(e1), thin section, J10016, 3318.69 m, layered rocks of stratified argillaceous sandstone with the homologous diagram (e2), core photo (e3), and the corresponding of image log (e4)
and slab (e5), the NMR T2 spectrum of this kind of lamina (e6).
(f1), thin section, J10016, 3325.22 m, layered rocks of stratified dolomite with the homologous diagram (f2), core photo (f3), and the corresponding of image log (f4) and slab (f5), the
NMR T2 spectrum of this kind of lamina (f6).
(g1), thin section, J10016, 3311.3 m, massive rocks with the homologous diagram (g2), core photo (g3), and the corresponding of image log (g4) and slab (g5), the NMR T2 spectrum
of this kind of lamina (g6).

2557

mailto:Image of Fig. 8|tif


X.-J. Pang, G.-W. Wang, L.-C. Kuang et al. Petroleum Science 19 (2022) 2549e2571
individual layer is 0.01e0.1 m) (Fig. 6cee), and 3) laminated (the
thickness of an individual layer is < 0.01 m) (Fig. 6feh), which have
various responses on image logs (Wang et al., 2021). Overall, the
more developed the laminae, the better the physical properties of
the reservoir.

The massive rocks have no evident beddings or layers, and the
lithologies comprise mudstones or dolomitic mudstones (Fig. 6a
and b), deposited in a low hydrodynamic environment, indicating
unique mineral components. Lamina cannot be seen in thin sec-
tions in this type of rock, and the layered rocks are associated with
siltstones and dolostones (Fig. 6cee). Evident beddings or layers
have developed, and the scales are 0.01e0.1 m (layer spacings).
Thin sections can confirm the layered rocks (Fig. 7), and the lami-
nated rocks can be siltstones, dolostones, and, in some cases,
mudstones (shales) (Fig. 6feh). The thin section observations reveal
the laminated rocks in the siltstones (Fig. 6f), dolomitic mudstones
(Fig. 6g), and dolostones (Fig. 6h). The laminated rocks were
deposited in a dynamic environment with seasonal climate and
sediment supply changes, resulting in rapid changes in mineral
components and forming laminated structures (Liu et al., 2019a; Xi
et al., 2020).
Fig. 9. Well log expression and related core photo of laminated rocks
The first track shows the depth, and the second are the natural gamma rays (GR) and calipe
and the fourth track shows deep resistivity (RT) and shallow resistivity (Rxo) log. The fifth tra
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4.3.2. Mineral composition of laminae
Besides core observation, thin sections can be used for milli-

meteremicrometer-scale lamina structure determination and for
recognizing the mineral superimposition patterns. The thin section
can be employed to determine the mineral superimposition se-
quences for the laminated rocks. Four laminae types (individual
mineral compositions) are identified in the laminated rocks in the
Lucaogou Formation in the Jimusar Sag: 1) felsic lamina (quartz,
feldspar), 2) carbonate lamina, 3) organicmatter lamina, and 4) clay
mineral lamina.

The felsic laminae contain feldspar, quartz, and minor rock
fragments (Fig. 7a and b). Clay minerals (Fig. 7aef) and carbonate
minerals (Fig. 7e) (calcite and dolomite) appeared as matrix and
cement filling between the particles, respectively. The organic
matter is distributed between the particles in spotty or dispersed
form. Graded bedding can be seen in the felsic laminae when the
felsic content changes within a specific range (Fig. 7c and f).

Under the same thermal evolution condition, samples with high
organic matter abundance have evident hydrocarbon generation
and pressurization effects, and the abnormal pressure fractures are
moderately developed (Zhang et al., 2017; Liu et al., 2020). As brittle
r (CAL). The third track include the three porosity logs (AC, CNL and DEN), respectively
ck is FMI images with the related slab in the sixth track. The seventh track is core photo.
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minerals, the higher the quartz and feldspar contents, the higher
the rock's brittleness. However, when the felsic is dispersedly
distributed in the rock, it will cause stress dispersion during hy-
draulic fracturing, which is inconducive to network fracture for-
mation (Liu et al., 2018).

The carbonate laminae comprise calcite and dolomite, and the
organic matter is in the morphology of the strip and distributed
dispersedly with clay minerals (Fig. 7e). The laminae interfaces are
relatively straight and continuous (Fig. 7e). When the clay mineral
content is moderately high, the carbonate laminae interface is wavy
(Fig. 7e), indicating that the sedimentary hydrodynamics are strong
during the sedimentary period (Xi et al., 2020). However, the
cementation of carbonate minerals might reduce the reservoir
spaces.

The organic matter laminae consist of the organic-rich lamina
(Fig. 7f) and are recognized as black layers under microscopic
observation. The deposition thickness of a single organic lamina is
very thin and exists in the form of strips in other layers or coexists
with other components, such as felsic layers. Furthermore, the
organic matter laminae interface is wavy or intermittent (Fig. 7c
Fig. 10. Well log expression and rela
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and f).
The clay laminae are mainly composed of clay minerals, which

are brown to gray-black under the microscope (Fig. 7c and d). The
clay laminae interface is straight and continuous and often forms a
binary laminated combination with felsic layers. Because clay
minerals are easy to be compacted during the burial history, the
reservoir quality will be poor due to the late stage of burial diage-
netic modifications.

4.3.3. Mineral superimposition patterns
The lamina structure can be divided into three scales: massive,

layer, and lamina regarding core observations (Fig. 6). Furthermore,
the laminated rocks can be further divided into three subtypes
according to the mineral superposition assemblages: 1) binary
(superposition of two minerals), 2) ternary (superposition of three
minerals), and 3) multiple (superposition of more than three
minerals). Thin section observations and related NMR tests show
that the lamina rocks have varied pore spaces and NMR T2 distri-
butions (Fig. 8). The layered rocks have better oil content and
physical properties than the laminated and massive rocks (Fig. 8).
ted core photo of layered rocks.
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Furthermore, the binary, ternary, and multiple lamina types varied
in reservoir quality (Fig. 8).

The binary lamina (felsic, clay) has wave laminae with a clear
boundary (Fig. 8a1ea2). When the felsic mineral content is high,
normal graded bedding inside the felsic lamina indicate that the
sedimentary energy gradually weakened during the deposition
period. The lamina interfaces between the two lamina types are
well-clear and near-flat or corrugated (Fig. 8a1). The organic matter
content in the felsic laminae is low. The core of binary lamina
(felsic, clay) shows a deep gray-brown (Fig. 8a3). The high NMR T2
signal amplitudes and long T2 components indicate high reservoir
quality and oil-bearing potential (Golsanami et al., 2014). Dark (clay
mineral) and yellow-orange (felsic mineral) layers can be observed
on the image logs (Fig. 8a4), and the slabs are characterized by two-
color patterns (Fig. 8a5). This type of laminae has medium physical
properties and favorable oil content (Fig. 8a6) and is common in the
Lucaogou Formation in the Jimusar Sag.

The ternary lamina structure comprises three superposed
minerals. The first type is the superposition of felsic, carbonate, and
Fig. 11. Well log expression and relat
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clay minerals. The related core of the ternary lamina (felsic, car-
bonate, clay) is dark brown (Fig. 8b1e8b3). Gray-white felsic min-
erals might appear in lenticular, and the thin layers of moderately
dark gray-brown-gray clay, gray felsic minerals, and white car-
bonate laminae are interbedded (Fig. 8b1). The boundary between
various laminae is unclear, and the interfaces between the two
types were not flat (Fig. 8b1). The image log shows a layered mode
(Fig. 8b4), and the slab shows a bright carbonate interbedded with
orange felsic and black clay laminae (Fig. 8b5). The ternary lamina
(felsic, carbonate, clay) has high physical properties and oil-bearing
potential (Fig. 8b6).

Another type of ternary lamina structure is the superposition of
felsic, clay, and organic laminae (Fig. 8c1, 8c2) with a dark brown
core (Fig. 8c3). The organic matter and clay mineral lamination are
dispersed in intermittent form and are near-parallel (Fig. 8c1), and
the lamination interfaces between the two types are clear (Fig. 8c1).
The image logs are characterized by dark-yellow and bright layers
(Fig. 8c4), and three color patterns occur in the slabs (Fig. 8c5). This
type of laminae has poor physical properties with lower felsic
ed core photo of massive rocks.
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mineral content, as determined from the NMR T2 spectrum
(Fig. 8c6). The organic matter was distributed in dispersed form in
carbonate laminae (Fig. 7e). However, the organic matter was
distributed near-continuous or intermittent in the clay laminae
(Fig. 7e), and this type is also common in the Lucaogou Formation.

The felsic mineral content was moderately high in the multiple
laminae (felsic, clay, carbonate, and organic matter), followed by
carbonate and clayminerals (Fig. 8d1e8d3). The layer is moderately
straight, the interfaces between the two types of laminae are un-
clear, and the vertical change is different in color (Fig. 8d1). The
carbonate lamination was intermittent or continuous in a flat form
parallel to other laminae (Fig. 8d1). The image logs and related slabs
show typical color pattern changes due to the rapid mineral
component changes (Fig. 8d4, 8d5). This lamina structure was poor
with low oil saturation (Fig. 8d6) and was rare in the Lucaogou
Formation.

Layered rocks are associated with siltstones (Fig. 8e1e8e3) and
Fig. 12. Identification and classification of multi-scale laminae structure of the Lucaogou Fo
The first track shows the depth, and the second are the natural gamma rays (GR) and caliper
the fourth track shows the three porosity logs (AC, CNL and DEN), respectively. The fifth track
in the seventh track and the eighth track shows three types of lamina structure. The ninth
tenth track.
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dolostones (Fig. 8f1e8f3), with quartz and feldspar being the main
mineral components. Intergranular and intragranular pores can be
identified in the casting dyeing thin sections (Fig. 8e1), and the
layered dolostones might contain no evident pore spaces (Fig. 8f1).
The layered structure can be observed on the image logs and slabs
(Fig. 8e4, 8e5; Fig. 8f4, 8f5). The layered siltstones have high
physical properties, as determined by high NMR T2 signal ampli-
tudes and long T2 components (Fig. 8e6). The framework grains are
well-sorted and moderately texturally mature, subrounded to
rounded shapes, and have line-to-face contacts in the stratified
dolomite (Fig. 8e1, 8f1). The physical and oil-bearing properties of
the layered dolostones were satisfactory (Fig. 8f6). Conversely,
evident layers or laminae can be detected on the image logs for the
layered rocks (Fig. 8).

Massive rocks comprise mudstone, dolostone, and in some
cases, dolomitic siltstone (Lin et al., 2021). Themassivemudstone is
rich in organic matter (Fig. 8g1e8g3), with the characteristics of a
rmation in J10025
(CAL). The third track include deep resistivity (RT) and shallow resistivity (Rxo) log and
shows the T2 spectrum of CMR, and the sixth track is FMI images with the relevant slab
track exhibits the representative lamina structure with the related core photos in the
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dark color, interpreted to deposit under the deep to the semi-deep
lacustrine environment (Yang et al., 2019; Zhang et al., 2019).
Abundant micritic dolomites were observed in the dolostone.
Furthermore, massive rocks are formed by carbonate with micritic
dolomites and dolomitic intraclast components (Fig. 8g1). No layers
or bands can be observed on the image logs for the massive type,
and the slabs show no color pattern variations (Fig. 8g4e8g5). The
reservoir quality and oil-bearing properties are poor, as observed
from the low T2 amplitudes and dominance of short T2 components
(Fig. 8g6).

Laminated rocks (binary, ternary, and multiple mineral super-
position assemblages) have the highest layer and lamina density on
the FMI image and slabs (Fig. 8a5, 8b5, 8c5, 8d5), followed by
layered rocks (Fig. 8e5, 8f5). The massive rocks appear bright or
dark on the image logs and slabs (Fig. 8g5). Reservoirs with
developed laminae rocks have medium physical properties
(Fig. 8a6, 8b6, 8c6, 8d6). The layered rocks are characterized by the
highest T2 amplitudes and the longest T2 components in the NMR
T2 spectra (Fig. 8e6, 8f6), indicating favorable physical properties
and highmovable fluid contents. Themassive rocks have the lowest
T2 amplitudes, and the T2 spectrum is characterized by unimodal
and left-skewed, indicating poor reservoir quality and oil-bearing
Fig. 13. Well log expression of binary lamina (carbonate, clay) in the Lucaogou Formation i
The first track shows the depth, and the second are the natural gamma rays (GR) and calipe
and the fourth track shows deep resistivity (RT) and shallow resistivity (Rxo) log. The fifth
photos. And the eighth track is XRD.
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properties (Fig. 8g6).
The more the laminae of brittle siliceous minerals are, the better

the fracture ability of the reservoir (Lei et al., 2015). The continuity,
shape, and geometry of the laminae boundary directly influence
the propagation law of fractures during reservoir fracturing (Sun
et al., 2020; Shi and Qiu, 2021). The lamina composite structure
with continuous, straight, and clear boundaries can easily form a
network fracture during fracturing. However, the laminae are
discontinuous, not straight, and the boundary is unclear. The
pressure will be dispersed during fracturing, and complex network
fractures will be formed. Simultaneously, the laminae boundary's
angle will affect the rock's mechanical properties. The uniaxial
compressive strength increases with the lamina angle, and the
correlation between them is linear (Xu et al., 2015; Xiong et al.,
2019; Shi and Qiu, 2021). Bedding plane cracking and fracture
path deviation are the main causes of anisotropy of the fracture
toughness (Xu et al., 2015; Xiong et al., 2019; Heng et al., 2020; Shi
and Qiu, 2021).
4.4. Well log responses

Conventional well logs could identify the meterecentimeter-
n the Jimusar Sag
r (CAL). The third track include the three porosity logs (AC, CNL and DEN), respectively
track is FMI images with the related slab in the sixth track. The seventh track is core
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scale of lamina assemblages, which cannot meet the resolution
standard of exploration in tight/shale oil reservoirs. Due to the high
costs, the cores and thin sections cannot be available in each well
and depth. Consequently, the high-resolution characteristics of the
image log (5 mm or 0.2 in) can help divide the layered, laminated,
and massive rocks ranging from millimeter to meter scales.

The dynamic slabs of the image logs show that the laminae are
alternately light and dark, and the laminated rocks show that a
single layer's thickness is in millimeter scale, less than 1 cm, indi-
cating that the laminae changes are millimeter lamination. Fig. 9
shows more than 124 layers in different colors in 1 m (Fig. 9). An
individual layer's thickness is centimeter-scale in the layered rocks
(1e10 cm), and 65 layers in 1-m ranges are identified on the slabs
(Fig. 10).

The single layer of massive rocks is in decimeteremeter scale
and the layer thickness is greater than 10 cm, or there are no layers
in the massive rocks. Typically, the image logs and the slabs are
characterized by a single dark or bright spot, and no layers can be
detected at 0.1 m scale depth intervals (Fig. 11).

5. Discussion

5.1. Laminae distribution prediction via well logs

The bright, orange, or dark appearances on the image logs and
Fig. 14. Well log expression of ternary lamina (felsic, carbon
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related slabs depend on the mineral composition variations. For
instance, the massive rocks are characterized by bright or dark
appearances (Fig. 11), the layered rocks are characterized by alter-
nating dark and bright bands (Fig. 10), and the laminated rocks are
recognized by laminae characteristics showing dark, orange-
yellow, and bright color patterns (Fig. 9).

Therefore, the division of laminae structure in a single well can
be realized through the image logs and related slabs (Fig. 12), and
528 layers have been identified in Well J10025 of the Lucaogou
Formation, among which 119 intervals are laminated rocks, 259 are
layered rocks, and 149 are massive rocks. The laminated rocks'
thickness reached 37.92 m, with a minimum thickness of 0.06 m
and a maximum thickness of 2.57 m. The layered rocks' entire
thickness is 242.19 m, the minimum thickness is 0.04 m, and the
maximum thickness is 8.21 m. The massive rocks’ total thickness is
30.31 m, the minimum thickness is 0.1 m, and the maximum
thickness is 1.32 m (Fig. 12). The effective combination of clay and
felsic minerals results in a large amount of oil and gas migration
into the felsic layers (Shi and Qiu, 2021).

The lamina structure subtypes (binary, ternary, and multiple) in
laminated rocks can be identified through the slabs’ image pattern
and color gradation. The binary laminated type is dominated by
carbonate and clay minerals and has a high carbonate content,
moderately low clay mineral content, and few felsic layers, evi-
denced by the XRD data (Fig. 13). Core observations show that the
ate, clay) in the Lucaogou Formation in the Jimusar Sag.
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color patterns of the binary laminated type are gray to brow-gray.
The image logs have typical alternating band characteristics due
to the mineral variations. Furthermore, the slab is recognized as a
dark layer (clay mineral lamina) and a bright layer (carbonate
lamina) (Fig. 13).

In laminated rocks, the ternary laminae combination (felsic,
carbonate, claymineral) has high felsic content andmoderately low
clay and carbonatemineral contents. The gray-white felsic minerals
are lenticular, intermittently layered, or thinly layered interlayers
with dark gray to brown-gray clayecarbonate laminae. The image
log is band facies, and the slab is a dark layer (clay lamina), a light
layer (carbonate lamina), interlayered with an orange layer (felsic
lamina) (Fig. 14).

Another type of ternary lamina combination in laminated rocks
comprises felsic, clay, and organic matter. It has higher felsic con-
tent, followed by clay minerals and some organic matter, but no
carbonate lamina, as evidenced by the XRD data (Fig. 15). The slab
of this lamina structure is characterized by interbedded color pat-
terns of an orange-yellow layer (felsic lamina), a dark layer (clay
lamina), and a light layer (organic lamina) (Fig. 15). Even though
organic matter and carbonate minerals show bright characteristics
on the slab, there is differentiation on the conventional well log.
Fig. 15. Well log expression of ternary lamina (felsic, clay, orga
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The organicmatter hasmedium to high GR, whereas the GR value is
low for carbonate minerals. The lamina boundary is straight, and
the black organic matter is dispersed along the bedding in the thin
section observation (Fig. 7b and e). Reservoirs with ternary lamina
(felsic, clay, and organic matter) have high oil saturation (Fig. 15).

The felsic content is moderately high, followed by carbonates,
clay minerals, and organic matter in the multiple lamina types
(Fig. 16). The laminae are straight, and their boundaries are unclear
(Fig. 7f). The vertical change shows different colors due to seasonal,
cyclical climate changes. The appearance of tiny amounts of felsic
laminae proves that the originally quiet deep lake area can be
affected by strong terrestrial input under certain conditions,
destroying the original clay and carbonate seasonal laminae. The
physical properties are poor, and the oil saturation is low in the
reservoir (Fig. 16).

Image logs and related slabs color changes can identify and
divide lamina types of different scales in the vertical section
(Fig. 17). The laminated, layered, and massive rocks are first divided
according to the image logs, slabs, and core observation (Fig. 17).
Then, the binary, ternary, and multiple laminae are divided ac-
cording to the image logs, slabs, and the thin sections observation
(Fig. 17).
nic matter) in the Lucaogou Formation in the Jimusar Sag.
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The interpretation intervals A and B are typical ternary lamina
combinations (felsic, clay, and organic matter), and the image logs
are characterized by alternating dark, bright, and orange patterns
(Fig. 17). Interval E is another representative ternary lamina struc-
ture, and the related image logs show orange-yellow and dark
interbedded layers (Fig. 17).

Interval C is a representative binary lamina structure (felsic and
clay), and the image logs exhibit alternating orange-yellow and
dark patterns (Fig. 17), and interval G shows another type of this
lamina structure (Fig. 17). Intervals D and F are typical multiple
lamina structures (felsic, carbonate, organic matter, and clay), and
the image logs are characterized by dark, bright, yellow, and tran-
sitional patterns (Fig. 17).

The results show that the layered rocks have the best reservoir
quality (effective porosity, derived from NMR logs), whereas the
massive rocks have the lowest effective porosity (Fig. 17). In lami-
nated rocks, the results show that the higher the felsic content in
the lamina structure, the better the physical properties of the
reservoir. Intervals C and G have a better reservoir quality (effective
porosity) than the ternary and multiple lamina combinations
(Fig. 17). Furthermore, the effective porosity is medium to high
(>10%) (Fig. 17).
Fig. 16. Well log expression of multiple lamina (felsic, carbonate,
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5.2. Prediction of laminae controlled high-quality reservoirs

Reservoir quality (the amounts of porosity and permeability) is
the key parameter controlling oil accumulation in fine-grained
sedimentary rocks, which are self-sourced and self-reserved. The
Lucaogou Formation in Jimusar has two main reservoirs: the upper
sweet spot in P2l22 and the lower sweet spot in P2l12 (Liu et al., 2020).
Figs. 18 and 19 show the lamina type (layered, massive, and lami-
nated) divided by image logs and related slabs. NMR, based on
investigating relaxation processes of hydrogen nuclei in the pore
fluids, could provide information on a reservoir's quality (porosity,
pore size distribution, fluid state, type, and permeability) (Liu et al.
2005, 2012; Daigle et al., 2014). The larger pores are associated with
longer relaxation times (Mitchell and Fordham, 2014), and short T2
relaxation times correspond to small pore throat systems (Anovitz
and Cole, 2015; Meng et al., 2016). Therefore, the longer T2 relax-
ation time or a tail distribution of T2 components are relative to
high reservoir quality.

In these two figs, the first track is depth, the second track shows
the natural GR and CAL, the third track includes the three porosity
logs (AC, CNL, and DEN), and the fourth track shows RT and Rxo log.
The fifth track presents the NMR T2 spectrum. The sixth track is the
FMI image with the relevant slab in the seventh track. The eighth
track is the lamina type (massive, layered, laminated), and the last
track exhibits the oil test data (Figs. 18 and 19).
clay, organic) in the Lucaogou Formation in the Jimusar Sag.
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Fig. 17. Comparison of laminae recognition at various scales in J10016
(a) Ternary lamina structure (felsic, clay and organic matter), 3306.3 m. (b) Ternary lamina structure (felsic, clay and organic matter), 3308.4 m. (c) Binary lamina structure (felsic
and clay), 3309.2 m. (d) Multiple lamina structure (felsic, carbonate, organic matter and clay), 3310.8 m. (e) Ternary lamina structure (felsic, clay and organic matter), 3319.2 m. (f)
Multiple lamina structure (felsic, carbonate, organic matter and clay), 3323.2 m. (g) Binary lamina structure (felsic and clay), 3324.4 m.
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The oil-bearing reservoirs, evidenced by oil test data, are related
to the layered rocks, which have good reservoir physical properties
(high effective porosity), wide T2 distributions, and, in some cases,
contain tail distributions (Figs. 18 and 19). Fig. 18 shows the upper
sweet spot of Well Ji10025, characterized by layered rocks and
some laminated rock interbeds. Massive rocks are rare. The layered
rocks have high T2 amplitudes and long T2 distributions or, in some
cases, have tail distributions (Fig. 18). Conversely, the massive rocks
have low T2 amplitudes, and the T2 spectrum is unimodal.
Furthermore, the laminated rocks have moderate T2 amplitudes
and no tail distributions (Fig. 18). The oil test data show that the
2566
productive intervals are associated with the layered rocks, whereas
the massive rocks have poor reservoir quality (Fig. 18).

Fig. 19 displays the lower sweet spots dominated by the layered
rocks. The laminated rocks are interbedded with the layered rocks,
and massive rocks are rare (Fig. 19). The layered rocks are related to
the intervals with high T2 amplitudes and long T2 distributions,
indicating favorable reservoir quality and oil-bearing potential
(Fig. 19). The laminated rocks are related to moderate T2 distribu-
tions, and the T2 amplitudes are moderate. Furthermore, the
massive rocks correlate with the intervals without long T2 com-
ponents, and the T2 distributions are narrow (Fig.19). Therefore, the
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Fig. 18. Well log expression and oil test of the upper sweet spot in the Lucaogou Formation in the Jimusar Sag
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T2 distribution results show that the layered rocks have the best
reservoir quality and oil-bearing potential/properties (Fig. 20), as
confirmed by the oil tests (Figs. 18 and 19).

The NMR T2 spectrum of layered rocks displays unimodal with
right peak behaviors, indicating continuous pore size distribution
and intergranular pores (Fig. 8) (Lai et al., 2018b). The laminated
rocks have bimodal and left-skewed T2 distributions. The high
amplitudes of the right peak indicate the rareness in intergranular
pores, and the abundance in the left peaks implies the abundance
in small pore realms. Therefore, the laminated rocks have poorer
reservoir quality and oil-bearing properties than layered rocks
(Fig. 8). Massive rocks are characterized by poor reservoir quality
and oil-bearing properties, as supported by the unimodal T2 be-
haviors and high left peaks (Fig. 8).

Laminated and layered rocks can develop in mudstones, silt-
stones, and dolostones, and bedding fractures are prone to occur
along the bedding planes (Vernik and Landis, 1996). Bedding frac-
tures and structural microfractures are commonly developed, and
stylolite and irregular high-angle microfractures are partly seen in
the layered and laminated rocks (Zheng et al., 2019). These fractures
can form favorable oil and gas migration channels, more conducive
to oil and gas discharge; therefore, oil accumulates in the upper and
lower layers of thin-bedded siltstone and feldspar sandstone
reservoirs.

To conclude, the physical properties of the layered rocks are
better than those of laminated and massive rocks. Layered rocks
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appear in siltstones and dolostones because they contain abundant
intergranular pores, and primary pores will be favorable for inter-
granular and intragranular dissolution pore formation. Intergran-
ular and intragranular pores can be evidenced by thin section
observations and the NMR T2 spectrum. The T2 spectrum exhibits
high amplitudes and right peaks. Furthermore, the connectivity of
intergranular pores is high, and permeability will be high (Fig. 8e).
The laminated rocks are related to siltstones (with less felsic con-
tent than the former), dolostones, and mudstones. These laminated
rocks are characterized by strong heterogeneity because of rapid
mineral composition changes vertically. Additionally, laminated
rocks have a bimodal T2 spectrum but are left-skewed, indicating
the rareness in intergranular pores but abundance in intragranular
pores.

The T2 spectrum derived from the NMR logs revealed that a poor
reservoir relates to massive rocks and a high-quality reservoir cor-
responds to layered rocks (Fig. 8). Massive rocks relate to mudstones
and dolostones, which are source rocks with poor reservoir quality
(Cao et al., 2016; Lin et al., 2021). Massive rocks contain no evident
intergranular or intragranular dissolution pores, and these rocks
have small pores and a narrow throat during the burial history and
destructive diageneses, such as compaction and cementation. The T2
spectrum displays unimodal and has high left peaks. Conversely, the
siltstones have beddings, are characterized by layered structures, and
have the best reservoir quality (Cao et al., 2016; Lin et al., 2021). In
summary, layered rocks have high reservoir quality and favorable oil-
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Fig. 19. Well log expression and oil test of the lower sweet spot.

Fig. 20. Crossplots of permeability and oil saturation versus porosity for multi-scale lamina structure in the Lucaogou Formation in the Jimusar Sag
(a) Cross-plot of core porosity versus core permeability. (b) Cross-plot of core porosity versus core oil saturation.
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bearing properties. Conversely, massive rocks can be satisfactory
source rocks with organic matter accumulation.
6. Conclusions

The lithological characteristics, pore spaces, and the lamina
2568
types of fine-grained sedimentary rocks in the Lucaogou Formation
of the Jimusar Sag were studied by core and thin-section observa-
tions and well log data. The following conclusions have been
reached.

Core observation exhibits three multiscale laminae combina-
tions according to the density and thickness of individual laminae,
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including massive, layered, and laminated types. Furthermore, four
lamina combinations were identified according to the numerous
observations of mineral components' thin section analysis. The
laminated rocks can be further divided into binary (felsic and clay),
ternary (felsic-carbonate-clay or felsic-clay-organic), and multiple
types (felsic, clay, carbonate, or organic matter) according to the
mineral superposition assemblages.

The lamina structure's scales (massive, layered, and laminated
rocks) can be recognized by conventional logs, image logs, and slabs
derived from image logs. Massive rocks can be differentiated from
layered and laminated rocks from conventional logs combinedwith
core and image logs. Layered and laminated rocks can be identified
by the image logs and the slab of image logs. The felsic lamina is
orange, the clay lamina exhibits dark, and the carbonate and
organic matter laminae appear light on the slabs. The mineral su-
perposition sequences are in millimeter scales and can only be
identified by the slab.

The laminated and layered rocks are better than the massive
type in reservoir properties and oil content. Furthermore, the
layered rocks have the best reservoir quality. In the laminated
subtype rocks, the binary type is better than the ternary and mul-
tiple types. The higher the felsic mineral content in laminated
rocks, the better the reservoir's quality.
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