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ABSTRACT

The effects of oil cracking on fluorescence color, homogenization temperature (T},) and trapping pres-
sure (Py) of oil inclusions from deeply buried reservoirs (DBRs) (3672—4359 m) in the northern Dongying
Depression were determined based on fluorescence spectroscopy and homogenization temperatures of
oil inclusions, kinetic modeling of crude oil cracking, and petroleum inclusion thermodynamics
modeling.

The modeling results demonstrate that fluorescence color, Ty, and predicted P have strong relation-
ships with the transformation rate via cracking of oil to gas (T;), and the formation temperature (Tf) that
the inclusions experienced. The fluorescence color is hardly influenced at all during the initial stages of
oil cracking (T; < 13%, Tr < 160 °C), but fluorescence color begins to shift toward shorter wavelengths
(blue shift) during progressive oil cracking (T; < 24%, Tr < 190 °C). With further oil cracking, the fluo-
rescence color may either experience no change or continue its blue shift. Eventually the fluorescence
color will disappear as the aromatic compounds are completely cracked. The Ty, increases at first
(Ty < 24%, Tr < 190 °C), but then decreases or even becomes negative during major oil cracking. The
reconstructed P; values show a corresponding reverse trend.

Oil inclusions from DBRs and other shallow reservoirs in the Dongying Depression show an obvious
blue shift in fluorescence color at a depth of approximate 4000 m (Tf = 160 °C) and generally contain
solid bitumen below 4000 m, supporting the effect of oil cracking on fluorescence variation, consistent
with the modeling result. The Ty, from DBRs in the Minfeng area increases with increasing burial depth
(T < 190 °C), which is also consistent with the modeling results. However, the T, of oil inclusions with
blue-white fluorescence from DBRs in the Shengtuo area did not show such a trend. Recent trapping,
high trapping pressure and higher-maturity oil may have led to a low-degree of oil cracking, and thus
less modification of Ty, in the Shengtuo area.

0Oil cracking results in consistent volume ratios of pyrobitumen to oil inclusions (Fypy) in the same fluid
inclusion assemblage, and the Fypy value increases with oil cracking level, which can be used to recognize
if oil cracking has occurred in oil inclusions and what level of oil cracking they have experienced.

As the oil cracking model used in this study did not account for the role of pressure, it is more
applicable for oil inclusions that were trapped under normally pressured conditions. Oil inclusions
trapped under overpressured conditions will be less influenced by oil cracking.

© 2016 Elsevier Ltd. All rights reserved.
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of trapped oil inclusions have been used to decipher petroleum
filling histories (Horsfield and McLimans, 1984; Karlsen et al., 1993;
McLimans, 1987). Petroleum inclusion thermodynamics modeling,
which integrates the homogenization temperature (Ty,), degree of
bubble filling (Fy,) of an oil inclusion at room temperature (20 °C),
and homogenization temperature of coeval aqueous fluid inclusion
(Tha), has become an effective method to reconstruct the evolution
of pressure, temperature and composition (PTX) during petroleum
charging and to trace the dynamic processes of paleo-oil and -gas
migration and accumulation (Aplin et al., 1999; Bourdet et al., 2012;
Ping et al., 2013; Thiéry et al., 2002). However, the accuracy of PTX
reconstruction depends on both the petroleum inclusion thermo-
dynamics modeling method itself, such as the choice of composi-
tional model and thermodynamic parameters (Ping et al., 2011,
2013), and whether the input parameters (such as Tpo, Fyo and
Tha) for the modeling can precisely reflect the trapping conditions
of the oil inclusions. Specifically, were the inclusions trapped in a
homogenous phase, and did the volume and components of the
fluid inclusions change after being trapped? (Roedder, 1984).

Oil cracking is an important mechanism for changing reser-
voired oil into light oil and natural gas in deep basins (Hao et al.,
2008; Hu et al., 2010; Isaksen, 2004; Zhao et al., 2005). The pro-
cess of oil cracking forms hydrogen-rich light hydrocarbon com-
ponents and a pyrobitumen residue, which is poor in hydrogen and
rich in carbon (Behar et al., 1992; Hill et al., 2003; Ungerer et al.,
1988). Studies on synthetic hydrocarbon inclusions have shown
that oil cracking not only occurs in natural oil accumulations but
also in inclusions with thermal stress (Teinturier et al., 2003). Oil
cracking changes the composition of oil inclusions, so the fluores-
cence color and microthermometry parameters (T, and Fy,) are
expected to be affected. The variations of fluorescence color and
fluorescence spectra of oil inclusions during artificial heating to
250—440 °C have been observed by several heating experiments
(Dutkiewicz et al., 2003; Guilhaumou et al., 1990; Huang and Otten,
2001; Pironon and Pradier, 1992). Okubo (2005) discussed the in-
fluence of oil cracking on the Ty, of oil inclusions in quartz that was
heated in an autoclave, and attributed the larger differences in the
Tho and Th, values from the Shin-Kumoide SK-1D well to thermal
cracking in the oil inclusions, and concluded that this effect can be
observed around 120 °C. However, Th, is jointly controlled by its
trapping temperature (T), trapping pressure (P;) and composition
(Ping and Chen, 2011). During oil cracking, the composition, volume
and internal pressure of oil inclusions all change simultaneously,
and variations in the internal pressure of oil inclusions do not
follow the isochore at the time the inclusions were trapped. Thus,
Tho changes according to the changes in the internal temperature,
pressure and composition of the oil inclusions. The changes of oil
composition, Tpe and Fy, after oil cracking have an important in-
fluence on the results of trapping pressure prediction using pe-
troleum inclusion thermodynamics modeling (Ping et al., 2013). For
example, if oil cracking increases the Ty, the reconstructed P; be-
comes lower than the initial trapping pressure of oil inclusions, and
vice versa.

An increasing number of commercial oil and gas pools have
been discovered in deeply buried reservoirs (DBRs) with depths
greater than 3500—4000 m (Bloch et al., 2002; Bourdet et al., 2010;
Wilkinson and Haszeldine, 2011). Numerous studies have drawn
attention to crude oil thermal stability and oil compositional
changes with increase in thermal stress (Behar et al., 2008; Hill
et al,, 2003; Price, 1993). Understanding the influences of crude
oil cracking on the fluorescence color, homogenization temperature
and trapping pressure of oil inclusions is important for recon-
struction of oil and gas charging and accumulation histories using
fluid inclusion data, especially in DBRs. However, experimental
methods such as the synthesis of fluid inclusions cannot adequately

explain the effects of oil cracking on fluorescence color and T, for
two reasons. Firstly, the experimental temperature (generally
greater than 300 °C) is much higher than the natural oil cracking
temperature in the reservoir (generally from 150 to 250 °C), which
may create a contrary result regarding fluorescence color changes
during oil cracking compared to geological conditions. This occurs
because of the reversed relative thermal stability of the Cq4, satu-
rates and aromatics between laboratory and geological conditions
(Behar et al., 2008). For example, the Cy4, saturates from a Type II
oil are more stable under geological conditions than laboratory
conditions (Behar et al., 2008), which could result in the saturate/
aromatic ratio decreasing under laboratory conditions, while the
ratio increases under geological conditions. Secondly, the low
experimental pressures compared to high experimental tempera-
tures result in lower P-T gradients (isochoric path) compared to
natural reservoir conditions, which may give an incorrect trend of
homogenization temperature.

The objective of this study is to demonstrate how the oil
cracking process influences the fluorescence color, homogenization
temperature and trapping pressure reconstruction of oil inclusions
under subsurface reservoir conditions. Oil cracking Kkinetics
modeling and petroleum inclusion thermodynamics modeling in-
tegrated with measured fluid inclusion data from DBRs in the
northern Dongying Depression were used to decipher this process.
The results may provide a theoretical constraint for reconstructing
the oil and gas filling histories in DBRs by using natural fluid in-
clusion data.

2. Geological setting

The geological setting for the Dongying Depression was
described in detail by Ping et al. (2017) and will be described only
briefly here.

The Dongying Depression of the Jiyang Sub-basin lies in the
southeastern Bohai Bay Basin (Fig. 1A), and is a typical Chinese
Paleogene half graben faulted basin, covering an area of 5850 km?.
It is one of the most petroliferous rift areas in the Bohai Bay Basin
(Li, 2004). This depression is bounded by the Chenjiazhuang High
to the north, the Qingtuozi High to the east, the Luxi Uplift and
Guangrao High to the south, and the Qingcheng High to the west
(Fig. 1B). The depression can be divided into five secondary tectonic
zones from the north to south (Fig. 1B). The northern Dongying
Depression is located between the northern steep slope zone and
central uplift zone of the Dongying Depression, including the Lijin,
Shengtuo, and Minfeng areas (Fig. 1C).

The Cenozoic strata of the northern Dongying Depression are
distributed widely in the basin and have a maximum thickness of
more than 7000 m, and are the primary sediments for oil and gas
generation and accumulation (Yong, 2006). The strata consist of the
Paleogene Kongdian (Ek), Shahejie (Es) and Dongying (Ed) forma-
tions, and the Neogene Guantao (Ng) and Minghuazhen (Nm) for-
mations. The Shahejie Formation can be further subdivided from
top to bottom into Member I (Es1), Member II (Es;), Member III (Es3)
and Member IV (Es4). The Es4 member is also divided into the upper
sub-member of Member IV (Es§) and the lower sub-member of
Member IV (Es}). In this study, the DBRs are mainly distributed in
the Esj sub-member in the northern Dongying Depression.

As a part of the Bohai Bay Basin, the Mesozoic-Cenozoic tectonic
history of Dongying Depression developed in three stages (Allen
et al, 1997; Chang, 1991; Yong, 2006). 1) A pre-rift stage
happened during the Triassic thru Early Cretaceous, when a series
of grabens and half grabens developed along major NW and NE-
trending fault sets, and the rudiments of a rifted basin formed.
Afterwards, uplift and erosion occurred during Late Cretaceous thru
Paleocene. 2) A Paleogene syn-rift stage was characterized by fault
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Fig. 1. (A) Location of the Dongying Depression relative to the Bohai Bay Basin; (B) Maps showing elementary structural features in Dongying Depression; (C) Locations of oil and

gas wells in the study area in the northern Dongying Depression.

block extension, basin expansion, rapid deposition and intense
tectonic activities. 3) A post-rift stage happened during the
Neogene thru Quaternary, when fluvial and floodplain sediments
developed.

In recent years, several oil and gas reservoirs have been found in
the Lijin, Shengtuo and Minfeng areas in the DBRs in the northern
Dongying Depression (Fig. 1C), which was an important break-
through for oil and gas exploration. Geochemical evidence supports
the Esj sub-member's dark mudstone as the main hydrocarbon
source rock (Ding et al., 2011; Wang, 2009). The oil and gas reser-
voirs are characterized by high temperatures and high pressures
(HTHP) and great burial depth (3500—4500 m). However, what is
more interesting is that the oil and gas reservoirs exhibit variable
petroleum types and pressure systems in the three different fields
(Lijin, Shengtuo and Minfeng fields). The Lijin field is characterized
by HTHP gas-condensate reservoirs, the Shengtuo field is charac-
terized by HTHP oil reservoirs, and the Minfeng field is character-
ized by high temperature, hydrostatic pressure gas-condensate
reservoirs (Fig. 2). Please refer to Ping et al. (2017) for more infor-
mation on the types of hydrocarbon fluids and pressure-

temperature (P-T) conditions of the DBRs in the northern Dongy-
ing Depression.

3. Methods
3.1. Fluid inclusion analysis

The various pressure systems and formation temperatures in
the DBRs of the Dongying Depression facilitate the comparison of
the effects of pressure and temperature on oil cracking to under-
stand the temperature ranges at which the Ty, and fluorescence
color of oil inclusions are affected by oil cracking, and whether the
effects depend on the pressure conditions (hydrostatic pressure or
overpressure) when the oil inclusions were trapped. Therefore,
several wells were selected to perform fluid inclusion measure-
ments, including fluorescence spectroscopy and micro-
thermometry, from the Shengtuo area and Minfeng area at burial
depths from 3672 m to 4359 m (140 °C-185 °C) and pressure sys-
tems from normal pressure (Minfeng area) to overpressure
(Shengtuo area) (Fig. 2).
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Fig. 2. Pressure-depth plot (A) and temperature-depth plot (B) for wells in the northern Dongying Depression.

Thirty-four sandstone and vein core samples from six wells
were prepared as double-polished thin sections for fluid inclusion
analysis. Petroleum inclusions were identified under illumination
with ultraviolet (UV) light, and the visual fluorescence colors were
determined and classified as yellow, blue-white and blue, which
may be related to increasing thermal maturity (George et al., 2001,
2002; Oxtoby, 2002). Because of the low resolution and controversy
associated with maturity assessment of petroleum inclusions with
visual fluorescence colors, and because of human bias in color
perception (Oxtoby, 2002), fluorescence spectroscopy during illu-
mination with UV light was undertaken. The parameters measured
were the Amax (wavelength of the maximum intensity), Qsso/500
(ratio of the intensity at 650 nm to the intensity at 500 nm) and QF-
535 values (ratio of the 535—750 nm flux to the 430—535 flux), in
order to characterize the composition of the oil inclusions (Munz,
2001).

Microthermometry of petroleum inclusions and aqueous in-
clusions was carried out using a Linkam THMS 600 heating-
freezing stage that was attached to a Nikon 80I microscope. Fluid
inclusions that showed obvious signs of necking-down, leakage or
stretching were not measured by microthermometry (Goldstein,
2001). The fluorescence spectroscopy of individual petroleum in-
clusions was measured before performing the microthermometry,
and Th, was determined before freezing runs to avoid the effects of
stretching during freezing on Tp, (McLimans, 1987). Furthermore,
the Ty, was measured before homogenization of the aqueous in-
clusions (Munz, 2001). When the T}, exceeded 180 °C, which cor-
responds to the estimated maximum formation temperatures that
were experienced by the host samples, the fluid inclusions trapped
in healed fractures in quartz were selected for measurement with
great care, as the origin of the fluid inclusions was unknown.

3.2. Kinetic modeling of crude oil cracking

The kinetics of crude oil cracking have been widely used to
quantitatively evaluate compositional changes with increasing
thermal stress (Behar et al., 2008; Kuo and Michael, 1994; Tsuzuki
et al,, 1999; Ungerer et al., 1988). Crude oil cracking is controlled
by the kinetics of cracking reactions, which can be adequately
described using simple first-order kinetics (Tissot and Espitalié,

1975) or a set of parallel first-order reactions (Behar et al., 2008;
Kuo and Michael, 1994; Tsuzuki et al., 1999; Ungerer et al., 1988).

This study quantitatively predicts changes in components based
on the kinetic modeling of crude oil cracking and calculates the
internal pressure and volume varieties of oil inclusions during oil
cracking, which usually requires more detailed composition con-
tents in the oil (e.g., components range from methane (Cy) to
heptane plus (C7,)) to obtain more accurate predictions of P-T
phase diagrams and the volume of crude oil (Ping et al., 2011, 2013).
Therefore, a more detailed compositional model for both cracking
kinetic modeling and P-T thermodynamics modeling is necessary.
The oil cracking component model in this study is divided into the
following twelve components according to Vandenbroucke et al.
(1999): CO; (non-hydrocarbon gas), C; (hydrocarbon gas), C; (hy-
drocarbon gas), C3.5 (hydrocarbon gas), Cs.13 SAT (light saturated
hydrocarbons), Cs.13 ARO (light aromatic hydrocarbons), C14, SAT
(heavy saturated hydrocarbons), C14, ARO C (condensed ring aro-
matic hydrocarbons), C14. ARO U (unstable heavy aromatics), C14,
NSO (non-hydrocarbon components), precoke (pyrobitumen pre-
decessor) and coke (pyrobitumen). Assuming that CO,, CH4 and
pyrobitumen cannot be cracked, the cracking process of the above
twelve components can be described with nine parallel first-order
kinetics reactions. The chemical reaction rate constant follows the
Arrhenius equation:

—Ej;

®
Kjj = Ajiexp (1)

In Eq. (1), Aji, Eij, R and T represent the frequency factor (pre-
factor), activation energy, gas constant and reaction temperature,
respectively.

Once the oil cracking model is defined, the component changes
during oil cracking under different thermal evolution conditions
can be calculated based on kinetic parameters, such as the activa-
tion energy (E), frequency factor (F) and stoichiometric coefficient,
and the initial crude oil composition and thermal evolutionary
history after the oil inclusions were trapped. The oil cracking model
and kinetic parameters that are used in this study are from
Vandenbroucke et al. (1999), except the kinetic parameters for
ethane cracking are from Kuo and Michael (1994) (Table 1).
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Table 1
Crude oil cracking kinetic modeling parameters used in this study.
Composition InA  E (kcal/ CO, Cq C Css Cs.13 SAT Cg.13 ARO Cyg, SAT Cy4. AROC Cyg. AROU Cygq, NSO Precoke Coke  Reference
(s”1) mol) (wvt %) (wt  (wt  (wt%) (wt%) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)
%) %)
Cy 48.25 80.0 3.4 959 07 Kuo and Eric
Michael (1994)
Css 32.55 65.8 400 18.8 41.2 Vandenbroucke
et al. (1999)
Ce-13SAT 32.55 60.3 111 157 36.2 37.0 Vandenbroucke
et al. (1999)
Cs.13AR0O 27.70 56.5 13.2 69.0 17.8 Vandenbroucke
et al. (1999)
Cq4,SAT 40.95 68.0 2.7 2.7 54 55.3 285 54 Vandenbroucke
et al. (1999)
Ci14,AROC 27.70 54.5 12.0 88.0 Vandenbroucke
et al. (1999)
Ci4- AROU 32.55 57.0 30 50 100 120 10.0 15.0 10.0 35.0 Vandenbroucke
et al. (1999)
C14,NSO 32.55 549 15.0 22 09 22 11.1 3.7 133 6.0 45.6 Vandenbroucke
et al. (1999)
Precoke 32.55 64.4 9.4 47 03 85.6 Vandenbroucke
et al. (1999)

3.3. Thermodynamics modeling of oil inclusions

The physical significance of Ty, and the determination of Tpo
after oil cracking are shown in Fig. 3. An oil inclusion with known
composition was trapped at point C; (P, T¢1), from which the
isochore (line C;B1) can be determined (Aplin et al., 1999; Ping et al.,
2013). As the temperature decreases, the internal pressure de-
creases along line C;By until the isochore intersects the bubble
point curve L(G); at point B;. The temperature at point By repre-
sents the trapped Ty, at point C1. With increase of formation tem-
perature after trapping, the internal pressure will increase

Pressure

T

Temperature

T, T\ T,

hol ho2

Fig. 3. Typical pressure-temperature (P—T) phase diagram of a petroleum initially
trapped as an oil inclusion (Oil 1). The liquid-gas immiscibility loop is delimited by the
bubble point line (L(G);) and the dew point line (G(L);), joining at the critical point
(CP4). The P-T path of the inclusion is described by an isochore, whose three points are
of importance: the (Pyy, Ty1) trapping point Cy, the (Pps, Tho1) homogenization point By,
and the (Pyy, Ty1) point A1, at which the bubble filling degree (F,o1) is measured. The P-
T phase diagram changes to Oil 2 with the variation of oil composition because of oil
cracking at the formation temperature, Ti,, which results in the synchronous changes
in internal pressure (Pi;), homogenization temperature (Tyo2) and the bubble filling
degree (Fy,2), defined by the dashed lines showing the liquid-gas immiscibility loop
and the isochore, and the points CP,, Cy, B, and A,.

following the isochore CB; if the oil composition and volume of oil
inclusion do not change. However, crude oil cracking occurs once
the oil inclusion experiences much higher thermal stress after
trapping (Tt), which directly results in changes in the composition
and P-T phase diagram (L(G); and G(L);) and the internal pressure
of the oil inclusion (Py). As the Ty, greatly depends on the
composition and isochore of the oil inclusion (Aplin et al., 1999;
Ping and Chen, 2011; Ping et al., 2013), the initial P-T trapping
conditions (Py, T¢1) of the oil inclusion are revised to the new P-T
trapping conditions (Py, Tt2) and a new isochore (line C;B;), which
changes Tyo1 and Fyo1 into Tpey and Fygy. Please note that Fig. 3 is a
schematic drawing of new P-T trapping conditions of an oil inclu-
sion after oil cracking. How the phase diagram and isochore of the
oil inclusion changes depends on the oil composition and internal
pressure in oil inclusion.

According to Fig. 3, three conditions must be satisfied when
calculating the Tpo: 1) the oil inclusion components must be
accurately obtained; 2) the P-T phase diagram of the known oil
components must be accurately calculated; and 3) the isochore line
must be accurately calculated under the formation temperature
and internal pressure of the oil inclusion during oil cracking. The
changes in components during oil cracking can be calculated
through oil cracking kinetic modeling, and the P-T phase diagram
can be calculated by the equation of state (Peng and Robinson,
1976). Solid pyrobitumen (coke) and pyrobitumen predecessor
(precoke) are produced during oil cracking and are insoluble in
liquid hydrocarbons (Behar et al., 1992), which can lead to changes
in the liquid volume and internal pressure, while the internal
pressure determines the isochore line of the oil inclusion if the
formation temperature and composition are known.

Once the oil inclusion components and internal pressure have
been determined, the P-T phase diagram, isochore line, Ty, and Fyo
can be determined (Fig. 3). To ensure that the calculations of the oil
inclusion's isochore line and F,, are accurate, this study calculates
the gas and liquid molar volume by using the volume trans-
formation method, through which the prediction accuracy of the
isochore line and F,, can be improved (Ping et al., 2013). After
obtaining the changes in Ty, during oil cracking, the trapping
pressure of the oil inclusion is reconstructed based on the oil
components, Ty, after oil cracking, and the trapping temperature
(Fig. 3), so as to compare the effect of oil cracking on the accuracy of
the trapping pressure prediction of the oil inclusion.
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Fig. 4. Photomicrographs of oil inclusions and pyrobitumen in the DBRs of the northern Dongying Depression. Photomicrographs a, b, ¢, d, e, f, g, 1, j, k, I, m, n, o, p were taken under
visible fluorescence with ultraviolet excitation, and others were taken under transmitted light. Abbreviations: GLOI = gas-liquid phase oil inclusion under room temperature;
LOI = pure liquid phase oil inclusion under room temperature; GFI = pure gas phase fluid inclusion under room temperature; Ol = oil inclusion; O = oil; G = gas; SB = solid
bitumen; QO1 = the first stage of quartz overgrowth; Q02 = the second stage of quartz overgrowth; B1 = the boundary of the Q01 and the QO2; SF = the secondary fracture
crossing the QO2. Note that it is very difficult to distinguish bitumen from pyrobitumen in the fluid inclusions, so the term “solid bitumen” was used in the following sections
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4. Results and discussion
4.1. Fluorescence characteristics and Ty, of oil inclusions in DBRs

4.1.1. Fluorescence colors

Oil inclusions from 3677.7 m in well T732 show yellow fluo-
rescence color (Fig. 4a), and no visible solid bitumen can be
detected in the oil inclusions under transmitted light (Fig. 4a’). Oil
inclusions from 3951.8 m, 3952.9 m and 3958.5 m in well T764
mostly occurred in secondary trails in detrital quartz grains as two-
phase vapor-liquid inclusions with light-yellow to blue-white
fluorescence colors under UV light (Fig. 4b-b’ and Fig. 4c-c’). Solid
bitumen was observed in both light-yellow fluorescent oil in-
clusions (Fig. 4b-b’) and blue-white fluorescent oil inclusions
(Fig. 4c-c’), which suggests that thermal cracking of the oil in the oil
inclusions could have occurred. Blue-white fluorescence color oil
inclusions were detected in a quartz vein from 4358.5 m in well
T765 under UV light (Fig. 4d). These inclusions are two-phase
liquid-vapor, colorless inclusions at room temperature with a
large vapor-liquid volume ratio, and no obvious solid bitumen was
observed (Fig. 4d’). The nearly consistent Ty, values in the same
fluid inclusion assemblage indicates that the oil inclusions with
large F,, were trapped as a single homogeneous fluid (Fig. 4d’).

Abundant oil inclusions from well F8 in the Minfeng area have
been observed in a calcite vein at 3943.0—3943.2 m. The majority of
the oil inclusions in these samples are two-phase liquid-vapor in-
clusions at room temperature, with small vapor-liquid volume ra-
tios, no color under transmitted light and blue-white (Fig. 4e and f)
or light-yellow fluorescence colors (Fig. 4g) under UV light. The size
of these inclusions are often greater than ten micrometers, and they
have elongated and irregular shapes (Fig. 4f). These inclusions were
trapped in a group along the cleavage plane of calcite and are
interpreted to be primary (Fig. 4f). Various fluid phases occur in the
same fluid inclusion assemblage; some oil inclusions are pure
liquid-phase or pure gas-phase fluid inclusions, and some exhibit
two-phase gas-liquid inclusions (Fig. 4f and f'). These oil inclusions
were interpreted to be the result of necking-down after a phase
change (see Fig. 4f and f' for an explanation), as shown by the
presence of multiple phases of fluid inclusions, and two inclusions
that are adjoined by a neck (Goldstein, 2001). In addition, solid
bitumen occasionally occurs in some single-phase liquid oil in-
clusions or in two-phase gas-liquid oil inclusions (Fig. 4f and f').
This observation suggests that the solid bitumen was generated
before the necking-down, otherwise solid bitumen would occur

throughout the same fluid inclusion assemblage.

Blue-white fluorescence color oil inclusions from a sandstone at
4195.1 m in well F8 have been detected in interior quartz over-
growths (QO1 in Fig. 4h), the boundary of two episodes of quartz
overgrowths (QO1 and QO2) (B1 in Fig. 4h), and a secondary healed
fracture that transects quartz overgrowths (SF in Fig. 4h). The oil
inclusions in the secondary healed fracture (SF) contain little solid
bitumen and have similar vapor-liquid volume ratio. However,
black non-fluorescent solid bitumen has been observed in the
corner of inclusion walls, and identical solid-liquid volume ratios
indicate solid bitumen in the oil inclusions in the Q01 and B1
(Fig. 4h"), which may have been generated by thermal cracking after
oil inclusion trapping. The absence of solid bitumen in the oil in-
clusions within the SF suggests that these oil inclusions could have
experienced relatively weak oil cracking, because these oil in-
clusions were trapped later than those trapped in QO1 and B1, and
thus would have experienced less heating time. Furthermore, it has
been noticed that the oil inclusions within QO1, B1 and SF have
consistent blue-white fluorescence colors, possibly due to oil
cracking which may have changed the original oil compositions in
the oil inclusions and thus shifted the fluorescence color.

Blue-white fluorescent oil inclusions were detected in the
healed fractures of detrital quartz in well FS1 (3684.9 m) and
contain no obvious black solid bitumen in the inner walls of the oil
inclusions (Fig. 4i). The blue-white fluorescent oil inclusions trap-
ped within a calcite crystal in a calcite vein from well FS1
(4023.5 m) also have variation in the proportion of fluid phases, and
pairs of oil inclusions with necks joining them, which suggests that
the oil inclusions have been necked down (Fig. 4k and k). However,
both yellow (Fig. 4j) and blue-white fluorescent (Fig. 4k) oil in-
clusions from 4023.5 m in well FS1 generally contain black solid
bitumen in the corner of the oil inclusions, supporting the hy-
pothesis that the solid bitumen was formed after the necking-down
event and therefore is most likely related to increasing thermal
stress.

Oil inclusions from 4321.7 to 4323.6 m in well FS1 show varying
fluorescence colors under UV light, from light yellow to blue-white
and blue. The light-yellow (Fig. 41 and 1) and blue-white fluores-
cent inclusions (Fig. 4m and n) are liquid-dominated liquid-vapor
inclusions, and the blue fluorescent inclusions (Fig. 40 and o’) are
vapor-dominated liquid-vapor inclusions. These inclusions gener-
ally occur in healed cracks in quartz and feldspar grains. The light-
yellow fluorescent inclusions show light-yellow color under
transmitted light and usually have small vapor-liquid volume

regardless of its origin. (a-a’) Yellow fluorescence color oil inclusions trapped within the healed fractures in detrital quartz from well T732 (3677.7 m) showing no visible black solid
bitumen in oil inclusions. (b-b’) Single yellow fluorescence color oil inclusion trapped within the healed fractures in detrital quartz from well T764 (3952.9 m) showing black solid
bitumen in the corner and in the inner wall of the oil inclusion. (c-c’) Blue-white fluorescence color oil inclusions trapped within the healed fractures in detrital quartz from well
T764 (3951.8 m) showing black solid bitumen with a similar bitumen volume ratio in the inner wall of the oil inclusions. (d-d’) Blue-white fluorescence color oil inclusions trapped
within a quartz vein from well T765 (4358.49 m), showing no obvious black solid bitumen in the inner walls of the oil inclusions. Note that the F, of the oil inclusions are large, and
the Ty are similar (the numbers in d’). (e-e’) Blue-white fluorescence color oil inclusions within a calcite crystal in a calcite vein from well F8 (3943.2 m), showing no obvious black
solid bitumen in the inner wall of the oil inclusions. (f-f') White fluorescence color oil inclusions within a calcite crystal in a calcite vein from well F8 (3943.0 m), showing necking-
down of oil inclusions. Note the obvious black solid bitumen in the inner wall of some of the oil inclusions. (g-g') White fluorescence color oil inclusion within a calcite crystal in a
calcite vein from well F8 (3943.0 m), showing obvious black solid bitumen in the inner wall of the oil inclusion. (h) Two stages of quartz overgrowth (QO1 and Q02) occur in a
sandstone from well F8 (4195.1 m). Insets show photomicrographs of the same field-of-view taken under ultraviolet excitation. Blue-white fluorescence color oil inclusions are
trapped within the QO1, the boundary (B1) of Q01 and Q02, and the secondary healed fracture (SF) cutting the QO2. (h’) Blue-white fluorescence color oil inclusions within the Q01
have nearly identical volume ratios of oil/gas/bitumen, indicating that the oil was a homogeneous liquid at the time of quartz overgrowth and fluid entrapment, and the solid
bitumen was generated after the trapping of oil. (i-i’) Blue-white fluorescence color oil inclusions trapped in the healed fracture of detrital quartz in well FS1 (3684.9 m), showing no
obvious black solid bitumen in the inner wall of the oil inclusions. (j-j’) Yellow fluorescence color oil inclusions trapped within a calcite crystal in a calcite vein from well FS1
(4023.5 m), showing an identical bitumen volume ratio. (k-k’) Blue-white fluorescence color oil inclusions trapped within a calcite crystal in a calcite vein from well FS1 (4023.5 m),
Note that solid bitumen can be seen in the inner wall of the oil inclusions. (I-1') Yellow fluorescence color oil inclusions with solid bitumen in the inner wall trapped in the healed
fracture of a detrital quartz grain in well FS1 (4321.7 m). (m-m’) Blue-white fluorescence color oil inclusions with obvious solid bitumen in the inner wall trapped in the healed
fracture of a detrital feldspar grain in well FS1 (4322.0 m). (n-n’) Blue-white fluorescence color oil inclusions trapped in the healed fracture of a detrital quartz grain in well FS1
(4321.7 m), showing nearly identical volume ratios of oil/gas/bitumen and Ty,s (numbers in n’). The inset in n shows the expansion in n’. (0-0’) Blue fluorescence color gas
condensate fluid inclusions trapped in the healed fracture of a detrital quartz grain in well FS1, showing no solid bitumen in the inner wall of the oil inclusions. (p-p’). Pyrobitumen
was observed in the intergranular pore of the sandstone sample at 4321.7 m in well FS1. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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ratios. The blue-white and blue fluorescent inclusions are colorless
under transmitted light with uniform and large vapor-liquid vol-
ume ratios. Black solid bitumen (Fig. 41, m’ and n’) can be observed
in the corners of the yellow and blue-white fluorescent oil in-
clusions, but not in the blue fluorescent oil inclusions.

Three lines of evidence suggest that oil cracking has occurred in
oil inclusions from 4321.7 to 4323.6 m in well FS1: 1) the measured
high formation temperatures (185 °C), under which the NSO
compositions in oil are significantly cracked (Behar et al., 2008); 2)
the consistent volume ratios of solid bitumen to oil inclusions and
Tho values (Fig. 4n’) indicate that the solid bitumen originated from
the thermal cracking of oil after being trapped as fluid inclusions;
and 3) non-fluorescent pyrobitumen filling was found in inter-
granular pores (Fig. 4p and p’).

4.1.2. Fluorescence spectroscopy

The UV fluorescence spectroscopy of a large number of oil in-
clusions from the DBRs in the northern Dongying Depression and
other sags in the Dongying Depression have been examined to
monitor the fluorescence spectroscopy parameter changes with
increasing depth. Fig. 5 shows the distributions of Amax, Q650/500):
and QF-535 at depths from 1500 m to 4500 m. Generally, four types
of oil inclusions with different thermal maturities can be recog-
nized according to their Apax values (Fig. 5A). The least mature oil
inclusions have Anax ranging from 570 to 595 nm, and were only
detected at depths between 2500 m and 3050 m in the South
Niuzhuang Slope of the Dongying Depression. This type of oil in-
clusion is characterized by orange-red fluorescence, which could
indicate a larger percentage of C14, NSO and Ci4, ARO composi-
tions (George et al.,, 2001). The presence of this least-mature fluid
inclusion assemblage is consistent with the discovery of “immature
oils” in the South Niuzhuang Slope (Pang et al., 2003). The most
common oil inclusions contain mature oil that is characterized by
yellow fluorescence, with the main Apax ranging from 530 to
549 nm. This type of mature oil inclusion has been detected over
the entire Dongying Depression over a wide range of depths from
1500 m to 4000 m.

The other two types of oil inclusions are more mature. Although
these more mature oil inclusions have been measured across the
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entire depth range, they were mainly detected in the DBRs in the
northern Dongying Depression, and only the more mature oil in-
clusions were detected below 4000 m. This type of oil inclusion is
characterized by blue-white and blue fluorescence with black solid
bitumen in the corner or the wall of the oil inclusions (Fig. 4). Most
of the oil inclusions have a A2 value between 530 nm and 549 nm
above 4000 m, but all the oil inclusions have a Ay, value < 500 nm
below 4000 m. Theoretically, different oil maturities over the entire
oil generation stage should be detected, and the maturity of the oil
inclusions in deeper reservoirs should not be constrained
(Amax < 500 nm). One possible explanation is that the source rock
for the oil in the deeper formations only generated oil with
Amax < 500 nm, or only oil inclusions with high thermal maturity
were trapped. This interpretation does not make much sense
because it is impossible that all the samples below 4000 m did not
record the less mature oil charges (Amax > 500 nm), which are
responsible for shallower oil accumulations. Therefore, these
findings are interpreted to be the result of the thermal cracking of
oil, as shown by the universal presence of solid bitumen in the same
fluid inclusion assemblage below 4000 m.

4.1.3. Ty, of oil inclusions

Two wells (wells F8 and FS1) from the Minfeng area and three
wells (wells T720, T764 and T765) from the Shengtuo area (Fig. 1C),
which have depths that range from 3672 m to 4358 m, were
selected to investigate the Ty, distributions of oil inclusions with
changes in burial depth. The Ty, and Ty, values are shown in Fig. 6.

Fig. 6A shows the Ty, distributions of oil inclusions and aqueous
inclusions from 3672 m in well T720. The yellow fluorescing oil
inclusions have measured T, between 79 °C and 91 °C (Fig. 6A),
while the oil inclusions from 3951.8 m to 3952.9 m in well T764
show broad Ty, values in the histogram (Fig. 6B), ranging from 60 °C
to 150 °C for inclusions that were trapped in healed fractures in
feldspars. Oil inclusions with blue-white fluorescence from quartz
veins in 4358.5 m sandstone from well T765 have measured Ty
between 80 °C and 115 °C, with most in the 80—95 °C range and
others spread between 100 °C and 115 °C (Fig. 6C).

Oil inclusions with yellow and blue-white fluorescence from
3943.0 m in well F8 have measured Ty between 40 °C and 75 °C,
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Fig. 5. Variations of fluorescence spectroscopy parameters of oil inclusions with depth in the studied Dongying Depression wells:

Amax (A), Qees0/500) (B) and QF-535(C). Note that

“others” in the legend are the fluorescence spectroscopies of oil inclusions from other areas in the Dongying Depression.
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Fig. 6. Ty, distributions of fluid inclusions from (A) wells T720 (3672 m), (B) T764 (3951.8—3952.9 m), (C) T765 (4358.49 m), (D) F8 (3943.0 m), (E) F8 (4055.35 m), (F) F8
(4181.5—-4201.5 m), (G) FS1 (3684.9 m), (H) FS1 (4023.5 m), and (I) FS1 (4321.7—4323.6 m) in the DBRs of the Dongying Depression. AQFI: aqueous fluid inclusion; BWFOI: blue-
white fluorescing oil inclusion; YFOI: yellow fluorescing oil inclusion; OI: oil inclusion. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

with most in the 65—75 °C range (Fig. 6D). Qil inclusions from
4055.35 m in well F8 were trapped within healed fractures in
quartz and feldspar grains and in quartz overgrowths, which have
measured Ty, between 83 °C and 116 °C, with two modes at
90—-100 °C and 105—115 °C, respectively (Fig. 6E). The Ty, values of
oil inclusions from 4195.2 m in well F8 show a wide distribution
from 75 °C to 155 °C, with most in the 105—115 °C range (Fig. 6F).
The Ty of oil inclusions with solid bitumen that were trapped
within QO1 (Fig. 4h’) and in the boundary (B1 in Fig. 4h) between
QO1 and QO2 could not be measured.

0Oil inclusions from 3684.9 m in well FS1 were trapped within
healed fractures in quartz and feldspar grains and in quartz over-
growths, which have measured T}, between 70 °C and 110 °C, with
most in the 75—85 °C range (Fig. 6G). Qil inclusions that were
trapped in a calcite vein from 4023.5 m show a wide distribution of
T, from 45 °C to 110 °C (Fig. 6H). Blue-white fluorescing oil in-
clusions have measured Ty between 45 °C and 85 °C, with two
major modes at 50—55 °C and 60—70 °C. The Ty values of yellow
fluorescing oil inclusions are generally higher, and range from 65 °C
to 110 °C with a mode at 85—95 °C. Oil inclusions with yellow, blue
white and blue fluorescence from 4321.7 to 4323.6 m in well FS1
have measured T}, values between 95 °C and 175 °C, with most in

the 125—160 °C range (Fig. 61).

In summary, the Ty, of oil inclusions from wells F8 and FS1 in-
creases with burial depth, but the oil inclusions from Shengtuo area
show different trends depending on their fluorescence color. The
yellow fluorescing oil inclusions have increasing T, from 3672 m to
3952.9 m, while the blue-white fluorescing oil inclusions have a
similar Ty, range from 3951.8 m to 4358.49 m.

4.2. Modeling variations in the composition and Ty, of oil inclusions
during oil cracking

4.2.1. Assumptions

The oil cracking process is very complex, so many variables are
not known. Some preconditions should be satisfied before calcu-
lating the internal pressure and Tpo during oil cracking by using
petroleum inclusion thermodynamics modeling:

(1) The bulk volume of the oil inclusion, including solid pyro-
bitumen and pyrobitumen predecessor, does not change
during oil cracking;

(2) No fluids are input into the oil inclusion, nor does leaking
occur from the oil inclusion during oil cracking;
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Table 2

The initial composition contents of oil inclusions used for oil cracking process modeling (molecular weight are from Hantschel and Kauerauf (2009)).

Composition Molecular weight (g/mol) Oil inclusion A Oil inclusion B
Molar percentage (mol%) Weight percentage (wt.%) Molar percentage (mol%) Weight percentage (wt.%)

C 16.00 34.7 5.2 479 9.6
C 30.07 6.5 1.8 7.9 3.0
Cs 44.10 6.1 26 6.0 33
iCy 58.12 14 0.8 1.2 0.9
nCy 58.12 3.1 1.7 2.8 2.0
iCs 72.15 2.1 14 1.7 1.6
nCs 72.15 33 2.3 2.8 2.5
Ce 84.00 3.6 29 2.6 2.8
Cy 96.00 3.9 35 2.8 34
Cg 107.00 3.6 3.6 25 34
Co 121.00 33 3.8 23 3.5
Cio 134.00 3.1 3.9 2.1 3.6
Cyq 147.00 2.0 2.8 14 25
Ci2 161.00 1.9 2.8 13 2.6
Ci3 175.00 1.7 2.8 1.2 2.6
Ciar 311.95 19.7 58.1 134 52.7

(3) The density of the mix of solid pyrobitumen and pyrobitu-
men predecessor is a constant value during oil cracking;

(4) The oil cracking process is not affected by the internal
pressure of the oil inclusion;

(5) The mutual solubility between the liquid oil and insoluble
products (pyrobitumen and pyrobitumen predecessor)
(Behar et al., 1992) during oil cracking can be neglected;

(6) The solid pyrobitumen and pyrobitumen predecessor does
not affect the PVT phase behavior of the liquid oil. In order to
simplify, the pyrobitumen and pyrobitumen predecessor are
grouped together as “pyrobitumen” in the following sections.

4.2.2. Initial compositions in oil inclusions

Because oil cracking occurs over geological time scales, the
initial components of oil cracking can be constrained by fluid in-
clusion measurement results. To compare the effects of oil cracking
on oil inclusions with inferred different maturities, a yellow fluo-
rescing low-maturity oil inclusion (oil inclusion A) from well F8
(3943 m) and a blue-white fluorescing high-maturity oil inclusion
(oil inclusion B) from well FS1 (4321.7 m) were selected for
composition modeling with an a-f composition model (Thiéry
et al.,, 2002). This a-f composition modeling only requires the Tho
and F,, of an oil inclusion, but a third parameter, usually the C;
molar content, should be used to constrain the only o~ composi-
tion. In this study the C; molar content was obtained using the
petroleum type determination method (Ping et al., 2012). Oil in-
clusion A homogenizes at 47.5 °C and has an F,, of 3.1% at 20 °C,
whereas oil inclusion B homogenizes at 128.6 °C and has an Fy, of
16.9% at 20 °C. Then, the a-f curves of these two inclusions were
calculated (Thiéry et al., 2002), and values of & = 0.92 and § = 0.47
were chosen for oil inclusion A and o = 0.92 and B = 0.59 for oil
inclusion B. The modelled detailed oil composition (mole percent
and weight percent) according to the calculated o and B values
(Thiéry et al., 2002) are shown in Table 2, and were used as the
initial components of oil cracking in this study.

4.2.3. Procedure

The entire calculation process is divided into the following three
steps.

First, the kinetic modeling of oil cracking requires a grouped
composition (Table 1), so the single carbon number component in
Table 2 needs to be combined into the twelve component types in
accordance with the oil cracking composition model. The results
are listed in Table 3, among which the content of saturated

hydrocarbons, aromatic hydrocarbons, NSO fraction in Cg.13 and
Cy4. fractions were calculated based on mass conservation and the
average mass ratio of saturated hydrocarbons to aromatic hydro-
carbons (2.5) and saturated hydrocarbons to the NSO fraction (2.3)
of reservoir oils in the northern Dongying Depression. Table 4 lists
the critical parameters of all the components that are used to
calculate the P-T phase diagram and isochore line with the equation
of state (Hantschel and Kauerauf, 2009).

Second, these data were integrated with the thermal evolu-
tionary history of the reservoir after the oils were trapped as oil
inclusion A and oil inclusion B. Two different thermal evolution and
burial histories from 4500 m in well FS1 and from 5755 m in well
FS2 were chosen to constrain the oil cracking process to consider
the influence of different thermal stress conditions on oil cracking
(Fig. 7). The thermal histories were calibrated by using present-day
formation temperature and vitrinite reflectance data. Crude oil
cracking kinetic modeling (see Section 3.2 for details) was used to
calculate changes in the components of the oil inclusions with
changing time and reservoir temperature, obtaining the weight and
mole percent of all the components in the oil inclusions during oil
cracking.

Third, the internal pressure of oil inclusion A and oil inclusion B
was calculated at all stages during oil cracking (Appendix A), ac-
cording to the obtained molar contents of all the components. Then,
the isochore and P-T phase diagrams were calculated using the new
internal pressure of oil inclusion A and oil inclusion B after oil
cracking (see Section 3.3 for details). Finally, the revised T, Fyo and
P¢ by oil cracking were obtained. In order to assess the influence of
P; on the internal pressure of the oil inclusion during oil cracking,
the initial trapping pressure values of the oil inclusions were arti-
ficially assigned to varying pressure conditions from hydrostatic
pressure to overpressure. The initial trapping pressure, trapping
depth and trapping time parameters are listed in Table 5.

Although the oil cracking scheme used in this study is inde-
pendent of kerogen type (Vandenbroucke et al., 1999), the Esj
source rocks in the northern Dongying Depression mainly contain
type I and type Il organic matter (Cai, 2007; Wang, 2009; Yang et al.,
2007). Thus the oils in the DBRs in the northern Dongying have a
different character from oils generated from type I organic matter,
which contain more aliphatic hydrocarbons, and fewer aromatic
hydrocarbons than oils derived from type II/IIl kerogen (Tissot and
Welte, 1984). These differences result in thermal cracking of oil
derived from type I kerogen to occur at a higher temperature
compared with that of oil derived from type II/IIl kerogen, or a mix
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Table 3
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The compositional contents of the grouped oil components for two oil inclusions from Table 2.

Composition Oil inclusion A

Oil inclusion B

Molar percentage (mol

Molecular weight (g/ Weight percentage Molar percentage (mol

Molecular weight (g/

Weight percentage

%) mol) (wt.%) %) mol) (wt.%)

CO, 0 44.0 0 0 44.0 0

G 34.7 16.0 52 47.9 16.0 9.6
C, 6.5 30.1 1.8 7.9 30.1 3.0
Cs5 16.0 57.5 8.7 14.5 56.6 10.3
Ce-13 SAT 16.3 121.0 18.7 114 121.0 174
Ce.13ARO 6.7 117.8 7.5 4.8 115.7 7.0
Ci4, SAT 11.2 299.2 31.7 7.6 299.2 28.8
Ci4, AROC O 0 0 0 0 0
Ci4. AROU 45 299.2 12.7 3.1 299.2 11.5
C14. NSO 40 362.2 13.7 2.7 362.2 12.4
Precoke 0 0 0 0 0 0
Coke 0 0 0 0 0 0

Table 4

Critical parameters of the oil components in Table 3 for the oil inclusion P-T calculation (Hantschel and Kauerauf, 2009).

Composition Critical temperature/T, (K) Critical pressure/P. (MPa) Acentric factor/w
CO, 304.19 7.382 0.2276
G 190.56 4.599 0.0115
C, 305.32 4.872 0.0995
Css 430.72 3.599 0.2008
Cg-13 SAT 587.96 2.518 0.4003
Cs-13 ARO 618.13 3.703 0.3077
Cia, SAT 813.82 1.442 0.7797
Cias ARO 813.82 1.442 0.7797
Ci4. NSO 810.40 1.009 1.0190
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Fig. 7. The modelled thermal and burial history of present-day depths in 4500 m (well FS1) and 5755 m (well FS2) using 1D basin modeling (IES PetroMod 1D v11 software) in the
Dongying Depression, Bohai Bay Basin, which were calibrated by present formation temperatures and vitrinite reflectance (R,). T-t means formation temperature (left y axis)
evolved with time, and D-t means burial depth (right y axis) evolved with time.

Table 5
Assumed initial trapping conditions of two oil inclusions in Table 2. Two trapping pressure (P = 1 and P.; = 1.25) were assigned to oil inclusions trapped at 2867 m and 117.7 °C
with the thermal-burial history of present-day depth at 5755 m.

Present-day burial Trapping

Trapping time Trapping

Pressure coefficient of initial

Pressure coefficient of initial

Pressure coefficient of initial

depth (Dp) (m) temperature (T;) (Tym) (Ma) depth (Dy) trapping pressure (P = 1.00) trapping pressure (P = 1.25) trapping pressure (P, = 1.50)
) (m) Initial trapping pressure (Py) (MPa)

4500 120.0 40.0 2600 26.78 33.48 40.17

5755 117.7 437 2867 29.53 36.91 -
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of type I and type II kerogen, because the Cy4. saturates are the
most stable group (Behar et al.,, 2008). Therefore, the modelled
results in this study are more applicable to crude oils whose source
rocks contain type I and type Il organic matter.

4.3. Compositional changes and their effect on the fluorescence
color of oil inclusions during oil cracking

Fig. 8 shows that the Ci4, NSO in the two types of crude oil
(Table 2) has the least stability and cracked first under both thermal
evolutionary history conditions (Fig. 7). When the Ci4,. NSO
component begins to crack during the initial stage of oil cracking,
the other components increase correspondingly, which indicates
that the pyrolysis products of the C14, NSO component are mainly
saturated hydrocarbons, aromatic hydrocarbons, pyrobitumen and
gas hydrocarbons (Behar et al., 1992; Horsfield et al., 1992). Then,
the Cy4. ARO component begins to crack, because the thermal
stability of the Cy4, SAT component is higher than that of the Cy4,
ARO component under geological conditions. Under low thermal
stress conditions (<180 °C) the main component of the Cy4, frac-
tion is the Cy4, SAT component, and the oil is deficient in the Cy4,

NSO and Cy4. ARO components. The ratio of saturated to aromatic
hydrocarbons gradually increases with increasing thermal stress.
This variation in the oil components with varying thermal stress is
consistent with the results of previous studies (Behar et al., 2008;
McNeil and BeMent, 1996; Vandenbroucke et al., 1999).

Hydrocarbons from the Cy4, SAT, Cgs-13 SAT, Cs-13 ARO and Cs_s5
components crack as the thermal stress continues to increase
(>180 °C). Additionally, solid pyrobitumen forms under lower
thermal stress (>140 °C) (Fig. 8) and continues to increase, which is
consistent with oil cracking experiments (Hill et al., 2003). There-
fore, when the Tr increases to 180 °C (at approximate 27 Ma, see
Fig. 8C and D), the main cracking components of crude oil are from
the Cy4, fraction. For example, the C14, NSO components decrease
gradually and then disappear, forming a certain amount of pyro-
bitumen that is insoluble in organic components. As the Trincreases
from 180 °C to 210 °C, both the C14, and the C5_5 components begin
to crack, forming large amounts of solid pyrobitumen and gaseous
hydrocarbons as the C;_5 component, and the main liquid hydro-
carbons are in the Cg.13 ARO component. In addition, oil inclusion A
cracks more quickly than oil inclusion B, because of the higher
amount of heavy components (Fig. 8).
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Fig. 8. The compositional variation of oil inclusion A and oil inclusion B in Table 1 with the two different burial histories from Fig. 7 during oil cracking. The compositional variation
of (A) oil inclusion A and (B) oil inclusion B are shown for the thermal-burial history of present-day depth at 4500 m, while the compositional variation of (C) oil inclusion A and (D)
oil inclusion B are shown for the thermal-burial history of present-day depth at 5755 m.



550 H. Ping et al. / Marine and Petroleum Geology 80 (2017) 538—562

As oil cracking results in a decrease of C14,. NSO components and
variation in the relative proportion of saturate and aromatic hy-
drocarbons, the fluorescence color of oil inclusion could change
during oil cracking. Crude oils exhibit fluorescence under excitation
by ultraviolet light, which results from the radiation of polycyclic
aromatic hydrocarbons and heterocyclic hydrocarbons (Riecker,
1962). Because heterocyclic hydrocarbons exhibit weak red fluo-
rescence, the fluorescence colors of crude oils are largely governed
by the thermal evolution degree of polycyclic aromatic hydrocar-
bon components and the relative proportion of saturate to aromatic
hydrocarbons in oil (Khorasani, 1987). Visible fluorescence from
excitation by ultraviolet light is mainly produced by polycyclic ar-
omatic hydrocarbons, which are the main components of C14, ARO.
The mass ratio of saturated to aromatic hydrocarbons (Ksarjaro) is
redefined to understand changes in fluorescence color during oil
cracking:

C67‘l4 SAT + C]4+ SAT

Cia: ARO (2)

Ksat/aRO =

A higher value of Ksarjaro indicates that the content of C14, ARO
components is relatively low; thus, the oil inclusion fluorescence
color shifts towards shorter wavelengths (blue shift). A lower value
of Ksatjaro indicates that the content of Ci4+ ARO components is
relatively high; thus, the oil inclusion fluorescence color shifts to-
wards longer wavelengths (red shift). Moreover, the oil conversion
rate (T;) is defined to illustrate the degree of oil cracking. T; is
expressed as:

_ Mice, — MRe,

Tr Mlcg

(3)

In Eq. (3), MRcg, is the remaining mass of liquid Ce, fraction
during oil cracking, and Mlcg, is the initial mass of liquid Cg before
oil cracking. According to Eq. (2) and Eq. (3), the fluorescence color
changes with degree of oil cracking can be deduced based on
changes in the relative contents of saturated and aromatic hydro-
carbons during oil cracking.

Fig. 9 shows the relationship between T; and Ksat/aro for in-
clusion A and inclusion B (Table 2) under different trapping con-
ditions (Table 5) and different thermal evolutionary histories
(Fig. 7) during oil cracking. According to Fig. 9, the Ksat/aro of the oil
inclusions displays changes during three stages of oil cracking. First,
when T; is less than 13% and the corresponding Ts is lower than
160 °C, the Ksat/aro value increases slightly compared to the initial

50 =

40

30

KSAT/ARO (%)

20

value when trapped, which suggests that the relative content of
C14+ ARO components in crude oil decreases slightly and that oil
cracking has little influence on the fluorescence color during this
stage of oil cracking. When T; increases from 13% to 24% as the
formation temperature increases from 160 °C to 190 °C, the Ksat/aro
value quickly increases from 6 to 46 because of the cracking of a
large number of C14,. ARO components. The relative content of C14,
ARO decreases quickly and the fluorescence color shifts towards
shorter wavelengths (blue shift) during this stage. Blue fluores-
cence of inclusions is expected to be achieved due to a very high
Ksat/aro value around 190 °C. At the same time, the aromatic hy-
drocarbons are diluted by saturated hydrocarbons, so the fluores-
cence intensity increases accordingly because of the reduction of
the concentration quenching effect (Bertrand et al, 1986;
Khorasani, 1987).

Afterwards, components with higher thermal stability such as
Cs-14 ARO and Cg.14 SAT begin to crack, and their cracking products
are low-carbon-number hydrocarbons and some Cy14, ARO hydro-
carbons. The Cy4, SAT fractions crack more quickly during this
stage, and the Ksatjaro value begins to gradually decrease, even
becoming lower than the initial trapping value at extreme oil
cracking conditions (Fig. 9). The decrease of Ksat/aro value at higher
thermal stress is in accordance with the results of Behar et al.
(2008) (see Figs. 9 and 10 therein). Please note that this does not
contradict what happens in natural oils, which will be more and
more depleted in both Cy4, aromatics and NSOs with increasing
maturity, because the absolute content of these in the modelled oil
decreases continuously during the whole oil cracking process
(Fig. 8).

Whether the fluorescence color of crude oil shifts towards
longer or shorter wavelengths depends not only on the relative
content of saturated and aromatic hydrocarbons, but also on the
maturity of the aromatic hydrocarbons. For example, there is a
strong blue shift of the spectrum of simple aromatic structures
compared with those of complex aromatic assemblages (Khorasani,
1987). The Cy4. ARO fraction becomes richer in simple aromatic
structures with increasing thermal stress (T, > 24%, Tf > 190 °C),
accompanied by a decrease in the relative content of saturated and
aromatic hydrocarbons. However, it is complicated to interpret the
variation of fluorescence colors under such conditions. Simple ar-
omatic structures are considered to be the main control on the
variation of fluorescence color at this stage (Khorasani, 1987).
Although the relative content of saturated and aromatic hydrocar-
bons decreases, the absolute content of aromatic hydrocarbons

4500m (D,)-35% (C,)
4500m (D,)-47% (C, )
5500m (D,)-35%(C,)
5500m (D,)-47%(C,)

+oH»

T, (%)

Fig. 9. The relationship between the transformation rate (T;) during oil cracking and the ratio of saturated hydrocarbon to aromatic hydrocarbons (Ksar/aro). The present day burial
depth (D,) represents the thermal history that oil inclusions experienced after trapping, and C; represents the molar percent of methane in oil inclusions A and B.
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Fig. 10. The T, and internal pressure (P;,) variations for oil inclusion A (Table 2) with the thermal-burial history of present-day depth at 4500 m (Fig. 7) under three different
pressure coefficients of the initial trapping pressure (P¢;) conditions (1.0; 1.25; 1.5; Table 5) and three different pyrobitumen densities (ppy) (1.0 glem?, 1.1 g/em? and 1.2 g/em®). Ty,
Ty and Py are the initial homogenization temperature, trapping temperature, and trapping pressure of oil inclusions, respectively.

decreases too. Therefore, the fluorescence color could show no
obvious variation, or could continue to shift towards the blue color
in this stage, depending on the fluorescence color when the oil
reaches the highest Ksarjaro value during oil cracking (approxi-
mately T, = 24%). Nevertheless, the fluorescence intensity will
decrease because of the decrease of the Ksarjaro values. During the
decrease of the Ksatjaro and the content of Ci4 ARO components,
the fluorescence color will gradually change and even disappear as
both the Cg.14 ARO and C14, ARO components completely crack.
In summary, the oil inclusion fluorescence color and intensity
are hardly affected during the initial stages of oil cracking (T; < 13%,
Tr < 160 °C). As the degree of oil cracking increases (13% < Ty < 24%,
160 °C < Tr < 190 °C), the oil inclusion fluorescence color shifts
towards shorter wavelengths (blue color) and the fluorescence in-
tensity increases. As oil cracking progresses (T; > 24%, T > 190 °C),
the fluorescence color may not observedly change, or may continue

to shift towards the blue color, accompanied by a decrease of
fluorescence intensity. The fluorescence color will gradually change
and even disappear as both the Cg.14 ARO and Cy4,. ARO compo-
nents completely crack.

The fluorescence spectra parameters of oil inclusions from wells
in the northern Dongying Depression and other wells in the Don-
gying Depression (Fig. 5) show a concordant tendency, with the
fluorescence varying according to the compositional modeling of
oil cracking. Four types of oil inclusion maturities exist according to
the Amax Values in Fig. 5A. The least mature oil inclusions have Amax
values from 570 nm to 595 nm and the most mature oil inclusions
have Amax values from 440 nm to 450 nm, while most of the oil
inclusions have Apax values from 480 nm to 550 nm. The least
mature oil inclusions were only detected shallower than 3100 m
and are thought to contain more polycyclic aromatic hydrocarbons
and Cy4, NSO components. Oil inclusions with Apax from 530 nm to
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549 nm are the most abundant of the four types of oil inclusions,
and are believed to have been generated from a mature source rock
in the oil window. This type of oil inclusion is thought to have
higher maturity and is distributed at depths from 1500 m to
4000 m. Only oil inclusions with Apax less than 500 nm can be
found deeper than 4000 m; it is thought that these have more
saturated hydrocarbons than polycyclic aromatic hydrocarbons.
Generally, the maturity of oil inclusions as inferred from fluores-
cence spectroscopy increases with burial depth (Fig. 5).

Oil inclusions represent paleo-petroleum fluids that were
trapped during oil charging, so the absence of mature oil inclusions
(530 nm < Apax < 549 nm) below 4000 m cannot be interpreted to
be due to a lack of oil charging during the generation of mature oil.
Interestingly, the present-day Tris approximately 160 °C at 4000 m
in the northern Dongying Depression (Fig. 2B), which is in accor-
dance with the initial temperature (160 °C) for a rapidly increasing
Ksat/aro from oil cracking kinetic modeling (Fig. 9). The rapid
cracking of C14, ARO components is interpreted to indicate a shift
in the Amax values of the oil inclusions from 530 to 550 nm to less
than 500 nm when the present-day depth exceeded 4000 m with a
Trover 160 °C (Fig. 5A). In addition, the Apax values from 530 nm to
549 nm do not change shallower than 4000 m, but their corre-
sponding Qeso/500) and QF-535 values gradually decrease with
increasing depth (Fig. 5B and C). The most likely reason is the
cracking of C14, NSO components at low thermal stress, for which
there is evidence from the results of compositional modeling dur-
ing oil cracking (Fig. 8). On the other hand, the Ayax values of the
fluorescence spectra parameters are not sensitive to low thermal
stress (<160 °C) compared to Qsso/500) and QF-535, which are
easily modified by variations in the Ci4, NSO content. Conse-
quently, it is better to distinguish multiple episodes of oil charging
using the Amax parameter rather than Qeso/s00) and QF-535 pa-
rameters when analyzing the characteristics of the fluorescence
spectra of oil inclusions.

4.4. Factors that control the effect of oil cracking on the T,

Once the oil inclusion components are established, Ty, can be
determined by combining the formation temperature and internal
pressure of the oil inclusion using the equation of state. Ty, greatly
depends on the internal pressure of the oil inclusion (Ping and
Chen, 2011). However, the internal pressure of an oil inclusion is
controlled by changes in oil composition during oil cracking, and on
the volume increase of solid pyrobitumen, which simultaneously
leads to a volume decrease of the liquid phase oil in the oil inclu-
sion. The volume of solid pyrobitumen depends on its generated
amount and its density. Generally speaking, the density of pyrobi-
tumen (ppy) increases with increasing thermal maturity and ranges
from 1.0 g/em® to 1.2 g/em® (Jacob, 1989). Published data regarding
changes in ppy with thermal maturity are lacking, so this study sets
ppy as a variable that influences the internal pressure of the oil
inclusion during oil cracking, and the densities of 1.0 g/cm?, 1.1 g/
cm? and 1.2 g/cm® were used to calculate the internal pressure and
Tho during oil cracking.

Fig. 10 shows the changes in Ty, and the internal pressure of oil
inclusion A with increasing degree of oil cracking for various
pressure coefficients of initial trapping pressure and pyrobitumen
density conditions. Oil inclusion A was initially trapped at 120 °C
under different trapping pressure (Table 5) and various ppy. The
thermal-burial history of oil inclusion A was the same as that at the
present-day burial depth of 4500 m, as shown in Fig. 7. According to
Fig. 10, both trapping pressure and ppy have significant influence on
Tho during oil cracking; more importantly, the various trends of Tpq
from Fig. 10 are not consistent with the results of Okubo (2005),
who concluded that Ty, continuously decreases during oil cracking.

However, our results show that the Ty, increases as oil cracking
progresses, with the maximum change in Ty, being close to 40 °C
(Fig. 101). In addition, the higher the trapping pressure, the greater
the influence of oil cracking on Tp,. For example, when the pressure
coefficient of the initial P increases from 1.0 to 1.5, Tpo vap 10 A, D,
and G). The higher the ppy value, the greater the influence of oil
cracking on Tpo. For example, if ppy increases from 1.0 to 1.2, T
variation increases from 30 °C to 40 °C under the same pressure
coefficient of the initial P; (Fig. 10G, H, and I).

Fig. 11 illustrates how oil cracking influences the Ty, value of the
more mature oil inclusion B after it was trapped. The variation in
Tho ranges from 10 °C to 20 °C during oil cracking at different initial
Pi and ppy (Fig. 11A and I). Although the initial Py and ppy have the
same influence on the changes in Ty, as for the less mature oil in-
clusion A during oil cracking, the effect of oil cracking on Ty, of oil
inclusion B is less than that for oil inclusion A. Thus, the higher the
maturity of the crude oil in the oil inclusion, the smaller the in-
fluence of oil cracking on The.

The reason why oil cracking increases Ty, is that C14, NSO and
Cy4. ARO hydrocarbons are the main components that undergo
thermal breakdown during initial oil cracking (Fig. 8A), and few gas
hydrocarbons are generated during this process. The solid pyrobi-
tumen that progressively forms in these oil inclusions both con-
sumes the mass of liquid hydrocarbons and reduces the volume
that the liquid hydrocarbons occupy. However, the density of
pyrobitumen is much higher than that of liquid hydrocarbons, so
the deceasing rate of the mass of liquid hydrocarbons is higher than
that of the volume of liquid hydrocarbons. Thus, the density of the
liquid oil decreases and the isochores of the oil inclusions in Figs. 10
and 11 shift to the right in the P-T phase diagram, which finally
leads to an increase in Tp, as oil cracking progresses. Although
changes in the oil components have little influence on the P-T phase
diagram (the bubble point lines nearly coincide in Figs. 10 and 11)
during low-degree oil cracking (usually Tr < 180 °C), they have great
influence on changes in the isochores of oil inclusions and thus
affect Tpo. Okubo (2005) showed that the Ty, values (73 °C-33 °C) in
the Shin-Kumoide SK-1D well at a depth of 4040—4810 m decrease
constantly with increasing depth, but proposed that this could not
be caused by oil cracking, but instead reflected the paleo-trapping
pressure characteristics (Ping and Chen, 2011). The formation
temperature at a depth of 4040—4810 m ranges from 135 °C to
165 °C in the Shin-Kumoide SK-1D well, so oil cracking should in-
crease Ty, during oil cracking according to the current study.

Oil cracking in oil inclusions must have occurred during the
geologic past, as shown by the presence of solid bitumen in the oil
inclusions from below 3900 m in the northern Dongying Depres-
sion (Fig. 4). However, a decreasing trend of Ty, as observed by
Okubo (2005) was not seen, despite measuring over 900 Ty, values
from 3500 to 4300 m in the northern Dongying Depression (Fig. 6).
Rather two types of variation in T, were observed. The first trend is
that the ranges of Tp, exhibit no obvious changes in deeper reser-
voirs compared to shallow reservoirs, such as the Ty, values from
the Shengtuo area (Fig. 6A—C). Fig. 6B shows that the Ty, values for
yellow fluorescing oil inclusions from 3951.8 to 3952.9 m are much
higher than those of both yellow fluorescing and blue-white fluo-
rescing oil inclusions from 3672 m (Fig. 6A and B). This result is
attributed to oil cracking because: 1) yellow fluorescing oil in-
clusions are easier to crack compared to blue-white fluorescent oil
inclusions; 2) yellow fluorescing oil inclusions may be trapped
earlier than blue-white fluorescing oil inclusions, which could
result in longer heating; and (3) solid bitumen was detected in the
oil inclusions (Fig. 4b-c).

However, the Ty, range of the blue-white fluorescing oil in-
clusions from 4358.49 m in well T765 (Fig. 6C) did not change
compared to the Th, range of those from 3951.8 to 3952.9 m in well
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Fig. 11. The T}, and internal pressure (P;,) variations for oil inclusion B (Table 2) with the thermal-burial history of present-day depth at 4500 m (Fig. 7) under three different
pressure coefficients of the initial trapping pressure (P;) conditions (1.0; 1.25; 1.5; Table 5) and three different pyrobitumen densities (ppy) (1.0 glem?, 1.1 g/em? and 1.2 g/em®). Ty,
Ty and Py are the initial homogenization temperature, trapping temperature, and trapping pressure of oil inclusions, respectively.

T765 (Fig. 6B). The Ty, distributions in the Shengtuo area seem not conditions (Ping et al., 2017). Thus, high trapping pressure, recent
to agree with the modelled results in this study. However, in trapping and higher-maturity oil may have led to a low-degree of
consideration of the present-day formation pressure below 3900 m oil cracking and, thus, the least modification of Ty,.

in the Shengtuo area and the absence of solid bitumen in the oil Oil inclusions were trapped within a calcite vein at 3943.0 m in
inclusions from 4358.49 m in well T765, overpressure could have well F8, and coeval aqueous inclusions have measured Ty values
played an important role in preventing oil cracking in the blue- between 130 °C and 155 °C (Fig. 6D), which suggests that the oil
white fluorescing oil inclusions from 4358.49 m in well 765, inclusions were trapped within the last several million years
restricting Tpo to low values (Al Darouich et al., 2006; Chen et al., (present-day T = 150 °C). Moreover, the Tp, values of coeval
2014; Snape et al., 2007). Fig. 2A shows that strong overpressure aqueous inclusions and the Ty, of oil inclusions from 4055.35 m to
developed where the present-day pressure gradient at 4358.49 m 4181.5—4201.5 m in well F8 are higher than those from 3943.0 m
in well T765 is nearly 20 MPa/km. In addition, the coeval aqueous (Fig. 6E and F). Therefore, it is inferred that the oil inclusions from

inclusions and blue-white fluorescing oil inclusions have measured 4055.35 m to 4201.5 m in well F8 were trapped at the same time as
Tho values between 150 °C and 160 °C, which suggests that blue- those from 3943.0 m, or slightly later. Thus, the trapping pressure of
white fluorescing oil was recently trapped under overpressure oil inclusions from 4055.35 m to 4201.5 m was larger than the
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trapping pressure of oil inclusions from 3943.0 m, with the largest
difference reaching 6 MPa if a lithostatic pressure gradient is used
to calculate increasing pressure over no greater than 300 m. In
addition, the maturity of oil inclusions from 4055.35 m to 4201.5 m
is lower than that from 3943.0 m according to the fluorescence
spectra parameters in Fig. 5. Consequently, oil inclusions that were
trapped from 4055.35 m to 4201.5 m should have a lower Ty, than
the oil inclusions containing less mature oil from 3943.0 m ac-
cording to the P-T phase diagram, because of the latter's slightly
higher P-T gradient. However, Fig. 6E and F shows that the T,
values from 4055.35 m to 4201.5 m are much larger than that from
3943.0 m (Fig. 6D). The best explanation could be the effects of oil
cracking on the Ty, values of oil inclusions combined with the
presence of solid bitumen in the oil inclusions (Fig. 4f, g/, and h’)
and the modelled results for Ty, during oil cracking. The Ty values
from 4321.7 to 4323.6 m in well FS1 (Fig. 61) were much higher than
those at shallower depths (Fig. 6G—H). The high formation tem-
perature (Tf = 185 °C), the presence of pyrobitumen in intergran-
ular pores (Fig. 4p) and solid bitumen in oil inclusions (Fig. 4j’-n’),
except for blue fluorescing oil inclusions (Fig. 40’), and the
increasing Ty, from 3943 m to 4323.6 m all indicate the effects of oil
cracking.

4.5. Variations in internal pressure and the predicted Py in oil
inclusions during oil cracking

The differences in the homogenization temperature between
aqueous and oil inclusions (Tha-Tho) defined as ATy, the Fy, and the
degree of pyrobitumen filling in the oil inclusions (Fypy) during oil
cracking are used to further analyze and compare the influence of
oil cracking on T, and the internal pressure. The difference be-
tween Ty, and T for aqueous inclusions is generally small in most
petroliferous sedimentary basins (Hanor, 1980). Therefore, T; was
used as the Ty, value in this study (Munz et al., 2004; Thiéry, 2006;
Tseng and Pottorf, 2002). ATy can also represent the difference
between T; and Ty (Tt—Tho). Fyo is the volume percent of gas
bubbles to gas- and liquid-phase hydrocarbons in oil inclusions at
room temperature (20 °C), and Fypy is the volume percent of solid
pyrobitumen to the total fluid inclusion, including oil, gas and solid
pyrobitumen. For simplicity, the intermediate value of the density
range of pyrobitumen (1.0—1.2 g/cm?®) was selected (1.1 g/cm?) as
the input value to calculate the changes in Tho, ATh, Fyo and Fypy in
oil inclusions A and B (Table 2) at different initial trapping pressures
(Table 5) and under different thermal evolutionary histories (Fig. 7).
The results are presented in Figs. 12—15.

The initial homogenization temperatures of oil inclusions A and
B (Table 2), which were trapped at a given trapping temperature,
depend on their initial trapping pressure. The higher the initial
trapping pressure value, the lower the initial homogenization
temperature value and the higher the ATy, value (Figs. 12—15). Thus,
Tho and AT}, can be used to indicate whether the formation devel-
oped paleo-overpressure (Burruss, 2003; Ping and Chen, 2011;
Pironon and Bourdet, 2008). During initial oil cracking
(T < 180 °C) (Figs. 12 and 13), Tye tends to increase on the whole,
and the corresponding values of AT, and the predicted P, all
decrease as oil cracking progresses regardless of the oil inclusion's
components (inclusions A and B). The difference is that oil inclusion
B, which has a higher maturity, will be less affected by oil cracking
compared to oil inclusion A, which has a lower maturity (Figs. 12
and 13).

For inclusions with the same maturity, the influence of the oil
cracking process on the trapping pressure differs greatly under
different trapping pressures. When the initial P is higher, the in-
fluence of oil cracking on the predicted P; is greater. For example,
the reconstructed P; for oil inclusion A decreases from 26.8 MPa

before oil cracking to a minimum of 16.8 MPa during oil cracking
when the pressure coefficient of the initial P; is 1.0. A maximum
deviation of 10 MPa from oil cracking is shown in Fig. 12B. If the
pressure coefficient of the initial P is increased to 1.5, the deviation
of the reconstructed P; from oil cracking is nearly 16 MPa (Fig. 12H),
with a relative error (the percentage of the deviation between the
reconstructed P; relative to the initial P;) of approximately —40%.
Fig. 13B, E, and H show the reconstructed P; for oil inclusion B
during oil cracking, whose deviations range from 3.3 MPa to
8.3 MPa with a relative error from —12% to —20%. The more mature
the included oil, the more difficult modifying P; through oil
cracking process.

In addition, the internal pressure of the oil inclusion increases
with increasing Tr in Fig. 12B, E, and H and Fig. 13B, E, and H.
However, the internal pressure increases more slowly than the
hydrostatic pressure, which suggests that reservoir oil cannot
develop overpressure but can develop hydrostatic pressure or
underpressure during a lower-degree of oil cracking (T, < 24%,
Tr < 190 °C), if the oil inclusion is considered as a reservoir that is
full of crude oil. In fact, it is impossible for the open system of the
reservoir to develop the same pressure as the closed system of oil
inclusions during oil cracking, because of imperfect sealing of the
reservoir. Therefore, the calculated internal pressure of oil in-
clusions is the maximum pressure that could be developed in the
open system of the reservoir during oil cracking. This result con-
trasts with that of a previous study, which concluded that the
lithostatic gradient is reached after approximately 1.0% of the oil is
cracked (Barker, 1990). Several reasons may explain why the Barker
(1990) results suggested that oil cracking generates ultra-high
pressure after only 1.0% of the oil is cracked. Most importantly,
the equation for the thermal cracking of oil into gas that was used
by Barker (1990) was not appropriate at an initial oil cracking stage
because it generated excessive gaseous hydrocarbons during this
stage, and the initial and final temperatures (111 °C - 149 °C) for the
cracking of oil to gas were too low. In fact, many laboratory ex-
periments have demonstrated that primary C,-Cs hydrocarbon gas
is generated during early oil cracking and that abundant C; gas is
generated during the later stages of oil cracking (Behar et al., 1992;
Hill et al., 2003; Tian Hui et al., 2006). Among gaseous hydrocar-
bons, the C; molar content in crude oil greatly affects the P-T phase
behavior, e.g., the saturation pressure of crude oil (Ping et al., 2013).

Fyo is closely related to Ty, once the petroleum type is deter-
mined (Bourdet et al., 2008). Thus, F,, should follow the variation
trends of Ty, during oil cracking. Figs. 12—15 show that both F,, and
Fypy increase throughout initial oil cracking, and any changes in Fy,
and Fypy also depend on initial Py and the maturity of the oil in the
oil inclusion. The greater the maturity and the higher the initial P¢
value, the less that Fy, and Fypy change.

Figs. 14 and 15 show the variations in Ty, ATy, internal pressure,
the reconstructed Py, Fy,, and Fypy under a high-degree of oil
cracking (T; < 83%, Tr < 205 °C). Unlike the continuous increase in
Tho during initial oil cracking, Ty, presents three different trends.
(1) Tho increases with ATy and the reconstructed P; decreases
correspondingly until Tr increases to 160 °C; although the internal
pressure of the oil inclusion tends to increase, its corresponding
pressure coefficient tends to decrease. (2) When T¢ increases from
160 °C to 190 °C, Ty, decreases gradually as the corresponding ATy
increases, and the reconstructed P; begins to increase close to the
initial P; value. (3) Tf increases from 190 °C to 205 °C, which is the
primary stage for the cracking of oil to gas. Tho appears to decrease
rapidly, even reaching negative values, while the internal pressure
of the oil inclusion quickly increases close to or over the lithostatic
pressure, and the reconstructed P is much higher than the initial P¢
value when the oil inclusions were trapped, which is accompanied
by a continuous increase in Fypy and a quick decrease in Fy, to zero.
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Fig. 12. Variation of oil inclusion A (Table 2) homogenization temperature (Tyo), internal pressure (Pj,), bubble filling degree (F,,) and volume percent of pyrobitumen (F,py) with
the thermal-burial history of present-day depth at 4500 m (Fig. 7) under different pressure coefficients of the initial trapping pressure (P;) (Table 5). T;: trapping pressure of oil
inclusion; Py: trapping pressure of oil inclusions; Ppys: hydrostatic pressure of the reservoir during oil cracking in an oil inclusion; P;. lithostatic pressure of the reservoir during oil

cracking in an oil inclusion.

Thus, the oil inclusions are single liquid phases at room tempera-
ture when there is a high degree of oil cracking. These results are
consistent with the conclusion that the presence of single-phase
liquid oil inclusions could be considered as a good indicator of
high-pressure regimes (Pironon and Bourdet, 2008). The reason
why Tpo decreases quickly under a high-degree of oil cracking
(Ty > 24%, Tr > 190 °C) is that a quick increase in the internal
pressure occurs because primary gas hydrocarbon generation shifts
the slopes of the isochores of oil inclusions to a higher pressure,
eventually reaching the bubble point curve at a low temperature.

The open system of a reservoir is quite different from the closed
system in an oil inclusion where there is limited interaction be-
tween the hydrocarbon and rock, and the hydrocarbons remain
stable to much higher temperatures than in systems open to
interaction with rock (Giggenbach, 1997). Moreover, if the inhibi-
tion of overpressure on oil cracking is considered (Al Darouich et al.,
2006; Chen et al., 2014; Snape et al., 2007), the initial temperature
for the effect of oil cracking on Ty, and a sharp decrease in Tr, may
be much higher than that in this study, where the inhibition of
overpressure on oil cracking was not considered. In fact, the strong



556

H. Ping et al. / Marine and Petroleum Geology 80 (2017) 538—562

Temperature ("C) Pressure(MPa) F.(%)
0 20 40 60 80 100 120 0 200 40 60 80 100 0 2 4 6 8 10 12 14 16 18
100 ————F—T—F—— 17— 100 — T T7 100 41—
szl .0 —o—T, Pm—l .0 —e—P, Pci:l .0 F
1 ——T-T, 1 —e—P, 1 — "
6 6 +le 8 +F\m,
< 120 < 120 o —&—P, <
2 2 2
= = =
5 - g - g
o3 5 53
o o Q,
g 140 g 140 g
=} (=} =
3 - S - 3
5 S 5
g g g
S 160 S 160 S
= = =
180 JA 130 4B
Temperature (‘C) Pressure(MPa) F.(%)
0 20 40 60 80 100 120 0 20 40 60 80 100 0 2 4 6 8 10 12 14 16 18
100 — 71T T T 1 1T 17 T 100 T T 1T 1T T 1T 11 100 T 1 1 rrrr 111
P.=1.25 —e T, P.=1.25 —o—P, P.=1.25 .
1 —o—T-T, 1 —e—P, 1 — "
S o —&—P, N —.—F‘m,
€ 120 4 € 120 —a—p, € 120
g 2 g
= = =
= E 5 ] =
o oy o}
o o E-
5140— § 140 § 140 —
e = =]
2 i 2 i 2
5 g 5
g g g
S 160 S 160 S 160
180 4D 180 4E 180 -
Temperature ('C) Pressure(MPa) F (%)
0 20 40 60 80 100 120 0 20 40 60 80 100 0 2 4 6 8 10 12 14 16 18
100 — 71T T T 1 1T 17 T 100 T T 1T 1T T 1T 11 100 T 1 1 rrrr 111
IP.=1.5 —e—T, 1P=15 —e—P, 1P.=15
——T-T,, —e—P, —a—F,
120 120 e — ="
S 3 ] P 3
FE FR 2
g 2 2
o o s
3 140 4 3 140 - g
£ £ £
2 2 2
=1 T =] T =]
2 2 2
Z 160 g 160 g
S S S
=~ 29} 59}
180 4G 180 4 H 180 41

Fig.13. Variation of oil inclusion B (Table 2) homogenization temperature (Tp,), internal pressure (Pi,), bubble filling degree (F,,) and volume percent of pyrobitumen (Fy,y) with the
thermal-burial history of present-day depth at 4500 m (Fig. 7) under different pressure coefficients of the initial trapping pressure (P) (Table 5). T¢: trapping pressure of oil in-
clusion; Pg: trapping pressure of oil inclusions; Ppys: hydrostatic pressure of the reservoir during oil cracking in an oil inclusion; Py lithostatic pressure of the reservoir during oil

cracking in an oil inclusion.

overpressure (Fig. 2A), the absence of solid bitumen in oil in-
clusions (Fig. 4d’) and the low Ty, (Fig. 6C) at a depth of 4358.49 m
in well T765 shows that oil cracking was restrained by overpressure
to some extent. Therefore, it is concluded that oil inclusions that are
trapped under overpressure conditions are more difficult to modify
by oil cracking compared to those that are trapped under normal
pressure systems. Thus Ty, could be usable for the reconstruction of
oil and gas charging histories in much deeper reservoirs.

4.6. Recognizing the degree of crude oil cracking

The distribution of Cg, compositions strongly depends on the
degree of oil cracking. Fig. 16 shows the relationship between the T;
and variations of Tho (AThe) during crude oil cracking under
different trapping conditions for oil inclusions A and B. As shown in
Fig. 16, the Ty, variations are mainly controlled by the degree of
crude oil cracking. When T; is less than 13%, which corresponds to a
T¢ value of 160 °C, crude oil cracking increases the Ty, value. When
T; is greater than 13% (T > 160 °C), Ty, decreases as the degree of
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Fig. 14. Variation of oil inclusion A (Table 2) homogenization temperature (Ty,), internal pressure (Pj,), bubble filling degree (F,) and volume percent of pyrobitumen (Fypy) with
the thermal-burial history of present-day depth at 5755 m (Fig. 7) under different pressure coefficients of the initial trapping pressure (P) (Table 5). T;: trapping pressure of oil
inclusion; P.: trapping pressure of oil inclusions; Ppys: hydrostatic pressure of the reservoir during oil cracking in an oil inclusion; P; lithostatic pressure of the reservoir during oil

cracking in an oil inclusion.

crude oil cracking increases. Although Ty, begins to decrease,
generally this value is still higher than its initial homogenization
temperature when T; ranges from 13% to 24% (160 °C < Tr < 190 °C).
When T; is higher than 24% and lower than 38%, Tr, may be higher
or lower than its initial homogenization temperature, which de-
pends on its initial Py and the initial oil compositions of the oil in-
clusions. The heavier the oil and the higher the initial P; value, the
larger the ATy, variation when T; is lower than 13%. When T; rea-
ches as high as 38%, stronger oil cracking is required to reduce T, to
its initial homogenization temperature (ATy, = 0 °C) (Fig. 16).

As solid pyrobitumen is continuously generated during oil
cracking, Fypy constantly increases, and the value of F,,y depends on
the initial trapping components and the thermal evolutionary
history of the oil inclusions, but has little relationship with its initial
P; value (Fig. 17). Generally, the Fy;,y value of an oil inclusion has a
positive correlation with T; and thus can be used to indicate the
degree of oil cracking in the oil inclusion. Once the T; value of the oil
inclusion is known according to Fypy in Fig. 17, the approximate ATh,
from oil cracking can be estimated based on the correlation be-
tween Ty and ATy, in Fig. 16. In addition, the degree of oil cracking in
the oil inclusion can be evaluated qualitatively by comparing the
pyrobitumen content and the fluorescence characteristics of the oil
inclusion. For example, a low pyrobitumen content and strong
fluorescence intensity in an oil inclusion suggests that oil cracking
is at an initial stage (T, < 13%). If the pyrobitumen content is high,
the blue fluorescence intensity is weak or even no fluorescence, and
no gas bubble is present (single-phase liquid oil inclusion), then the

oil may have been significantly cracked (Tf > 200 °C, T, > 64%, at
least).

The presence of solid bitumen in oil inclusions is one of the lines
of evidence to justify the oil cracking phenomenon. However, solid
bitumen can form due to various other geological processes, e.g.,
natural gas injection (gas deasphalting), biodegradation, and water
washing (Curiale, 1986), and these processes may explain solid
bitumen where it is trapped together with crude oil in fluid in-
clusions in diagenetic minerals. The volume filling fraction of solid
bitumen in the same fluid inclusion assemblage can vary greatly
when the solid bitumen is generated prior to the trapping of oil
inclusions, and oil inclusions that do not contain solid bitumen and
those that contain varied amounts of solid bitumen can also be
measured. The formation of solid bitumen generated during oil
cracking is kinetically controlled (Behar et al., 2008), while the gas
deasphalting process is controlled by the phase equilibria of
reservoir fluids (Evans et al., 1971) and this precipitated bitumen
mainly contains asphaltenes (Blanc and Connan, 1994), which are
significantly different from the highly condensed bitumen (pyro-
bitumen) generated during oil cracking. Pyrobitumen that forms
from oil cracking shows consistent Fypy values in the same fluid
inclusion assemblage (Fig. 4n’). In addition, the color of solid
bitumen under transmitted and UV light can also be used to judge if
the solid bitumen originates from oil cracking or from gas injection.
Solid bitumen generated from oil cracking is black to dark brown
under transmitted light and has no visible fluorescence color under
UV light (Hunt, 1995), while solid bitumen from gas injection
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Fig. 15. Variation of oil inclusion B (Table 2) homogenization temperature (Ty,), internal pressure (Pj,), bubble filling degree (Fy,) and volume percent of pyrobitumen (Fypy) with the
thermal-burial history of present-day depth at 5755 m (Fig. 7) under different pressure coefficients of the initial trapping pressure (P) (Table 5). T;: trapping pressure of oil in-
clusion; Py trapping pressure of oil inclusions; Ppys: hydrostatic pressure of the reservoir during oil cracking in an oil inclusion; Pjjs. lithostatic pressure of the reservoir during oil

cracking in an oil inclusion.

usually has a brown color under both transmitted and UV light
(Bourdet et al., 2014).

Once oil is trapped in a fluid inclusion, it is very difficult for it to
be altered to solid bitumen by gas deasphalting or biodegradation
because oil inclusions are closed systems. Apart from oil cracking,
the only possible mechanism that could produce solid bitumen
after trapping of an oil inclusion is pressure reduction, which is
often encountered during petroleum production, resulting in the
plugging of the formation, wellbores and production facilities, and
the isolation of oil from the flowing portion of the reservoir (Lichaa
and Herrera, 1975). In addition, tectonic uplift can also result in
pressure reduction in oil inclusions. However, these mechanisms
are insignificant for the oil inclusions in this study, as most that
have been examined do not contain solid bitumen.

Understanding the influence of oil cracking on Ty, has great
geological significance in oil and gas exploration in deeply buried
reservoirs. First, the modification by thermal stress of Ty and P¢ has
been confirmed in this study. Researchers must be careful when
reconstructing the oil charge history using oil inclusion data when
the formation temperature is higher than 160 °C, especially when
the oil inclusions experienced a maximum formation temperature
of over 190 °C. Second, the uniform presence of black solid bitumen
in oil inclusions is a valid factor for identifying whether the oil has
been thermally cracked, and to determine the degree of oil
cracking. The solid bitumen that is generated by oil cracking in a
fluid inclusion assemblage should have the same volume ratio. The
higher the Fypy value, the higher the degree of oil cracking. If a

single-phase liquid oil inclusion contains a large amount of solid
bitumen with weak fluorescence or even no fluorescence, then the
oil inclusion has experienced significant oil cracking, and oil and
gas exploration should mainly focus on searching for gas that
formed by secondary cracking of oil in ancient reservoirs.

Finally, overpressure will likely not develop according to the
internal pressure changes in oil inclusions during oil cracking.
Instead, hydrostatic pressure or underpressure (lower than the
hydrostatic pressure) will develop during initial oil cracking in a
closed system. Strong overpressure only develops during higher
degrees of oil cracking. The absence of overpressure during initial
oil cracking is beneficial for preserving in-situ oil cracked gas res-
ervoirs, because strong overpressure from oil cracking will lower
the gas/oil-water contact and release most of the oil and gas (Tian
et al.,, 2008). Therefore, oil and gas exploration in deeply buried
reservoirs should not ignore reservoirs with normal pressure or
underpressure from lower-degree oil cracking, especially those
with Tr between 150 °C and 190 °C, and focus on reservoirs with
overpressure to ultra-high pressure with T¢ higher than 190 °C.

5. Conclusions

(1) The beginning stages of oil cracking (T, < 13%, Tr < 160 °C)
have no obvious effect on the fluorescence color and in-
tensity of oil inclusions. As the degree of oil cracking in-
creases (T; < 24%, Tr < 190 °C), oil inclusion fluorescence color
shifts towards shorter wavelengths and the fluorescence
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Fig. 16. The relationship between the transformation rate (T;) during oil cracking and the homogenization temperature variation (ATy) of oil inclusions during oil cracking. The

present day burial depth (Dp) represents the thermal history that oil inclusions experienced after trapping, and C; represents the molar percent of methane in oil inclusions A and B.

intensity increases accordingly. As oil cracking progresses (4) According to the variation in the internal pressure values of

(Ty > 24%, Tr > 190 °C), the fluorescence color of an oil in-
clusion may not change obviously, or may continue to shift
towards the blue color, accompanied by a decrease in fluo-
rescence intensity. The fluorescence color will gradually
change and even disappear as both the Cg.14 ARO and Cy4,
ARO components completely crack.

(2) The Ty, first increases and then decreases as oil cracking

progresses. The inflection point appears at a temperature of
approximately 160 °C, which corresponds to a T, value of Cg .
components of approximately 13%. When the T; is higher
than 13% and lower than 24% (160 °C < Tf < 190 °C), Tho
begins to decrease but is still larger than its initial homoge-
nization temperature. T, becomes larger or smaller than its
initial homogenization temperature depending on the initial
trapping pressure value and the composition of the oil in-
clusion with a T; value from 24% to 38%. Th, becomes lower
than its initial homogenization temperature once T; is higher
than 38%, and then Ty, continues to reduce until it reaches
negative values, which corresponds to a single-phase liquid
oil inclusion at room temperature. The reconstructed P; has
the opposite trend compared to Ty,, decreasing during the
early stage of oil cracking (T; < 13%) and then increasing.

(3) The degree of oil cracking in both oil inclusions and a

reservoir can be estimated by the value of Fypy, and then the
modified extent of Ty, by 0il cracking can be approximately
predicted according to the relationship between AT}, and T..
Investigating the distribution of pyrobitumen in oil in-
clusions should provide constraints on the depth and tem-
perature conditions for oil cracking and thus the oil charge
history reconstruction in deeply buried reservoirs.

oil inclusions during oil cracking, a lower degree of crude oil
cracking in reservoirs develops under normal pressure or
underpressure rather than under overpressure conditions.
Only under a higher degree of oil cracking (T, > 40%) can
overpressure and ultrahigh pressure be developed, possibly
exceeding the lithostatic pressure (T, > 70%).

(5) Oil inclusions from deeper than 4000 m in the DBRs in the

Dongying Depression show consistent blue or blue-white
fluorescence (Amax < 500 nm), which was attributed to the
oil cracking effect based on the general presence of solid
bitumen in oil inclusions. The depth of 4000 m corresponds
to a temperature of about 160 °C in the northern Dongying
Depression, which is consistent with the modeling results.
This suggests that a blue shift of fluorescence colors may
occur in oil inclusions when the oil inclusions are heated
above 160 °C.The relatively high Ty, of oil inclusions from
deeper than 4000 m in the Minfeng area supports an in-
crease in  Tpe during low-degree oil cracking
(Tf < 180 °C —190 °C, T; < 24%). However, the effect of oil
cracking on the Ty, may be unimportant when the oil in-
clusions were trapped under high overpressure.

(6) Oil cracking only results in hydrostatic pressure or under-

pressure during its early stages (T, < 13—-24%,
Tr < 180—190 °C). Therefore, the exploration for oil and gas in
deeply buried reservoirs cannot exclude the possibility of oil
cracking to form gas reservoirs under conditions of under-
pressure or hydrostatic pressure, especially where the T
ranges from 160 °C to 190 °C. Overpressure (T; > 40%) that
may even exceed lithostatic pressure (T; > 70%) can occur
with a high degree of oil cracking. Thus reservoirs with
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Fig. 17. The relationship between the transformation rate (T;) during oil cracking and the volume percent of pyrobitumen (Fyy). The present day burial depth (D;,) represents the
thermal history that oil inclusions experienced after trapping, and C; represents the molar percent of methane in oil inclusions A and B.

overpressure or ultrahigh pressure, when the Tf is over
190 °C, could be potential exploration targets for oil cracked
to gas in deep basins.
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Nomenclature

C Methane

D Depth (m)

Dp Present-day burial depth (m)

D¢ Trapping depth of oil inclusion (m)

Fyvo Degree of bubble filling of oil inclusion (%)

Fypy Degree of pyrobitumen filling of oil inclusion (%)

P Pressure (MPa)
Phys Hydrostatic pressure (MPa)
Piis Lithostatic pressure (MPa)

Py Homogenization pressure (saturation pressure) at
homogenization temperature (MPa)

Py Trapping pressure (MPa)

Py Pressure at T, (MPa)

T Temperature (°C)

t Time (Ma)

T¢ Formation temperature (°C)

T; Transformation rate of cracking of oil to gas (%)

Th Homogenization temperature (s) (°C)

Tho Homogenization temperature (s) of oil inclusion(s) (°C)

Tha Homogenization temperature (s) of aqueous fluid
inclusion (s) (°C)

Te Trapping temperature (°C)

Ty Measurement temperature of Fy, (°C)

ATho The difference between the homogenization temperature
of oil inclusion after oil cracking and initial
homogenization temperature of oil inclusion trapped (°C)

ATh The difference between the Ty, of coeval aqueous fluid
inclusions with oil inclusions and Ty (°C)

Ppy Density of pyrobitumen (g/cm?)

mol% Molar percent

wt. % Weight percent

CcpP Critical point

L(G) Bubble point line

G(L) Dew point line

T Critical temperature (K)

Pc Critical pressure (MPa)

w Acentric factor

max Maximum
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Appendix A. Calculation of internal pressure of oil inclusion
during oil cracking

It is assumed that the molar volume is Vy,, the initial trapping
pressure is Py and the mole number is m when an oil inclusion is
trapped. The volume of liquid oil and insoluble solids (pyrobitumen
and pyrobitumen predecessor) are Vo and Vg, respectively, at time
t, and the internal pressure during oil cracking is Py. At time t the
mole number of crude oil is m¢, the molar volume is Vi, and the
quality and density of insoluble solids is Mg; and pg;, respectively.
Assuming that the volume of the oil inclusion does not change
during oil cracking,

mV = Vot + Vgt (A1)
Vot = MtVie (A2)
Vst = Mst/pst (A3)

In Eq. (A.1) to Eq. (A.3), m, m¢, Mg and ps; are controlled by the
oil cracking kinetics and are all known quantities; V¢ is jointly
controlled by the oil components, formation temperature and in-
ternal pressure of the oil inclusion. Therefore, an iterative calcula-
tion method can be applied to calculate the internal pressure
changes of an oil inclusion during oil cracking. First, an initial in-
ternal pressure value of the oil inclusion is assigned and the liquid
molar volume V¢ of the oil inclusion is calculated. If the calculated
value does not match with Eq. (A.1), the initial value is changed
until it satisfies the equation. Finally, the internal pressure after oil
cracking can be obtained.
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