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Compaction is regarded as central to the reduction of reservoir physical properties. The thermal compaction process controlled by a
basin’s heat flow and the static compaction caused by overload on rocks are both important factors controlling the compaction
strength. However, porosity loss resulting from thermal and static compaction has not been distinguished. The Baiyun Sag in
the Pear]l River Mouth Basin in the northern part of the South China Sea with high heat flows and a variable geothermal
gradient is an ideal setting for studying the characteristics and mechanisms of the thermal compaction process. The
characteristics of compaction and the effect of thermal fluid activities on reservoir physical properties are carried out, based on
the observation and identification of sandstone thin sections under a microscope, the measurement and simulation of the
temperatures and trapping pressures of fluid inclusions, and the calculation of the compaction porosity loss as well. The result
shows that the compaction mode of sandstone reservoirs in the Zhuhai Formation is dominated by static compaction in the
LGR (the low geothermal gradient region), whereas the diagenetic process of the Zhuhai Formation in the MGR (the moderate
geothermal gradient region) and HGR (the high geothermal gradient region) is affected not only by the static compaction effect
but also by the thermal compaction effect caused by abnormal formation temperature and pressure conditions. The porosity loss
caused by the thermal compaction ranges from 5.5% to 11.2% with an average of 7.9% and from 4.6% to 16.6% with an average
of 10.2% in the MGR and HGR, respectively. The porosity loss caused by the static compaction ranges from 15.9% to 20.8%
with an average of 19.4% and from 8.4% to 15.8% with an average of 12.8% in the MGR and HGR, respectively.

1. Introduction

Compaction is an important component of diagenesis and is
regarded as central to the reduction of reservoir physical
properties [1-5]. In classical diagenetic theory, it is believed
that the compaction of clastic sediments is caused by the
effective stress of the overlying stratum [6]. The porosity
and permeability of sediments decrease with the thickening
of overlying strata, the deepening of deposited clastic
sediments, and increasing temperature and pressure [5].
Recently, it was found that the compaction of reservoirs
is controlled not only by the load of overlying rocks and types

of sediments present but also by other factors such as proper-
ties of porosity fluids, the geothermal gradient of basins, and
burial-thermal evolution routes [3, 7-9].

The thermal compaction process controlled by a basin’s
heat flow and the static compaction process caused by over-
loaded rocks are both important factors in controlling the
compaction strength, and this diversity in the compaction
mechanisms of clastic rocks is caused by complex geological
conditions such as temperature-pressure fields [6, 10, 11]. It
has been reported that porosity loss caused by thermal com-
paction is common in basins with high heat flow, demon-
strating a tendency of increasing compaction strength with
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increasing temperature and geothermal gradient (Gra) under
the same sedimentary conditions [10, 12]. In addition, it has
been indicated that an uprise of the geothermal gradient
(Gra) can increase the rate of porosity loss in sandstones [13].

The present features of the formation are mainly attrib-
uted to the burial-diagenetic evolution history under the geo-
logical setting including the ancient and the present heat flow
and geothermal gradient. The physical properties of sand-
stones gradually evolved into their current performance
under the local physical and chemical conditions [12]. If
the strata are affected by hydrothermal fluids, the tempera-
ture attained during the geological history can be different
from the present temperature. Secondary fluid inclusions,
formed during the diagenetic process and contained impor-
tant information of the paleotemperature, paleopressure,
and paleofluid compositions of reservoirs, can provide vital
basis for the study of the source and migration of fluids and
the diagenetic evolution process [14-17]. The homogeniza-
tion temperature and trapping pressure of the secondary
fluid inclusions in sandstones reflect the temperature and
pressure of porosity fluids captured at the time, respectively.
Therefore, a reservoir affected by thermal fluid activities can
be traced from the trapping pressure and the homogeniza-
tion temperature that is higher than that of the strata temper-
ature reached under the normal geothermal gradient from
fluid inclusions captured during the diagenetic process [17,
18] and from analysis of carbon, oxygen, and strontium
isotopic of cements as well [19, 20].

The Baiyun Sag, in the Pearl River Mouth Basin in the
northern South China Sea with high heat flows and variable
geothermal gradients, is an ideal setting for studying the
characteristics and mechanisms of the thermal compaction
process. Previous researches have shown that high geother-
mal gradient accelerated the rate of clay mineral transforma-
tion and changed the precipitation-dissolution equilibrium
state of carbonate cements, which in turn affects their vertical
distribution. The disappearing buried depths of kaolinite and
mixed layer of smectite/illite clay mineral in the high geo-
thermal gradient area are shallower than those in the low
geothermal gradient area [12, 21, 22]. The dissolution of car-
bonate cements is stronger in the high geothermal gradient
area than that in the low geothermal gradient one [12, 21,
22]. The compaction process of sandstones in the “hot basin”
of the Baiyun Sag is more complex. However, research on
porosity loss caused by the thermal compaction process is
still insufficient. Porosity loss caused by thermal and static
compaction is not distinguished when the compaction mech-
anisms of sandstone reservoirs are discussed [10].

The characteristics of compaction and the influence of
thermal fluid activities on reservoir physical properties are
studied, based on sandstone samples from the Zhuhai For-
mation in the Baiyun Sag, and thermal compaction and its
quantitative calculation methods for reservoir porosity loss
are proposed. The presented results will be helpful in under-
standing the impact of high thermal setting and fluid activi-
ties on sandstone compaction and porosity loss, clarifying
the diagenetic evolution model of sandstone reservoirs, and
providing a reference for the prediction of favorable areas
of reservoirs in basins with variable geothermal gradients.
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2. Geological Setting

The Baiyun Sag, located in the deep-water area of the Pearl
River Mouth Basin of the northern South China Sea, is a
mega depression with an area of over 12,000 km? and a cur-
rent water depth of 200m to 3,000 m [23]. The Pearl River
Mouth Basin has experienced three major tectonic evolution
stages including extensional rifting stage, postrifting subsi-
dence depression stage, and fault block lifting stage, since
the Cenozoic, and was in an extension environment with
multiperiod structural movements including the Zhuqgiong
movement, Nanhai movement, Baiyun movement, and
Dongsha movement [24, 25]. Particularly, the Baiyun move-
ment (23.8 Ma) accompanied by the transition of the spread-
ing ridge during the Neogene, a rapid migration (23.8 Ma) of
the shelf edge from the southern part to the northern part of
the Baiyun Sag occurred, which resulted in strong accelerated
subsidence and multistage magmatic activities in the Baiyun
Sag [26-29].

Different from craton basins, the crust of the Baiyun Sag
is thinner, its mantle-crust interface is shallower, and the heat
flow is high due to the southward transition of the spreading
ridge and intense thinning of the crust caused by the Baiyun
movement [30, 31]. The heat flux from the deep mantle
accounts for a higher percentage of the total heat flow, while
the crustal heat flow contributes relatively a lower percentage
[32, 33], which means the thinner the lithosphere, the more
heat is transferred from the mantle in the Pearl River Mouth
Basin [33]. It has been reported that the high heat flows
found in the South China Sea. The Pearl River Mouth Basin,
located in the northern part of the South China Sea, is a typ-
ical hot basin with heat flow values at present range from
242mW/m’® to 121.0mW/m” with an average of 71.8 +
13.6mW/m® [34-37]. The present geothermal gradient
(Gra) in the Baiyun Sag of the southern Pearl River Mouth
Basin increases gradually from north to south (Figure 1),
which is mainly attributed to magma and fault activities
caused by crust thinning occurring in the Cenozoic [36],
and due to Neotectonics since 13.8Ma accompanied by
active thermal fluid activities in the southern part of the
Baiyun Sag, with the highest current geothermal gradient of
66.4°C/km in the south [33]. Previous research shows that
the diagenetic process and reservoir quality evolution of
sandstones in Baiyun Sag were affected by both the high ther-
mal setting and thermal fluid activities, which enhanced the
compaction and cementation, and accelerated the clay min-
eral transformation [21]; the high thermal setting and fluid
activities are both critical factors on sandstone compaction
and porosity loss.

3. Methodology

3.1. Observation and Identification of Thin Sections. A total of
141 sandstone core samples of the Oligocene Zhuhai Forma-
tion taken from 10 wells in the Baiyun Sag were examined in
this study. Based on observation and identification of thin
sections under a microscope, the percentage of each frag-
ment, the matrix, and authigenic minerals was approximately
estimated, and statistics of all kinds of pores and contact
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FIGURE 1: Location and current geothermal gradient distribution of Baiyun Sag, Pearl River Mouth Basin: (a) location of the Pearl River
Mouth Basin in China; (b) horizontal distribution of current geothermal gradient in Baiyun Sag.

patterns between detrital minerals have been made by the
visual estimation method, using a set of standard mineral
content patterns as our comparison criteria.

3.2. Porosity Loss Calculation. The porosity loss caused by
compaction can be calculated using the following formulas.

The original porosity (OP, %) of the Zhuhai Formation
sandstones can be recovered by the following empirical for-
mula [38]:

22.
OP=20.91 + 3_9 (1)

0

In formula (1), S, = (Pys/P,5)"'%; P,5 and P, represent
the grain diameters corresponding to the content at 25%
and 75%, respectively, on the grain size accumulation curve.

Assuming that the original volume of a rock decreases
during compaction and that the intergranular volume
(IGV) remains, the compaction porosity loss (COPL) of
sandstone in the Zhuhai Formation can be calculated using
the following formula [39]:

copL=0p - |1Gvx L=
1-IGV

2)

This method assumes that compaction occurs prior to
cementation and dissolution, so the intergranular volume
(IGV) includes the pore volume filled by cementation that
is intergranular pores, in addition to the volume of matrix
and cements. The increased pore volume due to the dissolu-
tion of matrix should be removed, making the calculation of
porosity loss accurate [4].

(IGV = intergranular pores + matrix + cements).  (3)

The compaction rate (CR) can be calculated by the fol-
lowing formula:

_ COPL

CR % 100%. (4)

3.3. Measurement of Temperature and Simulation of the
Trapping Pressure of Fluid Inclusions. The homogenization
temperature and freezing temperature of gas-liquid second-
ary brine inclusions (hydrocarbon-containing) found at the
quartz overgrowths or in healed cracks in quartz of sand-
stones in the Zhuhai Formation were measured at a LIN-
KAM THMS600 INSTEC, which was calibrated using
synthetic pure-CO, fluid inclusions (melting point:
-56.6°C), pure water (melting point: 0°C), naphthalene (melt-
ing point: 78.2°C), and adipic acid (melting point: 152.1°C).
Test conditions are as follows: temperature 20°C, humidity
30%, and experiment error +0.1°C. Fluid inclusions that
showed obvious signs of necking down, leakage, or stretching
were not measured by microthermometry.

The measurement of the inclusion homogenization
temperature-salinity method was used to recover the trap-
ping pressure of fluid inclusions and to represent the paleo-
pressure of the formation during the fluid filling period,
based on the measurement result of inclusion temperature.
The salinity of the inclusion fluid was calculated by the
salinity-freezing point formula of the H,0-NaCl system
[40]. The formula is as follows:

w=1.78 x Tm - 0.0442 x Tm* +0.000557 x Tm>.  (5)

In formula (5), w is the NaCl weight percentage (%), and
Tm is the absolute value of the freezing temperature (°C).

It has been reported that there is a certain functional rela-
tionship between the homogenization temperature, salinity,
and paleopressure of fluid inclusions, and the minimum
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FIGURE 2: Sandstone classification of Zhuhai Formation in different geothermal gradient regions:

(1) quartzarenite, (2) subarkose, (3)

sublitharenite, (4) arkose, (5) lithic arkose, (6) feldspathic litharenite, and (7) litharenite.
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FIGURE 3: Sedimentary characteristics of sandstones in Zhuhai Formation in different geothermal gradient regions.

trapping pressure of fluid inclusions can be obtained by the
following formulas [41]:

f=(A +A,xT)x 107", (6)
A =61x107 +(2.383x 107" —al)
X T), - (2.855x 107 +a2)
X Ty = (ay X Ty +a, x T)?)
w

X 1000 X
[58.5 x (100 — w)]

Ay=a, +a,xT), +9.888x107°
x Ty? + (ay +a, x T),)
w
[58.5 % (100 — w)]

(8)

x 1000 x

In (6), (7), and (8) formulas, f is the minimum trapping
pressure (MPa); T is the trapping temperature (°C, 15°C
higher than the homogenization temperature [42]); T}, is
the homogenization temperature (°C); w is salinity (wt%);
a,, a,, a;, and a, are constants; and for the H,O-NaCl sys-
tem, a,=28.73, a,=-0.06477, a;=-0.2009, and a,=
0.003186 [42].

Then, the paleopressure coefficient (1) can be obtained
from paleopressure data by using the following formula [42]:

S5
fw  pxgxh/1000

©)

In formula (9), f,, is ancient hydrostatic pressure (MPa);
h is ancient burial depth (m); g is acceleration due to gravity
(9.8 m/s%); and p is the density of brine fluid (g/cm3 ), which
can be obtained from the formula for the fluid density of
brine inclusion [43].

3.4. Thermal Region Division according to Different
Geothermal Gradients. The geothermal gradient, also known
as the “geothermal heating rate,” refers to the growth rate of
the formation temperature with an increase in burial depth
without the influence of atmospheric temperature. Its
regional variation may come from a change in the heat flow
rate or from a change in the thermal conductivity of the
near-surface rock body.

Research on the relationship between the geothermal gra-
dient and sandstone porosity shows that the geothermal field
clearly controls pore evolution and porosity change. For
example, the buried depth of the stratum with a porosity of
10% to 15% can differ from 2.5km to 3.0 km when the geo-
thermal gradient rises from 20°C/km to 40°C/km, respec-
tively. The porosity of sandstone decreases slowly with
increasing burial depth in low geothermal gradient basins,
where the effective reservoirs in deeper can be still found.
However, in high geothermal field basins, the porosity of
sandstone decreases rapidly with increasing burial depth,
and the burial depths of effective reservoirs are shallower
than that of in the low geothermal field basins [44].

The present geothermal gradients (Gra) in the Baiyun
Sag gradually increase from north to south, and there is evi-
dence that the diagenetic evolution of reservoirs is affected
by deep thermal fluids [12, 21, 22, 45, 46]. To analyze the
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FIGURE 4: Microscopic characteristics of sandstone compaction in Zhuhai Formation: (a) contact between detrital minerals in sandstones is
mainly concavo-convex (con), Y33-1, Gra = 35.6°C/km; (b) contact between detrital minerals in sandstones is mainly concavo-convex (con),
Y35-2, Gra=39.3°C/km; (c) contact between detrital minerals is mainly linear and concavo-convex (con), W3-2, Gra =47.2°C/km; (d)
contact between detrital minerals is mainly linear and concavo-convex (con), H34-6, Gra=48.0°C/km; (e) contact between detrital
minerals is mainly linear, W3-1, Gra = 53.0°C/km; (f) contact between detrital minerals is mainly point and linear, W21-1, Gra = 66.4°C/

km.

TaBLe 1: The original porosity (OP) and porosity loss by
compaction (COPL) of sandstones in the Zhuhai Formation.

Gra at present Burial OP COPL CR

Region Well

("C/km) depth (m) (%) (%) (%)
YZZS' 33.6 33741 387 291 75.0
LGR  Y3-1 36.6 3689.1 389 342 88.0
Y325' 39.3 3849.9 390 302 77.6
H?"" 40.7 23488 39.1 284 726
Y16- 44.2 2399.7 388 273 702
MGR 1
H;‘S' 45.5 1847.0 400 214 534
W3-2 472 24139 376 320 852
W3-1 53.0 1829.5 385 253 65.9
W3-
HGR 13 55.9 1657.7 370 188 51.0
Wfl' 66.4 972.3 388 250 64.3

influence of thermal setting and fluid activities on the com-
paction effect, the study area was divided into three regions
according to the present geothermal gradient: the low geo-
thermal gradient region (LGR, Gra <40°C/km), the moder-

ate geothermal gradient region (MGR, 50°C/km > Gra > 40
°C/km), and the high geothermal gradient region (HGR,
Gra > 50°C/km). The characteristics of and differences in
the compaction effects in different regions were compared.

4. Results

4.1. Sandstone Petrography and Compaction Characteristics.
Generally, the quality of a reservoir is determined not only
by diagenesis but also by sedimentation. The compaction of
sandstone is carried out by the subsidence of clastic particles,
which reduces the distance between particles and decreases
the volume of sediments, and it is also controlled by sedimen-
tary conditions such as grain size, sorting, roundness, and
detrital and matrix content. The plastic deformation of detri-
tal grain and matrix under compaction can increase contact
between grains and make sandstones more compact. There-
fore, the mineral composition and grain size of sandstones
from the high and low geothermal gradient areas were firstly
compared in this study. Only on the premise that the sedi-
mentary conditions are basically the same can we compare
the differences in diagenesis and analyze the influence of dia-
genesis on reservoir quality.

The results of observations and quantitative statistics
from thin sections under a microscope in the study area show
that the rock types of the sandstones in the Zhuhai Forma-
tion are basically the same, mainly including medium- to
fine-grained lithic arkose and feldspathic litharenite
(Figure 2). The matrix content in sandstones is lower than
5%, and the average grain size and sorting coefficient of all
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TaBLE 2: Temperature, salinity, and trapping pressure of fluid inclusions of sandstones in the Zhuhai Formation.
. Current  Current Homogemzat{’on Freezing . Salinity (wt%) Anc1.ent Trapping Paleopressure
Region Well Gra pressure temperature ("C) temperature ("C) burial pressure coefficient
(‘C/km)  coefficient Min. Max. Mean Min. Max. Mean Min. Max. Mean depth (m) (MPa)
Y27-2 34.7 1.00 148.8 1785 165.6 -16.7 -09 -81 1.6 199 110 4156.8 36.12 0.90
Y20-1 354 1.17 108.0 163.0 1345 -180 -04 -83 0.7 209 108 2657.2 38.66 1.47
LGR Y33-1 35.6 1.02 142.0 215.0 157.7 -150 -1.3 -60 1.7 186 4.2 3022.0 36.09 1.30
Y35-25 38.5 1.08 152.8 188.2 1725 -128 -31 -87 51 167 121 3188.0 35.78 1.16
Y35-2 39.3 1.11 1448 178.8 1635 -87 -01 -35 02 125 54 3845.4 35.70 1.00
MGR W3-2 47.2 1.07 100.0 151.0 1285 -79 -03 -28 09 124 47 2073.7 38.57 1.96
H34-6 48.0 1.03 96.7 236.6 146.1 -102 -03 -51 05 141 79 2192.6 37.51 1.79
H21-1 51.0 1.08 113.0 124.0 1183 -96 -0.1 -1.7 14 6.6 3.0 2317.8 39.41 1.79
HGR  W9-1 52.1 1.06 1023 1246 1131 -11.1 -04 -48 0.7 151 74 1594.1 40.10 2.57
W3-1 53.0 1.07 879 178.7 1116 -174 -0.1 -44 02 205 3.7 1721.6 40.09 2.45

samples show few differences (Figure 3). Additionally, the
previous researches made by our research team [21, 47] also
show that types of the Zhuhai Formation sandstones are basi-
cally the same in different locations and the consistent origi-
nal depositional conditions allow no interference in the
comparative study of diagenesis. The consistent sedimentary
conditions of the sandstones provide a good basis for accu-
rately comparing the differences in compaction strength with
different geothermal mechanisms.

The strength of compaction can be reflected by grain
contact patterns in sandstones. In the LGR, contact between
detrital minerals is mainly concavo-convex (Figures 4(a) and
4(b)). In the MGR, contact between detrital minerals is
mainly linear and concavo-convex (Figures 4(c) and 4(d)).
Whereas in the HGR, the linear contact is dominated
(Figures 4(e) and 4(f)).

Quantitative statistics from the sandstone thin sections
under a microscope show that in the LGR, MGR, and
HGR, the concavo-convex contact dominated in sand-
stones of the Zhuhai Formation accounts for 57.8%,
55.2%, and 52.9%, respectively. The values, on the whole,
are with a slight reduction trend from the LGR to HGR,
which implies that the compaction strength of samples in
the LGR is a little bit stronger than that of sandstones in
the MGR and HGR.

4.2. Compaction Porosity Loss. 69 sandstone samples of the
Zhuhai Formation, with similarity in grain size, roundness,
and sorting from 10 wells located in different geothermal gra-
dients in the study area, were selected to calculate the poros-
ity loss by compaction. The results show that the original
porosities of the sandstones range from 37% to 40%. The
porosity loss caused by compaction ranges from 29.1% to
34.2% with an average of 31.2% in the LGR, from 21.4% to
32.0% with an average of 27.3% in the MGR, and from
18.8% to 25.3% with an average of 23.1% in the HGR
(Table 1). The compaction strength of samples in the LGR
is a little bit stronger than that of sandstones in the MGR
and HGR, which is consistent with the observation and
statistics of the detrital grain contact pattern from the thin
sections under a microscope.

4.3. Paleotemperature and Paleopressure. The homogeniza-
tion and freezing temperatures of the 443 inclusions from
the quartz overgrowths and in healed cracks of detrital quartz
in sandstones of the Zhuhai Formation taken from 10 wells of
the above three regions were measured. The measured
homogenization temperature ranges from 56.0°C to
236.6°C. The freezing temperature ranges from -18.0°C to
-0.1°C (Table 2). The trapping pressure of inclusions simu-
lated ranges from 35.70 MPa to 40.16 MPa with an average
of 38.02 MPa, and the pressure coeflicient ranges from 0.90
to 2.57 with an average of 1.64 (Table 2).

In comparison the homogenization temperature and
trapping pressure of inclusions with the present temperature
and pressure of the Zhuhai Formation, it is found that the
homogenization temperature of inclusions exceeds the max-
imum present temperature of the formation and that the
trapping pressure of inclusions is higher than that of the
present pressure. The homogenization temperature of inclu-
sions measured in sandstones from the LGR, MGR, and
HGR, which is higher than the formation temperature,
accounts for 18.3%, 7.6%, and 28.7%, respectively
(Figure 5(a)). In the LGR, the paleopressure coeflicients sim-
ulated from wells range from 0.90 to 1.47 with an average of
1.17. In the MGR, the paleopressure coeflicient simulated
ranges from 1.79 to 1.96 with an average of 1.88. Whereas
in the HGR, the paleopressure coefficient ranges from 1.79
to 2.57 with an average of 2.27. The simulated paleopressure
is greater than the present formation pressure in the MGR
and HGR (Figure 5(b)), and the paleopressure coefficients
of the MGR and HGR are also obviously higher than the
present pressure coefficients (Figure 5(c)).

5. Discussion

5.1. Reservoirs in the MGR and HGR Were Affected by
Thermal Fluid Activities. A prolonged phase of postrift mag-
matism on the highly extended crust of the Baiyun Sag has
been discovered, including two major stages of magmatic
activities: the first episode occurred at the start of the Mio-
cene (23.8 Ma) and the second ones occurred at the end of
the Early Miocene (17.6 Ma) [48]. Magmatism in the Baiyun
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FiGUure 5: (a) Homogenization temperature frequency of inclusions, the red color represents the inclusions which homogenization
temperature beyond the highest temperature of the Zhuhai Formation, and the blue color represents the inclusions which homogenization
temperature below the highest temperature of the Zhuhai Formation. (b) Comparison of inclusion trapping pressure and formation
pressure at present. (c) Comparison of paleopressure coefficient and formation pressure coefficient at present.

Sag reflects a progressive continental breakup, representing
postrift tectonic thermal events associated with the continen-
tal breakup process [37]. Then, a Neotectonic movement
called the Dongsha movement occurring since 13.8 Ma con-
tinuously made the faulting and thermal fluid activities more
intense [48] and resulted in a number of gas chimneys and
high-angle faults penetrated from the Paleogene to the Neo-
gene strata in the Baiyun Sag, which are considered as the
main migration channels for thermal fluids during the post-
rift stage, especially after 13.8 Ma [49-51].

Previous research on carbon, oxygen, and strontium iso-
topes of carbonate cements of sandstones in the Zhuhai For-
mation from the Baiyun Sag shows that the diagenetic fluids
in the Zhuhai Formation are organic and inorganic mixed
origin [45, 46]. The formation of ferrocalcite and ankerite
in the Zhuhai Formation is not only related to the decarbox-

ylation of organic acids but also closely related to the migra-
tion and accumulation of CO, contained inorganic thermal
fluids from the deep [18, 45, 52]. During and after the Neo-
tectonic movement, the Zhuhai Formation was invaded by
thermal fluids that migrated along deep faults and gas chim-
neys, which caused the thermal conditions and diagenetic
processes of the Paleogene strata changed [12]. As major
magmatism is found in the southern Baiyun Sag [53], ther-
mal fluid activities in the Baiyun Sag increase from north to
south, which is pronounced in the MGR and HGR.

The pressure evolution of the formation in the Baiyun
Sag indicates that a large-scale pressurization-relief process
existed since the deposition of the Zhuhai Formation
(approximately 30 Ma) [54]. From 30 Ma to 13.8 Ma, the pro-
cess of the pressurization in the Baiyun Sag caused the resid-
ual pressure and pressurization rate of the Zhuhai Formation
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to gradually increase, and the residual pressure reached a
peak during a period approximately from 13.8Ma to
10.5 Ma. After the Neotectonic movement, the residual pres-
sure was rapidly released (Figure 6), and the formation pres-
sure decreased and reached the present normal pressure in
the formation.

It is confirmed that paleotemperature and paleopressure
levels in the MGR and HGR were higher than those in the
present formation which is proved by the inclusion homoge-
nization temperature and simulated trapping pressure. The
thermal fluid activities changed the temperature and pressure
of the Zhuhai Formation and caused intensive corresponding
water-rock reactions.

Additionally, typical hydrothermal origin minerals such
as dawsonite, barite, and albite and anomalies of vitrinite
reflectance (R,) are found in the Zhuhai Formation and in
upper strata as well from the MGR and HGR [12, 20]. Daw-
sonite is a tracer that provides records of CO, migration and
geofluid transfer between deep and shallow [55]. The appear-
ance of authigenic albite in reservoirs indicates not only the
presence of sodium-rich fluids in pores but also strong
water-rock reactions in formations [56]. Barite, mainly
related to the mixing of high-temperature hydrothermal fluid
with seawater and often enriched around seafloor hydrother-
mal vents [57], is an important indicator of marine hydro-
thermal deposition. These hydrothermal originated
minerals confirm that the thermal conditions have affected
the Zhuhai Formation in the MGR and HGR and the super-
heated fluids participated in the diagenesis. Furthermore, the
distribution of R, with depth varies in different geothermal
gradient regions [12, 22]. In the LGR, the significant transi-
tion of R, mainly occurred and the heat flow reached the
peak approximately from 36.0 Ma to 30 Ma and gradually
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decreased after 30 Ma, which implies that the thermal condi-
tions of the reservoirs in the LGR were mainly influenced by
the Zhugiong movement and Nanhai movement occurred in
the Paleogene. However, in the MGR and HGR, the signifi-
cant transition of R, dominantly occurred at 23.8 Ma, sug-
gesting that the reservoirs were mainly affected by the
Baiyun movement and Neotectonic movement [12, 22]. Res-
ervoirs in the MGR and HGR have been influenced by ther-
mal fluid activities, and regions with higher geothermal
gradients have experienced more intense thermal modifica-
tion. From 13.8 Ma to 10.5 Ma, the temperature and pressure
levels of reservoirs in the MGR and HGR reached the peak,
which were higher than those of the present [54, 58], while
no abnormally high temperature or high-pressure processes
have been found in the LGR.

5.2. Relationship between Compaction and Cementation in
Reducing Porosity. In addition to compaction, cementation
is another critical diagenetic process in porosity reduction,
so the porosity loss caused by both compaction and cementa-
tion should be discussed. According to the volume-cement
diagram [59], the samples, which the porosity loss by com-
paction occupies higher percentage than that by cementa-
tion, account for 81.8%, 75.0%, and 80.0% of the total
samples in the LGR, MGR, and HGR, respectively
(Figure 7), while cementation resulted in the porosity loss
ranging from 1.0% to 9.7% with an average of 5.7% in the
LGR, from 0.1% to 16.2% with an average of 4.4% in the
MGR, and from 0.3% to 26.5% with an average of 7.6% in
the HGR. As a whole, compaction is the major impact that
led to the porosity loss of the sandstones in different geother-
mal gradient regions (Figure 7).

5.3. Differences in Thermal Compaction Strength in Different
Geothermal Gradient Regions. Thermal fluid activities have
the important influence on the diagenetic process of the Zhu-
hai Formation due to high and variable heat flows and tec-
tonic thermal events that occurred in the Baiyun Sag.
Characteristics of the thermal compaction in different geo-
thermal gradient regions may be diverse due to the different
temperature and pressure evolution processes of reservoirs.
Reservoirs in the Zhuhai Formation are controlled not only
by the static compaction effect caused by the load of overly-
ing formations but also by the thermal compaction effect
caused by high temperature setting and thermal fluid
activities.

Although there are few differences in the overall compac-
tion effects on sandstones in different geothermal gradient
regions (Table 1), the rate of porosity and permeability
decrease with increasing burial depth displays as the same
as a general pattern. The statistics based on the Zhuhai For-
mation sandstones show that the maximum porosity of the
reservoir in LGR decreases from 36.0% to 10.2% at a rate of
1.0%/100m within depth of 2,501m (from 1,463m to
3,964 m). The maximum porosity of the reservoir in MGR
reduces from 34.7% to 10.9% at a rate of 1.7%/100 m within
depth of 1,441 m (from 1,651 m to 3,092m), and in HGR
the maximum porosity of the reservoir decreases from
36.1% to 8.0% at a rate of 1.4%/100m in depth of 1,972m
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(from 828 m to 2,800 m) (Figure 8). The relationship between
permeability and buried depth also displays the same trend
(Figure 8).

Additionally, the burial depth of samples with nearly the
same porosity and permeability is significantly shallower
with an increase in geothermal gradient, and porosity and
permeability decrease rapidly with an increase in burial
depth in the area with a higher geothermal gradient. For
example, when the geothermal gradient increases from
35°C/km to 55°C/km, the lowest buried limit of sandstone
samples with 10%, 20%, and 30% porosity decreases from
approximately 4,400m, 3,200m, and 2,200m to approxi-
mately 2,700 m, 1,800 m, and 1,300 m, respectively, and the
lowest buried limit of samples with 1mD, 100mD, and
1000mD  permeability dropped from approximately
4,300m, 3,700m, and 3,300 m to approximately 2,500 m,
2,000 m, and 1,800 m, respectively (Figure 9). The above facts
indicate that the compaction rate of sandstones increases sig-
nificantly with an increasing heating rate. The higher the geo-
thermal gradient is, the more obvious and intense the
thermal compaction effect is [10, 13].

To intuitively understand the impact of thermal fluid
activities on the compaction process, porosity loss caused
by the static compaction effect and thermal compaction effect
is distinguished based on the calculation of compaction
porosity loss.

From wells available in the study area, the Y25-2 well
with the lowest geothermal gradient (Gra=33.6°C/km) is
selected as the reference well, and it is assumed that the cal-
culated compaction porosity loss of sandstones in this well
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is caused entirely by the static compaction effect, and the rel-
ative static compaction rate o (0 equals the porosity loss in
static compaction due to the overburden load at the buried
depth) calculated from well Y25-2 is 8.6% per kilometer.
The static compaction porosity loss (S-COPL) of the remain-
ing wells in the study area can be calculated with o, and the
thermal compaction porosity loss (T-COPL) can be obtained
as the COPL minus the S-COPL.

The burial depth of the Zhuhai Formation in each region
varies greatly. On the whole, it gradually becomes shallower
from the LGR (north of the Baiyun Sag) to the HGR (south
of the Baiyun Sag). The upper burial depth of the Zhuhai For-
mation in well Y25-2 (Gra=33.6°C/km) is approximately
3,374.1m, and it is approximately 972.3m in well W21-1
(Gra=66.4°C/km). The differentiation in static compaction
strength in each region is attributed to variation in burial
depths of the Zhuhai Formation, and it is in turn led to a
decreasing trend in S-COPL from the LGR to the HGR
(Figure 10).

However, differences in the total compaction effect and
porosity loss of wells in each region are unobvious. Selected
sandstone samples in this study are considered adequate
because the lithology, grain size, roundness, sorting charac-
teristics, and matrix content of sandstones in each region
are almost the same. The differences in sandstone porosity
loss in each geothermal gradient region are considered not
affected by the original sedimentary conditions but mainly

by thermal conditions, due to the consistency of original sed-
imentary conditions.

Research shows that in the LGR, the compaction of sand-
stone reservoirs is dominated by the static compaction effect,
the S-COPL and the T-COPL on average are 30.4% and 0.8%,
respectively, and sandstone reservoirs are largely unaffected
by thermal fluid activities. In the MGR, the S-COPL and
the T-COPL on average are 19.4% and 7.9% on average,
respectively, and in the HGR, the S-COPL and the T-COPL
on average is 12.8% and 10.3%, respectively. The high pro-
portion of T-COPL found in the MGR and HGR indicates
that the compaction of the Zhuhai Formation sandstones in
these two regions is obviously affected by thermal setting
and fluid activities.

5.4. Differential Compaction Process and Its Relationship to
Thermal Fluid Activities. The sandstone reservoirs of the
Zhuhai Formation in the LGR have not suffered large-scale
uplift processes and nearly have not been affected by thermal
fluid activities, so the temperature of the Zhuhai Formation
increases slowly with increasing burial depth, and the current
formation temperature represents the highest formation
temperature reached during the diagenetic process [21].
The paleopressure of the Zhuhai Formation in the LGR
recovered by inclusion trapping pressure is almost the same
as the present formation pressure, showing no overpressure
in the Zhuhai Formation in the LGR during the diagenetic
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FIGURE 12: The total COPL and T-COPL vary with the present formation temperature in different geothermal gradient regions.

process. Under the stable temperature and pressure condi-
tions, the compaction mode of sandstone reservoirs in the
LGR is dominated by static compaction that occurred mainly
at the eodiagenetic stage (from 30 Ma to 17.5 Ma), gradually
weakened at the mesodiagenetic stage, and completely
stopped at approximately 10 Ma. In the late mesodiagenetic
stage (from approximately 5Ma to now), there was little T-
COPL in sandstone reservoirs in the LGR due to the deep
burial depth and high formation temperature of the Zhuhai
Formation in the LGR (Figure 11).

In the MGR and HGR, the overpressure and temperature
of formations gradually increased from approximately 30 Ma
to 13.8 Ma. After the Neotectonic movement (approximately
13.8 Ma), the overpressure rapidly leaked, and after that, the
formation temperature was higher than that of the present
due to the thermal fluid activities. In the eodiagenetic stage
and early mesodiagenetic stage (from 30Ma to 13.8 Ma),
the compaction mode of sandstone reservoirs in the MGR
and HGR was dominated by static compaction, and due to
overpressure in the Zhuhai Formation, static compaction
declined (Figure 11). In the late mesodiagenetic stage (from
13.8 Ma to now), overpressure leaking created the overlying
formation loading pressure became greater than the porosity
pressure, and the static compaction process was reactivated.
In addition, intense thermal fluid activities occurred after
the overpressure release, and thermal compaction intensified
the compaction (Figure 11). There are little differences in the
maximum compaction strength exerted on the Zhuhai For-
mation among these three regions, due to thermal compac-
tion that occurred in the MGR and HGR, although static
compaction in the MGR and HGR is relatively weak
(Figure 12). The T-COPL value of sandstones in the MGR
and HGR is higher than that of in the LGR, although the
present formation temperature in the MGR and HGR is
lower than that in the LGR (Figure 12).

6. Conclusion

Thermal setting and thermal fluid activities can affect the
compaction of sandstone reservoirs. Characteristics of the
thermal compaction in different geothermal gradient regions
are diverse due to the different temperature and pressure evo-
lution processes of reservoirs. The porosity loss of the Zhuhai
Formation in the MGR and HGR is affected not only by the
static compaction effect but also by the thermal compaction
effect attributed to the abnormal high temperature and pres-
sure conditions. And the compaction rate of sandstones
increases significantly with an increasing heating rate. The
higher the geothermal gradient is, the more obvious and
intense the thermal compaction effect is.

Both the static and thermal compaction attributed to the
porosity loss in the MGR and HGR, and the static compac-
tion is relatively less significant than the thermal compaction
and than that of in the LGR. The porosity loss caused by the
thermal compaction ranges from 5.5% to 11.2% with an aver-
age of 7.9% and from 4.6% to 16.6% with an average of 10.2%
in the MGR and HGR, respectively. The porosity loss caused
by the static compaction ranges from 15.9% to 20.8% with an
average of 19.4% and from 8.4% to 15.8% with an average of
12.8% in the MGR and HGR, respectively.

The compaction in the MGR and HGR began to
restart, due to overpressure leakage and thermal fluid
activities during the late mesodiagenetic stage. Overpres-
sure release created the overlying formation loading pres-
sure became greater than the porosity pressure, and the
static compaction process was reactivated. In addition,
intense thermal fluid activities occurred after the overpres-
sure release, and thermal compaction intensified the com-
paction; thus, the total compaction strength of sandstones
in the MGR and HGR exceeds the strength generated only
by S-COPL.
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