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Abstract: The formation timing of stylolites, which is of great importance for analyzing the controls of
stylolites, has nearly never been examined. In this paper, based on the data of cores, imaging logging,
conventional logging, and mercury injection, the characteristics of stylolites formed in different stages
of tectonic movement were investigated, and the controlling factors of oil-stained stylolites, formed in
the second period of tectonic movement, were analyzed in particular. Furthermore, the influence of
different controlling factors on the development of stylolites was compared, by using grey correlation
analysis. The results show that there are three periods of stylolites in the study area, and all three
periods developed both low-angle stylolites and high-angle stylolites. The prominent characteristics
of both the low-angle and high-ang]le stylolites of the second period, are being oil-stained. The higher
the structural location, the greater the buried depth, the lower the dolomite content, the higher the
calcite content, the higher the clay content, the smaller the rock density, the greater the porosity, the
smaller the rock grain size, the easier it is to develop both the low-angle stylolites and the high-angle
stylolites. The influence of different controlling factors on the development of low-angle stylolites
is given by depth, porosity, curvature, rock density, rock grain size, clay content, dolomite content,
and calcite content, in this order. The importance of the influences on the development of high-angle
stylolites proceeds as follows: curvature, calcite content, depth, rock particle size, clay content, rock
density, dolomite content, and porosity. Tectonism is the most important influencing factor on the
development of stylolites.
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1. Introduction

Stylolites are common in carbonate reservoirs, and they can affect rock diagenesis and
even oil and gas production [1,2]. Stylolites are interlocked interfaces between two surround-
ing rocks, and clay or organic matter is often accumulated between the two interfaces [3-5].
Previous work has reported that stylolites can form after the buried depth of rock exceeds
100 m [6,7], and they can be continuously produced as the depth increases [8]. Buried rock
strata generally undergo multi-stage tectonic evolution, which indicates that the stylolites
observed today were formed in multi-stage tectonic movements. The geological conditions
in different stages of tectonic movements are remarkably different, and the stylolites formed
in different stages of tectonic movements must be different. However, previous studies on
stylolites rarely analyzed the formation timing and characteristics of stylolites in different
tectonic movements. It is of great significance to study the formation timing of stylolites, for
understanding the controlling factors of stylolites’ development. So far, a great deal of research
has been performed on the controlling factors of stylolites, and the controlling factors can be
concluded to be the following: structural location, rock composition, rock grain size, and rock
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density [9-11]. However, all of these studies only analyzed the influence of present geological
conditions on stylolites, ignoring the difference between the present geological conditions
and those at the time of the stylolites” formation. Therefore, it is imperative to study the
scientific problem of the controlling factors of the development of stylolites, under the control
of understanding the formation of geological conditions. In addition, the critical scientific
issue, of which is the most important controlling factor for the development of stylolites, has
not been answered accurately.

The NT oilfield is located in the eastern margin of the Precaspian Basin. The main
producing layer is the Carboniferous KT-I Formation, developing carbonate deposits of
restricted platform facies and open platform facies. A large number of stylolites developed
in the NT oilfield, and the formation timing of the structural fractures in the NT oilfield has
been studied deeply, which provides convenience for studying the formation timing and
controlling factors of stylolites. Previous studies mainly focused on sedimentary character-
istics [12-15], diagenesis [12,16], and tectonic evolution [17,18] of the study area, but little
attention has been paid to the stylolites in the study area. Based on the previous work on
the tectonic evolution in the study area, this paper first determined the formation timing of
stylolites, and analyzed the developmental characteristics of stylolites in different stages of
tectonic movements. Then, the controlling factors of stylolites, with the characteristics of
oil stains, formed in the second period of tectonic movement, were studied. Finally, the
influence of structural location and depth, rock composition, rock grain size, rock density,
and rock porosity on the development of stylolites were compared, to determine the most
important controlling factors for the development of stylolites.

2. Geological Setting

The Precaspian Basin, located in the west of Kazakhstan, is one of the deepest sub-
sidence basins in the world, with a maximum sediment thickness of 22 km [19,20]. The
basin reaches the Ural orogenic belt in the east, the South Emba fault-related uplift in the
southeast, the Caspian Sea in the south, the Donbass—-Tuarkyr system of inversion uplift
in the southwest, and the Volga—Ural basin in the north [21]. The basin can be divided
into four substructural units, including the fault terrace belt in the north and northwest,
the central depression zone, the Astrakhan—-Aktyubinsk uplift zone, and the southeast
depression zone [22]. The Permian Kungurian salt is widespread within the basin, and it
divides the basin into pre-salt and post-salt.

The NT oilfield is located on the eastern margin of the Precaspian Basin, and structurally
it belongs to the Astrakhan—Aktyubinsk uplift zone (Figure 1a). The study area is an anticline,
with the tectonic framework of high in the east and low in the west (Figure 1b). The target
zone is the pre-salt Carboniferous KT-I Formation. The KT-I Formation is further subdivided
into Al, A2, A3, B1, B2, Bl, B2, B3, B4, and B5 (Figure 1c,d) [20]. Layer Al and part of layer
A2 were denuded, due to the influence of paleotectonic movements. Layers Al, A2, A3, B1,
and B2 are characterized by restricted platform facies, with the lithology of limestone and
dolomite. Layers B1, B2, B3, B4, and B5 primarily are dominated by open platform facies, with
the lithology of limestone. The tectonic evolution in the study area can be divided into three
stages [17]: (1) The tectonic movement in the early Permian formed the tectonic framework,
of high in the west and low in the east, with a formation dip angle of 10°. (2) The late Permian
tectonic movement further intensified the paleotectonic framework, of high in the west and
low in the east, and the formation dip angle reached 15°. (3) The tectonic movement in
Triassic underwent structural inversion and formed the present tectonic framework, of high
in the east and low in the west, with the formation dip angle reaching 25° (Figure 2). The
three periods of tectonic movements are dominated by NE-SW compressive tectonic stress.
The multi-stage tectonic movements led to the formation of NE-SW trending reverse faults,
and the development of a large number of fractures, forming the fracture-porous carbonate
reservoir in the study area.
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Figure 1. (a) Tectonic divisions of Precaspian Basin [23]. (b) The structural map of the top of the KT-I
Formation. (c) Stratigraphic column for the area of study [24]. (d) The layer division results of the
KT-I Formation in the NT oilfield [25].
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Figure 2. Tectonic evolution of the study area. (I) The first-stage tectonic movements in the early
Permian. (II) The second-stage tectonic movements in the late Permian. (IIT) The third-stage tectonic
movements in the Triassic.

3. Methods
3.1. Data Collection

This paper is chiefly based on the data of coring, imaging logging, conventional
logging, and mercury injection. A total of 447.55 m of coring intervals, from 17 wells, was
obtained in this study. According to the coring data, the filling characteristics and the
cutting relationship of stylolites with other fractures were studied, to identify the stylolites
in different stages of tectonic movements. There are six full interval imaging logging wells,
and they were used to examine the strike of stylolites. Imaging logging interpretation
results of stylolites strikes were provided by Schlumberger Ltd., Houston, TX, USA.

All wells with cores or imaging logging have conventional logging data. Conventional
logging data include a lithologic interpretation log, density log, and porosity log, which
provide a basis for analyzing the influence of rock composition, rock density, and rock
porosity on the development of stylolites. The conventional logging interpretation results
were provided by PetroChina Petroleum Exploration and the Development Research
Institute.

A mercury porosimeter, with a maximum injection pressure of 200 MPa, was applied
to analyze the pore throat systems and gain pore throat parameters, to evaluate the rock
grain size. This experiment was performed at the Geological Exploration and Development
Research Institute of the Former Sichuan Petroleum Administration. A total of 28 mercury
injection samples were tested.
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3.2. Computing Methods

(1) Calculation of fracture linear density
The linear density of fractures in a single well refers to, the ratio of the number of
fractures identified in the cores to the coring length [26], and its calculation formula is:

. . number of fractures in core
fracture linear density =

length of core

The fracture linear density log is calculated based on the coring data, and its calculation
formula is [27]:

cumulative(depth+%)) — (cumulative (depth — %))
%

intensity (depth) = ( 1)
where intensity (depth) is the fracture density (m~!) of each sampling point of depth,
cumulative (depth) is the cumulative number of stylolites of each sampling point of depth,
and w is the window length (m). The linear density log of stylolites can be calculated by
using the Petrel software, and the default window length of Petrel is 1 m in this study.

(2) Calculation of curvature

Curvature refers to the ratio of the rotation angle of the tangent of any curve to the
corresponding arc length. It is a parameter to describe the change in the curve bending
degree. The larger the curvature value is, the more curved the curve is [28].

dw 27 1
=== @)

~dS  27R R

where K is the curvature, w is the rotation angle of the tangent, and S is the tangent
moving distance on the arc. A curve can be obtained by cutting a three-dimensional curved
surface, by selecting a section, and the curvature of any point on the three-dimensional
curved surface can be obtained correspondingly. The direction of the cross-section can
be an arbitrary choice, thus any point has countless curvatures for a three-dimensional
space surface. However, there exists a maximum value among the countless curvature
values, which is defined as the maximum curvature, and recorded as Kmax. The curvature
value can also be calculated for the section perpendicular to the section with the maximum
curvature, which is defined as the minimum curvature, and recorded as Kmin. The
curvature can be calculated in the Petrel software, according to the structural surface.

(3) Calculation of rock grain size by using mercury injection experiment

The relationship between mercury injection pressure and pore throat size during
mercury injection, is as follows:

20H,COS Oy
1—)Hg = £ r £ 3)
where Py is the capillary pressure of mercury (unit: MPa), opg is the surface tension of
mercury (unit: mN/cm), and Oy is the contact angle of mercury in the air. Generally,
opg =480 mN/m and 0g = 140° [29]. Therefore, the above formula can be rewritten as:

L _075
Piig

(4)

where r is the median radius of pore throats (unit: pm). When the non-wetting phase (refers
to the mercury) saturation is 5%, the corresponding pore throat radius is r5, which is used
to measure the average rock grain size.

(4) Principle and process of grey correlation analysis

Grey correlation analysis determines whether the sequence curves are closely related,
according to the similarity degree of their geometric shapes. The closer the curves are,
the greater the grey relational grade between the corresponding sequences is, and vice
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versa. The grey correlation analysis can effectively compare the influence of various factors
on the results [30]. The grey relational grade was applied, to evaluate the influence of
different controlling factors, including curvature, depth, calcite content, dolomite content,
clay content, rock density, porosity, and r5 on the development of stylolites in this paper.
The analysis steps of grey relational analysis are as follows [31]:

Step 1: Determination of analysis sequence

Set the dependent variable to be the referential series and the independent variable to
be the compared series, and it can be expressed as:

Y(target) = (Y(1),Y(2),---,Y(n)) ®)

Xi(indexes) = (Xi(1),Xi(2),---,Xi(n)) 6)

where Y (target) is the referential series, X; (indexes) is the compared series, n is the
sequence length, andi=1, 2, ..., M, where M is the number of subsequences.

Step 2: Dimensionless raw data

The dimensions of the raw data are not necessarily the same, due to the difference
in physical attributes of different factors in the system, leading to difficulties in making a
direct comparison or obtaining a correct conclusion. Therefore, it is necessary to perform
dimensionless processing on the data before carrying out the grey correlation analysis. The
z-score standardized method for dimensionless data, was adopted in this paper.

X = 22X )

(o

where X! is the standardized value, X is the average value, and o is the standard deviation.
Step 3: Grey relational coefficient calculation
The grey relational coefficient is essentially the difference degree of geometric shapes
between curves. Therefore, the difference between curves can be evaluated by the grey
relational coefficient. There are several compared series X1, X2, ..., Xn, for a referential
series Y, and the grey relational coefficient, & (X;), between each compared series and
the referential series at each time (i.e., each point in the curve) can be calculated by the
following formula:
., __ Amin + pAmax

eoi(j) = 80:G) + phmax 8)

where ¢ (j) is the grey relational coefficient. Ag;(j) = |Yj — Xi(j)| is the absolute difference
between the referential series and the compared series, at time j. Amax and Amin are the
maximum and minimum values of the absolute difference between the referential series
and the compared series; p is the resolution coefficient, generally between 0 and 1, and it
usually takes 0.5 [32]. A value of 0.5 was used in this study.

Step 4: Grey relational grade calculation

o) = 3 Y- eal) ©)
L

where rp;(j) is the grey relational grade. The grey relational grade reflects the similarity
between the referential series and the compared series. The greater the grey relational
grade is, the greater the influence of the compared series on the referential series. Grey
relational analysis can be realized in the DPS software.

4. Results
4.1. Formation Timing and Characteristics of Stylolites
4.1.1. Characteristics of Stylolites Formed in Different Tectonic Movements

The NT oilfield has experienced three-stage tectonic movements [17]. According to
the cutting relationship between stylolites and bedding-parallel fractures, and the filling
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characteristics of stylolites, the developmental characteristics of stylolites formed during
the different tectonic movements in the study area were analyzed. The classification of
stylolites put forward by Park et al. [33], according to the two-dimensional geometry of
stylolites, was applied in this study to describe the characteristics of stylolites (Figure 3).

PRV A

Amplitude
4

Figure 3. Classification and amplitude of stylolite. (a) Classification of stylolite according to the two-
geometry of the stylolite itself [29]. 1. Simple or primitive wave-like type; 2. sutured type; 3. up-peak
type (rectangular type); 4. down-peak type (rectangular type); 5. sharp-peak type (tapered and pointed);
6. "seismogram” type. (b) Amplitude of stylolite.

In this study, the criteria of the dip angle of stylolites, for dividing into high-angle
stylolites and low-angle stylolites, was 30°. Both low-angle stylolites and high-angle
stylolites developed in all three-stage tectonic movement. Low-angle stylolites, also named
sedimentary stylolites, are formed due to compaction and deformation of sedimentary
rocks [34]. High-angle stylolites, also named tectonic stylolites, are developed because of
the interaction of rock layers with tectonic forces such as faulting and folding [34]. The
low-angle bedding-parallel fractures in the study area were formed in the second period
of tectonic movement [24]. And the low-angle bedding-parallel fractures pinch out at
the low-angle stylolites, indicating that the stylolites developed earlier than the bedding-
parallel fractures, formed in the second period of tectonic movement (Figure 4a and Table 1).
Thus, it is inferred that the low-angle stylolites were formed in the first period of tectonic
movement. The low-angle stylolites of the first period are characterized by the sharp-peak
shape, with an amplitude of 1.768 cm. The amplitude of the low-angle stylolites of the
first period is the largest among the three periods for low-angle stylolites. The typical
identification feature of the high-angle stylolites of the first period, is that they are cut by
low-angle bedding-parallel fractures. The high-angle stylolites of the first period feature
primitive wave-like shapes, and their amplitudes are only 0.448 cm, which is the smallest
among the three periods for the high-angle stylolites (Figure 4b and Table 1).

The oil emplacement in the study area occurred in the late period of the second tectonic
movement [35-37], and thus the prominent characteristics of both the low-angle and the
high-angle stylolites of the second period are filled by oil. The low-angle stylolites of the
second period are primitive wave-like, with a small amplitude, of only 0.852 cm (Figure 4c
and Table 1). The high-angle stylolites of the second period are sutured, and their amplitudes
are the largest in the three periods for high-angle stylolites, reaching 1.252 cm (Figure 4d and
Table 1).

The typical feature of the low-angle stylolites of the third period is unfilled, with the
nearby low-angle bedding-parallel fractures filled by oil (Figure 4e). This suggests that the
stylolites were formed later than the oil filling. The low-angle stylolites of the third period
are up-peak, with a relatively large amplitude, of 1.054 cm (Figure 4e and Table 1). The
high-angle stylolites of the third period pinch out at the oil-stained low-angle stylolites of
the second period, and are not filled with o0il, demonstrating that the high-angle stylolites
of the third period formed later than the oil filling. The amplitude of the third-period
high-angle stylolites is only 0.642 cm (Figure 4f and Table 1).
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pinch out at low-angle stylolite
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Bedding-parallel fractures
cut hightangle stylolite

s

Figure 4. Characteristics of stylolites formed in different stages of the tectonic movements in the
NT oilfield. (a) Low-ang]le stylolite formed in the first period of tectonic movement. (b) High-angle
stylolite formed in the first period of tectonic movement. (c) Low-angle stylolite formed in the
second period of tectonic movement. (d) High-angle stylolite formed in the second period of tectonic
movement. (e) Low-angle stylolite formed in the third period of tectonic movement. (f) High-angle
stylolite formed in the third period of tectonic movement.

Table 1. Comparison of quantitative parameters of stylolites formed in different stages of the tectonic
movements in the NT oilfield.

Stylolite of the First Period Stylolite of the Second Period  Stylolite of the Third Period

. Reference . Reference . Reference

Amplitude Picture Amplitude Picture Amplitude Picture
Low-angle stylolite (cm) 1.768 Figure 4a 0.852 Figure 4c 1.054 Figure 4e
High-ang]le stylolite (cm) 0.448 Figure 4b 1.252 Figure 4d 0.642 Figure 4f

Based on the tectonic evolution of the basin in the study area, and the analysis results
of the formation periods of the stylolites, the evolution pattern of stylolites in the study
area was established (Figure 5).
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Figure 5. Evolution model of stylolites in the NT oilfield.

4.1.2. Analysis of Stylolites” Strike in Different Tectonic Movements

The strike of the stylolites in the study area was studied, based on the imaging logging
data. It is difficult to accurately determine the cutting relationship and filling characteristics
of stylolites based on the imaging logging data, due to the limited resolution, making it
hard to analyze the stylolites’ strike in different stages of the tectonic movements. However,
the stress of the three periods of tectonic movement in the study area is all NW-SE tectonic
compression, thus, the strike of the three periods of stylolites is the same [17]. The results
show that the direction of the three periods of stylolites in the study area is mainly NE-SW
trending, which is perpendicular to the direction of the maximum principal stress in the

study area (Figure 6).
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Figure 6. Strike of stylolites in the NT oilfield.

4.2. Analysis of Controlling Factors of Stylolites

Previous studies on the controlling factors of the stylolites primarily analyzed the
influence of the present geological condition on the distribution of the stylolites [11,38,39],
ignoring the difference between the present geological condition and the conditions at
the time of the stylolites’ formation. The geological conditions at the time of the stylo-
lites” formation were studied, to further examine the controlling factors of the stylolites’
development, in this paper. The development of stylolites is affected by the external stress
and the features of rocks. The external stress can be evaluated by using the curvature and
depth. The features of rocks include rock composition and rock texture, and the calcite
content, dolomite content, and clay content can be used to evaluate the rock composition,
and the rock texture can be evaluated by using the rock density, porosity, and grain size (r5).
Therefore, the controlling factors affecting the development of stylolites include structural
location and depth, rock composition, porosity, density, and grain size (rs).

4.2.1. Impacts of Structural Location and Depth on the Development of Stylolites

The formation of the low-angle bedding-parallel fractures in the study area is caused
by the formation of the anticline, thus, the low-angle bedding-parallel fractures and the
anticline were formed simultaneously. The low-angle bedding-parallel fractures were
formed during the second period of tectonic movement [24], therefore the anticline in the
study area was also formed during the second period of tectonic movement. Previous
studies have shown that hydrocarbon emplacement in the study area was formed during
the second period of tectonic movement [35-37], and hydrocarbon emplacement can only
occur after the formation of the anticline. This indicates that hydrocarbon emplacement
developed in a short time after the formation of the anticline in the study area, and therefore
the geological structure at the time of hydrocarbon emplacement was the same as that
during the formation of the second-period stylolites. The oil displaced the water in the
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reservoir, and it led to the stop of the pressure solution. Therefore, the oil-stained stylolites
of the second period must be formed before hydrocarbon emplacement, and they developed
simultaneously with the formation of the anticline. The oil reservoirs have been well
preserved after formation, demonstrating that the anticline had nearly no change after oil
charging, although it undergoes multi-period tectonic movements. Therefore, the anticline
at the time of the formation of the second-period stylolites was the same as the present
anticline. Besides, the reservoir was formed by oil displacement of the original reservoir
fluid, and the reservoir now had a unified oil-water contact [40], it can be inferred that
the reservoir fluid, before hydrocarbon emplacement in the study area, was connected in
the reservoir. This demonstrates that the fluid properties in different structural locations
of the anticline were the same at the time of the formation of the second-period stylolites.
Therefore, the difference of fluid properties in the development of stylolites of the second
period, can be ignored in this paper.

By analyzing the relationship between the distribution of the second-period stylolites
and the structural location at the time of the formation of the second-period stylolites, the
results show that both the low-angle and the high-angle stylolites developed more in the
high part of the anticline (Figure 7). The minimum curvature of the structural surface was
determined by using the Petrel software. The results show that the density of stylolites
increases with the increase in the minimum curvature, further confirming that the stylolites
are more developed in the high part of the anticline (Figure 8).

0.142
Density of low-angle stylolite

0-018, Density of high-angle stylolite

IZIFauIts

Figure 7. The distribution characteristics of the second-stage stylolites in the NT oilfield. (a) The
planar distribution of the second-stage stylolites in the NT oilfield. (b) Comparison of the stylolites
density in the high part and in the low part of the anticline.
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Figure 8. The relationship between minimum curvature and the density of stylolites.

There is a contradiction between the geological phenomenon, that the low-angle
stylolites of the second period are easier to develop in the high part of the anticline, and the
previously reported conclusion, that the low-angle stylolites are easier to develop in the
low part of the anticline [9,41]. The influence of structural location on the development of
low-ang]le stylolites is essentially the impact of depth. The deeper the buried depth is, the
easier it is to develop stylolites (Figure 9). The buried depth of the lower part of the anticline
is usually greater than that of the higher part, and the overburden pressure is larger, hence,
it is easier to develop low-angle stylolites in the lower part of the anticline. To explain
the geological phenomenon that the low-angle stylolites of the second period developed
more easily in the high part of the anticline in the study area, the tectonic framework of the
second period of tectonic movement was analyzed. The tectonic framework of the second
period of tectonic movement is high in the west and low in the east, and the formation
dip angle reached 15°. This illustrates that the crest of the anticline was deeper than the
limbs when forming the second-period stylolites, and the low-angle stylolites of the second
period are still more developed in the deeper zone (Figure 2), which is in agreement with
the conclusions of previous work. The geological phenomenon that the low-angle stylolites
of the second period developed more easily in the high part of the anticline in the study
area, is caused by the paleotectonic framework. The high part of the anticline has greater
horizontal compressive stress because of the larger tectonic deformation, thus it is easier
for high-angle stylolites to form.

4.2.2. Implications of Rock Composition on the Development of Stylolites

Based on the log interpretation results of rock composition in the study area, the influence
of rock compositions on the development of stylolites was investigated. In order to eliminate
the influence of structural location and depth, this study selected the adjacent coring interval,
with different rock composition for analysis. The results show that the dolomite of well section
I (Figure 10a), is more developed than that of well section II (Figure 10a), but fewer stylolites
developed in well section I. This indicates that the development of stylolites is inhibited with
an increase in dolomite content, but it is promoted with an increase in limestone (Figure 10a).
This is due to limestone being more prone to developing pressure solution than dolomite.
Besides, well section I (Figure 10b) has a higher clay content than well section II (Figure 10b),
and the stylolites are more developed in well section I, which indicates that the existence of
clay can promote the development of stylolites.
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Figure 9. The intensity of stylolites at different depths of well N-52 in the NT oilfield.
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Figure 10. The intensity of stylolites in well intervals with different rock composition. (a) The interval
with different rock composition of well NT-10. (b) The interval with different rock composition of

well NT-4.
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4.2.3. Effect of Rock Texture on the Development of Stylolites

(1) Influence of rock density and porosity on the development of stylolites

The impact of rock density on the development of stylolites was analyzed according
to the rock density log and the linear density of stylolites. Rock density is mainly dictated
by the mineral composition and porosity of the rock [42]. Therefore, in order to study the
influence of rock density on the development of stylolites, it is necessary to first clarify the two
important parameters of rock composition and rock porosity. The linear density of stylolites
and rock porosity, shown in Figure 10a, are the average values of all sampling points within
the corresponding variation range of rock density. Figure 10b displays the average mineral
content of rock within the corresponding variation range of rock density. It can be seen in
Figure 10a, that when the rock density is 2.4-2.5 x 103 kg/m? and 2.5-2.6 x 10® kg/m?, the
rock porosity is the largest, and the linear density of stylolites is also the largest. Therefore,
with the increase in porosity, stylolites develop more easily in rocks. This is because the large
porosity can make it easier for the fluid to flow, and promotes the continuous development of
pressure solution.

In Figure 11a, the rock porosity is smaller when the rock density is 2.2-2.3 x 10% kg/m3
and 2.3-2.4 x 103 kg/ m?3, than that when the rock density is 2.6-2.7 X 103 kg/ m? and
2.7-2.8 x 10% kg/m?3. Theoretically, the smaller the rock porosity is, the less developed the
stylolites are. However, when the rock density is 22-2.3 x 10° kg/m? and 2.3-24 x 10° kg/m3, the
density of the stylolites is higher than that when it is 2.6-2.7 x 10° kg/m3 and 2.7-2.8 x 10° kg/m?,
indicating that the smaller the rock density is, the more developed the stylolites are. According to
Figure 11a,b, when the rock density is small, the clay content of the rock is high, which is consistent
with the understanding that more stylolites develop with increasing clay content.

3.5
2.2~2.3 .
(a) mm (b) —=— Calcite
~ 5] . Low-angle stylolite - 0.08 1 —eo—Dolomite
«*E . ) o —a—Clay
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~ —n— =
5 257 Porosity -0.06 At
5 -0.04 3
> o
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...6 o
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0 -

2.2~2.3 2.3~24 24~25 25~26 26~27 2.7~2.8
2.5~2.6

Figure 11. Influence of rock density on the development of stylolites. (a) The relationship between
density of stylolites and rock density. (b) Rock composition of different rock density.

(2) Effect of grain size on the development of stylolites

Based on the data of mercury injection and the stylolites density log in the study area,
the influence of rock grain size on the development of stylolites was researched. The results
manifest that, although affected by other factors, the density of stylolites decreases with the
increase in rock grain size (Figure 12). This is consistent with the previous experimental
results of the effect of grain size on pressure solution [43]. This is mainly because the
smaller the rock grain size, the larger the rock specific surface area, and the larger the
contact area between rock and fluid, which is more conducive to accelerating the pressure
solution rate.
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Figure 12. Relationship between grain size and density of stylolites.

5. Discussion
5.1. Comparation of the Influence of Different Controlling Factors on Stylolites Development
Based on the analysis of the influence of different factors on stylolites” development,

this study further compared the influence of different controlling factors on stylolites’
development by using grey relational analysis. The raw data are shown in Table 2.

Table 2. Raw data of density of stylolite and controlling factors.

Density of Density of

Well Curvature Depth Calcite Dolomite Clay ROCF Porosity Is5 Low-Angle High-Angle
Content Content Content Density . .
Stylolites Stylolites
NT-55 0.000100 2309.3 0.283 0.267 0.45 2.308 0 62.114 0.39 0
NT-55 0.000100 2337.7 0.069 0.923 0.008 2.571 0.121 8.054 3.2 0
NT-55 0.000100 2338.9 0.073 0.920 0.007 2.558 0.126 1.976 3.2 0
NT-55 0.000100 2339.2 0.085 0.913 0.002 2.540 0.138 1.976 3.2 0
NT-55 0.000100 2347.8 0.354 0.474 0.172 2.444 0 17.808 0 0
NT-10 0.000118 2339.4 0.965 0 0.035 2.518 0.08 4511 1.21 0.01
NT-10 0.000118 2340.3 0.991 0 0.009 2.603 0.05 1.048 143 0.15
NT-10 0.000118 2341.7 1 0 0 2.639 0.025 0.61 1.76 0.37
NT-10 0.000118 2342.6 0.999 0 0.001 2.673 0.028 1.188 1.36 0.4
NT-10 0.000118 2343.0 0.998 0.001 0.001 2.613 0.035 1.095 12 0.4
NT-10 0.000118 2344.0 0.848 0.147 0.005 2.486 0.149 4.187 1.14 0.4
NT-52 0.000003 2281.6 0.692 0.211 0.097 2.513 0.086 0.148 0 0.4
NT-52 0.000003 2281.7 0.718 0.176 0.106 2.574 0.067 0.148 0 0.39
NT-52 0.000003 2356.5 0.707 0.219 0.074 2.667 0.025 0.098 0.2 0.4
NT-52 0.000003 2414.6 0.945 0 0.055 2.462 0.031 0.089 2.63 0.4
NT-52 0.000003 2414.8 0.962 0 0.038 2.45 0.055 0.089 2.95 0.4
NT-52 0.000003 2414.9 0.964 0 0.036 2.449 0.061 0.089 3.11 0.4
NT-52 0.000003 2417 0.69 0.269 0.041 2.524 0.105 0.114 3.98 0.4
NT-52 0.000003 2417.2 0.645 0.323 0.032 2.537 0.1 0.114 4.07 0.4
NT-52 0.000003 2418.1 0.85 0.081 0.069 2.527 0.087 1.909 4.6 0.4
NT-52 0.000003 2418.2 0.846 0.087 0.067 2.524 0.088 1.909 4.62 0.4
NT-52 0.000003 2419.3 0.878 0.119 0.003 2.509 0.095 2.339 4.67 0.53
NT-52 0.000003 2420.3 0.857 0.108 0.035 2.58 0.061 0.396 411 1
NT-52 0.000003 2421.6 0.956 0 0.044 2.609 0.028 0.294 3.59 1
NT-52 0.000003 24222 0.722 0.278 0 2.589 0.055 0.155 3.4 1
NT-52 0.000003 2422.3 0.738 0.262 0 2.59 0.054 0.155 3.4 1
NT-52 0.000003 24225 0.747 0.237 0.016 2.624 0.044 0.155 3.4 1

NT-64 0 2598.2 0.976 0 0.024 2.635 0.018 3.803 2.62 0.4
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The raw data were normalized, and the grey relational grade was calculated by
applying the DPS software. The results illustrate that there are obvious differences in
factors affecting the development of low-angle stylolites and high-angle stylolites. The
importance of the influence of different controlling factors on the development of low-angle
stylolites is given by depth, porosity, curvature, rock density, rock grain size, clay content,
dolomite content, and calcite content, in this order. The importance of the influences on the
development of high-angle stylolites proceeds as follows: curvature, calcite content, depth,
rock grain size, clay content, rock density, dolomite content, and porosity (Table 3 and
Figure 13). The low-angle stylolites are mainly affected by the depth, while the high-angle
stylolites are primarily influenced by the structural location. The grey correlation analysis
results show that the most critical controlling factor affecting the development of stylolites
is tectonism. This is consistent with the general knowledge of the controlling factors for
these two kinds of stylolites, and it confirms the accuracy of the analysis of the results.

Table 3. Results of grey correlation analysis.

Grey Relational Coefficient

Grey Relational Coefficient

Controlling Factors for High-Angle Stylolite Ranking for Low-Angle Stylolite Ranking
Curvature 0.8502 1 0.7955 3
Depth 0.8064 3 0.8783 1
Calcite content 0.8088 2 0.7524 8
Dolomite content 0.7679 7 0.7618 7
Clay content 0.7953 5 0.7627 6
Rock density 0.7740 6 0.7662 4
Porosity 0.7466 8 0.8034 2
Is 0.8011 4 0.7650 5
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©
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Figure 13. Analyzing the results of grey correlation analysis.

Porosity is one of the key controlling factors in the formation of low-angle stylolites,
but it has little effect on the development of high-angle stylolites. High porosity of rocks can
promote fluid flow and the pressure solution. The fluid in the formation flows horizontally,
thus, the high porosity formation more easily develops low-angle stylolites. As for the
high-angle stylolites, their longitudinal extension can pass through multiple layers. As
long as there exists one layer with high porosity, the fluid can flow rapidly in the horizontal
direction, and the pressure solution can develop continuously. The requirement for porosity
for high-angle stylolites is lower than that for low-angle stylolites (Figure 14). Therefore,
the influence of porosity on the development of high-angle stylolites is relatively small.
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Figure 14. Effect of porosity on different dip angle stylolites. (a) Effect of porosity on low-angle
stylolites. (b) Effect of porosity on high-angle stylolites.

5.2. Significance of Studying Stylolites for Oil and Gas Exploration and Development

Stylolites are of great significance for oil and gas exploration. Stylolites play an
important role in hydrocarbon accumulation. First, stylolites are an important channel for
oil and gas primary and secondary migration [44,45]. Second, stylolites are an important
factor affecting oil and gas storage. Stylolites themselves can provide storage spaces for
oil and gas, and can also affect the formation and distribution of caves in fractured-vuggy
carbonate reservoirs [46].

Stylolites are also significant for oil and gas development. Stylolites can improve the
permeability of the reservoir and promote seepage of underground oil and gas, which is an
important factor affecting oil and gas productivity [46,47]. In addition, stylolites are of special
importance to reservoir reconstruction, some of which can extend hundreds of meters, which
is of great significance to improving the efficiency of reservoir reconstruction, for example,
acid fracturing. However, it is also possible that stylolites connect with the edge water during
the reservoir reconstruction process, which may induce water channeling. Therefore, it is
necessary to evaluate the development characteristics of stylolites in the reservoir.

Because of the great importance of stylolites to oil and gas exploration and development,
it is necessary to study the genesis and distribution of stylolites. However, previous studies
ignored the issue of the formation period of stylolites, leading to some errors in the understand-
ing of its genesis and the controlling factors of their distribution. This paper systematically
elucidated the formation periods of stylolites in the NT oilfield, analyzed the controlling factors
of stylolites, based on the stylolite of the second period, and compared the influence of different
factors on stylolite development, which has important guiding significance for revealing the
genesis and distribution of stylolites.

6. Conclusions

Based on the data from coring and imaging logging, the characteristics of stylolites in
different periods were examined. There are three periods of stylolites, and all three periods
developed both the low-ang]le stylolites and the high-angle stylolites in the study area. The
prominent characteristics of both the low-angle and the high-angle stylolites of the second
period are oil-stained. The three periods of stylolites in the study area are mainly NE-SW
trending. Based on the interpretation results of the lithology log, porosity log, rock density
log, mercury injection data, and stylolite density log, the controlling factors of the stylolites
of the second period were analyzed. The development of stylolites is mainly affected by
structural location, burial depth, rock composition, rock density, porosity and grain size.
Both low-angle stylolites and high-angle stylolites are more prone to develop in the high
parts of the anticline, the deep zone, zones with high content of limestone and clay, zones
with low content of dolomite, and zones with low density, high porosity, and small grain
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size. The low-angle stylolites are more developed in the high part of the anticline due to
the influence of the paleotectonic framework in the study area.

Based on grey correlation analysis, the influence of different controlling factors on
the development of stylolites was analyzed. The importance of the influence of different
controlling factors on the development of low-angle stylolites is given by depth, porosity,
curvature, rock density, rock grain size, clay content, dolomite content, and calcite content,
in this order. The importance of the influences on the development of high-angle stylolites
proceeds as follows: curvature, calcite content, depth, rock grain size, clay content, rock
density, dolomite content, and porosity. Tectonism is the most important factor affecting
the development of stylolites.
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