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Abstract: Deep-water areas have become a hotspot for global hydrocarbon exploration. In the
deep-water area of the Northern South China Sea, a complete set of source rocks, reservoir rocks,
and caprock represents a good oil and gas exploration prospect. The Pearl River Mouth basin,
an important exploration target in this area, has a wide range of geothermal gradients. However,
the mechanism by which the geothermal gradient influences reservoir quality remains unclear,
which severely restricts future exploration. We observed that the reduction rates in the porosity and
permeability with increasing burial depth and stratum temperature are more rapid in high geothermal
gradient areas. The stratum temperature affects the process of diagenesis and the reservoir quality by
changing the grain compressive strength, solubility, and precipitation of minerals and clay minerals
transformations. With a comparison the crustal extensional thinning histories of different geothermal
gradient areas, this study elucidates the comprehensive factors controlling the decreases rates of
reservoir porosity and permeability. These findings explain the different evolutions of reservoirs in
areas with different geothermal gradients.
Keywords: geothermal gradient; reservoir quality; Pearl River Mouth basin; South China Sea

1. Introduction
Compared to onshore hydrocarbon exploration cost, deep-sea exploration is more expensive.
Therefore, reducing risk and cost as much as possible is necessary during offshore oil and gas
exploration. While there are relatively few wells currently in deep water areas, understanding the
diagenesis processes is necessary for evaluating reservoir quality, deploying further explorations, and
improving production efficiencies [1–4]. Temperature directly impacts the processes of diagenesis
and reservoir quality [5–7]. Previous studies demonstrate that the properties of reservoirs in different
geothermal gradient areas also differ even at the same temperature. [8–13]. At the same temperature,
sandstone compaction rates and porosity reduction rates positively correlate with the geothermal
gradient. A quantitative calculation method of the compaction rate in different geothermal gradient
areas has been previously determined [10]. For sandstone samples with the same composition and
degree of sorting, experimental simulation methods were applied to prove positive correlations
between the geothermal gradient and the porosity and permeability reduction rate the exists [12].
There are also differences in the diagenetic evolution of sandstones in different geothermal gradient
areas in the Baiyun sag and Panyu Low Uplift in the Pearl River Mouth basin (our study area) [13].
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However, how the geothermal gradient affects diagenesis and its mechanisms remains unclear. Some
scholars posit that higher temperatures increase the rocks’ or minerals’ internal energy and reduce
the cohesion among the particles, which reduces the rock rupture strength [14]. Thus, the rocks or
minerals are more susceptible to deformation, and compaction rates increase. Generally, the higher the
burial depth is, the worse the sandstone quality is. However, the reservoir quality is different even
with the same burial depth/temperature in the Baiyun sag. The factor responsible for this remarkable
difference and its mechanism will be discussed in this article.
In recent years, some hydrocarbon discoveries have been made during oil and gas explorations in
the Pearl River Mouth basin [15–17]. However, compared with similar basins, such as the Yenggehai
Basin in the South China Sea, the Pearl River Mouth basin is still lacking in discoveries of large oil and
gas fields. One of the key reasons is that the variation in reservoir permeability is not clear. In the Pearl
River Mouth basin, heat flow values increase from the Northwest to the Southeast, with geothermal
gradients ranging from 2.87 ◦ C/100 m to 6.47 ◦ C/100 m. The basin therefore provides an excellent
opportunity to analyze the evolution of porosity and permeability under conditions of high and low
heat fluxes.
At present, there are two contributors to the high heat flow values in the Pearl River Mouth basin:
(1) The degree of lithospheric thinning controls the overall trends of heat flow throughout the whole
basin [18–22]; and (2) upward migration of hot magmatic fluids along faults due to tectonic activities
is the root cause of local abnormal heat fluxes in certain areas [18]. Recent studies have focused
on the abnormal heat flow caused by magmatic and hot fluids along faults, which were caused by
tectonothermal events in the Baiyun sag [13]. The diagenetic evolution of sandstones within the Zhuhai
Group has also been studied with a focus on the compaction and transformation of clay minerals [13].
However, in addition to these certain locations affected by magmatic fluids, faults, and mud diapirs,
sandstone reservoirs are also influenced by the basin heat flow caused by widespread lithospheric
thinning. Reservoirs that have not been disturbed by deep hot fluids have not been researched.
The present features of the strata are the result of not only the current temperature but also
the paleogeothermal state. Temperature has changed continuously throughout geological history.
The paleogeothermal gradient of a location is influenced not only by the ancient heat flow but also by
the burial history. The physical properties of the sandstones gradually evolved into their current status
under the local physical and chemical conditions. If the stratum affected by hydrothermal fluids, the
temperature attained in the sediments during their geological history can be different from the present
stratum temperature. Therefore, we excluded the samples affected by hydrothermal fluids.
This work aims to understand how goethermal gradient influence reservoir properties and
the reasons driving this process. Comprehensive methods were used to determine how reservoir
quality evolves within different geothermal gradients, which includes: The composition of the rock
skeleton, rock structure, stratum temperature, the geothermal gradient, and the differences in sandstone
diagenesis and physical properties. The results provide information for oil and gas explorations in
“hot basins” worldwide.
2. Geological Background
The Pearl River Mouth basin is located on the Northern slope of the South China Sea and
has water depths of 200 m to 2000 m (Figure 1). As a typical Cenozoic extensional basin, whose
stratigraphic record was characterized by fault controlled syn-rift continental sequence and a post-rift
marine sequence. It is a petroliferous basin developed on the Caledonian, Hercynian, and Yanshanian
deformed basement. From the late Cretaceous to the late Oligocene, the crust of the Northern South
China Sea’s continental margin was stretched and thinned, forming a series of rift basins, including
the Pearl River Mouth basin. The continental Shenhu, Wenchang, Enping, and Zhuhai Groups
were deposited during this period. From the late Oligocene to early Miocene, the basin was in a
post-extensional stage accompanied by seafloor spreading. The marine Zhujiang, Hanjiang, Yuehai,
Wanshan, and Quaternary Groups were deposited during this period.
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3. Methodology
The geothermal gradient can be influenced by many other factors, such as lithology,
petrophysical properties, formation water activity, and tectonic geological background. The
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3. Methodology
The geothermal gradient can be influenced by many other factors, such as lithology, petrophysical
properties, formation water activity, and tectonic geological background. The geothermal gradient
data used in this study were obtained by correcting the bottom hole temperature (BHT), drill
stem test temperature (DST), and modular dynamics formation test (MDT) temperature, which are
relatively reliable.
According to the following formula, we calculated the present stratum temperature corresponding
to depth as follows:
T = T0 + D × Gra
T—calculated present stratum temperature;
T0 —the temperature of the sea bottom;
D—burial depth, which is equal to depth minus the water depth and bushing height;
Gra—geothermal gradient.
We select samples from 24 wells, because they were unaffected by hydrothermal fluids, an important
criterion for this study. The location of each well is marked on the geological map (Figure 1). There are
12 wells with a geothermal gradient less than 4 ◦ C/100 m (low geothermal gradient) and another 12
wells with a geothermal gradient greater than 4 ◦ C/100 m (high geothermal gradient) among the 24
wells. We avoid wells affected by hydrothermalism (the present stratum temperature is not the highest
temperature in the geological history), based on the following criteria: (1) The presence of magmatic
activities and the diapiric structures in the through-well seismic profiles; (2) the inclusion homogenization
temperature data are higher than the normal stratum temperature; (3) the presence of hydrothermal
minerals in the thin sections or SEM images; and (4) the presence of a large proportion of mantle-sourced
inorganic carbon dioxide in the natural gas or the presence of visible authigenic dawsonite [26].
Sandstone samples were collected from areas with high and low geothermal gradient. All the
samples used in this study are core samples. Based on thin sections, we estimated the contents of
skeleton minerals, primary porosity, secondary porosity, and total surface porosity (percentage of the
visible pores in two dimensions in whole thin section under microscope) by the visual estimation
method. Using a set of standard mineral content patterns as the comparison criteria, the percentage
of each fragment was approximately estimated by the observation under a polarizing microscope.
An SEM instrument was used to observe the diagenetic characteristics, development of pore types,
pore fillers, clay minerals, and other authigenic minerals. XRD mineral composition analysis includes
whole-rock and clay-fraction XRD mineral analyses. The XRD method was used to evaluate whether
there was any difference in the composition of sandstones from high and low geothermal gradient
areas. The content of clay minerals in samples from different depths (temperatures) were obtained
to analyze the transformation of clay minerals with the increasing temperature. The porosity and
permeability were measured by the helium and air permeability methods, respectively. The samples
were washed with alcohol benzene and methanol solvent. Then, rock samples were dried to constant
weight at 105 ◦ C after cleaning. The gas expansion method was used to measure the porosity of
the rock samples. The skeleton volume was measured by a helium porosimeter. The diameter and
length of each sample were measured with a vernier caliper, and the total volume of the sample
was calculated. Then, the porosity value was calculated. The air permeability was measured by a
permeability apparatus, and the test medium was dry air.
Generally, the quality of a reservoir is determined not only by diagenesis, but also by
sedimentation. Reservoir quality is mainly related to the sandstone grain composition, grain size,
and sorting. Therefore, the sandstone composition, grain size of sandstone samples from the high
and low geothermal gradient areas were compared firstly in this study. Only on the premise that
the sedimentary conditions are basically the same, can we compare the differences in diagenesis and
analyze the influence of diagenesis on reservoir quality.
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4. Results
4.1. Rock Type and Pore Types of the Reservoirs
The sandstone rock types of the Zhujiang, Zhuhai, Enping and Wenchang groups in the study
area were divided into several types (Figure 2), according to the thin section observations. The data
are shown in Table S1. Samples in the high geothermal gradient area of the Zhujiang Group are
mainly composed of arkose, lithic arkose, and quartzarenite. Feldspathic litharenite, litharenite and
sublitharenite also occur in small quantities in this group. In the low geothermal gradient area,
sandstones of the Zhujiang Group are mainly composed of subarkose and litharenite, followed by
feldspathic litharenite and sublitharenite. Samples of the Zhuhai Group are composed of subarkose,
sublitharenite, feldspathic litharenite, and lithic arkose in both high and low geothermal gradient areas.
The lithic fragment content is high in the Enping Group. The proportions of feldspathic litharenite
and litharenite are significantly higher in the Enping Group than in the other groups. Lithic arkose
and sublitharenite mainly occur in the Wenchang Group in the high geothermal gradient area, while
feldspathic litharenite and litharenite occur mainly in the low geothermal gradient area.
The sandstone types of the Zhuhai group are basically the same in different locations, while
those of the Zhujiang, Enping, and Wenchang groups are different. Exception for quartzarenite, other
sandstone types in Zhujiang Group are consistent in the high and low geothermal gradient areas
(Figure 2). Therefore, we removed the quartzarenite samples of the Zhujiang Group and all samples of
the Enping and Wenchang groups to ensure that the rock types of the compared samples are consistent
in different locations.
The micro-features of the reservoir pores were determined by petrographic observations
(Figures 3–5). Primary pores are mainly intergranular pores—the space between the original framework
grains. The secondary pores are mainly dissolution pores. If dissolution can be seen, they were
considered to be the secondary pores. Secondary pores are dominated by feldspar dissolution. Primary
pores are the main sandstone pore type in the Zhujiang and Zhuhai groups (Figures 3–5). In the low
geothermal gradient area, few primary intergranular pores are retained due to the relatively deeper
burial depth and stronger mechanical compaction; thus, the proportion of the secondary dissolution
pores is relatively high. Significant feldspar dissolution pores are present in the samples (Figure 4A,C),
and the intergranular pores are filled with authigenic minerals (mainly authigenic kaolinite and quartz)
(Figure 5A,C). In the high geothermal gradient area, the burial depth of the samples is relatively
shallow, and the mechanical compaction is relatively weak, and thus the primary intergranular pores
are relatively abundant (Figure 4B,D), and the secondary pores are relatively less (Figure 5B,D).
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The sandstone types of the Zhuhai group are basically the same in different locations, while
those of the Zhujiang, Enping, and Wenchang groups are different. Exception for quartzarenite,
other sandstone types in Zhujiang Group are consistent in the high and low geothermal gradient
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4.2. Grain Size in Different Locations
Generally, grain size of the same sand bodies is characterized by lateral and vertical heterogeneity.
To compare the effects of temperature on diagenesis, grain size distributions should be constant.
Statistics on the average particle size were determined (Table S2). To compare the grain size between
the high and low geothermal gradient areas, we analyzed the distribution of the average grain size
of the sandstones at different locations. The average grain size distribution of the sandstone samples
from the Zhuhai Group is basically the same in the high and low geothermal gradient areas. We also
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Generally, grain size of the same sand bodies is characterized by lateral and vertical
heterogeneity. To compare the effects of temperature on diagenesis, grain size distributions should
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Whereas, in the high geothermal gradient area, when the sandstone’s permeability is 1 mD, the
burial depth is approximately 2700 m, and the corresponding temperature is approximately 140 °C
(Figure 8).
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in the high geothermal gradient area, when the sandstone’s permeability is 1 mD, the burial depth is
approximately 2700 m, and the corresponding temperature is approximately 140 ◦ C (Figure 8).
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the porosity decreased from 33.7% at 1633 m to 13.5% at 3928 m, with an average decrease rate of
1.3110% per hundred meters. While in the low geothermal gradient area, the porosity decreased from
0.9051% per hundred meters (Figure 8). As a result, at the same burial depth, the porosity and
33.7% at 1633 m to 13.5% at 3928 m, with an average decrease rate of 0.9051% per hundred meters

Minerals 2018, 8, 452

12 of 18

(Figure 8). As a result, at the same burial depth, the porosity and permeability are lower in the high
geothermal gradient area than that in the low geothermal gradient area (Figure 8).
In the scatter plot with the stratum temperature as the ordinate, at the same temperature, the
difference in maximum porosity (or maximum permeability) between the high and low geothermal
gradient areas is small (Figure 8). However, in the high geothermal gradient area, the decrease
rate for maximum porosity with the stratum temperature is larger than that in the low geothermal
gradient area.
Figure 8 also displays a relationship of permeability vs. stratum temperature. When the temperature
is T1, the permeability at point A and at point B is PA and PB, respectively (Figure 8). In fact, the
burial depth of point A is shallower than the depth of point B. Generally, the deeper the burial depth,
the stronger the mechanical compaction. Therefore, the PA should be greater than the PB. However,
the fact is that the PA is weaker than the PB (Figure 8).
5. Discussion
5.1. Mechanisms by Which Temperature and Geothermal Gradient Affect Reservoir Quality
A difference was observed in the rates of the maximum porosity and permeability decreases
with burial depth between the high and low geothermal gradient areas. At the same burial depth
(e.g., 2500–2700 m), the maximum porosity values in the high and low geothermal gradient areas are
quite different. Our explanation for this phenomenon is that there were other factors contributing to
this difference in addition to the burial depth. We found that at the same temperature, differentiation
of the maximum porosity/permeability of sandstones between the high and low geothermal gradient
areas is smaller when the temperature is used as the ordinate. Therefore, temperature may be one of
the key reasons that attribute to the different rates of maximum porosity/permeability decrease with
burial depth. A change in temperature not only affects the physical properties of rocks and minerals
but also changes the rates of chemical reactions such as transformation of clay minerals.
5.1.1. Increasing Stratum Temperature Increases Compaction
An increase in temperature enhances the degree of the plasticity of minerals, thus the detrital
minerals are easier to occur plastic deformation, which reduce the pressure resistance ability of rocks and
enhance the compaction [12,31]. Triaxial compression tests of sandstone show an increase of temperature
at constant pressure reduces the yield stress [31]. A rock is more ductile when the temperature increases.
Therefore, temperature is an important factor in the compaction of quartz sandstone.
We observe that absolute temperature has an exponential relationship with porosity, while time
has a linear relationship with porosity. There is an obvious difference in the degree of compaction
between the high and low geothermal gradient areas in the study area. We calculate the original
porosity of the reservoir based on the empirical relationship between the original porosity and the
sorting coefficient formula by Beard and Weyl [32]. Under the assumption that the volume of rocks
decreases in the process of compaction while the volume of skeleton particles remains unchanged, the
porosity lost by compaction (COPL) can be calculated by the Ehrenberg’s formulas [33]. According to
our calculations, at the same burial depth (with different temperatures), the average compaction-related
porosity loss is 26.6% and 21.8% for the high and low geothermal gradient area, respectively.
5.1.2. Increasing Stratum Temperature Enhances Quartz Cementation
Generally, an increase in temperature causes an increase in the solubility [34] and precipitation
of minerals in the formation water (Figure 9). Consequently, lattice deformation and dissolution of
minerals will occur [35–37]. SiO2 is released into the pore fluid from the dissolution of quartz and clay
minerals, saturating the pore water and finally depositing as a quartz overgrowth or as authigenic
quartz crystals [38,39]. Quartz cement can fill pore spaces and block pore throats, reducing the porosity
and permeability of the reservoir and impeding the development of secondary pores (Figure 9B).
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illite in sandstones can be modeled to
predict
predict reservoir
reservoir quality
quality [42].
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The sandstone porosity and permeability show a weak positive correlation with kaolinite content
in the Baiyun sag (Figure 10C,D; Table S3), although some samples had high porosity and permeability
values with a low content of kaolinite.
There are different points of view regarding how kaolinite affects reservoir properties [47–53].
The first argument holds that under the high-temperature conditions, it is difficult to remove
the products of rapid feldspar dissolution [52]. Kaolinite precipitates in situ or nearby, primary
intergranular pores in sandstones are converted to micro-intergranular pores between clay minerals,
and thus kaolinite does not effectively increase the porosity. The second argument notes that kaolinite
is the product of feldspar alteration which is the mark of feldspar dissolution. Kaolinite is also an
indicator of a favorable reservoir [54]. The third argument suggests that pores are produced by
dissolution and replacement via precipitation of an authigenic mineral equivalent [55]. Whether
kaolinite is advantageous or disadvantageous to a reservoir quality depends on the intensity of fluid
activity and the closed or open fluid systems in the area. Strong fluid flows can lead to strong fliud
migration and lead minerals to deposit in other places. Therefore, strong fluid flows are advantageous
to reservoir quality [56].
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analyzing the history of the crust thinning of a basin. The high geothermal gradient area in the study
The current geothermal gradient does not represent the temperature variation process that the
has a thin crust (approximately 17 km present) at 23.8 Ma [28], and thus, this area has experienced an
local stratigraphy has experienced throughout its entire geological history. The quality of the
intense heat flow at 23.8 Ma. The low geothermal gradient area is located in a region where the crust
reservoir is the result of a geological evolution history. Therefore, the current temperature only
thickness has always been thicker (approximately 29 km present) and has not experienced intense
represents an instantaneous thermal state. Temporal factor (thermal history) plays an important role
heat
onflow.
the pore evolution of sandstones. The temporal factor here we mean is that the heating time

burial depth in the low geothermal gradient area is greater. The stratum temperature depends not
only on the burial depth but also on the amount of heating from the mantle. The intensity of the
heating can be obtained by analyzing the history of the crust thinning of a basin. The high
geothermal gradient area in the study has a thin crust (approximately 17 km present) at 23.8 Ma
[28], and
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gradient area is located in a region where the crust thickness has always been thicker
(approximately 29 km present) and has not experienced intense heat flow.
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(3) We suggest that during the commercial hydrocarbon exploration in the Pearl River Mouth
basin, the reservoir temperature and its heating duration in different geothermal gradient areas should
be taken into account when evaluating and predicting the favorable reservoirs.
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