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A new genetic mechanism of
natural gas accumulation
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Bing Luo® & Wenzhi Wang?
Received: 15 November 2017 . Natural gas of organic origin is primarily biogenic or thermogenic; however, the formation of natural
Accepted: 18 April 2018 . gasis occasionally attributed to hydrothermal activity. The Precambrian dolomite reservoir of the
Published online: 29 May 2018 . Anyue gas field is divided into three stages. Dolomite-quartz veins were precipitated after two earlier
. stages of dolomite deposition. Fluid inclusions in the dolomite and quartz are divided into pure methane
. (P-type), methane-bearing (M-type), aqueous (W-type), and solid bitumen-bearing (S-type) inclusions.
: The W-type inclusions within the quartz and buried dolomite homogenized between 107 °C and 223 °C.
. Furthermore, the trapping temperatures and pressures of the fluid (249 °C to 319°C and 1619 bar to
2300 bar, respectively) are obtained from the intersections of the isochores of the P-type and the coeval
W-type inclusions in the quartz. However, the burial history of the reservoir indicates that the maximum
. burial temperature did not exceed 230°C. Thus, the generation of the natural gas was not caused solely
by the burial of the dolomite reservoir. The results are also supported by the presence of paragenetic
pyrobitumen and MVT lead-zinc ore. A coupled system of occasional invasion by hydrothermal fluids and
burial of the reservoir may represent a new genetic model for natural gas accumulation in this gas field.

. The Anyue gas field lies in the center of the Sichuan Basin in southwestern China and is one of the oldest and
© largest gas fields in China'~. The Anyue gas field was formed by the in-situ pyrolysis of an ancient oilfield*”. The
. petroleum within the ancient oilfield was generated from a black shale and was captured by the Sinian dolomite>®.
. However, the natural gas charging age is still controversial>~*¢. The fluid inclusion method provides an effective
: means of determining natural gas charging ages”®. Studies of hydrocarbon-bearing fluid inclusions have been car-

ried out by many geologists and employ the bulk compositions, phase envelopes, and isochores of coeval aqueous

fluid inclusions® ', In this study, a group of methane fluid inclusions and the associated aqueous fluid inclusions

are examined using laser Raman spectroscopy. The trapping temperatures and pressures of inclusions are deter-
: mined using the intersections of isochores. Furthermore, inclusion petrography, the trapping temperatures and
. pressures of pure methane inclusions and the burial history of well GS6 indicate a new mode of gas generation
. that couples the effects of burial and hydrothermal fluid systems.

Geological setting
. The Sichuan Basin is located in Southwestern China and has an area of approximately 260,000 km? (Fig. 1). The
© basin is a part of the Yangzi platform, and its basement formed around 800 Ma!>!6. A thick succession of marine
carbonates overlies the basement (Fig. 2). At the same time, the Leshan-Longnvsi paleo-uplift formed in the
middle of the basin and became a potential petroleum system'”'8. The sedimentary cover of the Leshan-Longnvsi
. paleo-uplift includes Sinian-Ordovician marine carbonates, Permian-Triassic carbonate-clastic rocks and
Triassic-Quaternary clastic rocks (Fig. 2). Marine conditions persisted on the uplift from the Sinian to the Middle
Triassic (Fig. 2). Due to the lifting in Paleozoic, the Devonian to Carboniferous successions are absent on the
. uplift (Fig. 2). However, after the tectonic transform in the Middle Triassic, the continental succession had
become the main sediment until now (Fig. 2).
: The Anyue gas field is located on a paleo-high point of the Sichuan Basin'® (Fig. 1a,b). The thick black shale
. of the Qiong Zhusi Formation was deposited within the depression between two high points and became the
: main resource rock for two gas fields (Fig. 1c). As the shale entered the oil generation window, the oil migrated
© into the traps within the high points®. The Sinian succession was then buried to a depth of 5015-5396 m. During
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the burial process, the oil may have pyrolyzed into pyrobitumen and gas, which are the most common materials
filling the pore space in the reservoir®®. The geochemistry evidences of pyrobitumen indicate that the gas field was
generated by an in-situ burial pyrolysis of paleo-0il?*?!. The Sinian reservoir is located at the top of the Dengying
Formation (Z,g,,) (Fig. 2). Our samples were obtained from exploration wells within the gas field, and the core
samples were collected from the Z,4,, Formation. The Z,g4,, reservoir is composed primarily of algal bindstone
and mud-sized dolostone that formed as a carbonate reef along the edge of the platform? (Fig. 1c). The dolostone
contains a number of dissolution pores, vugs, and cracks, due to strong karstification by meteoric waters>*. A
moderately sulfur-rich natural gas that is primarily composed of methane is contained within these reservoir
spaces®.

Methods

Samples were obtain from well GS6 to determine the homogenization temperatures of fluid inclusions, and these
samples originated at depths ranging from 5034.5 to 5049.6 m. The homogenization temperatures were measured
using various minerals. Thirteen single-phase pure methane inclusions and 8 coeval aqueous fluid inclusions in
the same authigenic quartz were examined to obtain the trapping temperatures and pressures. First, samples were
cut into small pieces. These pieces were doubly polished into thin sections (<0.30 mm thick). The inclusion tem-
perature measurements were performed using a Linkam THMSG600 heating-freezing stage following standard
procedures in the State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum,
Beijing. The homogenization temperatures of both gas inclusions and the coeval aqueous fluid inclusions were
measured; the freezing points of aqueous fluid inclusions in authigenic quartz were also measured. The heating
rate was 15°C/min during the initial stages of each heating run and was reduced to 0.3-1°C/min close to the
phase transitions. The salinities of the aqueous fluid inclusions were calculated using ice points of H,0-NaCl*%.

Results

Petrography. Algal bindstone and mud-sized dolostone is the main rock type in the reservoir (Fig. 2).
Bioclasts and mudclasts are the most common types of grains within the samples (Fig. 3a). Both the grains and
the cement are composed of dolomite, and the overall rock unit is divided into three stages. The initially deposited
dolomite (I-dolomite) contains tiny mudclasts and bioclasts. Although some of the mudclasts and bioclasts have
been recrystallized (Fig. 3a), the I-dolomite reflects surface replacement dolomitization that changed only the
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Figure 2. Geological column of the Sichuan Basin.

composition of the carbonates?. The dolomite resulting from the second stage (II-dolomite) is represented by
overgrowths along the pores and cracks among the mudclasts and bioclasts (Fig. 3b,c). The II-dolomite commonly
grows on the sides of pores and displays an internal zonation structure in which the dolomite can be divided into
two parts, a cloudy center and a clear rim (Fig. 3b-d). This type of dolomite grew during the burial stage, and the
internal zonation structure reflects changes in crystal formation?*?. The dolomite resulting from the third stage
(ITI-dolomite) occupies the pore centers and cracks (Fig. 3d-f). The III-dolomite is marked by very large crystals
with curved crystal faces and relatively dim luminosity; it shows no internal structure under cathodolumines-
cence (Fig. 3d). Furthermore, the III-dolomite may be related to hydrothermal activity>>?*. Pyrobitumen and
quartz are also observed within the pores and cracks (Fig. 3e,f). Quartz is always associated with the III-dolomite
and is sporadically mixed with pyrobitumen (Fig. 3f). The pyrobitumen may be related to hydrothermal activity;
it coats the II-dolomite and is coeval with the III-dolomite and the quartz (Fig. 3e,f). Furthermore, the pyrobitu-
men is always associated with MV T lead-zinc ore? (Fig. 3g,h) and shows strong anisotropy (Fig. 3i). Moreover,
the pyrobitumen is anisotropic, which indicates that it formed by the? coking of liquid 0il?’-%.

Diagenesis. Properly understanding the diagenesis of the dolomite is critical for the measurement of fluid
inclusions. A clear sequence of host minerals must be identified to accurately identify the different inclusion
stages’. The primary minerals hosted within the inclusions are dolomite and quartz. The reservoir underwent
early cementation, surface dolomitization, syngenetic dissolution, meteoric karstification, burial dissolution,
precipitation of dolomite during burial, hydrothermal invasion, and sulfate thermal reduction®-** (Fig. 4).
Furthermore, the most important stages of diagenesis for inclusion measurement are the later stages of dolo-
mite precipitation (II-dolomite and ITI-dolomite). The few inclusions formed by early surface cementation, dol-
omitization, dolomite precipitation and dissolution could not be observed under a microscope, due to the low
transparency of the minerals (Fig. 3a,b). Furthermore, the inclusions formed by early diagenesis are not related
to hydrocarbon activity. The burial conditions influenced the formation of the II-dolomite, the III-dolomite and
the quartz; both gas inclusions and aqueous fluid inclusions are abundant and can be observed in these phases.

Observations of fluid inclusions.  The inclusions within the dolomite reservoir are identified by their
compositions. Microscopy and laser Raman spectroscopy indicate the existence of four types of inclusions: pure
methane (P-type), methane-bearing (M-type), aqueous (W-type), and solid-bearing (S-type) (Fig. 5).

1. Pure methane inclusions: The P-type fluid inclusions are pure gas inclusions that contain only methane
vapor. These inclusions are polygonal or ovoid in shape and range from 4 um to 18 um in size (Fig. 5a—c).
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Figure 3. Diagenetic characteristics of the Z2dn4 Formation. (a) Bioclasts, mudclasts and early cement, plane-
polarized light (non-polarized transmitted light), well GS6, 5048.97 m. (b) II-dolomite with a cloudy center

and a clear rim (non-polarized transmitted light), well GS6, 5035.84 m. (c) Planar distribution of inclusions in

a cloudy center (non-polarized transmitted light), well GS6, 5035.02 m. (d) Different kinds of dolomite within

a pore (cathodoluminescence), well GS6, 5035.84 m. (e) Pyrobitumen accompanied by III-dolomite (non-
polarized transmitted light), well GS6, 5049.1 m. (f) III-dolomite and quartz (cross-polarized transmitted light),
well GS103, 5177.67 m. (g) Pyrobitumen associated with galena, well GS102 (non-polarized reflecting light),
5043.2 m. (h) Sphalerite and quartz in a lead-zinc vein (non-polarized reflecting light), well GS101, 5177 m. (i)
Pyrobitumen with strong anisotropy (non-polarized reflecting light), well GS105, 5220 m.
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Figure 4. Diagenetic evolution of the Sinian carbonate reservoir rocks penetrated by well GS6 in the Anyue gas
field.

These inclusions are commonly homogeneous and dark under plane-polarized light, although some P-type
fluid inclusions are bright (Fig. 5a—c). Laser Raman spectroscopy of the P-type fluid inclusions shows a
prominent peak at 2911.5cm™!, which is the characteristic peak of methane (Fig. 6a). Few P-type fluid
inclusions are visible in the clear rims of II-dolomite, and the majority of the P-type fluid inclusions occur
in the III-dolomite and quartz, which are hydrothermal minerals. Furthermore, the P-type fluid inclusions
are linearly distributed and accompanied by M-type and S-type inclusions.
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Figure 5. Characteristics of inclusions found in the Z2dn4 Formation of well GS6. (a) W-type fluid inclusions
(FIs) and P-type FIs in quartz (PPL), 5049.1 m. (b) P-type FIs in quartz (PPL), 5049.1 m. (c) P-type FIs in quartz
showing two-phases of liquid and vapor on freezing table, at the temperature of —115°C (PPL), 5049.1 m. (d)
C-type fluid inclusions within the ITII-dolomite, 5048.97 m. (e) W-type FIs and S-type inclusions (Is) in III-
dolomite (PPL), 5035.31 m. (f) II-dolomite (PPL), 5035.31 m; g. inclusions distributed at the boundary between
a cloudy center and a clear rim in II-dolomite (PPL), 5035.02 m. (h) linear inclusions in a clear rim of II-
dolomite, plane-polarized light (PPL), 5034.48 m. (i) S-type Is within a clear rim of II-dolomite (PPL), 5049.1 m.

2. Methane-bearing inclusions: The M-type fluid inclusions are composed of methane gas and liquid H,O;
the vapor phase occupies 10-30% of the total volumes of these inclusions (Fig. 5d). These inclusions show
polygonal or ovoid shapes and are 4 um to 10 um across (Fig. 5d). Laser Raman spectroscopy shows the
characteristic peak of methane in vapor bubbles within M-type fluid inclusions (Fig. 6b). The M-type fluid
inclusions are commonly accompanied by P-type fluid inclusions and are present in the II-dolomite, the
III-dolomite, and the quartz. Compared with the two-phase W-type fluid inclusions, the number of two-
phase M-type fluid inclusions is limited.

3. Aqueous fluid inclusions: The W-type fluid inclusions are the most commonly observed in this study
(Fig. 5a,e). The W-type inclusions contain gas and liquid, and the gaseous phase occupies 5-20% of the to-
tal volume (Fig. 5¢). Most of these inclusions are polygonal to ovoid in shape and range from 4 um to 15pm
in width (Fig. 5e). The W-type fluid inclusions are abundant along the boundaries of the cloudy centers and
clear rims of II-dolomite, and these inclusions usually display a planar distribution under a microscope
(Fig. 5£,g). Nevertheless, other aqueous fluid inclusions are linearly distributed within the clear rims of
the II-dolomite and the quartz (Fig. 5h) or are found only along the cleavage planes of the III-dolomite
(Fig. 5e). In addition, the W-type fluid inclusions are the most easily measurable inclusions in the samples.

4. Solid-bearing inclusions: The S-type inclusions are present within the II-dolomite, the III-dolomite, and
the quartz (Fig. 5e,i). The S-type inclusions are divided into triple-phase S-type inclusions and single-phase
S-type inclusions. The triple-phase S-type inclusions contain methane gas, liquid H,O, and pyrobitumen,
are polygonal or ovoid in shape, and range from 4 um to 15pm in size (Fig. 6¢). The single-phase S-type
inclusions were observed almost exclusively in the ITI-dolomite. The triple-phase S-type inclusions were
observed primarily in the II-dolomite. Laser Raman spectroscopy displays the characteristic peaks of pyro-
bitumen and methane within the S-type inclusions (Fig. 6c). The S-type inclusions are rare in the II-dolo-
mite, and the majority of S-type fluid inclusions occur in the III-dolomite and the quartz.
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Figure 6. Raman spectroscopy of different kinds of inclusions in the Z2dn4 Formation of well GS6. (a) P-type
FIs (PPL), 5049.1 m. (b) M-type FIs (PPL), 5049.1 m. (c) triple-phase S-type Is (PPL), 5049.1 m.

Fluid inclusion microthermometry. Based on the sequence of the host minerals, the W-type fluid inclu-
sions are divided into 3 groups: the W-type fluid inclusions that were observed in the II-dolomite, the W-type
fluid inclusions that were observed in the III-dolomite, and the W-type fluid inclusions that were observed in
the quartz (Fig. 5). Homogenization temperatures were measured for 131 W-type fluid inclusions found in the
II-dolomite, the III-dolomite, and the quartz and 13 P-type fluid inclusions. The homogenization temperatures
of the W-type fluid inclusions from II-dolomite range from 107 to 212 °C. The homogenization temperatures of
the W-type fluid inclusions from the III-dolomite range from 158 to 223 °C, whereas the homogenization tem-
peratures of the W-type fluid inclusions from the quartz range from 158 to 187 °C. Different groups of aqueous
inclusions show different distributions of homogenization temperatures (Fig. 7). In general, the range of homog-
enization temperatures of the W-type fluid inclusions gradually decreases with the measured sequence from the
II-dolomite to the quartz. Furthermore, the diagram shows that the W-type fluid inclusions of all of the hosting
minerals homogenized at the same peak temperature from 160 to 180 °C (Fig. 7). For the P-type fluid inclusions,
the samples must be cooled to measure the homogenization temperature of P-type fluid inclusions, due to the
low critical point of CH, (—82.6°C). The contents of the P-type fluid inclusions changed from a single phase to
two phases, and bubbles formed when the temperature was decreased below —110°C (Fig. 5¢). The contents of
the P-type inclusions were homogenized to a liquid phase at temperatures varying from —82.6°C to —105.6°C
(Table 1). The densities of the P-type fluid inclusions were calculated from the homogenization temperatures
based on the work of previous studies®***. These densities range from 0.173 g/cm? to 0.317 g/cm? (Table 1) and
are greater than the critical density of methane (0.162 g/cm?®). It is almost impossible to measure the ice point
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Figure 7. Distribution of homogenization temperatures of the W-type fluid inclusions (FIs) from Sinian
carbonate reservoir samples obtained from well GS6.

—82.6 — 0.173 187 18.5 13 15
—82.7 — 0.184 159 | 224 11 5
—82.8 — 0.189 158 18.1 13 15
—83 — 0.197 175 21.4 12 10
—82.9 — 0.194 179 | 233 12 10
—83.2 — 0.202 161 18.8 10 15
—98.5 — 0.296 173 19 11 10
—-103.2 | — 0.311 177 18.7 11 5
—-103.7 | — 0.313

—-103.9 | — 0.313

—1042 | — 0.314

—1044 | — 0.314

—105.6 | — 0.317

Table 1. Microthermometric data of the P-type fluid inclusions and the coeval W-type fluid inclusions noted in

temperatures for most of the W-type fluid inclusions, due to their small sizes (<10 um). Only 8 sufficiently large
W-type fluid inclusions were selected for ice point temperature measurements (Table 1).

Trapping temperatures and pressures of the P-type fluid inclusions. The homogenization tem-
peratures and pressures are the lowest trapping temperatures and pressures of the fluid inclusions. Because the
volumes of the fluid inclusions do not vary, the temperatures and pressures of the fluid inclusions vary along
isochores*. Furthermore, the homogenization temperatures of the P-type fluid inclusions were measured, and
the salinities of the coeval W-type fluid inclusions were calculated via their freezing points?2. Thus, the isochores
of the P-type fluid inclusions and the coeval W-type fluid inclusions are drawn on a P-T graph (Fig. 8). The inter-
sections of the two groups of isochores mark the trapping temperatures and pressures of individual pairs of fluid
inclusions. Consequently, the trapping temperatures and pressures are distributed over two pairs of ranges, one of
which is 185 to 227 °C and 484 to 700 bar, whereas the other is 249 to 319°C and 1619 to 2300 bar.

Burial history. The Leshan-Longnvsi paleo-uplift records a complex burial history®’~*. The temperature evo-
lution of well GS6 was reconstructed in this study using PetroMod 1D modeling software. Furthermore, 24 core
samples were collected from well GS6 for Vitrinite-like reflectance measurements and were used to verify the heat
flow history. Due to the absence of true Vitrinite derived from higher plants and the high maturity of the organic
matter in the Sinian sedimentary rocks, reflectance values determined from vitrinite-like macerals (VLMR,) were
used as an index of thermal maturity*'~**. Two linear regression equations proposed by Xiao et al.** were used to
calculate Ro from the VLMR values:

Ro = 0.28 x VLMRo + 1.03 (for VLMRo = 0.75-1.5%) (1)
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Figure 9. (a) Reconstructed stratigraphic burial, thermal histories and paleo-heat flux history plots for well
GS6* (b) (%Ro) modeled-maturity profiles.

Ro = 0.81 x VLMRo + 0.18 (for VLMRo > 1.5%). (2)

The core samples from well GS6 revealed 5454 m of strata, which include the following formations: Z,dn,
(132m), Zydn, (76 m), Z,dn, (281 m), €, (451 m), €, (74m), €;, (119m), O (134m), P, (300m), P, (224m),
T, ., (1346 m), T5 (514 m), and 1803 m of Jurassic strata* (Fig. 9a). The major stratigraphic unconformity in this
sequence is the Mesozoic-Cenozoic boundary. We estimate that 3400 m of Mesozoic-Cenozoic rocks are erosed,
based on regional geologic and seismic data**. The Permian-Ordovician boundary is another important strati-
graphic unconformity. We estimate that 1300 m of Permian-Ordovician formations are missing, according to He
et al.*. There are also many minor unconformities related to other episodes of uplift and erosion. The missing sec-
tions of underlying rocks at the Z,dn;/Z,dn, (100m) €/Z,dn, (100m), and T/P (200 m) boundaries were estimated
according to the regional geology*™*®. Zhu et al. (2015) studied the heat flow of the Sichuan basin using apatite
fission track data and (U-Th)/He thermochronology”’. The results suggest that the following heat flux history for
the Sichuan Basin: (1) the heat flux was 55 + 5 mW/m? before and during the Late Carboniferous; (2) an abrupt rise
in the heat flux to 80 £ 5mW/m? occurred in the Permian; (3) the heat flux gradually decreased after the Triassic,
and the present day heat flux was calculated to be as low as 50mW/m?*". To ensure the reliability of the modeling
results, an interactive optimization process was carried out until the vitrinite-like reflectance values were matched
(Fig. 9b). A good fit to the maturity data suggests that our calculated burial depths are relatively reliable.
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Discussion

Evolution of the fluid.  As mentioned above, inclusions are observed in different host minerals, which show
a clear precipitation sequence. Thus, the relationship of the P-type, M-type, and W-type fluid inclusions and the
S-type inclusions in the different host minerals indicate the evolution of the fluid. Large amounts of solid bitumen
(pyrobitumen) were observed in the hydrothermal mineral veins (Fig. 3f-h), and a majority of the P-type fluid
inclusions and the S-type inclusions are present in the hydrothermal dolomite-quartz veins, suggesting that the
hydrocarbon evolution included the cracking of paleo-oil and natural gas related to the epizonogenic hydro-
thermal fluid***. The absence of petroleum inclusions results from the high heating temperatures, which are
supported by the elevated trapping temperatures of the P-type fluid inclusions (~319°C). While the II-dolomite
was precipitating, the liquid oil may have been captured. The oil inclusions then pyrolyzed at high temperatures
and formed the triple-phase S-type inclusions in the II-dolomite. Furthermore, the homogenization temperatures
of the fluid inclusions within the quartz are within 10-15 °C of one another, and the salinity values fall within a
range of 6 wt% NaCl. Therefore, the distribution of homogenization temperatures and the salinities of different
inclusions provide the best evidence of the original temperature conditions’.

The trapping temperatures and pressures were obtained from the intersections of the isochores of the P-type
and the coeval W-type fluid inclusions in the quartz (Fig. 8). The two ranges of trapping temperatures of the
natural gas are 249-319 °C and 185-227 °C. The later stage trapping temperature (319 °C) is higher than the high-
est burial temperature (230 °C). We infer that the highest trapping temperature represents the invasion of deep
epizonogenic hydrothermal fluids*®%. The earlier stage trapping temperature (185 °C) is accompanied by lower
trapping pressures. We infer that the lowest trapping temperature represents a fluid system that was equilibrated
between deep epizonogenic hydrothermal fluids and formation water (Fig. 9a). Because the formation tempera-
ture was lower than the hydrothermal fluid temperature, the temperature of the hydrothermal fluids decreased,
and these fluids equilibrated with the formation water. During this process, the quartz grew continuously and
trapped the low-temperature P-type fluid inclusions. The equilibrating process is indicated by the methane inclu-
sions with different trapping temperatures (Fig. 8). The trapping pressures in the late and early stages of the P-type
inclusions range from 1619 to 2300 bar and 484 to 700 bar, respectively (Fig. 8). The shift in pressure can be inter-
preted as reflecting alternating lithostatic-hydraulic fluid systems. The lowest trapping temperature exceeds the
temperature of pyrolytic conversion of oil to gas (170 °C)*"*2. Therefore, paleo-oil pyrolysis should have occurred
before the invasion of external epizonogenic hydrothermal fluids. However, the temperature did not reach the
peak pyrolytic temperature of liquid 0il*. The introduction of the natural gas was related primarily to the precip-
itation of the ITI-dolomite (dolomite-quartz veins) because the three-phase S-type inclusions and the P-type fluid
inclusions were both observed in the III-dolomite and the quartz.

In addition to the dolomite-quartz vein, the II-dolomite was the earliest host mineral in which large quantities
of inclusions were captured. Furthermore, the W-type fluid inclusions are heavily distributed in the boundaries
between the “cloudy centers” and the “clear rims”. This feature suggests that the fluid inclusions in the II-dolomite
are related to the precipitation of the dolomite?*. The homogenization temperatures of the fluid inclusions in
the II-dolomite range from 107 to 212 °C. However, these fluid inclusions are too small to obtain ice point tem-
perature data. Therefore, it is impossible to exclude the influence of re-equilibration or to determine the original
trapping temperatures’. We infer that the precipitation occurred before the introduction of the natural gas, based
on the absence of the P-type and the S-type inclusions in the II-dolomite.

The new genetic mechanism of natural gas. Based on previous studies of P-type inclusions, this study
displays two anomalous phenomena. First, the trapping temperatures and pressures of the P-type inclusions dis-
play a wide range and can be divided into two groups (Fig. 8). Second, the burial history shows that the maximum
burial temperature of well GS6 did not exceed 230 °C (Fig. 9a), whereas the higher group of methane trapping
temperatures are much higher than the maximum burial temperature. Thus, the P-type fluid inclusions were not
affected only by the burial temperature.

Experiments on in-reservoir petroleum destruction show that the temperature of the pyrolysis of petro-
leum commonly exceeds 150 °C, and the peak temperature is always 170 °C to 190 °C*2. If hydrothermal fluid
entered the reservoir at a later time, when the liquid oil had already been pyrolyzed, free methane would have
been trapped in hydrothermal minerals, and the trapping temperatures and pressures of free methane would
have no significance for gas formation. However, mineral paragenesis shows that the quartz precipitated after
the II-dolomite. Moreover, the P-type fluid inclusions are seldom found in the II-dolomite but are abundant in
the III-dolomite and the quartz (Fig. 5). In addition, the burial history shows that the heat flow increased sud-
denly at approximately 260 Ma (Fig. 5). Thus, the time of hydrothermal fluid occurrence should not be later than
260 Ma, whereas the formation temperature was below 140 °C, which is sufficient for the pyrolysis of liquid 0il*.
Therefore, the reservoir did not reach the peak temperature of gas generation before the hydrothermal minerals
started to precipitate. The burial history shows that the study area experienced rapid burial from 251 to 238 Ma,
and the heat flow have just abruptly increased at the same period (Fig. 9a). This sudden change in burial history
indicates that regional tectonic movement may have caused the invasion of the hydrothermal fluids.

Thus, when the temperature was below 150 °C, little methane became trapped in the reservoir (Fig. 10a).
While the reservoir burial temperature was 150-170 °C, little methane was generated by the pyrolysis of petro-
leum, and the methane was not trapped by the II-dolomite (Fig. 10b). However, with regional tectonic movement
(Fig. 9a), hydrothermal fluids (~319 °C) invaded the reservoir (Fig. 10c). The fluid caused the precipitation of
hydrothermal minerals, such as the quartz and the III-dolomite, whereas the temperature of the formation water
increased®***->%. The high-temperature fluid significantly heated the reservoir and resulted in gas generation.
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Figure 10. Diagram of the hydrothermal heat mode in the dolostone reservoir. Tb: burial temperature; Th:
hydrothermal fluid temperature.

Conclusions

Based on the characteristics of diagenetic evolution, mineral paragenesis, and the fluid inclusion, different
groups of the W-type fluid inclusions that represent different geological events were recognized and meas-
ured. The W-type fluid inclusions in the III-dolomite and the quartz may represent the stages of gas generation.
Microthermometry of the P-type fluid inclusions and the coeval W-type fluid inclusions in the quartz were meas-
ured. The trapping temperatures of the P-type fluid inclusions show that gas generation was associated with the
invasion of hydrothermal fluids, which was induced by regional tectonic movement. Furthermore, mineral par-
agenesis and the distribution of methane inclusions in the dolomite and the quartz indicate that the hydrothermal
fluids invaded before the reservoir reached the peak pyrolysis temperature. Thus, pyrolysis driven by in situ burial
generated natural gas, and the invasion of hydrothermal fluids triggered the gas generation process.
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