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Kuga Foreland Basin

The Kuqa Foreland Basin, adjacent to the southern Tianshan Mountains, is an important gas-producing basin in
northwestern China. The development of the basin is dominated by a regional stress field with orientations of the
maximum horizontal stress (Sgmayx) in the north-south direction, as a result of the collision between the Indian
and Eurasian Plates. Previous studies have noted variations in the stress state in the Kuqa Foreland Basin;
however, little attention has been paid to understanding the mechanisms causing such variations. In this study, a
systematic analysis of in-situ Symax Orientations and fractures has been carried out using image logs from eight
wells and XMAC/DSI logs from five wells. These wells are located in an East-West (E-W) trending fold-thrust in
the foreland basin. The Spmax orientations (having quality ranked between A and D) obtained from borehole
breakouts and drilling-induced fractures are highly variable and occur as two evidently different stress patterns
on a scale of less than 10 km. The first stress pattern with Symax orientations between NNW and NNE (165.08 and
188.59 °N) is broadly comparable to the regional stress field inferred from earthquake focal mechanism solutions
in northwestern China from the World Stress Map (WSM). The stress pattern is interpreted to be controlled by
plate boundary forces related to the collision between the Indian and Eurasian Plates. The Symax Orientations for
the second stress pattern, however, ranging from NNE to ENE (26.65-57.77 °N), are clearly inconsistent with the
regional stress filed and have been influenced by local geological factors. Faults and hinge-parallel fractures
(trending in an approximately W-E direction) formed during the syn-folding stage probably resulted in hetero-
geneity of elastic properties and thus deflected Symax Orientations, both laterally and vertically, to generate the
second stress pattern. The NE-striking hinge-oblique fractures are interpreted to have formed in response to the
stress reorientation. Observations in this study suggest that there may exist a close relationship between frac-
turing (faulting) and stress variations, and pre-existing faults and fractures can influence subsequent fracturing
by regulating local stress fields on a scale of several kilometers. The coupling between fracturing or faulting and
stress produced fracture swarms, which can significantly enhance fluid flow and hence petroleum production.

1. Introduction

Understanding the presence and extent of subsurface natural frac-
tures and in-situ stress orientations of fractured reservoirs is important
for petroleum production and fluid flow in the subsurface (Barton et al.,
1995; Finkbeiner et al., 1997; Ju and Wang, 2018; Ganguli et al., 2018;
Baouche et al., 2020, 2021). Stress magnitudes and directions in the
upper crust, however, are extremely complicated due to the
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compositional and structural heterogeneities of geological bodies (Fos-
sen, 2020). The stress orientation complexity arises mainly from the fact
that geological factors at different scales (e.g. plate motion, topography,
fault and fracture) can have significant impact on maximum horizontal
stress (Sgmax) Orientations (Rajabi et al., 2016a). Continental scale Symax
orientations are observed to be generally aligned with the direction of
plate motion, and the first-order stress pattern (>500 km) is considered
to be controlled by forces applied at plate boundary (Zoback, 1992;
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Fig. 1. (a) Maximum horizontal stress (Symax) Orientations in the Tarim Basin and adjacent regions from the World Stress Map (WSM) database (Heidbach et al.,
2016). The bars denote Symax Orientations with lengths being proportional to data quality; symbols represent the method of stress measurement. The thick red arrow
indicates the motion direction of the Indian Plate relative to the Eurasian Plate; (b) Symax Orientations from WSM and this study are plotted on the topographic map of
the Tianshan Mountains generated from data fusion of Shuttle Radar Topography Mission 15 (SRTM 15) for comparison. The dotted bold blue line marks the regional

Shmax Orientation in northwestern China (Hu et al., 2017).

Heidbach et al., 2010; Hu et al., 2017).

Against the background of the first-order stress pattern, local stress
pattern (second to third-order stress) (<500 km) can be perturbed
frequently. Fault is well documented as one of the important geological
factors deviating local stress field from the first-order stress field and
generate new stress patterns in sedimentary basins (Barton and Zoback,

1994; Yale, 2003; Tingay et al., 2010; Gudmundsson et al., 2010; Rajabi
et al., 2016a and b; Radwan et al., 2021; Wang et al., 2022); the
fault-induced stress orientation is due to slippage along preexisting
faults or faulting-related elastic heterogeneity (Shamir and Zoback,
1992; Gudmundsson et al., 2010; Tingay et al., 2010). Moreover, frac-
turing has been recognized as another important geological factor
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Fig. 2. Structural map and cross section and Symax Orientations in the study area. (a) Map showing the major structural units in the Kuqa Foreland Basin; (b) An
interpreted seismic line across the study area showing faults, fault-related folds and projection of analyzed wells onto the line with Syyay oOrientations (note that well
TZ4 is not included in the profile). See Fig. 2a for the line location; (¢) Symax Orientations, fracture densities and gas production rates were plotted on the structural

map of uppermost Ahe Formation. The dotted blue line represents the regional Symax Orientation in northwestern China (Hu et al.,
m?/d) in brackets.

denote fracture densities (F/m) with gas production rate ( x 10°

leading to more local stress deflection or rotation (Faulkner et al., 2006;
Heap et al., 2010; Lin et al., 2010; Rajabi et al., 2016a and b). Numerical
simulation results have revealed that rock heterogeneity related to
fracturing and diagenesis accounts for local stress reorientation (Zhang
et al., 1994). Similarly, Local Symax orientation perturbation has been
interpreted to be caused by juxtaposition of stiff and soft materials (Bell,
1996).

The World Stress Map (WSM) database shows that plate boundary
forces generated from the collision between Eurasian and Indian plates
exert first-order controls of the stress pattern with Sypax in a N-S di-
rection in northwestern China (Fig. 1a) (Hu et al., 2017). Collision be-
tween the two plates was also considered to account for the Neogene
uplift of the Tianshan Mountains (Molnar and Tapponnier, 1975; Tap-
ponnier and Molnar, 1979; Lu et al., 2000), an East-West (E-W) trending
range lying between the Tarim and Junggar basins in northwestern
China (Fig. 1a). Previous studies have noted the variation in Symax
orientation in the Kuqa Foreland Basin adjacent to the Tianshan
Mountains (Zhang and Wang, 2004; Nian et al., 2016; Zhang et al.,
2020). Recently, Wang et al. (2022) observed appreciable stress rotation
in the vicinity of faults in the western Kuga Foreland Basin. Neverthe-
less, little attention was paid to the geological factors resulting in the
stress variation.

In this study, we investigated in-situ stress orientations and

2017). Numbers next to bars

subsurface fractures in the Jurassic sections with burial depths in excess
of 4000 m from the Dibei-Tuziluoke Gas field, Kuga Foreland Basin. In-
situ Spmax Orientations were determined by borehole breakouts and
drilling-induced fractures interpreted from borehole images. Symax Ori-
entations in this study were compared with those derived from the
earthquake focal mechanism solutions in the Tianshan Mountains from
the WSM to ascertain whether Symax Orientations are controlled by plate
boundary forces. We analyzed lateral (between wells) and depth-
dependent (within a well) variation in stress orientations to investi-
gate factors that account for the local variation in stress orientations. We
then analyzed the relationship between fracturing and stress
orientation.

2. Geologic setting

The Kuqa Foreland Basin lies to the south of the Tianshan Mountains,
and is a sub-basin located in the northern Tarim Basin in northwestern
China (Fig. 1). The Kuqa Foreland Basin can be divided tectonically into
the Northern Monocline, Yigikelike-Kelasu Fold Thrust Belt, Baicheng
Sag, Qiulitagh Fold Thrust Belt, Yangxia Sag and Southern Gentle Sag
(Fig. 2a). The basement under the foreland basin comprises Paleozoic
igneous rocks and the basin has been filled by an extremely thick (>10
km) Mesozoic and Cenozoic sedimentary sequence, from the Triassic
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Fig. 3. Composite stratigraphic column showing formations stratum thickness, lithology, and depositional environments in the Kuqa Foreland Basin (stratigraphic
column modified after Liu et al., 2016; depositional environments after Zhu et al., 2009).

Table 1
Image logs used in this study. J;a = Ahe Formation; J;y = Yangxia Formation.
Image logs Wells Depth interval (m) Formation
FMI DB101 4785-5099 Jia
DB102 4930-5222 Jia
DB104 4690-4770 Jiy, Jia
DX1 4885-5005 Jia
FMS YN2 4489-4628, 4679-4779 Jiy, Jia
YN4 4093-4700 Jiy, Ji1a
XRMI TZ4 4172-4310 Jia
DB103 4612-4723 Jiy, Jia

through to the Quaternary, that was primarily deposited in fluvial and
deltaic environments (Zhu et al., 2009) (Fig. 3). These sedimentary se-
quences have been involved in a thrust system that propagated south-
wards from the Tianshan Mountains to the basin since the Neogene
(Fig. 2b). The deformation is dominated by a series of north-dipping
imbricated faults and fault-related folds (Qiulitagh Anticline and
Yiqikelike Anticline), and more pliable rocks such as Jurassic coals and
Paleogene and Neogene evaporites play an important role in regulating
deformation (He et al., 2009) (Fig. 2b).

The Late Paleozoic Era (from the Late Carboniferous to the Early
Permian) witnessed the agglomeration of multiple continental blocks,

development of the Paleozoic Tianshan Orogeny and the change from
marine into terrestrial environments in the Kuga area (Charvet et al.,
2011; Xiao et al., 2013; Alexeiev et al., 2015). From the Late Triassic to
the Middle Jurassic, the paleo-climate was warm and humid. The Kuga
Foreland Basin was filled by deltaic and lacustrine sediment in terrestrial
environment. The two main source rocks for the basin, oil prone Triassic
mudstones and gas prone Jurassic coals, were developed under a deep
lacustrine and swamp setting respectively during this period (Hendrix,
1992; Li et al., 2000, 2004).

During most of the Mesozoic and even into the Paleogene, Tianshan
Orogeny and Kuqa region were tectonically tranquil and dominated by
extensive planation (Li et al., 2004; Jia, 2013; Jolivet et al., 2013; Morin
et al., 2019). Marine flooding from the western Tarim Basin and its
retreat during the Cretaceous to the Paleogene were responsible for the
deposition of the thick Paleogene and Neogene evaporites (Guo et al.,
2002; Liu et al., 2013; Li et al., 2017), which provide a regional seal for
petroleum accumulation. During the earliest Paleogene Period (ca. 59
Ma), the Indian Plate collided with the Eurasian Plate (Hu et al., 2015),
initiating an active tectonic cycle. In response to the collision and the
uplift of the Tianshan Mountains, the Kuga Foreland Basin experienced
increasingly intense tectonic shortening from 36 Ma onwards, with a
shortening rate reaching its peak during the Pliocene (Zhang et al.,
2014).

The study area covers Dibei Gas Field (wells YN4, DB102, YN2, DX1,



G. Yuetal

Table 2

Marine and Petroleum Geology 158 (2023) 106528

Quality ranking for Symax orientations inferred from drilling-induced failures (after Heidbach et al., 2010). BOs = Borehole breakouts; DIFs = Drilling-induced

fractures; QR = Quality ranking.

Stress indicator Well Latitude Longitude Count Combined Length (m) S.D.(deg) Mean orientation (deg) SHmax Azimuth (deg) QR

BOs DB103 42°0807.00" 83°52'13.99" 19 46 8.8 98.59 188.59 B
DB104 42°07'42.97" 83°50'41.19" 6 20.5 24.6 135.12 45.12 C
TZ4 42°06/55.7" 84°0311.4" 71 45.54 26.85 147.77 57.77 D
DB102 42°0803.13" 83°46/55.54" 41 116.25 7.96 87.28 177.28 A
DX1 42°07'21" 83°49'22" 42 75.7 14.8 127.96 37.96 B
DB101 42°07'51.72" 83°54'0.11" 6 6.9 24.14 80.79 170.79 D
YN2 42°07'32" 83°48'50" 25 96.45 13.85 116.65 26.65 B
YN4 42°09'19" 83°46/'41" 56 148.7 15.21 75.08 165.08 B

DIFs TZ4 42°06/55.7" 84°03'11.4" 23 37.8 14.38 63.53 63.53 C
DX1 42°07'21" 83°49'22" 2 8.9 2.82 33.00 33.00 D

DB104, DB103 and DB101) in the south-dipping Dibei Slope between
the Qiulitagh and Yiqikelike Anticlines and Tuziluoke Gas Field (Well
TZ4) (Fig. 2b and c). E-W trending reverse faults are well developed
across the study area (Fig. 2c¢). The Jurassic Ahe Formation sandstones
constitute major reservoirs for the gas field, which are generally tight
with a porosity ranging from 2.6 to 9.5% and a permeability between
0.02 and 2.0 x mD (Wang et al., 2020). High permeability (>1 mD) is
usually due to the presence of fractures. Fracture development is
considered to be primarily controlled by faults, lithology and structural
positions (Ju et al., 2013, 2018; Zhan et al., 2014). It has been proposed
that fractures have formed since the Paleogene, with the Sy orien-
tation assumed to be constantly in the N-S direction (Jiang et al., 2015).
Fractures are not only important for petroleum migration and accumu-
lation and formation of sweet spots (Lu et al., 2016), but also enhance
petroleum production significantly (Ju and Wang, 2018).

3. Materials and methods
3.1. Materials and database

Borehole image logs used in this study including Schlumberger’s
Formation Microscanner (FMS) and Fullbore Formation Microimager
(FMI) and Halliburton’s ten (XRMI). Table 1 details the information
about borehole image logs used in this study in terms of wells, depths
and formations. Processing of image logs was performed before inter-
pretation using Schlumberger’s software Techlog, and a standard work-
flow was followed including imaging speed correction, eccentering
correction and image normalization (Lai et al., 2018). Baker Hughes’s
XMAC™ (Cross Multipole Array Acoustilog) logs were available for
wells DB102, 103 and TZ4 and Schlumberger’s DSI™ (Dipole Shear
Sonic Imager) logs were available for wells DB101, DB104 and DX1.
Neither XMAC nor DSI logs were measured for wells YN2 and YN4.

Lithology data obtained from drilling cutting analysis were available
for wells DB103, YN2 and TZ4 and depths of the lithology data were
calibrated to exactly correspond with the depths of image and conven-
tional logs (gamma ray) by identifying and correlating distinctive fea-
tures (mudstone layers). Porosity data from logs were available for wells
DX1 and TZ4. Hydrostatic and formation pressures were estimated
respectively for well TZ4 using formation water and drilling mud den-
sities respectively; the formation water density was determined on water
samples using the scaling method. Formation pressure can be estimated
from drilling mud density because bottom hole pressure is controlled by
adjusting mud weight to be close to the expected pore pressure during
drilling (Beaumont and Foster, 1999). The formation pressure coeffi-
cient was calculated using the ratio of formation to hydrostatic pressure.
All data were provided by the Institute of Petroleum Exploration and
Development, Tarim Oil Field Company.

3.2. Fracture analysis

The picking of natural fractures and bedding planes was made

manually. On borehole images, natural fractures were recognized by
dark or bright and continuous or discontinuous sinusoidal wave ap-
pearances depending on conductivity of borehole fluids and cement
degree of fractures, respectively (Khoshbakht et al., 2009; Rajabi et al.,
2010; Lai et al., 2018). Image logs operated in wells that were drilled
with water-based drilling muds can reflect whether fractures are elec-
trically conductive or not, and electrically conductive fractures are
conventionally assumed to be open (Lai et al., 2018). Bedding planes can
also appear as sinusoidal on borehole images. However, they occur as
interfaces between lithological units that show distinct colors on bore-
hole images owing to contrast in conductivity and thus can be easily
distinguished from natural fractures.

The poles to planes of fractures interpreted from borehole images
were plotted in stereograms (Schmidt lower hemisphere) using the
software Stereonet v.11.3.5 (released by Allmendinger R.W. from Cor-
nell University, USA). Densities of fracture populations were plotted as
contour lines in the background of the stereograms using Kamb distri-
bution as contouring method. Bedding planes recognized from borehole
images were not rotated back to horizontal. Since all the wells included
in the present study were vertical, dip correction was thus not required.

Fracture densities are usually used to assess fracture development;
the usage of fracture densities, however, varies, and depends highly on
the measuring dimensions (1D, 2D or 3D) (Lorenz and Cooper, 2020).
Here fracture density is defined as the number of natural fractures per
unit length along the borehole (1D). For the purpose of assessing frac-
ture development between wells or at different depth intervals within a
well, fracture density was calculated using the following equation:

D=N/L )

where D is fracture density, N is the number of fractures within an
analyzed borehole interval with a length of L (m). Fractures were also
counted every meter along the borehole of a well to obtain a continuous
fracture density logs.

3.3. In-situ stress orientation analysis

In-situ stress orientations can be determined using borehole break-
outs and drilling-induced fractures, which occur as diagnostic appear-
ances on borehole images. Borehole breakouts and drilling-induced
fractures can thus be differentiated from each other distinctly.

Borehole breakouts (BOs) are stress-induced wellbore enlargements
(Bell and Gough, 1979). BOs occur because of failure of borehole wall
when stress concentrations at the borehole exceed the rock strength
(Zoback et al., 1985; Tingay et al., 2008). BOs occur perpendicular to the
direction of the maximum horizontal stress (Symax) and are recognized
as pairs of vertical bands that are generally parallel to borehole axis and
separated by approximately 180° on borehole images (Tingay et al.,
2008; Rajabi et al., 2010, 2016a; Lai et al., 2018). It should be noted that
breakout color on borehole images is dependent on the conductivity of
borehole fluids; when the borehole is filled with water-based drilling
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Fig. 4. Composite diagram showing structural positions and orientations for natural fractures, borehole breakouts and drilling-induced fractures as well as Spgmax
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trajectories. Stereograms show poles to planes of natural fractures; symbols represent different fracture sets, and lines denote the mean orientation for corresponding
fracture sets; densities of fractures are shown by monochrome-filled contour lines in the background. In-situ Symax Orientations are derived from borehole breakouts
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fluid, the breakouts appear as dark bands, while bright breakouts occur
when the drilling fluid is of oil-based (Nian et al., 2016). In this study,
wells DB101 and 102 were drilled with oil-based drilling muds, while
the other wells were drilled with water-based drilling muds.
Drilling-induced fractures (DIFs) are recognized as pairs of narrow

Table 3
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fractures that are parallel to borehole axis but separated by approxi-
mately 180° on borehole images (Brudy and Zoback, 1999; Nian et al.,
2016; Rajabi et al., 2016a; Lai et al., 2018). DIFs develop when the
circumferential stress exceeds the tensile strength of the borehole wall
and are thus oriented roughly parallel to the in-situ Symax Orientation
(Aadnoy and Bell, 1998; Tingay et al., 2008).

In-situ Symax orientations for each well were determined using the
average azimuth of BOs and DIFs observed in this study. Sgymax Orien-
tation results were then assigned a quality ranking according to a
scheme that is based on the standard deviation, number, and total length
of DIFs and BOs (Heidbach et al., 2010). The scheme defines a quality
ranking ranging from A-quality (most reliable, Symax within +15°)
through to E-quality (with no reliable information). Symax Orientations
with A to C quality are commonly believed to be reliable. These Symax
orientation results were then used to reveal the lateral variation in Symax
orientation between wells. Depth-dependent variations in the Spmax
orientation were investigated using three wells DB103, YN2 and TZ4;
these wells were chosen since they are located in different structural
locations and have distinct fracture development and Sypax Orientations.

3.4. Computation of dynamic Poisson’s ratio
In order to investigate the impact of fracturing on the elastic pa-

rameters, XMAC and DSI logs were used to compute the dynamic pois-
son’s ratio in this study. PetroChina’s software CIFlog™ was used to

Density of different fracture sets and aggregate fractures in the study area (unit: F/m). Hpa = Hinge-parallel fractures; Hn = Hinge-normal fractures; HONE = NE-
striking hinge-oblique fractures; HONW = NW-striking hinge-oblique fractures; J1y = Yangxia Formation; J1a = Ahe Formation.

Wells YN4 DB102 DB103 DB101 DB104 YN2 DX1 TZ4 Remarks
Depthinterval 4093-4700 4930-5222 4612-4723 4785-5099 4690-4770 4489-4628, 4885-5005 4172-4310
(m) 4679-4779
Formation Jyy, J1a Jia Jiy, J1a Jia Jiy, Jia Jiy, Jia Jia Jia
Hpa 0.00494 0.03647 0 0.02353 0.33766 0.06834 0.21254 0.2971 Formed as a result of stress partition
during fold development.
Hn 0.00494 0.09422 0 0.00471 0.16883 0.03467 0.08014 0.08696 Formed during the post-folding
stage (Yu et al., 2016).
HONE 0.00659 0.01216 0.00901 0.00235 0.45455 0.07334 0.05226 0.25362 HONW and equivalent HONE
HONW 0.00494 0.02128 0.00901 0 0 0.0125 0.0453 0.02174 formed as conjugated fracture sets
under the regional stress field
during the pre-folding stage. Stress
re-orientation during post-folding
stage is another cause for HONE
development.
Aggregate 0.02142 0.16413 0.01802 0.03059 0.96104 0.18885 0.39024 0.65942
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Fig. 7. Borehole image from well DX1 showing rotation of borehole breakouts
(green arrows) in the vicinity of a fracture (red arrow) and lithological interface
(blue arrow).

process the raw XMAC and DSI data to extract shear and compressional
sonic slowness data. Data were processed according to processing pro-
cedure in the software CIFlog™, including data decompilation, sonic
slowness extraction, borehole compensation, sonic slowness correction.
Shear sonic slowness exacted for Well DB103 display a poor data quality
because of significant signal attenuation, which is probably related to
the presence of extensively coal seams in this well. The sonic slowness
data for the well were thus not computed. Dynamic elastic variables
(Poisson’s ratio) for the other five wells (DB102, DB101, DB104, DX1
and TZ4) were computed by using extracted sonic slowness data via the
following equations:
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2 - DTS? /DTC’

2(1 — DTS?/DTC?) @

Ha =

where pgq is the dynamic Poisson’s ratio, DTS and DTC are shear and
compressional sonic slowness in ps/ft, respectively.

4. Results
4.1. Lateral variation in Sgmay orientation

Both borehole images and array sonic logs are reliable indicators of
the in-situ Symax Orientations (Lai et al., 2022). In this study, a total of
266 borehole breakouts and 25 drilling-induced fractures recognized
from borehole images were used to determine in-situ Symax Orientations.
Borehole breakouts were observed in all eight wells, while
drilling-induced fractures were only developed in well TZ4 and DX1.
SHmax Orientations derived from breakouts are generally ranked as A- to
C-quality except two wells (wells DB101 and TZ4) that are ranked as
D-quality (Table 2). The Symax orientation derived from drilling-induced
fractures is ranked as C-quality for well TZ4 and D-quality for well DX1.
SHmax Orientations in this study vary markedly on a scale of less than 10
km and seem to occur as two distinctly different stress patterns. The first
stress pattern including data from wells YN4, DB102, DB103 and DB101,
all located in a south-dipping panel between two faults, has stress ori-
entations between NNW to NNE (165-188.59 °N) (Fig. 1b, 2¢ and 4). In
contrast, Symax Orientations for the second stress pattern (wells DB104,
DX1, TZ4 and YN2) range from NNE to ENE (26.65-63.53 °N). These
wells are situated in a weakly developed anticline influenced by faults
(Fig. 1b, 2b and 4).

Smoothed results of Symax Orientations derived from multiple stress
indicators (earthquake faulting mechanisms, borehole breakout and
drilling-induced fractures et al.) on a continental scale suggest that
Sumax Orientation in northwestern China is in north-south direction
(Fig. la). The collision between the Eurasian and Indian plates is
considered to have the first-order (>500 km) control on the regional
stress pattern (Hu et al., 2017). This knowledge about continental scale
stress pattern provides a foundation for us to determine the stress
sources and identify the perturbation of local stress field. It has been
proposed that the Symax orientations in the Kugqa Foreland Basin are
generally in north-south and controlled regionally by the collision be-
tween the Eurasian and Indian plates (Jia, 2004; Zeng et al., 2010). The
interpretation appears to be compatible with ENE to EW trending thrust
faults and fault-related folds in the Kuga Foreland Basin adjacent to the
Tianshan Mountains (Fig. 2a and c). However, results presented here
indicate that the sources of stress pattern in the Kuqa Foreland Basin are
more complicated than previously thought.

First stress pattern in the study area is approximately consistent with
the regional stress field (N-S direction) in northwestern China (Fig. 1b,
2c and 4). We therefore interpreted that the first stress pattern has a
regional or first-order origin (>500 km) and is controlled by plate
boundary forces related to the Eurasian-Indian plate collision. The Symax
orientations of the second stress pattern are clearly incompatible with
the first-order or regional stress pattern (Fig. 1b, 2c and 4). Plate colli-
sion thus cannot provide a rational explanation for the stress pattern
observed in these wells. On the contrary, it indicates that Symyay Orien-
tations manifested in these wells have been perturbed or rotated. Faults
appear to have changed Spmax orientations, since wells immediately
adjacent to faults typically display deviations in stress orientations from
the north-south regional trend albeit to varying extents, for example in
wells DB104, DX1 and TZ4 (Fig. 2c). The recently identified local stress
reorientation related to faulting in the Kuqa Foreland Basin further
attested our interpretation (Wang et al., 2022).
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Fig. 8. Borehole images showing rotation of borehole breakout (green arrows) in the vicinity of fractures (red arrows) and lithological interfaces (blue arrows).

Example from (a) well DB103; (b) well TZ4.
4.2. Fracture analysis

Fracture data from wells drilled with water-based drilling muds
(wells YN4, DB103, DB104, YN2, DX1 and TZ4) suggests that ca. 96%
natural fractures are conductive fractures (Fig. 5), which are probably
open or not completely filled by minerals. Natural fractures were cate-
gorized on the basis of fracture orientations relative to fold striking in
this study: (1) hinge-parallel fractures, (2) hinge-normal fractures, (3)
NE-striking hinge-oblique fractures and (4) NW-striking hinge-oblique
fractures (Fig. 4). Hinge-parallel fractures and NE-striking hinge-oblique
are dominant fracture sets in the study area and both sets show highly
variable densities between wells (Fig. 4). Hinge-normal fractures are less
dominant and NW-striking hinge-oblique fractures are poorly developed
across the study area.

The density of different fracture sets and aggregate fractures are
presented in Table 3 and Fig. 6a. Results indicate that fractures are well
developed in wells DB104 and TZ4, and aggregate fracture densities in
the two wells are 0.961 and 0.66 F/m, respectively. Hinge-parallel and
NE-striking hinge-oblique facture densities in well DB104 are 0.34 and
0.45 F/m, respectively; the two fracture sets in well TZ4 have densities
of 0.30 and 0.25 F/m, respectively. wells DX1, YN2 and DB 102 have
moderate densities of aggregate fractures with density values of 0.39,
0.19 and 0.16 F/m, respectively and wells YN4, DB101 and DB103 have
aggregate fracture densities less than 0.03 F/m. Fractures are sparsely
distributed in these wells and only two fractures were observed in well
DB103. A moderately positive correlation exists between the density of
hinge-parallel and NE striking hinge-oblique fractures (Fig. 6b).

Previous studies proposed that subsurface fractures in the study area

formed in three phases since the onset of the Paleogene and hypothe-
sized that the Symay Orientation was in the N-S direction and remained
unchanged during fracture formation (Jiang et al., 2015). Our obser-
vation, however, shows that the Symax orientations in the study area
have been perturbed or rotated by local geological factors. The devel-
opment of hinge-parallel fractures and NE-striking oblique fractures
seems to be controlled by structural positions: wells located near the
crest of gentle fault-related anticlines, for example, wells DB104 and
TZ4, typically display the highest densities of hinge-parallel fractures
and NE-striking oblique fractures of all the wells studied (Figs. 4 and 6a).
These fractures appear unlikely to form prior to fold development but
are probably related to the deformation associated with the develop-
ment of the Yiqikelike Anticline. Hinge-parallel fractures were consid-
ered to form as a result of stress partition owing to the presence of finite
and incremental neutral planes during the development of fault-related
fold in the Kuqa Foreland Basin (Sun et al., 2017). The fracture set is thus
interpreted to have developed during the syn-folding stage before stress
reorientation in the context of a Symax Orientation consistent with
regional stress field.

NE-striking oblique fractures are parallel or sub-parallel to the
present-day Spmax orientations (Fig. 4), suggesting these fractures
formed recently (Rajabi et al., 2010; Ameen, 2016). Most NE-striking
oblique fractures are interpreted here to be the youngest fracture set
formed during the post-folding stage. NW-striking hinge oblique frac-
tures are poorly developed across the study area, and their densities
show no marked variations between wells (Fig. 6a). These fractures, and
equivalent NE-striking hinge-oblique fractures, are considered to have
formed as conjugated fracture sets under the regional stress field during



G. Yuetal

Breakout azimuth (°N)
0 30 60 90

P

120

3.9

—_—

Fault

4.0

No avaiable data

4.1

Regional Syax Orientation

4.2

Depth (km)

4.3

4.4 4

4.5

- - - - w— - - - #- == ===

4.6

4.7 T T
90 120 150

SHmax orientation (°N)

180 210

Fig. 9. Depth-dependent Symax Orientations derived from borehole breakouts
for well YN4 showing gradual deviation of stress orientations from the regional
trend as the fault is approached. Note that stress and breakout orientations are
plotted in one track by using the same symbol but different azimuth
coordinates.

10

Marine and Petroleum Geology 158 (2023) 106528

the pre-folding stage (Jiang et al., 2015). Hinge-normal fractures were
proposed to have formed during the post-folding stage (Yu et al., 2016).

4.3. Depth-dependent variations in the orientation of Sgmax

Breakout orientations usually show rotation in the vicinity of frac-
tures and lithological interfaces (Fig. 7 and 8). For example, breakouts
have rotated across the fracture at a depth of ~4844.4 m and the lith-
ological interface at ~4845.5 m for well DX1 (Fig. 7). Another good
example illustrating breakout rotation related to lithological interface is
at ~4654.42 m in well DB103 (Fig. 8a). In some cases, breakout rotation
caused by fractures and lithological interfaces may be less evident, for
instance the fracture at ~4235.15 m and the lithological interface at the
depth of ~4235.73 m (Fig. 8b). All these fluctuations of breakout azi-
muths actually reflect vertical variations in Symax Orientations.

No recognizable faults on seismic profile intersect vertically with the
studied intervals for all wells (Fig. 4). However, there is an example from
well YN4 where depth-dependent stress orientations deviate from the
regional trend as the fault is approached (Fig. 9), reflecting the active
role of the fault in changing stress orientation.

Continuous Symax Orientation profiles were obtained based on
breakout azimuths for three representative wells to analyze depth-
dependent variation in Spmax orientations. These profiles have been
divided into discrete units based on discrepancy in fracture development
and Symay Orientation variations. The rotation of Symax Orientations in
well DB103 (only two fractures were identified in the well) is relatively
minor in most cases with degrees less than 10 (units A and C in Fig. 10),
and rotation usually occurs in the vicinity of lithological interfaces. A
marked change in Symax orientation up to 20° occurs at the interface
between units A and B, where porosity vary abruptly. The overall Spmax
orientations in the well are close to the regional stress direction
(Fig. 10). Well YN2 is more fractured with more variable stress orien-
tations (standard deviation = 13.85) (Table 2). Variations in Spmax
orientations in poorly fractured units are usually slight and no more than
10°; these variations are typically related to lithological changes and
show slight to moderate deviation from the regional trend (Unit D in
Fig. 11). Sgmax Orientations in well-fractured units in the well, however,
vary markedly (variations ranging from 5 to 45°) and overall Symax
orientation trend in these units usually deviate significantly from the
regional trend with maximum deviation up to 50° (Units F and G in
Fig. 11).

Breakouts with highly variable orientations are well developed in
well TZ4 (Fig. 12), which produced an unreliable and a low quality (“D”)
rank for the determination of Sypax Orientations. Nonetheless, the well
provides a good opportunity for further investigating the relationship
between the depth-dependent Symax orientation and fracture develop-
ment. It is evident that significant rotation (23.6-55°) of the Symax
orientation normally occurs in the vicinity of interfaces between well-
fractured units and fracture-free units (Fig. 12), for example, the in-
terfaces between ML2 and ML3, ML3 and ML4 and ML5 and ML6. Symax
orientations in well-fractured units usually deviate from regional trend
(Units ML1, ML2, ML4 and ML5) with deviations ranging from 50-77°,
while Symax orientations for fracture-free units (ML3 and ML6) are
relatively close to regional Symay directions.

4.4. Dynamic Poisson’s ratios

Poisson’s ratios for five wells (DB102, DB101, DB104, DX1 and TZ4)
in the study area vary from ca.0 to 0.4776 with average values falling
into the range between 0.1448 and 0.3078 (Table 4). The lowest average
value of poisson’s ratio (0.1448) is found in well DB101 that has a
fracture density of 0.031 F/m, while the highest average value of pois-
son’s ratio (0.3078) is found in Well DB 104 with a fracture density of
0.961 F/m (Table 4). Closer inspection indicates that a moderately
positive correlation exists between the densities of hinge-parallel frac-
tures and the dynamic poisson’s ratios (Fig. 13a). If all fracture sets were
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considered, a more distinct positive correlation (R2 = 0.71) is found
between the fracture densities and the dynamic poisson’s ratios
(Fig. 13b).

5. Discussion
5.1. Relationship between fracturing and stress re-orientation

We have recognized plate boundary forces to be the first-order factor
controlling stress pattern in the study area. Faults and fractures were

identified to have affected local stress orientations against the back-
ground of the first-order stress pattern. Depth-dependent stress
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orientations in poorly-fractured or non-fractured units commonly fluc-
tuate around regional stress orientations, and variations in stress ori-
entations in those units are usually related to lithological changes
(Fig. 10; unit D in Fig. 11; units ML3 and ML6 in Fig. 12). Previous
studies have identified the vertical change in stress orientations due to
lithological variation based on continuous profiles of borehole breakouts
(Lin et al., 2010; Talukdar et al., 2022). It is observed here that when
lithology varies together with a marked porosity change, evident vari-
ation in stress orientations would occur, for example at 4673 m (the
interface between units A and B) in well DB103 (Fig. 10) and at 4242.8
m in well TZ4 (Fig. 12).

Previous geological observations have revealed that faulting plays an



G. Yuetal

Marine and Petroleum Geology 158 (2023) 106528

- - N -
Depth Gama ray Lithology 6lgreako1ugoa2|mut1% ) . Fracture density (F/m). 2
(m) (API) L 1 1| Hinge-parallel| Aggregation 5
0 100 200 S,max Ofientation (°N) | Fractures Fractures | —|
0, 10 0 Jo 1 2 3po12345
i . i
4500 b L -
| : Zlz
] ; ]I
' e 3 cFi — — D
- B 'J'
[N - :. -
4550 - A H
J . - = =
4 " : — —
' | EF E
_ oNIR
4600 ‘. 5|3
|l — "
- Z E e
J o !
3%
4650 - = é : z z
' s & 3|3
. S I
X G, —|¥ —
] L >
1 i E n — ;
4700 : . = = F
1 —— C0als E — Z
T - . —
© o o o : — >
i : . Z
T : ?lz 9 5
4750 - . SE,
'm e D
E ! — ?
. : =
' >

m=mud, ss=silt sand, fs=fine sand, ms=medium sand, cs=coarse sand, g=grave

137.64°N

Breakout azimuth average value

Lithological interfaces

47.64 °N

" Sumax Orientation inferred from breakouts

Fig. 11. Lithology, fracture density and breakout orientation profile for well YN2. Captions are the same as Fig. 10.

important role in changing stress orientation (Shamir and Zoback, 1992;
Yale, 2003; Tingay et al., 2010; Rajabi et al., 2016b; Radwan et al.,
2021; Wang et al., 2022). Such faulting-induced stress rotations or
perturbations are considered to be caused by slipping and movement on
preexisting faults (Barton and Zoback, 1994) or faulting-induced elastic
property contrast between the fault zone and host rock (Gudmundsson
et al., 2010; Tingay et al., 2010). Fracturing-related stress reorientation
also has been well documented in literatures (Faulkner et al., 2006;
Heap et al., 2010; Lin et al., 2010; Rajabi et al., 2016a and b). Faulkner
et al. (2006) reported a gradual stress rotation towards the core zone of a
strike-slip fault. Such a rotation is related to the change in elastic pa-
rameters arising from the development of micro-fractures, which in-
duces a gradual decrease in Young’s modulus and a gradual increase in
Poisson’s ratio as approaching the fault core zone.
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Our observation indicates that Symax orientations in well fractured
wells deviate from the regional stress orientation, with aligning to the
strike of NE-striking hinge-oblique fractures, for example wells DB104,
TZ4 and DX1 (Fig. 1b, 2c and 4). Poorly-fractured wells (wells YN4,
DB101 and DB103), in contrast, commonly display Symax Orientations
roughly consistent with the regional Symax orientation (Fig. 1b, 2¢ and
4). These results confirm that an intimate connection exists between
fracturing and local stress variation (Faulkner et al., 2006; Rajabi et al.,
2016a and b). Based on fracturing history and stress orientations pre-
sented in result section, stress re-orientation occurred after
hinge-parallel fracturing but before the formation of NE-striking hinge
oblique fractures. Further inspection indicates that the degree rotation
of Symax Orientations (from the regional Symax Orientation) correlates
positively with hinge-parallel fracture densities (with a R? of 0.77)
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Table 4

Minimum, maximum and average values of poisson’s ratios in this study.
Wells Minimum Maximum Average
DB102 0 0.4131 0.2129
DB101 0.0001 0.3786 0.1448
DB104 0.0919 0.4376 0.3078
DX1 0.0003 0.4664 0.2431
TZ4 0.0254 0.4776 0.2114

(Fig. 14). Moreover, nearly all fractures in the present study are open
fractures (Fig. 5), which and related micro-fractures can have strong
impact on the elastic properties of strata. The moderate to distinct
positive correlations between the dynamic poisson’s ratio and the
fracture density observed in the present study demonstrate that frac-
turing play an important role in changing lateral elastic parameters and
differential fracturing can considerably enhance the geomechanical
heterogeneity of strata (Fig. 13).

We thus prefer the interpretation that differential hinge-parallel
fracturing likely accounted for the stress rotation, and a conceptual
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model was developed to illustrate the relationship between fracturing
and stress orientations (Fig. 15). During the pre-folding stage, NE- and
NW-striking fractures formed across the study area with Symax in the S-N
direction and consistent with regional stress trend (Fig. 15a). W-E
striking faults, fault-related folds and hinge-parallel fractures formed
during the syn-folding stage (Yu et al, 2016). A fault and
fracture-damaged zone accordingly existed in wells YN2, DB104, DX1
and TZ4 that underwent intense hinge-parallel fracturing (E-W striking)
(Fig. 15b). The zone is perpendicular to the regional Symax trend, and is
mechanically weak and soft enough with respect to less-fractured re-
gions (wells YN4, DB101, DB103 and DB102) to change the Spmax
orientation (Fig. 15c¢). The NE-striking hinge-oblique fractures were
formed in the damaged zone as a response to the stress re-orientation
(Fig. 15d). A moderate correlation between densities of hinge-parallel
fractures and NE-striking hinge-oblique fractures probably reveal the
underlying relationship between the two fracture sets linked by local
stress re-orientation (Fig. 6b).
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5.2. Implications for petroleum production and fracture development

Previous studies revealed that natural fractures can have a crucial
role in improving the quality of reservoirs and enhancing fluid flow and
petroleum production (Lu et al., 2016; Ju and Wang, 2018; Zhang et al.,
2022; Marghani et al., 2023). Fractures in the Jurassic reservoir from
Dibei-Tuziluoke Gas Field have been considered to be favorable for the
formation of sweet spots that are characterized by relatively higher
porosity and permeability and beneficial to petroleum migration and
accumulation (Jiang et al., 2015; Lu et al., 2016). Fractures also enhance
petroleum production significantly, especially those that are aligned
with the in situ Spmax orientation (Ju and Wang, 2018). Our results
indicate that the coupling of fracturing (faulting) and stress orientation
has produced fracture swarms in wells DB104, TZ4, DX1 and YN2
(Fig. 15d). These fracture swarms may have significantly enhanced
subsurface fluid flow. Available production data indicates that wells
drilled into fracture swarms are commonly characterized by high gas
production rate. For example, wells DB104, DX1 and YN2 produce gas at
rates of 780 x 10%, 660 x 10% and 109 x 10° m®/d, respectively (Fig. 2c
and 16). In contrast, wells drilled outside the fracture swarms (wells
YN4, DB102, DB103 and DB101) have low or almost no gas production.
Well TZ4 (located in the Tuziluoke Gas Field), being characterized by a
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high fracture density but very low gas production rate, seems to be an
exception to the general rule. This is because gas in the Tuziluoke Gas
Field was generated in the Triassic and Jurassic source rocks, having
migrated upwards via faults and the fractured Jurassic reservoir interval
to accumulate in the upper Neogene sandstones (Wang et al., 2016). Our
fracture and gas production rate data for the well were actually
measured for the Jurassic sandstone reservoir and there are no image
logs available for the Neogene strata.

Multiple geological factors have been well documented to influence
fracture distribution and patterns including structural position (Stearns,
1968; Hanks et al., 1997; Ghosh and Mitra, 2009; Watkins et al., 2015),
sedimentary architecture (Zahm and Hennings, 2009; Ogata et al.,
2017), distance to faults (Gudmundsson et al., 2010; Wang et al., 2021),
diagenesis (Shackleton et al., 2005; Hooker and Katz, 2015) and bed
thickness (Wennberg et al., 2006; Sonntag et al., 2012) etc. It also has
been well documented that how natural fractures couple with in-situ
stress and how fault-related local stress perturbations influence frac-
ture patterns (Rawnsley et al., 1998; Gudmundsson et al., 2010; Maerten
et al., 2018; Cui and Radwan, 2022). The study in the Dibei-Tuziluoke
Gas Field in the Kuqa Foreland Basin has confirmed that geo-
mechanical heterogeneities related to fracturing are a major factor
affecting local stress orientations on a scale of several kilometers. Our
observation regarding the relationship between fracturing and stress
orientation in the Kuqa Foreland Basin demonstrates that pre-existing
fractures or faults can influence subsequent fracturing by altering the
local stress field.

These results should help us to better understand fracture patterns
and predication. Firstly, fracturing or faulting-related stress re-
orientation is quite common in sedimentary basins (Rawnsley et al.,
1998; Tingay et al., 2010; Rajabi et al., 2016b; Wang et al., 2022), any
simple and arbitrary assumptions that Symax Orientation is consistent
with regional trend or remains unchanged thus may not be correct. It is
suggested here that the linkage between fracturing and stress orientation
should be incorporated into fracture characterization and numerical
modeling to gain a reliable fracture predication output. Secondly,
depth-dependent variations of borehole breakouts indicate that Spmax
orientations for well-fractured intervals usually deviate from the
regional stress trend significantly, while poorly-fractured intervals
typically have Spmax orientations consistent with the regional stress
trend. Vertical variations of Sym,x Orientations owing to the differential
fracturing may result in decoupling of adjacent mechanical layers and
thus complicate fracture stratigraphy.
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Fig. 15. Conceptual model illustrating relationships between faulting or fracturing and local stress orientation. (a) Pre-folding stage. NE- and NW-striking hinge-

oblique fractures formed as a conjugate fracture set with Symax orientations in north-south direction; (b) Syn-folding stage. An EW-trending damaged zone occurred

in wells YN2, DB104, DX1 and TZ4 because of intense hinge-parallel faulting or fracturing. (c) The zone is perpendicular to the regional Sy trend and mechanically

weak enough with respect to less-fractured regions (wells YN4, DB101, DB102 and DB103) to deflect the Symay Orientation; (d) Post-folding stage. NE-striking hinge-

oblique fractures formed in the re-oriented stress system. Note that hinge-normal fractures were not included here; following Yu et al. (2016), this fracture set was

interpreted to form during post-folding stage but before stress reorientation.
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Fig. 16. Bar chart showing fracture densities and gas production rates in the
Dibei-Tuziluoke Gas Field. The numbers next to bars denote fracture densities
with gas production rate in brackets.

5.3. Limitations of this study

Despite of the promising results presented in this study, there are
some limitations. Firstly, although we have confirmed that fracturing
can significantly alter elastic properties of strata by using logging data, it
is worth noting that other factors including lithology, diagenesis and
porosity may also have effect on the elastic properties of rocks. No effort
was made to analyze the influence of these factors on elastic properties.
Secondly, we have revealed the relationship between fracturing and
stress orientation only based on geological observations. The results
would be more convincing and compelling if they are backed up by
numerical modeling.

6. Conclusions

Through a systematic investigation of subsurface fractures and in-situ
stress orientations in the Dibei-Tuziluoke Gas field along an E-W striking
fold thrust in the Kuqa Foreland Basin, we have characterized lateral
(between wells) and depth-dependent variations of Symayx Orientations
and revealed that faults and fractures are major factors controlling stress
re-orientation on a scale of several kilometers, and that pre-existing
fractures or faults can influence subsequent fracture patterns to pro-
duce fracture swarms by affecting local stress orientations.

(1) Our study area is dominated by two fracture sets: hinge-parallel
fractures and NE-striking hinge oblique fractures. The in-situ
orientations of the maximum horizontal stress (Sgmax) derived
from borehole breakouts and drilling-induced fractures for eight
wells are highly variable and occur as two different stress pat-
terns: 1) NNW and NNE (165.08 and 188.59 °N), and 2) NNE to
ENE (26.65-57.77 °N).

The first stress pattern has Spymax orientations that are roughly
consistent with the regional stress field inferred from earthquake
focal mechanism solutions in northwestern China from WSM. The
stress pattern is thus interpreted to be regionally controlled by
plate boundary forces generated from the collision between the
Indian and Eurasian plates. The second stress pattern is parallel or
sub-parallel to the NE-striking hinge oblique fractures and is
incompatible with regional stress trend.

Depth-dependent Symax oOrientations also exhibit evident varia-
tions. Well-fractured intervals normally display stress orienta-
tions that deviate from the regional stress pattern. In contrast, the
overall Sypmax orientations for slightly or poorly-fractured in-
tervals are generally consistent with the regional stress trend,
although there are widespread variations in depth-dependent
stress orientation associated with lithological changes.

(2)

3
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(4) Faults and hinge-parallel fractures (E-W striking) formed during
syn-folding probably resulted in heterogeneity of elastic param-
eters, which deflected Symax from the regional trend to NNE-ENE
directions, both laterally and vertically, generating a new stress
pattern (the second stress pattern). NE-striking hinge-oblique
fractures were developed in the rotated stress system. The
coupling between fracturing and stress orientation can produce
fracture swarms, which significantly enhance fluid flow and pe-
troleum production.
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