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a b s t r a c t

The mineralogical development and diagenetic sequence of lacustrine shales in the Chang 7 Member of
the Yanchang Formation in the Ordos Basin are detailed studied. A model of their depositional system
and a diagenetic diagram are proposed in this study. Through detailed petrographic, mineralogical, and
elemental analyses, four distinct shale types are identified: argillaceous shale, siliceous shale, calcareous
shale, and carbonate, clay, and silt-bearing shale. The main diagenetic process in argillaceous shale is the
transformation of illite to smectite, negatively impacting shale porosity. Siliceous shale undergoes car-
bonate cementation and quartz dissolution, contributing to increased porosity, particularly in mesopores.
Calcareous shale experiences diagenesis characterised by carbonate formation and dissolution, with a
prevalence of siderite. In carbonate, clay, and silt-bearing shale, the dissolution of K-feldspar contributes
to illitization of kaolinite. Argillaceous shale, characterised by more clay minerals and lower mesopore
volume, is identified as a potential hydrocarbon seal. Siliceous shale, with the highest pore volume and
abundant inter-mineral pores, emerges as a promising shale oil reservoir. These findings contribute to a
comprehensive understanding of shale properties, aiding in the prediction of shale oil exploration po-
tential in the studied area.
© 2024 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/

4.0/).
1. Introduction

Shale has attracted much more attention in the worldwide as
the energy demand highly increased in the past years. Shale oil
refers to thermally matured oil that has been generated from
organic matter and stored in host shales or migrated to adjacent
intervals (Jarvie, 2012; Zou et al., 2013). Since 2007, the United
States has been exploring for shale oil, and the discovery of shale oil
in the Eagle Ford and Permian Basin shale formations in 2011
resulted inmuch increased production (Maugeri, 2013). China has a
large potential for shale oil resources, which were estimated to be
around 3700 � 108 tons in the major continental basins in China
B. Bai), wang_jp@jlu.edu.cn

y Elsevier B.V. on behalf of KeAi Co
(Yang et al., 2019). The geographical surface area of shale oil in
China was estimated to be around 8.5 � 104 km2 (Hu et al., 2020).
Compared to source rocks in North America, however, most shale
oil source rocks in China have lower thermal maturity and lower
total organic carbon contents, higher wax contents, greater lateral
distributions and lower thicknesses (Zhao et al., 2020). Therefore,
the exploration and development of shale oil in China presents
many challenges. Lacustrine shale is regarded as an important
source rock for shale oil. Compared tomarine shale, lacustrine shale
has more complex lithologies and higher heterogeneity as it has
multiple terrestrial sources and is sensitive to environmental
changes (Ma et al., 2016, 2017; Teng et al., 2021; Xu et al., 2021;
Wang et al., 2022). Previous studies have studied the organicmatter
sources, depositional environment, lithologies, pore structure and
geochemical characteristics of lacustrine shale (Zhang et al., 2017;
Chen et al., 2019; Guo et al., 2022; Liu et al., 2022a, 2022b; Yang
et al., 2023). Organic matter of lacustrine shale is dominated by
Type I and II (Wang et al., 2019). Pores are categorised into three
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types: organic matter-hosted pores, framework minerals-
associated pores and clay minerals-associated pores (Chen et al.,
2019). The pore size of lacustrine shale is larger than marine
shale (Chen et al., 2019; Ma et al., 2018, 2019). The studies of
diagenetic history of lacustrine shale are relatively few. Liu et al.
(2022) investigated the diagenetic sequence of the lacustrine
shale from the Qingshankou Formation in the Songliao Basin and
linked it to the thermal maturation processes of shale. Yang et al.
(2023) described the diagenesis of tuffs in lacustrine shale from
the Ordos Basin, including the dissolution of plagioclase, illitization
of smectite and carbonate cementation.

The Ordos Basin is a large intracratonic basin in China, which
contains up to 10 � 108 metric tons of oil from Mesozoic reservoirs
(Duan et al., 2008). There are 10 units in the Yanchang Formation,
named Chang 10 Member to Chang 1 Member from oldest to
youngest. The Chang 7 Member has been recognised as a high-
quality source rock (Duan et al., 2008, 2013). However, the Chang
7 source rock as a reservoir possesses complex pore networks, low
porosity and permeability and variable amounts of fractures (Hua
et al., 2017; Yang et al., 2016). Shale oil in the Chang 7 Member is
mainly stored in nano pores in non-marine shales (Zou et al., 2013).
Mineral composition and distribution play an important role in
establishing the pore systems in shales (Ross and Bustin, 2009;
Franks and Zwingmann, 2010; Chen et al., 2016; Schwartz et al.,
2019; Wang et al., 2021a, 2021b). Diagenetic processes can lead
to complex alterations of shale porosity and permeability, and
therefore needs to be assessed as part of exploration and produc-
tion plans for shale oil (Milliken et al., 2012; Liang et al., 2018; Liu
et al., 2019; Hao et al., 2021, 2023). However, less work has been
done on the detailed studies of mineralogical development and
diagenetic sequence of lacustrine shale from the Ordos Basin. This
study utilizes the lacustrine shales from the Y56, L231 and Ly10
wells from the oil-bearing Chang 7 Member, Yanchang Formation,
Ordos Basin as examples to illustrate the mineralogical develop-
ment and diagenetic alteration of different lithofacies in lacustrine
shale. This study links diagenetic development of minerals closely
to different lithofacies and the control factors on the pore distri-
bution, which helps us better predict the potential ‘sweet spots’ for
shale oil production in the Ordos Basin.

2. Geological setting

The Ordos Basin is located in northwestern China and developed
on the North China Platform (Zhang et al., 1998). It consists of six
structural units: Western Edge Thrusting Belt, Tianhuan Depres-
sion, Yishan Ramp, Jinxi Flexural Fold Belt, Yimeng Uplift and
Weibei Uplift (Fig. 1). The Ordos Basin plunges from northwest to
southeast (Ji et al., 2010). The Ordos Basin was formed during the
Indosinian movement in the Late Triassic (Zhang et al., 1997). Its
evolution dates from the Pre-Cambrian and experienced three
stages of evolution (Fig. 1): (i) a Cambrian�Early Ordovicianmarine
deposition stage, (ii) a Middle Ordovician�Middle Triassic marine
and terrestrial alternation stage, and (iii) a Late Triassic�Early
Cretaceous terrestrial deposition stage (Chinese Petroleum Geol-
ogy Editorial Committee (CPGEC), 1992). A marine environment
prevailed from the Permian to Middle Triassic until regional uplift
caused thewithdrawal of seawater and the deposition of terrestrial
deposits during the Late Triassic (Johnson et al., 1989). There are
two hydrocarbon systems present in the basin: a Paleozoic gas and
a Mesozoic oil system (Yang et al., 2005).

The Yanchang Formation comprises fluvial-clastic rocks, namely
sandstones, siltstones, shales and tuff intervals, which is up to
1000m in thickness in the northern part of basin and 1400m in the
southern part of basin (Ji et al., 2010; Qiu et al., 2014). During the
deposition of the Chang 7 Member, the basin experienced intensive
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tectonic thinning subsidence. A semi-deep to deep-lacustrine shale
was deposited during that period (Bai and Ma, 2020).

3. Methods

The core samples were collected from Y56, L231 and Ly10 wells.
A continuous sampling carried out at 50 cm intervals in each well.
Analyses include X-ray fluorescence (XRF), Rock-Eval (Ro), total
organic carbon (TOC), rock pyrolysis, gas adsorption, mercury in-
jection reservoir tests and trace element were conducted. Petro-
graphic and mineralogical analysis was performed to identify
minerals, determine the distribution of minerals and lithofacies
features in the studied samples using a Zeiss optical microscope, a
scanning electron microscope (SEM), and a Bruker D8 Advance X-
ray Diffractometer (XRD) at the State Key Laboratory of Nuclear
Resources and Environment at the East China University of Tech-
nology. The SEM analysis was conducted with a voltage setting of
5 kV and a current of 0.4 nA. XRD analysis was performed under the
conditions of 35 kV and 15 mA. The total carbon content (TOC),
organic carbon and sample maturity were determined to evaluate
the evolution of organic matter. Vitrinite reflectance measurement
was conducted using MSP200 equipment at the Key Laboratory of
Exploration Technologies for Oil and Gas Resources, Ministry of
Education, Yangtze University. Ro and TOC analysis were performed
using CS-I and Vinci Technologies equipment at the Key Laboratory
of Petroleum Geochemistry, China National Petroleum Corporation.
Porosity was measured using nitrogen adsorption and mercury
injection experiments to investigate the pore network develop-
ment at the Beijing Centre for Physical & Chemical Analysis, which
can obtain pore size distribution and pore volume and specific
surface area parameters. The nitrogen adsorption experiment used
ASAP 2460 and tested at �196 �C (77 K). The mercury injection
instrument was AutoPore IV 9520 with a maximum inlet pressure
of 3000 psi. Furthermore, some SEM photomicrographs were pro-
cessed using ImageJ to show different pore types. The elemental
composition was determined. The analysis of major elements was
carried out using an AxiosmAX XRF spectrometer at the Beijing
Research Institute of Uranium Geology. Trace element analysis was
performed using an Element XR Inductively coupled plasma mass
spectrometry (ICP-MS).

4. Results

4.1. Mineralogical composition in Ordos shales

Whole rock XRD analysis shows that the studied samples are
mainly composed of quartz (4�69%), K-feldspar (�12%), plagioclase
(�21%), calcite (�32%), dolomite (�14%), siderite (�43%), ankerite
(�37%), pyrite (�37%) and clay minerals (6�92%). Clay minerals are
dominated by illite/smectite mixed-layer minerals (I/S). I/S ac-
counts for 30�95% of the total clay minerals, followed by illite
(7�60%), kaolinite (1�55%) and chlorite (1�16%). Based on their
mineralogical composition, the studied samples can be divided into
eight microfacies (Gamero-Diaz et al., 2012): i) Facies 1, argillaceous
siliceous shale; ii) Facies 2, clay-rich siliceous shale; iii) Facies 3,
mixed shale; iv) Facies 4, silica-rich argillaceous shale; v) Facies 5,
mixed carbonate shale; vi) Facies 6, carbonate siliceous shale; vii)
Facies 7, mixed siliceous shale and vii) Facies 8, silica-dominated
shale (Fig. 2).

4.2. Textural observations and mineralogical development

Based on their sedimentological characterisation and sample
textures, they can be further classified into four microfacies asso-
ciated types: i) argillaceous shale (Facies 4); ii) siliceous shale



Fig. 1. Tectonic location and sedimentary facies plane distribution of the Ordos Basin.

Fig. 2. Mineral composition triangles of the eight identified sedimentary microfacies
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(Facies 2, 7 and 8); iii) calcareous shale (Facies 5) and iv) carbonate,
clay and silt-bearing shale (Facies 1, 3 and 6) (Fig. 2). The total
organic content (TOC) of argillaceous shale is up to 5.0%. Calcareous
shale contains the lowest average TOC value (1.3%). The average
TOC value of siliceous shale is 3.7%. The TOC value of carbonate, clay
and silt-bearing shale is up to 10.5%, with the average value of 4.3%.
The Tmax data of the studied sample is in the range of 407e450 �C.
Based on the equation (Vitriniteeq ¼ 0:018 Tmax � 7:16) (Jarvie
et al., 2001), the equivalent vitrinite reflectance of the studied
samples is in the range of 0.17e0.94. Y56-131 has the lowest Vreq
(Vitriniteeq) value of 0.17. Excluding Y56-131, the average Vreq of the
studied samples is 0.79. The average Vreq values of argillaceous,
siliceous, calcareous shale are 0.82, 0.82 and 0.89, respectively. The
Vreq of carbonate, clay and silt-bearing shale is 0.76.

4.2.1. Argillaceous shale

4.2.1.1. Facies 4 silica-rich argillaceous shale. The succession be-
tween 3025 and 3052m is dominated by argillaceous shales (Facies
4) consisting of a clay matrix (50e75%), silt-sized quartz (25e50%)
and minor carbonate minerals (0e10%). Weak silt-rich laminations
are present (Fig. 3), but generally the facies is structureless. Silt
in Ordos shales, modified after Gamero-Diaz et al. (2012).
1526
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grains are sub-rounded with the size lower than 10 mm (Fig. 3). In
the mm- and nm-scale, organic matter is disseminated in thematrix
and some irregular pores are present around silicates (Fig. 3). Clay
matrix is dominated by I/S, illite and kaolinite (Fig. 3).

4.2.2. Siliceous shale
Siliceous shales consist of Facies 2, 7 and 8. They are charac-

terised by high quartz and feldspar (50�74%), moderate clay con-
tents (6�42%) and carbonate minerals (1�26%). They are
distributed through the whole core.

4.2.2.1. Facies 2 clay-rich siliceous shale. This facies was either
deposited as structureless beds. Some large grains of quartz are
present and weakly aligned, suggesting some preferential bedding
(Fig. 3). Clay minerals can be observed in mm-scale and nm-scale.
Pores were found around silicates (Fig. 3). Quartz overgrowth on
Fig. 3. Multi-scale characterisation of the eight facies identified in the selected samples. I/S
siderite; Py: pyrite; K: kaolinite.
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detrital quartz was observed in this facies. Compared to silica-rich
argillaceous shales (Facies 4), this facies contains much more
detrital quartz and quartz overgrowth (Fig. 3).

4.2.2.2. Facies 7 mixed siliceous shale. In Facies 7, laminations are
abundant and show current ripples, organised into fining upwards
beds less than 1 mm thick. These beds have erosive bases, and clay-
rich and organic-matter rich tops. Lenticular fabric was observed
with the maximum length up to 6 mm, which is composed of silt-
grains (Fig. 3). Quartz grains are present in thematrix (Fig. 3). In the
mm-scale, samples contain organic matter and inter-mineral pores.
Ankerite occurs in this shale type and was precipitated within the
broken muscovite planes (Fig. 3).

4.2.2.3. Facies 8 silica-dominated shale. This facies is characterised
by abundant quartz content with minor clay mineral and carbonate
: illite/smectite mixed-layers; Cal: calcite; M: muscovite; Ank: ankerite; Qz: quartz; S:



B. Bai, J.-Y. Hao, L. Fu et al. Petroleum Science 21 (2024) 1524e1538
contents. TOC is moderate (up to 4.6%). Laminations are rarely
observed, but some samples consist of faint, poorly developed
fabrics (Fig. 3). In the mm-to nm-scale, pores are present around
silicates (e.g. quartz and feldspar grains). Siderite is present (Fig. 3).

4.2.3. Calcareous shale
Calcareous shale mainly accumulated in the upper unit of the

core above the depth of 3015 m. This type is dominated by Facies 5.
Some samples (i.e. sample 173) shows some weak laminations
(Fig. 3). Laminations such as thin beds (<0.5 mm) are common in
some samples (i.e. Y56-171). These laminations are mainly
composed of shell materials (Fig. 3). These beds display a fining-
upward grain size and have slightly erosive bases as well as clay-
rich tops (Fig. 3). Calcite is the main cement in this facies (Fig. 3).
Pores are not common.

4.2.4. Carbonate, clay and silt-bearing shale
This facies associate is the main type of Ordos shales, including

microfacies 1, 3 and 6. The laminations can be thin-bedded, weakly
disturbed or even no present. The TOC content is found to be
relevant to the development of laminations.

4.2.4.1. Facies 1 argillaceous siliceous shale. This facies is charac-
terised by high quartz (25e50%) and clay contents (25e50%) with
minor amounts of carbonate minerals (0e25%). TOC values are
high, up to 9.0%. Laminations of silt-clay are present in some
Fig. 4. Different types of pores and pore size in the studied samples. Rows: (a) Cracked pores
pores). (d) Pores inside minerals (intra-mineral pores). Columns: (1) SEM images. (2) Seg
distribution. (4) Pore thickness distribution.
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samples, although absent in others (Fig. 3). Where lamination is
present it tales for the form of both planar and current ripple
lamination (Fig. 3). These laminations stack into thin (<1mm) beds,
which display fining-upward textures (Fig. 3). Beds display erosive
bases in places and are capped by clay-rich laminae. Aggregates of
pyrite are more abundant in this facies (Fig. 3). Intra-mineral pores
are present within pyrite. Organic pores were observed in this
facies in the nm-scale (Fig. 3).
4.2.4.2. Facies 3 mixed shale. This facies is characterised by similar
amounts of quartz, clay and carbonate minerals. There are moder-
ate to high TOC values (up to 8.1%). Laminations are present in some
parts of this facies and take the form of silt-laminations within clay-
dominatedmatrix (Fig. 3). Bioturbation is present in places. Siderite
is present in this facies and takes the euhedral form.
4.2.4.3. Facies 6 carbonate siliceous shale. This facies is character-
ized by abundant carbonate minerals (25e50%), with moderate
quartz (10e40%) and clay mineral contents (10e40%). TOC is low
(up to 3.28%). Laminations are uncommon (Fig. 3), but where pre-
sent take the form of finer laminations of clay-rich deposits, sug-
gesting that currents were variable. Calcite is the main cement in
this facies (Fig. 3).
in organic matter. (b) Spongy pores in organic matter. (c) Pores in matrix (inter-mineral
mented images. Purple-minerals, green-organic matter, red-pores. (3) Pore diameter
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4.3. Pore types

Based on the SEM photomicrographs, pores in the studied
samples can be distinguished as i) cracks within organic matter, ii)
intra- organic pores, iii) inter-mineral pores and iv) intra-mineral
pores (Fig. 4).

Some cracks were identified within certain types of organic
matter (Fig. 4(a)). Some of them distribute between organic matter
and minerals while the others are purely within organic matter.
These cracks are long and thin but the equivalent diameters are
relatively large.

Intra-organic matter pores are commonly distributed in other
types of organic matter (Fig. 4(b)). They are sphere in geometry and
spongy in distribution. They can be as big as 300 nm or smaller than
1 nm. The thickness and the equivalent diameter are similar in
sizes.

Inter-minerals pores/voids commonly occur around silicates
and muscovite planes (Fig. 4(c)). They are preferred to be wedge-
shape or irregular shapes and were formed owing to the compac-
tion. The thickness is slightly larger than diameter. The voids be-
tween muscovite planes provide the space for the precipitation of
Fig. 5. The distribution of pore volume and surface area in the studied samples from Yanchan
(b) Siliceous shales. (c) Calcareous shales. (d) Carbonate, clay and silt-bearing shales.
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carbonate minerals (e.g., siderite and ankerite).
Intra-mineral pores are present within calcite and feldspar

(Fig. 4(d)), indicating the dissolution of these minerals. These pores
are dominated by polygon-shapewith similar sizes in thickness and
equivalent diameter.

4.4. Pore size distribution

The distribution of pore diameter and surface area in the
different types of shale is shown in Fig. 5. The pore width in all
samples mainly displays two peaks with the pore diameters
ranging from 25 to 50 nm and from 65 to 135 nm, respectively.
Hence, the pore types in shale of the Yanchang Formation are
mainly dominated by mesopores and macropores. Intra- organic
pores include macropores and mesopores. Inter-mineral pores are
dominated by macropores. Intra-mineral pores are dominated by
mesopores and micropores and less macropores. Fig. 5 shows that
micropores and mesopores contribute more to the surface area
than macropores. Although pores in the studied samples are
dominated by intra- organic pores and inter-mineral pores, the role
of intra-mineral pores cannot be neglected. The total pore volume
g Formation. Mi: micropores; Me: mesopores; Ma: macropores. (a) Argillaceous shales.
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of argillaceous, siliceous, calcareous and carbonate, clay and silt-
bearing shale is 0.0061, 0.0082, 0.0045 and 0.0039 cm3/g (Fig. 5).
This indicates that siliceous shales contain more pores than the
other three shale types.

4.5. Elemental analysis

The major elements analysis shows that the studied samples are
dominated by Si and Al, with the values ranging from 26% to 64.5%
and ranging from 9% to 20%, respectively. CaO and MgO are
enriched in calcareous shale and the value of CaO is up to 20.5%.

Trace elements can be used to indicate paleo-environment for
the deposition of shale. Redox-sensitive elements Cr, Mo, Ni and V
as well as their ratios were detected and calculated. The Ti/Al can be
used as proxy for sedimentation rate and a higher Ti/Al value in-
dicates a higher sedimentation rate (Peng et al., 2021, 2023). The Ti/
Al values of studied samples range from 0.028 to 0.046. The value of
V/(V þ Ni) ranges from 0.58 to 0.91. The value of Sr/Ba ratio can be
used as an indicator for salinity, which is in the range of 0.23e0.75.

4.6. Diagenetic processes

Integrating the XRD and SEM data, diagenetic minerals in this
study include: pyrite, calcite, dolomite, ankerite, siderite, quartz,
kaolinite, illite and illite/smectite mixed-layers. Diagenetic alter-
ations consist of physical compaction, cementation of diagenetic
minerals (e.g., carbonates and quartz), dissolution of calcite and
quartz, replacement of feldspar by kaolinite and transformation
from smectite to illite.

4.6.1. Compaction
Compaction occurred soon after the deposition of sediments.

Pore water would have been released during compaction. Organic
matter is aligned parallel to the bedding planes (Fig. 6(a)). Some
shell material and mineral grains have broken (Fig. 6(b)). Defor-
mation structures were found around broken shell material
(Fig. 6(c) and (d)). Compaction increases as overburden strata in-
creases. The relationship between quartz grains is mainly of line
contact (Fig. 6(e) and (f)).

4.6.2. Pyrite
Pyrite is present in most of the studied samples. It is generally in

the form of framboidal and euhedral pyrite, which is disseminated
through samples. They are also present within voids. Framboidal
pyrite is mostly spherical and closely packed with microcrystals of
0.5e1 mm in diameter (Fig. 7(a)). The fabric surrounding this type of
pyrite was deformed (Fig. 7(a) and (b)), indicating that the
compaction occurred after the formation of framboidal pyrite.
Some microcrystals of framboidal pyrite were also disseminated in
the matrix (Fig. 7(b)). Euhedral pyrite is also present and some-
times occurs as aggregates within the intraskeletal porosity
(Fig. 7(c) and (d)).

4.6.3. Calcite
Calcite is present throughout the studied samples and associ-

ated with other minerals (Fig. 8(a)e(f)). It is the main cement in
calcareous mudstone and also common in carbonate, clay and silt-
bearing mudstone. It can be divided into two types. Macro-
crystalline calcite with the size over 10 mm has irregular shapes
(Fig. 8(b)e(e)). They enclose the quartz in some cases (Fig. 8(e)).
Micro-crystalline calcite cements are 1e5 mm in diameter. They
were formed around quartz cements and overgrowth (Fig. 8(c)).
They are disseminated in the clay matrix and enveloped by illite
1530
and I/S mixed layer clay minerals (Fig. 8(d)). Hence, they formed
before the clay transformation in carbonate, clay and silt-bearing
mudstone.

4.6.4. Dolomite, ankerite and siderite
They are also common cements in carbonate, clay and silt-

bearing mudstone. Dolomite has a rhombohedral habit and is
surrounded by ankerite (Fig. 9(a) and (b)). The dolomite and its
ankerite rims were formed relatively early. Siderite is present in
some samples with irregular shape around quartz (Fig. 9(c)).
Siderite replaced I/S mixed layer clay minerals as well, however, it
was surrounded by the illite (Fig. 9(d)).

4.6.5. Quartz
Authigenic quartz mainly takes the form of quartz overgrowth

in the studied samples. Quartz overgrowth is present with detrital
quartz. This is the common cement in siliceous mudstone. The
crystal termination is clear on quartz grains, and thus it is clear to
observe the overgrowth of quartz around detrital quartz (Fig.10(a)).
Quartz overgrowths are closely linked with the illitization of
smectite and kaolinite. Sometimes clay minerals surround the
quartz grains and its overgrowth (Fig. 10(b)). Micro-sized quartz is
common in carbonate, clay and silt-bearing shales. Compared to
detrital quartz grains, they are small, usually 1�5 mm in diameter
(Fig. 10(c)). In high magnification photographs, the outline of
micro-sized quartz is clear (Fig. 10(c)). There is no quartz over-
growth around it. Some evidence about the dissolution of primary
micro-sized quartz at grains contact was found in this study. As
shown in Fig. 10(d), micro-sized quartz dissolved from the edge and
recrystallized quartz penetrated into primary micro-sized quartz
grains. This is a result of pressure dissolution of quartz during burial
diagenesis. Moreover, the replacement of micro-sized quartz by
siderite was also observed (e.g., in Y56-214; Fig. 10(d)).

4.6.6. Clay mineral transformation
Based on the SEM and XRD data, the clay minerals include

kaolinite, illite, illite/smectite (I/S) and chlorite. Clay formation and
transformation are main diagenetic processes in argillaceous
mudstone.

4.6.6.1. Kaolinite and illitization of kaolinite. The proportion of
kaolinite in the clay minerals is in the range of 1e55% for all sam-
ples. The illitization of kaolinite was found in the studied samples.
Kaolinite cements were formed in the matrix. Illite was formed
along the cleavage planes of kaolinite and replaced some part of
kaolinite (Fig. 11(a)). The reaction is shown below. Moreover, illite
was formed along the kaolinite (Fig. 11(b)). Overall, kaolinite ce-
ments were formed first and replaced the detrital feldspar during
the early stage of diagenesis. The illitization of kaolinite occurred in
the late stage of diagenesis with the presence of source of
potassium:

Al2Si2O5(OH)4 (kaolinite)þ KAlSi3O8 (K-feldspar)¼ KAlSi3O10(OH)2
(illite) þ 2SiO2 (quartz) þ H2O

4.6.6.2. Illite and illitization of smectite. Authigenic illite occurs
commonly as a clay cement in the studied samples, especially
argillaceous mudstone. Illite occupies 7�27% and illite/smectite
mixed-layer minerals account 30�74% of the total content of clay
minerals. Except for sample Y56-76, clayminerals in all samples are
dominated by illite/smectite mixed-layer clay minerals. The
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Fig. 6. Textures resulting from post-depositional compaction. (a) Organic matter (yellow arrows) aligned parallel to the bedding planes, Y56-53. (b) Broken shell material and
mineral grains, Y56-157. (c) Deformation structure around shell material, Y56-163. (d) The broken shell material and their surrounding deformation structures, Y56-180. (e, f) The
line contact between two minerals, Y56-07 and Ly10-19.
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Fig. 7. Framboidal pyrite in the studied samples. (a) Closely packed framboidal pyrite. The surrounding structure has been deformed, L231-46. (b) Framboidal pyrite and aggregates.
Framboidal pyrite was precipitated along fractures in some cases, L231-48. (c) High resolution image of euhedral pyrite, Y56-72. (d) Euhedral pyrite within the intraskeletal porosity,
Y56-66. Py: pyrite; M: muscovite.
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Fig. 8. Calcite cements in the studied samples. (a) Disseminated carbonates in the studied samples, Y56-187. (b) Macro-crystalline calcite in the matrix associated with organic
matter. (c) Micro-crystalline calcite cements around the quartz grain, Y56-04. (d) Micro-crystalline calcite crystals in the clay matrix enveloped by I/S mixed-layer clay minerals,
Y56-13. (e) Macro-crystalline calcite cements in the matrix, enclosing quartz cement, Y56-03. (f) Calcite cements in the Ordos shale, Y56-205. Ca: calcite; Q: quartz.

Fig. 9. Dolomite, ankerite and siderite in the studied samples. (a) Non-ferroan dolomite with a rhombohedral habit, surrounded by ankerite at the rim, Y56-101. (b) Non-ferroan
dolomite with the ankerite rim, Y56-199. (c) Siderite cements in the studied samples, Y56-157. (d) Siderite cements in the studied samples, replacing the I/S mixed-layer clay
minerals and surrounded by illite, Y56-157. Do: dolomite; Sid: siderite.
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Fig. 10. Micro-sized quartz and its overgrowth in the studied samples. (a) Detrital quartz and quartz overgrowth, Y56-37. (b) Quartz cements and clay minerals, Ly10-10. (c) Micro-
sized quartz crystals in the matrix, Y56-53. (d) The replacement of micro-sized quartz grains by siderite cements and the dissolution of quartz at grain contacts. The squares show
that the pits on the primary micro-sized quartz and the newly grown recrystallized quartz, Y56-214. Q: quartz; Sid: siderite.

10 μm

K
I

K
I

K I

I

10 μm

(a) (b)

Fig. 11. Kaolinite cements in the studied samples. (a) The replacement of kaolinite by illite, Y56-27. (b) Kaolinite cements surrounding by illite, Ly10-16.
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Fig. 12. Illite and illite/smectite mixed-layer clay minerals in the studied samples. (a) Illite/Smectite mixed-layer clay minerals in the matrix, Y56-157. (b) Hairy illite, Y56-163.
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illitization of smectite is a common mineral reaction during the
burial diagenesis of shales. Based on the XRD data, the ratio of illite/
smectite mixed-layer clay minerals to illite in the studied samples
ranges from 2 to 6. The average of this ratio is 3, indicating that the
transformation degree from smectite to illite is moderate. The illite/
smectite was found around other minerals such as quartz and
calcite cements (Fig. 12(a)). In deeper burial diagenesis, the alter-
ation of smectite to illite can release Si to porewaters. The illite in
the studied samples almost has a hairy habit and has been
1533
crystallised (Fig. 12(b)).

5. Discussion

5.1. Depositional environment

Based on the detailed petrographic, mineralogical and
geochemical analysis, the studied samples are used as examples to
elucidate the depositional and diagenetic controls on four types of



Fig. 13. A 3D and 2D schematic summary of the depositional environment of lacustrine
shale from the Yanchang Formation. (a) 3D schematic figure showing the input sources
of lacustrine shales. Silt grains were transported by river into the lake, forming silty
mudstone, mudstone and shales. (b) Three layers of lake water including oxygenated
water, moderately oxygenated water and anoxic water were formed from the top to
the bottom owing to the varied river input, corresponding to shallow, semi-deep and
deep lake environment respectively. (c) The sketch of depositional environment of
lacustrine shale from the Yanchang Formation. Ca: calcareous shale; Mi: mixed shale,
that is carbonate, clay and silt-bearing shale; Si: siliceous shale; Ar: argillaceous shale.
Siliceous shale was likely deposited due to low density flows (turbidity). Calcareous
shales were possibly formed owing the mixture of the deep hydrothermal water,
which brought large amounts of calcium and magnesium ions, and lake water. Argil-
laceous shale was mainly deposited from suspension in a deep lake environment,
however, some silt grains and carbonates can be input by debris flows and density
flows. Carbonate, clay and silt-bearing shale was deposited due to the density flows
and can be found near the base. The possible depositional areas of different shale types
are marked.
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shales and discuss their potential on finding the ‘sweet spot’ of
shale oil.

Firstly, the argillaceous shales show weak silt-rich laminations
andmuchmore clayminerals than other types of shales (Fig. 3). The
deposition of abundant clays is a result of suspension fall out
settling (K€onitzer et al., 2014). The input of the relatively rare silt-
grains into argillaceous shales was likely a result of density flows,
which can also be observed in marine shale (Newport et al., 2018).
This facies was hence deposited in a deep-lake environment with a
low sedimentation rate (Fig. 13(a)e(c)). The pores in this facies are
dominated by intra-mineral pores in mixed layer of clay minerals.
The transformation of clay minerals can reduce the porosity and
permeability of shale (Mondol et al., 2007; Mondol, 2009). Hence,
this facies is a potential seal for shale oil reservoirs.

The siliceous shales contain more quartz and feldspar, with the
dominant source being detrital. These silt grains were likely
transported by river into the lake (Fig. 13(a)e(c)) (Lazar et al., 2015).
Lenticular laminations can be observed in the samples, suggesting a
weakly hydrodynamic environment with low density turbidity or
undercurrent developing when they formed (Peng, 2021; Peng
et al., 2022). This facies was likely accumulated at the semi-deep
lake (Fig. 13(b) and (c)). Organism tests can be seen in this facies
(e.g., Facies 7), indicating that the bioturbation may occur and
destroy some original fabrics. Pyrite is common in this facies and
iron-bearingminerals were observed as well. This indicates that the
early diagenetic environment was ferruginous (Yuan et al., 2021).
Bioturbation reworked shales and may increase the porosity and
permeability of shales by creating fluid pathway and burrows
(Gingras et al., 2015), possibly contributing to the formation of
some fractures. This facies contains many inter-mineral pores be-
tween silicates with the highest pore volume. It is a potential
reservoir for shale oil.

The calcareous shales contain shell material and wavy lamina-
tions. Carbonates include shell materials, calcite, dolomite and
ankerite. Low to moderate TOC contents in this facies suggest low
productivity in the basin at these times, or low preservation. The
origins of dolomite in this facies are speculated. Lin et al. (2019)
suggested that dolomite was formed in a relatively high salinity,
high temperature and high pH of the water column. However, the
values of Sr/Ba ratios indicate that the studied samples were
deposited in water with low salinity consistent with fresh to
brackish water (He et al., 2019; Wei and Algeo, 2020). Zhang et al.
(2010) attributed the origins of dolomite and ankerite to hydro-
thermal fluids. Moreover, a biogenic origin of Mg-bearing minerals
in the lake was also proposed (Nyir}o-K�osa et al., 2018). Degradation
of algae in a reducing environment would have released Mg2þ and
Ca2þ that can be then incorporated into the Mg-bearing minerals
(Desborough, 1978). In this case, the source of Fe2þ for siderite
likely derived from the illitization of smectite and lithoclasts.
Hence, in this study, the possible sources for Mg-bearing and Mg,
Fe-bearing minerals include: i) algae in the lake and ii) hydro-
thermal fluids (Yuan et al., 2019; Zhang et al., 2020). Dolomite was
likely precipitated below the sulphur reduction zone (Coleman,
1985). The fining upwards beds indicate that this facies was
possibly deposited from density flows or turbidity currents. The
calcareous shale has the highest content of calcite cements and less
pores. Moreover, this facies was locally developed and interbedded
with siliceous shales in the studied well (Fig. 13(c)).

Lenticular fabric is common in carbonate, clay and silt-bearing
shale. The origin of this fabric is interpreted as water-rich shale
intraclasts transported into the bed, representing the transport of
muds by currents (Schieber et al., 2010; Davies et al., 2012; Newport
et al., 2018). The fabric is elongated and aligned to the bedding with
distinct boundaries. Parallel laminations suggest periods of hemi-
pelagic deposition (Fig. 13(c)). The deposition of organic-rich
1534
carbonate, clay and silt-bearing shale may be in the tails of
turbidity flows (Kneller and McCaffrey, 2003). Compared to
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siliceous shale, carbonate, clay and silt-bearing shale contains more
organic pores within organic matter and intra- and inter-mineral
pores around and within mixed layer clay minerals and silicates.
Intra- organic pores and inter-minerals pores are twomain types of
pores for gas and oil migration, they are likely connected to provide
pathways for fluid and gas transport. Moreover, in this shale type,
Facies 1 (argillaceous siliceous shale) has the highest TOC content.
High TOC contents suggest high productivity in the basin during
these times. The value of V/(VþNi) in the studied shale samples are
over 0.6, suggesting that these shales were deposited in an anoxic
bottom sediments (Hatch and Leventhal, 1992; Rimmer, 2004)
(Fig. 13(b)). Previous studies have reported that the flux of P
diffusing from sediments elevated at the anoxic bottom water
conditions, which resulted in the increase in productivity during
that period (Peng et al., 2021; Yuan et al., 2021). Volcanic and hy-
drothermal activities that occurred during the deposition of
lacustrine shale in the Yanchang Formation also provided the
nutrient for the bioproductivity (Zhang et al., 2017) (Fig. 13(b)). The
long-term anoxic reducing conditions at the bottom of the lake
basin allowed the preservation of algal organic matter. Hence, this
facies is a potential source rock for shale oil.

5.2. Paragenetic sequence

There are many diagenetic minerals in the studied samples.
However, the main diagenetic processes in each shale facies are
different (Fig. 14). Argillaceous shale is characterised by the abun-
dant of clay minerals such as kaolinite, illite and illite/smectite
mixed layer clay minerals. Quartz content is less than other shale
types. Hence, the main diagenetic process in this shale type is
dominated by the formation of kaolinite and the transformation
between clay minerals. The illitization of kaolinite was observed in
the studied samples, and hence kaolinite was formed before clay
minerals transformation as shown in Fig. 14. Physical compaction
has a strongly negative impact on the primary porosity of shales.
Based on a mathematical model, the porosity of shale has been
shown to abruptly decreases from over 60% to 20% during early
diagenetic physical compaction (Lee et al., 2020). The presence of
deformation structures around detrital grains and organic matter
indicate that the compaction after the deposition (Fig. 7). Fig. 14
shows the decrease in porosity after the deposition. The forma-
tion of kaolinite can decrease the shale porosity and permeability
(Mondol, 2009). Illitization of smectite commonly occurs at the late
burial stage in shale (Hower et al., 1976; Bjorkum and Gjelsvik,
1988; Boles and Franks, 1979; Froelich et al., 1979; Bjørlykke and
Aagaard, 1992; Peltonen et al., 2009). Pores in this facies type
mainly preserved between clay minerals and muscovite planes.
Hence, the transformation of clay mineral has slightly effect on
porosity after deep burial stage.

In siliceous shales, calcite cements were precipitated around
quartz grains (Fig. 8(e) and (f)), which caused the decrease in shale
porosity. Dolomite and ankerite were formed in the matrix and
within muscovite planes after the precipitation of calcite (SEM
images in Fig. 3). The main diagenetic process in this shale type is
the pressure-dissolution of quartz and formation of quartz over-
growth (Fig. 10(a) and (d)). Based on the measured Tmax data, the
average converted vitrinite reflectance of the studied sample is
0.82%. This indicates that the organic matter is oil-mature and the
studied samples are in the deep burial diagenetic stage. The release
of organic-acid fluids generated during the maturation of organic
matter contributes to the dissolution of quartz and feldspar (Baruch
et al., 2015). The secondary pores were likely produced after the
release of organic acid during this diagenetic stage. Illitization of
smectite provides a possible source for quartz overgrowth
(Bjorkum and Gjelsvik, 1988; Peltonen et al., 2009; Thyberg et al.,
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2010; Dowey and Taylor, 2017; Peng et al., 2020). Hence, the illiti-
zation of smectite occurred before the precipitation of quartz
overgrowth. Quartz overgrowth around detrital grains reduces the
shale porosity.

In calcareous shales, diagenetic processes are dominated by the
formation of carbonates including calcite, dolomite, ankerite and
siderite. Their cementation can reduce shale porosity. The volume
of mesopores is higher than that of macropores. The pores were
mainly caused by the dissolution of carbonate cements.

In carbonate, clay and silt-bearing shales, the dissolution of K-
feldspar was found in this shale facies. The precipitation of authi-
genic feldspar in the dissolved area was observed (Fig. 14), indi-
cating that the dissolution of K-feldspar occurred before the
transformation of clay minerals. The illitization of kaolinite can be
found in Fig. 11(a). The presence of dissolved K-feldspar provides a
possible source for illitization of kaolinite at a temperature range
from 70 to 130 �C (Bjorkum and Gjelsvik, 1988; Burley and
Macquaker, 1992). The increase of clay contents (e.g., kaolinite
and illite) can also reduce the porosity of shales.

5.3. Prediction of ‘sweet-spots’

High organic matter input and good preservation conditions are
important for the development of good shale oil reservoirs. Organic
matter is well preserved in argillaceous, siliceous shales and some
carbonate, clay and silt-bearing shales, owing to their interpreted
anoxic environment of deposition. The Vreq converted from the Tmax

data shows that argillaceous, siliceous and calcareous shale has
reached the oil window and in the peak oil section (0.8�1). Some of
carbonate, clay and silt-bearing shale samples are in the peak oil
section as well, while some of them are in the immature and early
oil window. Based on the TOC, Vreq and depositional environment,
Facies 1 (argillaceous siliceous shale) in carbonate, clay and silt-
bearing shale type is interpreted as a good source rock for shale
oil in this system. Organic pores and some intra-mineral pores in
carbonate, clay and silt-bearing indicates the migration of organic
acid from this shale facies of shale. Hence, carbonate, clay and silt-
bearing shale provides a possible pathway for shale oil migration
and also likely serves as a source rock for shale oil. Siliceous shale
with inter-mineral pores likely acts as reservoirs for shale oil.
Argillaceous shale contains much more clay minerals than other
shale types. Such a high percentage of clay minerals can reduce the
porosity and permeability of shale, and therefore argillaceous shale
is also a prospective internal seal for shale oil. Therefore, the
interbedded layers of Ar (the argillaceous shale) and Mi (mixed
shale-carbonate, clay and silt-bearing shale) are considered as the
best shale oil target horizons.

6. Conclusion

(1) Based on microfacies and compositional analysis, the oil-
bearing shale within the Chang 7 Member of the Yanchang
Formation in the Ordos Basin is divided into argillaceous
shale; siliceous shale; calcareous shale; and carbonate-, clay-
and silt-bearing shale. These microfacies were the product of
varying depositional processes, productivity and water col-
umn conditions.

(2) Diagenetic minerals across all samples include pyrite, calcite,
dolomite, ankerite, siderite, quartz, kaolinite, illite and illite/
smectite mixed-layers. In many samples cementation by
carbonate and quartz can be extensive, but also common is
the dissolution of calcite and quartz, replacement of feldspar
by kaolinite, as well as the transformation of smectite to
illite. The transformation from smectite to illite provided a
possible source for the formation of diagenetic quartz. The



Fig. 14. Schematic illustrations of main diagenetic processes in the four shale types with the relative porosity changes.
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formation of non-ferroan and ferroan dolomite is likely
related to lake-water chemistry and/or the presence of hy-
drothermal fluids.

(3) In carbonate-, clay- and silt-bearing shale type, the subfacies
named argillaceous siliceous shale is likely to have generated
most hydrocarbon. Argillaceous shale type has greater clay
mineral contents and lower volumes of mesopores than the
siliceous and calcareous shales, and therefore argillaceous
shale is predicted to have lower permeability and likely to act
as an effective internal seal to oil. Siliceous shale has the
highest pore volume and many inter-mineral pores, which
can be considered as the potential reservoir for shale oil.
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