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Abstract: Following consideration of the characteristics of high temperature, high pressure and high in-situ stress in ultra-
deep sedimentary basins, together with the existence of hydrocarbon phase state transformation, hydrocarbon-water-rock
interaction and rock mechanical property transition at those depths, the evaluation index system for hydrocarbon
preservation was established. The physical leakage evaluation indexes can be divided into three categories: the dynamic
efficiency indexes of micro-sealing, caprock integrity and natural gas diffusion. The chemical loss evaluation indexes can
be divided into two categories: the thermochemical sulfate reduction (TSR) index in marine gypsum-bearing carbonate
strata and the thermochemical oxidation of hydrocarbons (TOH) index in clastic strata. The slippage angle and
overconsolidation ratio (OCR) are the key evaluation indexes in the evaluation of the integrity of shale caprocks. TSR
intensity can be quantitatively calculated by use of the ZnPVT state parameter method. The TOH strength can be used to
estimate the degree of hydrocarbon chemical loss, based on the TOH-related authigenic calcite cement content or the degree
of negative 6"°C of authigenic calcite. For the evaluation of ultra-deep preservation in specific areas, key indexes can be
selected according to the local geological conditions, instead of all indexes needing to be evaluated for every scenario.
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1 Introduction

In the course of the development of oil and gas
exploration, geologists have come to realize that, with
regard to the process of petroleum accumulation and
reservoir formation, ‘hydrocarbon generation’ is the basis
and ‘preservation’ is the key (Li et al., 1997). Petroliferous
basins located in active tectonic zones, or those
transformed by multiple tectonic events, need superior
caprocks (Jin, 2012). Natural gas has molecular diameters
that are smaller than oil, making it comparatively easy for
it to diffuse and permeate, imposing more stringent
restrictions on the caprocks (Dai, 2003). Destruction styles
of marine hydrocarbon reservoirs mainly include the
cutting of faults, uplifting and erosion, fold alteration,
deep-burial cracking, baking of magma, fluid washing,
biodegradation, long-term diffusion etc. (He et al., 2017).
In terms of risk, three physical leakage means by which
the caprock of petroleum reservoirs can fail have been
identified: diffusive loss through the caprock, leakage
through pore spaces when capillary breakthrough pressure
has been exceeded and leakage through faults or fractures.
In addition, any of these processes can occur in
combination with others (Song and Zhang, 2013). The
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evaluation technology system of oil and gas preservation
conditions of marine strata in southern China was
established based on five aspects: the caprock and its
sealing performance, fault sealing, late tectonic intensity,
hydrogeological  conditions and the subsurface
hydrolyzation characteristics of mechanical-dynamic
behavior (Ma et al., 2006).

Prior studies on petroleum preservation generally did
not emphasize ultra-deep (>6500 m) geological settings,
which are characterized by high temperatures, high
pressures and high in-situ stresses. Ultra-deep caprocks are
characterized by intense compaction, deep diagenetic
evolution, low porosity, low permeability, high
displacement pressure and therefore possess excellent
micro-sealing ability. Moreover, ultra-deep reservoirs
usually have a multi-stage sealing system composed of
regional and local caprocks, where the oil and gas
preservation conditions are generally also excellent.
However, this does not mean that there is no need to pay
attention to hydrocarbon preservation evaluation in ultra-
deep oil and gas exploration, because the geological
environment provides conditions for phase state
transformation of hydrocarbons (Zhao et al., 2001),
hydrocarbon-water-rock interaction (Ma and Zhao, 2016;
Hu et al., 2018) and rock mechanical properties transition
(Rybacki et al., 2016). Thus, it has been determined that
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the mode of destruction of ultra-deep oil and gas
reservoirs may be either through physical leakage or
chemical loss, or both (Yuan et al., 2019).

Physical leakage includes Darcy flow, which is
dominated by faults and overpressure ruptures, micro-
leakage, dominated by micro-cracks and connected pores,
as well as gas diffusion caused by gas concentration
differences. The chemical loss of hydrocarbons is mainly a
product of phase transformation of hydrocarbons (such as
oil cracking) dominated by high temperature and high
pressure, thermochemical sulfate reduction (TSR) (Cai et
al., 2013) and thermochemical oxidation of hydrocarbons
(TOH) (Hu et al., 2018) caused by redox reactions.
Therefore, the basic idea of evaluating ultra-deep oil and
gas preservation conditions should be conducted from two
perspectives: physical leakage and chemical loss (Yuan et
al., 2019). Based on the main controlling factors of
physical leakage and chemical loss of ultra-deep
hydrocarbons, the evaluation index system of ultra-deep
hydrocarbon preservation conditions is clarified, with the
technical methods for determination of the key indexes
being established.

2 Main Controlling Factors of Hydrocarbon Preservation
in the Ultra-deep Reservior

Ultra-deep hydrocarbon preservation is primarily
affected by physical leakage and chemical losses (Fig. 1).
There are three modes of physical hydrocarbon leakage in
reservoirs: Darcy flow, microleakage and diffusion. Darcy
flow is mainly affected by caprock integrity, which is
controlled by faults and fractures in the caprocks, micro-
leakage occurring to overcome caprock capillaries and
diffusion is almost everywhere, for as long as there is a
difference in hydrocarbon concentration, there will be
diffusion of hydrocarbons. There are thermochemical
sulfate reduction (TSR) and thermochemical oxidation of
hydrocarbons (TOH) types of hydrocarbon chemical
losses in reservoirs, which are both strictly constrained by
temperature (Yuan et al., 2019).

2.1 Controlling factors of hydrocarbon physical leakage
2.1.1 Integrity of caprocks

(1) Faulting

Faults are one of the important factors affecting the
leakage of hydrocarbons in Darcy flow. The sealing
behavior of faults in active and inactive phases is quite
different. They are usually unsealed during the active
stage and only in the inactive stage is it possible to seal oil
and gas (Ferseth et al., 2007). Therefore, when evaluating
the fault sealing of a specific area, it must be related to
regional tectonic events, the development and activity time
of the fault must first be determined. There are two main
types of fault sealing indexes in the inactive stage:
lithology juxtaposition sealing and fault rock sealing
(Faulkner et al., 2010). A lithological juxtaposition
diagram of the upper/footwall of a fault (Allan diagram) is
often used to evaluate fault sealing (Allan, 1989). For
shale with low diagenetic evolution, mudstone/shale smear
potential, mudstone/shale gouge ratio and mudstone fault
ratio are all important parameters for evaluating fault
sealing (Weber et al,, 1978). Stress history plays an
important role in controlling the sealing property of faults,
especially faults with gouge. In a shear fault zone, the
mechanical properties of mudstone or shale are closely
related to fault sealing. When shear failure occurs in
normally  consolidated  mudstone  with  ductile
characteristics, permeability decreases. When shear failure
occurs in overconsolidated mudstone with brittle
characteristics, permeability increases (Bolton et al.,
1998). When the local stress reaches 25 MPa and the shear
strain reaches 10, the permeability can be reduced by 2-3
orders of magnitude, even in the fault zone without gouge
development (Zhang and Tullis, 1998). In addition to fault
sealing, fault-caprock configuration is also one of the
important factors affecting fault sealing. When high-
quality salt caprocks exist, oil and gas can still be well
preserved, even in imbricate structures where faults are
extremely well-developed, such as the Kelasu Gas Field in
the Kuqa Depression (Wang et al., 2016).

Under ultra-deep conditions, the increase in confining
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Fig. 1. Chart showing the controlling factors for hydrocarbon preservation in the ultra-deep environment.
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pressure leads to the decrease of rock brittleness and
increase of ductility, enhancing fault sealing, especially in
the mudstone or shale segment. Therefore, the sealing
evaluation of ultra-deep faults needs to include mechanical
parameters that reflect the brittleness and ductility of
rocks, such as the overconsolidation ratio (OCR). It is
feasible, both theoretically and technically, to evaluate the
sealing ability of an ultra-deep non-active period, by
combining the fault sealing index and the OCR.

(2) Fractures in caprocks

Caprock fracture is another factor affecting the
dispersion of hydrocarbons in Darcy flow. The
development, nature and healing degree of fractures
directly affect the integrity of caprocks (Chitrala et al.,
2013). The fractures related to the sealing property of
caprock are mainly tectonic fractures. Non-tectonic
fractures generally have little impact on the preservation
of oil and gas (Yuan et al., 2015). In addition, the
overpressure fracture caused by uplift is also one of the
important factors. Along with tectonic stress, the slip
angle of the bedding and the mechanical properties of the
rocks are the key factors controlling the formation and
evolution of fractures, including fracture properties and
the degree of fracture healing. Once cracks occur, the
integrity of the caprocks will be destroyed. However, in
the ultra-deep environment, the overlying strata are very
thick, the fractures becoming closed under the overlying
lithostatic stress. The degree of fracture healing is the key
factor affecting the sealing property of the caprocks,
which controls the degree of restoration of the integrity of
the caprocks (Larsen and Gudmundsson, 2010). Therefore,
the combination of fracture healing depth and OCR can be
used to evaluate whether and to what extent the fracture-
related caprock integrity has been repaired.

2.1.2 Dynamic microscopic sealing effectiveness of
caprocks

Caprock capillary pressure (displacement pressure)
controls the microscopic sealing capacity of caprocks and
is the most effective evaluation parameter (Lv et al.,
1993). The matrix porosity and permeability of the
caprocks that have experienced an ultra-deep burial depth
must be very low and the microscopic sealing must be
excellent, for the integrity of the caprocks not to be
destroyed. For ultra-deep caprocks, the main problem is
not micro-sealing, but the effectiveness of the sealing,
which is the match in the relationship between the seal
formation time and the timing of kerogen hydrocarbon
generation or oil cracking to gas. Only when the seal
formation time of caprocks is earlier than the time of
hydrocarbon generation by source rocks and oil cracking
to gas, or at least no later than the main gas generation
period of source rocks and the end point of oil cracking to
gas, with the sealing property of the caprocks having been
maintained since its formation, is it an effective caprock
(Yuan et al., 2011).

2.1.3 Natural gas diffusion

The diffusion of natural gas is due to molecular
movement. The difference in hydrocarbon concentration is
the driving force for the diffusion and migration of natural

gas molecules. The diffusive behavior of natural gas
primarily occurs in rock pores with very low permeability.
Such diffusion is limited by pore size, shape, degree of
bending and even lithological characteristics, as well as
being affected by temperature and pressure (Fu and Su,
2004). Diffusion is different from leakage, in that it does not
require a pressure difference, but only a concentration
difference. To sum up studies on the diffusion mechanism,
of natural gas (Kim et al., 2016; Chen et al., 2018), it is
generally believed that the diffusion mechanisms of natural
gas generally include: 1) Fick diffusion, usually occurring
in large pores and under high pressure, that is, collisions
between gas molecules are more obvious than those
between gas molecules and pore walls; 2) Knudsen
diffusion, where the average free path of gas molecules is
larger than the pore size, the collision between gas
molecules and the pore wall being more obvious, this
diffusion mode playing a dominant role in shale gas
transportation; 3) surface diffusion, the driving force of
which is the chemical potential gradient. For strongly
adsorbent or nano pores, surface diffusion is significant. In
addition, it is believed that methane gas molecules also
engage in a form of dissolved gas diffusion in porous media
(Chen et al., 2018). After adsorbed gas is desorbed from the
pore wall of organic matter, there is a concentration gradient
of dissolved gas in the organic matter, which is the driving
force of dissolved gas diffusion.

The main controlling factors of the natural gas diffusion
coefficient include: 1) physico-chemical properties of the
diffuser, such as molar mass, molecular size, geometric
shape, molecular polarity and solubility; 2) the properties of
the diffusion medium, such as porosity, pore structure (pore
diameter, curvature, connectivity), pore fluid composition
(viscosity, polarity, ionic strength, solubility), mineral
organic matter composition (mineral adsorption, specific
surface area); 3) boundary conditions: pore pressure,
temperature and initial concentration (Krooss et al., 1985,
1988). Although there are many experimental studies on the
diffusion coefficient of natural gas in rock, none of them
can simulate the real primary controlling factors. In the
laboratory diffusion coefficient determination process, the
setting of temperature and pressure conditions is generally
lower than on the actual scenario of ultra-deep formation,
the multi-scale pore structure of the rock and the
supercritical conditions caused by high pressures and high
temperatures are not fully considered, while the coefficient
correction is mostly carried out in saturated media
temperature and pressure conditions (Taghavinejad et al.,
2020; Jing et al., 2021). These results cannot reflect the
authenticity of approximating ultra-deep formation
conditions. Therefore, a satisfactory test instrument is
critical in order to obtain a reliable diffusion coefficient
under the conditions of multi-stage sealing at ultra-deep
high temperatures and pressures.

2.2 Controlling factors of hydrocarbon chemical loss
There are two main types of chemical loss of ultra-deep
hydrocarbons. One is thermochemical sulfate reduction
(TSR) in ultra-deep marine gypsum-bearing carbonate
rocks. TSR is a chemical reaction in which sulfate
minerals are reduced to sulfide by hydrocarbons under
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thermal dynamic drive while hydrocarbons are oxidized to
acidic gases such as H,S and CO,. It is a geological-
geochemical process of organic-inorganic fluid interaction
prevalent in oil and gas reservoirs with gypsum carbonate
reservoirs at high temperature (Cai and Li, 2005). Ultra-
deep (>6500 m) usually meets the high temperature
conditions required by TSR (under formation conditions,
>120°C). When TSR occurs, it causes hydrocarbon
consumption. The other form of chemical loss is the
thermal oxidation of hydrocarbons (TOH) by high-valence
metal oxides in ultra-deep clastic formations, such as Fe**
and Mn*", which can oxidize methane and other
hydrocarbons to CO, under certain temperature
conditions, thus consuming hydrocarbons (Hu et al.,
2018).

2.2.1 Main controlling factors of TSR

In the marine carbonate strata of southern China, TSR
on a certain scale usually meets five conditions
simultaneously (Yuan et al., 2021): 1) existence of paleo-
oil reservoirs; 2) thin sequences of paste rock; 3) adequate
formation water; 4) subjected to palaecotemperatures
higher than 120°C; 5) the reservoir is porous dolomite.
The paleo-oil reservoirs provide abundant C** rich
hydrocarbons prone to TSR; thin sequences of paste rock
and formation water together provide a sulfate-rich
solution; high temperature provides heat; the porous
dolomite  reservoir provides accommodation for
hydrocarbon-water-rock interaction.

The paleo-oil reservoir provides sufficient hydrocarbon
(reactants) for TSR, which is an important controlling
factor for the formation of gas reservoirs with high H,S
content. All the reservoirs with high H,S content in the
Sichuan Basin have paleo-oil reservoirs. In contrast, the
H,S content in the reservoirs without paleo-oil reservoirs
is not high. In theory, organic matter, as an important
reducing agent, can be either hydrocarbon in oil and gas
reservoirs or dispersed soluble and insoluble organic
matter (kerogen). Even if TSR occurs in dispersed soluble
and insoluble organic matter (kerogen), the products are
likely to be dispersed and not necessarily aggregated into
reservoirs. H,S is much more chemically active than CHy4
in the process of accumulation, if it does accumulate. TSR
occurs in ancient reservoirs in-situ and forms natural gas
reservoirs, the generated H,S being easier to preserve and
detect (Cai and Li, 2005). Therefore, under actual
geological conditions, high H,S gas reservoirs are often
associated with ancient oil reservoirs.

Gypsum provides a sulfur source for TSR, sulfate
(gypsum) in carbonate-evaporite profiles providing the
basic material for H,S formation. All gas fields with high
H;,S content in the Sichuan Basin are directly or indirectly
related to the distribution of gypsum in marine carbonate-
evaporite profiles. In actual geological scenarios, gypsum
is the most important source of sulfate solutions, the
development and distribution of gypsum rock being one of
the main controlling factors of TSR.

The formation water dissolves the gypsum rock and
provides sulfate for TSR. TSR is a reaction between
sulfate radicals and water-soluble organic matter. Solid
sulfate only directly reacts with hydrocarbons with

difficulty. Chemically, TSR requires a sulfate solution
rather than the gypsum itself, which is one of the reasons
why there is no correlation between TSR strength and
gypsum thickness (Cai et al., 2017).

The initial temperature of TSR under geological
conditions is approximately 120-140°C (Cai and Li,
2005). Under the same geological conditions, the
temperature is positively correlated with H,S content
within a specific temperature range. The greater the burial
depth (and therefore the higher the temperature) of the
Feixianguan Formation gas reservoir in the Sichuan Basin,
the higher the H,S content (Zhu et al., 2014).

TSR wusually occurs in carbonate rocks rather than
clastic rocks, being dominated by porous dolomite
reservoirs rather than fractured or tight limestone. The
gypsum rocks that provide TSR's reactants (sulfate) are
usually symbiotic with carbonate formations, the pore type
reservoir providing the initial accommodation space for
the hydrocarbon-water-rock interaction, TSR also further
transforming the pore space of the dolomite reservoir.

2.2.2 Main controlling factors of TOH

The main controlling factors of TOH are the formation
temperature and the content of high valence metal
minerals. The oxidation of CH, induced by the
chloritization  of  detrital  ferriferous  biotite  at
approximately 270°C in the Swiss Alps, led to the
transition of the fluids from a methane/water zone into a
water/CO, zone (Tarantola et al., 2007). The
thermochemical oxidation of methane, C;3H,g and alcohol
compounds (here CH;OH and C,HsOH) by MnO, can
proceed efficiently at temperatures below 200°C and CHy4
can be oxidized by Fe,O; at a temperature not lower than
250°C as determined by Raman spectroscopy combined
with fused silica capillary capsules (Wan et al., 2021).
Examples of geological case studies implied that the
thermochemical oxidation of organic components can
steadily occur at relatively lower temperatures. For
example, thermochemical oxidation of hydrocarbons by
high valence state manganese species occurred between 90
and 135°C (Hu et al., 2018) in the Junggar Basin (NW
China), on the basis of detailed carbon isotopic analyses of
authigenic calcite combined with measurements of the
fluid inclusions. According to TSR and hydrocarbon
generation reaction temperatures of organic matter in
source rocks under geological conditions and TOH of the
Baikouquan Formation in the Junggar Basin, CH, can be
oxidized by high-valence Mn to form CO, at 110°C under
actual geological conditions (Hu et al., 2018). The higher
the content of high-valence metal oxides (MnO,, Fe,03) in
the reservoir, the greater the chemical loss of TOH
hydrocarbons.

3 Evaluation Indexes and Determination Methods for
Ultra-deep Hydrocarbon Preservation

The evaluation of ultra-deep oil and gas preservation
conditions needs to be studied from the perspectives of
both physical leakage and chemical loss (Yuan et al.,
2019), so the evaluation index system includes both the
physical leakage evaluation index and the chemical loss
evaluation index.
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3.1 Physical leakage evaluation indexes and
determination methods
3.1.1 Physical leakage evaluation indexes

The basic ideas underlying the establishment of the ultra-
deep physical leakage evaluation index system, are that: 1)
brittle shale tends to produce tensile fractures, resulting in
loss of integrity of caprocks; 2) shale has the characteristics
of brittle-ductile transformation and, when the confining
pressure is high enough, brittle-ductile transformation will
occur (Gueydan et al., 2001; Dehandschutter et al., 2004;
Nankali, 2012; Yuan et al., 2017); 3) ductile shale is not
easy to produce tensile fractures in and plastic deformation
tends to occur under tectonism, which is conducive to
maintaining the integrity of caprocks; 4) overpressure
rupture of organic-rich shale with a high degree of evolution
may occur during uplift, resulting in loss of integrity of
caprocks (Cobbold et al., 2013); 5) when the tectonic stress
that caused the fracture is released, fracture healing occurs
under deep burial conditions, but the degree of fracture
healing is affected by OCR; 6) the smaller the OCR, the
greater the ductility of the shale (Nygard et al., 20006), the
higher the healing degree of fracture by the overburden, the
more easily the caprock integrity can be reconstructed, but,
in contrast, the larger the OCR, the greater the brittleness,
the lower the healing degree of fracture, the lower the
degree of repair of caprock integrity, the more serious the
damage to preservation conditions is; 7) in the circumstance
where the integrity of the caprock is intact, the dynamic
validity of the caprock becomes the key index, so that the
evaluation index of the dynamic matching relationship
between the source and the caprock is included to determine
the dynamic validity of the microscopic sealing within its
geological history (Yuan et al., 2010); 8) in order to make
clear the influence of gas diffusion on the sustaining time of
oil and gas reservoirs under ultra-deep conditions, gas
diffusion is considered when the integrity of the caprock is
good and the micro-sealing is dynamically effective.

According to the above basic concepts, the physical
leakage evaluation indexes of ultra-deep oil and gas
preservation can be divided into three categories: first, the
dynamic efficiency indexes of caprock micro-sealing,
second, the evaluation index of caprock integrity and third
is the evaluation index of gas diffusion.

The dynamic effectiveness index of the micro-seals is
mainly the dynamic matching relationship of the source/
caprock, which can be divided into three categories,
namely full matching of source/caprock, partial matching
of source/caprock and mismatching of source/caprock. In
other words, the sealing formation time of the caprock is
earlier than the hydrocarbon generation time of the source
rocks and the cracking time of the paleo-oil reservoir, the
caprock sealing ability having been maintained until now.
Partial source/caprock matching means that the sealing
formation time of the caprock is no later than the end time
of hydrocarbon generation of the source rocks and the oil
cracking time of the paleo-oil reservoir, the sealing ability
having been maintained until now. Source/caprock
mismatch means that the sealing formation time of the
caprock is later than the hydrocarbon generation time of
the source rocks and the end time of oil cracking into gas.

The evaluation indexes of caprock integrity include

those related to faults and cracks in caprocks. In the ultra-
deep environment, the fault sealing index (/) and the
overconsolidation ratio (OCR) can be considered as the
evaluation indexes of the integrity of the caprock as
related to faults. When the sealing index is greater than 1
(that is, the normal stress on the fault is greater than the
formation pressure) and the OCR value is quite small, the
fault is closed and the preservation conditions are not
damaged. Otherwise, the fault acts against preservation.
There are six evaluation indexes related to caprock
integrity relating to fracture: 1) bedding slippage angle (0)
of shale caprock: when bedding slippage angle equals to
45 minus half of internal friction angle of shale it is easy
to produce bedding slippage fracture and therefore damage
integrity; 2) overpressure rupture coefficient (f): when the
formation fluid pressure coefficient is greater than the
overpressure rupture coefficient of the caprock, the
caprock is broken and therefore the integrity is destroyed;
3) bottom boundary of brittle zone (Z,): when the burial
depth of shale caprock is above the bottom boundary of
the brittle zone, brittle cracks are likely to occur; 4) top
boundary of ductility zone (Z;): when the burial depth of
shale caprock is closer or below the top boundary of the
ductility zone, brittle cracks are not likely to occur in the
caprock, the integrity being good; 5) the fracture healing
depth (Z;): when the burial depth of the caprock is below
the healing depth, fracture healing occurs and therefore the
integrity to some extent being repaired; 6)
overconsolidation ratio (OCR): the degree of fracture
healing is related to OCR, the smaller the OCR is, the
higher the degree of fracture healing, the better the degree
of caprock integrity repair is.

The evaluation indexes related to natural gas diffusion
are mainly the diffusion coefficient (D) of natural gas
under ultra-deep temperature and pressure conditions and
multi-stage sealing caprocks. The higher the diffusion
coefficient is, the faster the gas diffusion loss.

3.1.2 Determination methods for physical leakage
evaluation indexes

The determination method of the dynamic effectiveness
of microscopic sealing of caprocks is detailed in the
literature (Yuan et al., 2010, 2011; Jin et al., 2014), so will
not be elaborated on here. This study only introduces the
methods of determining the index of caprock integrity and
the index of diffusion coefficient under subsurface
conditions.

(1) Bedding slippage angle of shale caprocks (0) (Lu,
2010)

0=45—-¢/2 (1)
where ¢ is the internal friction angle of the shale, in
degrees.

As the internal friction angles of different types of shale
are different, the bedding slippage angles of different shale
caprocks are also different. The internal friction angle of
shale can be obtained using the triaxial compression test.
Samples for triaxial compression testing were obtained
from the Silurian Longmaxi shale in the Jiaoshiba area of
the Sichuan Basin. Methods of triaxial compression test
were introduced in some previous work (Amann et al.,
2012; Tarasov and Potvin, 2013). The results show that
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the internal friction angle is about 30° (Table 1; Yuan et
al., 2020).

When the angle between the maximum principal stress
and the bedding (bedding slippage angle) is § = 45° —
30°/2 = 30°, bedding shear is likely to occur, resulting in
bedding slippage cracks. However, the Silurian Longmaxi
Formation of well JY-1 has a dip angle of 5°-10°. The
included angle between the bedding plane of the shale and
horizontal stress is very small, which differs greatly from
the bedding slippage angle. Therefore, shear failure is
unlikely to occur, the integrity of caprock being well-
maintained in well JY—1.

(2) Overpressure rupture coefficient (f)

f=2.0+0.5K, 2)
where f is the overpressure rupture coefficient of shale,
dimensionless; Kj, additional tectonic stress coefficient
along the direction of minimum horizontal principal stress;
dimensionless. Thus, the conditions for overpressure
fracture of shale are as follows:

Pr=(2.0+0.5K,)p.gZ 3)
where P is the formation fluid pressure, MPa; p,,, formation
water density, g/cm3; G, acceleration of gravity, m's’; Z,
depth, m. The additional tectonic stress coefficient (Kj)
along the direction of minimum horizontal principal stress
can be obtained from drilling hydraulic fracturing data. The
formation water density is normally 0.97—1.07 g/cn’.

The above mathematical model of the overpressure
rupture coefficient (f) is based on 288 measured rupture
pressure data from well logs (Fig. 2).

According to the data in Figure 2, the fracture pressure
profiles of shale in the eastern and central-western China
are clearly different. At the same depth, the fracture
pressure in the central-western regions is significantly
higher than in the eastern regions. The data points of
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Fig. 2. Section diagram of the relationship between measured
formation fracture pressure and burial depth in drilling.

fracture pressure in central-western China deviate above
from the linear-fitting trend line of fracture pressure data
in eastern China. The fracture pressure gradient of shale in
central-western China is clearly greater than that in eastern
China, which is generally greater than 2.0, reflecting the
influence of the local tectonic stress, that increases the
shale hydraulic fracture pressure. There must exist a value
which can reflect the extent of deviation resulting from the
tectonic stress field. After much trial and error, it was
determined that the value is nearly equal to half of the
additional tectonic stress coefficient (Kp). To verify if
formulae (2) and (3) were reliable, the measured data were
compared with the calculated data, showing that the
average absolute error between the overpressure rupture
coefficient determined by the above identification index
determination method and the measured value of
horizontal hydraulic fracturing in shale gas exploration
wells was between 0.022 and 0.173, which demonstrates a
high level of accuracy (see Fig. 3).
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Fig. 3. Histogram comparison showing the errors between the measured and calculated overpressure coeffi-
cients in hydraulic fracturing shale gas exploration wells in the Sichuan Basin.
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(3) Overconsolidation ratio (OCR)

According to the definition of OCR, the ratio between
the maximum effective vertical stress and the present
effective vertical stress (Nygard et al., 2006):

OCR — Gvnylax ~ (pl _1'07)Hmax
o (p, —1.07)H

v

“

present

where p; is the average density of overlying strata at the
maximum burial depth in g/cm’; p, is the average density
of the current overlying strata, g/cm3; Hax, Maximum
ancient burial depth, m; Hpesen, present burial depth, m.
Let the formation water density be 1.07 g/cn’.

The larger the OCR is, the greater the brittleness. The
closer the OCR is to 1, the larger the ductility, the higher
the degree of fracture healing by the overlying vertical
effective stress and the more the integrity of the caprock is
repaired.

(4) Bottom boundary of the shale brittle zone (Z})

After the OCR threshold value was obtained by uniaxial
strain and triaxial compression tests, the bottom boundary
of the brittle zone can be calculated from the maximum
vertical effective stress, which can be reconstructed from
the burial history. The maximum paleo-burial depth can be
obtained from the burial history reconstruction, the
maximum vertical effective stress then being calculated
from the maximum paleo-burial depth. As the OCR is
defined as the ratio between the maximum effective
vertical stress and the present-day effective vertical stress:

OCR = O—;max /O—; ~ [(Iormax - pw)gHmax ]/
[(/)rpresent - p w )gH present ] (5 )

when the OCR reaches the threshold value, the present
burial depth is simply the bottom boundary of the brittle
zone (Z,) (Yuan et al., 2017).

Z
Z, v ——me (6)
0 CRthreshold

With the increase of wuplifting denudation, OCR
increases. When the OCR increases to a certain value, the
shale becomes completely brittle and brittle fracture is
likely to occur, resulting in a large number of tensile
fractures. That is to say, when the shale is uplifted to the
bottom of the brittle zone, it will completely lose the
ability to seal gas.

(5) Top boundary of the ductility zone (Z,)

The depth converted from the critical confining pressure
of brittleness is the top boundary depth of the ductility
zone (Yuan et al., 2017). That is:

Z;=100 x Py_y/ (p,— p,) (7
where Hj is the top boundary depth of the ductility zone,
m; Py_g is the critical confining pressure of the brittle-
ductile transition, MPa; p, is the density of the overlying
strata, g/em’. P,, is the water density, g/cm’. The critical
confining pressure above can be obtained through the
uniaxial strain test (Addis, 1987).

(6) Fracture healing depth (Z,)

The destruction of petroleum reservoir preservation
conditions though folding, faulting or uplifting denudation

is due to the integrity of the caprocks being compromised
by fractures/faults. When the tectonism that caused the
fractures disappears, the deeply buried shale fracture can
be closed by the weight of the overlying strata, so that the
integrity of the caprock can be repaired. The results of the
shale permeability test under confining stress show that
when the overlying vertical effective stress increases from
0 MPa to 15-25 Mpa, the permeability of shale samples
decreases rapidly, while the confining pressure increases
from 15-25 MPa to 60 MPa, the permeability of shale
samples basically remaining unchanged (Yuan et al.,
2020). It can be considered that the fracture of the Silurian
Longmaxi Formation is closed under a vertical stress of
about 15-25 MPa. This is named the critical confining
pressure of the brittle-ductile transition (Py,.4). The P4
value of 15-25 MPa translates into a depth of roughly
1000-1600 m. Then, if the stratum is inclined, the
component of the vertical effective stress on the fracture
plane should also reach 15-25 MPa (Yuan et al., 2020). At
this point, the healing depth of the fractures is no less than
the fracture healing depth (Z,):

Z.=15/[(p,— p.) g cos a] (8)
where Z. is the healing depth of fractures through
overlying vertical effective stress, m; p, is the average
density of overlying rock strata, g/cm’; p,, is the formation
water density in the overlying strata, g/cm’; g is the
acceleration of gravity, m/s*; « is the fracture inclination
angle. In other words, the greater the fracture inclination
angle a, the greater the burial depth required for shale
fracture healing.

(7) Fault sealing index (1)

There are many factors that affect fault sealing. For
Meso-Cenozoic rocks with low diagenetic evolution,
lithological alignment and mudstone smearing are the
main factors, for which there are mature evaluation
indexes associated with these factors (Allan, 1989; Fu et
al., 2015). For the sealing evaluation of the ultra-deep
fault, the combination of fault sealing index (/) and OCR
can be considered suitable. The fault sealing index is the
ratio of the normal stress on the fault surface to the
formation fluid pressure (Wang and Dai, 2012). When [ is
greater than 1 and the OCR is small, which is at least less
than the OCR threshold value of the shale, the fault is
capable of sealing and containing oil and gas. The closer
the OCR is to 1, the higher the fault healing degree is;
otherwise, the fault does not have the ability to seal and
contain gas, or simply performs poorly as a seal.

5
S pgZ

(€)]

where [ is the healing fault sealing index, dimensionless; o,
is the normal stress perpendicular to the fault plane, MPa, f
is the formation fluid pressure coefficient, dimensionless; py,
is the formation water density, g/cm’; g is the acceleration
of gravity, m/s%; Z is the burial depth, m.

(8) Diffusion coefficient of caprock under formation
conditions

The Lower Cambrian shale samples in the Sichuan Basin
were collected to test diffusion coefficients under different
confining pressures and temperatures. The gas diffusion
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coefficient data was measured by a self-designed and
developed device that can automatically track and maintain
the pressure of diffusion chambers at both ends at a
constant, keeping the pressure difference close to zero
(<0.01 MPa). It can simulate formation temperatures and
pressures at greater depths than previously possible. The
maximum experimental temperature of the instrument is
180°C, the maximum experimental gas pressure (equivalent
to pore pressure) is about 70 MPa, the maximum confining
pressure being able to reach 100 MPa (Lu et al., 2020).

This shows that there is a good correlation between the
diffusion coefficient of shale caprock and burial depth,
which is converted from confining pressure (Fig. 4).
According to the linear fitting result from the data shown
in Figure 2, when the burial depth (Z) is known, the
diffusion coefficient (D) can be roughly estimated,
according to:

D=1307 x 7% (10)
0
T [
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2000 | L
g i ° ¢
<= 3000 —
& |
a
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Diffusion coefficient (107 cm’/s)

Fig. 4. Relationship between diffusion coefficient of lower
Cambrian shale and current burial depth in the Sichuan Basin.

3.2 Chemical loss evaluation index and determination
methods

3.2.1 Evaluation index and determination method for
TSR hydrocarbon loss

ZnPVT is used to represent the gas reservoir state
parameters, Z, N, P, V and T, which respectively
represent the deviation coefficient of natural gas
(dimensionless), the amount of natural gas per unit
volume of the reservoir (mol), the gas reservoir pressure
(MPa), the volume of natural gas per unit volume of the
reservoir and the reservoir temperature (K). According to
the burial depth and temperature of the reservoir, three
states of the gas reservoir in geological history are
established (Fig. 5).

State 1 is the state at the present burial depth
(Zin\P,VT,). State 2 is the state (Z,n,P,V,T,) at the
maximum paleo-burial depth of the reservoir when TSR is
considered. State 3 is the state when the reservoir reaches
the maximum paleotemperature or 210°C, without
considering TSR (Z3;n;P;V;Ts). State 3 is fictitious and did
not exist, because TSR has been occurring since 120°C
and hydrocarbon consumption and oil pyrolysis occur
simultaneously within the oil cracking temperature
window (160-210°C). State 2 contains the effect of TSR,
its n,P,V, parameter mainly being determined by the
dynamic coupling relationship between the pressurization
of oil cracking to gas and the decompression of
hydrocarbons being consumed by TSR. From state 2 to

1800

3600

Depth (m)

5400

,'l'cmpcmmrc@(‘) NN i
7200 [ Burialdcplh (m) ®' """ e
- ! -

. N
240 160 80 0
Geological time (Ma BP)

Fig. 5. Schematic diagram of three states in geological history

setting for TSR.
1-TSR onset; 2—0il cracking onset; 3—State 3, oil cracking end; 4-State 2,
maximum burial depth; 5-State 1, present-day burial depth.

state 1, the changes in the gas reservoir temperature and
pressure are mainly caused by uplift denudation. It is
assumed that during late uplift denudation and reservoir
temperature reduction, TSR's hydrocarbon loss stops, the
caprock sealing ability is excellent and the reservoir is
completely sealed during uplift. Therefore, from the
maximum paleo-burial depth to the present, the change of
gas reservoir pressure is only controlled by gas volume
expansion/contraction caused by the pore rebound of uplift
unloading and reservoir cooling. The temperature/pressure
parameters of state 1 (Py/T;) are all known quantities.
Therefore, starting from state 1, the pressure of state 2 (P,)
can be inversely obtained, according to the pore rebound
of uplift unloading and the volume contraction of the
reservoir cooling gas. The pressure parameter of state 3
(P5) was determined by the paleo-pressure corresponding
to the maximum homogenization temperature of the
reservoir saline inclusions.

For a particular gas reservoir, according to the nonideal
gas equation of state, in state 1 there exists:

P]VlzzlanTl (11)
i.e.,_flpng1¢1VS = le’l]RTl (12)
in state 2, Psz = Zz anTz (13)
i.e.,fzpng2¢2VS = ZzanTz (14)
in the state 3,P3V3223 I’l3RT3 (15)
i.e.,ﬁpng3¢3VS = Zgn3RT3 (16)

then, TSR hydrocarbon degree of loss can be expressed by
the parameter N:
N=100 x (1 — na/n3)
=100 x (1 = (fasHayo¢2° T3 Z3)/(f32H3*$3 T2 Z2)) (17)
Among them, P, (Pa), V; (m3), T (K), ny (mol), H, (m),
Z, (dimensionless), R (dimensionless), f; (dimensionless),
¢ (decimal), V (m’) and S (decimal), are gas reservoir
pressure, gas volume per unit volume of reservoir, reservoir
temperature, gas amount per unit volume of reservoir, burial
depth of reservoir, deviation coefficient of natural gas,
universal gas constant, gas reservoir pressure coefficient,
gas volume per unit volume of reservoir, and gas saturation
under current geological conditions. P, (Pa), V, (m’), T,
(K), n, (mol), Hy, (m), Z,, f, (dimensionless), P; (Pa), V3
(m*), T3 (K), n3 (mol), H; (m), Z; (dimensionless) and f;
(dimensionless) are the corresponding parameters of state 2
and state 3, respectively.
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3.2.2 Evaluation index and determination method for
TOH hydrocarbon loss

There are two main indexes to identify the oxidized
hydrocarbons of high-valence iron and manganese oxides.
One is isotopic index, including authigenic calcite §"°C
and 0. The other is manganese content, mainly MnO
content in authigenic calcite. In other words, in the deep/
ultra-deep geological environment, when the authigenic
calcite 0"°C formed by methane oxidation and CO,
precipitation in the ‘bleached’ reservoir is extremely
negative, 0'°0O is also negative and the MnO content is
significantly increased, it can be determined that the
hydrocarbons have been oxidized by high-valence
manganese oxides. Taking the Lower Triassic Baikouquan
Formation in Mahu Sag, Junggar Basin, as an example,
the determination methods of these two kinds of indicators
can be described.

The stable carbon isotope values of authigenic calcite
formed by CO, precipitation from hydrocarbons oxidized
by high-valence Fe and Mn oxides are extremely negative.
The 6"C values of whole rock calcite in the Baikouquan
Formation range from —22.47%o0 to —69.76%o, with the
main calcite range extending from —36.0%o to —50.0%o.
The 6"C of authigenic calcite is 19%0—24%o lower than
that of methane. The §'°0 of authigenic calcite also has a
negative bias trend, its distribution ranging from —12.81%o
to —22.60%0 (Hu et al., 2018), which is similar to that of
6"C. In-situ carbon isotope analysis of calcite shows that
the 0"°C difference between the two phases is up to 10%o,
the average value being basically the whole rock test
value, while the in-situ 0'*O difference is slightly smaller,
the maximum difference being only 1.86%o.

In terms of chemical composition, the authigenic calcite
associated with hydrocarbons oxidized by high-valence Fe
and Mn oxides is generally Mn-rich. MnO content in the
Baikouquan Formation ranges from 0.79% to 14.67%,
with an average of 5.05%. The MnO content of early
calcite is generally lower than 4.00% and mostly less than
2.00%, while the MnO content of late coarse-grained
calcite is generally greater than 5.00% and the high value
can reach 11.00%—-15.00% (Hu et al., 2018). In contrast,
the FeO content is relatively low, which is 0.01%-0.79%,
with an average of 0.12%. FeO content of calcite in
different periods is also different, but the trend is not as
obvious as that of Mn.

The above examples can be used as a reference for
evaluating the chemical loss of hydrocarbons, but the
quantitative relationship between the degree of loss of
TOH hydrocarbons and the negative ¢*C or MnO content
of authigenic calcite in specific areas requires further
research.

4 Evaluation Index System of Ultra-deep Hydrocarbon
Preservation, with Case Studies

4.1 Evaluation index system of ultra-deep hydrocarbon
preservation

In summary, the evaluation index system of ultra-deep
preservation conditions involves physical leakage and
chemical loss. Including the microscopic dynamic
effectiveness of caprocks, caprock integrity related to fault

sealing and fracture associated with shale caprocks, gas
diffusion under high temperature and high pressure, TSR
hydrocarbon loss in marine carbonate reservoirs and TOH
hydrocarbon loss in clastic strata. In total, the evaluation
index system of ultra-deep oil and gas preservation
conditions involves 12 indexes:

1) SCM, source/caprock matching relationship, which is
a term for evaluating the microscopic dynamic validity of
caprocks; SCM occurs as one of 3 types, i.e., source/
caprock completely matching; source/caprock partially
matching; source/caprock not matching;

2) I, fault stress sealing index, which is a term for
evaluating fault sealing capability; / = ¢,/fpwgZ; when the
value of 7 is greater than 1 and OCR is much smaller than
the OCR preshola, the fault is capable of sealing hydrocarbons;

3) O, bedding slip angle; § = 45—¢/2, when the
formation dip angle is consistent with the bedding slip
angle, bedding slip crack is likely to occur and caprock
integrity will be compromised;

4) Zy, bottom boundary of the brittle zone; when the
burial depth of the caprock is above Z,, it is likely to
produce brittle cracks and caprock integrity will be
compromised,;

5) Z, top boundary of the ductile zone; when the burial
depth of the caprock is below the ductile zone, it is not
likely to produce brittle cracks and has good integrity;

6) Z., healing depth of fracture by overlying strata;
when the burial depth of the caprock is below the healing
depth, the fracture of the caprock will to some extent be
closed;

7) OCR, overconsolidation ratio; the degree of fracture
healing is related to OCR. The smaller the OCR, the
higher the degree of fracture healing;

8) f, overpressure rupture coefficient; when the
formation fluid pressure coefficient is greater than the
overpressure rupture coefficient of the caprock, the
caprock is broken and its integrity is destroyed;

9) D, diffusion coefficient; D = 1307 x Z ***. It can be
roughly estimated according to the burial depth of the
caprock;

10) N, chemical loss evaluation of TSR; hydrocarbon loss
by TSR can be quantitatively evaluated according to N;

11) 63C/61C, chemical loss evaluation of TOH; the
difference or ratio between 0°C of authigenic calcite and
6C, of methane, is based on the degree of 6BC deviation
of authigenic calcite to evaluate the degree of hydrocarbon
depletion of TOH;

12) ACCC, authigenic calcite cement content, which
also relates to chemical loss evaluation of TOH.

4.2 Case studies

The index assessment system for ultra-deep oil and gas
preservation conditions evaluation is quite extensive and
the determination methods are also rather complex.
Therefore, for a particular exploration well or exploration
zones, a simplified method of preservation condition
evaluation is firstly provided through the analysis of
geological conditions, focused on evaluating one or a few
key indicators, without the need for all 12 indicators to be
involved. Specifically, it can be roughly divided into the
following four scenarios.
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4.2.1 Gypsum is the caprock in an ultra-deep
exploration area

In the ultra-deep exploration area, where gypsum is the
caprock, the chemical loss evaluation of TSR hydrocarbon
should be emphasized, while the physical leakage needs
only a qualitative evaluation. Taking well YB-2, which is
located in Cangxi county, Sichuan province, as a case
study, this Is part of the Bazhong low and slow structural
belt in the northeast of the Sichuan Basin. The topmost
layer is purple red mudstone of the Cretaceous, the drilling
depth being 6828 m. The present burial depth of the
Changxing Formation is 6720 m, its maximum paleo-
burial depth being 7519 m according to the burial history
reconstruction. The gypsum of well YB-2 is well-
developed. The drilling and logging data shows that the
accumulated thickness of gypsum from the top of the
Jialingjiang Formation to the fourth member of the
Feixianguan Formation in the Lower Triassic (Tif*) is
250.5 m. The thickness of the single layer is larger than
3.0 m in general, the maximum thickness of a single layer
can reach 52.0 m according to the drilling data, which can
form a good seal for the lower sequences. The Changxing
Formation natural gas in well YB-2 is an acidic gas with
H,S content of 3.8%—4.4%, H,S + CO, content 12.6%—
15.3%. The methane content is 83.2%-85.6% and the
ethane content is 0.06%—0.13% (Li et al., 2016), so it is
necessary to carry out hydrocarbon chemical loss
evaluation. Using the ZnPVT state parameter method to
calculate the TSR hydrocarbon loss degree N = 100 x (1 —
nmo/ny) = 20% in well YB-2 gas field, that is, the
hydrocarbon loss caused by TSR in well YB-2 gas field is
about 20% of the initial gas reservoir reserves (Table 2).

4.2.2 Shale is the caprock in an ultra-deep exploration
area

In ultra-deep exploration areas where shale acts as the
caprock, it has a good micro-sealing capability, small
OCR, high degree of overlying fracture healing and good
integrity. However, the caprock is not necessarily dynamic
effective. Therefore, it is sometimes necessary to evaluate
the dynamic effectiveness of micro-sealing, such as well
GS-1 in the southwest of the Sichuan Basin.

Well GS-1 is located on the Tiangongtang anticline,
about 23 km east of Wuzhishan, southwest Sichuan Basin.
The drilling maximum depth is 4980 m, reaching the strata
of the third member of the Sinian Dengying Formation
(Z,) and no industrial oil or gas flow was obtained. The
source rocks of the Lower Cambrian Qiongzhusi
Formation and the Lower Silurian Longmaxi Formation
were developed in the lower Paleozoic in well GS-1. From
Figure 6, data obtained from the capillary pressure
reconstruction method (Jin et al., 2014), it can be seen that
the capillary pressure at the bottom of the Lower
Cambrian shale caprock was 2.6 MPa at the end of the
early Paleozoic, which had good oil sealing capability. At
the end of the late Permian, it was larger than 5 MPa and
had the ability to act as a seal for natural gas. By the end
of the Middle Triassic, the capillary pressure was more
than 10 MPa and the high-pressure gas reservoir could be
sealed. The capillary pressure reached 15 MPa at the end
of the Early Cretaceous, sealing the ultra-high pressure gas

reservoir and reaching its maximum value (18.5 MPa) at
the end of the Oligocene. Since the Oligocene, the caprock
capillary pressure has decreased due to uplift and
denudation, the capillary pressure dropping back to 12.0
MPa at the end of the Neogene. From the perspective of
the micro-parameter of capillary pressure, it can be
concluded that the Cambrian shale caprock in well GS-1
still has the ability to seal high-pressure gas reservoirs.
Another set of argillaceous caprocks in well GS-1 is the
Lower Silurian Longmaxi Formation shale. The capillary
pressure of the argillaceous caprock of the Longmaxi
Formation is 2.6 MPa at the end of the early Paleozoic,
which is capable of sealing oil. At the end of the Middle
Jurassic, the capillary pressure reached 5 MPa and it began
to have the ability of sealing natural gas. At the end of the
Late Cretaceous, the capillary pressure reached 10 MPa,
which could seal the high-pressure gas reservoir. At the
end of the Oligocene, the capillary pressure reached its
maximum value (12.3 MPa). Since the Oligocene, due to
uplift and pressure relief, the caprock capillary pressure
decreased, dropping to 4.8 MPa at the end of the Neogene.
From the perspective of the micro-parameter of
breakthrough pressure, the sealing ability of the Silurian
Longmaxi Formation caprock in well GS-1 was greatly
weakened in the uplift stage and its sealing ability is poor
at present (Fig. 6).
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Fig. 6. Capillary pressure (Pc) history of the shale caprock in
Well GS-1 in the southwest of the Sichuan Basin.

The average content of residual organic carbon in the
Cambrian Qiongzhusi and the Lower Silurian Longmaxi
formations is about 0.78% and 1.31% respectively in well
GS-1. The calculation results of the hydrocarbon
generation history of well GS-1 show that the oil
generation period of the Cambrian Qiongzhusi Formation
is from the Middle Cambrian to the late Silurian, the main
gas generation period from kerogen being from the
Devonian to the Early Permian and the dispersed
hydrocarbon cracking to gas is from the Carboniferous to
the Early Permian. Under conditions of high heat flow and
high temperatures during the Early Permian, the source
rocks of the Lower Cambrian Qiongzhusi Formation
rapidly matured and generated hydrocarbons. The degree
of thermal evolution of organic matter (Ro) rapidly
increased from 0.7% to more than 3.5% during the Early
Permian. The source rock no longer had hydrocarbon
generating potential by the end of the Permian.

The dynamic matching relationship between source and
caprock in well GS-1 is not ideal for reservoir formation.
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Fig. 7. Diagram showing dynamic matching of source/caprock of Well GS-1 in southwest China.

Due to the Lower Cambrian source rock being close to the
middle belt of the Emeishan basalt eruption area (Xu et al.,
2020), under high heat flow and temperature, it rapidly
matured and generated hydrocarbons. The kerogen
matured sharply and the vitrinite reflectance reached more
than 3.5% by the end of the Early Permian, the
hydrocarbon generating potential being exhausted. The
paleo-oil reservoirs in the Sinian system, which were
derived from Cambrian hydrocarbon source rock, also
cracked and generated gas rapidly in this period, resulting
in a short hydrocarbon generation period, when the sealing
capacity had not yet formed, so was unfavorable to
hydrocarbon accumulation (Fig. 7). There was no oil and
gas found in well Gongshen-1. The unsatisfactory source/
caprock matching relationship may be one of the
important reasons for this. Both the hydrocarbon
generation time of the source rock and the oil cracking
time of the paleo-oil reservoir are earlier than the sealing
formation time of the caprocks.

4.2.3 Shale is the caprock of an exploration area with
significant uplift and denudation in a later period

In regions with extensive uplift and denudation in a
later period, the caprock had experienced ultra-deep paleo-
burial depths within geological history, but the present
burial depth is not necessarily ultra-deep. It is important to
evaluate the integrity of shale caprocks in such exploration
zones. Well PY-1 in the Pengshui area, southern China,
can be used as an example to show the methods of
estimating preservation.

The topmost stratum of well PY-1 is the Daye
Formation of the Lower Triassic system. The base drilling
stratum is the Baota Formation, with a depth of 2208 m.
The bottom depth of the Silurian Longmaxi Formation is
2153 m. The average density of the overlying rocks is 2.65

g/em’, the overlying pressure from the strata being around
55 MPa, with a vertical effective pressure of about 32
MPa. The maximum paleo-burial depth of the bottom of
the Longmaxi Formation is about 5971 m, according to
burial history reconstruction, the vertical effective
pressure at the maximum burial depth being about 89
MPa, which is reduced by 57 MPa due to uplift and
denudation. The denudation amount is about 3700 m, the
hydrostatic pressure decreasing by 37 MPa after uplift.
In the Early Cretaceous, the paleotemperature reached
206°C, according to temperature history reconstruction, the
present temperature at the bottom of the well being 66°C.
After uplift, the temperature decreased by 140°C (Fig. 8).

During the uplift process, the absolute value of the fluid
pressure decreased, but the vertical stress decreased, due
to the denudation of the overlying strata, so the fluid
pressure coefficient increased. Prior to the uplift, the
pressure coefficient of the Longmaxi Formation was 1.4—
1.6, according to the fluid inclusions. During the uplift, the
pressure coefficient of the Longmaxi Formation exceeded
2.0 (Fig. 9), based on the fluid pressure molding, resulting
in overpressure rupture and natural gas loss. In addition,
the dip angle of the Longmaxi Formation is 10°-30°,
which is likely to produce bedding shear fractures. The
OCR of the Longmaxi shale is 2.9, which is characterized
by brittle fracture, the fractures being difficult to close
completely under the overlying strata.

It can be seen that the late uplift and denudation of Well
PY-1 was intense, overpressure fracture occurring in the
caprock during the uplift process. In addition, the dip
angle of the Longmaxi Formation meeting its bedding
slippage angle, which is prone to produce bedding slip
fractures and damage to the integrity of the caprock. At
the same time, the Longmaxi shale is of large OCR value
above the brittle fracture threshold (2.6), resulting in a low
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Fig. 9. Graph showing the evolution of the Silurian Longmaxi
Formation pressure and pressure coefficient in well PY-1.

degree of fracture healing and damage of caprock
integrity, therefore the preservation conditions were
seriously damaged, so that the degree of loss of the shale
gas of the Longmaxi Formation in PY-1 well being bigger,
the formation pressure of the Longmaxi shale changing
from high pressure to normal pressure, resulting in low
shale gas production.

4.2.4 Ultra-deep clastic rock exploration areas

For ultra-deep clastic rock exploration areas, shale is
usually the main caprock. In addition to the evaluation of
the dynamic effectiveness of microscopic sealing of
caprocks, the chemical loss of high-valence metallic
minerals to hydrocarbons is also worth paying attention to.
This is particularly the case in the reservoirs with
‘bleaching’” phenomena, such as the obvious ‘bleaching’
phenomenon in part of the Baikouquan Formation in the
Mahu Sag of the Junggar Basin, where hydrocarbon TOH
loss in this area should have specific attention paid to it.
However, the quantitative evaluation method of
hydrocarbon TOH loss has not at present been established
and the current work can only provide an evaluation
concept. The quality of authigenic calcite is first
determined by counting the strata and content of
authigenic calcite in the reservoir, then the CH, loss is
calculated, according to the amount of CHy4 required to
produce authigenic calcite per unit mass. The other

method is to evaluate the chemical loss of hydrocarbons
qualitatively or semi-quantitatively, by establishing the
relationship between the decrease of 0°C in authigenic
calcite and the loss of CH,.

5 Conclusions

On account of the high temperatures, high pressures and
high in-situ stresses in the ultra-deep environment of
sedimentary basins, it is necessary to evaluate the oil and
gas preservation conditions, both in terms of physical
leakage and chemical loss.

The physical leakage evaluation indexes can be divided
into three categories: first, the dynamic efficiency indexes
of caprock micro-sealing; second, the integrity index of
caprock evaluation; third is the gas diffusion index. The
slippage angle and overconsolidation ratio (OCR) are the
key evaluation indexes in the evaluation of the integrity of
shale caprocks. The former determines the possibility of
slippage fracture occurring along the bedding plane, while
the latter determines the healing degree of the fractures by
overlying strata. The smaller the OCR, the higher the
healing degree of cracks in shale caprocks and, therefore,
the more the integrity of the caprocks is repaired. In
contrast, when the OCR is greater than the brittle fracture
threshold value, the integrity of the caprocks is very likely
to be compromised.

The chemical loss evaluation indexes for ultra-deep oil
and gas conservation can be divided into two categories: the
TSR index in marine gypsum-bearing carbonate strata and
the TOH index in clastic strata. TSR related hydrocarbon
loss can be quantitatively evaluated by the ZnPVT state
parameter method, while TOH related chemical loss can be
evaluated by the relationship between the amount of
authigenic calcite or the degree of 0"°C reduction and CH,
loss, but further study is needed in this regard.

The TSR hydrocarbon loss evaluation is the focus of
the ultra-deep exploration area with gypsum as the
caprock. In ultra-deep exploration areas with shale
caprock, the evaluation of microscopic sealing dynamic
effectiveness is sometimes key. It is particularly
important to evaluate the integrity of shale caprock in the



1400 Yuan et al. / Evaluation Methods and Indexes for Ultra-deep Petroleum Reservoir Preservation

areas with extensive uplift and denudation in the later
period. For ultra-deep clastic rock exploration areas,
attention should be paid not only to the microscopic
sealing dynamic effectiveness of the caprocks, but also to
the chemical loss evaluation of oxidized hydrocarbons of
high-valence metallic minerals.

Nomenclature

TSR-Thermochemical Sulfate Reduction;

TOH-Thermochemical Oxidation of Hydrocarbon,;

SCM-Source/caprock matching relationship;

ACCC—-Authigenic calcite cement content (%);

OCR-Overconsolidation ratio, dimensionless;

[-Fault sealing index; dimensionless;

6—-Bedding slippage angle of shale caprock (°);

o—Fracture inclination angle (°);

@—Internal friction angle (°);

f~Overpressure rupture coefficient, dimensionless;

Zy—Bottom boundary of brittle zone (m);

Zs—Top boundary of ductility zone (m);

Z—Fracture healing depth (m);

D-Diffusion coefficient (cm¥/s);

Ki—Additional tectonic stress coefficient along the direction

of minimum horizontal principal stress; dimensionless;
+w—Formation water density (g/cm’);

p—Density of overlying strata (g/cm’);

Pmax—Density of the overlying rocks when the caprock was

buried at its maxmum depth (g/cm’);

Zmax—Maximum ancient burial depth (m);

Zpresen—Present burial depth (m);

G-Acceleration of gravity (m/s?);

o ymax—Maximum effective vertical stress (MPa);

o,~Present-day effective vertical stress (MPa);

OCRreshola—OCR threshold value; Dimensionless;

P, 4—Critical confining pressure of brittle-ductile transition

(MPa);

o,—Normal stress perpendicular to the fault plane (MPa);

Z-Deviation coefficient of natural gas in the ultra-deep

environment, dimensionless;

n—Amount of natural gas per unit volume of the reservoir

(mol);

P—QGas reservoir pressure (MPa);

V—=Volume of natural gas per unit volume of the reservoir,

dimensionless;

T-Reservoir temperature (K);

N—-Hydrocarbon chemical loss related to TSR (%).
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