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Abstract
Cretaceous Qingshankou Formation (K2qn) in the Songliao Basin, the largest petroliferous
basin in East China, has favorable geological conditions for the shale oil reservoir. Although the
first member of Qingshankou formation (K2qn1) has the maximum value of the organic matter
content (total organic carbon (TOC)) comparing with other members, most of the layers are less
than 1 cm. This limits the application of surface seismic survey and logging methods. To explore
“sweet spots” of the shale oil and to evaluate resource potential, it is of great significance to
determine the thickness and distribution of silty beds/laminae in the thick shale system. In this
study, the observed data of the outcrops, cores, and thin sections of K2qn1 are used to analyze
the characteristics of reservoir space in silty laminae. Distribution model of silty beds/laminae
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was established by using fractal method. The results show that the silty beds/laminae have
large particle size, poor sorting, and relatively developed reservoir space. The pore sizes in
silty laminae vary greatly, and the diameters are mostly larger than 50 nm. The connectivity
between pores is good. Although the thickness of single silty bed/laminae mostly ranges from
1 mm to 6mm, the average layers per meter (layers/m) of silty bed/laminae range from 2 to 64.
This contributes the cumulative thickness 2.73–31.79% of the total thickness of the whole shale
reservoir. According to the fractal analysis, the silty beds/laminae have the uniform fractal
characteristics in the decimeter, centimeter, and millimeter levels. And the fractal dimension
keeps the scale invariance. The layers and thickness of the thin silty laminae, calculated from
Number–Size (NS) fractal model, are in good agreement with observations. This indicates that
the fractal-based NS model is an effective method to estimate the parameters of the silty
laminae, such as layer number, cumulative thickness, and the ratio of sand to formation. This
method provides a reliable reference for the “sweet spot” exploration.

Keywords : Fractal Dimension; Number–Size; Silty Beds/Laminae; Qingshankou Shale; Songliao
Basin.

1. INTRODUCTION

Shale systems have obvious heterogeneities in
mineralogical and structural characteristics. The
argillaceous sedimentation usually has a large thick-
ness and consists of silty beds or widely devel-
oped laminae.1,2 Interested bed, such as silty bed, is
defined as a layer of sedimentary rocks or sediments
that are bounded by bedding interfaces, and the
thickness of the bed ranges from a few millimeters
to tens of meters.3 Among these beds, the lamina
is the smallest megascopic layer in a sedimentary
sequence, which is usually measured in mm. In gen-
eral, the lamina is considered as a thin bed with
thickness less than 1 cm.3,4 The silty lamina in shale
systems is usually deposited in a relative low-energy
hydrodynamic conditions,1,4 such as the eolian flow,
sediment gravity flow or weak reworking of bottom
flows.2,5,6 Silty laminae are further classified into
several types, such as silty–clayey couplets, wavy–
lenticular silty or parallel laminae, massive shale
beds, etc.5,6

Silty beds/laminae are discovered in all typi-
cal petroliferous shale systems in the world, such
as the Mississippian Barnett Shale in northern
Texas,7 Lower Devonian Ohio Shale in northwest
Appalachian Basin,8 Lower Jurassic Haynesville
Shale in east Texas and west Louisiana,9 Cre-
taceous shale in Green River Basin,10 Triassic
Zhangjiatan Shale in Ordos Basin,11 and Permian
Lucaogou Shale in Santanghu Basin.12 Previous
studies have shown that the reservoir properties, gas
bearing capacity, and fracturing properties of shale
systems are closely related to the silty beds/laminae
in shale.2,6 The silty beds/laminae, which have

obviously better properties than the adjacent sec-
tions of shale, are not only major reservoir spaces
in shale formations, but also the significant migra-
tion pathway during the shale gas gathering.11,12

In addition, the mechanical properties of forma-
tions change with the increasing brittleness of shale
strata due to the presence of silty beds/laminae.13

This feature is favorable for the development and
preservation of fractures.14 Generally, shale systems
that have thick and dense silty beds/laminae usu-
ally have large production potential for shale gas.8

Although the distinguished feature of silty beds
appealed lots of recent studies on their controlling
effects on the generation and accumulation of shale
gas,11,15,16 there are no reported researches on the
distribution of silty laminae in shale systems due to
the limited thickness (in mm).

Songliao Basin is the largest petroliferous basin
in east China. Studies indicated that the shale sys-
tems of the Cretaceous Qingshankou Formation
(K2qn) in Songliao Basin have favorable geologi-
cal conditions for the formation of shale oil.17 The
first member of the Cretaceous Qingshankou For-
mation (K2qn1) has the highest organic matter con-
tent in Songliao Basin. The average total organic
carbon (TOC) content is over 2%. The vitrinite
reflectance (Ro) is between 0.5% and 1.1%, and the
peak temperature of pyrolysis (Tmax) ranges from
430◦C to 450◦C. These parameters indicate that
the shale formations in K2qn1 are in low-mature to
mature stage and are currently generating a large
quantity of oil.17 Core observations showed that
there are widely developed silty beds/laminae in the
Qingshankou shale formations. Most of these silty
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beds/laminae are less than 1 cm. There are very lim-
ited silty beds above 10 cm. Thus, the silty laminae
with thickness less than 1 cm play an essential role
in the formation, accumulation, and also the devel-
opment and potential evaluation of shale oil. How-
ever, the state-of-the-art geophysical method, such
as seismic survey and borehole logs cannot reach
the resolution less than 10 cm.11,16,18,19 This limits
the identification of the silty beds/laminae. There-
fore, it is of great significance for the assessment
and exploration of shale oil resources to develop
an effective approach to study the characteristics
of these silty beds/laminae, including the vertical
distribution feature, cumulative number of layers,
and cumulative thickness.

Fractal method is usually used to study pat-
terns and features that have no characteristic length
but are of self-similarity.20 It has been widely
applied in geological studies such as sedimentary
system, sequence stratigraphy, fault system, par-
ticle size analysis, pore distribution, and seepage
flow characteristics.21–26 The fractal method aims
to estimate the fractal dimension and analyze the
relationship between fractal dimension and other
parameters. Several models have been developed
to calculate fractal dimension according to differ-
ent subjects of interest. Studies on the thicknesses
of stratified geological objects such as sedimentary
strata suggested that the distribution of the thick-
nesses of such stratum has an exponential feature,
and their fractal characteristics can be character-
ized by the Number–Size (NS) model.27–29

In this study, sections of Qingshankou shale
formations in Gulong Sag of northern Songliao
Basin are selected to analyze the characteristics of
silty beds/laminae. The thicknesses of various silty
beds/laminae in the shale system are measured, and
the thickness distribution is compared with that
obtained from the outcrops and boreholes of this
shale system. Finally, the distribution model for
silty beds/laminae in Qingshankou shale formations
is developed based on fractal method.

2. GEOLOGICAL SETTING

Songliao Basin, located in the provinces of Hei-
longjiang, Jilin and Liaoning in China, is a large
sedimentary basin with a total area of about
260,000 km2 and is surrounded by Xing’an Moun-
tains and Changbai Mountains. The basin has a
dual structure of fault-depression, and consists of
both the Jurassic fault depression and post-Jurassic

depression. In Jurassic and Cretaceous at about
70 Ma, Songliao Basin was a large inland lake basin
where a large number of animals and plants grew.
During Cenozoic, the basin entered the shrinking
stage as the crust uplifted, forming into the current
terrain feature of an endless plain.

The Qingshankou Formation is a depression
whose sedimentary period was during the first
flooding of Songliao Basin. It is characterized by
warm and humid lacustrine facies. Qingshankou
Formation is divided into first, second, and third
members from bottom to top. This study focuses on
the first member. During the sedimentary period of
the first member of Qingshankou Formation, mas-
sive water ingress occurred due to continuous sub-
sidence of crust in early stage, which created a
large lacustrine basin. The lithology in the first
member of Qingshankou Formation is mainly black
mudstone, mixed with gray siltstone and a small
amount of gray ostracoda limestone, gray fine sand-
stone, ostracoda mudstone, etc. There are also plen-
tiful fossils of nearly 20 categories and more than
200 species, which are primarily ostracoda and a
small amount of plant debris and fish fossil frag-
ments. The development of pyrite nodules indicates
a strong anoxic environment in the first member of
Qingshankou Formation.

The cores selected for measurements in this study
are all located in the Gulong Sag which is located
to the west of the Central Depression of Songliao
Basin and covers an area of about 3700 km2 (Fig. 1).
Gulong Sag is a deep-water depression in a long geo-
logical period, and is the most important hydrocar-
bon generation sag in the basin. The dip angle of
the depression stratum changes mildly, and the tec-
tonic structure pattern remains similar from deep
to shallow stratum with good succession, presenting
a uniclinal structure of high elevation in northwest
and low elevation in southeast.

The Niaohexiang section is located approxi-
mately in Baishi quarry area in the north of Binxian
and at the south bank of Songhua River, and the
outcrop continuously appears along the Songhua
River. The latitude and longitude coordinates of the
section are 45◦55′2.9′′N, 127◦27′50.4′′E. The alti-
tude of rock is nearly horizontal, which is 126◦∠16◦.
The profile strata stably extend in lateral direc-
tion, and it can be continuously traced along the
key layer. The lithology changes little from bot-
tom to surface, and is gray–green mudstone and
argillaceous siltstone of the upper part of the first
member of Qingshankou Formation, which are also
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Fig. 1 (a) Location of the Songliao Basin; (b) Central Depression, locations of cores and the outcrop section; (c) general
lithologic stratigraphy; gray shadow in (b) indicates the study area of Gulong Sag; red star in (c) indicates the study section
in first member of Qingshankou Formation.

interbedded with several layers of shell limestone,
dolomite nodules, and pyrite nodules.

The outcrop of Hongshishan section is located
in the northeast of Binxian depression, and con-
tinuously appears along the Songhua River. The
starting latitude and longitude coordinates of the
section are 45◦55′7.7′′N, 127◦23′20.3′′E. The trend-
ing angle is 44◦, and the altitude of rock is
224◦∠38◦. The lower part of the section consists
of mudstone with colors varying from dark-green
to dark-brown and the argillaceous siltstone, while
the middle and upper parts of the section include

red or purple mudstones mingled with dark-green
argillaceous band.

Based on the characteristics of the ostracoda,
the sections of Niaohexiang and Hongshishan were
determined to belong to the Qingshankou Forma-
tion, and their outcrop formations are compara-
ble to the formations in the basin, with similar
fossils and paleoecological features.30,31 The Niao-
hexiang section belongs to the upper part of the
first member of Qingshankou Formation and con-
tains the Triangulicypris torsuosus–Triangulicypris
torsuosus var. nota assemblage. The Hongshishan
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section belongs to the lower part of the second
member of Qingshankou Formation and contains
the Cypridea dekhoinensis–Limnocyrpridea copiosa
assemblage, the Nenestheria sp., Cratostracus sp.,
Dictyestheia sp., and fossiliferous strata.31

3. METHODOLOGY

Based on the observations of silty beds/laminae
developed in two outcrop sections of Qingshankou
Formation and the shale cores of three boreholes in
first member of Qinghaikou Formation, this study
analyzed the geometry, lithological characteristics,
mineral composition, reservoir property, and thick-
ness distributions for these silty beds/laminae. Thin
section observation method was applied, and the
thickness of silty beds/laminae was measured by a
ruler with measurement accuracy in mm level.

3.1. Core and Thin Section
Microscopy Analyses

The lithology, sedimentary structures and silty
laminae structures were observed from thin sec-
tions of core samples under microscope, and the
quantity and thickness of a single silty laminae
were recorded. Thicknesses of thin sections for pet-
rographic observations and fluorescence analysis
were 30 µm and 60 µm, respectively. Petrographic
observations were performed using a Leica DMLP
polarizing microscope with a Leica DFC450 camera
system, and fluoresce analysis was made by using
a Nikon Eclipse 80i upright biological fluorescence
microscope with a light source of a wavelength 330–
380 nm.

3.2. Fractal Methods

The NS model that has been widely applied in geo-
logical studies is presented as follows20:

N(≥ h) = C × h−D; C > 0, h > 0, D > 0,
(1)

where h represents the size of geological objects,
in this study, h is the thickness of a single silty
bed/laminae; N(≥ h) is the number of objects with
size greater than or equal to h; C is a constant and
D is the fractal dimension. As shown in Eq. (1) of
the NS model, N(≥ h) and h are linearly correlated
in double logarithmic coordinate.

Based on the measurements, a series of N(≥ h)
values (i.e. number of silty beds/laminae with thick-
ness greater than or equal to h can be obtained

corresponding to various silty beds/laminae thick-
nesses (h). Using least square method, a straight
line can be created to fit N(≥ h) and h in dou-
ble logarithmic coordinates. If the fitted line is in
good agreement with the data of N(≥ h) versus h
in double logarithmic coordinates (i.e. correlation
between measured N(≥ h) and h is nearly linear in
double logarithmic coordinates), the NS model (i.e.
Eq. (1)) can be used to describe the relationship
between the measured N(≥ h) and h, and the slope
of the fitted line is the fractal dimension (D).

The fractal property has scale invariance, imply-
ing that the fractal characteristics are invariant dur-
ing either magnification or reduction within the
scale that has fractal property.20 Thus, the N(≥
h) − h relationship for thick silty beds and thin
silty laminae is the same, indicating that the frac-
tal dimension D and the constant C in Eq. (1)
are invariant. Therefore, using the NS model, the
N(≥ h)–h relationship and the fractal dimension D
can be obtained based on data of N(≥ h) and h
from thick silty beds, and then can be applied to
estimate parameters for thin silty laminae, includ-
ing the cumulative number and thickness of silty
laminae, as well as the ratio of the cumulative thick-
ness of the silty laminae to the total thickness of
shale. The number n(h) of silty beds/laminae with
thickness equals to h can be calculated from the
derivative of Eq. (1):

n(h) =
dN(> h)

d(h)
= C × D × h−D−1. (2)

The cumulative thickness H for silty beds/lami-
nae with thicknesses between a specific thickness
value hS and the maximum thickness hmax can be
calculated as follows:

H =
hmax∑
hs

h =
∫ hmax

hs

d(N ≥ h)
dh

hdh + hmax

=
C × D

1 − D
× h−D+1

∣∣∣∣
hmax

hs

+ hmax. (3)

4. RESULTS

4.1. Petrology Characteristics

A large number of silty beds/laminae can be
observed in the Qingshankou shale, and their thick-
nesses range from several millimeters to tens of
centimeters, and laminae with only a few microns
thickness can also be observed under microscope
(Fig. 2). Their colors are mostly white or gray,
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Fig. 2 Qingshankou Shale outcrop profile: (a) Niaohexiang section; (b) Hongshishan section. The red line indicates the
top and bottom boundaries of the layer of observation. The yellow dotted line indicates the typical silty beds/laminae. The
locations of the sections are indicated in Fig. 1b.

which is quite different from the black clayed lami-
nae. The silty beds/laminae are mainly horizontal
or wavy–lenticular, and are interbedded with clayed
laminae (Fig. 3). The horizontal beds/laminae are
often composed of a single layer or a group of nearly
parallel beds/laminae, which can extend to a far
distance in horizontal direction, reaching several
meters to tens of meters on outcrop. The inter-
nal structure of the horizontal beds/laminae is rela-
tively simple, with flat and straight top and bottom
interfaces. At bottom interface, sudden changes
in the sedimentary tectonics and graded structure
are common, while a gradual transition to massive
mudstone is common at top interface. The wavy–
lenticular silty laminae consist of a series of inter-
laminated thin silty laminae and clayed laminae,
which usually appear in groups or bundles of about
2–10 layers, with single layer thickness in the range
of several millimeters to ten millimeters. Such silty
laminae are generally distributed along the lamina-
tion direction with relatively poor continuity and
certain variability in horizontal direction, and even
pinch out or merge with other laminae. Small scale

of interlamination between silty beds/laminae and
shale can be observed in some local regions.

The mineral composition and grain sizes are sig-
nificantly different between silty beds/laminae and
clayed laminae. The mineral composition of silty
beds/laminae are dominated by quartz, feldspar,
and clay minerals, in which the quartz content
varies between 21.5% and 41.8%, with an aver-
age of 34.5%, the feldspar content varies between
22.3% and 71.2%, with an average of 39.4%, and
the clay minerals content, mainly comprised of
illite/smectite mixed layer and chlorite, is about
16.5% on average. In addition, calcite, dolomite,
pyrite, siderite, biotite, and other minerals can also
be observed in silty beds/laminae, and some silty
beds/laminae are cemented with calcite. In contrast
to the clayed laminae, the silty beds/laminae have
larger particle size and poor sorting. The particle
sizes of silty beds/laminae are in the range of 4–
240 µm, and are mostly between 30 µm and 160 µm,
with an average of 40 µm and a median of 34 µm,
while the particle sizes of detrital grains of quartz
and feldspar in clayed laminae are generally less
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Fig. 3 The petrological characteristics of silty beds/laminae in Qingshankou Shale. (a) and (b) show the silty laminae (yellow
dotted-lines) in the sections of Niaohexiang and Hongshishan, respectively; (c) shows the ostracoda laminae in the section
of Niaohexiang; (d) shows the horizontal lamination, sampled at the depth of 2090.07 m; (e) shows the turbate lamination,
sampled at the depth of 2090.14 m; (f) shows the horizontal and cross-laminations, sampled at the depth of 2206.94 m; (g)
and (h) show the mineral composition and grain size of silty and clayed beds/laminae, sampled at the depth of 2202.31 m;
(i) shows the microscopic characteristic of ostracoda, sampled at the depth of 2321.61 m. Abbreviations: la.: laminae; os.:
ostracoda.

than 10 µm, with an average 3.9 µm and a median
of 2.8 µm.

The development of silty laminae can improve
the properties of shale reservoirs.12,32 Microscopic
observations show that pores are mainly present
in silty laminae which are interbedded with clayed
laminae which barely have pores developed. There
are mainly two types of pores developed in silty
beds/laminae: intergranular pores and dissolution
pores. The pore sizes vary in a wide range, from a
few nanometers to several microns, but are mostly
greater than 50 nm. Due to the structural sup-
port by the detrital grains, the pores in silty
beds/laminae have good connectivity properties.
Although the transformation of clay minerals in

clayed laminae may also create some intergranular
pores, the pore sizes are only a few nanometers,
which leads to poor connectivity.

4.2. Thickness and its Distribution
Characteristics

For the Niaohexiang section, the length of the
outcrop is 14.31 m (Fig. 2a), and the altitude of
rock is nearly horizontal. The profile strata sta-
bly extend in lateral direction, and can be con-
tinuously traced along the key layer. Observations
indicate that the thicknesses of silty beds/laminae
have obvious heterogeneities (Fig. 2a). The num-
ber of silty beds/laminae with single layer thickness
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(a) (b) (c)

(d) (e) (f)

Fig. 4 (a) and (d): the histograms for thickness of silty beds/laminae in outcrop; (b) and (e): single layer thickness versus
total thickness; (c) and (f): cumulative number versus single layer thickness. (a)–(c) are for Niaohexiang section; (d)–(f)
are for Hongshishan section.

greater than or equal to 2 mm is 33, in which the sin-
gle layer thickness ranges in 2–6 mm and the cumu-
lative thickness is 476 mm, accounting for 3.32% of
the total thickness of the shale. The average lay-
ers per meter (layers/m) of silty bed/laminae vary
between 1 and 2 layers/m, with an average of 2 lay-
ers/m and a maximum of 6 layers/m (Fig. 4).

For the Hongshishan section, the length of the
outcrop is 14 m (Fig. 2b), and the number of silty
beds/laminae with single layer thickness greater
than or equal to 2mm is 76, in which the single
layer thickness ranges in 2–4 mm and the cumula-
tive thickness is 420 mm, accounting for 2.73% of
the total thickness of the shale. The average lay-
ers per meter (layers/m) of silty bed/laminae vary
between 3 and 4 layers/m, with a minimum of 2
layers/m, a maximum of 6 layers/m and an aver-
age of 5 layers/m. The cumulative thickness of silty
beds/laminae within 1m thickness of shale forma-
tion is 8–12 mm, with a minimum of 6mm, a max-
imum of 23 mm and an average of 13 mm (Fig. 4).

The three boreholes (i.e. Y 1, Y 2 and Y 3) for core
observations are located at the Western Slope of
Gulong Sag (Fig. 1b). Y 1 is a continuous coring

well, and the lithology is mainly black mudstone
and a small amount of ostracoda. The total num-
ber of silty beds/laminae is 1022 in the first mem-
ber of Qingshankou Formation, and the cumula-
tive thickness is 8.56 m, accounting for 7.62% of
the total thickness of the observed shale section.
The single layer thickness of the silty beds/laminae
is between 1 mm and 6mm, and the development
frequency is about 9 layers/m. In Y 2, the lithology
is primarily black mudstone with a small amount
of silt and ostracoda. The total number of silty
beds/laminae is 1208, and the cumulative thickness
is 15.49 m, accounting for 19.3% of the total thick-
ness of the observed shale section. The single layer
thickness of the silty beds/laminae is between 1 mm
and 4 mm, and the development frequency is about
15 layers/m. In Y 3, the lithology is mainly black
mudstone with a small amount of silt and ostracoda.
The total number of silty beds/laminae is 1418,
and the cumulative thickness is 7.07 m, accounting
for 31.79% of the total thickness of the observed
shale section. The single layer thickness of the silty
beds/laminae is between 1mm and 3 mm, and the
development frequency is about 64 layers/m.
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5. DISCUSSION

5.1. Fractal Characteristics

Based on the measurements at the two sections
of Niaohexiang and Hongshishan and core observa-
tions at three boreholes in Gulong Sag, the observed
number (N) of silty beds/laminae with thickness
greater than or equal to h was plotted against the
silty beds/laminae single layer thickness h in dou-
ble logarithmic coordinates (e.g. Fig. 4c), which
clearly show linear correlation throughout different
measurement scales (i.e. decimeters, centimeters,
and millimeters) at all the observation locations
(Figs. 4c, 4f and 5d–5f). These data sets present
little deviation especially on both sides of the cur-
vature, due to the limitation of statistics resolution
and the boundary effect. It is necessary to define
two truncations on both sides to fit the best power
law distribution. Thus, the fractal-based NS model
can be applied for the studies on silty beds/laminae,
and the fractal dimension can be calculated. The
fractal dimension for silty beds/laminae in Niao-
hexiang and Hongshishan section is calculated to
be 0.875 and 1.047, respectively, and the correla-
tion coefficient is 0.945 and 0.952, respectively. The

fractal dimension for silty beds/laminae of the first
member of Qingshankou Formation at Y 1, Y 2, and
Y 3 is 1.007, 0.957, and 1.098, respectively, and the
correlation coefficients are all over 98%.

5.2. Prediction Model for Silty
Beds/Laminae

Although the characteristics of silty beds/laminae
can be directly obtained by core observations, the
number of coring sections in the study area is usu-
ally insufficient and direct observation can be costly
and time-consuming. Thus, fractal models can be
more efficient in predicting the properties of silty
beds/laminae based on core data. In this study,
the accuracy of the fractal model for predicting
the distributions of silty beds/laminae was assessed
by comparing predicted and observed results at
Y 3. Only the data for thick silty beds/laminae
with single layer thickness greater than or equal
to 0.1 m were used to establish the NS predic-
tion model, since the maximum accuracy for log-
ging analysis is 0.1 m.33,34 The observed number
(N) of silty beds/laminae with thickness greater
than or equal to h versus the silty beds/laminae

(a) (b) (c)

(d) (e) (f)

Fig. 5 (a)–(c): histograms for thickness of silty beds/laminae from different boreholes (i.e. Y 1, Y 2, Y 3) in the study area;
(d)–(f): cumulative number versus single layer thickness. (a) and (d) are for Y 1; (b) and (e) are for Y 2; (c) and (f) are
for Y 3.
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(a) (b) (c)

Fig. 6 (a) Cumulative number versus single layer thickness for silty beds that are thicker than 0.1 m in Y 3; (b) and (c):
comparison between predicted (red circle) and measured values (black diamond) for silty beds/laminae in Y 3.

thicknesses (h) that are above 0.1 m was firstly plot-
ted in double logarithmic coordinates (Fig. 6a), and
a straight line that represents Eq. (1) of NS model
was obtained using least square method to fit the
data of N(≥ h) and h. Thus, the NS model for
predicting silty beds/laminae distributions in Y 3
was established based on data of thick silty beds
with single layer thickness above 0.1 m, and the frac-
tal dimension D and constant C in Eq. (1) of the
NS model were calculated to be 1.111 and 0.735,
respectively, and the correlation coefficient R2 for
the data of N(≥ h) and h is 0.953. The cumulative
thickness H between a specific thickness hS and the
maximum thickness hmax can also be obtained from
Eq. (3).

Using this NS model (i.e. C = 0.735 and D =
1.111 for Eq. (1)) which is based on data of thick
silty beds with single layer thickness above 0.1 m,
the cumulative number of layers and cumulative
thickness of silty beds/laminae in a series of thick-
ness ranges in Y 3 were predicted and compared
with observations (Figs. 6b and 6c). In Y 3, the
observed and predicted cumulative numbers of silty
beds/laminae are 1418 and 1582, respectively, indi-
cating a prediction error of approximately 11.57%.
The observed and predicted cumulative thicknesses
of silty beds/laminae in Y 3 are 7.071 m and 8.341 m,
respectively, indicating a prediction error of approx-
imately 17.96%. The predicted cumulative number
and cumulative thickness of silty beds/lamina are
in good agreement with observations.

Therefore, the NS model based on fractal theory
breaks through the limitation of insufficient resolu-
tion of seismic and logging techniques in the silty
beds/laminae. The application of the NS model
can effectively predict the cumulative number and
thickness of silty beds/laminae that have fractal

properties in shale systems. It is very helpful for
effectively characterizing and predicting the distri-
bution of shale oil “sweet spot” in different scales.

6. CONCLUSION

(1) The silty beds/laminae are comprised of quartz,
feldspar, and clay minerals (e.g. illite/smectite
mixed layer and chlorite) whose contents are 34.5%,
39.4%, and 16.5%, respectively. The detrital grain
size in silty laminae is 40 µm on average, and the
median size is 34 µm, while the detrital grain size
in clayed laminae is generally less than 10 µm, with
an average of 3.9 µm and a median of 2.8 µm. The
detrital grain size in silty laminae is generally larger
than that in clayed laminae.

(2) Silty beds/laminae are widely developed
in shale systems of Qingshankou Formation in
Songliao Basin. The single layer thicknesses of silty
beds/laminae vary in the range of 1–6 mm, and the
development frequency is about 2–64 layers/m. The
cumulative thickness of silty beds/laminae accounts
for 2.73–31.79% of the total thickness of shale.

(3) The thickness distribution of silty beds/lami-
nae developed in shale systems of the first mem-
ber of Qingshankou Formation in Songliao Basin
has obvious fractal characteristics, implying the
cumulative number (N) of silty beds/laminae with
thickness greater than or equal to h is linearly
correlated with the silty beds/laminae single layer
thickness h, and the fractal characteristics remain
invariant with respect to different thickness ranges.
Using the NS model, the predicted cumulative
number and cumulative thickness of the silty
beds/laminae are in good agreement with obser-
vations. The fractal-based NS model is an effec-
tive method for predicting the parameters, such as
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layers, cumulative thickness and the ratio of sand to
formation thickness of silty laminae. This method
can provide reliable reference for the “sweet spot”
exploration.
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