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Abstract

Lamina structure is determined by composition, thickness, continuity, and mineral assemblage.
Reservoir quality in oil shale reservoirs is determined by lamina structure, which controls
hydrocarbon accumulation and migration. The prediction and evaluation of multi-scale lamina

structures using geophysical well logs is challenging. Recent studies demonstrate that the
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lamina structure classification may be based on core observation and core analysis. However,

there are no corresponding high-resolution geophysical logging methods to identify and

categorize lamina structure continuously in a single well. Here, an experimental approach,

involving an integrated analysis of cores, thin sections, well logs such as slabs and button

conductivity curves of image logs (up to 5 mm vertical resolution), is used to characterize

lamina structure. T;-T> (T, longitudinal relaxation time, and T,, transverse relaxation time)

maps of nuclear magnetic resonance (NMR) logs is applied to clarify the relationships between

the lamina structure, reservoir quality, and oil-bearing properties. Results demonstrate how

lamina structure in shale can be divided into three types: laminated rocks, layered rocks, and

massive rocks, according to observation of core at the lamina scale. The thickness of individual

lamina is less than 0.01 m in the laminated rocks, and the layered rocks have bundles of

genetically related laminae thickness ranging between 0.01 m—0.1 m. In massive rocks there

is no visible layering. The well log response patterns of the three types of lamina structure are

established so that the distribution of lamina structure can be predicted in a single well via well

logs. Results show that the oil-bearing shale intervals are dominated by laminated rocks and

layered rocks, accounting for 90% of the studied Qingshankou Formation. In addition, the

layered rocks play an important role in improving reservoir quality and the laminated rocks

present moderate reservoir quality. The massive rocks show poor reservoir quality. Moreover,

an increased proportion of felsic mineral content favors increased oil potential in oil shale

reservoirs. The method is generally applicable and is of value in developing predictive

indicators of subsurface reservoir sweet spots in shale oil and gas exploration and development.

Key words: Shale oil; lamina structure; reservoir quality; image logs; T-T>» map



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

1. Introduction

Recently, unconventional reservoirs have become a focus of exploration and development,

(Zou et al., 2013; Newport et al., 2016; Soeder., 2017; Yang et al., 2019). Oil shale reservoirs

are distributed worldwide. Examples from the USA include the Bakken shale in the Williston

Basin (Saidian and Prasad., 2015), the Eagle Ford shale in southern Texas (Ko et al., 2017), and

the Barnett shale in the Fort Worth Basin (Jarvie et al., 2007; Hill et al., 2007; Loucks et al.,

2009). Examples from China include the Triassic Yanchang Formation in the Ordos Basin, the

Cretaceous Qingshankou Formation in the Songliao Basin (Lin et al., 2021), the Jurassic

Longmaxi Formation in Sichuan Basin (Tang et al., 2019), the Paleogene Kongdian Formation

in the Bohai Bay Basin (Yang et al., 2019) and the Permian Lucaogou Formation in the Junggar

Basin (Pang et al., 2022). The proportion of shale oil and gas has increased steadily since the

“shale revolution”, indicating an important resource prospect in the future (Hou et al., 2021).

In addition, established technologies — including horizontal well drilling, volume fracturing

stimulation, and refracturing — make it possible to produce oil and gas from shales, in addition

to from coarser-grain clastic sandstone reservoirs using conventional production techniques

(Zouetal., 2017; Yang et al., 2019). However, the energy industry is facing technical challenges

in terms of drilling, exploration, development, and production of unconventional resources.

They are more difficult to extract because production typically requires fracturing the rock

formation to allow resources to accumulate in sufficient quantities and flow from the well. The

occurrence of laminae (bedding) and lamellation fractures determine reservoir quality and

engineering quality in sales — described by paramters including, for example, brittleness index,
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in situ stress, and fracability. Laminae can change into bedding parallel fractures during burial,

where subject to diagenesis and compaction. This may be helpful for oil and gas accumulation

since it favors improved fracture network formation during the later fracturing (Lai et al.,

2022a). It is important to investigate the controlling relationships of laminae and lamellation

fractures upon reservoir quality and oil-bearing properties. Moreover, the characterization of

multi-scale laminae can be obtained through a variety of observation methods and well log

technologies; for example, the direct observation of cores, thin sections and scanning electron

microscopy (SEM) photomicrographs, and the interpretation of conventional geophysical logs

using long-established techniques (Weidlicha et al., 2004; Xavier and Fagel., 2005; Chen et al.,

2017; Li et al., 2020; Wang et al., 2021). Decimeter- to meter-scale bundles of genetically

related laminae have been characterized using well log tools, including gamma-ray logs, deep

and low resistivity logs, three porosity logs (density, neutron, and sonic interval transit time

logs), and image logs (Wang et al., 2021; Lai et al., 2022b). However, there are no

comprehensive logging evaluation methods for lamina structure and the relevant reservoir

quality and oil-bearing properties controlled by small-scale lamina structure in oil shale

reservoirs.

As a contribution to the worldwide growth in production and exploration of

unconventional oil and gas, oil shale reservoirs have been discovered in the Upper Cretaceous

Qingshankou and Nenjiang formations of the Gulong Sag, Songliao Basin, China (Bechtel et

al.,2012; Xuet al., 2015). The Cretaceous Qingshankou Formation shale contains notable shale

oil resources. Over the past two decades, high-resolution studies of the potential for

hydrocarbon generation, the reconstruction of paleoenvironmental changes, the organic
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geochemistry, mineralogy, lithology, and lithofacies have been undertaken (Zhou and Littke,

1999; Xu et al., 2015; Liu et al., 2019; Sun et al., 2021). The shale reservoir in the Qingshankou

Formation is characterized by self-generation and self-containment in the lacustrine source

rocks (Lietal., 2017; Cui et al., 2020; Lin et al., 2021). There has been no migration (including

micron-nano migration) identified; the hydrocarbon generation has not commenced expulsion

because the limit of capillary resistance pressure, viscosity force, and friction force have not

yet been exceeded (Feng et al., 2020). The reservoir is highly heterogeneous and characterized

by complex sedimentary characteristics (Li et al., 2019; Yang et al., 2019; Hou et al., 2021).

Notably, the presence of abundant laminae and bedding-parallel fractures differentiate this

formation from other shale reservoirs developed in lacustrine palaeo-depositional environments

(Li et al., 2019). These features are considered to be the key factors controlling the potential

production of shale oil (Drager et al., 2016; Liu et al., 2019; Lai et al., 2022a). Therefore, it is

essential to determine the role of the lamina structure in controls reservoir properties.

The aim of this study is to classify shale lamina structure, establish a logging evaluation

method of multi-scale lamina structure, and assess their impact on reservoir quality. The

reservoir characteristics of mineral composition, laminae types, lamina structure, and porosity

are described through the core photos, XRD, and porosity experiment. The multi-scale lamina

structure is identified by advanced well-log analysis, especially using image logs (slabs and

button conductivity curves). These techniques are used to identify the millimeter- to meter-scale

bundles of genetically related laminae according to their high resolution (5 mm). This allows

for the lamina structure to be determined in a single well. T;-T> maps of single and stacked

depth derived from 2D NMR logs are used to characterize the reservoir quality and oil-bearing
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properties. This study provides essential insights into the quality and oil-bearing properties of
a shale reservoir. The results can provide guidance for shale oil and gas exploration and

development more widely.

2. Geological setting

The Songliao Basin is a significant and petroliferous basin in northwestern China, which
spans three provinces, including Heilongjiang, Jilin, Liaoning, and Inner Mongolia; it covers
more than 287,000 km? (Ge et al., 2010; Li et al., 2021a). The basin is divided into six tectonic
units: the southwestern slope zone, southwestern uplift zone, northern uplift zone, central
depression zone, northeastern uplift zone, and southeastern uplift zone (Fig. 1) (Li et al., 2021;
Lin et al., 2021). Different sedimentary facies accumulated in the different tectonic zones: for
example, alluvial-fan and fan-delta successions are located adjacent to steep basin-margin
slopes, whereas braided rivers deltas developed across gently inclined slopes (Ge et al., 2010).
A semi-deep to the deep lake (lacustrine) succession was accumulated in the depression zones
(Ge et al., 2010).

The Gulong Sag is located in the western central depression zone of the northern basin; it
covers an area of 3,700 km? (Chen et al., 2013; Li et al., 2021). Early Cretaceous strata in
Gulong Sag can be divided into four formations: Shahezi Formation, Yingcheng Formation,
Denglouku Formation, and Quantou Formation, from the bottom to the top (Li et al., 2017;
Feng et al.,, 2020; Li et al., 2021). Additionally, late Cretaceous strata consist of the
Qingshankou Formation, Yaojia Formation, Nenjiang Formation, Sifangtai Formation, and

Mingshui Formation from the bottom to the top (Li et al., 2017; Feng et al., 2020; Li et al.,
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2021). The Qingshankou Formation, which conformably overlies the Quantou Formation and
conformably underlies the Yaojia Formation, has abundant hydrocarbon resources and great
exploration and development potential in shale oil (Feng et al., 2020; Li et al., 2021).

The Qingshankou Formation is subdivided into two members. Member 1 of the
Qingshankou Formation covers an area of 4,200 km?; Member 2 covers an area of 2,800 km?,
and is deposited after Member 1 (Pang et al., 2021; Li et al., 2021). The main sedimentary facies
of the Qingshankou Formation were semi-deep to deep lakes that were rich in organic matter.
Member 1 accumulated during a development of a maximum flooding surface, contributing to
shale oil and gas accumulation (Li et al., 2020). In addition, the formation of organic pores and
bedding-parallel fractures attributed to the hydrocarbon generation evolution during the burial,
and thermal history were also essential for oil and gas accumulation and generation (Li et al.,

2020; Feng et al., 2020; Lai et al., 2021).

3. Data and methods

In our study, five key wells named Wells A, B, X, Y, and Z are selected to predict the oil
shale reservoir quality of the Cretaceous Qingshankou Formation, Gulong Sag, Songliao Basin
(Fig.1c). More than 1600 core photos taken from Well B and Well X were used to observe the
characteristics of lithologies and lamina structure of the Qingshankou Formation. Optical
microscopy and X-ray Diffraction (XRD) were used to complement mineral characterization,
identify types of pore space and observe oil-bearing properties. A total of 297 core samples
selected from Well X were prepared for XRD measurement using machine PANalytical X'Pert

Powder. These samples are roughly crushed to obtain various mineral types and contents using
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a system containing an experimental machine and analytical software. Thin sections were

prepared according to a standard procedure, including freeze-drying and impregnation (Brauer

and Casanova, 2001). Twenty-one core samples selected from Well A were cut to a thickness

of 30 um. They were mounted on slides ready for investigation under a microscope with both

non-polarized and polarized light. All tests were completed at the State Key Laboratory of

Petroleum Resources and Prospecting, China University of Petroleum Beijing. Petrophysical

parameters including total porosity and effective porosity were obtained to evaluate the

reservoir quality. The total porosity may be defined as all the pore space containing fluids (water,

oil or gas), whether or not they are mobile. There are various definitions of effective porosity.

In our study, effective porosity is defined as the ratio of interconnected pore volume to total

pore volume in rocks. Two-hundred-and-six samples in the Cretaceous Qingshankou Formation

in Well B have been analyzed using a Helium Porosity Instrument AP-121-003-1.

Wire-line log suites, comprising gamma-ray, array induction resistivity, and three porosity

logs (bulk density, neutron porosity, and sonic interval transit time) of all these five wells in

figure 1 were used to detect the meter scale bedding. Conventional well logs can only identify

decimeter- to meter-scale stratal packages.

Borehole images derived from Schlumberger’s fullbore formation microimager (FMI) are

another effective source for detailed geological interpretation; these can be used to provide a

continuous image of the sub-surface geology, as seen in the borehole wall (Kumar et al., 2014;

Bize etal., 2015; Lai et al., 2018). Slabs derived from the image logs exhibit the planar surfaces,

such as bedding planes, fractures, faults, as straight lines, as seen in the core slabs rather than

the sinusoids typically seen on the borehole images (Fig. 2). Image logs are especially useful
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and well-suited to the identification of the laminae, especially in oil shale reservoirs.

Appropriate image-log tools offer a high spatial resolution (up to 5 mm). Image logs can

recognize laminae and laminae bundles ranging from millimeter- to meter-scale. In our study,

image logs of three key wells (Wells X, Y, and Z) are available. Actually, the slab is the pseudo

image of the strata, which represents the electrical contrasts. The slab displays clearer bedding

characteristics than either the static or the dynamic images. When establishing the plate of well

log response of three types of lamina structure, core photos are used for log calibration. At

present, the identification of lamina type is undertaken manually, because no available and

precise automatic identification method has yet been established.

Conventional Nuclear Magnetic resonance (NMR) logs are commonly used to evaluate

the reservoir quality, including porosity and permeability, because only T, signals can be probed.

Two-Dimensional Nuclear Magnetic Resonance (2D NMR) logs are commonly used to test

both the longitudinal relaxation time (T;) and the transverse relaxation time (T:) of fluid-

saturated rocks (Li et al., 2018). Various parameters of physical properties can be derived from

NMR logs, including porosity, permeability, saturation, etc. The T, spectra profile, containing

the characterization of pore size distribution and fluid property, is profitable for evaluating

reservoir quality. Two-dimensional NMR maps (T;-T, maps) are obtained and these will be

used to exhibit the fluid types. These types consist of kerogen (T, < 1 ms, T1/T> > 100), absorbed

oil (T between 0.22 ms — 1 ms, T/T> between 25 — 100), free oil (T, > 1 ms, T1/T, between 10

— 100), structural water (T> < 0.22 ms, T1/T2 < 100), absorbed water (T, < 1 ms, T1/T, < 10),

free water (T2 1 ms — 10 ms, T1/T> < 10), bulk oil and bulk water according to the response of

each component in rocks (Li et al., 2018). The proton components can be effectively identified,
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and the pore fluid types and distributions in shales can be calculated according to the cut off

values of T, and the ratio of T; to T, (Marc and Maria., 2016; Zhang et al., 2020). In addition,

continuous T; and T, data allow independent fluid volume and distribution assessment,

wettability comparisons, and quantification of asphaltene content. Collectively these

observations provide general information for petrophysical models as an alternative to using

conventional methods to evaluate oil and gas saturation (Zhang et al., 2020).

In this study, Combinable Magnetic Resonance logging (CMR-NG) was used to obtain

continuous T, and T spectra; T;-T, maps were processed using Techlog 2019 Software. The

logging data are measured by the new generation of high-resolution NMR logs with the shortest

echo interval of 200 ps and a low resonance frequency of 2 MHz in the low magnetism field,

which was developed by Schlumberger. Six groups of parameters were set. The wait times were

2s, 0.3s, 0.05s, 0.01s, 0.003s, and 0.0012s, respectively. The number of echoes were 1800, 600,

100, 50, 20, and 20. The repetition counts were 1, 2, 10, 30, 50 and 50. The Echo spacings were

0.2 ms, 0.2 ms, 0.2 ms, 0.2 ms, 0.28 ms and 0.28 ms. Two key wells (Well Y with a study-

interval thickness of 136.8 m) and Well Z (137.9 m) were examined to study shale deposits of

the Qingshankou Formation in terms of their reservoir quality and oil-bearing properties. The

quality control (QC) process is shown in figure 3. A spectrum of T; and T, can be obtained

every 190.5 mm (Fig. 4A); abundant nuclear magnetic resonance spectra data, therefore, are

available to characterize the reservoir quality and oil-bearing property. The T; and T, spectra

distribution and the T-T, maps of single or stacked depth were obtained after NMR logs

processing through Software Techlog 2019 (Fig. 4B, 4C). Due to the lack of calibration of

laboratory data for 2D NMR, the T, and T,/T> cut-offs relating to different fluid types cannot

10
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be defined. Therefore, the oil-bearing property was qualitatively evaluated according to the
energy cluster position displayed in T;-T> maps. The T, spectra are used to help characterize

the reservoir quality, and the T;-T, maps provide insight into fluid properties (Xu et al., 2023).

4. Results
4.1. Petrology characteristics

Figure 5 shows the mineralogical compositions of the shales in the Qingshankou
Formation of Gulong Sag. Insights through the XRD analysis, the dominant minerals consist of
terrigenous clastics, carbonates, and clay minerals. The contents of quartz, feldspar, calcite,
dolomite and clay mineral are 0.7—43.4%, 1.3—53.9%, 0—76.7%, 0—96.6%, and 0—79.0%,
respectively. The average contents of quartz, clay minerals, feldspar, dolomite, calcite, pyrite,
and siderite accounted for 30.7%, 29.6%, 21.3%, 8.9%, 5.6%, 3.6%, and 0.4%, respectively in
order of decreasing abundance. The high proportion of clay minerals in the shale of the Gulong
Sag distinguishes it from other types of shales. Intergranular pores develop between mineral
grains and crystals, including quartz, feldspar, carbonates, and clay (Loucks et al., 2010). This
pore type is profitable for the formation of high reservoir quality, followed by intraparticle pores.
Additionally, intragranular pores can usually be detected in particles, including in feldspar and
pyrite (Loucks et al., 2010; Milliken et al., 2013). Organic matter pores can be detected in
organic matters with small diameters (Loucks et al., 2010; Kuila et al., 2014; King et al., 2015).

The dominant lithologies are shale, mudstone, siltstone, shell limestone, and dolostone
(Fig. 6). Gray-black shales are characterized by multi-scale laminae (the laminae density).

Gray-white siltstones observed with laminae in cores accounted for a bit proportion. Only 1 m

11
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thickness of siltstones are observed in Well Y among all these five key studied wells. Well Y.
The siltstones are attributed to terrigenous clastic input during an episode of falling lake level
(Liu et al., 2019; Lin et al., 2021). Dolostone and bioclastic limestone are present in gray-white
colors in the cores, accounting for 16%. Moreover, palacobiota and palaeoflora (shell, algae)
are preserved in the limestone, which can be identified by hydrochloric acid.

The oil shale reservoir in the Qingshankou Formation of the Gulong Sag, Songliao Basin,
has a high reservoir quality characterized by an effective porosity of 0.5—12.1%, with an
average value of 7.0% (Fig. 7). The total porosity ranges from 1.2% to 14.4%, with an average
value of 9.5% (Fig. 7). The “sweet spot”, distributed in the first Member and the lower part of
the second Member in the Qingshankou Formation, is characterized by a total porosity of 6.2%
—11.6%, with an effective porosity of 2.3%—7.1% (Cui et al., 2020). The main reservoir space
consists of a great abundance of nanopores and a small number of micropores. Microfractures

improve the reservoir seepage capacity (Li et al., 2017).

4.2. Multi-scale lamina structure
4.2.1. Three types of lamina structure

The multi-scale lamina can be divided into three types, including laminated rocks (the
thickness of the layer is less than 0.01 m), layered rocks (the bundles of genetically related
laminae thickness ranging between 0.01 m—0.1 m), and massive rocks (no varve or layer
spacing > 0.1 m) according to the core observation (Fig. 8). However, there are a few
differences in various lithologies. All laminated rocks, layered rocks, and barely massive rocks

can be observed in shales. Three types of laminae can be observed in siltstone, but only massive
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rocks appear in mudstone, limestone, and dolostone (Fig. 6). Furthermore, laminated rocks can
be classified into bright lamina (carbonate lamina and felsic lamina) and dark lamina (organic
lamina and clay mineral lamina) according to the mineral assemblage through the microscopic
inspection in shale reservoirs (Fig. 6). The different bright and dark laminae consist of various
lamina structures based on their superposition sequence, which indicates the sedimentary
processing and environment (Dréger et al., 2016). Lamina records have been shown to provide
reliable records of spring discharges and variability therein (Sander et al., 2002). Lamina
structure records are preserved in fine-grained sedimentary rocks providing possibilities for
high-resolution climatic and environmental reconstructions (Jokinen et al., 2015; Haltia et al.,

2021).

4.2.2. Well log expressions of various lamina

In addition, there are many studies about the interpretation of the lamina record and
information preserved in its layers (Haltia et al., 2021). However, the continuous expressions
of lamina preserved in the reservoir (especially in shale oil and gas) remain scarce. A new
method is proposed to continuously evaluate the lamina in a single well as the development of
the new techniques. The slab and the button electrode curve derived from image logs with the
highest resolution in well logging technologies are used to identify and classify the lamina types
(Fig. 9, Table. 1). The dynamic slabs of image logs show the layer alternately exchange in color
gradation (bright, orange, dark, and intermediate color) (Fig. 9). The button conductivity curve
characterizes the layer in the form of both color gradation and amplitude variation of the curve
(Fig. 9).
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In laminated rocks, the thickness of a single layer is on a millimeter scale, indicating the

laminae changes are less than 1 centimeter. A total of 59 layers can be observed in different

colors within 0.5 meters (Fig. 9A). More than 84 amplitude variations (peaks and troughs) can

be identified in 0.5 meters (Fig. 9A). It can be observed that the button conductivity curve

shows serrated characterization (Fig. 9A).

The layered rocks show that the thickness of the individual layer is centimeter-scale,

ranging from 1 centimeter to 10 centimeters, suggesting that the layers’ changes are centimeter

lamination. A total of 35 layers can be recognized on the slab, and almost 71 layers are observed

on the button conductivity curve in 0.5 meters (Fig. 9B).

No layers in the massive rocks or the individual layer of massive rocks is greater than 10

centimeters. There are no layers that can be observed in 0.1-meter scale depth intervals in slab

images, but thinner layers can be detected by the button conductivity curve (Fig. 9C). In

addition, the button electrode curve exhibits a box-shaped feature (Fig. 9C). The mudstone and

limestone/dolostone of massive rocks are characterized by the image logs or slabs with single

dark and bright spots, respectively.

Shales were dominated by laminated rocks and layered rocks observed from core photos

and characterized by FMI images especially slabs (Fig. 10A-10D). According to core

observation, the interface between different laminae was flat and intermittent in shales (Fig.

10A-10D). The shales accounted for the most proportion of rocks in the Qingshankou

Formation. Only massive rocks can be observed in mudstones, without obvious layers or

laminae and the FMI images display a dark spot model (Fig. 10E). Three types of lamina

structure can be detected in sandstones (Fig. 10F—10H). The boundary between various bedding
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is clear, and the interface was horizontal or wave and continuous (Fig. 10F—10H). From the
core observation, laminated and layered rocks rarely appear in limestones and dolostones and
the FMI images show a bright spot model (Fig. 10I). Via insight through the FMI image, the
shale and mudstones are characterized by dark color in the static images (Fig. 10A—10E),
whereas the static images display organic-yellow color in siltstones (Fig. 10F—10H). In
addition, the FMI images show bright color pattern in limestones and dolostones (Fig. 101).
From the thin section observation, four types of laminae were identified, including clay lamina,

felsic lamina, organic mineral lamina, and carbonate lamina (Fig. 10J).

4.2.3. T1-T> maps obtained from NMR logs

Previous studies have established the classification scheme for grouping different
hydrogen-bearing components in shales according to the NMR experiment (Kausik et al., 2016;
Li et al., 2018; Mukhametdinova et al., 2021). These groups include kerogen, absorbed oil, free
oil, structural water, absorbed water, free water, bulk oil and bulk water. However, NMR
logging only responds to the formation of pore fluid without the effect of kerogen content.
According to the T, and the ratio of T; to T, response of different fluid types, oil-bearing
properties and mobility will be qualitatively and quantitatively characterized and evaluated. In
this study, the oil-bearing property and reservoir quality were qualitatively evaluated by the
location of energy clusters (hydrogen clusters). The energy cluster located in the upper-right
corner of the T;-T, map represents high reservoir quality and high oil saturation. On the contrary,
the energy cluster located in the lower-left corner of the T;-T, map indicates poor reservoir

quality and low movable oil and water content (Fig. 11). Based on the lamina structure
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classification in the Cretaceous Qingshankou Formation in the Gulong Sag, Songliao Basin,

three types of T;-T, maps were identified in well Z.

Type 1 T1-T2 map of laminated rocks is characterized by two main energy clusters, the

lower-left corner and the upper-right corner, representing different fluid types in various pore

systems (Fig. 11A). The left corner energy cluster shows clay-bound water and bitumen in the

intragranular pores and organic matter pores. The energy cluster in the right corner represents

the movable water (T = T, yellow-green parts) and movable oil (T; > T, red parts), indicating

well oil-bearing property. Both the T, and T, distributions exhibit bimodal behaviors, implying

the strong heterogeneous of laminated rocks. The short T, components represent the

discontinuous pores of small sizes. The T, components larger than 30 ms correspond to the

large pores (dissolution pores) and well connectivity pores and throats, resulting in the good

reservoir quality (Lai et al., 2019).

Type II T;-T> map corresponding to layered rocks shows three clusters, the lower-left

corner, the upper right corner, and the part along the waterline (T; = T:) (Fig. 11B). The left

corner part is located lower than in laminated rocks and near the waterline due to more

immovable water in small pores. The part alongside the waterline is characterized by movable

water in connectivity pore space. The energy intensity of the upper right corner is lower than in

laminated rocks, which displays in green color rather than red.

The energy cluster of type III representing massive rocks, the T,-T, map, is concentrated

in the lower-left corner (short T; and T, components), representing bitumen, clay bound water,

and oil in organic porosity (Fig. 11C). The T, spectrum shows unimodal behavior. The T»

relaxation time is restricted to within a narrow range (< 30 ms), indicating more pores of small
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sizes lacking large pores. Obviously, this type of rock corresponds with poor reservoir quality.

5. Discussion
5.1. Lamina distribution prediction via well logs

The dominant laminae structure is layered rocks, followed by laminated rocks, with only
a small number of instances of massive rocks identified in the Cretaceous Qingshankou
Formation in Well X (Fig. 12). In total, 1,178 layers are identified in the 482.5 m thickness
Qingshankou Formation of Well X. 482 layers of laminated rocks account for 45% thickness,
and the thickness of a single layer ranges from 0.04 m to 2.92 m with an average value of 0.45
m. The layered rocks, with the maximum proportion of 50.4% thickness in these three types,
comprise 563 layers, and the average thickness of each layer is 0.43 m ranging from 0.02 m to
5.23 m. Only 4.6% of the massive rocks are recognized, containing 133 layers.

In contrast, laminated rocks account for the largest proportion in Well Y. In total, 453 layers
are identified in the 136.8 m thickness in the Qingshankou Formation (Q1-Q9). In total, 198
layers of laminated rocks with 80.08 m thickness are recognized, and single layers range in
thickness from 0.07 m to 20.2 m, with an average of 0.4 m. There are 183 layers of layered
rocks with 47.57 m thickness, and the average thickness of every single layer is 0.26 m (the
minimum of 0.04 m and the maximum of 0.95 m). Only 72 layers of massive rocks can be
classified in Well Y, and their total cumulative thickness is 9.15 m.

From the distribution prediction via well logs above, it can be concluded that laminated
rocks and layered rocks are the main laminae structure in the Cretaceous Qingshankou

Formation in Gulong Sag Songliao Basin. The laminae development makes it unique from other
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types of shale worldwide, for example the Barnett Shale in the Fort Worth Basin in the United
States, the Permian Lucaogou Formation in Jimusar Sag in Junggar Basin in China , and the
Triassic Yanchang Formation in the Ordos Basin in China (Loucks et al., 2009; Xi et al., 2015,
2020; Zou et al., 2019).

There is a specific correspondence between the conventional well logs and the lamina
structure (Wang et al., 2021). The massive rocks contain high carbonate content, corresponding
to high resistivity and low gamma values (Fig. 12). Conversely, the laminated rocks are
characterized by high gamma value attributed to the high content of clay minerals. The layered
rocks contain more felsic resulting in medium resistivity and gamma value. The main
controlling factors of various lamina types are complex, including climate change, lake level
fluctuation, and the injection of terrigenous detritus (Fagel et al., 2021). In addition, it can be
observed from Fig. 12 that the resolution of the conventional well logs is low, and the curves
change gently. Therefore, it is challenging to identify the lamina structure through the
conventional well logs. However, the high-resolution image logs (5 mm) are profitable for
evaluating lamina structure, especially the slabs and button conductivity curve derived from the

image logs.

5.2. Prediction of lamina structure as a control on reservoir quality and oil content
T;-T, maps obtained from the NMR logs can be used to describe the fluid types, oil-

bearing, and porous systems (Guo et al., 2020; Ge et al., 2022; Pang et al., 2022). In our study,

the T,-T> maps are divided into three types corresponding to three types of lamina structure.

Figure 13 shows the lamina structure distribution and corresponding T; and T, spectra of
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the Cretaceous Qingshankou Formation in Well Y. The interpretation interval A is typical

layered rocks. The T;-T, map is characterized by two energy clusters, the left corner in red color,

a little away from the center, representing less immovable fluid (Fig. 13A). The upper right

corner in green color implies less movable fluid than the right corner in red color (Fig. 13A).

Consequently, the T1-T» map of interval A shows higher reservoir quality and better oil-bearing

properties. The massive rocks mainly correspond with intervals with short T, components, and

the T;-T> map shows only one energy cluster in the lower left (Fig. 13B). Interval C, the same

as interval A, is representative layered rocks (Fig. 13C). The laminated rocks are related to the

intervals with long T, distribution and high amplitudes but lower than layered rocks. In addition,

two energy clusters can be observed in the T,-T> map, and the upper right corner cluster is in

green, indicating the good reservoir quality and oil-bearing potential (Fig. 13D).

Interpretation interval A is a representative layered rock, and the T, spectra exhibit a long

T, relaxation time with high amplitude (Fig. 14A). Two energy clusters can be observed in the

T;-T, map indicating the good reservoir quality and oil mobility (Fig. 14A). The interval B is a

typical laminated rock (Fig. 14B). The T, spectra show a long T, relaxation time but lower

amplitude in the long T, components (Fig. 14B). There are two energy clusters in the T;-T, map,

but the energy is weak in the upper right corner implying less oil mobility (Fig. 14B). Therefore,

from investigating the relationships between lamina structure and NMR logs (T distribution

and T;-T, maps), the layered rocks have the best reservoir quality and most favorable oil-

bearing properties in the shales, followed by laminated rocks.

Additionally, the oil test can approve these conclusions that the more layered rocks

develop, the better reservoir quality and oil yield productivity are (Fig. 14C, 14D). The oil test
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results show that Well Z is more productive than Well Y (Fig. 14C, 14D). The laminated rocks

account for 42.1%, and the layered rocks is 49.9% in the Qingshankou Formation (strata Q3 to

Q4) in well Z (Fig. 14C). However, the laminated rock’s proportions are up to 67.1%, and the

layered rocks account for 27.9% in well Y (strata Q3 to Q4) (Fig. 14D).

The lamina structure and oil-bearing properties are interpreted in Well Z (Fig. 15).

Interpretation intervals A and D are typical laminated rocks, which show different T;-T, maps.

Interval A exhibits better reservoir quality and oil potential than interval B, attributed to the less

clay mineral content (Fig. 15). The intervals B and C are representative layered rocks, whereas

the reservoir quality of interval C is better than interval B since there are fewer clay minerals

(Fig. 15). Therefore, from investigating the relationships between lamina structure, mineral

composition, and T;-T> maps, the reservoir quality and oil-bearing properties increase with

decreasing clay mineral content in shales in different lamina structures.

In addition, oil is mainly distributed in the interface between mudstone and sandstone or

carbonate, but less in carbonate or sandy layers (Shao et al., 2021). Light components of high

mature oil are relatively accumulated in carbonate or felsic laminae, while heavy components

are relatively enriched in clay or organic matter laminae (Shao et al., 2021; Zhang et al., 2021).

However, the controlling factors of reservoir quality are complicated. The layered rocks

combined with high content of organic matter, favorable lithofacies, and fractures (including

parallel fractures) may lead to a high-quality reservoir and oil mobility.

6. Conclusions

This study elucidates the relationship between lamina structure, reservoir quality, and oil
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potential in shale, taking the Cretaceous Qingshankou Formation in Gulong Sag, Songliao
Basin, as an example.

The main mineralogical compositions of the shales in the Qingshankou Formation are
quartz, feldspar, clay minerals, and a small number of carbonates. According to the core
observation in oil shale, the lamina structure is classified into three types: laminated rocks,
layered rocks, and massive rocks. Both laminated rocks and layered rocks can be observed in
shales, but on rarely massive rocks can be observed. Three types of laminae can be observed in
siltstone, but only massive rocks appear in mudstone, limestone, and dolostone. The image logs,
slabs, and button conductivity curves are efficient ways to predict a single well’s lamina
distribution. The Qingshankou Formation is dominated by laminated rocks and layered rocks,
which account for more than 90 percent. According to the energy clusters, the T,-T, maps are
classified into three types: type I, 11, and III, which correspond to laminated rocks, layered rocks
and massive rocks, respectively. Among all the lamina structures, layered rocks show a good
reservoir quality and high oil accumulation, followed by laminated rocks. In contrast, massive
rocks present a poor reservoir quality without oil production. The greater the clay mineral

content, the poorer the quality and oil potential of the shale reservoirs.
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Figure 6. Thin sections and core photos showing examples of lithology in the Cretaceous
Qingshankou Formation, Gulong Sag, Songliao Basin. A, B. Siltstone, Well A, 2374.88 m; C,
D. Shell limestone, Well A, 2373.86 m; E, F. Shale, Well A, 2254.43 m; G. Dolostone, Well B,

2561.39 m; H. Dolostone, Well B, 2493.82 m; 1. Mudstone, Well B, 2492.32 m.
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Table 1. The classification standard of three types of lamina structure
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Figure 8. Core photos showing typical examples of lamina structure in the Cretaceous
Qingshankou Formation, Gulong Sag, Songliao Basin. A. Laminated rocks in shale. B. Layered

rocks in shale. C. Massive rocks in mudstone.
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of lamina and mineral assemblages show example of each individual lithology. A. Laminated
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shale. E. Massive mudstone. F. Laminated siltstone. G. Layered siltstones. H. Massive siltstone.

I. Massive limestone. J. Various laminae types, including organic matter lamina (OML), felsic

lamina (FL), clay lamina (CL), and carbonate lamina (CAL).
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between lamina structure and reservoir quality and oil-bearing

properties in shale in the Cretaceous Qingshankou Formation, Songliao Basin (well Y).
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Figure 15. The effect of mineral content on the reservoir quality and oil-bearing properties in

shale in the Cretaceous Qingshankou Formation, Songliao Basin (Well Z). A. laminated rocks.
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