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a b s t r a c t

Weathering crust reservoirs have obvious vertical zonation, which is the focus of weathering crust
reservoir research, but there is a lack of quantitative characterization indexes. To achieve the quantitative
characterization of granite weathering crust reservoir and provide the basis for oil exploration of granite
weathering crust buried hill reservoir, in this paper, the vertical zonation of granite weathering crust
reservoir is quantitatively divided by testing and analyzing the uniaxial compressive strength (UCS),
magnetic susceptibility (MS), permeability, and chemical index of alteration (CIA) of the Mesozoic granite
weathering crust in the coastal area of eastern Fujian. The results show that the granite weathering crust
reservoir can be divided into four zones vertically: a soil zone (SZ), weathered and dissolved zone (WDZ),
fracture zone (FZ), and bedrock zone (BZ). A cataclastic area is developed in the FZ and BZ, in which
structural fractures are well-developed, the fracture surface density is usually greater than 200 m/m2,
and the contribution to the fractures in the rock mass is up to about 50%, making this the sweet spot of
the reservoir. In the SZ, the rocks are loose, and the pores are well-developed. The UCS is less than
10 MPa, and the average rate of change of the UCS (Ds) is 0.90. The average permeability is 2823.00 mD,
and the average rate of change of the permeability (Dk) is 5.13. The average CIA is 74.9%. The average clay
mineral content is 7%. The rocks in the WDZ have been significantly weathered by physical and chemical
processes, and the weathering fractures and dissolution pores are well-developed. The average UCS is
18.2 MPa, and the average Ds is 0.70. The average permeability is 143.80 mD, and average Dk is 4.17. The
average CIA is 65.3%. The average clay mineral content is 4%. Under the influence of tectonic movement
and physical weathering, the rocks in the FZ have developed structural fractures and a few weathered
fractures. The average UCS is 57.9 MPa, and the average Ds is 0.18. The average permeability is 5.50 mD,
and the average Dk is 2.55. The average CIA is 61.6%. The average clay mineral content is 2%. In the BZ, the
rocks are intact and hard. The average UCS is 69.9 MPa, and the average Ds is 0.13. The average
permeability is 1.46 mD, and the average Dk is 1.43. The average CIA is 57.8%. The average clay mineral
content is less than 1%. The multi-parameter combination of the UCS, Ds, permeability, Dk, CIA, and clay
mineral content achieved good results in the division of the zones of the weathering crust. The UCS
increases gradually from top to bottom, while Ds, permeability, Dk, CIA, and clay mineral content all
decrease gradually. In addition, based on the petrophysical parameters of the rocks, including the den-
sity, resistivity, and acoustic velocity, a good division effect was also achieved, which can provide a basis
for the vertical zonation of the granite buried-hill weathering crust reservoir.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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many large-scale granite buried hills have been discovered around
the world, including fractured granite buried hills in the La Paz and
Mara oil fields in the Maracaibo Basin, Venezuela (Nelson et al.,
2000; Koning, 2003); a fractured granite buried hill in the Bach
Ho oilfield in the Cuu Long Basin, Vietnam (Cuong and Warren,
2009; Nguen and Isaev, 2017; Koning, 2020; Zhang et al., 2023); a
Precambrian granite buried hill in the Sirte Basin, Libya (Williams,
1972; Gruenwald, 2001; Abdunaser, 2015; Eshanibli et al., 2020);
the Kharir granite buried hill in the Late Jurassic faulted basin in
Masilah, Yemen (Ellis et al., 1996; Harris et al., 2002); and a granite
buried hill in the Suez Bay Basin, Egypt (Salah and Alsharhan, 1998;
Alsharhan, 2003; El-Naby et al., 2009). Granite buried-hill reser-
voirs are weathering crust-type reservoirs with obvious vertical
zonation. Many scholars have carried out research on the vertical
zonation of granite buried-hill weathering crust.

At present, granite buried hills are divided into three or four
zones. Some scholars classify them according to the degree of
physical and chemical weathering, while others classify them ac-
cording to the degree of tectonic movement. Based on the uniaxial
compressive strength (UCS) and permeability, the granodiorite
weathering crust in Bømlo Island in Norway has been divided into
three zones: a bedrock zone, semi-weathered zone, and soil zone.
The latter two have each been subdivided into two sub-zones
(Riber et al., 2015, 2016, 2017, 2019; Alberto et al., 2021). The
Archaean metamorphic granite buried hill in the BZ 19-6 structural
belt has been divided into a strongly weathered zone, weathered
fracture zone, inner fracture zone, and bedrock zone (Hou et al.,
2019; Xu et al., 2019; Lu et al., 2020). Based on the analysis of
cores, electric curves, and the physical properties of thin sections of
the granite buried-hill reservoir in the Bohai Bay Basin, the buried
hill has been divided into a weathered clay zone, weathered sandy
zone, weathered fracture zone, and bedrock zone (Li et al., 2014;
Wang et al., 2015; Hu et al., 2017; Ye et al., 2020a, 2020b, 2021; Zhu
et al., 2020). The granite weathering crust in southern Vietnam has
been divided into a bauxite zone, kaolin zone, and bedrock zone
(Nguyen et al., 2004; Novikov et al., 2018). The weathering crust of
the plutonic intrusive rocks in the Bongor Basin in southern Chad
has been divided into a weathering leaching zone, fracture zone,
semi-filled fracture zone, and dense zone (Dou et al., 2011, 2015,
2018; Yu et al., 2019). In the above zonation schemes, for both the
three and four zone classifications, in terms of the physical prop-
erties of the reservoir, the weathered zone and fracture zone are
generally superior to the soil zone and bedrock zone, making them
more valuable for exploration and development.

However, the classification of the vertical zonation of granite
weathering crusts is only qualitative or semi-quantitative at pre-
sent, and there is very little quantitative and high-resolution geo-
mechanical and petrophysical data. In this study, based on the
above-described research, using a variety of physical and chemi-
cal parameters, including the uniaxial compressive strength (UCS),
permeability, magnetic susceptibility (MS), and chemical index of
alteration (CIA), the granite weathering crust in the eastern coastal
area of Fujian Province, China, was analyzed, and a quantitative
characterization scheme for the zonation of the granite weathering
crust was established using more parameters to provide a basis for
the zonation of granite buried hills in the East China Sea Basin and
for oil and gas exploration in such areas.

2. Geologic setting

The eastern coastal area of Fujian is in the southeastern margin
of Mainland China, thewesternmargin of the Pacific Ocean, and the
lithospheric thinning area around the Pacific Ocean. It is adjacent to
the East China Sea and the Taiwan Strait to the east. It is part of the
active continental margin belt of the Mesozoic-Cenozoic giant
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tectonic magmatic belt around the Pacific Ocean (Hu, 2014). Under
the action of the subduction of the Kula Plate and the coastal
boundary of the continental crust, NW, NE, NNE, and NNW trending
fault networks have been generated in this area. Controlled by
these faults, the distribution of the strata in Fujian developed a new
trend from north to south and from west to east, creating a struc-
tural framework with east-west zoning and north-south blocking
(Li et al., 2021; Xiao et al., 2021). The NE trending Nanping-Ninghua
tectono-magmatic belt and the NE trending Zhenghe-Dapu fault
zone intersect in the Nanping area, dividing Fujian into three ter-
ranes: northwest, southwest, and east Fujian (Xu et al., 2017). The
Indosinian and Yanshanian magmatic activity produced the Early
Yanshanian granite, Late Yanshanian granite, and Late Yanshanian
volcanic rocks, which are currently exposed in the study area. The
distribution scales of the Late Yanshanian volcanic rocks and
granite are the largest (Liu et al., 2007; Zhao et al., 2019; Li et al.,
2022). The subject of this study was the Late Yanshanian granite
in the study area (Fig. 1).

3. Samples and methods

3.1. Samples

All of the samples were collected from the eastern coastal area
of Fujian Province, and the specific information is presented in
Table 1. A total of 85 samples were collected in this study, and 48
columnar samples were drilled. Thirty samples were selected for X-
ray diffraction (XRD) analysis, 44 samples were selected for X-ray
fluorescence (XRF) analysis, and 26 columnar samples were
selected for porosity, permeability, density, acoustic velocity, and
resistivity analyses.

3.2. Methods

Based on the auxiliary determination of the lithology via X-ray
diffraction and major element analysis, the zonation of the granite
weathering crust was characterized using multiple parameters,
including the uniaxial compressive strength, permeability, and
magnetic susceptibility of the rocks. These parameters were
measured in the field using portable instruments. Because some of
the samples of field outcrops were loose and in-situ data needed to
be obtained, the use of portable instruments was a favorable
method for obtaining data.

3.2.1. X-ray diffraction
The X-ray diffraction (XRD) analysis was conducted in the Key

Laboratory of Mineral Resources Evaluation in Northeast Asia,
Ministry of Natural Resources, Jilin University. According to the
sample preparation requirements, 15 g of fresh and clean sample
was washed with distilled water, air dried, finely crushed to 200
mesh using a primary crushing and ball mill, and analyzed after
complete mixing. A DX-2007X-ray diffractometer (made in China)
was used to conduct the analysis, and then, the peak value of the
mineral content intensity was obtained. The mineral content was
calculated according to the interpretation process.

3.2.2. Major elements
The major element analysis was conducted in the Key Labora-

tory of Mineral Resources Evaluation in Northeast Asia, Ministry of
Natural Resources, Jilin University. Based on identification of the
lithofacies characteristics, fresh rock samples were selected,
washed with distilled water, dried, crushed to 200 mesh without
polluting the samples, and analyzed using an X-ray fluorescence
spectrometer (XRF), with a relative error of 1e3%.



Fig. 1. Distribution and sampling locations of the Mesozoic igneous rocks in southeastern China (modified from Zhou and Li, 2000; Li et al., 2018; Niu et al., 2022). (a) Pilot map of
Fujian Province. (b) Distribution of igneous rocks in the study area and adjacent areas. (c) Locations of field sampling.

Table 1
Characteristics and detailed information of outcrop samples in eastern coastal area of Fujian Province. SZ�soil zone, WDZ�weathered and dissolved zone, FZ�fracture zone,
BZ�bedrock zone.

No. Sampling location GPS Lithology Zonation Characterization of weathering Sample name

1 Guweicaishichang,
Lianjiang County

26�04032.400N,
119�38046.400E

Granite SZ and
WDZ

Physical and chemical weathering, the CIA
ranges from 64% to 70%

GWCSC-1~ GWCSC-10

2 Guweishuizha,
Lianjiang County

26�04028.900N,
119�38057.100E

Granite and granodiorite FZ and BZ Physical weathering, the CIA ranges from 62%
to 66%

GWSZ-1~ GWSZ-7

3 Jiaozai, Lianjiang County 26�25042.900N,
119�50016.000E

Quartz monzonite BZ Physical weathering, the CIA ranges from 56%
to 60%

JZ-1~JZ-4

4 Dajinghaitan, Xiapu
County

26�42028.500N,
120�06046.100E

Granite SZ, WDZ,
and FZ

Physical and chemical weathering, the CIA
ranges from 59% to 88%

XP-DJHT-1~XP-DJHT-11, XP-
DJC-1~ XP-DJC-4

5 Haiweijiao, Xiapu
County

26�43037.300N,
120�09006.300E

Granite FZ and BZ Physical weathering, the value of CIA is about
59%

XP-HWJ-1

6 Mingfu, Xiapu County 26�50041.300N,
120�01004.600E

Granite, granodiorite and
quartz monzonite

WDZ and
FZ

Physical and chemical weathering, the CIA
ranges from 60% to 65%

XP-MF-1~ XP-MF-22

7 Beiqi, Xiapu County 26�52040.200N,
120�03046.900E

Granite SZ, FZ Physical and chemical weathering, the CIA
ranges from 61% to 83%

XP-BQ-1~ XP-BQ-4

8 Sansha, Xiapu County 26�54047.200N,
120�13030.900E

Granite SZ, WDZ,
and FZ

Physical and chemical weathering, the CIA
ranges from 60% to 68%

XP-SS-1~ XP-SS-5

9 Niulanggang, Fuding
City

27�03030.900N,
120�16047.900E

Granite WDZ and
FZ

Physical and chemical weathering, the CIA
ranges from 61% to 81%

FD-NLG-1~FD-NLG-7

10 Taimu mountain,
Fuding City

27�07033.800N,
120�11038.000E

Granite WDZ and
FZ

Physical and chemical weathering, the CIA
ranges from 57% to 71%

FD-TMS-1~FD-TMS-7

11 Long'an, Fuding City 27�10040.400N,
120�22025.900E

Granite WDZ and
FZ

Physical and chemical weathering, the CIA
ranges from 64% to 65%

FD-LA-1~ FD-LA-3
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3.2.3. Uniaxial compressive strength
The uniaxial compressive strength of the samples wasmeasured

using a digital Schmidt hammer instrument. The results were cor-
rected based on international standards (ASTM d5873-00; EN
12 504-2; ASTM C 805-02) and were geomechanically character-
ized. The measurements were carried out directly on the selected
representative outcrop. The test range of the instrument was
10e300 MPa (Aydin and Basu, 2005). During the measurements,
the surface of the fresh rock was measured as often as possible.
After the measurement points were selected according to the
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section length, each measurement point was measured and coun-
ted 6e8 times, with an interval of 1e2 cm in order to avoid de-
viations due to changes in the internal structure of the rock (such as
compaction and microcracks) caused by the previous measure-
ments. After the measurements, the geometric average value of the
data, with an error of less than 10% for five measurements, was
taken as the uniaxial compressive strength of the rock at this po-
sition. A total of 152 data points were measured and 835 uniaxial
compressive strength data were obtained.
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3.2.4. Permeability
The permeability was measured using a tiny perm�3 micro air

permeability instrument, which was calibrated by New England
Research (NER) using known standards. The instrument can mea-
sure the permeability of a rock within a small region (1e1.5 cm3),
with a measurement range of 10�2e105 mD. During the measure-
ment, the built-in compression container button is manually
pressed. The instrument calculates the permeability according to
the air flow output from the compression container and the
calculation results are uploaded to the host. A total of 151 perme-
ability data were obtained.

3.2.5. Magnetic susceptibility
An SM-30 portable magnetic susceptibility meter (ZH Company,

Czech Republic) was used for the field measurements of the mag-
netic susceptibility, and its maximummeasurement sensitivity was
1 � 10�7 SI. During the measurements, flat and fresh rock was
selected as often as possible to ensure that the instrument stuck to
the rock surface as much as possible without leaving gaps. Mea-
surement points at different positions were selected according to
the section length, and each point was measured 6e8 times. The
data had an error of less than 1% for five replicate measurements,
and the geometric average value was taken as the magnetic sus-
ceptibility value of the location. A total of 157 data points were
measured and 830 susceptibility data were obtained.

3.2.6. Rate of change of the UCS (Ds), rate of change of the
permeability (Dk), and chemical index of alteration

The Dk, Ds, and CIA were calculated as follows:

Dk ¼ log[(ki�kmin)/ kmin], (1)

Ds¼(smax � si)/ smax, (2)

CIA¼Al2O3/(Al2O3þCaO*þNa2O þ K2O) � 100%, (3)

where Dk is the rate of change of the permeability, ki is the
permeability data for a certain measuring point, kmin is the mini-
mum value of all of the permeability values measured, which
represents the permeability of the fresh rock, and kiekmin is the
difference between the permeability at the measuring point and
the minimum value. The higher the value of kiekmin, the larger the
value of Dk, and the higher the degree of physical and chemical
weathering of the measuring point. Ds is the rate of change of the
UCS, si is the UCS data for a certain measuring point, smax is the
maximum value of all of the UCS measurements, which represents
the UCS of the fresh rock, and smax � si is the difference between
the UCS at themeasuring point and themaximumvalue. The higher
the value of smax � si, the larger the value of Ds, and the higher the
degree of physical and chemical weathering of themeasuring point.
The mole fraction of each component is adopted in the CIA formula,
and CaO* is themole fraction of the CaO in the silicate. The formula:

CaO* ¼ CaO � (10/3 � P2O5), (4)

which is generally used for the calculation and correction of the
CaO. In this study, the method proposed by McLennan (1993) was
used to correct the CaO. During the chemical weathering of the
upper crust, feldspar becomes the main parent rock mineral, and
alkali metals such as Na, K, and Ca are lost in the form of ions and
form clay minerals (e.g., kaolinite, montmorillonite, and illite).
During this process, the mole fraction of Al2O3, i.e., the main
component of the weathering products, changes with the chemical
weathering intensity. Therefore, the CIA of granite can be used as an
index to reflect the weathering degree of the source area (Shao and
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Yang, 2012; Xu and Shao, 2018).

3.2.7. Porosity and permeability
The analyses were conducted in the Central Lab of Applied

Geophysics of Jilin University. A porosity and permeability under
overpressure meter (AP-608) was used to test the porosity and
permeability of helium (He) injection at 20 �C. The relevant pro-
cedures were carried out according to the standard of China’s oil
and gas industry for Conventional Core Analysis Method (SY/T
5336-2006).

3.2.8. Resistivity, acoustic velocity, and density
The analyses were conducted in the Central Lab of Applied

Geophysics of Jilin University. A capillary pressure resistivity sys-
tem (RCS-760) was used to test the resistivity. The maximum
temperature could reach 150 �C, and the measurement frequency
was 50e100 kHz. The experiment was carried out under full water
conditions, the salinity of the simulated formation water was
51.23 g/L, and the specific gravity was 1.05. The vertical and hori-
zontal acoustic velocities were measured using conventional
testing equipment. The equipment included an Agilent MS07034B
oscilloscope, Olympus 5077 PR ultrasonic pulse generator, and
Olympus 1 MHz acoustic probe. The QL-600Z was used to test the
density. The test adopted the principle of the Archimedes buoyancy
method and followed ASTM C39 and other measurement stan-
dards. The vacuum saturation method and other operations were
applied. The density of the sample was accurately converted to
1.000 g/cm3 when the temperature of the water was 4 �C.

4. Petrological characteristics

According to the microscope observations of rock thin sections,
granite, granodiorite, and quartz monzonite were identified at the
sampling points in the study area. Granite was the main lithology,
and the main diagenetic minerals included quartz, plagioclase, and
alkali feldspar, as well as a small amount of dark minerals such as
biotite. Under the influence of chemical dissolution, some of the
biotite had been altered to chlorite, the main diagenetic minerals
had also been subjected to different degrees of chemical dissolu-
tion, and some of the plagioclase and alkali feldspar had been
altered to clay minerals such as kaolin (Fig. 2).

To further determine the lithology andmineral composition, the
field samples were analyzed via XRD and XRF. According to the XRD
results, quartz, plagioclase, and alkali feldspar were selected for
projection. The quartz-alkali feldspar-plagioclase (QAP) ternary
diagram revealed that the main diagenetic minerals in the samples
were quartz, plagioclase, and alkali feldspar, as well as a small
amount of dark minerals (mainly biotite and amphibole). Some of
the rock samples also contained a small amount of clay minerals,
such as chlorite, kaolinite, illite, and montmorillonite. Based on the
microscopic thin section identification, it was determined that the
lithologies at the field sampling points were mainly granite,
granodiorite, and quartz monzonite (Fig. 3a). According to the
major element analysis, the SiO2 and Na2O þ K2O parameters were
selected for mapping. The total alkali silica (TAS) diagram
confirmed that the lithologies of the field samples were mainly
granite, granodiorite, and quartz monzonite, which is consistent
with the XRD and microscopic thin section identification results
(Fig. 3b).

5. Vertical zonation and quantitative characterization of
granite weathering crust

Some of the field outcrops exhibited good vertical zonation of
the granite weathering crust. Based on the outcrop characteristics



Fig. 2. Mesozoic rocks in the eastern coastal area of Fujian Province. (a) 26�04028.900N, 119�38057.100E, granodiorite. (b) 26�50041.300N, 120�01004.600E, granodiorite. (c) 27�10040.400N,
120�22025.900E, granite. (d) 26�52040.200N, 120�03046.900E, granite. (e) 26�5404800N, 120�13030.200E, quartz monzonite. (f) 26�50041.300N, 120�01002.100E, quartz monzonite. Qzdquartz;
Afsdalkali feldspar; Pldplagioclase; Chldchlorite; Btdbiotite.

Fig. 3. (a) QAP diagram (after Streckeisen, 1976) and (b) TAS diagram for the Mesozoic granites in the eastern coastal area of Fujian Province.
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and corresponding analysis results, the field outcrops were divided
into zones. Based on the vertical zonation division scheme pro-
posed by scholars such as Dou et al. (2015), Hou et al. (2019), Ye
et al. (2020a), and Alberto et al. (2021), in this study, the vertical
zonation of the Mesozoic granite weathering crust in the eastern
coastal area of Fujian was conducted based on UCS, permeability,
and CIA, and the weathering crust was divided into four zones
vertically: a soil zone (SZ), weathered and dissolved zone (WDZ),
fracture zone (FZ), and bedrock zone (BZ). The outcrops in the
Guwei quarry and Guwei sluicewere taken as examples to illustrate
the classification scheme.
5.1. Soil zone

The soil zone is defined as the area where the rocks in the sur-
face of the Earth's crust has been subjected to intense physical and
chemical weathering to form sandy soil. It is located at the top of
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theweathering crust, generally has a small thickness and soft rocks,
is mostly weathered into sandy soil, and can even be covered by
vegetation. Dissolution pores and weathering fractures are devel-
oped. Taking the outcrop in Guwei quarry as an example, the
characteristics of the soil zone and the various data for the rock are
shown in Fig. 4. Because this zone has the strongest physical and
chemical weathering, the UCS was lower than the test range of the
instrument (< 10 MPa). The magnetic susceptibility was 1.60e1.73
(4p � 10�3 SI), with a geometric average of 1.65 (4p � 10�3 SI). The
permeability was 2300.00e4150.00 mD, with a geometric average
of 2900.00 mD. The CIA was 67.6e83.6%, with a geometric average
of 71.3%.
5.2. Weathered and dissolved zone

The weathered and dissolved zone is defined as the area where
the rocks in the surface of the Earth's crust have been subjected to



Fig. 4. Characteristics of the soil zone and weathered and dissolved zone of the Mesozoic granite weathering crust in Guwei quarry, Lianjiang County, Fujian Province. (aeg) Field
outcrop and partial photos. (h) Physical and chemical parameters of the rocks. (i) Sketch of a field outcrop. (jeq) Images of cast thin sections and porosity and fracture quantification
analysis. SZ�soil zone, WDZ�weathered and dissolved zone.
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strong physical and chemical weathering and weathering fractures
and dissolution pores have formed in the rocks. It is located under
the soil zone. Taking the outcrop in Guwei quarry as an example,
the characteristics of the weathered and dissolved zone and the
various data for the rock are shown in Fig. 4. Due to the high degree
of weathering, the UCS was lower than the test range of the in-
strument (< 10 MPa). The magnetic susceptibility was 0.90e1.83
(4p � 10�3 SI), with a geometric average of 1.34 (4p � 10�3 SI). The
permeability was 64.00e943.00 mD, with a geometric average of
411.70 mD. The CIA was 64.1e74.1%, with a geometric average of
68.4%. There were cast thin sections of þ1 m, þ2 m, þ3 m,
and þ5 m, and thin section porosity quantification analysis was
conducted. The results revealed that the reservoir space was
composed of dissolution pores and microfractures, and the thin
section porosity was 4.74e10.11%. Among them, the dissolution
pores were relatively well developed, accounting for 3.89e8.85%,
with a geometric average of 7.12%; followed by the weathered
microfractures, accounting for 0.26e1.81%, with a geometric
average of 1.02% (Fig. 4jeq).
5.3. Fracture zone

The fracture zone is defined as the area where the rocks in the
surface of the Earth's crust have been subjected to tectonic move-
ment and physical weathering and structural and weathering
fractures have formed in the rocks. It is located under the weath-
ered and dissolved zone. According to the field observations, due to
the different mineral compositions of the rocks, the rocks in the
fracture zone had been subjected to different degrees of tectonic
movement, and some areas were seriously cut by fractures, forming
a cataclastic area. Some of the cataclastic areas had also been
subjected to slight physical weathering, forming weathering frac-
tures. The other parts of the fracture zone (i.e., everything except
the cataclastic area) were defined as the non-cataclastic area. Tak-
ing the outcrop in the Guwei sluice as an example, the character-
istics of the fracture zone and the various data for the rocks are
shown in Fig. 5. The UCS was 67.9e71.3 MPa, with a geometric
average of 69.3 MPa. The magnetic susceptibility was 1.51e11.52
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(4p � 10�3 SI), with a geometric average of 3.97 (4p � 10�3 SI). The
permeability was 0.08e0.28 mD, with a geometric average of 0.17
mD. The CIA was 62.4e66.2%, with a geometric average of 64.3%. In
the 2.5e3.5 m area (vertically), due to the strong effect of the tec-
tonic shear force, the rock had been seriously broken and many
rhombus shaped blocks had developed. This was defined as the
cataclastic area. The UCS in this areawas 58.3MPa, the permeability
was 65.00 mD, the magnetic susceptibility was 3.40 (4p � 10�3 SI),
and the CIA was 61.2%. Based on the casting thin sections, the
reservoir space in this area was composed of structural fractures
and dissolution pores, with a thin section porosity of 7.91%. The
fractures were relatively well developed, accounting for a porosity
of 6.54%, and were mainly structural fractures, but some of the
fractures had been filled. The dissolution pores accounting for a
porosity of about 1.37%.

5.4. Bedrock zone

The bedrock zone is defined as an area of solid rock that is more
complete in the surface of the Earth's crust. It is located at the
bottom of the weathering crust. The rock in this zone is almost
unaffected by physical and chemical weathering, but some areas
have been affected by tectonic movement, resulting in the forma-
tion of cataclastic areas and fractures. The other areas (i.e., every-
thing except the cataclastic area) are defined as the non-cataclastic
area, which is characterized by solid rocks and a lack of fractures.
Taking the outcrop in the Guwei sluice as an example, the charac-
teristics of the bedrock zone and the various data for the rock are
shown in Fig. 5. The UCS was 78.3 MPa, the magnetic susceptibility
was 8.71 (4p � 10�3 SI), the permeability was 0.06 mD, and the CIA
was 59.3%.

5.5. Multi-parameter quantitative characterization of zonation of
granite weathering crust

5.5.1. UCS
The UCS results are shown in Fig. 6. The UCS of the soil zone was

very low, and the values were lower than the test range of the



Fig. 5. Characteristics of the fracture zone and the bedrock zone of the Mesozoic granite weathering crust in the Guwei sluice, Lianjiang County, Fujian Province. (a) and (b) Field
outcrop and sketch. (c) and (d) Image of cast thin section and porosity and fracture quantification analysis. (e) Physical and chemical parameters of the rocks. FZ�fracture zone,
BZ�bedrock zone.

Fig. 6. Characteristics of the uniaxial compressive strength of the Mesozoic granite in the eastern coastal area of Fujian Province (MPa). (a) UCS distribution in the weathered and
dissolved zone. (b) UCS distribution in the fracture zone. (c) UCS distribution in the bedrock zone. (d) Box diagram: The green circle represents the geometric mean of the effective
data (data located in 1/4e3/4 of the entire dataset), and the vertical line represents the median of the entire dataset. N is the number of data in each group. The green, blue and red
lines represent three possible trends in the field sections. The solid line is the measured data, and the dotted line is the predicted data. SZ�soil zone, WDZ�weathered and dissolved
zone, FZ�fracture zone, BZ�bedrock zone.
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instrument (< 10 MPa). The UCS data for the soil zone were ob-
tained from Alberto et al. (2021) (Fig. 6a). The UCS of the weathered
and dissolved zonewas 10.0e70.8MPa, with a geometric average of
18.2 MPa (Fig. 6b). Due to the different mineral compositions and
contents, the physical and chemical weathering were heteroge-
neous, so the UCS of this zone was divided into three sections. The
2670
first section had been subjected to strong physical and chemical
weathering, with UCS values of less than 10.0 MPa and a maximum
of 18.0 MPa. The second section had been subjected to moderate
physical and chemical weathering, with UCS values of
21.6e47.8 MPa. The third section had been subjected to slight
physical and chemical weathering, or fresher rock was exposed as a
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result of the peeling off of theweathered and dissolved rock surface
(such as spherical weathered stone eggs), with UCS values of
51.8e70.8 MPa. The UCS of the fracture zone was 18.4e74.9 MPa,
with a geometric average value of 57.9 MPa (Fig. 6c). Due to the
different degrees of influence of the tectonic movement and
physical weathering, the UCS of this zone was also divided into
three sections. The first section was the part of the cataclastic area
that had been affected by slight physical weathering. Structural and
weathering fractures were developed, and the UCS values were
lower (18.4e39.7 MPa). The second section was the part of the
cataclastic area that had not been affected by physical weathering,
with UCS values of 40.8e59.8 MPa. The third section was the non-
cataclastic area, which had large UCS values of 63.2e78.3 MPa. The
UCS of the bedrock zone was 55.1e83.5 MPa, with a geometric
average value of 69.9 MPa (Fig. 6d). The bedrock zone also con-
tained a cataclastic area, with UCS values of 55.1e67.5MPa. The UCS
values of the non-cataclastic area of the bedrock zone were
68.3e83.5 MPa. In conclusion, from top to bottom, the UCS of the
section gradually increased (Fig. 6e).

5.5.2. Permeability
The permeability measurement results are shown in Fig. 7. The

permeability of the rock in the soil zone was high, ranging from
1.44 � 103 to 1.12 � 104 mD (geometric average of 2.82 � 103 mD),
because this zone had experienced the strongest weathering and
had the loosest rocks (Fig. 7a). The permeability of the rocks in the
weathered and dissolved zone was generally lower than that in the
soil zone, with a geometric average of 1.44 � 102 mD (Fig. 7b).
Similar to the UCS, the permeability of the weathered and dissolved
zone was also divided into three sections. The permeabilities of the
first, second, and third sections were 1.33 � 102e1.15 � 104 mD,
2.77 � 101e1.00 � 102 mD, and 5.00 � 10�2e2.40 � 101 mD,
respectively. The rock in the fracture zone had been affected by
tectonic movement and physical weathering. The permeability was
2.00 � 10�2e1.30 � 103 mD, with a geometric average of 5.50 mD
(Fig. 7c). The permeability of the rock in the cataclastic area that
had been subjected to slight physical weathering was
2.58 � 102e1.30 � 103 mD, while that of the rock in the cataclastic
area without physical weathering was 1.08 � 101e1.87 � 102 mD,
and that of rock in the non-cataclastic area was 2.00 � 10�2e9.10
Fig. 7. Characteristics of the permeability of the Mesozoic granite in the eastern coastal area
distribution in the weathered and dissolved zone. (c) Permeability distribution in the fractu
blue and red lines represent three possible trends in the field sections. The solid line is the m
and dissolved zone, FZ�fracture zone, BZ�bedrock zone.
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mD. The permeability of the bedrock zone was
2.00 � 10�2e6.13 � 101 mD, with a geometric average of 1.46 mD
(Fig. 7d). The permeability of the rock in the cataclastic area of the
bedrock zone was 4.80e6.13 � 101 mD, and the permeability in the
non-cataclastic area was 2.00 � 10�2e3.90 mD. In conclusion, from
top to bottom, the permeability of the weathering crust gradually
decreased (Fig. 7e).

5.5.3. Magnetic susceptibility
The results of the magnetic susceptibility measurements are

shown in Fig. 8. The magnetic susceptibility of the rocks in the soil
zone was 1.05e3.21 (4p � 10�3 SI), with a geometric average of
2.44 (4p � 10�3 SI) (Fig. 8a). The magnetic susceptibility of the
rocks in the weathered and dissolved zone was heterogeneous,
ranging from 0.08 to 14.26 (4p� 10�3 SI), with a geometric average
of 2.01 (4p � 10�3 SI) (Fig. 8b). The magnetic susceptibility of the
rocks in the fracture zone was 0.05e11.56 (4p � 10�3 SI) (Fig. 8c).
The magnetic susceptibility of the rocks in the bedrock zone was
0.35e6.51 (4p � 10�3 SI), with a geometric average of 3.55
(4p � 10�3 SI) (Fig. 8d). There was no obvious regularity to the
variations in the magnetic susceptibility from top to bottom in the
weathering crust (Fig. 8e).

5.5.4. Dk, Ds, CIA, and clay mineral content
In addition to the good correlations between the UCS and

permeability and the zonation, the distribution ranges of the UCS
and permeability of each zone were large, and the zonation could
not be describedwell by a single parameter. Therefore, in this study,
the parameters were compared by calculating Ds, Dk, and CIA. The
CIA data are presented in Table 2. The results show that the com-
bination of Ds, Dk, and CIA has a good effect in terms of the
quantitative characterization of the zonation. Dk in the soil zone
ranged from 4.00 to 7.00, with a geometric average of 5.13. Ds
ranged from 0.75 to 1.00, with a geometric average of 0.90. The CIA
was 67.0e85.0%, with a geometric average of 74.9% (Fig. 9). The clay
mineral content was 5e8%, with a geometric average of 7%
(Table 3). Dk in the weathered and dissolved zone ranged from 2.50
to 5.50, with a geometric average of 4.17. Ds ranged from 0.45 to
0.90, with a geometric average of 0.70. The CIA was 62.0e75.0%,
with a geometric average of 65.3% (Fig. 9). The clay mineral content
of Fujian Province (mD). (a) Permeability distribution in the soil zone. (b) Permeability
re zone. (d) Permeability distribution in the bedrock zone. (e) Box diagram. The green,
easured data, and the dotted line is the predicted data. SZ�soil zone, WDZ�weathered



Fig. 8. Characteristics of the magnetic susceptibility of the Mesozoic granite in the eastern coastal area of Fujian Province (4p � 10�3 SI). (a) Magnetic susceptibility distribution in
the soil zone. (b) Magnetic susceptibility distribution in the weathered and dissolved zone. (c) Magnetic susceptibility distribution in the fracture zone. (d) Magnetic susceptibility
distribution in the bedrock zone. (e) Box diagram. SZ�soil zone, WDZ�weathered and dissolved zone, FZ�fracture zone, BZ�bedrock zone.

Table 2
Major element analysis (%) and CIA (%) of the Mesozoic granite in the eastern coastal area of Fujian Province.

Sample SiO2 Al2O3 TFe2O3 CaO* MgO K2O Na2O TiO2 P2O5 MnO LOI Total CIA, %

JZ-1 66.78 16.66 2.99 0.14 0.20 6.18 4.79 0.52 0.04 0.14 1.36 99.79 60.0
JZ-2 68.44 15.81 2.53 0.38 0.12 7.15 3.93 0.49 0.09 0.07 0.88 99.88 58.0
JZ-3 68.94 15.21 2.54 0.40 0.13 7.21 3.77 0.46 0.10 0.09 0.94 99.79 57.2
GW-SZ-1 72.17 14.75 2.05 0.54 0.25 4.35 4.00 0.30 0.03 0.11 1.19 99.73 62.4
GW-SZ-3 72.39 14.04 2.38 1.11 0.46 4.11 4.43 0.31 0.07 0.17 0.49 99.97 59.3
GW-CSC-1 70.29 16.05 2.63 0.41 0.27 3.79 3.60 0.36 0.02 0.14 2.20 99.76 67.3
GW-CSC-2 71.46 15.23 2.35 0.41 0.19 4.15 3.67 0.31 0.02 0.11 1.69 99.57 64.9
GW-CSC-3 72.40 14.84 2.21 0.40 0.20 3.74 4.15 0.29 0.02 0.11 1.39 99.75 64.1
GW-CSC-5 69.91 16.59 2.78 0.32 0.24 3.92 2.77 0.35 0.02 0.11 2.95 99.95 70.3
GW-CSC-6 67.13 18.05 3.26 0.30 0.26 3.90 2.11 0.39 0.02 0.10 4.36 99.89 74.1
GW-CSC-9 72.39 14.10 2.49 0.91 0.38 4.14 4.46 0.30 0.08 0.16 0.48 99.90 59.7
GW-CSC-10 72.24 14.37 2.37 0.71 0.37 4.40 4.09 0.33 0.04 0.13 0.89 99.96 61.0
XP-HWJ-1 75.95 12.70 1.67 0.24 0.08 4.60 4.08 0.12 0.01 0.13 0.36 99.95 58.7
XP-SS-1 74.34 13.57 1.82 0.16 0.16 4.75 3.39 0.20 0.03 0.08 1.14 99.64 62.0
XP-SS-2 75.20 13.26 1.34 0.19 0.14 4.83 3.64 0.17 0.02 0.05 0.85 99.69 60.5
XP-SS-5 75.12 13.32 1.70 0.17 0.14 3.88 3.33 0.19 0.02 0.09 1.89 99.84 64.4
XP-BQ-1 78.13 11.34 2.74 0.06 0.23 2.01 0.15 0.44 0.02 0.12 4.65 99.89 83.6
XP-BQ-3 74.75 13.26 1.63 0.11 0.10 5.36 2.86 0.19 0.01 0.09 1.61 99.97 61.4
XP-DJHT-1 75.07 13.25 1.45 0.34 0.14 4.56 4.10 0.16 0.02 0.06 0.63 99.79 59.5
XP-DJHT-2 74.50 13.30 1.83 0.33 0.25 4.48 4.00 0.18 0.02 0.13 0.73 99.75 60.2
XP-DJHT-3 74.99 13.21 1.51 0.30 0.17 4.78 3.83 0.16 0.02 0.11 0.82 99.92 59.7
XP-DJHT-6 82.81 8.70 1.04 0.27 0.08 4.24 1.89 0.10 0.01 0.10 0.39 99.64 57.6
XP-DJHT-9 75.28 13.92 1.41 0.06 0.17 5.18 0.37 0.14 0.01 0.05 3.04 99.63 71.3
XP-DJC-4 76.14 12.89 1.40 0.25 0.07 6.05 1.78 0.12 0.01 0.09 1.17 99.96 61.5
XP-DJC-2 69.22 16.96 2.64 0.24 0.21 4.64 1.28 0.26 0.01 0.09 4.13 99.68 73.3
XP-MF-1 67.34 15.55 3.89 3.34 1.14 3.39 3.57 0.41 0.14 0.10 0.85 99.73 60.2
XP-MF-2 67.39 15.20 4.20 2.61 1.49 3.91 2.95 0.47 0.14 0.10 1.53 99.99 61.6
XP-MF-3 67.38 14.97 4.18 2.71 1.34 3.94 3.05 0.43 0.13 0.11 1.33 99.59 60.7
XP-MF-4 67.68 15.19 3.94 2.51 1.34 3.86 2.83 0.42 0.12 0.10 1.69 99.69 62.3
XP-MF-5 68.39 15.49 3.47 2.58 1.05 3.66 3.21 0.38 0.11 0.09 1.54 99.97 62.1
XP-MF-6 67.47 15.61 4.01 2.29 1.26 3.51 3.62 0.44 0.13 0.11 1.38 99.83 62.4
XP-MF-7 67.53 15.74 4.01 2.29 1.01 3.03 3.28 0.41 0.13 0.09 2.07 99.59 64.7
XP-MF-8 67.18 15.68 3.88 2.64 1.17 3.56 3.19 0.41 0.13 0.09 1.64 99.57 62.6
XP-MF-12 68.85 14.59 3.75 2.36 1.71 1.10 4.97 0.38 0.12 0.13 1.68 99.65 63.4
XP-MF-19 64.48 16.25 4.36 3.45 1.62 3.22 3.27 0.47 0.13 0.11 2.43 99.78 62.1
XP-MF-21 69.00 15.08 3.43 1.43 0.89 3.93 4.07 0.35 0.11 0.09 1.48 99.87 61.5
FD-NLG-3 72.43 15.82 1.89 0.05 0.18 4.03 0.29 0.22 0.01 0.11 4.78 99.81 78.3
FD-NLG-4 76.04 12.97 1.32 0.12 0.11 5.76 2.17 0.18 0.01 0.08 1.21 99.98 61.7
FD-NLG-5 74.26 13.63 1.83 0.19 0.19 4.60 3.76 0.21 0.01 0.12 0.98 99.78 61.4
FD-NLG-6 73.81 13.61 1.93 0.22 0.21 4.76 3.72 0.20 0.05 0.12 1.01 99.63 61.0
FD-TMS-3 73.62 14.74 2.57 0.04 0.05 3.57 0.17 0.17 0.01 0.24 4.54 99.71 79.6
FD-TMS-4 76.23 11.59 2.08 0.25 0.10 4.59 3.81 0.14 0.01 0.19 0.53 99.52 57.3
FD-TMS-6 76.91 12.01 1.69 0.04 0.05 4.56 3.70 0.12 0.01 0.10 0.56 99.75 59.1
FD-TMS-7 77.37 11.89 1.67 0.07 0.04 4.30 3.12 0.12 0.00 0.13 1.04 99.76 61.4
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Fig. 9. Quantitative characterization of the zonation of the Mesozoic granite weathering crust in the eastern coastal area of Fujian Province. (a) Plot of Dk versus CIA. (b) Plot of Ds
versus CIA. (c) Plot of Ds versus Dk. (d) Geometric average of Ds. (e) Geometric average of Dk. (f) Geometric average of CIA. SZ�soil zone, WDZ�weathered and dissolved zone,
FZ�fracture zone, BZ�bedrock zone.

Table 3
Mineral content of the Mesozoic granites in the eastern coastal area of Fujian Province. SZ-soil zone, WDZ-weathered and dissolved zone, FZ-fracture zone, BZ-bedrock zone.
The blank space in the table indicates that the measured value is 0.

Sample Quartz Alkali feldspar Plagioclase Biotite Muscovite Calcite Hornblende Chlorite Kaolinite Illite Montmorillonite Zone

FD-LA-3 35 24 33 5 3 SZ
XP-DJHT-11 94 1 3 2 SZ
GWCSC-6 34 32 31 1 1 1 WZ
XP-MF-4 37 25 28 2 7 1 WZ
XP-MF-5 25 33 35 2 2 3 WZ
XP-MF-10 24 32 31 4 5 2 1 1 WZ
XP-MF-11 25 20 42 4 1 5 3 WZ
XP-MF-14 22 11 53 4 3 2 2 WZ
XP-MF-15 25 28 40 4 2 1 WZ
XP-MF-17 25 42 28 1 2 2 WZ
XP-MF-18 31 24 38 2 2 3 WZ
XP-MF-19 30 22 40 1 1 1 3 1 1 WZ
XP-DJC-2 41 24 26 1 4 1 2 FZ
FD-LA-2 37 27 32 1 2 1 FZ
FD-NLG-3 69 10 18 1 1 1 FZ
JZ-1 18 33 44 5 BZ
JZ-2 17 47 33 3 BZ
JZ-3 17 48 33 2 BZ
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was 1e8%, with a geometric average of 4% (Table 3). Dk in the
fracture zone ranged from 0.50 to 4.50, with a geometric average of
2.55. Ds ranged from 0.05 to 0.55, with a geometric average of 0.18.
The CIA was 58.0e66.0%, with a geometric average of 61.6% (Fig. 9).
The clay mineral content was 1e3%, with a geometric average of 2%
(Table 3). Dk in the bedrock zone ranged from e0.50 to 2.00, with a
geometric average of 1.43 (the negative value was caused by the
logarithmic function, indicating that the permeability at this
measuring point was close to the minimum value). Ds ranged from
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0.01 to 0.20, with a geometric average of 0.13. The CIA was
55.0e61.0%, with a geometric average of 57.8% (Fig. 9). The clay
mineral content was < 1% (Table 3). In conclusion, the larger the
values of Ds and Dk, the higher the physical and chemical weath-
ering intensity. The higher the CIA and clay mineral content, the
higher the chemical weathering intensity. Therefore, the simulta-
neous increases in Ds, Dk, and CIA indicate an increase in the
physical and chemical weathering intensity.



Fig. 10. Characteristics of cataclastic area of the Mingfu quarry section in the eastern coastal area of Fujian Province. (a) Physical and chemical parameters of the rocks. (b) Sketch of
section. (cee) Lens developed in the cataclastic area. (fei) Fracture surface density in the non-cataclastic area. (jem) Fracture surface density in the cataclastic area. The green lines
in (g), (i), (k), and (m) denote the weathered fractures; the thick red lines denote the main structural fractures; and the thin red lines denote the derived structural fractures.
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6. Discussion

6.1. Characteristics and function of fracture and cataclastic area in
granite weathering crust

The reservoir space types of the granite weathering crust are
mainly fractures and dissolution pores, among which the structural
fractures provide fluid seepage channels for dissolution and the
2674
necessary conditions for weathering, thus controlling the devel-
opment of the dissolution pores and weathered fractures (Liu et al.,
2021). Thus, structural fractures are an important topic in granite
weathering crust reservoir research. When observing and
measuring the field sections, it was found that there was a certain
area in the fracture and bedrock zones. In this area, structural
fractures were well-developed and the rock had been cut by frac-
tures and was seriously broken, forming rhombus-shaped blocks



Fig. 11. Characteristics of the cataclastic area of the Niulanggang section in the eastern coastal area of Fujian Province. (a) Physical and chemical parameters of the rocks. (b) Sketch
of section. (cee) Lens developed in the cataclastic area. (fek) Fracture surface density in the cataclastic area. (l) and (m) Fracture surface density in the non-cataclastic area. The
green lines in (g), (i), (k), and (m) denote the weathered fractures; the thick red lines denote the main structural fractures; and the thin red lines denote the derived structural
fractures.

J.-S. Hu, Y.-M. Jiang, H.-F. Tang et al. Petroleum Science 20 (2023) 2664e2682
and lenses. The UCS in this area was low and the permeability was
high. This area was labeled the cataclastic area. Similarly, Luo et al.
(2022) also proposed that a rock bridge was developed in the
widely distributed granite in the crust, which was characterized by
2675
discontinuity of the structural plane, a high strength, stress con-
centration, and brittle failure. Due to the heterogeneity of the li-
thology and fractures, Luo et al.’s (2022) rock bridge area is similar
to the cataclastic area proposed in this paper. Taking the outcrops in



Fig. 12. Characteristics of the cataclastic area in the Mesozoic granite weathering crust in the eastern coastal area of Fujian Province. (a) Width of the cataclastic area. (b) Fracture
surface density of the cataclastic area. (c) Proportion of the cataclastic area in the rock mass volume. (d) Percentage of fractures contributed by the cataclastic area. GW: Guwei
sluice, Lianjiang County. SS: Sansha Town, Xiapu County. DJ: Dajing beach, Xiapu County. BQ: Beiqi Village, Xiapu County. MF: Mingfu quarry, Xiapu County. LA: Long'an, Fuding City.
NLG: Niulanggang, Fuding City. OFWN: Offshore of western Norway. ONWN: Onshore in western Norway. OFWN and ONWN are from Alberto et al. (2021).

Fig. 13. Physical properties of the Mesozoic granite reservoirs in the eastern coastal area of Fujian Province. The dotted lines in different colors represent the cutoff values of each
key sensitive parameter in each zonation. The different colored circles represent the average values of the parameters in each zone. SZ�soil zone, WDZ�weathered and dissolved
zone, FZ�fracture zone, BZ�bedrock zone.
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Mingfu quarry in Lianjiang County and Niulanggang in Fuding City
2676
as examples, the reasons for the characteristics of the rocks and



Fig. 14. Permeability simulation conducted using the fracture intensity per area of granite weathering crust in the eastern coastal area of Fujian Province.

J.-S. Hu, Y.-M. Jiang, H.-F. Tang et al. Petroleum Science 20 (2023) 2664e2682
fractures in the cataclastic area were deduced, and the role of the
cataclastic area in the reservoir's development was analyzed
through statistical analysis of the data for all of the sampling
locations.
6.1.1. Characteristics of cataclastic area of outcrop in Mingfu quarry
The outcrop inMingfu quarry exhibited the characteristics of the

cataclastic area of the granite weathering crust. Six measurement
points were selected horizontally along this outcrop tomeasure the
magnetic susceptibility, permeability, and uniaxial compressive
strength of the rock (Fig. 10a). The six measurement points in this
sectionwere labeled P1, P2, P3, P4, P5, and P6. It was found that the
UCS values at measurement points P4, P5, and P6 were lower than
the test range of the instrument (< 10 MPa), and the permeabilities
at these three points were higher than those at P1, P2, and P3.
Lenses were developed at points P4, P5, and P6 (Fig. 10be10e).
Therefore, this area was defined as the cataclastic area. The six
measurement points were photographed and sampled, and then
major element analysis was carried out on the samples and their
CIA values were calculated. Then, the photos were examined, and
the outcrop surfaces with the same field of view were used to
calculate the fracture surface density statistics (the ratio of the total
length of the fractures in the field of view to the area of the field of
view).

The measurements and statistical results revealed that the CIA
values were higher at measurement points P4, P5, and P6 than at
P1, P2, and P3 (Fig.10a). The fracture surface density at point P1 was
about 54.44 m/m2 (Fig. 10f and 10g), the fracture surface density at
point P2 was about 61.70m/m2 (Fig.10h and 10i), while the fracture
surface density at point P4 was about 196.82 m/m2 (Fig. 10j and
10k), and the fracture surface density at point P5 was about
215.02 m/m2 (Fig. 10l and 10m). Based on the field survey data, it
was determined that P4, P5, and P6 were located in the cataclastic
area of the fracture zone.
6.1.2. Characteristics of cataclastic area of outcrop in Niulanggang
The outcrop in Niulanggang also exhibited the characteristics of

the cataclastic area of the granite weathering crust. Six
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measurement points were selected horizontally along this outcrop
to measure the magnetic susceptibility, permeability, and uniaxial
compressive strength of the rock (Fig. 11a). The six measurement
points in this section were labeled P1, P2, P3, P4, P5, and P6. Ac-
cording to the outcrop observations, the rocks at P2, P4, and P5 had
been cut by fractures and were seriously broken, with many frac-
tures and lenses developed. Therefore, this area was defined as the
cataclastic area (Fig. 11bee). Furthermore, based on the measure-
ments, the changes in the strength of the rock from point P1 to
point P6 were as follows: decrease (P1eP2)/ increase (P2eP3)/
decrease (P3eP5) / increase (P5eP6). The changes in the
permeability exhibited the opposite pattern.

Then, the photos were examined, and the outcrop surfaces with
the same field of view were used to calculate the fracture surface
density statistics. Themeasurements and statistical results revealed
that the CIAvalues were slightly higher at P2, P4, and P5 points than
at the other three measurement points (Fig. 11a). The fracture
surface density at point P2 was about 203.45e355.83 m/m2

(Fig. 11fei), the fracture surface density at point P5 was about
329.31 m/m2 (Fig. 11j and 11k), and the fracture surface density at
point P6 was about 120.88 m/m2 (Fig. 11l and 11m). Based on the
field survey data, it was found that P2, P4, and P5 were located in
the cataclastic area of the fracture zone.
6.1.3. Role of cataclastic area in reservoir development
Among all of the outcrops observed in the field, seven contained

cataclastic areas. To study the role of the cataclastic areas in the
reservoir's development, in this study, the width of the cataclastic
area (m), the fracture face density of the cataclastic area (m/m2), the
proportion of the cataclastic area to the rock mass volume (%), and
the fracture contribution (%) of several outcrop cataclastic areas
were counted and calculated.

The results revealed that the width of the cataclastic area in the
fracture zone was several meters (Fig. 12a). The geometric average
value of the fracture surface density was 150.50e287.80 m/m2, and
it was usually > 200.00 m/m2 (Fig. 12b). When combined, the
cataclastic areas developed in different locations in the same
outcrop had a scale of tens of meters, accounting for about 20% of



Fig. 15. Reservoir space composition of the Mesozoic granite in the eastern coastal area of Fujian Province. (a) Reservoir space composition of the soil zone, 10 casting thin sections.
(b) Weathered and dissolved zone, 28 casting thin sections. (c) Fracture zone, 16 casting thin sections. (d) Bedrock zone, 3 casting thin sections. (e) and (i) Analysis results of the
casting thin section and surface porosity and fracture for sample XP-MF-4, weathered and dissolved zone; (f) and (j) Sample XP-SS-3, weathered and dissolved zone; (g) and (k)
Sample GWSZ-1, fracture zone; (h) and (l) Sample JZ-3, bedrock zone. SZ�soil zone, WDZ�weathered and dissolved zone, FZ�fracture zone, BZ�bedrock zone.

Table 4
Surface porosity and fracture by image analysing results for the Mesozoic granite in the eastern coastal area of Fujian Province. SZ�soil zone, WDZ�weathered and dissolved
zone, FZ�fracture zone, BZ�bedrock zone.

Zone Geometric average of surface porosity, % Geometric average of surface fracture, % Total porosity, %

SZ 9.83 1.42 11.25
WDZ 4.56 0.93 5.49
FZ 0.71 1.76 2.47
BZ 0.75 1.26 2.01
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the volume of the rock mass (Fig. 12c). The contribution of the
cataclastic area to the fractures in the rock mass could reach about
33% and was even up to about 50% in some areas (Fig. 12d).
Moreover, two outcrops in western Norway have also been re-
ported to contain cataclastic areas, with widths of several meters
and a combined scale of tens of meters, which is similar to the
characteristics of the cataclastic areas in our study area (Alberto
et al., 2021). Therefore, it is concluded that the cataclastic area
can serve as the sweet spot in the buried-hill reservoir.

The conclusion of the cataclastic area can provide geological
basis for the study of the granite buried hill in the East China Sea
Basin.
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6.2. Reservoir physical property characteristics of granite
weathering crust

As was previously mentioned, the granite weathering crust was
vertically divided into four zones in this study. Samples of each
zone were collected and columnar samples were drilled for the
porosity and permeability analyses and to analyze the physical
properties of each zone. The relevant tests were conducted at Jilin
University. The rock in the soil zone was relatively soft, so it was
impossible to obtain columnar samples. Therefore, the initial
porosity of the rock in the soil zone calculated during the
compaction test was taken as the porosity of the rock in this zone



Fig. 16. Density, resistivity, and acoustic velocity of the Mesozoic granites in the eastern coastal area of Fujian Province. (a) Plot of resistivity versus acoustic velocity. (b) Plot of
density versus acoustic velocity. (c) Plot of density versus resistivity. (d) Geometric average of resistivity. (e) Geometric average of density. (f) Geometric average of acoustic velocity.
WDZ�weathered and dissolved zone, FZ�fracture zone, BZ�bedrock zone.
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(Fisher et al., 1999; Nakata et al., 2001; Karner et al., 2003; Bernaud
et al., 2006; Marcussen et al., 2010). The test results show that the
porosity of the soil zone was the highest, ranging from 34.32% to
50.47%, with a geometric average value of 42.56%. The porosity of
the weathered and dissolved zone was 2.44e7.52%, with a geo-
metric average value of 4.17%; and the permeability was
0.009e10.913 mD, with a geometric average value of 0.244 mD. The
porosity of the fracture zone was 2.09e9.99%, with a geometric
average value of 4.62%; and the permeability was 0.011e0.325 mD,
with a geometric average value of 0.053 mD. The porosity of the
bedrock zone was 0.76e1.01%, with a geometric average value of
0.91%; and the permeability was 0.004e0.006 mD, with a geo-
metric average value of 0.005mD (Fig.13). Due to the heterogeneity
of the fracture zone, its permeability was related to fracture width
and fracture surface density. In this study, based on the measured
fracture surface density of the outcrop, the empirical formula:

k ¼ D � h3 / 12, (5)

where k is the formation's permeability (m2); D is the fracture in-
tensity (m/m2); and h is the fracture aperture (m). The formula was
used to analyze the permeability of the granite based on the
assumed fracture aperture (Zimmerman and Bodvarsson, 1996).
Fracture apertures of 0.01 mm, 0.05 mm, and 0.1 mm were
assumed. If the fracture aperture was 0.01 mm, the formation's
permeability was 2.18 � 10e12e2.97 � 10e11 m2. If the fracture
aperture was 0.05 mm, the formation's permeability was
2.72 � 10e10e3.71 � 10e9 m2. If the fracture aperture was 0.1 mm,
the formation's permeability was 2.18 � 10e9e2.97 � 10e8 m2

(Fig. 14). Based on the characteristics of the UCS, the clay mineral
content and CIA of each zone were obtained. Although the pores of
the soil zone were developed, the mineral alteration phenomenon
was serious, the clay content was high, and plant roots were
developed, so the physical properties of the reservoir were poor in
this zone. The rock in the bedrock zone was dense, and pores were
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not developed, so the physical properties of the reservoir were poor
in this zone. Dissolution pores were developed in the weathered
and dissolved zone. The reservoir space types were mainly pore
type and pore-fracture type. Fractures were developed in the
fracture zone. The reservoir space types were mainly fracture type
and fracture-pore type. The physical properties of these two zones
were better than those of the soil and bedrock zones.

When the samples were sent back to the laboratory for analysis
of the reservoir physical property, casting thin sections were also
made, and thin section porosity and fracture quantification were
conducted to determine the pore composition characteristics of
each zone. The analysis results revealed that the geometric average
value of the surface porosity of the soil zone was 9.83%, the geo-
metric average value of the surface fractures was 1.42%, the total
porosity was 11.25%, and the reservoir space was composed of 87%
pores and 13% fractures (Fig. 15a, Table 4). The geometric average
value of the surface porosity of the weathered and dissolved zone
was 4.56%, the geometric average value of the surface fractures was
0.93%, the total porosity was 5.49%, and the reservoir space was
composed of 74% pores and 26% fractures (Fig. 15b, Table 4). The
geometric average value of the surface porosity of the fracture zone
was 0.71%, the geometric average value of the surface fractures was
1.76%, the total porosity was 2.47%, and the reservoir space was
composed of 29% pores and 71% fractures (Fig. 15c, Table 4). The
geometric average value of the surface porosity of the bedrock zone
was 0.75%, the geometric average value of the surface fractures was
1.26%, the total porosity was 2.01%, and the reservoir space was
composed of 37% pores and 63% fractures (Fig. 15d, Table 4).

6.3. Petrophysical property response of granite weathering crust
zonation

The zonation of the weathering crust is particularly important
for research on granite buried hills in basins around the world, and
it provides important information for oil and gas exploration and



Fig. 17. Intersection plots of physical and mechanical parameters of Mesozoic granite in eastern coastal area of Fujian Province. (a) Plot of Ds versus density. (b) Plot of Dk versus
density. (c) Plot of CIA versus density. (d) Plot of Ds versus acoustic velocity. (e) Plot of Dk versus acoustic velocity. (f) Plot of CIA versus acoustic velocity. (g) Plot of Ds versus
resistivity. (h) Plot of Dk versus resistivity. (i) Plot of CIA versus resistivity.
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development. Studies have shown that the logging curve is an
indispensable basis for dividing buried hills into zones (Hu et al.,
2017; Dou et al., 2018; Ye et al., 2020a). Therefore, the density, re-
sistivity, and acoustic velocity were selected to test and analyze the
granite columnar samples. The results revealed that similar to the
UCS, permeability, and CIA, the single parameter classification ef-
fect was not good, but the use of a combination of parameters can
achieve a better classification effect. As is shown in Fig. 16, in the
weathered and dissolved zone, the acoustic velocity of the rock was
3000e4200 m/s, with a geometric average value of 3717 m/s; the
resistivity was 0e45 U m, with a geometric average value of
30 U m; and the density was 2.32e2.57 g/cm3, with a geometric
average of 2.45 g/cm3. In the fracture zone, the acoustic velocity of
the rock was 4200e5400 m/s, with a geometric average value of
4802 m/s; the resistivity was 45e180 U m, with a geometric
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average value of 79 U m; and the density was 2.42e2.68 g/cm3,
with a geometric average of 2.53 g/cm3. In the bedrock zone, the
acoustic velocity of the rock was 5400e6000 m/s, with a geometric
average value of 5716 m/s; the resistivity was 180e300 Um, with a
geometric average value of 249 U m; and the density was
2.53e2.72 g/cm3, with a geometric average of 2.60 g/cm3. That is,
the density, resistivity, and acoustic velocity all decreased with
increasing weathering intensity. To support this view, the inter-
section plots of the density, resistivity, and acoustic velocity with
Dk, Ds, and CIA, i.e., the indicators of vertical zonation mentioned
above, were created. The results show that (Fig. 17) the density,
resistivity, and acoustic velocity are inversely proportional to Dk,
Ds, and CIA, respectively, indicating that these three indexes are
helpful in the classification of the vertical zonation. The distribution
ranges of the relevant parameters can provide a basis for vertical
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zonation of and oil exploration in the granite weathering crust
buried hill reservoir.

7. Conclusions

The granite weathering crust reservoir in the eastern coastal
area of Fujian Province has obvious vertical zonation, with four
zones from top to bottom: a soil zone, a weathered and dissolved
zone, a fracture zone, and a bedrock zone. The rocks in the soil zone
are loose and porous and can even be covered by vegetation. The
rocks in the weathered and dissolved zone have been obviously
affected by physical and chemical weathering dissolution, and
weathering fractures and dissolution pores have been developed.
The rocks in the fracture zone have been affected by tectonic
movement and physical weathering, and structural fractures and a
fewweathering fractures have been developed. Affected by tectonic
movement, the bedrock zone contains a cataclastic area, and frac-
tures have been developed in this area. The rocks in the non-
cataclastic area are whole and solid. The uniaxial compressive
strength of the granite weathering crust gradually increases from
top to bottom and the permeability gradually decreases. The frac-
ture zone and bedrock zone contain cataclastic areas, which
contribute greatly to the development of fractures in the rock mass
and serve as the sweet spot of the reservoir.

A combination of multiple parameters (i.e., the rate of change of
the uniaxial compressive strength, the rate of change of the
permeability, and the CIA) was applied to determine the zonation of
the granite weathering crust, and good results were achieved. The
rate of change of the uniaxial compressive strength (Ds), the rate of
change of the permeability (Dk), and CIA increased gradually from
bottom to top, indicating a gradual increase in the physical and
chemical weathering intensity.

Based on the petrophysical parameters of the rocks, including
the density, resistivity, and acoustic velocity, a good division effect
of the rock parameters in each zone was achieved. The results of
this study provide a basis for the zonation of the granite buried-hill
weathering crust and oil and gas exploration in the East China Sea
Basin.
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