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Knowledge of how high can fracture porosity become in the ultra-deep burial conditions is important but
remains problematic. Fracture aperture and porosity are measured using X-ray computed tomography
(CT) at atmospheric pressure and then calculated by image logs. Special attention is paid to how high
fracture porosity can become in ultra-deep (>6000 m) settings, and which situations will result in high
fracture porosities. In situ stress magnitudes, which can be calculated using well logs, control fracture
performances, and dissolution along fracture improve fracture porosity at ultra-deep burial depths.
Low horizontal stress difference (Dr < 25 MPa), very high fracture density will result in a high fracture
porosity. Fracture porosity can keep as high as 2.0% in relatively low in situ stress conditions even at
ultra-deep burial depths. In intense in situ stress conditions (Dr > 45 MPa), a high degree of dissolution
along the fracture dramatically increases fracture porosity. Dissolution will result in the vuggy fracture
planes and improve fracture porosity up to 2.0%. The results provide insights into the detection, charac-
terization, and modeling of subsurface fractures.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction continuous drill cores are unavailable (Massiot et al., 2017; Lai
Fracture patterns and attributes, which govern fluid flow and
rock strength, have long been a challenging topic in the Earth
sciences (Lai et al., 2018; Laubach et al., 2019; Hyman et al.,
2021; Shen et al., 2022). Fracture provides hydrocarbon and CO2

storage spaces, and constitutes the main fluid flow conduits, and
therefore has an important effect on reservoir behavior and perfor-
mance (Nelson, 2001; Zeng et al., 2013; Zeng et al., 2013; Laubach
et al., 2019; Lai et al., 2022a; Zhang et al., 2022). Therefore, the
detection (recognition of fractured zones) and characterization
(understanding fracture properties including fracture aperture
and porosity) of subsurface natural fractures are important
(Prioul et al., 2007; Tokhmchi et al., 2010; Movahed et al., 2014;
Lai et al., 2018; Pengda et al., 2022). However, subsurface fractures
are difficult to detect, and the multi-scale properties of fractures
are notoriously challenging to characterize, quantify, and model
(Laubach et al., 2019; Spooner et al., 2021; Lai et al., 2022b). Image
logs (electrical and acoustic) provide an image of the borehole, and
are particularly useful in fracture detection and evaluation where
et al., 2021; Lai et al., 2023a).
The presence of fractures can improve permeability by 1–2

orders of magnitude, however, fracture porosity is generally
<0.5%, especially in low-permeability sandstone reservoirs (Zeng
and Liu, 2010). In addition, in the ultra-deep burial conditions, frac-
ture porosity will be further reduced due to overburden stress (Lai
et al., 2017). Therefore, understanding fracture properties in the
ultra-deep subsurface is very important (Tokhmchi et al., 2010;
Zazoun, 2013; Lai et al., 2018). However, little study has been per-
formed on how high can fracture porosity become in the ultra-
deep subsurface. In this study, natural fractures are evaluated
and quantitively analyzed using core, thin sections, and CT analy-
sis, and then the fracture properties (aperture and porosity) are
calculated. Then fractured zones are detected by electrical image
logs, and the fracture porosity and aperture are characterized by
electrical image logs to unravel how high the fracture porosity
can reach in ultra-deep burial depths. In situ stress magnitudes
play important roles in controlling fracture behaviors. Low SHmax

and Shmin difference (<25 MPa), and high fracture density (>2 num-
bers of fracture per meter) will result in a high fracture porosity
(>2.0%). Additionally, in the intense in situ stress conditions, a high
degree of dissolution along fracture surfaces will increases fracture
porosity.
g).
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2. Samples and methods

2.1. Core observation and analysis

Drilled core samples were taken from deep to ultra-deep
depth intervals (4500–8100 m), and the core surfaces were 360�
scanned to describe lithology, sedimentary structures as well as
natural fractures (Fig. 1). Thin sections were prepared from core
plugs (cut into 30 lm thickness), and were impregnated with
blue epifluorescent epoxy to highlight porosity and micro-
fractures (Fig. 2). Special aims were paid on the different carbon-
ate cement generations filling in the fractures using a Cathode
Luminescence (CL) optical microscope (Fig. 2). The laser scanning
Fig. 1. Core photos showing the fractures in Cretaceous Bashijiqike Formation of Kuqa
fracture, KS 2-1-5. (C) Open high angle fracture, KS 2-2-4. (D) Open network (horizontal, h
Open horizontal fracture, KS 2-1-5. (G) Open network (horizontal, high angle and vertica
2-2-14. (I) Partly cemented high angle fracture, KS 2-2-14. (J) Partly cemented high angle
fracture, KS 2-1-5. (M) Calcite cemented high angle fracture, KS 2-2-3. (N). Calcite cement
angle fracture and late stage dissolution, KS 2-1-5. (P) Dissolution and calcite cementat
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confocal microscope (LSCM), in which the light source is a laser
but not standard mercury arc lamp, was also used for imaging
fracture and pore spaces in the microscopic scales (Chandra and
Vishal, 2021; Fig. 2).

The fracture aperture for each fracture surface and fracture
porosity were calculated using two-dimensional (2-D) slice analy-
sis and three-dimensional (3-D) visualization and counting of CT
analysis (Lai et al., 2017; Fig. 3). The fracture surface area and vol-
ume can be calculated by 3-D visualization counting, and fracture
porosity of each core is calculated by dividing the total fracture
volume by the volume of the core segment. In addition, the frac-
ture aperture is determined by dividing the total fracture volume
by the scanned area (Lai et al., 2017; Fig. 3).
depression of Tarim Basin. (A) Open vertical fracture, KS 2-2-4. (B) Open vertical
igh angle and vertical) fracture, KS 2-2-4. (E) Open horizontal fracture, KS 2-2-4. (F)

l) fracture, KS 2-2-4;. (H) Partly cemented high angle and nearly vertical fracture, KS
fracture, KS. (K) Partly cemented high angle fracture, KS 2-2-8. (L) Cemented vertical
ed high angle fracture and late stage dissolution, KS 2-1-5. (O) Calcite cemented high
ion along fracture surface, KS 2-1-5.



Fig. 2. Microscopic images revealing the fracture aperture in Cretaceous Bashijiqike Formation of Kuqa depression of Tarim Basin. (A) Microfracture and related framework
grain dissolution, KS 242, 6568.95 m, K1bs. (B)Microfracture and enlargement by dissolution, Dabei 9, 4854.2 m, K1bs. (C) Microfracture crosscutting the framework grains,
Dabei 9, 4853.1 m, K1bs. (D) Microfracture around the grain boundary, Bozi 21, 6399.56 m K1bx. (E) Grain boundary microfracture, Bozi 21, 6398.76 m, K1bx. (F) Microfracture
partly filled by calcite cements, Dabei 9, 4853.75 m, K1bs. (G) Microfracture fully cemented by calcite cements, KS 242, 6567.51 m, K1bs. (H) Microfracture fully cemented by
dolomite cements, Bozi 12, 7003.75 m, K1bx. (I) Carbonate cemented fractures, Dabei 12, 5399.26 m. (J) Microfracture, Dabei 12, 5440.19 m. (K) Intergranular pores and
interganular dissolution pores, Dabei 12, 5451.41 m.
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Fracture porosity using CT at atmospheric pressure are different
from those calculated by image logs (Lai et al., 2017).
2.2. Image logs

Image logs measure the electrical resistivity or acoustic impe-
dance around the borehole, and the raw data can be converted into
a high resolution (up to 5 mm) ‘‘pseudo-picture” of the borehole
wall through speed correction, eccentering correction and normal-
ization (Prioul et al., 2007; Khoshbakht et al., 2009; Massiot et al.,
2015; Lai et al., 2018). Then structural and sedimentological fea-
tures (fracture, fault, bedding), which appear as sinusoidal waves,
can be manually picked out from the image logs (Donselaar and
Schmidt, 2005; Wilson et al., 2013; Brekke et al., 2017; Lai et al.,
2022b). In addition, the sinusoidal waves of the dynamically nor-
malized image logs can be used for the determination of dip direc-
tion and angle. The amplitude of sinusoidal waves indicates the dip
angle, and the lowest point of the wave is the dip direction
(Donselaar and Schmidt, 2005; Folkestad et al., 2012; Keeton
et al., 2015; Lai et al., 2022a).
3. Results

3.1. Fracture observation and quantitative analysis

Natural fractures are recognized as vertical, high angle, medium
angle, low angle and horizontal fractures based on their geometry,
and are classified into open, partially open and closed according to
their cement filling degree (Zazoun, 2013; Lai et al., 2018). The nat-
ural fractures in the deep buried Cretaceous Bashijiqike Formation
3

in the Kuqa depression of Tarim Basin are mainly high angle (>60�)
and vertical fractures which are partially to fully cemented by car-
bonate cements (Fig. 1). The open high angle-vertical fractures can
coexist with the cemented fractures (Fig. 1A–G). The fine-medium
grained sandstones are more fractured than conglomerates and
mudstones (Fig. 1). In addition, some of the early carbonate (cal-
cite) cemented fractures can be dissolved to form vuggy fractures
(Fig. 1I–P).

The fractures with an aperture <0.1 mm, which can only be
detected by thin sections, are classified as microfractures (Anders
et al., 2014). Thin sections and LSCM analysis reveal the microfrac-
ture apertures are in the micrometer scales (Fig. 2). The microfrac-
tures can occur in the siltstone (Fig. 2A), fine-medium grained
sandstones (Fig. 2B–C), and in some cases conglomerates
(Fig. 2D–E). Additionally, the microfractures are observed to be
partially to fully filled by calcite cements (Fig. 2F–H), and the CL
image proves the presence of carbonate cemented fractures
(Fig. 2I). LSCM analysis confirms the microfracture with microme-
ter scale aperture, and the microfracture connects the intergranu-
lar and intragranular dissolution pores (Fig. 2J–K).

The CT analysis of the core not only provides 3-D visualization
of CT morphology but also can calculate the quantitative fracture
parameters, including fracture aperture and porosity (Kyle and
Ketcham, 2015; Lai et al., 2017). The hand core measurement
shows that there are two open, extensional fractures that generally
plunge up-dip (Fig. 3). The fractures appear to be partially open,
and the shorter fracture plunges with bedding (Fig. 3). The open
fracture appearance (stained cyan) and the calcite cemented frac-
ture (stained magenta) are captured by the scanning images
(Fig. 3). Fracture aperture is determined from CT scanning, and
the 3-D CT scanning images, and the fracture aperture is mainly



Fig. 3. Three-dimensional volume rendering of open fracture and calcite filled fracture (after Lai et al., 2017). The fracture porosity is as high as 4.33%.
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in the range from 2 mm to 5 mm (Fig. 3). The fracture porosity is
determined as 4.33% by dividing the total fracture volume by the
volume of the core segment (Fig. 3). Fracture apertures are sensi-
tivity to stress (Zeng, 2010; Yang et al., 2020). Therefore, fracture
porosity derived from laboratory CT analysis is suggested to be
higher than the fractures at burial depth (Zeng, 2010; Espinoza
et al., 2016; Lai et al., 2017).

3.2. In situ stress evaluation

In situ stress directions are easy to be evaluated from image
logs since they capture the drilling-induced fractures and borehole
breakouts (Prioul et al., 2007; Massiot et al., 2015; Lai et al., 2018).
In addition, geophysical well logs can also estimate the in situ
stress magnitudes. By calibrating the in-situ stress magnitudes
with hydraulic fracturing and acoustic emission method, the fol-
lowing method is proposed to calculate the three mutually orthog-
onal principal stresses, including vertical stress (Sv), minimum
horizontal stress (Shmin) and maximum horizontal stress (SHmax)
using geophysical well logs (Fig. 4; Zoback et al., 2003; Verweij
et al., 2016; Dixit et al., 2017; Lai et al., 2022a; Xu et al., 2022).

Sv ¼
Z H

0
qgdz ð1Þ

SHmax ¼ m
1� m

Sv þ 1 � 2m
1� m

aPp þ E
1� m2

eH þ Em
1� m2

eh ð2Þ

Shmin ¼ m
1� m

Sv þ 1 � 2m
1� m

aPp þ E
1� m2

eh þ Em
1� m2

eH ð3Þ
4

In Eqs. (1)–(3), H is the burial depth, m, q is the rock bulk den-
sity, kg/m3, g is 9.8 m/s2, PP is pore pressure and can be determined
by Eaton’s method. E (MPa) is Young’s modulus, and m is the Pois-
son’s ratio. a is the Biot’s coefficient. The eH and eh are coefficients
associated with SHmax and Shmin (Lai et al., 2022a; Xu et al., 2022).

The Well D1102 was drilled into an anticline structure which
can be evidenced by the seismic profile (Fig. 4). The folded struc-
ture, the presence of fractures as well as variations in geomechan-
ical properties (lithology, grain size, beddings) will result in the
fluctuations in the in-situ magnitudes (Fig. 4). In isotropic stratig-
raphy, Shmin will be equal to SHmax, however, the SHmax will be
much larger than Shmin in true formation. In addition, the SHmax

and Shmin difference (Dr = SHmax – Shmin will vary significantly
due to active tectonic activities and the presence of faults and frac-
tures (Fig. 4) (Maleki et al., 2014; Yeltsov et al., 2014; Liu et al.,
2017; Ju and Wang, 2018; Lai et al., 2022a).
3.3. Image log fracture interpretation

Image logs are specialized tools for subsurface fracture detec-
tion (Tokhmchi et al., 2010). Image logs have the advantages of
capturing fracture state (open, filled or open-filled), azimuth (dip
direction and dip angles) and calculating fracture attributes (poros-
ity and aperture) (Khoshbakht et al., 2009; Kosari et al., 2015; Lai
et al., 2018). Cores have revealed the multiple generations of frac-
turing and mineralization (Fig. 1), and then they are used to cali-
brate the statically and dynamically normalized image logs to
facilitate the recognition of open (conductive) and closed (resis-
tive) fractures (Fig. 1) (Zazoun, 2013; Lai et al., 2023b).



Fig. 4. The seismic cross section of Well D1102 drilled into a faulted anticline and the related in situ stress magnitudes.
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Image logs trace the dip direction and dip angle of fractures that
crosscut the borehole, and there are multiple sets of fractures
encountered (Fig. 5). Additionally, in water-based drilling muds,
fracture length (FVTL), fracture density (FVDC), fracture porosity
(FVPA) as well as fracture aperture (FVA) can be calculated from
the electrical image logs (Fig. 5) (Luthi and Souhaite, 1990; Zeng
et al., 2013; Xu et al., 2016; Lai et al., 2018). Fracture length is
the total fracture length (m) in a unit area of boreholes (1 m2).
Fracture (linear) density (FVDC) is the number of fractures per unit
length in the direction orthogonal to fracture planes (Prioul et al.,
2007; Ameen et al., 2012; Wilson et al., 2015; Lai et al., 2018).

Fracture aperture is the average physical aperture along the
trace of the fracture intersection with the borehole and can be esti-
mated by Eq. (4) (Silliman, 1989; Luthi and Souhaite, 1990; Wilson
et al., 2015).

FVA ¼ aARb
mR

1�b
xo ð4Þ

A is the integrated additional current A (m2), Rxo and Rm are the
resistivities of the invaded zone and drilling muds (X�m), a and b
are the coefficients related to the imaging tool (Luthi and
Souhaite, 1990).

The fracture porosity can be calculated using Eq. (5).

FVPA ¼ 1
2pRLC

Xn
i¼1

LiWi ð5Þ
5

R is the borehole radius (m), L is the length of interpretation
interval (m), C is the borehole coverage of the imaging tool, Li is
the length of ith fracture (m), and Wi is the ith fracture aperture
(Luthi and Souhaite, 1990; Ameen et al., 2012).

The image log fracture interpretation shows that in the 5950 m
to 6000 m depth intervals of Well D1102, there are a total of 137
numbers of conductive fractures crosscutting the boreholes, and
the linear fracture density is 2.74 m�1 (Fig. 5). The average fracture
porosity is determined as 0.34%, and the average fracture aperture
is 0.63 mm, while the maximum fracture aperture is 5.39 mm
(Fig. 5). The maximum fracture porosity can reach as high as
2.67% in the 5978–5979 m depth interval (Fig. 5).
4. Discussion

Fracture properties (fracture porosity, aperture) are dependent
on fracture diagenesis (mineral precipitation and dissolution) and
in situ stress state (direction and magnitudes) (Laubach, 2003;
Lai et al., 2019). Though fracture can improve permeability 1–2
orders of magnitude, fracture porosity is generally <0.5% (Zeng
and Liu, 2010). Fracture apertures are typically on the order of
10 lm to 2 mm (Nelson, 2001), while fracture density is
<0.75 m�1, and it may exceed 10 m�1 in some cases (Nelson,
2001). In situ stress has a prime control on fracture aperture
(and fracture porosity) (Laubach, 2003). Laubach et al. (2004)



Fig. 5. The in situ stress magnitude and fracture porosity and aperture calculated from image logs of Well D1102.
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noted that fractures are not necessarily parallel to SHmax to keep
open status. Therefore in situ stress magnitudes control fracture
behaviors. Fracture aperture and fracture porosity will be
decreased with the horizontal stress difference (Rajabi et al.,
2010; Lai et al., 2019).

There are many complex structures (fold, fault, fault-related
fold, etc.) in the Kuqa depression (Lai et al., 2019; Xu et al.,
2022), and the complex structural belts will result in varied
in situ stress magnitudes (Fig. 4). The high fracture porosity is
mainly associated with the low Dr (<25 MPa) layers (Fig. 5). High
density of fractures is easy to be formed in stress relaxation layers,
and the high linear fracture density will result in a high fracture
porosity (Fig. 5). In addition, the fractures in the Bashijiqike Forma-
tion are mainly high angle fractures. High-angle structural frac-
tures are suggested to keep high apertures than low angle ones.
However, the mudstone layers (high GR value intervals) should
be excluded even if they have low Dr values, since the mudstone
intervals commonly lack fractures (Laubach et al., 2009) (Fig. 5).
Fractures in this stress state (Dr < 25 MPa) are suggested to keep
a high fracture aperture and porosity (Fig. 5).

However, there are some fractures having high fracture porosity
even with high Dr values (Fig. 6). Mineral cementation and disso-
lution along fracture surfaces have a great impact on fracture prop-
erties (Zeng et al., 2013; Laubach et al., 2019; Lai et al., 2022a).
6

Subsurface fractures will improve acids-rich fluid mobility and
result in the dissolution along the fracture planes (Matonti et al.,
2017; Lai et al., 2022a). Dissolution will result in a rapid opening
of the fracture aperture (Starchenko et al., 2016). The vuggy frac-
ture planes (Fig. 1) and the dissolved framework grains along the
fracture surfaces (Fig. 2) all indicate a high degree of mineral disso-
lution (Lai et al., 2022a). The vuggy fractures appear as continuous
or discontinuous (conductive, resistive, or mixed) sinusoidal waves
on the image logs, indicating the fracture surfaces are evidently
enlarged by dissolution (Fig. 6) (Lai et al., 2022a). Intergranular
and intragranular dissolution pores are mainly associated with
natural fractures, in contrast, there are no evident dissolution
pores in samples without fractures (Fig. 2; Lai et al., 2022a). Frac-
ture planes are enlarged by dissolution, and cementation and dis-
solution can occur simultaneously along fracture surfaces (Lai
et al., 2022a).

The fracture density is low when the horizontal stress differ-
ence is generally higher than 45 MPa. There are only 5 numbers
of fractures detected in the 6820–6822 m depth intervals (Fig. 6).
However, the fracture porosity can reach as high as 2.6% at about
6822 m depth of Well K8 (Fig. 6). The maximum fracture aperture
is 5.67 mm (Fig. 6). Consequently in the intense in situ stress status
(Dr > 45 MPa), the dissolution along the fracture surfaces will con-
tribute to the high fracture porosity (>2.0%).



Fig. 6. The in situ stress magnitude and fracture porosity and aperture calculated from image logs of Well K8.
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5. Conclusion

By integrating laboratory observations of fracture porosity with
image log-derived fracture porosity at in situ stress conditions, it is
found that fracture porosity can keep as high as 2.67%. The low
in situ stress magnitudes (SHmax and Shmin difference < 25 MPa)
and high density of fracture (>2 numbers of fracture per meter)
contribute to the high fracture porosity. A high degree of late-
stage dissolution along the fracture surfaces enhances fracture
aperture and porosity and will result in a high fracture porosity
even at high in situ stress magnitudes.
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