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ABSTRACT: The Lower Jurassic low porosity and low permeability Ahe Formation is the major reservoir of Dibei Gasfield in the
Kuqa Depression, Tarim Basin. Natural fractures are important spaces for storage of hydrocarbons in low permeability reservoirs
and can significantly improve the fluid flow capability; therefore, predicting the location and intensity of natural fractures in the
Ahe Formation are of extreme importance. In the present study, the Late Himalayan paleotectonic stress field, the period of time
when the majority of natural fractures generated in the Dibei Gasfield, was simulated and investigated with a three dimensional
finite element (3D FE) model, which serves as a starting point for the prediction. Based on the principle of energy conservation
and simulated paleotectonic stress field, the relationship between fracture density and stress parameter was established, and hence,
natural fractures in the Ahe Formation of Dibei Gasfield were predicted. The results indicated that the development and distri-
bution of natural fractures were primarily fault-controlled. Regions with well-developed natural fractures were mainly located in
fault zones and around faults. Tectonic activities and ultra-high pressures were the dominant factors for natural fractures in the Ahe
Formation. Regions with higher development degree of natural fractures in the Ahe Formation usually have a larger gas production;
therefore, regions among Well Y1, B3, X1 and B2 should be focused in the Dibei Gasfield.
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1. INTRODUCTION

The low permeability reservoir is an important type in
sedimentary basins of China with the permeability generally
less than 50 × 10–3 m2 (Li, 1997; Zeng and Li, 2009). Recently,
several gasfields, including the Dibei Gasfield, have been
discovered within the Cretaceous and Jurassic low porosity and
low permeability reservoirs of Kuqa Depression, Tarim Basin,
northwestern China (He et al., 2009; Lin et al., 2014). The Dibei
Gasfield is located in the eastern Kuqa Depression (Fig. 1). The
Lower Jurassic Ahe Formation, the major reservoir in the

Dibei Gasfield, has an average porosity of 5.59% and average
permeability of 0.76 × 10–3 m2 (Ju et al., 2013b, 2014c; Wei et
al., 2015). 

Natural fractures are the representation of crustal rocks that
experienced multi-stages of tectonic activities and stress fields.
In general, fractures, occurring at various scales in a hierarchical
style, can strongly influence the performance of reservoirs
around the world (e.g., Florez-Nino et al., 2005; Smart et al.,
2009; Ju et al., 2014b, 2015; Ju and Sun, 2016). Natural fractures
in low permeability reservoirs are important spaces for storage
of hydrocarbons and can significantly improve the fluid flow
capability (Aydin, 2000; Zeng and Li, 2009; Manzocchi et al.,
2010; Ju et al., 2013b, 2014a). In addition, Zeng and Li (2009)
indicated that the fracture permeability in low permeability
sandstones was commonly larger than the matrix permeability
by one or two orders of magnitude. Therefore, predicting the
development and distribution of natural fractures in the low
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permeability Ahe reservoir is extremely important for both the
exploration and exploitation in the Dibei Gasfield.

2. GEOLOGIC SETTINGS

The Tarim Basin, covering an area of about 5.6 × 105 km2, is a
typical superimposed petroliferous sedimentary basin in
northwestern China (Jia et al., 1998). The Kuqa Depression, also
known as the Kuche Depression, is located along the northern
margin of the Tarim Basin between the South Tianshan Orogenic
Belt and the Northern Tarim Uplift with an area of approximately
3.7 × 104 km2 (Fig. 1; Chen et al., 2005; Zeng et al., 2010; Ju et al.,
2014b). The depression is structurally NEE-SWW-trending
with faults and related folds being the dominant structures (Fig.
1). Laterally, the Kuqa Depression can be divided into the
northern monocline tectonic zone, Kelasu-Yiqikelike tectonic
zone, Baicheng sag, Yangxia sag and Qiulitage tectonic zone
from north to south (Fig. 1; Zeng et al., 2010).

The Kuqa Depression experienced a complex evolutionary
history as a consequence of the northward Indian subcontinent

and southward thrusting of the South Tianshan, and is recognized
as one of the major depocenters along the margin of the Tarim
Basin (Yin et al., 1998; Lu et al., 1999; Li et al., 2004; Zeng et al.,
2010). The coal measure source rocks in the Kuqa Depression
primarily developed during the Triassic to Jurassic (Fig. 2; Li et
al., 2004; Zhao et al., 2005), rapidly subsided and began generating
and expulsing hydrocarbons in the Neocene. A large number of
gas reservoirs were formed in the depression during the end
Pliocene to Pleistocene (Jia et al., 2003; Liu et al., 2008; Ju et al.,
2014c).

The Dibei Gasfield is located in the central Yiqikelike tectonic
zone of Kuqa Depression (Fig. 1). Based on seismic interpretations,
faults, extensively developed in the Dibei Gasfield, were in a
dominant orientation of NEE-SWW-trending with various
sizes (Fig. 3).

In the Dibei Gasfield, the main gas source rocks were the
Triassic Taliqike Formation and the Huangshanjie lacustrine
hydrocarbon rocks, which were characterized by high organic
abundance, III-type kerogen and high thermal evolution (Xing
et al., 2012; Ju et al., 2014c; Lu et al., 2016). The Lower Jurassic

Fig. 1. Structure simplified map of the Kuqa Depression within the Tarim Basin, China (after Zeng et al., 2010). A-Northern monocline tectonic
zone, B-Kelasu-Yiqikelike tectonic zone, C-Baicheng sag, D-Yangxia sag, E-Qiulitage tectonic zone, and F-Northern Tarim Uplift. S–D: Silurian
to Devonian, C: Carboniferous, J1: Lower Jurassic, J2+3: Middle to Upper Jurassic, K: Cretaceous, N1j: Jidike Formation, N1k: Kangcun Formation,
and N2k–Q: Kuqa Formation to Quaternary.



Natural fractures in the Lower Jurassic Ahe Formation of the Dibei Gasfield 243

http://www.springer.com/journal/12303 http://dx.doi.org/10.1007/s12303-017-0039-z

Ahe Formation was the primary reservoir in the Dibei Gasfield.
The coal-bearing Jurassic Yangxia Formation and Kezilenuer
Formation acted as good cap rocks (Fig. 2). These elements
contributed to the favorable source-reservoir-cap rock combination
in the Dibei Gasfield (Ju et al., 2014c; Lu et al., 2016).

The favorable rocks of the Lower Jurassic Ahe Formation in
the Dibei Gasfield were sandy conglomerate, sandstone and
siltstone (Figs. 2 and 4; Ju et al., 2013b). The Ahe Formation can

further be divided into four members based on sedimentary
characteristics (Fig. 4), namely, the J1a1, J1a2, J1a3 and J1a4. The
J1a1 is a sandstone formation with mudstone interbedded. The
rocks in the J1a2 and J1a4 are mainly sandy conglomerate,
sandstone and siltstone. The J1a3 is a mudstone layer with a
thickness of about 10 m (Fig. 4).

The Ahe Formation acted as the primary reservoir in the
Dibei Gasfield; however, the development of natural fractures

Fig. 2. Generalized stratigraphic column of the Kuqa Depression.
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caused this formation has a strong heterogeneity (Fig. 5; Ju et al.,
2013b; Lu et al., 2016). Furthermore, natural fractures can
provide effective spaces for hydrocarbons and significantly
improve the fluid flow capability; therefore, understanding the
location and intensity of natural fractures in the Ahe Formation
are extremely important in the Dibei Gasfield.

3. NUMERICAL SIMULATION OF STRESS FIELD

Tectonic stress is an important factor for generating fractures
in rocks. The finite element (FE) technique is an effective approach
to gain quantitative insights into the stress field in reservoirs
(Fischer and Henk, 2013; Ju et al., 2013b, 2014a). In the present
study, the FE method allowing complex geometries, lithological
differences and fault morphology (e.g., Kattenhorn et al., 2000;
Hou et al., 2010; Jiu et al., 2013; Ju et al., 2013b, 2014a; Ju and
Sun, 2016) and the FE ANSYS software (version 12.0) were
adopted to study the Late Himalayan paleotectonic stress field
in the Dibei Gasfield of Kuqa Depression.

3.1. Geometry

In the present study, the initial 3D geometric model (Fig. 6)
was constructed based on the structural conditions (Fig. 6) and
sedimentary facies (Fig. 4) of the Lower Jurassic Ahe Formation.
There is an assumption behind the model that the faults form
first, and the fracture generation is then influenced by the effect

of the faults on the stresses between the faults. The faults in the
Dibei Gasfield were represented by weakness zones inside the
model and they were further divided into different levels based
on their sizes and scales (Fig. 6). The entire FE model was
continuously meshed, and there were approximately 8228
nodes and 25265 elements within the FE model.

3.2. Material Properties

During FE modeling, the geological model was treated as an
elastic body with units having different rock mechanical properties;
therefore, material properties require to be assigned to the
elements representing the Ahe Formation and faults. In the
present study, the rock mechanics parameters of Ahe Formation
(Table 1) were determined by mechanical experiments.

The definition of mechanical parameters in fault zones is
extremely important to the results; however, exact values are
unavailable. Based on previous studies (e.g., Jiu et al., 2013), in
the present FE model, faults were defined as weakness zones
with mechanical parameters (e.g., the Young’s modulus) about
80% of the Ahe Formation. Poisson’s ratios in fault zones were
larger than those of the Ahe Formation, and their differences
were typically between 0.02 and 0.10 (Table 1).

3.3. Boundary Conditions

Generally, the boundary conditions were difficult to be

Fig. 3. Tectonic map of the top Lower Jurassic Ahe Formation in the Dibei Gasfield.
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assumed because no clear geological boundaries can demarcate
the study area from the rest parts of the Kuqa Depression. In the
present analysis, the study area was nested within a larger

rectangular parallelepiped (Fig. 6).
The vertical stress can usually be calculated from the bulk

density of rocks based on Equation (1), and the horizontal stress

Fig. 4. Typical stratigraphic column of the Lower Jurassic Ahe Formation in the Dibei Gasfield. Symbols in the figure: RD: deep investigate
double lateral resistivity log (·m), RM: medium investigate double lateral resistivity log (·m), DEN: density (g/cm3), DT: acoustic (s/m),
porosity (%), and permeability (× 10–3 m2).
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caused by the bulk density was less than 5 MPa in the Lower
Jurassic Ahe Formation calculated by Equation (2) with a depth
of about 1000 m.

, (1)

, (2)

Z gh=

hs Z


1 –----------- 
 

1/q

=

Fig. 5. Natural fractures in the Ahe Formation of the Dibei Gasfield. (a) Fractures in the cores of Well Y2, –4739.70 m; (b) Fractures in the cores
of Well Y1, –4536.50 m; (c) Fractures in the thin section of Well Y2, –4785.05 m; (d) Fractures in the thin section of Well Y1, –4381.73 m.

Fig. 6. The initial 3D geological model of the Ahe Formation in the Dibei Gasfield.



Natural fractures in the Lower Jurassic Ahe Formation of the Dibei Gasfield 247

http://www.springer.com/journal/12303 http://dx.doi.org/10.1007/s12303-017-0039-z

where Z is the vertical stress, hs is the horizontal stress
caused by the bulk density,  is the Poisson’ ratio, ρ is the rock
density, g is the gravitational acceleration, and q is a constant
related to the non-linear compression, here q = 0.67 (Teeuw,
1971; Wang, 2001; Ju et al., 2015).

In the western Chinese Mainland, remote effects of the
Cenozoic India-Eurasia collision and subsequent continuous
compression caused the stress field and dominated the movements
from the Himalayas to Tianshan Mountains (Tapponnier and
Molnar, 1977). The Kuqa Depression experienced a ~N-S-trending
compressional regime during the Late Himalayan period (Zhang et

al., 2004, 2006; Zeng et al., 2010; Jiang et al., 2015). Based on
regional analysis and previous studies (e.g., Zhang et al., 2006; Ju
et al., 2013b), in the Dibei Gasfield, the maximum (1) and
minimum (3) principal stress with a magnitude of –(50 + hs)
MPa and –(10 + hs) MPa was applied in the NNW-SSE and
NNE-SWW direction, respectively, during the FE modeling.
The entire model was subjected to gravity loading in the vertical
direction, which could be automatically applied in the ANSYS
software. Besides, some appropriate displacement constraints
were applied to the geological model to prevent it from rotation
and rigid displacement, and to facilitate simulation (Jiu et al.,

Table 1. Rock mechanics parameters in the Ahe Formation of the Dibei Gasfield

Layers Density
 (kg/m3)

Young’s modulus
E (GPa)

Poisson’s ratio


Internal friction 
angle  (°)

Cohesion
C (MPa)

Tensile strength
TC (MPa)

Ahe Formation 2510 12.51 0.23 44.77 21.38 2.51
Fault zones 2000 10.00 0.30 36.00 17.00 2.00

Nested model 2500 12.45 0.25 45.37 20.00 2.97

Fig. 7. The stress field in the Ahe Formation of the Dibei Gasfield, Kuqa Depression. (a) The maximum principal stress; (b) The minimum principal stress.
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2013; Ju et al., 2015). The top portion of the nested model was
set as a free surface, whereas its bottom was fixed in the vertical
direction. It is provided that compressive stresses were negative
and tensile stresses were positive in this study.

3.4. Stress Field in The Dibei Gasfield

In the Ahe Formation of Dibei Gasfield, the σ1 values varied
between –116 MPa and –18.2 MPa (Fig. 7a), indicative of
compression. The 3 values ranged from –27.0 MPa to 28.3
MPa (Fig. 7b), indicative of both compression and tension. The
distributions of 1 and 3 indicated a fault-controlled pattern.

4. PREDICTION OF NATURAL FRACTURES

4.1. Method for Fracture Prediction

In petroleum geology, prediction of natural fractures in reservoirs
was commonly based on the method of curvature analysis
(McQuillan, 1973; Hennings et al., 2000) and/or seismic-based
approaches (Muller et al., 1992; Gray et al., 2002), but far less
with geomechanical modeling (Smart et al., 2009; Ju et al., 2013a,
2014b).

In this study, to show the patterns of natural fractures and
stress field underground (Fig. 8), the Represent Element Volume
(REV) is introduced, which is based on the following five
assumptions (Ji et al., 2010; Feng et al., 2011): (i) natural fractures
can cut through the REV, (ii) there are no fractures within the
REV before applied forces, (iii) the REV is isotropic on the
whole, (iv) the REV is a parallelepiped with the length of L1, L2
and L3 in the direction of 1, 2 and 3, respectively, and (v)
fractures in the 1–3 plane are even spaced with the fracture
planes parallel with 2.

Based on geomechanical modeling above (Fig. 7) and the
principle of energy conservation, the relationship between stress
parameter and natural fracture density was confirmed (Eq. 3),
and hence, the development and distribution of fractures were
predicted on the basis of this relationship. According to previous
studies (e.g., Ji et al., 2010; Feng et al., 2011; Wang et al., 2014),
fracture density can be expressed as follows (Eqs. 3–6):

, (3)

, (4)

, (5)

, (6)

where Dvf is the volumetric fracture density, Dlf is the linear
fracture density, b is the fracture aperture, L1 and L3 are the
lengths in Figure 8, E is the Young’s modulus, 1, 2 and 3 are
the maximum, medium and minimum principal strain, J0 is
the fracture surface energy with no confining pressures, n*
is the effective normal stress, nref is the effective normal stress
when the b decreases 10%,  is the maximum tensile strain under
the current stress state, 0 is the maximum tensile strain from
experiments, α is the rupture angle, C is the cohesion,  is the
Poisson’ ratio, P is the filling degree of fractures, here P = 0.8,
and k is a coefficient, here k = 0.85.

4.2. Results and Analysis

In the Ahe Formation of Dibei Gasfield, the volumetric
fracture density varied between 0 and 1.44 m–1 (Fig. 9). With the
indicator of fracture density, well-developed natural fractures
were mainly located in fault zones, fault tips and regions among
faults, suggesting that the development and distribution of natural
fractures in the Ahe Formation were primarily fault-controlled.

The error analysis was made to understand the modeling
results based on the comparison between the predicted and
measured fracture density in cores (Table 2). In generally, the
error analysis is based on Equation (7) (Ju et al., 2013b).

r = . 
(7)

In the present study, fracture density in the Ahe Formation
was measured in the Well Y1, Y2, Y3 and B3 in the Dibei
Gasfield. The error analysis indicated that the predicted fracture
density fitted the reality of the subsurface well (Table 2).
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Fig. 8. The distribution of natural fractures in the REV (after Ji et al.,
2010).
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However, it was abnormal in the Well Y2. The reason was that i)
there were many small-scale faults in the Ahe Formation around
the Well Y2, resulting in a higher rock failure degree; ii)
furthermore, these highly ruptured rocks increased the difficulty
in observing and measuring fractures in drill cores, which gave
rise to the relatively abnormal high fracture density in the Well
Y2 (Table 2).

5. DISCUSSIONS

5.1. Factors for Natural Fractures

In general, several factors, categorized as non-tectonic factors
(e.g., the lithology, mineral composition, mechanical property,
thermal shrinkage, etc.) and tectonic factors (e.g., tectonic stress
field, fault activities, etc.) (Ding et al., 2012; Ju and Sun, 2016),
control the development and distribution of fractures in the
Ahe Formation of Dibei Gasfield.

In the Ahe Formation of Dibei Gasfield, fault activities largely
affected the development and distribution of fractures. Well-
developed fractures were located in regions that are within fault
zones and/or around faults (Fig. 9).

The lithology is an important non-tectonic factors in controlling

the development of fractures (Hanks et al., 1997; Ding et al.,
2012; Ju and Sun, 2016). The statistics of natural fractures in the
Ahe Formation indicated that they were most developed in the
fine sandstone (Fig. 10).

Fluid pressure might be a big issue for the development of
tectonic fractures. High fluid pressures can promote the development
of tectonic fractures by reducing the effective stress in formations
(Cosgrove, 2001; Sibson, 2003; Ju and Sun, 2016). Generally, fluid
pressure can be divided into four types: abnormal low pressure,

Fig. 9. Fracture density in the Ahe Formation of the Dibei Gasfield, Kuqa Depression.

Table 2. The error analysis in the Ahe Formation of the Dibei Gasfield

Wells Predicted fracture density (m–1) Measured fracture density in the core (m–1) Error analysis
Y1 1.12 1.16 3.45%
Y2 1.36 2.19 37.90%
B3 0.62 0.56 10.71%
Y3 0.75 0.71 5.63%

Fig. 10. Statistical graph showing the development of fractures in
different lithologies of the Ahe Formation, Dibei Gasfield.
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normal pressure, abnormal high pressure and ultra-high pressure
based on the parameters of pressure coefficient and gradient
(Du et al., 1995; Table 3). In the Dibei Gasfield, Yang and Zou
(2004) and Liu et al. (2004) reported that the Lower Jurassic Ahe
Formation experienced ultra-high pressures. The pressure coefficient
in the Ahe Formation can reach as high as 1.7~1.8 based on the
pressure tests from Well Y2 in the Dibei Gasfield (Yang and
Zou, 2004).

5.2. Implications for Hydrocarbons

Generally, a lot of isolated pores were formed due to the
dissolution of intergranular cement, rock fragments and mineral
grain in reservoirs. Natural fractures can connect these isolated
pores and provide larger spaces for gas accumulation (Aydin,
2000; Ju et al., 2014a). In addition, Jiang et al. (2015) indicated
that natural fractures in low permeability reservoirs were able to
improve the permeability for about 2~3 orders of magnitude
(Fig. 11).

The development degree of natural fractures controlled gas
production in the Dibei Gasfield. The average thickness of Ahe
Formation was nearly the same in both wells of X1 and B3.
Based on the interpretation of imaging logging, a total of 63 and
6 natural fractures were observed in the Ahe Formation of Well
X1 and Well B3 (Table 4), respectively. The daily gas production
in the Well X1 and Well B3 was 589861 m3/d and 20768 m3/d,
respectively. Therefore, wells with larger fracture density usually
resulted in higher gas production in the Dibei Gasfield (Table 4).

6. CONCLUSIONS

The Lower Jurassic Ahe Formation, the primary reservoir in
the Dibei Gasfield, Kuqa Depression, is a typical reservoir with
low porosity and low permeability. The development of natural
fractures can provide effective spaces for hydrocarbons, significantly
improve the fluid flow capability in the Ahe Formation.

In the present study, the Late Himalayan paleotectonic stress
field, the period of time when the majority of natural fractures
generated in the Dibei Gasfield, was simulated and investigated
with a 3D FE model. The results indicated that the 1 and 3
values ranged from –116 MPa to –18.2 MPa, –27.0 MPa to 28.3
MPa, respectively. In order to predict the development and
distribution of natural fractures in the low permeability Ahe
Formation, the rock failure criteria were estimated and the
relationship between in situ stress and parameters of natural
fractures was confirmed based on the principle of energy
conservation. The prediction of natural fractures showed that
regions with well-developed fractures were primarily located in
fault zones and around faults. 

Among the factors for natural fractures, in the Dibei Gasfield,
tectonic activities and ultra-high pressures control the development
and distribution of fractures in the Ahe Formation. The development
of fractures in the Ahe Formation could significantly improve
the permeability and increase gas production; therefore, regions
among Well Y1, B3, X1 and B2 may be focused in the Dibei
Gasfield.
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