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As a special type of fracture-cavity carbonate reservoir, fault/fracture-controlled
paleokarsts are affected by large strike-slip faults with various storage spaces, irregular
geometry, and stochastic spatial distribution, which brings new challenges to their 3D
quantitative characterization and geological modeling. Based on multi-scale research data,
a hierarchical scheme of a fault-controlled paleokarst is established for the Tahe oilfield,
and then a hierarchical modeling method for the paleokarst is proposed based on the
principles of hierarchical constraint and genetic control. The results show that the fault-
controlled paleokarst hierarchy is divided into four levels according to genesis and scale.
These are the strike-slip fault impact zone, the fault-controlled external paleokarst
envelope, the fault-controlled internal paleokarst architecture, and the internal karst
cave fillings. The strike-slip fault impact zone model is established using deterministic
data of the main fault, secondary fault, envelope range, and key geological horizons
obtained from seismic interpretation. Based on the seismic FL (Fault Likelihood) attribute,
the external envelope model of the fault-controlled paleokarst is established using the
deterministic method through automatic attribute segmentation and drilling calibration.
With the constraint of the external envelope, the internal architectural elements are
classified and modeled. A large-scale karst cave model and mesoscale discrete
fracture distribution model are established using the deterministic method based on
the seismic texture property and seismic ant property truncation. Taking well data as
conditional data and seismic-geological probability cubes as constraint data, the
sequential indication simulation and object-based marked point process simulation
methods are used to obtain the model of the dissolution pores distribution and the
model of the discrete small-scale fractures distribution, respectively. Finally, a typical fault-
controlled paleokarst reservoir in the TP area of the Tahe oilfield is taken as an example to
test the above modeling method; the 3D integrated model developed in this study can
reflect the spatial hierarchy of the fault-controlled paleokarst carbonate reservoir.

Keywords: fault-controlled paleokarst, fracture-cavity reservoir, carbonate reservoir, geological modeling, tahe
oilfield, tarim basin
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1 INTRODUCTION

Fault-controlled paleokarst reservoirs are a special type of
fractured-cavernous reservoirs, in which the caverns and
faults/fractures provide the main reservoir space. Unlike
porous and fractured carbonate reservoirs, fractured-cavernous
reservoirs are more complex, heterogeneous, and stochastic,
which makes them difficult to characterize (Loucks, 1999;
Loucks et al, 2004; Gong et al., 2021). The exploration and
development of the Tahe Oilfield in recent years have confirmed
the presence of this kind of reservoir. About 75% of the high-yield
wells in the Tahe area are distributed along the large faults that
controls the paleokarst reservoirs (Chen et al., 2010; Gong et al.,
2019).

Three-dimensional geological modeling is a key link in the
characterization of oil and gas reservoirs, and accurate geological
models are the basis for the effective management of these
reservoirs. Current geological modeling technology is relatively
mature for its application to conventional clastic rock reservoirs
and porous carbonate reservoirs. However, the fractured-
cavernous type of carbonate reservoirs is affected by strong
reformation in the later stage. Multi-scale discrete pore types
are mixed distributed, and the heterogeneity is extremely strong.
The modeling of this type of reservoir is still in the development
stage. However, because of the presence of the unique geological
conditions of the Tahe oilfield reservoir in China, the modeling of
carbonate fracture-cavity reservoirs began early in China. Many
scholars have achieved valuable modeling results after more than
10 years of research. Some of the models of carbonate fracture-
cavity reservoirs proposed include seismic-based reservoir
classification modeling (Hou et al.,, 2012; Hou et al,, 2013; Ma
etal,, 2013), multi-constrained random modeling (Hu et al., 2013;
Lv et al, 2017; Liu et al, 2018), combined deterministic and
random modeling under karst model constraints (Zhang et al.,
2007; Zhao et al., 2008; Liu and Wang, 2012; Lu et al., 2012; Li
et al, 2016; Li et al, 2016), and multi-point geostatistical
modeling with seismic facies or large-scale caverns as training
images (Zeng et al., 2010; Zhao et al., 2011; Zeng et al., 2013). The
above models have almost accurately modeled the distribution
and fusion of multi-type and multi-scale reservoirs from different
perspectives; karst landforms and karst belt constraints have been
introduced, and models of the epigenetic karst fractured-
cavernous reservoirs in the main area of the Tahe Oilfield
have been developed. The concept model has incorporated
geological constraints and achieved good results.

Like the fracture-cavity reservoirs in the main Tahe area, fault-
controlled paleokarst reservoirs are also affected by multi-phase
tectonic movements and multi-phase karstification, and there are
multiple types of these reservoirs. The difference with epigenetic
karst fractured-cavernous is that the main controlling factors of
fault-controlled paleokarsts are large-scale strike-slip faults.
However, from the perspective of “genetic modeling,” few
studies have been performed to model fault-controlled
fractured-cavernous reservoirs. This study aims to create a
new geomodeling approach to reveal the strong 3D
heterogeneity within fault-controlled paleokarst reservoirs.
Taking the TP block in the southern Tahe oilfield as an
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example, this study establishes three-dimensional geological
modeling methods for the fault-controlled paleokarst
carbonate reservoir in the study area and creates a 3D model
of the reservoir by using outcrop observations, core samples, well
logging data, and high-quality 3D seismic data to better reveal the
heterogeneity of this type of reservoir. The results are significant
for the future exploitation of similar reservoirs in the Tarim
Basin.

2 GEOLOGICAL SETTING

Located in the Tarim Basin in northwestern China, the Tahe oilfield
is the largest marine carbonate oil and gas field in China. The main
target formation of this oilfield is Ordovician strata that have a
buried depth of more than 5,500 m. The Tahe oilfield is situated on
the southwestern slope of the Akekule Arch. The Akekule Arch is
located within the Shaya Uplift of the Tarim Basin, which is south of
the Kuche Depression, west of the Caohu Sag, and north of the
Shuntuo Lower Uplift and the Manjiaer Depression. The Akekule
Arch has undergone multiple stages of tectonic movements,
including Caledonian, Hercynian, Yanshanian, and Himalayan
movements (Figure 1; Yu et al,, 2011).

Within this oilfield, hydrocarbon reservoirs have been
identified in Triassic, Carboniferous, Devonian, and
Ordovician strata, and oil production from Ordovician
paleokarst reservoirs accounts for approximately 73% of the
total oil production from this oilfield (Dou, 2014). From the
bottom to the top, these Ordovician strata are divided into the
Penglaiba Formation (O,P, which is predominantly dolomite),
the Yingshan Formation (O,.’°, limestone), the Yijianfang
Formation (0O,”, predominantly limestone), the Querbake
Formation (O;% knotty limestone containing mud), the
Lianglitage Formation (05, argillaceous limestone and
grainstone), and the Sangtamu Formation (O5°, mudstone and
limestone) (Chen et al., 2010; Qi et al., 2010).

The Akekule Arch also underwent a series of erosional
episodes and many NE or NW trending large-scale deep-
seated faults were formed during the Caledonian and
Hercynian movements. This caused the remaining Ordovician
formations to become uneven and established an unconformity
interface (T,*) between the Middle-Lower Ordovician strata and
the upper strata. Meanwhile, these events established the
morphological diversity of the karstic cavernous systems and
created ancient large-scale karst reservoirs, which form the
current highly fault-controlled karst reservoirs in the southern
region of the Tahe oilfield (Figure 1).

The TP block is located in the southwest of the Tahe Oilfield.
There are multiple sets of NNW-NNE trending “X” fault systems
of different scales in the area with the TP12CX strike-slip fault
being the largest. The TP12CX fault runs through the entire TP
block along the NNE direction and extends over 50 km. Typical
fault-controlled paleokarst reservoirs are developed and are
divided into different segments according to the fault zone
and the dynamic production characteristics. Along the
TP12CX fault zone, the TP101 unit is selected in this study
for modeling (Figure 1).

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 840661


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al. Hierarchical Modeling of Paleokarst Systems
A B Stratum system Tectonic system
Group |System  Series
P e
s
Cx ,’_‘
= e
- o z
= = 5
3 CK| s g s
5 [ = 2=
o Cb 5 ol o
= = a | =
g = 51|28
2 7 Dd e 3
§ D, =
s R )
L s
Sk| o
/ Os H
/ ‘ I 0.l _ |2
Pl /(‘X/ \ D 50 km 2 o I i 2 ‘ 9
! gle 4 s &
50N s | § g | &
\\ / / / Kuche depressie :1‘ e 0.j S| 5| m
£|& ES P
g | =& I’ g z
S| E i os 3
& 5. S
g H
i OP T = ;'—
2
0 10 km NE
— W3
€ 5|3
= [}
2
T,
o> o2l F T Fl

Basin Boundar st

Boundary of second
boundary

class architecture unit

class architecture unit Tahe Oilfield Studyarea

FIGURE 1 | Location of study area and comprehensive stratigraphic column. P2—Middle Permian; Cox—Upper Carboniferous Xiaohaizi Formation; Ckl—Lower
Carboniferous Karasayi Formation; Cib—Lower Carboniferous Bachu Formation; Dsd—Upper Devonian Donghetang Formation; D4.,— Middle-Lower Devonian;
S,_3—Middle-Upper Silurian; Sik—Lower Silurian Kepingtag Formation; Ozs—Upper Ordovician Sangtam Formation; Osl—Upper Ordovician Lianglitage Formation;
0O39—Upper Ordovician Qalbak Formation; O,yj—Middle Ordovician Yijianfang Formation; O4_,y—Middle and Lower Ordovician Yingshan Formation;
O1p—Lower Ordovician Penglaiba Formation; € —Cambrian; T¢®—The reflection wave interface of the Carboniferous standard limestone (bimodal limestone) top;
T, °—the reflection wave interface of the Ordovician top; T,*—the reflection wave interface of the unconformity caused by the mid-Caledonian tectonic movement;
Tg ©—the reflection wave interface of the Cambrian top; T °-the reflection wave interface of the Sinian top; F1-TP12CX fault; F2-S99 fault; F3-Langa fault; F4-T708 fault;
F5-T707 fault. (A) Structural location map of Tahe oilfield; (B) comprehensive stratigraphic histogram of Tarim Basin.
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3 DATA AND METHODS

The case study area (unit TP101) is a typical fault-controlled
paleokarst reservoir located along the TP12CX strike-slip fault
zone of the TP Block (Figure 1). Over more than 15 years of
hydrocarbon exploitation, nearly 40 wells have been drilled in this
unit, where the main target zones are the Yijianfang and Yingshan
Formations (burial depth of >5,500 m). Imaging logging data
(FMI), conventional logging data, a lot of production data, and
some core samples have been obtained from individual wells and
can be used to characterize the faulted karstic reservoirs. When
these data are combined with high-precision 3D seismic data, the
delineation of the 3D distribution of the karst reservoir can be
effectively determined.

3.1 Core Samples and Outcrops

A total length of 70 m of cores was obtained from three
representative wells in the study area. These samples were
observed and described in detail, with special attention given

to the karstic fractures or caverns found to be developing around
faults. The field outcrops in the Bachu area underwent similar
karstification events during the Caledonian-Hercynian periods as
the deeply buried Ordovician paleokarst reservoir within the
study area. Studying these outcrops can contribute to a better
understanding of the characteristics of fractured caverns.
Furthermore, by investigating the karstic development process
from typical outcrops, it is possible to qualitatively understand
their fault/fracture control relationships and establish a fault-
controlled karstic geologic model of the TP Block in the southern
Tahe oilfield.

3.2 Well Data

Well data, also called “hard data,” includes descriptions of the
cavern type and intervals as well as other physical information.
Paleokarst elements and their surrounding host rocks can be
analyzed based on their different geophysical features. Using
conventional well-logging data (i.e, radioactivity, density,
resistivity, and acoustic velocity) calibrated by cores, it is

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 840661


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al.

possible to recognize the characteristics of the architecture of
paleokarst reservoir elements. In this study, conventional well-
logging data obtained from 40 wells were used to identify
paleokarst reservoirs, especially large-scale paleokarst reservoirs
formed around faults. However, when a well-trajectory intersects
with an unfilled cavern, serious leak-off and circulation-loss may
lead to early well completion; thus, as a result, only the upper
depth of the cavern interval may be recorded.

3.3 Three-Dimensional Seismic Data
Three-dimensional seismic datasets play a key role in
characterizing the distribution of paleokarst reservoirs. The
seismic data used in this study encompasses the entire TP
Block, with a bin size of 25m x 25m and a sampling interval
of 2ms. The frequency spectra extracted from the target zone
ranged from 14 to 37 Hz (average of ~24 Hz). Consequently, the
vertical resolution of the reservoir section was approximately
33m for the pre-stack seismic processing techniques. Scale
measurements of paleokarst reservoirs record strong
differences in amplitude (and/or other energy attributes)
relative to those of the host rocks. In this study, we introduced
the seismic texture attribute to identify the location of the karstic
reservoir due to the advantage of its sensitivity to anomalous
geological reflections. Large-scale paleokarst reservoirs are
displayed as so-called “bright spots” in seismic images; the size
of these “bright spots” correlates positively with the scale of the
paleokarst reservoir. This information can be used to directly
identify large-scale paleokarst reservoirs between single wells.

3.4 Faults and Stratigraphic Interpretation
In the study area, the presence of fault zones and related fractures
are key factors affecting the formation of karstic reservoir “sweet
spots.” Most tectonic activity here is represented by strike-slip
faults, which are difficult to interpret in deeply buried strata.
However, by using seismic event breaks and seismic attributes
(e.g., coherent and ant tracking attributes), it was possible to
analyze the strike-slip faults in detail via manual interpretation
and automatic fault-patch extraction. These faults were
interpreted using a density of 2 x 2 lines, and the process was
also guided by the planes and profile characteristics of the strike-
slip faults. Besides, the strata penetrated by deep-seated faults
were also key factors for analyzing the fault-controlled karst
system, and the typical stratigraphic interfaces (e.g., T,*, T%
T,% Tg’, and Ts') were interpreted manually based on seismic
amplitude reflections.

4 HIERARCHICAL DIVISION OF THE
DISSOLUTION SYSTEM STRUCTURE

Previous studies have demonstrated the applicability of fracture-
vuggy reservoir modeling principles (Hou et al., 2013), that is, the
isochronous principle does not apply to fracture-vuggy reservoirs,
while genetic modeling and hierarchical modeling principles can
still be used as important guidance methods. The formation of
fault-controlled paleokarsts is related to paleo morphology,
ancient structure, and karst water conditions (Loucks, 1999;
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Zhou et al,, 2011; Han et al,, 2016; Wen et al., 2017; Lu et al,
2018; Wang et al., 2019). Especially for the genetic mechanism of
fault-control, establishing a genetic model that accords with the
characteristics of fault solutions is very important.

The geological origin control idea determines the division of
architectural levels, and a fault -controlled karst is the result of the
comprehensive action of faults and dissolution that influence
each other. Relevant scholars have also summarized the
development mode of fault-controlled solutions (Wu et al,
2017; Wang et al.,, 2019) by mainly considering the geometric
shape difference caused by different positions of fault zones, while
further hierarchical relationships about fault-controlled
paleokarsts need to be elaborated systematically. This study
starts from the faulting and dissolution process, considers
faults and the dissolution degree of carbonate rocks as key
factors, and divides the dissolution system into several grades
(Figure 2). A hierarchical division is a prerequisite for
hierarchical constraint modeling. Considering the scale and
hierarchy of paleokarst elements, four architectural levels are
divided (Figure 3).

1) The first level is called the strike-slip fault impact zone
(Figure 3A), which mainly includes the main faults,
secondary faults, derived micro-fractures, and the main
scopes affected by the in-situ stress in the process of
cracking from the perspective of tectonics. The strike-slip
fracture zone is essentially the comprehensive influence range
of strike-slip faults, and its storage performance is better than
that of tight limestone. The plane has a certain width, and the
scale ranges from about 100 m to kilometers; the vertical scale
has a large extension height, even breaking through the base
(To®), and the scale varies from hundreds of meters to several
kilometers. The cross-sectional shape is differentiated
according to the difference in stress, usually including
flower-shaped faults (positive or negative); the horizontal
extension is also large—tens of meters to hundreds are
common—and the segmented features appear alternately.

2) Level two is called the fault-controlled external karst reservoir
envelope (Figure 3B). Obviously, it is constrained by level
one. The internal stress difference in the strike-slip fault zone
will inevitably which is affected by the degree of rock
fragmentation, which focuses on the parts with high
fragmentation concentration, dense cracks, and increasingly
concentrated dissolution of carbonate rocks. It is defined as
the external geometry of the fault-controlled external karst
reservoir, which is often controlled by the range of the strike-
slip faults, and the scale is usually slightly smaller than the
range of the strike-slip fracture zone.

3) Level three is called the fault-controlled internal karst
elements and it is inside the fault-controlled external karst
reservoir envelope (Figure 3C). As the name suggests, it is
controlled by the external geometry of Level two. The internal
fracture-cavity zone is composed of different elements formed
by different solution degrees; it includes large-scale caves,
dissolved vugs, and a crack-intensive zone. There are
combination rules among different elements. Usually, there
are more dissolved vugs around large-scale caves, and the

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 840661


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al.

Hierarchical Modeling of Paleokarst Systems

Schematic diagram of geological conceptual model.

FIGURE 2 | Three-dimensional geological conceptual model of fault-controlled paleokarst model. (A) Integrated of well and seismic data for geological analysis; (B)
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crack-intensive areas are mainly distributed around the
cavities or vugs. The scale of the internal structural
elements is around 10m to hundred meters. There is no
fixed shape for the cavity and vugs in the three-dimensional
space, and their differences in scale and shape are large.

4) Level four is called the cave internal filling zone (Figure 3D),
which is the smallest level of this hierarchical division. The
information of filling degree and filling lithology types inside
caves is mainly from the analysis of field outcrops, cores and
drilling, and logging. When a cave is completely filled, the
filling lithology sequence and vertical scale can usually be
analyzed through outcrops or logging. Its three-dimensional
spatial form, internal contact relationships, and combination
forms often have multiple forms, which are difficult to
characterize, and a challenge for geological modeling. The
scale of the internal filling elements is constrained by the scale
of the large cave, and the scale ranges from decimeters to
meters.

5 HIERARCHICAL MODELING OF THE
FAULT-CONTROLLED PALEOKARST
RESERVOIR

Since a surface karst fracture-vuggy reservoir is a special type of
carbonate fracture-vuggy reservoir, some technical ideas, such as
multi-type, multi-scale, and multi-constraint characteristics, are
still applicable to a certain extent. The big difference of method is

that using a different concept karst model adjusts the
“hierarchical modeling.”

5.1 The Method of Hierarchical Modeling for

Paleokarst System

The principle of hierarchical modeling is that the high-level sub-
elements constrain the modeling process of the low-level sub-
elements, that is, the high-level sub-elements provide the
constraints. The process of constraining considers geological
origin, that is, genetic control. The idea of step modeling is
step-by-step modeling. Therefore, the idea of hierarchical
modeling of fault-controlled karst systems used in this study
involves “hierarchical constraint, genetic control, and step-by-
step modeling”.

The method of modeling the hierarchical constraints of fault-
controlled paleokarst reservoirs needs to clarify the
correspondence between the different architectural elements. A
fault-controlled paleokarst, as a strongly reformed kind of
reservoir, loses its original sedimentary layered isochronism,
but from the perspective of the fault dissolution reformation
process, there are still certain processes to consider while
modeling it, especially the strike-slip fault zone which is its
biggest controlling factor. Fault-controlled paleokarst have
experienced multiple periods of tectonic activities (Wen et al,
2008); the superposition of multiple movements has formed
faults or fractures of different scales, and the hierarchical
relationship of fractures is more obvious from the perspective
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of scale. The karst process occurs in coordination with fault
activity, the formation of caves, and the dissolution of pores of
different scales, and these also have a certain hierarchical
relationship with each other.

The modeling of a fault-controlled paleokarst reservoir based on
genetic control needs to specify the controlling factors. The
geological genesis is usually represented by the geological model.
Therefore, the geological model of each level of karst reservoirs needs
to be clarified after the level is divided. For the strike-slip fault zones,
the distribution pattern of the main faults from the perspective of
tectonics needs to be clarified. For the external envelop and the
internal texture of fracture-caves, specific models need to be
established from the perspective of fault-controlled karsts. For the
filling of large caves, the filling rules in the cave and the filling pattern
need to be established. Each level of the karst reservoir elements has
corresponding concept geological modes for quantitative guidance,
which helps to achieve the purpose of genetic control modeling.

The step-by-step modeling of the dissolution system needs to
optimize the applicable modeling algorithm according to the
characteristics of each level. Firstly, a large-scale strike-slip fault
stratigraphic framework was established in this study according
to the strike-slip fault zone model, and then the outer envelope
model of the fault-controlled fracture-cavities was further
established inside the framework; then, the classification and
fusion modeling of the large caves, dissolved pores, and fracture
zones inside the envelope were carried out to achieve the Nested
modeling of each level.

Based on the foregoing information, the hierarchical modeling
method of the fault-controlled paleokarst reservoir was further
developed in detail, specifically according to the four levels of the
divided zones (strike-slip fault impact zone, fault-controlled
external karst reservoir envelope, fault-controlled internal karst
elements, and internal cave filling) (Figure 4).

5.2 Modeling Process and Results Analysis
5.2.1 Modeling of the Strike-Slip Fault Impact Zone
The modeling of the strike-slip fault impact zone is mainly based
on the fine processing of seismic coherence attributes. Guided by
the development model of a fault-controlled paleokarst reservoir,
the main faults and the envelope of the strike-slip zone were
artificially interpreted, and a strike-slip fault impact model was
established by a deterministic method. The specific process
includes the following steps:

Three-dimensional analysis of the strike-slip fault impact zone
based on seismic information. Using the method of structural
analysis and based on high-precision three-dimensional coherent
data, three-dimensional interpretations of the main strike-slip
faults, secondary faults, and key geological horizons were carried
out. This analysis focused on the Ordovician paleokarst reservoirs
in the study area. Through the interpretation of seismic survey
lines, the main faults and branch faults were spatially combined.
The sections usually show single-branch and flower-like patterns.
Among them, the flower-like structure section has obvious
characteristics of the combination of the main and branch
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FIGURE 4 | Hierarchical modeling chart of the fault-controlled paleokarst reservoir.

faults. The main faults break through the basement, while the
branch fractures are divergent, converging to the bottom and
merging into a certain stratum, resulting in a strong degree of
fragmentation of the shallower stratum. Obviously, it has the
characteristics of being wide at the top and narrow at the bottom.
In addition to fault analysis, stratigraphic horizons are also
important factors because many strike-slip faults cut through
them. Therefore, important three-dimensional stratigraphic
horizons were also interpreted (T, T,%, T,%, Tg’, Ts', etc.).
Realization of the three-dimensional model of the strike-slip
fault impact zone. Due to the large scale of the strike-slip faults,
the main input data for this level of modeling relies on the
aforementioned 3D seismic interpretation and fault pattern
recognition. Using the Petrel software platform, the outer
envelope of the strike-slip fault zone was set as the model
boundary, and the identified main faults, branch faults, and
key geological horizons were used as the framework data;
then, the strike-slip fault impact zone model was established
by structural stratigraphic modeling. The modeling grid size was
30 m*30 m in the X and Y directions. A variable grid size method
was adopted in the Z direction. The step is 2m in the target
Yijianfang and Upper Yingshan zones, while the step size is 5m
for the other zones. In the model (Figure 5), the main fault is
distributed with good continuity and spans the entire study area
along the strike with an extension length of about 15 km. The
branch faults are relatively weak in continuity and are nearly
parallel to the main fault or obliquely intersecting at a small angle.
The faults’ impact boundary is also reflected in the seismic
coherent attributes which is significantly different for the
surrounding layered rock strata, making it easier to identify
and interpret. The flower-like structure concept model was
used as a guide in the interpretation process, reflecting the

characteristics of “narrow underneath and wide on the top”
(Figure 5A). Based on the characteristics of the longitudinally-
crossing horizons of the main faults in the area, the key geological
horizons were tracked and interpreted (Figure 5B), and the
strike-slip fault impact external envelop was used as the
modeling boundary to create the stratigraphic model
(Figure 5C). Finally, the fault model was integrated with the
stratum model, that is, the final strike-slip fault impact zone
model (Figure 5D) was obtained according to the three-
dimensional structural modeling method, which served as the
basic framework for the fault-controlled karst reservoir modeling.

5.2.2 Modeling of the Fault-Controlled External Karst
Reservoir Envelope

In the hierarchical modeling of the fault-controlled karst system,
the karst reservoir’s external envelop is constrained by the strike-
slip fault impact zone, and the modeling process needs to be
carried out inside the strike-slip fault impact zone model. The key
steps are as follows:

Seismic prediction of the fault-controlled karst reservoir’s
external envelop. The range of the karst reservoirs envelop is
obviously controlled by the fault impact zone, that is, strike-slip
faults are “cavity-controlling faults.” Therefore, the seismic
prediction of a karst reservoir’s external envelop requires the
identification of attributes that are more sensitive to fracture
density. Existing studies have achieved relatively good results
through the use of structure tensors or other attributes (Wen
et al, 2008; Ma et al, 2018). In this study, the FL (Fault
Likelihood) attribute, which is more sensitive to structure-
related information, was used to describe the external envelope
of the fault-controlled karst. The Likelihood attribute is a fracture
imaging algorithm based on sample point processing (Ma et al.,
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2018); it depicts a fracture through a similarity attribute. The
Likelihood attribute has a value between 0 and 1 to indicate the
possibility of a fracture, and can, to a certain extent, reflect the size
and range of the possible envelope. Another key problem of
envelope prediction is the determination of the seismic attribute
threshold. Horizontal or vertical well drilling time curves or other
logging characteristics can be used as a calibration method.
However, due to the absence of well log calibration data, we
used an automatic segmentation technology to automatically
recognize the range of the external envelope (Otsu, 1979). The
technical principle is similar to image recognition. The threshold
segmentation  algorithm can automatically count the
segmentation thresholds between different seismic attribute
values in a certain data set and can ensure the largest
statistical variance inter-cluster to achieve a statistically
significant classification. Based on this method, the attribute
cut-off value of the external envelope boundary of the fault
solution was initially determined to be 0.25, that is, only an
attribute with an FL higher than 0.25 were included in the
envelope, while attributes lower than 0.25 were deemed to
belong to the surrounding rock formation.

Realization of the fault-controlled karst reservoir’s external
envelop. The modeling method adopted here was deterministic
target modeling. The main realization process is to use the

geological target body identified through seismic
interpretation as the data input and follow the principle of
adjacent optimal sampling from the seismic scale to the
geological grid model. When there is a situation that is
inconsistent with the well-point data or the understanding
of the geological concept model, the geological target body
should be manually modified appropriately. The overall model
needs to reflect the characteristics of being constrained by the
strike-slip fault impact zone and should have segmentation
along the fault direction. Based on the above-mentioned
seismic prediction results, the geological target body was
extracted and incorporated into the established strike-slip
fault impact zone model through deterministic target
modeling. The interference of abnormal bodies outside the
strike-slip fault impact zone was eliminated and the karst
reservoir’s external envelope model in the study area was
established. This model reflects the difference in the spatial
distribution (Figure 6). The overall width near Well TP101 is
large, and the vertical development is deep and continuous;
however, the width near Well TK1058 is narrower and the
vertical development becomes shallower with less continuity.
The external envelope distribution variety along the strike also
further reflect the characteristics of the strike-slip faults’
segmentation.
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5.2.3 Modeling of the Fault-Controlled Internal Karst
Elements

The fault-controlled internal karst elements, also called fracture-
cavity zones, include large-scale caves, dissolved pores, and
fracture-intensive zones. They have the characteristics of large
differences in scale and discrete distribution. The steps to classify
and model the fracture-cavity zones are as follows:

Single well identification of internal elements. Well data is
usually called conditional data or hard data in geological
modeling and is mainly used to constrain the model or check
the rationality of the geological model. Large caves, dissolved
pores, and fracture-intensive zones have certain characteristics in
cores, drilling and logging data, imaging logging data, and
conventional logging data. When encountering drilling tool
venting, serious leakage, and a sudden drop drill stem during
drilling, it is most likely to be because the caves are not filled. For
filled caves, different lithologies give rise to different
characteristics in conventional logging data. Core and imaging
logging data can provide more accurate information on dissolved
pores and they can be calibrated to have similar curve
characteristics as conventional pore types in carbonate
reservoirs. In this study, the fracture-intensive zone mainly
refers to areas of small-scale fractures. The fracture density
and other parameters were determined by core and imaging
logging data. Based on statistical analysis, we established a
foundation for the subsequent fracture modeling.

Establishment of the geological constraint trending model.
The core of genetic controlling lies in the effective constraint of
geological laws in the modeling process, and reasonable
constraint conditions are essential to improve the accuracy of
the model. According to the understanding of the distribution of
“fault-controlled cavities,” the development of fault-controlled

fractures and caves is closely related to the scale of the faults. The
larger the scale and the longer the extension of the main fault, the
greater is the width and depth of karstification, and the more
developed are the fractures and caves. The development of fault-
controlled fractures and caves is also highly related to the distance
from the fault. The farther away from the main fault, the weaker
the development of fractures and caves and the smaller the scale.
There is a similar rule for branch and secondary faults. Based on
this geological understanding, in accordance with the principle of
fault-controlled fracture-cavity development with the main-
controlling fault as the core, a geological probability model of
the horizontal fracture-cavity development was obtained
(Figure 7A); in this model, the closer to the fault, the greater
is the development of the fracture-cavities. According to the
preliminary understanding that the stratum along the
unconformity surface is dominated by underwater seepage and
dissolution, the fault-controlled karst in this area has experienced
multiple tectonic ups and downs. The T,* unconformity surface
at the top of the Yijianfang Group is the most obvious. Based on
statistics of the development of longitudinal fractures and caves
from data from multiple wells in this area, the thicker fractures
and caves encountered are mainly close to the middle and upper
part of the Yijianfang Group, which is closer to the T,* interface.
Thinner and smaller fractures and caves are encountered
downwards. Therefore, using this interface as the datum plane,
the vertical development geological probability volume was
obtained according to the distance relationship (Figure 7B).
Establishing the seismic constraint trending model. Fracture-
cavity reservoirs cause a low degree of well control, and the
seismic probability volume can be used as a soft constraint to
improve the accuracy of reservoir prediction. Karst cave
reservoirs are characterized by bead-like characteristics in
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seismic reflections, and most seismic attributes have a certain
response. Many scholars have calculated that seismic impedance
has a good corresponding relationship with the presence of karst
caves (Liu and Wang, 2012); seismic impedance, which is highly
affected by the lithology and physical properties of strata and
fluids, has been used to characterize the main area of the Tahe
Oilfield. It is mostly used to predict the porosity in porous
carbonate rocks. Fracture-cavity reservoirs are often affected
by the presence of layered strata, and especially in the
Ordovician strata in the study area, it is not easy to remove
the interference of these layered strata solely through the use of
impedance information. In view of this, we introduced the
seismic Texture attributes to predict the distribution of karst
caves (Gao, 2007; Gao, 2008; Gao, 2011). The Texture attributes
are mainly based on seismic waveform clustering, which
combines and strengthens the information of similar spatial
waveform textures that are more sensitive to the reflection of
karst reservoir abnormal geological bodies. It is more suitable for
the detection of karst cave reservoirs and can indicate the
possibility of karst cave development in the form of a
detection probability with values ranging from 0 to 1. It can
be used as a seismic constraint trend to predict the presence of
large karst caves and corroded cavities. After denoising the
seismic data in the study area, the texture data was extracted.
The attribute value represents the possibility of cavity
development, which is gridded into the model as the seismic
probability volume (Figure 7C). Finally, in order to facilitate the

use of constrained bodies, the above three probability bodies were
integrated into a set of geological and comprehensive seismic
probability bodies (Figure 7D) by linear merging according to an
appropriate fusion ratio; these served as the trending model to
support the modeling of the internal elements of the karst
reservoir.

Discrete distribution model of large caves. The average
diameter scale of large caves is greater than 5m. Seismic data
can basically be used to identify caves. Using the deterministic
modeling method of target truncation, the Texture attributes
were calibrated based on the results of multi-well cave recognition
to determine the threshold value of a cave. Firstly, we established
a preliminary distribution model of large caves based on the
Texture threshold. Then, according to the development mode,
appropriate artificial-computer interaction correction was
achieved to fit all the existing data, and we obtained the large
cave model. A total of 62 large caves have been drilled and
identified by 40 wells in the study area. The thickness of the
drilled caves ranges from 5 to 35m. The current seismic
resolution can basically identify the location of caves with a
main frequency of about 25 HZ. The texture data volume that
reflects the characteristics of the waveform was extracted and it
was resampled into the geological grid; then, the calibrated
Texture attribute value was truncated using logging and
dynamic data. Through the artificial-computer interaction
correction, the deterministic method was used to establish the
large-scale cave geological model (Figure 8A). From the
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FIGURE 8 | Fault-controlled paleokarst internal elements models in the TP12CX units. (A) Three-dimensional model of large caves; (B) Three-dimensional model of
dissolved pores; (C) Large and medium fracture model; (D) Small fracture model.

distribution characteristics of large-scale caves, the law of fault-  distribution of dissolved pores reflect the characteristics of
controlled is very obvious (Figure 9), and large-scale caves are  genetic control.

distributed shallower than the unconformity surface T,*. The Discrete multi-scale fractures distribution model. The
caves distributed in the upper part are more developed than the  hierarchical fractures of different scales are obvious. The
deeper part. hierarchical fracture network model was established step by

Dissolved pores distribution model. Dissolved pores have  step at the large, medium, and small scales. The large fractures
some characteristics of conventional pore-type carbonate  are equivalent to the main strike-slip faults and were already
reservoirs, and they have a certain degree of randomness.  incorporated in the strike-slip fault model. Therefore, here we
However, according to their genetic relationship with large  mainly focus on the simulation of the distribution of the medium-
fault-controlled caves, their modeling is mainly performed  sized and small fractures. Medium-sized fractures are considered
through sequential indicator simulation methods with multi-  to be fractures that can be further identified by enhancing the
trend constraints. The multi-trends specifically include the  discontinuity of seismic data, so the ant tracking technology was
aforementioned geological probability volume along the main  used to automatically track the fractures in different directions.
faults and the seismic probability volume reflecting the possibility =~ The deterministic method was used to establish the discrete
of karst pores distribution. The established large-scale cave model ~ distribution model of the medium-sized fractures (Figure 8C).
is used as the “facies control” constraint. After adjusting the  The results show that the strikes mainly include three directions
variation variogram, we finally get the discrete distribution model ~ of northeast, northwest, and east-west, with dip angles of 60-90
of the dissolved pores. Taking the dissolved pores results  and extension lengths of 130-1,500 m. It is difficult to identify
identified from 40 wells in the study area as the hard data for ~ small fractures directly due to the seismic resolution limitation.
modeling, the comprehensive probability volume obtained above ~ The statistics of fracture parameters from wells combined with
(Figure 6D) was used as the inter-well constraint, and the  the characteristics of outcrops in the field show that the fracture
sequential indicator simulation method was used to establish  length is about 3-130 m. Constrained by the seismic-geological
the three-dimensional distribution model of the dissolved pores  probability volume of the fractures generated by the existing large
(Figure 8B). The dissolved pores model reflects the same  faults (Figure 7), the object-based process modeling method was
distribution characteristics as the large-scale karst caves model ~ adopted, and we obtained the discrete model of small fractures
(Figure 9); further, the segmentation and longitudinal  (Figure 8D).
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5.2.4 Modelling of the Internal Cave Filling

The internal cave filling directly determines the quality of a
fracture-vuggy reservoir, which is difficult to characterize due
to data limitations and the high degree of heterogeneity.
Geological modeling at this level is challenging. Current
research on fracture-cavity filling is mainly based on single
well data (core, imaging, and conventional logging) and field
outcrops. A single well can basically identify the filling lithology,
physical properties, and vertical sequence characteristics of the
internal cave filling (Smosna et al., 2005; Li and Fan, 2011; Tian
et al,, 2012). The relationship among various filling elements can
be partially recognized in the outcrop, but the morphological
characteristics, especially the quantitative distribution, are still
poorly understood. Therefore, it is difficult to directly establish
the internal model of each filling element in underground cave
reservoirs. The change of physical properties can be reflected by
different cavity filling lithologies. There is a good correlation

between impedance properties and reservoir porosity. The
difference in porosity in a cave can indirectly reflect the
difference in the composition of filling elements, for example,
high porosity values may indicate a filled or unfilled sandstone
and low porosity values may indicate a filled breccia or a layer
filled with cemented calcite. Impedance volume was used as a soft
constraint, a large cave was used as the “facies control,” lithology
data from wells were used as conditional data, and the sequential
indication simulation method was used to obtain the internal cave
filling model (Figure 10). The results show that the distribution
roughly reflects the filling sequence inside the cave, and there is a
certain layered constraint relationship between its distribution
and impedance.

Finally, the karst caves and fractures of different scales under
the same grid system were merged, and according to the principle
of facies priority (Lv et al., 2017), several different elements were
assigned with different weights, which represent the priority in
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the merging process, and then, the multiple discrete model of the
fault-controlled karst system was established (Figure 11).

6 DISCUSSION

Fault-controlled paleokarst reservoirs are highly heterogeneous
due to the various types of cavern contents and the degree of
filling. The characterization of these reservoirs’ internal
architectural elements and the construction of robust
geological models are two basic approaches to improve oilfield
development. Future research regarding the characterization of
the internal architecture of karst reservoirs could focus on the
following aspects:

For different types of caverns, understanding the relationship
between filling type and the distribution of the reservoir’s physical
parameters, as well as exploring the seismic predicting methods
based on physical parameters, offers an approach to more
accurately characterize the heterogeneity in the physical
properties of karst reservoirs.

The multiple-scale features of fault-controlled karstic
reservoirs creates complex architectural elements, which
increases the difficulty of geological modeling. Improving the
understanding of the geological features and building a geological
knowledge database are important ways to reduce the uncertainty
of the geological model.

7 CONCLUSION

A hierarchical modeling method for fault-controlled paleokarst
systems is proposed. The overall idea is “level constraints, genetic
control, and step-by-step modeling.” High-level elements have
hierarchical constraints on lower-level elements, and the
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