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Abstract

The thermal stability of Paleozoic oil in eastern Tarim Basin, NW China was investigated through laboratory kinetic
simulation experiments. Laboratory cracking of a selected marine oil sample from Ordovician strata in well LG-1 of Tarim
Basin was performed by confined, dry pyrolysis system at 7= 300-650 °C, P = 50 MPa. Results indicated the oil required
higher temperature for cracking. At laboratory heating rates, oil cracking started at 390400 °C and the laboratory crack-
ing was completed at around 650 °C. At geological heating rates, the onset temperature is about 148-162 °C for cracking
start and was completed at 245-276 °C. The oil-cracking history was recovered using the acquired kinetic parameters and
the geothermal history of TD-2, and the threshold temperature for oil cracking under geological conditions was calculated.
The oil cracking started at 165 °C (R, = 1.45%) and stopped in early Devonian (390 Ma), and the oil-cracking rates in the
strata of €-O, reached 60-70% at the end of Silurian. The calculated oil generation and oil cracking windows overlapped
to some extent and were completed rapidly. The possible geological controls for the occurrence of residual oil reservoirs in
Eastern Tarim basin have been discussed, including the high stability of the Paleozoic oil in Tarim Basin, the fast heating
rate and longer duration time for oil cracking, the slight biodegradation in later uplift, the good preservation of the paleo-
reservoirs and the moderate structural adjustment, which were critical for the exploration of residual oil and gases in this
area.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Lower Paleozoic strata (€-O;) in eastern
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sedimentary thickness of €-O; strata in Manjaer
Depression reaches 8000 m, Zhang et al., 2004a)
and high TOC concentration (2.84% average from
Sun et al., 2003). The exploration of the Paleozoic
strata is focusing on the cracking gases in this area
because of the high maturity-levels (>2.0% R,).
Because the oil-bearing strata (€-O;) experienced
very high temperature (>190-200 °C) during matu-
ration, it is generally assumed that oil accumula-
tions have been destroyed by thermal stress. Other
possible destructive factors to old oil reservoirs
include biodegradation and evaporative fraction-
ation caused by the structural uplift in Hercynian
and Indosinian orogenies. The discovery of residual
oil in well TD-2 at the end of 2001, which was gen-
erated very early (>400 Ma) and experienced very
high thermal alteration (7" > 200 °C), arouses the
exploration expectation of oil reservoirs in this area.
However, the key to the occurrence of residual oil
reservoir in this area is to study the oil thermal sta-
bility and the oil cracking history.

Laboratory pyrolysis methods have been widely
used to study the thermal stability of oil, to compare
compositional changes with increasing thermal
stress, and to determine the process of oil to gas
cracking kinetically in particular (Bjorey et al.,
1988; Ungerer et al., 1988; Behar et al., 1991,
1992; Horsfield et al., 1992; Kuo and Michael,
1994; Pepper and Dodd, 1995; Schenk et al., 1997,
Tsuzuki et al., 1999; Hill et al., 2003). Previous stud-
ies show that oil cracking is a complicated, dynamic
and progressive process involving many different
simultaneous cracking reactions of the high molecu-
lar weight hydrocarbons and heteroelement (N, S,
O) compounds to low molecular weight compounds
(condensate and gas) and pyrobitumen (Hill et al.,
2003). For oil thermal stability, early work sug-
gested oil was only stable to 150°C (McNab
et al., 1952; Barker, 1990; Hayes, 1991). However,
fieldwork (Price et al., 1979, 1981; Price, 1981;
Mango, 1990; Horsfield et al., 1992; Schenk et al.,
1997), laboratory work (Dominé, 1989, 1991; Dom-
iné and Enguehard, 1992; Horsfield et al., 1992;
Price, 1995; Schenk et al., 1997) and theoretical cal-
culations (Dominé et al., 1990, 1998) suggest that oil
is stable to 200 °C. In order to study the thermal sta-
bility of Paleozoic oil, laboratory pyrolysis experi-
ments were performed and the kinetic parameters
of the cracking of gaseous hydrocarbon (C;_s) from
a selected marine oil sample were derived by using a
confined system. The threshold temperature for oil
cracking and cracking-R, (%) pattern under geolog-

ical conditions were calculated. After recovering the
oil-cracking history using the geothermal history in
the site of Well TD-2, the possible geological con-
trols for the occurrence of residual oil reservoirs in
this area were discussed.

2. Study area and geological setting

The wells TD-1 and TD-2 are situated in TD
lower-bulge, eastern section of Central Uplift (TZ
Uplift) of the southern edge of Manjaer Depression,
Tarim Basin (Fig. 1). TD-2 structure began to uplift
in the Devonian—Triassic Period, so Devonian—Tri-
assic strata were not deposited. The deposited
Upper Ordovician and Silurian strata (O,43-S) were
eroded completely, and the Lower Ordovician stra-
tum (O;) also underwent severe erosion. With a
thickness of 56 m, the Lower Ordovician stratum
(Hetuwa Formation, Oy;,) is a series of black mud-
stone and argillite deposited in a deep starved basin.
The average TOC of Oy, is 3.07% and the maximum
TOC reaches 7.2% (23 samples). The upper part of
the Cambrian strata is composed of argillaceous-
limestone deposited in the slope area of the platform
edge and their thickness reaches 272 m. The lower
part of the Cambrian strata is composed of dark
mudstone and shale deposited in a deep starved
basin. The average TOC of the Cambrian rocks is
1.45% and the maximum TOC reaches 4.88% (55
samples). The maturity level of the Lower Paleozoic
rocks is very high, ranging from 2.05% to 2.12%
(equivalent R,%) for Upper Ordovician rocks,
2.44-2.65% for Lower Ordovician rocks and 2.67—
2.75% for Cambrian rocks (Sun et al., 2003; Zhang
et al., 2004a). The present hydrocarbon potentials of
these rocks are very low and the Rock-Eval index of
S1+ S, is less than 0.1 mg/g due to their very high
maturities (Zhang et al., 2004a).

TD-2 experienced very fast burial and uplift.
Fig. 2 shows the burial history of TD-2. It may be
observed that fast burial took place from the Ordo-
vician to the Silurian period and that the deepest
burial was attained in the Silurian (>6000 m). From
the Devonian to the Triassic periods, the strata were
uplifted continuously which made the O,3-S strata
experience severe erosion. The residual thickness of
the 0543 1s 1678 m in TD-2. It was reported that the
average sedimentary O,;3 thickness was 6000—
8000 m in this area (Zhang et al., 2000a). After cor-
relating with other wells, it was estimated that the
eroded thickness of O,3 strata was about 3800 m
(Zhang et al., 2000b; Zhang et al., 2004a).
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Fig. 1. Map of Tarim Basin showing the tectonic units of the study area including Tadong Uplift, Manjaer Depression and Yinjisu Sag,
distribution of TD structure and well TD-1, TD-2, MD-1, LG-1 and YN-2 (minor modification from Zhang et al. (2004a)).

The present exploration has not found any com-
mercial gas production in well TD-2 while a small
quantity of oil has been discovered. The oil of the
TD-2 is produced from fractured limestone over
the depth range of 4630-4670 m, the top of the
Cambrian. The crude oil of TD-2 is typical viscous
oil, with a density of the drill stem test oil of
1.0217 g/em® (API=7°) and the viscosity is
2698 MPa s. The bulk geochemical characteristics
of the oil are as follows: wax content is 10.64%,
resins + asphaltenes is 45.91% and saturates is
24%. TD-2 oil has a full n-alkane distribution and
the peak carbon is C;3 (Fig. 3). The calculated

C21_/C21+ value is 517, OEP is 108, Pr/Ph is
1.24, Pr/n-C,7is 0.67 and Ph/n-C g is 0.59. The bulk
carbon isotope (8'*C,;) is about —28.2%, which is
about 49, heavier than that of normal marine oil
in Tarim Basin (Sun et al.,, 2003; Zhang et al.,
2004a). These properties demonstrate a typical
residual oil after high thermal alteration, which
can be supported by the presence of abundant
high-maturity (BR,% = 2.7-5.0%) pyrobitumen in
Cambrian strata of TD-2, the high homogenization
temperature of coeval aqueous brine inclusions with
gaseous inclusions reaching 160-220 °C (Sun, 2003,
private communication; Zhang et al., 2004a). And
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Fig. 2. The burial history, paleo-temperature and maturity history of Well TD-2, Tarim Basin labeled W the oil generation (A) and oil

cracking (B) windows.

the identification of high weight polycyclic aromatic
hydrocarbons in TD-2 oil indicates that TD-2
oil has experienced severe thermal alteration
(Simoneit and Fetzer, 1996; Sun, 2003, private
communication).

3. Sample and methods
3.1. Sample

The oil sample selected for the experiment was
drill stem test oil from the Ordovician reservoir at
the depth of 4010 m of well LG-1 in Lunan Uplift,
north of Manjar Depression, Tarim Basin (Fig. 1),
which is a typical representative for normal Paleo-
zoic marine-sourced oil in the Tarim Basin. Just like
the oil in TD-2, this oil sample originated from the
Cambrian source rock in Manjaer Depression
(Zhao et al., 2001). Although, the location of this
oil sample is 300 km away from the TD-2, it has
been reported that this oil can be correlated to the
oils from TD area (Ma et al., 2005). The basic geo-
chemical data of the oil sample are listed in Table 1.

The pyrolysis device used is a closed, temperature
programmed, gold-tube system similar to those
described by Burnham et al. (1987, 1988), Behar

et al. (1992, 1995, 1997, 1999), Tang et al. (1991),
Tang and Stauffe (1994, 1995), Liu and Tang
(1998) and Lorant and Behar (2002). The reason
for not using an open system is that the pyrolysis
of oil is very difficult in open system, especially in
high temperature ranges. In contrast to MSSV, the
gold-tube system can be conducted under near-nat-
ural pressure.

Kinetic pyrolysis experiments were carried out in
gold tubes (50 mm length, 5 mm internal diameter
and 0.5mm thick), sealed by welding under an
argon atmosphere containing between 30 and
60 mg of oil sample. The gold tubes were placed in
pressurized autoclaves and kept at a pressure of
50 MPa during the experiment. The temperature
was measured with an accuracy estimated to be
+1 °C, by a thermocouple placed in an empty cell
inside the autoclave (Liu and Tang, 1998). About
12-16 temperature points were set from 300 to
650 °C with three constant heating rates (2 °C/h,
6.3 °C/h and 20 °C/h). Tubes containing oil were
placed into different cells. The cell was taken out
quickly and cooled after a designed temperature
point had been reached. Each tube, after cleaning,
was weighed in order to detect any mass loss due
to the possible leakage during the experiment. The
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Fig. 3. Gas-chromatogram of whole oil in well TD-2, Tarim Basin.

cooled gold tube was placed in a vacuum glass pier-
cer, which was connected to a Toepler pump and a
volume-calibrated glass pipe through vacuum line
(see Behar et al. (1992) for detailed description of
the Toepler pump). The gold tube was pierced by
steel needle in vacuum (with the pressure of
<107> MPa), and all of the gaseous hydrocarbons
were concentrated by the Toepler pump into the
volume-calibrated pipe for volume quantification.
The pipe was connected to an HP 6890 gas chroma-
tograph (GC) through a valve for the on-line gas-
eous hydrocarbon analysis. The hydrocarbons
were quantified using an external standard. The
detailed analysis procedure has been reported by
Liu and Tang (1998) and Xiong et al. (2001).

3.2. Modeling of kinetic parameters

The cumulative kinetic parameters were deter-
mined and computed using commercial software
KINETICS2000™ developed by Lawrence Liver-
more National Laboratory (LLNL) and Humble
Instruments & Services, Inc. The processing options
within the KINETICS 2000™ include the models of
Approximate, Friedman, Discrete, Gaussian, 1st or

Nth order, Weibull, Nucleation (3 Parameters) and
Alternate Pathway (detailed description could be
found on http://www.humble-inc.com/k2000.htm).
The discrete model was adopted in this study due
to its good fit with the closed system experimental
data (e.g., Burnham and Happe, 1984; Burnham
et al., 1987, 1988, 1996; Behar et al., 1992, 1995,
1997; Tang et al., 1991; Tang and Stauffe, 1994,
1995; Liu and Tang, 1998; Lorant and Behar,
2002).

4. Results
4.1. Laboratory pyrolysis

Laboratory closed-system pyrolysis could poten-
tially provide useful information about the gaseous
hydrocarbon generation of oil cracking. For study-
ing the oil stability, we analyzed the gaseous hydro-
carbons which were cracked from the oil. The yields
of hydrocarbon gases (C;_s), obtained from crack-
ing of the Paleozoic oil from the Tarim Basin at dif-
ferent heating rates are summarized in Table 2 and
Fig. 4. From Fig. 4, it appears that the maximum
cumulative yields of gases (C;_s) are roughly com-

Table 1

Sample of simulation experiment and its geochemical data

Areas Depth (m) Type Age API(°) CPI SAT (%) ARO (%) ASPH (%) RESIN (%)

Well LG-1, Tarim Basin 4010 Normal marine oil €-O 36.5 1.09 61.2 22.8 10.8 5.2
Pr/Ph  Pr/n-C;; Ph/n-C;3 OEP S (%) 3Ceoit (%)

1.07 0.33 0.37 0.98 0.17 —33.2
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Table 2

Cumulative yields (ml/g sample) of cracking gaseous hydrocarbon (C,—Cs) from Paleozoic oil of Tarim Basin at heating rates of 20 °C/h,

6.3°C/h and 2 °C/h

Heating rate

20 °C/h 6.3°C/h 2°C/h
Temperature (°C) C-Cs (ml/g) Temperature (°C) C-Cs (ml/g) Temperature (°C) C,;-Cs (ml/g)
406.1 335 406.2 28.603 406.3 53.857
429.9 27.529 430.2 93.434 430.4 159.340
455.4 106.357 455.2 205.630 455.0 304.904
476.7 242.867 471.7 322.245 455.0 295.607
503.4 359.086 477.7 321.876 479.6 401.624
527.6 430.362 503.5 412.282 504.7 465.478
527.6 433.123 530.2 488.758 504.7 458.000
550.9 491.481 558.0 531.710 535.0 547.154
550.9 488.928 558.0 532.005 565.0 541.940
575.1 543.462 599.9 570.977 600.6 554.659
599.1 569.517 599.9 571.298 600.6 558.338
625.0 603.613 622.5 584.738 620.0 515.864
700 - ratory temperature was about 650 °C when com-
600 L o S//‘; o plete cracking was achieved.
A2 C/h o o ° .} &
A
/\5 500 8 A @
E 400t a & ° 4.2. Kinetic parameters
ke) .
2 300 8 L
b . Bulk kinetic parameters of gaseous hydrocar-
200 - 4 bons (C;_s) obtained from this experiment are dif-
100 b R ferent from those obtained in an open system.
7 . However, they appear effective in evaluating the

0
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Temperature (C)

Fig. 4. Cumulative yields (ml/g sample) of cracking gaseous
hydrocarbon (C;—Cs) from Paleozoic oil in Tarim Basin versus
pyrolysis temperature (°C) at heating rates of 20 °C/h, 6.3 °C/h
and 2 °C/h.

parable among the different heating rates. The
plateau in the cumulative yields marks the end of
hydrocarbon generation (Schenk and Horsfield,
1993; Dieckmann et al., 1998, 2000), and the gas-
eous hydrocarbon generation from the oil is clearly
determined by the maximum yields at different heat-
ing rates. For the Paleozoic oil from Tarim Basin
used in this study, the C;_s potential reaches
604 ml/g, which represents the amount of gases
formed from the complete oil cracking in the labo-
ratory. The laboratory pyrolysis results indicated
that the oil required high temperature for its crack-
ing. For example, oil began to crack at 390400 °C
at laboratory heating rates (2-20°C/h), the oil-
cracking rate reached 75% at 550 °C, and the labo-

gas generation from oil cracking (Burnham et al.,
1987, 1988; Ungerer, 1990; Behar et al., 1997;
Boreham et al., 1999; Dieckmann et al., 1998,
2000). We used the KINETICS™ package to derive
kinetic parameters including activation energy dis-
tributions and frequency factor for the C;_s from
the oil sample under investigation. The gas yields
were normalized before the kinetic calculation.
The best-fit between the experimental and calcu-
lated data and the results of the discrete activation
energy distributions (£,) and frequency factors (A4)
of C;_s from the studied marine oil sample are
shown in Fig. 5. Clearly, the kinetic parameters
of oil cracking exhibited a relatively high activation
energy (E,) (Fig. 5), which ranged from 58 to
76 kcal/mol (with 4 =4.5%x10"s""). From the
E, distribution, it was found that there were two
types of gas precursors. Type 1 has lower E,,
which is less than 64 kcal/mol and accounts for
64.12% of the total cracking potential, and type 2
has higher E,, which is larger than 67 kcal/mol
and accounts for 35.89% of the total cracking
potential (Fig. 5).
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Fig. 5. Experimental and calculated gaseous hydrocarbon (C;—
Cs) yields (normalized) at heating rates of 20 °C/h, 6.3 °C/h and
2°C/h (a) and discrete activation energy distribution and
frequency factor (b) of Paleozoic oil sample from Tarim Basin.
(exp: experimental, calc: calculated).

5. Discussion
5.1. Thermal stability of Paleozoic oil in Tarim Basin

The laboratory pyrolysis results have shown the
required temperatures for cracking of Paleozoic
oil, Tarim Basin (Fig. 5). For studying the thermal
stability of Tarim Basin Paleozoic oil under geolog-
ical conditions, a series of heating rates including
0.5, 1, 2, 3, 5 and 10 °C/Ma were used to derive
the extrapolations for the required geological tem-
perature of oil cracking. The conversion rate of
cracked gas from oil under geological temperatures
and geological heating rates are shown in Fig. 6. It
is clear that the threshold temperature for cracking
is about 148-162 °C and the temperature for com-
plete cracking is about 245-276 °C under geological
conditions (Fig. 6). These results demonstrated a
relatively high stability of the Early Paleozoic oil
in Tarim Basin. It is also clear that the faster the
geological heating rates are, the higher the required
geological temperatures are for oil cracking. We will
discuss the relationships between the geological

0.9
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*
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o o o
w H~ O

© o
- N
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Fig. 6. The conversion rate of cracked gas from Paleozoic oil in
Tarim Basin at geological temperature and geological heating
rates (lines from left to right corresponding to 0.5, 1, 2, 3, 5,
10 °C/Ma).

heating rates and the required geological tempera-
tures for oil cracking in following sections by com-
bining the results at constant geological heating
rates with the results from real geothermal history
from Well TD-2.

5.2. Oil thermal cracking history in TD-2

According to Sun et al. (2003) and Zhang et al.
(2004), the burial history of €-O; source rocks
(Fig. 2) is characterized by two features. The first
one was fast burial during Ordovician to Silurian
with the maximum burial depth of 6000 m in the
Silurian (Fig. 2), and the second one was the contin-
uous uplift from the early Devonian to the Triassic
with the deduced erosion thickness of 4300 m for
O;-S strata. The present residual thickness of
0O,_3is 1678 m in TD-2; however, the present thick-
ness of the corresponding strata in the east of Man-
jar Depression is about 6000-8000 m (Zhang et al.,
2000b; Sun et al., 2003). Therefore, it was estimated
that the deposited thickness of O,_3; was more than
5000 m in TD-2, which made the strata of €-O;
quickly buried to depths of more than 6000 m, the
temperature increased from 30 to 210 °C and the
R,% increased from 0.5% to 2.6-3.0% (Fig. 7).
Here, the maturities of the rocks were calculated
using the equivalent Easy R,% (Sweeney and Burn-
ham, 1990) and calibrated by the measured maturi-
ties. The thermal history at the TD-2 site was
determined by combining the burial history and
maturation history restrained by real maturity mea-
surements (Fig. 7). It could be found that the matu-
ration of the €-O; source rocks was finished at the
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Fig. 7. The thermal and maturation history of Well TD-2, Tarim
Basin (Line: temperature; Line with symbols: R, (%); The
simulation layers include the bottom and the top of Cambrian
and Ordovician strata).

end of the Silurian. The fast maturation of the
source rocks was accompanied by oil generation
and cracking. The main oil generation time was cal-
culated in later Ordovician (440-450 Ma) by 1-D
basin model (Fig. 7) and it was calibrated by the
homogenization temperature of coeval aqueous
brine inclusions with oil inclusions (Sun et al.,
2003; Zhang et al., 2004a). The unique characteris-
tics of the earlier Paleozoic deposition in eastern
Tarim Basin made the hydrocarbon generation very
early (440-450 Ma) and very fast (10 Ma duration).
The filled solid bitumen in earlier Caledonian struc-
tural fractures of reservoir rocks suggested that the
TD-2 was a very old oil reservoir formed in later
Ordovician (Sun et al., 2003; Zhang et al.,
2004a,b). An old oil reservoir with more than
400 Ma preservation provides us a very good case
for studying destruction and preservation of oil.
Here, we took the yields of cracking gaseous hydro-
carbons (C;-Cs) as an indicator of the cracking
degree of the oil. The cracking rate of oil in TD-2
site was calculated using the acquired kinetic
parameters and the thermal history of €-O; strata
in Fig. 6. The conversion rate of cracking gas from
oil of TD-2 in geological history is shown in Fig. 7.
The oil-cracking rate in the strata of €-O; reached
60-70% at the end of the Silurian (Fig. 8). The oil
cracking stopped as the strata uplifted in the early
Devonian (390 Ma).

For studying the precise cracking history of the
oil in TD-2, the relations between oil-cracking rate
and maturity and the threshold temperature for
the oil cracking in TD-2 were also computed
(Fig. 9a and b). The oil cracking started at a temper-
ature of 165 °C (R, = 1.45%) at the TD-2 site. Obvi-
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ously, the cracking temperature is quite high, which
reflects the fast heating rate and high oil stability in
this site.
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For showing the relationships between oil genera-
tion and oil cracking during burial, we calculated the
oil generation window by using the optimized kinetic
parameters proposed by Pepper and Corvi (1995) for
marine clastic deposition with moderate sulfur
content, which were quite similar to the depositional
environment of €-O; strata in TD-2, including
mean activation energy (Emean = 215.2kJ mol™",
o =8.3kImol ') with the frequency factor (4 =
8.14 x 10"*s™1). Here a fractional real heating rate
of the fast burial stage in TD-2 was calculated to
be about 3.56 °C/Ma, which was used for further
calculations. The kinetic parameters derived in this
study were used for calculating the cracking window
of TD-2 by using the heating rate of 3.56 °C/Ma.
Following Pepper and Corvi (1995), the oil window
was determined between the generation rates from
0.1 to 0.9, and the oil-cracking window was deter-
mined between the oil-cracking rates from 0.1 to
0.9. The calculated oil generation window was from
108 to 177 °C and the oil-cracking window was from
165 to 258 °C for the heating rate of 3.56 °C /Ma in
TD-2. These results were also labeled in the burial
history profile (Fig. 2), which clearly indicated that
the oil generation and oil cracking windows over-
lapped to some extent and were completed in a very
short time. The calculated results show that the oil-
cracking windows for the bottom of Cambrian strata
(€) began at 443 Ma and ended at 401 Ma, and the
oil-cracking windows for the top of lower Ordovi-
cian strata (O;) began at 438 Ma and ended at
391 Ma (Figs. 2 and 9). Compared with the duration
of the oil generation window (10 Ma, from 450 Ma
to 440 Ma), the duration of the oil-cracking window
was relatively long, 4247 Ma.

5.3. Implications for the occurrence of residual oil
reservoirs

The above laboratory-based simulation results in
TD-2 can provide some information and implica-
tions for the occurrence of residual oil reservoirs
in eastern Tarim Basin.

Firstly, the Paleozoic oil in Tarim Basin has very
high thermal stability. The required temperatures
for oil cracking at both laboratory and geological
heating rates are very high. The activation energies
(E,) of oil cracking are also relatively high. It is a
key for the long-term preservation of the oils expe-
riencing the high geological temperatures like TD-2.

It is well known from chemical kinetics that the
heating rate is an import factor to control oil crack-

ing. Faster heating rates require higher geological
temperatures for oil cracking. The relationship
between geological heating rates and cracking-win-
dow duration (Ma) for Paleozoic oil in eastern
Tarim Basin was calculated from the laboratory
results and plotted in Fig. 10. The arc line represent-
ing the duration time for complete cracking of the
oil clearly demonstrates the evolution trend as the
geological heating rates change. The average heat-
ing rate in the process of fast burial of TD-2 was cal-
culated from the thermal history data (Fig. 7) that
was about 3.56 °C/Ma (labelled in Fig. 10). It can
be found that the duration time for the complete
oil cracking in the heating rate of TD-2 site
(3.56 °C/Ma) is about 66.9 Ma (horizontal line A
in Fig. 10). However, the real duration time of the
oil-cracking window for €-O; strata in TD-2 is in
the range of 32.3-36.6 Ma (horizontal lines B and
C in Fig. 10). The duration time of oil-cracking win-
dow in TD-2 is not sufficient for the complete oil
cracking. It is another reason that the oil in TD-2
can survive.

Biodegradation is another key control for the oil
preservation. From Fig. 2, it can be found that there
occurred a fast uplift from Devonian to Triassic,
and the uplift height exceeded 4000 m. It has been
reported that TD-2 oil has experienced biodegrada-
tion confirmed by the presence of 25-norhopanoids
in the TD-2 oil (Sun et al., 2003; Zhang et al.,
2004a). Obviously, the biodegradation is not as
severe as in other lower Paleozoic reservoirs in

300

250 [

200

150 |

Time (Ma)

100 -

50 B

c

0.0 3.0 6.0 9.0 12.0 15.0
Heating rate (°C/Ma)

Fig. 10. Relationship between geological heating rates and
cracking-window duration (Ma) of Paleozoic oil in Eastern
Tarim Basin. (The arc line representing the duration time for
complete cracking of the oil versus geological heating rates; A:
duration time for the complete oil cracking at the heating rate of
TD-2 site; B and C: the real duration time range of the oil-
cracking window for €-O; strata in TD-2 site.)
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central Tarim Basin, where the biodegradation is
very serious and the reservoir oil has been destroyed
completely (Xiao et al., 2005). According to Zhang
et al. (2004a), the initial reservoir space included
drusy cavities and pores in limestone rather than
the fractures, and the thick upper Ordovician
(O543) constructed a good preservation shield for
the palaeo-reservoirs. The TD-2 well was not situ-
ated at the high position of the palaeo-structure,
so the structural adjustment in Hercynian and Indo-
sinian orogeny was moderate (Sun et al., 2003;
Zhang et al., 2004a). These depositional and struc-
tural factors prevented severe biodegradation and
further destruction of the reservoir oil in TD-2.
Light hydrocarbon evaporation was also prevented
to some extent.

Catalytic cracking of oil into gases by minerals or
transition metals should be taken into account while
studying the oil stability (Tannenbaum and Kaplan,
1985; Mango and Hightower, 1997, Mango and
Elrod, 1998; Hill et al., 2003). Previous studies dem-
onstrated the significant role of clay minerals like
montmorillonite and illite (Espitalié et al., 1980;
Tannenbaum and Kaplan, 1985). These minerals
are not common in the limestone reservoir in
TD-2, and the catalytic effects at clay minerals are
probably not significant. We did not analyze the
transition metals contents in oils and the reservoir
rocks in TD-2, so the catalytic effects from transition
metals could not be evaluated in this area. The cata-
lytic effect of water in the process of oil cracking into
gases has not been taken into account for the reason
that the catalytic reactions may only occur near the
oil-water boundary or in contacting areas. Under
the circumstance of a large oil accumulation like in
TD-2, the catalytic effects from water may not be sig-
nificant. Nevertheless, it is worth studying in the
future because the presence of water will enhance
the thermal stability of oil according to the results
of Price (1993, 1995) and Waples (2000).

There is no doubt that the TD-2 oil has experi-
enced very severe thermal alteration. Previous stud-
ies have reported that plentiful pyrobitumen was
found in the reservoir rocks. Polynuclear aromatic
hydrocarbons were identified in TD-2 oil samples,
and relatively heavy bulk carbon isotope composi-
tion was determined in TD-2 oil samples (Sun
et al., 2003; Zhang et al., 2004a). All these geochem-
ical data prove that the TD-2 oil underwent severe
thermal alteration. So it is hoped that more residual
oil reservoir similar to TD-2 can be expected in east-
ern Tarim Basin in the future. The key geological

controls for occurrence of residual oil reservoir like
TD-2 in eastern Tarim Basin include: (1) the high
stability of the Paleozoic oil in the Tarim Basin
impedes oil cracking; (2) the fast heating rate and
maturation rate requires higher geological tempera-
ture and longer duration time for oil cracking; (3)
the later uplift did not cause serious biodegradation;
and (4) the good preservation of the palaeo-reser-
voirs and moderate structural adjustment. It should
be emphasized that the oil-cracking gases are still
important exploration targets in the eastern Tarim
Basin. The natural gases and condensate in the
recently discovered wells MD-1 and YN-2 of the
northern slope of eastern Tarim Basin showed that
oil-cracking gases were related to the palaeo-reser-
voirs originated from €-O; source rocks (Zhang
et al., 2004b; Sun et al., 2005; Zhao et al., 2005),
which implies great potential for oil-cracking gas
in this area.

6. Summary

The laboratory pyrolysis results show very high
thermal stability of Paleozoic oil in Tarim Basin.
The onset temperature for oil to gas cracking is
about 390-400 °C. At around 650 °C, cracking at
laboratory heating rates (2-20 °C/h) is completed.
At geological heating rates, the onset temperature
for cracking is about 148-162 °C and completion is
at 245-276 °C. The kinetic parameters of oil crack-
ing exhibited a relatively high activation energy
(E,), ranging from 58 to 76 kcal (with 4 =4.5x
10'*s71). There were two types of gas precursors:
one with lower E, (<64 kcal/mol) and accounting
for 64.12% of the total cracking potential, and the
other with higher E, (>67 kcal/mol) and accounts
for 35.89% of the total cracking potential.

The calculated thermal cracking history of oil in
TD-2 site indicated that the oil cracking started at a
temperature of 165 °C (R, = 1.45%) and stopped in
early Devonian (390 Ma). The degree of oil conver-
sion in the strata of €-O; reached 60-70% at the end
of Silurian. The oil-cracking window was predicted
from 165 to 258 °C at the heating rate of 3.56 °C/
Ma in TD-2, which overlapped with the oil genera-
tion window (108-177°C). Compared with the
duration of oil generation windows (10 Ma, from
450 Ma to 440 Ma), the duration of the oil-cracking
window was as long as 42-47 Ma (from 398-401 Ma
to 438-443 Ma).

Some implications should be taken into account
for the exploration of residual oil reservoirs in
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eastern Tarim Basin. Firstly, laboratory results show
that the Paleozoic oil in Tarim Basin has very high
thermal stability and the fast heating rate requires
higher geological temperature and longer duration
time for oil cracking. The initial reservoir space
included drusy cavities and pores in limestone, and
the thick upper Ordovician (O,43) constructed a
good preservation shield for the palaeo-reservoirs.
The TD-2 was not situated at the high position of
the palaeo-structure, so the structural adjustment in
Hercynian and Indosinian orogenies was moderate.
These depositional and structural factors prevent
the severe biodegradation and further destruction
to the reservoir oil in TD-2. Although the TD-2 oil
underwent the very high thermal alteration, it might
be still promising for finding more residual oil reser-
voirs similar to TD-2 in eastern Tarim Basin. How-
ever, the oil-cracking gases and condensates are still
important exploration targets in this area.
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