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Abstract

The Oligocene Huagang Formation is the main sandstone reservoir in the Xihu Sag, situated in the east of the East
China Sea Shelf Basin. With an integrated approach of thin-section petrography, ultra-violet fluorescence
microscopy, scanning electron microscopy, and isotope geochemistry, the different diagenetic features were
identified, the typical diagenetic parasequences were established, and the diagenetic fluids evolution history were
reconstructed for the Oligocene Huagang Formation sandstone reservoir in the south of Xihu Sag. The Huagang
Formation sandstone reservoir is now in Period B of the mesodiagenesis, which has undergone significant
diagenetic alterations such as mechanical compaction, Pore-lining chlorite cement, feldspar dissolution, quartz
cementation and dissolution, and carbonate cementation. Three types of carbonate cements (early siderite,
medium ferrocalcite and late ankerite) were identified in the Huagang Formation sandstone reservoir. The carbon
and oxygen isotopic compositions of carbonate cements show that the early calcite precipitate from alkaline
lacustrine environment whereas the late carbonate cements were closely related to the organic acids. To the
Huagang Formation sandstone reservoir, it has experienced two main episodes of dissolution during diagenesis.
The early dissolution is that unstable components such as feldspar, lithic fragments, and carbonate cement were
dissolved by acidic water. The second dissolution is that quartz and other silicate minerals were dissolved under
the alkaline condition. Two main phases of hydrocarbon charging occurred in this study area. The first
hydrocarbon emplacement was prior to the medium carbonate cementation but posterior to feldspar dissolution
and the onset of quartz cementation at the end of the Miocene. The second hydrocarbon charging occurred in the
Quaternary period after the late carbonate precipitation.
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1 Introduction

Reservoir quality is considered as the primary factor in hydro-
carbon exploration and production. Many success hydrocarbon
explorations depend in large part on discovering sandstone
reservoir with sufficient porosity and permeability to support
commercial development (Taylor et al., 2010). Generally, poros-
ity and permeability are mainly controlled by the depositional
environment and diagenesis. Many factors including physical
and chemical factors such as pressure, temperature, fluid prop-
erty, and the open or closed of the system, influence the pore
evolution (Hunt, 1990; Mu and Zhang, 1994; Wilkinson et al.,
1997; Osborne and Swarbrick, 1999). Among these factors, the
fluid properties play a key role in dissolution and precipitation of
minerals (Qiu and Jiang, 2006). Petrography and geochemistry of
the infilling cements can provide information on the material

transfer mechanisms as well as the fluid types that formed the ce-
ments and, hence, paleofluid flow (Wang et al., 2007, 2010; Gier
et al., 2008; Zhang et al., 2012; Stroker et al., 2013). Therefore, it is
powerful and helps to better understand the changes of the pet-
rophysical properties in reservoir through time by analyzing the
petrography and geochemistry on diagenetic cements.

The East China Sea Shelf Basin is a Cenozoic continental mar-
gin basin bounded to the west by the Zhemin Uplift, and to the
east by the Diaoyudao Uplift Belt (Hsu et al., 2001) (Fig. 1). It con-
tains thick sedimentary fills and abundant oil and gas resource.
The Xihu Sag, located in the east of East China Sea Shelf Basin
(Fig. 1), is believed to be highly prospective for oil and gas. Sever-
al sets of potential sandstone reservoirs have been determined in
the Xihu Sag. Among these reservoirs, the Oligocene Huagang
Formation, with extensive distribution and large thickness, was
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Fig. 1. Location map of the study area and tectonic framework of the East China Sea (modified after Wang, 1989).

proven to be the main reservoir for the oil and gas (Ye et al.,
2008). Understanding diagenetic processes and cement sources
in sandstones and their impact on reservoir quality are essential
to further exploration, appraisal and production of hydrocarbon
in the Xihu Sag, but only a few such studies for the Huagang
Formation have been done so far (Ren et al., 1996; Pei, 2007;
Zhang et al., 2009b; Hao et al., 2011). Furthermore, the timing of
diagenesis and the origin of the cements, especially the diagenet-
ic history and fluid evolution, have not been studied thoroughly.
In this paper, using petrology, mineralogy and geochemistry
(stable carbon and oxygen isotopes) approach to reconstruct the
paleofluids evolution in the study area leading to the better pre-
diction of hydrocarbon prospects within this area.

2 Geological background

The Eastern China Sea Shelf Basin, located within the conver-
gence zone between the Eurasian, Pacific, and Philippine Sea
Plates, contains thick sedimentary fills (exceeding 10 000 m in
thickness) and abundant oil and gas resource (Zhou et al., 2002).
The formation and evolution of the East China Sea Shelf Basin
are closely related to the subduction of the Pacific Plate and the
Philippine Sea Plate, and the collision between Indian Plate and
Eurasian Plate (Xu and Zhang, 2000a, b ; Zang and Ning, 2002;
Zhou et al., 2002). The Xihu Sag, covering 42 700 km?, is located
in the east of the East China Sea Shelf Basin and bounded to the
west by the Haijiao Uplift, Hupijiao Uplift and Yushan Uplift, to
the east by the Taiwan-Sinzi Fold Belt, to the south by the

Diaobei Sag, and to the north by the Fujiang Sag (Fig. 1). [tis a
Mesozoice-Cenozoic shelf sedimentary basin which developed
on Pre-Cambrian and Palaeozoic metamorphic basement.

Three stages of tectonic evolution were experienced in the Xi-
hu Sag. First, an initial rifting stage showing fast subsidence rate
occurred from the early Eocene to the end Eocene. The second is
a thermal subsidence phase from the early Oligocene to the end
of Miocene. From the Pliocene to present, a post-rift phase of the
regional subsidence occurred throughout the East China Sea
continental shelf (Zhong et al., 2001; Yang et al., 2004). The sedi-
mentary sequence, with a maximum sediment thickness of more
than 10 000 m, consists of eight formations (Baoshi, Pinghu,
Huagang, Longjing, Yuquan, Liulang, Santan and Donghai
Group) from bottom to top in the Xihu Sag (Fig. 2). From bottom
to top, Baoshi oil and gas-bearing interval, Pinghu gas-bearing
interval, Huagang and Longjing oil and gas-bearing intervals
consist of the petroleum systems in the Xihu Sag. Economic oil
and gas reservoirs are mostly distributed in Pinghu and Huagang
intervals (Zhu et al., 2012). Hydrocarbon exploration has shown
that at least 90% of the commercial reserves were found in the
Pinghu Formation and Huagang Formation so far (Chen and Ge,
2003; Li and Li, 2003). The studied formation in this paper is the
Huagang Formation of the Oligocene, which is an important hy-
drocarbon reservoir in the Xihu Sag. The Oligocene Huagang
Formation has a thickness ranging from 1 000 to 2 000 m (Zhang
etal., 2014). The Xihu Sag is given priority to with continental
sedimentation, mainly by the lacustrine, fluvial and delta sedi-
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Fig. 2. Filling sequences, sedimentation environment, and evol-
ution of the Xihu Sag (modified from Chen and Ge, 2003; Yang et
al., 2004).

mentary environment consisting of greywackes and shales al-
ternating, interbedded with coal in Oligocene.

3 Samples and methods

Twenty-seven samples (thirteen sandstones, fourteen mud-
stones) of the Oligocene Huagang Formation clastic rocks were
collected from key wells (XH-1, XH-2) in the south of Xihu Sag
(Fig. 1). The lithology of sandstone samples is chiefly fine grained
lithic quartz sandstone with medium-high texture maturity. The
sandstones are characterized by medium sorted to well sorted,
subrounded to rounded grains. The sandstone samples were va-
cuum impregnated with blue epoxy resin prior to thin section
preparation which could assist the observation of pore types, fea-
ture, distribution and relationship with framework grains. The
modal composition was obtained by counting 200-300 points in
each thin section under polarization microscope with the photo-
collecting system. Some samples were further observed under
scanning electronic microscope (SEM).

Carbon and oxygen isotope composition of twenty samples
were analyzed using a Thermo Finnigan MAT252 mass spectro-
meter at the Key Laboratory of Petroleum Resources Research,
Institute of Geology and Geophysics, Chinese Academy of Sci-

ences. The samples were crushed into 200 mesh powders by us-
ing a tungsten carbide steel pot. Minor amount of samples were
reacted with 100% orthophosphate at a temperature of 90°C to
obtain CO,. Carbon and oxygen isotope compositions of samples
were expressed with respect to the Peedee belemnite II standard
(PDB II). Replicate measurements of the internal laboratory
standard gave a total analytical precision of +0.02%o for both car-
bon and oxygen measurements.

4 Results and discussion

4.1 Cements and indicating for fluids

In general, cements are the most common in sediments,
which supply information about the diagenetic history and the
chemical composition of pore waters. The main cements in the
Huagang Formation sandstones comprise chlorite, carbonate ce-
ments, quartz and kaolinite.

4.1.1 Chlorite cement

The origin of chlorite cement is complex and its precipitation
is controlled by the pore water, material source, early clay miner-
als and sealing or opening of the system (Huang et al., 2004). It
could develop from the stage of eodiagenesis to mesodiagenesis
(Grigsby, 2001). The chlorite in the Huagang Formation sand-
stones occurs predominantly as the pore-lining cement. Pore-lin-
ing chlorites are present as coatings on framework grains particu-
larly along the contacts between grain surfaces, including point
contacts and line contacts (Figs 3a and b). This suggests that the
pore-lining chlorites were precipitated before an initial phase of
mechanical compaction in the burial history. Thus, this process
typically occurred in eodiagenesis at a low temperature, which
was most probably affected by the sedimentary environment not
from the dissolution of feldspars, volcanic rock fragments and the
alteration of clay minerals. These chlorites can be easily formed
in a deltaic environment, especially in the deltaic front environ-
ment with abundant dissolved Mg and Fe ions from the weather-
ing of volcanics and high pH value (Huang et al., 2004).

4.1.2 Types of carbonate cements and their occurrences
Carbonate cements are diagenetic minerals widespread in
clastic rocks within different types of sedimentary basins (Abdel-
Wahab and McBride, 2001; Rossi et al., 2001; Sun et al., 2002).
Their formation history could involve the synsedimentary, early
diagenetic and late diagenetic stages (Wang et al., 1999). Carbon-
ate cements are very active in chemical properties, which are so
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Fig. 3. Characteristics of chlorite cementation. a. Micrograph of thin section showing chlorite as coatings around detrital grains, XH-
2,3 035 m, feldspar quartz sandstone; and b. micrograph of SEM showing chlorite alone detrital grains, XH-2, 3 035 m, feldspar quartz

sandstone. Chl indicates chlorite.
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sensitive to the variation of acidity and alkalinity in pore fluid that
they are easy to be dissolved and precipitated. Thus, multiple-
phase carbonate cements could be used as the mineral indicator
for the variation of fluid composition (Rossi et al., 2001; Wang et
al., 1999).

Three types of carbonate cements, early siderite, medium fer-
rocalcite and late ankerite were identified through petrological
and mineralogical observations. Early siderite fills in the primary
intergranular pores (Fig. 4a), characterized by the dark crypto- to
microcrystalline aggregation. Seldom replacing detrital grains
and weak compaction indicate that the siderite was early precip-
itation. The siderite precipitation mainly produces in synsedi-
mentary to early diagenetic stage depending on the weak acid,
weak alkali to alkaline and highly activity of CO, environment
(Zhu et al., 2008). Thus, the emergence of siderite shows that the
original sedimentary environment presents a weak alkaline in the
study area.

Medium ferrocalcite post-dates all the other diagenetic pro-
cesses during mesodiagenesis, which is frequently present as a
replacement mineral among detrital grains. In thin sections, fer-
rocalcite replaced quartz and precipitated in feldspar dissolution
pores (Figs 4b and c), suggesting that ferrocalcite formed during
late diagenesis after quartz cementation and feldspar dissolution.

Late ankerite usually shows clear and a clean crystal filling in
the primary pore space (Fig. 4d), formed after quartz cementa-
tion and kaolinite precipitation, and seldom replaces detrital
grains. This type of cement usually has dual impact on clastic
reservoir properties. On the one hand, scattered carbonate ce-
ments could improve the anti-compaction ability of sandstones

and keep higher intergranular volume, which could provide the
mass basis for the later dissolution. On the other hand, higher
carbonate cements would block pore throat and then reduce
reservoir physical properties.

4.1.3 Oxygen and carbon isotopic compositions of carbonate ce-
ments

The carbon and oxygen isotopic compositions of carbonate
cements could be used to identify the geochemical environment
and material source during their formation (Rosenbaum and
Sheppard, 1986; Huang et al., 2002; McBride and Parea, 2001;
Wang et al., 2007, 2010; Dong et al., 2004; Zhu et al., 2007). The
carbon isotope could constrain the carbon source in diagenetic
fluids (Macaulay et al., 1993; Fayek et al., 2001), and the oxygen
isotopic composition of carbonate cements could be used to es-
timate the temperature during their precipitation. Generally,
0180 of carbonate cements becomes lighter with their increased
formation temperature. To distinguish the formation environ-
ment (freshwater and marine), Keith and Weber (1964) pro-
posed an empirical formula, as follows:

7 =2.048x(3"C+50)+0.498x (50 +50), (1

where 613C and 6!80 values follow the PDB standard. Z can be
used to indicate ancient salinity (Keith and Weber, 1964; Zhang,
1985), Z<120 indicates freshwater, and Z>120 indicates marine.
The Z values of the sandstones in this area are 108.8 to 114.9 with
an average of 112.4, which are all less than 120, indicating that

Fig. 4. Characteristics of carbonate cementation. a. Micrograph of thin section showing early siderite filling primary intergranular
pore, XH-1, 3 196.25 m, lithic quartz sandstone; b. micrograph of thin section showing ferrocalcite replacing quartz, XH-2, 3 850.45 m,
lithic quartz sandstone; c. micrograph of thin section showing ferrocalcite filling feldspar dissolution pore, XH-1, 3 610.5 m, lithic
quartz sandstone; d. micrograph of SEM showing ankerite filling pore, XH-1, 3 606.73 m, lithic quartz sandstone. S indicates siderite, Q
detrital quartz, FD feldspar dissolution, Fc ferrocalcite, and An ankerite.
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the diagenetic fluids of carbonate cements are mainly freshwater.
The Z values of mudstones range from 103.7 to 123.0 (mean=
114.6), which indicate that the origin of the pore water is mainly
freshwater with a slight mixed of saltwater.

The mudstone samples are relatively concentrated in oxygen
isotopic composition ranging from -8.1%o to -13.5%o (mean=
-11.2%o), whereas 6'3C varying over a wide range from -8.7%o to
1.0%o (mean=-3.6%o), implying that carbonate minerals have the
similar formed temperature but from different diagenetic fluids.
According to the §'3C values, the mudstone samples can be sep-
arated into two groups. The §'3C values for Groups I and II are
-2.5%o to 1%o and -8.7%o to -3.7%o, respectively (Fig. 5). Due to
the 6'3C values of lacustrine carbonate ranges between -2%o and
6%o (Kelts and Talbot, 1990), so the carbonate of Group I samples
should precipitate from lacustrine environment. The 6'3C values
of Group II samples are lighter than Group I samples, but the
0180 values are approximately the same with Group I. It suggests
that the two carbonate mineral groups have nearly same low
formed temperature and the shallow buried depth. The §!3C
value of CO, dissolved in meteoric water is -7%o0 (Wang et al.,
2010), and the carbon isotope of CO, generated by thermal de-
carboxylation of organic material with high temperature is ran-
ging from -4.0%o to -35.0%o (Suess and Whiticar, 1989). Consid-
ering the low 180 values, the formation of carbonate minerals of
Group II samples have little relationship with decarboxylation,
but are closely related to the meteoric water leaching due to the
Huagang Formation uplifting.

The carbon and oxygen isotopic values of the sandstone
samples are -4.4%o to -2.3%o and -14.3%o to -19.1%o, respect-
ively. The 013C and d'80 values of some samples are close to
Group I mudstones (Fig. 5), implying that the formation environ-
ment of carbonate cements are alkaline lake similar with Group I
mudstones. However, the other samples have relatively light 6'3C
values similar with Group I mudstones, but §'80 values are light-
er than Group II mudstones suggesting that the carbonate ce-
ments formation temperature of the sandstone samples are high-
er than Group II mudstones. With increasing temperature due to
increased burial depth, CO, with lighter carbon isotope (6'3C val-
ues ranging from -4.0%o to -35.0%o) is generated by thermal de-
carboxylation of organic material. Considering the high forma-
tion temperature, the carbonate cements formation of sand
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samples with lighter ¢13C values should relate to the decarboxyla-
tion not the meteoric water leaching. When organic acid and CO,,
entered the sandstone reservoir, the feldspar, lithic fragments
and early carbonate cements were dissolved to form secondary
pores and generate authigenic quartz and kaolinite. During peak
generation of source rocks, a large number of hydrocarbon in-
filling the sandstone reservoir would make the acidic environ-
ment transform to alkaline environment. Under the alkaline con-
dition, CO, dissolved in pore water easily combined with Ca and
Fe ions forming ferriferous calcite to replace authigenic quartz or
precipitate in secondary pores formed in acidic environment.

4.1.4 Quartz cement

Quartz cement is generally common cements in the study
area. Authigenic quartz in the sandstones occurs mainly as par-
tial to complete syntaxial overgrowths (10-60 pm thick) around
quartz grains (Figs 6a and b), which are easy to discriminate from
the quartz grains due to the existence of some dust rims. In SEM
samples, small quartz crystals filling the intergranular or second-
ary intragranular space can be identified (Fig. 6¢), which are diffi-
cult to distinguish from detrital quartz grains by the polarizing
microscope. In addition, authigenic quartz is always found to-
gether with kaolinite (Fig. 6b). The authigenic quartz often occu-
pies primary pores, significantly reducing the porosity and block-
ing narrow pore-throats.

The Pinghu and Huagang Formations include organic-rich
mudstones, shales and coals which occur widely at depths great-
er than 2 300 m. Most of these potential source rocks have
entered the oil window (Chen and Ge, 2003). CO, and organic
acids were generated at 80-120°C in the thermal evolution of the
organic matters (Surdam et al., 1989). The acidic fluids were ex-
pelled into sandstones from source rocks by compaction and
overpressure related to hydrocarbon generation and clay dehyd-
ration. When organic acid and CO, filled in the sandstone reser-
voir, the feldspar, lithic fragments and carbonate cements were
dissolved. If concentrations of Al** and SiO, (aq) in pore waters
exceed the concentrations needed for saturation of kaolinite and
quartz, the dissolution and precipitation will occur. The reac-
tions can be expressed by the following equation (Giles and de
Boer, 1990):

KAISi,O, +H" +0.5H,0 =0.5A1,5i,0, (OH), +2Si0, +K", (2)

where KAISi;O, is K-feldspar, Al,Si,0,(OH), is kaolinite and SiO,
is quartz. In addition, silica released from local dissolution of
quartz or mica is possibly another supply (Walker, 1960;
McBride, 1989).

4.1.5 Kaolinite cement

Kaolinite cement is mainly present as euhedral booklets and
vermicular aggregates filling primary pores as well as within sec-
ondary pores in feldspar grains (Fig. 6d). Kaolinite occurs as
stacks of pseudo hexagonal plates or books. Kaolinite cement
generally derives from the dissolution of feldspars, lithic frag-
ments and biotites by acid fluids during mesodiagenesis, and is
always accompanied by minor amounts of microcrystalline au-
thigenic quartz (Fig. 6b). Thus, kaolinite can be used as the indic-
ator mineral for the acid fluid.

4.2 Dissolution
The investigated sandstone samples experienced two main
episodes of dissolution during diagenesis. Petrographic examina-
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Fig. 6. Characteristics of quartz and kaolinite cementation. a. Micrograph of thin section showing quartz overgrowth, XH-1, 3 610.5
m, lithic quartz sandstone; b. micrograph of SEM showing feldspar dissolution, authigenic kaolinite and quartz cement, XH-1, 3 606.73
m, lithic quartz sandstone; c. micrograph of SEM showing quartz crystal filling pore, XH-1, 3 606.73 m, lithic quartz sandstone; and d.
micrograph of SEM showing authigenic kaolinite aggregates filling pore, XH-1, 3 107.5 m, lithic quartz sandstone. Q indicates detrital
quartz, QO quartz overgrowth, QC quartz crystal, FD feldspar dissolution, and K kaolinite.

tions suggest that unstable components such as feldspar, lithic
fragments, and carbonate cement are dissolved support a scen-
ario of early dissolution by organic acid which was produced by
thermal decarboxylation of organic material (Brown et al., 1989;
Taylor et al., 2000; Dutton, 2008). Feldspar grains and lithic frag-
ments encountered partial to complete dissolution making a
large amount of secondary pores in such process (Figs 7a and b).
In addition, this dissolution could produce authigenic quartz or
overgrowth and kaolinite during this period. The second episode
of dissolution occurred in the alkaline conditions. When the pH
value of the pore water is higher than 7, the quartz and other
silicate minerals tend to be unstable and are dissolved in burial
environments with high temperature, high pressure and ionic
concentration. In the thin sections, the quartz grains are charac-
terized by corroded boundaries, irregular pitted and embayment
margins (Fig. 7c), even exhibit dissolution textures replaced with
poikilotopic calcite precipitation (Fig. 4b). Under alkaline condi-
tions, it is suitable for calcite precipitation (Epstein and Freid-
man, 1982; Zaid and Al Gahtani, 2015).

4.3 Oil presence characteristics

Two oil phases were identified based on the thin section and
fluorescence observations. The fluorescence colors of two oil
phases are primarily yellow-green and blue (Fig. 7d), respect-
ively. The colors of the oil indicated that the oil is relative low ma-
ture and light (Zhang et al., 2009a; Dong et al., 2014). In addition,
the homogenization temperatures of fluid inclusions also show
that two main phases of hydrocarbon charging occurred at the
end of the Miocene and in the Quaternary, respectively (Su,

2014).

4.4 Typical diagenetic parasequences

Although it is difficult to obtain precise timing and duration of
the diagenetic processes, the relative timing of the primary dia-
genetic features in the Huagang Formation sandstones in the
south Xihu Sag was reconstructed based on textural relation-
ships from thin sections and SEM examinations. In summary, the
dominant eogenetic features in the sandstones of the Huagang
Formation are the formation of thin authigenic clay coatings
around the detrital grains and the precipitation of early carbon-
ate cement. Subsequent mesogenetic changes experienced by
these sandstones including compaction, dissolution of feldspars
and lithic fragments, development of quartz overgrowths, ferro-
calcite cementation, and pore-filling kaolinite and so on. The dia-
genetic parasequences of the Huagang Formation sandstones
could be summarized as follows: early calcite precipitation>
mechanical compaction->influx of fluid flow with organic
acids->dissolution of feldspar and lithic fragments->secondary
porosity->authigenic kaolinite + authigenic quartz>hydrocarbon
emplacement>medium ferrocalcite filling the primary and sec-
ondary pores->dissolution of quartz and other silicate minerals—>
late ankerite filling->hydrocarbon emplacement (Fig. 8). Accord-
ing to the petroleum and natural gas industry standards of the
People’s Republic of China (SY/T 5477-2003: the division of dia-
genetic stages in clastic rocks), it is believed that most of the
Huagang Formation sandstones are now in Period B of the meso-
diagenesis.
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Fig. 7. Characteristics of dissolution and oil presence forms from fluorescence observation. a. Micrograph of thin section showing
feldspar dissolved along the cleavage, XH-2, 3 852.95 m, lithic sandstone; b. micrograph of thin section showing the dissolution of
feldspar and lithic fragment, XH-1, 3 608.2 m, lithic quartz sandstone; c. micrograph of thin section showing quartz dissolution, XH-1,
2789.25 m, lithic sandstone; and d. fluorescence observation showing first oil with yellow-green color and second oil with blue color,
XH-1, 3 610.5 m, lithic quartz sandstone. Q indicates detrital quartz, QD quartz dissolution, FD feldspar dissolution, LF lithic fragment,
OF first oil with yellow-green color, and OS second oil with blue color.

4.5 Fluids evolution and interaction with rocks

During the eodaigenetic stage, the burial depth was less than
1500 m, the Ro values were less than 0.5%, and the percentage of
smectite layers exceeded 50% in the 1/S (Fig. 8). Mechanical com-
paction and early calcite cementation were the predominant dia-
genetic processes at shallow depths. Eodiagenesis included all
processes that occurred at or near the surface of the sediments,
where the chemistry of the interstitial water was controlled
mainly by the depositional environment (Choquette and Pray,
1970). The Xihu Sag was mainly the lacustrine and delta sedi-
mentary environment in Oligocene. The 6'3C values of Group I
samples show that the early calcite precipitates from alkaline la-
custrine environment with oversaturated carbonate calcium. In
addition, the Z values of samples are near 120, indicating that the
origin sedimentary water is mainly freshwater with a slight mixed
of saltwater. That is, the lake suffered transgression during the
deposition in Oligocene. Under the alkaline lacustrine environ-
ment, the deltaic front environments with sufficient dissolved Mg
and Fe ions from the weathering of volcanics formed chlorites
along detrital grains. With increasing burial depth, the detrital
grains including quartz and feldspars were rearranged, and the
ductile mud fragments were transformed to pseudomatrix due to
compaction. The Hugang Event occurred in the late Oligocene,
resulting in local uplift and erosion of the Huagang Formation
(Fig. 8). The tectonic uplift promoted leaching by meteoric water
but it had little effect on the Huagang Formation reservoir from
the evidence of the light 6!3C values in the carbonate cements of
sandstones.

The Xihu Sag subsidence recommenced after the Oligocene
resulted in re-compaction leading to porosity reduction. At the
early of the Miocene, the most of Huagang Formation entered the
mesodaigenetic stage. During this stage, the burial depth were
from 1 500 m to 4 000 m (Fig. 8), the Ro values ranged from 0.5%
to 2.0%, and the smectite content decreased from 50% to less 15%
in the I/S. With increasing burial depth, the temperature and
pressure gradually increased to boost decarboxylation of organic
matter in source rocks and generated part of CO, and organic
acids with lighter carbon isotope. Trough compaction and over-
pressure, the acidic fluids entered into sandstones along fault
from source rocks. Then the feldspar, lithic fragments and car-
bonate cements were dissolved and generated secondary pores,
authigenic kaolinite and quartz. At the end of the Miocene, the
Longjing Event occurred, which was the most intensive tectonic
movement in the Xihu Sag, resulting that a large number of hy-
drocarbon migrated into the sandstone reservoir from the source
rock. After the hydrocarbon entered the reservoir, the intensive of
the dissolution and cementation were slowed down, but also oc-
curred the dissolution of the quartz and the precipitation of the
carbonate cement under the alkaline condition. The last hydro-
carbon charging occurred in the Quaternary, after most of the
sandstones became tight reservoirs.

5 Conclusions

The Huagang Formation sandstone reservoir has experi-
enced significant early and medium diagenetic processes. The
early diagenetic processes included the chlorite coating around
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Fig. 8. Burial-thermal history and typical paragenetic sequences.

the detrital grains and the precipitation of early carbonate ce-
ment. Deep burial medium diagenetic processes included dissol-
ution of feldspars and lithic fragments, development of quartz
overgrowths, pore-filling kaolinite, ferrocalcite cementation, and
quartz dissolution and so on. The oxygen and carbon isotopic
compositions of carbonate cements indicate that the origin of the
pore water was main freshwater with a slight mixed of saltwater.
The Huagang Formation sandstone reservoir experienced two
dissolutions during diagenesis. The early dissolution is that the
organic acidic water dissolved unstable components such as feld-
spar, lithic fragments, and carbonate cement. The second dissol-
ution is that quartz and other silicate minerals were dissolved un-
der the alkaline condition. Two main phases of hydrocarbon
charging occurred at the end of the Miocene and in the Quatern-
ary period, respectively. The first hydrocarbon charging oc-

curred posterior to feldspar dissolution and the second hydrocar-
bon charging occurred after the late carbonate precipitation.
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