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Abstract

With the discovery of high-productivity oilfields in granite buried hills, it is necessary to sys-
tematically investigate the types of granite weathered reservoirs at different depths and their
spatial distribution. However, previously subdivided reservoirs have been assumed to exhibit
the same vertical zoning in different structural parts, contradicting the fact that the degree
of weathering varies with the topography. In addition, comprehensive and quantitative meth-
ods for classifying reservoir types are lacking. Taking the Binxian Uplift of the Dongying
depression in Bohai Bay Basin as an example, we therefore established a comprehensive iden-
tification standard for dividing granite reservoirs using lithology division, logging curve statis-
tics, a dual-medium matrix—fracture model and seismic facies identification. Subsequently, by
combining logging and seismic methods, the vertical stacking types and distribution properties
of weathered granite reservoirs in various structural positions were analysed. The reservoirs
were divided vertically into three zones: regolith, dissolution and fracture. Quantitative logging
response standards for the different reservoirs were established using acoustic, density, natural
gamma and resistivity logging. In terms of the seismic response, the regolith, dissolution and
fracture zone corresponded to high-, medium- and low-amplitude seismic facies, respectively.
A dynamic double-layer structure of the reservoir was established, comprising a completely
weathered layer and a semi-weathered layer. The reservoir division method proposed in this
paper can be used in other areas, and the research results can help promote the exploration
of granite buried hill reservoirs.

1. Introduction

As a frontier subject in unconventional exploration, granite buried hills are being explored for
increased oil and gas production. In the oil and gas industry, granite buried hills have been found
in ancient bedrock platforms (North and South America) (Koning, 2003; Sorenson, 2005),
young platforms (West Siberia, Western Europe) (Trice, 2014; Belaidi et al. 2018;
Holdsworth et al. 2019) and young fold mountain belt depressions (Venezuela) (Nelson
et al. 2000). Approximately 40% of oil and gas is produced from weathered granite reservoirs,
and their reserves account for approximately 75% of reserves in the entire base rock oil and gas
field (Williams & Augifield, 1972; Trinh et al. 2009). Representative examples include
Venezuela’s La Paz field and Vietnam’s Baihu oilfield (Koning, 2003; Borgohain, 2010;
Haskell et al. 2010; Li, 2011), which belong to a tertiary granitic basement reservoir with reserves
of over 3.7 billion barrels and a daily production of over 6000 barrels. The exploration of weath-
ered granite reservoirs has also yielded some good results in China; examples include Penglai 9-
1, Jinzhou 25-1S, Niuxintuo granite buried hill, Xinglongtai granite buried hill and Chengbei 30
buried hill (Wang et al. 2006; Deng, 2007; Cun, 2008; Shi et al. 2008; Fang, 2016). With the
discovery of several weathered granite reservoirs in the Bohai Bay Basin, it is necessary to thor-
oughly study such reservoirs for higher oil and gas production. Moreover, as fractured reser-
voirs, they can be used to build deep nuclear waste and CO, storage warehouses, which play
an important role in reducing greenhouse gas emissions and avoiding nuclear pollution
(Armitage et al. 2013; Hung et al. 2019).

Because a granite buried hill has undergone varying degrees of weathering and has strong
heterogeneity, evident zones are formed in the vertical direction. Based on the proportion of
the main minerals, the type of storage space and the density of fracture development in a weath-
ered granite reservoir, it can be divided into different zones from top to bottom, that is, soil,
sandy weathering zone, gravel weathering zone, and fractured and bedrock zone; alternatively,
it can be divided into weathered and leached, fractured, semi-filled fractured and tight zones
(Dou et al. 2015, 2018; Wang et al. 2015, 2018). As the depth increases, the type of reservoir
space gradually transitions from mainly pores to fractures (Deng & Peng, 2009; Zhou,
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2016). With gradually increasing depth, the permeability and
porosity vary significantly in the vertical direction. The porosity
decreases from 4% to 1%, and the permeability decreases from
13 mD to 0.1 mD (Chen et al. 2009; Ge et al. 2011). Based on imag-
ing logging, cores, thin slices, outcrops and other data, geostatistics
or artificial neural network methods have been used to analyse the
physical properties of fractured reservoirs (Nguyen-Trinh & Ha-
Duong, 2015; Riber et al. 2017; Bonter & Trice 2019; Liu et al.
2020). Further, the normalized correlation count method has been
used to analyse the spatial distribution of fractures (Wang et al.
2019). To identify the structure of the weathering crust and its dis-
tribution, numerous attempts have been made through logging and
seismic analyses. The non-conductivity of a granitic framework is
characterized by its high resistance response. The phenomenon of
‘cycle jumping’ of the acoustic logging data reflects the develop-
ment of fractures in the basement rock (Ni et al. 2015; Tan
et al. 2015). In terms of the seismic response, high-frequency
and strong-amplitude reflections mostly correspond to a weath-
ered zone, and chaotic or blank reflections correspond to a base-
ment dense zone. Messy or blank reflections correspond to the
dense zone of basement rocks (Huang et al. 2007; Li et al. 2009;
Gong, 2010). The formation and distribution of weathered granite
reservoirs are affected to a certain extent by leaching, denudation
time, palaeo-climatic environment, lithological differences and
tectonic evolution (Huang et al. 2016; Place et al. 2016; Trice
et al. 2019; Alberto et al. 2021).

Despite knowing that a weathered granite reservoir has evident
vertical zoning, studies have not yet developed a quantitative and
comprehensive classification scheme. The unified weathering crust
division plan for the entire region neglects the objective fact that
the weathering crust structure varies with the change in the struc-
tural position. It is therefore necessary to consider the differences
in the distribution of the weathering crust structures in the differ-
ent parts of a buried hill during topographic and structural
changes, but also the configuration relationship of the vertical zon-
ing at different locations. Finally, the formation, destruction and
preservation of weathered granite reservoirs are dynamic evolu-
tionary processes. The existing static division mode does not con-
sider the influence of reservoir reconstruction and preservation on
its distribution, which increases the uncertainty in the exploration
of granite reservoirs.

In this study, a classification scheme for weathered granite res-
ervoirs was established through core observations, logging data,
physical property calculations and seismic facies analysis. By
applying the classification scheme to each studied well and analy-
sing the correlations between wells, vertical zoning characteristics
of the studied reservoir were identified. The stacking relationship
of the reservoirs in different structural positions was analysed, and
the spatial distribution of the reservoirs were clarified. In addition,
the factors controlling the later preservation of the reservoirs were
determined and an oil-bearing analysis of the reservoirs was con-
ducted. The novelty of this research lies in the use of the dual-
medium matrix—fracture model to determine the physical proper-
ties of the reservoirs, combined with logging data statistics and
seismic analysis to establish a quantitative identification standard
for the different weathered granite reservoirs in the study area.
Unlike the existing fixed reservoir structure, three types of vertical
stacking relationships were established based on the reservoir dis-
tribution at various structural positions. The factors influencing
the reconstruction and preservation of the weathered granite res-
ervoirs were also discussed. The results provide a theoretical basis
and guidance for the global exploration of granite reservoirs.
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2. Geological setting

The study area is located in Binzhou City, Shandong Province in
the territory of Lijin County, Dongying City. The structural loca-
tion is above the Binxian Uplift in Dongying Sag, Bohai Bay Basin,
located in the west of Dongying Sag with the Chenjiazhuang Uplift
to the north, the Lijin oil-generating Sag to the east and the Binnan
Fault to the south. The Archean bedrock in the Binxian area is an
inherited uplift from the end of the Mesozoic Era (Fig. 1a). The
seismic profile shows that the main body of the Binxian Uplift
is an ancient buried hill with gently sloping west-facing and steeply
sloping north-facing inclines. The northeastern part of the bulge is
a gradually rising slope (Fig. 1b), the east and west sides are con-
trolled by boundary faults (Fig. 1¢), and Cenozoic strata are depos-
ited on both sides of the bulge. The exploration area is
approximately 240 km? and the top buried depth of the
Archean bedrock is < 4000 m. The Archean lithology is dominated
by granite and granite gneiss. Because of the influence of the
Indosinian, Yanshan and Himalayan tectonic movements, the
Archean basement reservoirs in the Binxian area are mainly frac-
tured reservoirs produced by tectonic processes and porous reser-
voirs formed by weathering and leaching. This forms a composite
oilfield of the Archean bedrock buried hill and tertiary core-strati-
graphic oil reservoir.

As a Cenozoic faulted basin, the Dongying Sag in Bohai Bay is
under the thick Palaeogene and Neogene strata, storing most of the
oil and gas. The Kongdian, Shahejie, Dongying, Guantao and
Minghuazhen formations were mainly developed during the
Cenozoic Era. However, the Archean granitic bedrock and the
Cenozoic strata present an angular unconformity contact
(Fig. 1d). The main source rock in this area is the widely developed
thick Shahejie Formation, which directly covers the Archean
weathering crust and provides sufficient oil and gas sources for
the Archean weathered granite reservoirs in this area. The study
of the weathered granite reservoirs therefore has important explo-
ration significance.

3. Data and methods
3.a. Classification of lithological features and logging data

Under the influence of climate, topography, biology and other fac-
tors, the hard-textured granite is subjected to different intensities
of weathering, forming a highly heterogeneous weathering crust
with evident vertical zoning characteristics (Yang, 2004; Deng &
Peng 2009; Li et al. 2011b; Lu et al. 2012). An overall core identi-
fication of the granite weathering crust was conducted, and the
structural type of the crystalline rock, the proportion of granite
blocks, and the difference in the colour and degree of fracture
development were analysed. A scanning electron microscopy
analysis of the different types of cores was conducted to analyse
the proportion of main minerals and the type of pore structure.
Finally, through the analysis of the above characteristics, the
Archean weathered granite reservoirs in the Binxian area could
be divided into three types: regolith, dissolution and fracture zones.
The logging curves most sensitive to the three types of weathered
granite reservoirs were acoustic (AC), density (DEN), natural
gamma ray (GR) and resistivity (Rt) logging. These values were
obtained by borehole compensated acoustic log, compensated den-
sity log, gamma ray log and dual laterolog log, respectively, with
vertical resolutions of 5, 46, 30 and 51 cm. After normalizing
the four types of logging curves, the data differences between
the three different types of weathered granite reservoirs were
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Fig. 1. (Colour online) (a) Structural location map of Binxian Uplift and the location of Archean granite oil reservoirs in the adjacent area. (b) NE seismic section (section A-B); the
Archean stratum in the study area is an uplift controlled by faults on both sides, and the NE direction of the Binxian Uplift can be characterized by a gradually rising slope. (c) SE
seismic section of the study area, where both sides of the main body of the Binxian Uplift are covered by thick Cenozoic strata that are in an angular unconformity contact with the
Archean bedrock (software: Kingdom v. 8.8). (d) Lithostratigraphy and tectonic history of the Binxian Uplift (modified from Ji, 2015).

analysed, and logging response standards for the regolith, dissolu-
tion and fracture zones were established.

3.b. Calculating the physical properties of the reservoir using
the dual-porosity-medium model

As a highly heterogeneous weathered granite reservoir because of
leaching, dissolution and late structural transformation, the differ-
ence in the degree of fracture development makes it a typical multi-
porous medium model (Zhang et al. 2008; Chen et al. 2010; Haskell
et al. 2010; Zhu et al. 2018). Determining the physical properties of
the reservoir is different from determining the physical properties
of conventional sedimentary rocks. Adopting a suitable method for
calculating the physical properties of the reservoir is essential for
evaluating Archean reservoirs in the study area. The calculation
method based on the matrix and fracture dual media is the most
accurate and reasonable for the reservoir physical properties (Gu
et al. 2008; Zhang et al. 2008; Zhang, 2010; Ma et al. 2017; Zhu et al.
2018). In this method, the storage space of the reservoir is divided
into two parts: matrix and fracture. The sum of the matrix porosity
(®p) and fracture porosity (@) is the total porosity (@), and the
total permeability (K) is the sum of the matrix permeability (Kj,)
and fracture permeability (K).
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The matrix porosity was calculated using the multiple regres-
sion fitting method. The curve-fitting analysis results showed that
the three types of porosity logging parameters were more sensitive
to the granite porosity response. The acoustic (AC), density (DEN)
and neutron logging (CNL) correlation coefficients - 0.6751,
0.7568 and 0.6654, respectively — were selected as the control var-
iables for the matrix porosity multivariate fitting model; these
porosity-logging tools are the most useful conventional logs for
defining fractured zones (Cuong & Warren, 2009). The correlation
coefficient between the matrix porosity calculated using the multi-
variate fitting method and the measured core porosity is
0.8279 (Fig. 2a).

The fracture porosity parameters were obtained by formation
microscanner imaging (FMI) logging (Delhomme, 1992; Parra
et al. 2009; Xu et al. 2021). The fracture width was calculated using
the finite element method of Schlumberger’s Geoframe software.
Its principle is that diverse fracture widths can lead to various areas
of conductivity anomalies. The fracture width is estimated using an
empirical formula between the high-conductivity anomaly area
and the resistivity of the formation and mud, and the fracture
length is the sum of the fracture lengths on the borehole wall
per unit area (Zhu et al. 2018). The correlation coefficient between
the calculated total porosity and the measured core porosity is
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Fig. 2. (Colour online) Calculation and analysis diagram of the physical properties of weathered granite crust reservoir. (a) Validation analysis diagram of matrix porosity (cal-
culated using the multivariate fitting method) and the measured matrix porosity. (b) Validation analysis diagram of total porosity (calculated using the dual-porosity-medium
model method) and the measured porosity. (c) Fitting formula of the measured porosity of the core and the measured permeability of the core, establishing a calculation method
for the matrix permeability of the weathered granite reservoir. (d) Validation analysis diagram of permeability (calculated using the dual-porosity-medium model method) and the
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0.8532 (Fig. 2b). The total porosity of the weathered granite reser-
voirs can be calculated as follows:

AL
2nr CH
¢
[

¢ = (0.0278 AC + 0.1322 CNL — 6.6732 DEN + 13.354) +
o

where @ is the total porosity value (%); @}, is the matrix porosity
(%); Py is the fracture porosity (%); AC is the acoustic time differ-
ence logging value (ps m™!); CNL is the neutron logging value (%);
DEN is the density logging value (g cm™3); I; is the length of the ith
fracture within a specific depth range (mm); W; is the width of the
ith fracture (mm); r is the borehole radius (m); C is the FMI bore-
hole coverage density, which decreases with increasing borehole
radius; and H is the calculated well length (m).

Because of the development of fractures in a weathered granite
reservoir, the influence of fracture permeability should be consid-
ered when calculating its permeability. The total permeability is the
sum of the fracture permeability and matrix permeability (Zhang
et al. 2008; Yang, 2014; Ma et al. 2017). Constrained by the mea-
sured permeability of the core in the study area, the relationship
between the matrix porosity and the matrix permeability was
obtained by fitting analysis to calculate the matrix permeability
(Fig. 2¢). The fracture permeability was calculated from empirical
formulae for the fracture porosity, fracture width and fracture per-
meability. The core-containing fractures were selected, and formu-
lae for the measured fracture porosity and the measured fracture
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permeability were obtained by fitting the estimated fracture width
under the microscope (Gu et al. 2008). The imaging logging of each
well was then applied to obtain the fracture width data, and the
fracture permeability of the reservoir in each well was calculated
using the formula. From this, the permeability of the reservoir
in different wells was calculated. The calculated permeability
was found to be in good agreement with the measured permeability
of the core (Fig. 2d). The permeability of the weathered granite res-
ervoirs K is calculated as:

K = 0.0246 0117 4 (0.8333 ¢pse?
K ~
b Kj

where K is the total permeability value (mD); @, is the matrix

porosity (%); ®ris the fracture porosity value (%); and € is the frac-
ture width (mm).

3.c. Distinguishing seismic reflection characteristics

The amplitude of the seismic data, the continuity of the reflection
axis, height of the reflection frequency and the internal reflection
structure can be used to distinguish the weathering crust zoning to
a certain extent (Deng & Peng, 2009; Gong, 2010; Zhang & Liu,
2014; Li et al. 2015). For weathered granite reservoirs in areas with
no wells or few wells in the working area, we can only rely on the
accurate distinction of seismic data. Because of the different
degrees of weathering, the seismic responses of the different zoning
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structures of weathering crusts are significantly different. By
compiling synthetic seismic records, and using logging and core
data to comprehensively calibrate the seismic data, three types
of seismic reflection characteristics corresponding to the weather-
ing crust zoning types were established (Fig. 3).

3.d. Prediction of weathered granite reservoir distribution

Based on the multi-element classification standards for the three
types of reservoirs, the weathering crust of the 47 wells in the work-
ing area was divided based on the reservoir structure. On this basis,
the seismic reflection characteristics of the different types of weath-
ered-crust reservoirs were extracted, and the seismic attribute
characteristics of the Archean bedrock in the study area were ana-
lysed. Finally, combined with the analysis of logging and seismic
data, the planar spatial distribution of the different types of weath-
ered granite reservoirs were determined (Bawazer et al. 2018).

4. Results
4.a. Reservoir characteristics of weathering crusts

4.a.1. Core characteristics

By observing the core and identifying rock slices, we found that the
Archean rock types in Binxian area are dominated by granite, fol-
lowed by diorite and metamorphic rocks. Among them, granite is
mainly grey-red and light flesh-red monzonitic, with a medium-
grained and massive structure. Feldspar and quartz are the main
mineral types, and there is intrusion of diorite bodies and pegma-
tite veins. Three different types of weathering crust structures are
evident in the 47 coring sections, and can be divided into regolith,
dissolution and fracture zones based on their characteristics.

The regolith presents an overall sandy soil structure; it is a
deposit of weathered residual breccia and weathered clay, and
the granite parent rock structure has disappeared (Fig. 4a). The
plagioclase in the mineral has been weathered into scattered kao-
linite, biotite has disappeared, quartz exhibits boundary erosion
and intragranular dissolved pores are developed (Fig. 5a). The col-
our is grey or grey-green (Fig. 4b). Because of the long-term migra-
tion of oil and gas, some of the well bores appear as black sandy soil
with a higher viscosity (Fig. 4c).

The dissolution zone is mainly composed of more than 70% of
granite blocks and 10-30% of highly weathered cuttings and clay.
The granite parent rock structure is relatively intact. The fractures
in the granite present a network structure (Fig. 4c), with common
intergranular pores. Feldspar dissolution pores can be seen
(Fig. 5¢), structural origin fractures dominate and a large number
of joint fractures can also be seen (Fig. 5b). The reservoir space is
dominated by pore-fracture type, followed by fracture type.

The fracture zone is mainly composed of granite rock blocks
with a content of more than 90%. High-angle fractures can be seen
(Fig. 4d). Occasionally, dolomite veins are filled in line. The frac-
tures are different from those in the dissolution zone in that the
high-angle and low-angle fractures intersect (Fig. 4e). The fracture
density gradually decreases with increasing depth. Under an opti-
cal microscope, large intergranular gaps can be seen (Fig. 5e),
multistage structural fractures are developed in a network shape
(Fig. 5f) and the reservoir space is dominated by the pore-fracture

type.

4.0.2. Log response characteristics
Based on the electrical survey response characteristics of the three
types of reservoirs in the weathering crust, after making the logging
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data uniform across the working area, the differences between the
logging data of various reservoirs were analysed. The weathering
degree of the Archean weathered granite reservoirs was found to
gradually weaken from the surface to the inside, that is, from
the regolith to the dissolution zone to the fracture zone. The char-
acteristics of the sonic log are gradually reduced. Density logging
results show the opposite phenomenon, that is, a gradual increase
in these characteristics. The resistivity decreases with increasing
degree of weathering, and the neutron logging value gradually
decreases with the weathering crust from top to bottom.

The logging response characteristics of the regolith were
characterized using the high acoustic time difference (range: 7.91-
23.39 ps cm}; average: 15.65 ps cm™), low density (range: 1.85-
27 g cm?; average: 227 g cm™), high gamma value
(range: 6-239 API; average: 122.5 API) and low resistivity (range:
1.98-30.48 Q m; average: 16.23 Q m). The log response characteristics
of the dissolution zone were characterized by medium acoustic time
difference (range: 5.05-16.44 ps cm™; average 10.75 ps cm™),
medium to high density (range: 1.8-2.82 g cm™; average:
2.31 g cm™), medium to low gamma value (range: 8.5-120 AP aver-
age: 64.25 API) and medium resistivity (range: 12.37-91.85 2 m; aver-
age: 52.11 Q m). The logging response characteristics of the fracture
zone are characterized by low acoustic time difference
(range: 5.47-13.55 ps cm; average: 9.52 ps cm™), high density
(range: 24-2.96 g cm™; average: 2.68 g cm™), low gamma
value (range: 2.2-118 API; average: 60.1 API) and high resistivity
(range: 63.25-379.59 © m; average: 221.42 Q m) (Table 1).

4.a.3. Petrophysical characteristics

The calculated physical properties of the different reservoirs across
the entire area showed that those of the weathered granite reser-
voirs are highly variable vertically. Because of the inconspicuous
granite parent rock structure of the regolith and the nature of
the sandy gravel deposits, the fractures in the reservoir are not
developed; however, the pores are developed. For example, the typ-
ical residual layer in Well S30 in the working area has a porosity
range of 6-8% and a permeability range of 0.7-5 mD. The porosity
range of the residual layer in Well S126 is 4-6%, and the permeabil-
ity distribution range is 0.85-6.2 mD. The dissolution zone has
superior physical properties; the reservoir space is more developed
with pores and fractures, and its physical properties are better than
those of the residual and disintegrating layers. For example, the dis-
solution zone of Well SG6 has a porosity range of 3-6% and a per-
meability range of 0.3-5.53 mD. The physical properties of the
fracture zone are poorer than those of the dissolution and residual
layers, and the porosity is low. Because the degree of weathering is
not high, the rock is dense and the permeability is not high. For
example, the median porosity of the fracture zone in Well S44 is
2-3%, and the permeability range is 0.01-0.7 mD. However, the
development of fractures in local intervals improves the physical
properties of the reservoir. For example, in Well SG6, the FMI
image shows that there are fractured intervals, and the fracture
porosity or permeability has a greater contribution to the total
porosity or total permeability (Fig. 6a).

Through the calculation and analysis of weathered granite res-
ervoirs in the 17 wells in Binxian Uplift, it can be concluded that
the porosity range of the regolith is 5-9%, the porosity range of the
dissolution zone is 2-7% and the porosity range of the fracture
zone is 1-4% (Fig. 6b). The permeability ranges of the regolith, dis-
solution and fracture zones are 0.7-10, 0.1-5 and 0.01-0.5 mD,
respectively (Fig. 6¢). The three types of weathering crusts were
compared and analysed. The regolith is a high-porosity and
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observations, logging data and seismic response characteristics; the seismic reflection characteristics corresponding to the different weathered granite reservoir structures

can be identified.
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Fig. 4. (Colour online) Images of different weathered granite reservoir cores taken from wells. (a) Regolith, greyish white, gritty, weathered granite, original structure destroyed
by weathering (Well S87, 1070-1080 m). (b) Regolith, dark-grey massive coarse-grained granite with traces of weathered remains (Well S6, 1078.2 m). (c) Regolith, remaining oil
spots (Well LGX601, 3094 m). (d) Dissolution zone, flesh-red quartz feldspar sandstone, development of articular cracks and dissolved pores (Well Z362, 1219.4 m). (e) Fracture
zone, greyish-white medium-grained granite, two groups of cracks with different angles (Well S18, 1185 m). (f) Fracture zone, grey blocky granite and reticulated multiple groups of

cracks (Well S133, 1384.6 m).

medium-permeability reservoir, the dissolution zone is a medium-
porosity and medium-permeability reservoir, and the fracture zone
is a low-porosity and low-permeability reservoir. However, there
are abnormally high-porosity and high-permeability layers in
the dissolution and fracture zones; these are closely related to frac-
ture development.

4.0.4. Seismic response characteristics

Through the core-logging seismic calibration of different weath-
ered granite reservoirs, it can be observed that the regolith exhibits
a high-amplitude seismic profile and the seismic reflection event
axis has good continuity. This is consistent with the high degree
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of weathering residual layer, stratified with the overlying deposits.
The medium amplitude corresponds to the dissolution zone
although it shows layered reflection in the lateral direction, but
the continuity is not strong. The event axis presents a narrow range
of twists in the same direction, with parallel and sub-parallel reflec-
tion characteristics. Compared with the strong amplitude, the
amplitude intensity is evidently weakened. The low-amplitude
seismic profile corresponds to the fracture zone; the internal reflec-
tion interface is messy, the event axis is unclear, the extension is the
lowest, and the reflection frequency is the lowest compared with
the medium- and high-amplitude seismic profiles. The section
shows blank and messy reflection characteristics; occasionally,
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Fig. 5. (Colour online) Photomicrographs illustrating the mineral composition and main pore types within the weathered granite reservoirs. (a) Quartz is corroded and presents
granular solution pores (Well Z366, 1330 m). (b) Intergranular pore (Well Z10, 1563.6 m). (c) Feldspar is corroded to form intergranular pores (Well Z4, 1590 m). (d) Structural crack,
joint fissures (Well Z15, 1923.99 m). (e) Intergranular cracks can be seen in potash feldspar (Well Z13, 1761.03 m). (f) Multistage structural fractures show a network development

(Well Z415, 1888.6 m).

the high-angle reflection event axis is interspersed. This is consis-
tent with the low degree of weathering of the fracture zone and the
development of high-angle cracks, which generally approach the
chaotic reflection characteristics of the granite itself (Fig. 7).

4.b. Vertical combination type and genetic model of
weathering crust

4.b.1. Features of double-layer structure of weathered shell
Based on the characteristics of the above-mentioned different types
of reservoirs, a multifactor classification standard was established
and a double-layer structure model of the weathering crust was
proposed. The complete vertical structure of the weathering crust
was divided into a completely weathered layer (regolith-dissolu-
tion zone) and a semi-weathered layer (fracture zone) from top
to bottom (Zhu et al. 2020).

The completely weathered layer is located on the top of the dou-
ble-layer weathered shell structure. Based on the different degrees
of weathering, the completely weathered layer is divided into rego-
lith and dissolution zone. The regolith is composed of residual
sand, gravel and clay from weathering. The resistivity curve is rel-
atively flat in the regolith and gradually increases from the top to
the bottom. The acoustic wave and resistivity curves show small
fluctuations. The physical properties are relative to those in the dis-
solution zone, with higher porosity and permeability. The seismic
characteristics correspond to the high-amplitude phase reflection
characteristics. The degree of weathering of the dissolution zone is
relatively low, and the dissolution pores, fractures and joints are
developed. From top to bottom, the resistivity curve gradually
increases to the maximum value, the acoustic curve gradually
decreases and the physical properties are better than those in
the fracture zone. The seismic profile corresponds to the
medium-amplitude phase reflection characteristics.
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Located below the regolith—dissolution zone, the semi-weath-
ered layer is a fracture zone with a weak degree of weathering,
and the original structure of the bedrock is preserved. This zone
is mainly composed of granite blocks. The unique feature of this
zone is that the fractures are quite developed and of multiple types;
multi-stage fractures intersect. From top to bottom, the resistivity
curve gradually increases to the maximum value, and the acoustic
jet lag curve gradually decreases. The poor physical properties of
this zone are significantly improved because of the development
of fractures at some depths. This zone corresponds to the low-
amplitude reflection characteristics on the seismic profile (Fig. 7).

4.b.2. Combination of vertical zoning and reservoir typing
The weathering crust in the working area has different vertical devel-
opment characteristics in the different parts of the buried hill. Three
types of vertical stacking weathering crust combinations are devel-
oped in the working area. Type I is the regolith covering the fracture
zone; type II is the dissolution zone covering the fracture zone; and
type I1I is the separate development of the fracture zone (Fig. 8).
Different types of weathering crusts evolve gradually. First, the
vertical structure of the weathering crusts in the study area varies
with the change in the structural positions. Second, the regolith and
the dissolution zone do not develop at the same well. For example,
the fracture zone is directly developed at the top of Well Z39. There
is a dissolution zone at the top of Well Z362, and no regolith is seen.
The regolith is developed at the top of Well Z366 (Fig. 9). The evo-
lution process of the granite weathering crust is as follows: the frac-
ture zone is further weathered to form a dissolution zone with
developed dissolution pores, and the final product formed in the
later stage of weathering is the regolith. If weathering continues,
the regolith will be eroded, the fracture zone will be exposed
and the next stage of weathering cycle will begin; the top of the
weathering crust structure therefore changes. With different
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Table 1. Log response characteristics of different granite weathered-crust reservoirs from 47 wells in the study area
Regolith 7.91, 23.39 15.65 1.85, 2.7 2.27 6, 239 122.5 1.98, 30.48 16.23
Dissolution zone 5.05, 16.44 10.75 1.8,2.82 231 8.5, 120 64.25 12.37, 91.85 52.11
Fracture zone 5.47, 13.55 9.52 2.4, 2.96 2.68 2.2,118 60.1 63.25, 379.59 221.42
Note: Minimum value-maximum value/average value, the data come from 47 wells in the study area.
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Fig. 6. (Colour online) Analysis map of the physical properties of the weathered granite reservoir in the study area. (a) Logs of weathered granite reservoirs at a measured depth
(MD) of 1970-2160 m in Well SG6 of Binxian Uplift. FMI logging is used to obtain the fracture data and then calculate the fracture porosity and fracture permeability (red rod-
shaped). (b) Distribution frequency histogram of the porosity of different weathered granite reservoirs. (c) Permeability distribution frequency histogram of different weathered
granite crust reservoirs. GR - gamma ray; LLD - resistivity log; AC - sonic log; FMI - fullbore formation microimager log.

evolution stages, the vertical zoning of the granite weathering crust
reservoir varies.

4.c. Distribution characteristics of weathered granite
reservoirs

4.c.1. Vertical distribution
By classifying the structure of the 127 wells (according to core
observations, logging data, physical properties and seismic
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reflection characteristics) drilled through the Archean granite
weathering crust in the working area, it was found that the develop-
ment of reservoirs of weathered granite types is different at differ-
ent locations. The reservoir thickness varies significantly, which is
closely related to the structural position of the well site and the
degree of fracture modification in the subsequent period.
Through the analysis of the weathered-crust structure of the wells
at different locations (Fig. 10c), several important characteristics of
the weathered granite reservoir distribution were obtained.


https://doi.org/10.1017/S001675682200053X

Determining weathered granite reservoir characteristics

1735

Weathering crust Characteristics of Bore logging Physical S f sl
structure weathering crust characteristics| characteristics
Regolith in the late stage o High AC PO;OQS;IY
weathering, the weathered Low DEN ~9%
residual sand-gravel is : de
developed High GR Permeability
Completely Low Rt 0.1-10mD
weathered layer %
#O o of Dissolution holes and Medium AC Porosity
n fracture are developed in A _70
(Regolith-Dissolution il the dissolution zone. Medium DEN 2-7%
#0#0#0# multiple groups of fracture Mid~Low GR | Permeability
present a network structure -
oo Medium Rt 0.1-5mD
# #H4H
5 The rock structure is Low AC POI‘OSity
Seml‘weathered complete, weathered ngh DEN 1-4%
cracks and structural sqis
]ayer fractures are well ng GR Permeablllty
(Fracture zone) developed ngh Rt 0.01-0.5mD

Regolith Dissolution zone Fracture zone
Fig. 7. (Colour online) Based on core observations, logging data, physical properties and seismic response characteristics, a classification standard is established for the double-
layer structure of the Archean weathered granite reservoir in the Binxian Uplift. The complete reservoir structure is divided into an upper completely weathered layer and a lower

semi-weathered layer. The completely weathered layer is divided into regolith and dissolution zone based on the evolution stage. The semi-weathered layer is the fracture zone.
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Fig. 8. (Colour online) Vertically superimposed types of weathered granite reservoirs in the Binxian Uplift. The vertical structure of the reservoirs is divided into three types: type |
is the regolith covering the fracture zone; type Il is the dissolution zone covering the fracture zone; and type Il is the separate development of the fracture zone. A - regolith;
A/ - dissolution zone; B - fracture zone.

The development of regolith is found in the gentle slope area of
the bulge edge. Wells with more developed regolith in the working
area are mostly distributed in the gently inclined slopes around the
bulge and have good lateral continuity. The development position

https://doi.org/10.1017/5001675682200053X Published online by Cambridge University Press

of the regolith can be intuitively reflected through the connected
well profile in the uplift and gently inclined slope areas
(Fig. 10a). The dissolution zone is developed in the lower part
of the structure. The fracture zone of the high part of the structure
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Fig. 9. (Colour online) Schematic of the weath-
ering degree and evolution stage of the top
structure of the weathered granite reservoir in
Binxian Uplift. In the core of the borehole, the
fracture zone with a complete parent rock struc-
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Regolith
Well Z366(1249m)

Dissolution zone
Well Z362(1249.4m)

Fracture zone
Well Z39(1382.3m)

ture is developed on top of the Archean strata in |

Well Z39, a dissolution zone with pores and frac-
turesis developed on top of the Archean bedrock
in Well Z362 and a gritty regolith is developed in
Well Z366.

is exposed, and other parts are covered under the regolith or the
dissolution zone. The connected well profile inside the working
area reveals that there is a thick fracture zone in the high part of
the granite buried hill structure (Fig. 10b).

4.c.2. Planar distribution

To analyse the planar distribution of granite, previous authors have
tried using instantaneous phase properties, energy properties and
numerical simulation methods (Wang et al. 2003; Li et al. 2009;
Zhu, 2012; Li et al. 2016; Zhang & Chen, 2017). The maximum-
amplitude attribute along the layer was used to extract the seismic
reflection amplitude of the weathered granite reservoirs for confir-
mation. First, a time window of 30 ms was set on the top surface of
the Archean bedrock. The maximum amplitude attribute map
shows that the high-amplitude distribution limit is mainly distrib-
uted in the gently inclined slope area near the structural high point
(Fig. 11a). Subsequently, to eliminate the influence of high reflec-
tion at the top, the extraction time window was adjusted to a range
of 75-120 ms. At this time, the maximum attribute map has mainly
two reflection characteristics of medium and low amplitudes. The
medium amplitude is distributed in the low part of the slope, and
the low amplitude is distributed in the high point of the buried hill
structure and the low part of the southern part of the work area
(Fig. 11b). The distribution has evident characteristics of ring-
shaped extension, and the extracted amplitude attribute map
shows that this feature is consistent with the seismic facies division
feature and the logging division feature.

We identified the seismic facies corresponding to the weather-
ing crust structure, and combined the logging data and core data to
obtain the plane distribution map of the weathering crust structure
(Fig. 12). Regolith is mainly distributed on the slope near the
southern slope of the structural high point of Binxian Uplift; the
dissolution zone is located below the regolith and is distributed
at the foot of the southern slope of the Binxian Uplift. The disso-
lution zone distribution area in the other areas is located in the
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buried hill depression in the NE direction of the Binxian Uplift.
The fracture zone develops in a wider range. A high point of the
Binxian Uplift is developed adjacent to the Binnan Fault. The dis-
solution zone in the southern part of the work area also covers the
development area of the fracture zone.

5. Discussion
5.a. Evaluation of oil-bearing reservoir

By clarifying the distribution of weathered granite reservoirs, it is
important to conduct an oil-bearing evaluation of the reservoir.
With the qualitative identification of oil layers, based on coring,
oil testing and production test data, combined with drilling and
logging data, we determined the lower limits of the physical prop-
erties of the oil-bearing reservoir. Based on the analysis of the mea-
sured physical properties of the oil-bearing cores of 13 wells in the
working area, the lower limits of the porosity and permeability of
the Archean weathered-crust oil-bearing reservoir in the Binxian
area were found to be 1.8% and 0.1 mD, respectively (Fig. 13a).
The oil stain in the regolith accounts for the highest proportion
of its statistical thickness, reaching 52.3%. There is also a 1.3%
oil immersion level display. The dissolution zone has high oil con-
tent overall, with an oil stain of 38.5% and an oil trace level of 6.8%.
The fracture zone has the highest fluorescence display ratio, fol-
lowed by an oil stain of 27.2% (Fig. 13b). In the comprehensive
interpretation of the thickness statistics chart, the oil reservoir
accounted for 13.2% of the regolith, the low-concentration oil layer
accounted for 30.4% and the dry layer thickness was small. The oil
layer accounted for 8.9% of its statistical thickness of the dissolu-
tion zone, and the low-concentration oil reservoir accounted for
28.3%. The fracture zones are mainly composed of water and
dry layers, and the thickness of the oil-bearing reservoirs is rela-
tively small (Fig. 13¢c). From the overall analysis, although the rego-
lith is thinner its oil-bearing capacity is good. The dissolution zone
is the reservoir with the most exploration potential, with a thicker
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Fig. 10. (Colour online) Connected well profile of Archean bedrock in Binxian Uplift. Regolith is developed in the gently inclined slope zone adjacent to the structural high point
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well profile. (b) N-S-connecting well profile. (c) Schematic of profile location.
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Fig. 11. (Colour online) Plane distribution map of the maximum amplitude attributes of seismic data in the Binxian Uplift. (a) Maximum amplitude attribute distribution diagram
with a reflection time window of 30 ms from the top surface of the Archean Realm. (b) Maximum amplitude attribute distribution diagram with a time window of 75-120 ms, which
eliminates the impact of seismic reflections resulting from sudden changes in the top lithology of the Archean strata.
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Fig. 12. (Colour online) Plane distribution map of Archean gran- Regolith Dissolution zone Fracture zone Fault Well

ite weathered-crust reservoir and oil-producing wells in Binxian
Uplift. The fracture zone is developed in the entire area and
exposed at the high point of the structure. Regolith and dissolu-
tion zone are developed in the slopes and low structural parts,
which are the main oil-producing well distribution areas.

structure and relatively good oil-bearing capacity. The fracture
zone has relatively poor oil-bearing properties, but its fractures
are well developed and the thickness is large, meaning that it still
has a certain exploration value.

By analysing the current data of the Archean weathered-crust
oil production wells, it was found that the wells located in areas
where the regolith and the dissolution zone are developed have
higher oil production. In the regolith near the gently inclined slope
of the structural high point, the daily oil production of Well SG601
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was 0.2 t. Wells with high yields in the dissolution zone at the foot
of the slope were discovered. The daily oil production of Well L34
was 6.4 t and that of Well SG6 was 3.0 t (Fig. 12). From the per-
spective of the location of the oil production wells and the oil con-
tent in the reservoir, the idea of structural high point exploration is
inapplicable to weathered granite reservoirs in the study area. The
regolith and dissolution zone are located on the slope; the foot of
the slope has great exploration potential, providing new ideas for
the exploration of weathered granite reservoirs.
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thickness of different weathered granite reservoirs.

5.b. Rotation of the bedrock block causes weathering crust
to tilt

The Bohai Bay Basin is a rift basin developed under the stress of
two sets of faults cutting towards the NW and NE. The half-graben
depression is the basic structure inside the basin, and is also the
result of the continuous rotation of the bedrock fault block. This
type of half-graben depression is also widely developed in the
Dongying Sag, and the distribution of the weathering crust is also
affected by the direction and angle of the tilt of the fault block (Lan,
1984; Yang et al. 2004; Liu & Wang, 2010). There are mainly three
types of weathering-crust tilting patterns inside the working area:
stepped fault block, reverse rotating block and positive rotating
block. In the stepped fault block tilting model, the weathered crust
slides down along the fault plane because of the instability at the
edge of the fault. The section appears as a shovel-type normal fault
that merges downwards (Fig. 14a). Under the action of the tensile
stress in the tilting fault block, the bedrock block rotates along the
fracture surface of the fault. Based on the combined relationship of
the attitude of the fault and the dip of the weathering crust of the
bedrock, it can be divided into two styles: reverse tilt and positive
tilt (Lan, 1984; Liu et al. 1997). In the reverse tilting style, the fault
block rotates in the opposite direction and the bedrock fault block
sandwiched by the two faults gradually rises toward the extension
of the footwall of the fault. The weathered crust of the bedrock close
to the footwall of the fault is weakened (Fig. 14b). The positive tilt is
the opposite of this: the bedrock fault block rotates positively, caus-
ing the bedrock fault block to extend obliquely to the lower wall,
forming slopes with evident differences in the weathering degrees
(Fig. 14c).

The fault activity in the Dongying Sag has evident N-S
differences and has the characteristics of segmentation in the time
of activity (Qi et al. 2003; Ma et al. 2005; Ye et al. 2006; Tang, 2008;
Zhang et al. 2009, 2019; Wang et al. 2017). It not only controls the
sedimentary evolution of the Binxian area, but also affects the uplift
and erosion of the weathering crust and controls the formation and
destruction of the weathering crust (Zhu et al. 2004; Hou et al.
2005; Li et al. 2011a; Zhang et al. 2014). The tilt of the fault block
is controlled by the fault and changes gradually with the geological
evolution period, making it important to analyse the tectonic evo-
lution process. This not only affects the distribution of the weath-
ered granite reservoirs, but also plays an important role in
controlling the accumulation of oil and gas (Zong et al. 1999;
Gao, 2014; Fan, 2019; Xie, 2019). Taking the NE-trending large sec-
tion of Binxian area as a representative case, the tectonic evolution
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of the Binxian area can be mainly divided into four stages. First,
before the sedimentation of the Es4-2 formation, the Archean
top surface was relatively gently inclined and there was a gully
in the NE of the Binbei Fault. At this time, the fault block had
not yet been displaced (Fig. 15a). Subsequently, before the sedi-
mentation of the Sha 3 member of Shahejie Formation, the top
of the Binxian Uplift was still subjected to weathering and erosion,
and its NE gully deepened (Fig. 15b). Next, at the end of the dep-
osition of the Dongying Formation, with the development of faults
the fault blocks did not descend in parallel under the NE and SW
tensile stress fields in the Dongying area. Rather, they rotated and
tilted, which increased the buried depth and tilt of the well devel-
oped weathering crust in the middle (Fig. 15¢). Finally, the present-
day structural framework of the Archean buried hills and slopes of
Lijin fault depression in Binxian Uplift was formed (Fig. 15d). The
positive tilting effect occurred during the deposition process of the
F1 fault and the Lijin area showed a gradually rising oblique wave,
which significantly affected the differential weathering and preser-
vation pattern of the later weathering crust. As a result, on the cur-
rent profile the weathered granite reservoir is still well developed
inside the buried hill sag; to a certain extent, this affected and
formed the structural high point fracture zone exposed in the
Binxian Uplift and the characteristics of the regolith and dissolu-
tion zone in the slope zone that gradually uplifted in the NE
direction.

5.c. Reservoir potential variation

Later burial is an important factor for the preservation of weath-
ered granite reservoirs. An early or late burial time brings about
differences in the preservation characteristics of weathering crusts.
Generally, weathering crusts buried early retain their complete
zoning structure and are relatively thick. Conversely, the later
the burial, the poorer the preservation characteristics. The weath-
ering crust in the raised slope zone inside the working area is
covered by sedimentary layer C (Fig. 16) earlier than the high part
of the protrusion, and the weathering crust is less damaged by
weathering and erosion; the corroded layer is therefore retained.
Sedimentary layer B (Fig. 16) is accumulated later, the weathering
crust continues to undergo weathering and denudation, and the
late-product regolith that formed the weathering crust remains.
Because of the late burial of sedimentary layer C, the weathering
crust of granite located in the high part of the Binxian Uplift
was not completely covered; the weathering crust of the granite
was therefore seriously damaged as a result of weathering. The
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(a)

Original condition Original condition

(b)

Fig. 14. (Colour online) Model diagram of fault block tilting type: (a) stepped fault block tilt; (b) fault block reverse tilt; and (c) fault block positive tilt.

(d)stage 4:current state of deposition

Binxian Salient |

Lijin Subsag

Depth (km)

Depth (km)

Depth (km)

Fig. 15. (Colour online) Tectonic evolution history of Binxian
salient. Q - Quaternary; Ng - Guantao Formation;
Ed - Dongying Formation; Es3 - Sha 3 member of Shahejie
Formation; Es4-1 - Sha 4-1 member of Shahejie Formation;
Es4-2 - Sha 4-2 member of Shahejie Formation.

Depth (km)

loose regolith and the dissolution zone of the upper layer were
destroyed and eroded, although the fracture zone was maintained.
The preservation degree and thickness of the weathered crust are
therefore closely related to the burial time (Fig. 16).

6. Summary and conclusions

The Archean weathered granite reservoirs in the Binxian Uplift
could be vertically divided into three zones: regolith, dissolution
and fracture. The quantitative difference in the logging responses
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was found to be beneficial to the classification of reservoir types.
Fractures significantly improved the physical properties of the
weathered granite reservoirs. The regolith is a high-porosity and
medium-permeability reservoir (porosity range: 5-9%; permeabil-
ity range: 0.7-10 mD); the dissolution zone is a medium-porosity
and medium-permeability reservoir (porosity range: 2-7%; per-
meability range: 0.1-5 mD); and the fracture zone is a low-porosity
and low-permeability reservoir (porosity range: 1-4%; permeabil-
ity range: 0.01-0.5 mD). In terms of the seismic response, the rego-
lith corresponds to high-amplitude seismic facies, the dissolution
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Regolith Dissolution zone Fracture zone I:l Bedrock

Sedimentary strata A D Sedimentary strata B Sedimentary strata C

zone corresponds to medium-amplitude seismic facies and the
fracture zone corresponds to low-amplitude seismic facies.

The regolith was distributed on a gently inclined slope near the
structural high point, the dissolution layer was distributed at the
foot of the slope and the fracture layer was exposed at the structural
high point. With the change in the structural location, three types
of vertically superimposed structures developed separately in the
weathered granite reservoirs: regolith—fracture zone, dissolution-
fracture zone and fracture zone. The regolith and dissolution zones
presented better oil-bearing properties. In terms of their lower lim-
its, the porosity and permeability of the weathered granite reservoir
were 1.8% and 0.1 mD, respectively.

Based on differences between the core observations, logging
data, physical properties and seismic response characteristics,
the established multifactor identification criteria for reservoirs
can help accurately identify different types of weathered granite
reservoirs. The vertical structure varies with the structural position
of the reservoir. At different structural positions, the reservoir has
different overlapping relationships. The formation and preserva-
tion of granite weathering crusts is a geodynamic process, and
the effects of fault block tilt and burial period of the overlying sedi-
mentary layer on the formation, distribution and preservation of
the reservoir should be considered. Favourable reservoirs (residual
and dissolution layers) for exploration are distributed in the slopes
and low structural parts, and the idea of structural high-point
exploration is no longer applicable to granite buried-hill oil reser-
voirs. In the future, structural slopes should be considered the main
exploration direction in similar oil reservoirs.
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