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Abstract: Discoveries of deep high-quality carbonate reservoirs challenged the general understanding on the evolution of
porosity decreasing with depth. New mechanisms of pore generation and preservation in the deep realm require to be
proposed. Dolostones in the Feixianguan and Dengying Formations experienced maximum depths in excess of 8000 m, but
still retained high porosity. Petrographic observation and homogenization temperatures help to identify products of deep
fluid-rock interactions, visual and experimental porosity were used to quantify reservoir effects, the distribution of products
finally being plotted to unravel the mechanisms. Th data reveal that thermochemical sulfate reduction (TSR), burial
dissolution and quartz cementation are typical deep fluid-rock interactions. The SO42− of residual porewater sourced from
the evaporative dolomitizing fluid was supplied for TSR in the hydrocarbon column, the TSR-inducing calcite cements
were homogeneously dispersed in the hydrocarbon column. Quartz cementation was caused by the increasing acidity and Si
-rich residual porewater in the oil column. Burial dissolution is forced by organic acid and limited in oil–water contact. This
study suggests that seal and source rocks not only play important roles in hydrocarbon accumulation, but also have a
general control on the deep fluid-rock interactions and porosity evolution in the deep burial realm.
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1 Introduction
Exploration of deep petroleum is an issue involving
both commercial and scientific challenges (Cao et al.,
2013). Classic researches in carbonate successions of
the South Florida basin acquire the relationship of ϕ =
41.73e–z/2498 between the porosity (ϕ) and burial depth (z),
which indicates that carbonates deeper than 4500 m and
6500 m should have porosities less than 6.9% or 3.1%
(Schmoker and Halley, 1982; Halley and Schmoker,
1983). The porosity decrease seems mainly due to
mechanical compaction, pressure solution and cementation
(Heydari, 2000). However, this understanding has always
been challenged by the existence of deep petroleum
reservoirs. The Smackover dolostones deeper than 5100 m
still have an average porosity of 15% in the Jay Field
(Melas and Friedman, 1992); the Great Isaac 1 well
encountered live oil in the dolostone reservoir of 10% to
18% porosity and 5390 m depth in the southern Bahamas
area (Epstein and Clark, 2009); dolostones in the
Delaware basin have up to 12% effective porosity at a
depth of 6477 m (Amthor and Friedman, 1991).
These challenges raise a scientific question, i.e., how the
large number of pores were created or preserved in deep
carbonate reservoirs. An open diagenetic system is a
* Corresponding author. E-mail: zxcai@cug.edu.cn

prerequisite for significant alteration within the carbonate
deep burial realm, based on theoretical calculations
(Ehrenberg et al., 2012). Many reported studies claimed
burial dissolution to be responsible for the pores in highquality reservoirs, but most of them are controversial
(Jameson, 1994; Davies and Smith, 2006; Cai et al., 2014).
There are very few case studies with undisputed evidence of
secondary pores produced by burial dissolution, such as the
influx of organic acids dissolved in crude oil from the
overlying shales (Lambert et al., 2006) and excess H+
produced by reactions between the underlying Fe2+-rich
formation fluid and TSR-origin H2S (Biehl et al., 2016).
The mechanisms of both above cases indicate the control of
surrounding rock lithology on the nature of deep exotic
fluids and fluid-rock interactions. While a closed diagenetic
system may more easily preserve pre-existing pores if crude
oil is emplaced early, if it is not, then pressure dissolution
probably ruined all the pre-existing pores (Neilson et al.,
1998; Heasley et al., 2000; Wang et al., 2022).
In recent years, some oil and gas discoveries have been
made by China's exploration in deep (>4500 m) marine
carbonate successions, but theories of the development or
preservation mechanism of deep pores are absent,
inhibiting further exploration. Thick beds of evaporative
seal and organic-rich source rocks overlying or underlying
high-quality reservoirs are the common configuration of
large hydrocarbon accumulation. Taking this into account,
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we assigned the dolomite reservoirs of the Lower Triassic
Feixianguan Formation and the Upper Ediacaran
Dengying Formation as research objects, as they have
contributed the largest two proved reserves in China,
aiming to analyze the impact of different lithologies of
adjacent strata on the fluid-rock interaction patterns and
reservoir effects in deep carbonates, thus providing some
suggestions for deep petroleum exploration.
2 Geological Background
The studied Feixianguan Formation is located in the
Puguang gas field and has been completely cored by a few
wells. The reservoir interval is mainly developed in the
first and second members of the Feixianguan Formation
(T1 f 1–2) and the reservoir dolostone is mainly formed in
hypersaline seawater. The effective reservoir interval has a
thickness of more than 150 m and an average of 12%
porosity (Jiang et al., 2014a; Wang et al., 2015a, b; Li et
al., 2021a). The third member of the Feixianguan
Formation (T1 f 3) is marly limestone and dolostone, the
fourth member of the Feixianguan Formation (T1 f 4) is
gypseous dolostone, the overlying Jialingjiang Formation
consisting of thick gypsum rocks (Qiao et al., 2017). The
studied Feixianguan Formation represents the scenario of
a high-quality dolostone reservoir, with overlying marly
limestone and gypsum beds as the seal rocks.
The studied Dengying Formation crops out continuously
and completely at the Hujiaba section in the north of the
Sichuan Basin. The porous intervals are the microbialitic
dolostones in the fourth member of the Dengying Formation
(Z2dy4), the effective thickness reaching more than 300 m,
while the Lower Cambrian black shale that served as the
source rock directly overlies the top of the reservoirs. The
studied Dengying Formation represents the scenario of a high
-quality dolostone reservoir with overlying organic-rich
shales as the source rock.
According to the published burial histories (Fig. 1), the
maximum burial depth of the studied Feixianguan
Formation is 6500 m and it has experienced a maximum
temperature exceeding 200°C (Hao et al., 2008), while the
maximum burial depth of the studied Dengying Formation
at the Hujiaba section is 10000 m, experiencing a
maximum temperature exceeding 220°C (Ge et al., 2018).

Above maximum burial depths and maximum
temperatures show that both objects have experienced
typical deep-burial conditions, but still have abnormally
high porosities (Hao et al., 2015; Guo et al., 2018).
3 Methods
Methods including thin section observation, fluid
inclusion microthermometry, image statistics and
saturated-water porosity measurement were used in this
study. In total, 442 and 148 samples from the Feixianguan
Formation and Dengying Formation, respectively, were
selected for thin sectioning, then being impregnated with
pink epoxy to highlight the pore spaces, then stained by
Alizarin Red S to distinguish between dolomite and
calcite. These thin sections were used to examine the
mineralogy and construct paragenetic sequences.
Based on the microscopic observation of the above thin
sections, 26 samples were selected and doubly polished
into thin sections of 50 μm thickness. The fluid inclusion
homogenization temperature (Th) was measured in late
diagenetic calcite, dolomite and quartz cements at the Key
Laboratory of Tectonics and Petroleum Resources, China
University of Geosciences, Wuhan, using a Linkam
THMGS600 heating-freezing stage. The cycling technique
proposed by Goldstein and Reynolds (1994) was used to
measure Th in this study. The precision of the heating,
cooling and/or cycling intervals is 5°C.
According to the burial histories of the two study areas,
when the burial depth reached 4500 m, the formation
temperatures of the Feixianguan Formation and Dengying
Formation were 150°C and 120°C respectively. Thus, we
assume 150°C and 120°C as the boundary temperatures
between shallow burial and deep burial for the Feixianguan
Formation and Dengying Formation respectively. Minerals
with Th higher than 150°C and 120°C and diagenetic
processes postdating these minerals were identified as the
products of deep fluid-rock interactions. Additionally, the
contents of calcite, dolomite, chert and quartz, solid
bitumen and pores were quantitatively assessed using the
image statistical quantification method described by
Zhang et al. (2014).
Fourteen dolomite samples from the Dengying
Formation, having the same original rock structure, were

Fig. 1. Burial and thermal history plots for the Feixianguan Formation in the Puguang gas field (a, from Hao et al., 2008) and
the Dengying Formation in the north Sichuan basin (b, from Ge et al., 2018).
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Fig. 2. Petrographic characteristics of pre-bitumen calcite cement (a) and TSR-inducing calcite (b) in the T1f 1-2 Dolostones, dissolved edge (c) and pits (d) on the pre-bitumen dolomite cement resulted from burial dissolution, chert replacing the precursor dolomite matrix (e) and limpid crystals of quartz cement in vugs (f) in the porous dolostones of Z2dy4.
Cal–calcite, Dol–dolomite, SB–solid bitumen, Qtz–quartz.

used to determine the porosity by the saturated water
volume method, which is used to compare the porosity of
samples with and without burial dissolution. Samples were
cut into cuboids with a side length of 1 to 2 cm, then the
volume V0 was calculated, the weight m0 of the primary
samples were measured, and the weights m1 and m2 of the
samples saturated with pure water were measured under the
pressure conditions of 30 MPa and 60 MPa respectively, so
that two porosities can be calculated ϕ30 and ϕ60。
4 Results
4.1 Petrographic observation
Two phases of calcite cements were identified as burial
products by petrographic observation in the Feixianguan
Formation. The earlier phase preceded the bitumen
generation (pre-bitumen calcite) (Fig. 2a), the later
precipitating during or after the solid bitumen generation
(Fig. 2b, Li et al., 2015, 2021b). According to published
studies, the latter has been proved to be of TSR origin
(TSR-inducing calcite) (Hao et al., 2015).
There are primarily two phases of burial cements in the
Dengying Formation as well, the earlier one is dolomite
that preceded solid bitumen, while the later one is quartz.
According to the paragenetic relationship with solid
bitumen, the quartz cement formed simultaneously with or
after the solid bitumen (Fig. 2e–f). In addition, according
to the dissolved edge of the earlier dolomite cement (Fig.
2c–d), it is inferred that burial dissolution occurred.
4.2 Fluid inclusion microthermometry
The Th data of buried cements in two study areas are
shown in Fig. 3, in which the data of the Feixianguan

Fig. 3. Fluid inclusion data from pre-bitumen calcite and
TSR-inducing calcite in the Feixianguan Formation (above,
collected from Jiang et al., 2014b), with dolomite and quartz
cements in the Dengying Formation (below).
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Formation are derived from Jiang et al. (2014b). The two
phases of calcite cements in the Feixianguan Formation
show clearly different Th ranges. The Th of pre-bitumen
calcite is lower than 130°C, mainly in the range of 80°C to
110°C, while the Th of TSR-inducing calcite is higher than
130°C, mainly in the range of 130°C to 180°C. Dolomite
and quartz cements in the Z2dy4 also have different Th
ranges. The Th of dolomite cements is lower than 160°C
and most of the data are lower than 110°C, while the Th of
quartz cement is higher than 100°C, mainly in the range of
110°C to 150°C.
4.3 Distribution of calcite cements in the Feixianguan
Formation
Based on the microscopic observation of 442 cast thin
sections, we marked the individual locations of two types of
calcite cements in the coring intervals (note, not the whole
reservoir intervals) of porous dolomite reservoirs in 7 wells.
There are significant differences in the distribution
between pre-bitumen calcite and TSR-inducing calcite.
Pre-bitumen calcite is mainly distributed in the upper part
of the dolostone reservoir interval (T1f 1–2), adjacent to the
above marly limestone (T1f 3), while TSR-inducing calcite
is homogeneously dispersed in the whole oil column of the
reservoir (Fig. 4).
The difference in the occlusive extent of the paleo-pores
by the two phases of calcite cements was displayed by
petrological observation and image statistics. Pre-bitumen
calcite at the upper part of the reservoir section tended to
fully fill all the pores in the whole view of individual thin
sections (Fig. 2a, Li et al., 2021b), resulting in paleoporosity close to 0, as shown in Fig. 5, some of the prebitumen calcite content being equal to pre-calcite porosity.
While on the downward direction, the occlusion extent is
reduced as shown in Fig. 5, some of the pre-bitumen
calcite content being close to the X-axis. Although TSRinducing calcite is homogeneously dispersed throughout
the whole oil column, the extent of occlusion on the paleopores is limited, as shown in Fig. 5, all the TSR-inducing
calcite contents being less than 3%, no matter if the paleoporosity is high or low (Fig. 5).
4.4 Distribution of mesogenetic pores and quartz
cements in the Dengying Formation
The visual porosity and silicon content in the Z2dy4
are displayed in Fig. 6. Based on the results of
microscopic observation of 148 cast slices, the
mesogenetic pores of the Dengying Formation were
identified as the products of burial dissolution in the
lower part of the Z2dy4, distinct from the primary pores,
including
microbialitic
framework
pores
and
intergranular pores in the middle and upper part. Solid
bitumen is observed in all pores in the Z2dy4,
particularly more abundant bitumen in the middle and
upper interval and less bitumen in the lower part. This
indicates that the oil column occupied the middle and
upper part, while the oil-water mixing zone occupied
the lower part. Mesogenetic pores occur mainly in two
types of lithofacies: algal-intraclast dolostone and algal
-lamination dolostone. The porosity of the two
lithofacies without mesogenetic pores in other intervals

is very low, most of the porosity values being less than
5% at 30 MPa, while samples of the same lithofacies
with mesogenetic pores developing have significantly
higher porosity (Fig. 7). The quartz cements are
distributed in the middle and upper part of the Z2dy4. It
is worth noting that the mesogenetic pore interval of 30
m thickness appears right beneath the quartz cement
interval (Fig. 7).
5 Discussion
5.1 Deep fluid-rock interaction in dolostone reservoirs
with marly limestone and gypsum rock seals
Our Th data reveal that pre-bitumen calcite is a
shallow burial diagenetic product, while TSR-inducing
calcite is a deep burial diagenetic one, determining that
TSR belongs to a type of deep water-rock interaction in
the Feixianguan Formation. TSR is a series of redox
reactions between hydrocarbons and SO42–. The porous
dolostone reservoir in the Feixianguan Formation
experienced early oil emplacement, the gas in the
current reservoir originating from oil cracking and TSR
(Hao et al., 2008). Meanwhile, the porewater was able
to supply SO42–, since the reservoir dolomite was
mainly formed via reflux of hypersaline brine, which
would result in SO42–-rich formation water (Warren,
2000; Whitaker and Xiao, 2010). Therefore, the
Feixianguan dolostone reservoir, as well as the deep
dolostone reservoirs that were deposited or dolomitized
in evaporative environments, generally have prepared
the reactant for TSR within the shallow realm.
TSR is a thermodynamic process, which means that
once the temperature reached the threshold, the reactions
could proceed quickly until one of the reactants is
exhausted (Heydari, 1997). The Smackover dolostone
reservoir of the Black Creek field, with a depth of 6000 m,
contains 78% H2S, 20% CO2, 2% CH4. The gas souring
index (GSI) reaches up to 97.5%, due to the short-term but
high formation temperature with sufficient supply of SO42–
from the overlying Buckner anhydrite (Heydari, 1997). In
contrast, GSI of most wells in the Puguang gas field are
less than 20%, indicating that the degree of TSR is limited
(Hao et al., 2008). This limited TSR may be due to the fact
that the SO42– supply for TSR mainly comes from the
formation water, as revealed by the homogeneous
occurrence of TSR-inducing calcite in the oil column, but
not in the water column or right beneath the seal (Fig. 4).
Previously reported δ34S values validate this interpretation
(Li et al., 2019). It implies that the SO42– supply from the
overlying gypsum seal was delayed by the dense
dolostone interval, cemented by pre-bitumen calcite and
the marly carbonates of T1f 3 right above the reservoir
interval (Fig. 8a). This delay not only saved the natural
gas in the reservoir, but also protecting the pores from the
drastic precipitation of excessive TSR-inducing calcite
cements.
5.2 Deep fluid-rock interaction in dolostone reservoirs
with organic-rich source rock
Mesogenetic pores only occur in a thin layer (30 m
thick) in the lower part of Z2dy4, while they are

Fig. 4. Distribution of the pre-bitumen calcite cement and TSR-inducing calcite cement in the drilling-core interval of the Feixianguan Formation in the Puguang gas field.
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Fig. 5. Visual contents of the pre-bitumen and TSR-inducing
calcite cements versus the paleo-porosity before individual
cementation.

absolutely absent from the middle and upper part of
Z2dy4. This indicates some chemical change in the
formation fluid when the carbonate succession
deepened into the deep realm, since burial dissolution
in carbonate successions commonly results from the
emplacement of unsaturated fluid. The Th data reveal
that quartz cementation is the other type of deep waterrock interaction of significant reservoir effects in the
Z2dy4 dolostone reservoir. Marine chert generally
precipitates from the sea water during the synsedimentary period, while the later diagenetic quartz
cements have similar δ30Si to the chert in the Z2dy4,
indicating that the Si-rich fluid is not exotic (Ma,
2011). In fact, the chert nodular and chert layers in the
Z2dy4 verified the Ediacaran Si-rich seawater proposed
by previous studies (Maliva et al., 2005) and the silicon
supply for quartz cements is probably from the
formation water. In the Si-bearing formation water of
carbonate successions, the acidity increase would
promote the precipitation of quartz, while the
precipitation consumes H+ conversely (Heydari, 1997).
This means that the quartz precipitation is a negative
feedback mechanism, able to adjust the acidity (or
alkalinity) of the formation water. If there is no
neutralization of acid fluid by non-carbonate minerals
like quartz cements, the accumulation of acidity will
lead to the dissolution of carbonates.
H2SiO42– + H+ = H3SiO4–
H3SiO4– + H+ = H4SiO40(aq)
H4SiO40(aq) = SiO2 (quartz) + H2O
The distribution relationship between quartz cements and
mesogenetic pores in the Z2dy4 indicates that the transport
of organic acid within the migrating crude oil is the
mechanism of burial dissolution in the Z2dy4 reservoir
(Ehrenberg et al., 2012). Initially, organic acid was
dissolved in crude oil and migrated from the overlying
Lower Cambrian shales to the Z2dy4 porous dolostones (Fig.
8b). After emplacement into the dolostone reservoir,
organic acid was released into the residual porewater. As
the formation water was rich in silicon, organic acids first
led to quartz cementation. With the continuous
emplacement of crude oil, the reservoir turned from water

Fig. 6. Distribution of primary vs. mesogenetic pores and chert
vs. quartz cement in the Z2dy4 at the Hujiaba section. The lithology is derived from Wang (2019).

wet to oil wet, the continuous increase of capillary force
leading to the further decrease of water exchange and
finally the cessation of water-rock interactions. As a result,
burial dissolution did not occur in the oil column. However,
the oil-water transition zone is oil-water mixing wet for a
long time. After quartz cementation, organic acid continued
to release into the formation water, thus resulting in
mesogenetic pores in the oil-water transition zone.
6 Conclusions
Based on the petrographic characteristics, Th and
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Fig. 7. Porosity of samples (algal intraclastic and peloidal dolostones) with and without burial dissolution, saturated by pure
water at 30 MPa and 60 MPa, respectively.

distribution of deep diagenetic products, deep water-rock
interactions in dolostone reservoirs with marly limestone
and gypsum rock seals and organic-rich source rocks are
summarized. The mechanisms of deep water-rock
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interactions are analyzed in this study.
(1) TSR is the typical water-rock interaction in deep
dolostone reservoirs with a gypsum rock seal. The supply
of SO42– determines the quantity of natural gas
consumption and TSR-inducing calcite cements, the
distribution of TSR-inducing calcite cements being related
to the source of SO42– reactants. With a gypsum seal
directly in contact with reservoirs, SO42– can be supplied
from the seal rock continuously and TSR-inducing
carbonate cements dramatically precipitate in the oil-water
contact. With chemically compacted marly carbonates
insulating the gypsum bed and the reservoir interval, only
the formation water supplied SO42– for TSR, thus inducing
carbonate cements to be homogeneously dispersed in the
oil column.
(2) Burial dissolution is the typical deep water-rock
interaction of dolostone reservoirs with organic-rich
source rock, but the distribution of the consequent
mesogenetic pores is limited in the oil-water transition
zone. The transport mechanism of organic acid is related
to the migration of crude oil. Simultaneously, quartz
cementation is another typical deep water-rock interaction

Fig. 8. Schematic models of deep fluid-water interactions and reservoir effects with the overlying marly carbonate and gypsum succession (a) and underlying organic-rich and chert-bearing succession (b).
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in dolostone reservoirs with silicon-rich formation water,
the precipitation of quartz consuming H+ and thus limits
the scale and distribution of burial dissolution.
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