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Abstract Secondary variation of reservoir is a hot prob-
lem in petroleum geochemistry field. Several kinds of secon-
dary variations have taken place after the formation of bi-
tuminous sandstones in the Tarim Basin including biodegra-
dation, washing, dissipation and secondary thermal stress.
Biodegraded bituminous sandstones were used in the ex-
periment. Pyrolysis experiment has been performed in a
closed system, simulating secondary thermal stress with con-
tinual burial of Silurian bituminous sandstones which may
cause the changes in molecular compositions, carbon isotope
and physical properties of bituminous sandstones. The re-
sults are as follows: ( i ) Gases are mainly product during the
experiment and carbon isotope of gas is lighter. (ii) Yield of
Cs. hydrocarbon is relative smaller, and yielded oil is mainly
light oil. (iii) Chromatogram character of biodegraded
oil-sand is similar to that of saturated hydrocarbon in ex-
tracts from present-day bituminous sandstones. (iv) Porosity
of bituminous sandstones gradually increases with increasing
temperature. Fluorescence color of bituminous sandstones
gradually become darker. Reflected light color of bitumen in
bituminous sandstones becomes darker with increasing tem-
perature and reflectivity of bitumen increases with increase
in temperature. It is speculated that secondary thermal stress
has great effect on molecular composition and structure of
bituminous sandstones.
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At present, reservoir secondary variation is more
concerned by petroleum geologists. Generally, reservoir
secondary variations include biodegradation, water wash-
ing, oxidation, migration diffusion and thermal alteration.
There are extensive literatures reporting the effects on
crude oils in reservoir caused by reservoir secondary
variation which can change component, carbon isotope
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and physical character of oil in reservoirt' "%, Water
washing can lead to increase of crude oil solidifying
point”). Crude oil can be changed into heavy oil through
washing, biodegradation, oxidation and diffusion of light
hydrocarbon®. In addition oxidation of oil can lead to
decrease of paraffin content and increase of oil density,
sulfur content, acidity and viscosity which have huge
negative economPl consequence on oil production and re-
fining operations'. Another reservoir secondary variation
hardly paid attention to by geologist is secondary thermal
stress of biodegraded reservoir due to increase of burial
depth. Basins containing oil and gas in the west of China
basically belong to superimposed basin'®'® and have un-
dergone multi-generation tectonism. Biodegraded reser-
voir generally regenerated hydrocarbon with increase of
burial depth!'" 21 Probe on the composition and carbon
isotope of reservoir and the problem of regeneration
hydrocarbon is important to whether exploration or de-
velopment of oil and gas.

The Silurian hydrocarbon reservoir in the Tarim Ba-
sin formed at late Caledonian, and immediately after the
accumulation, the hydrocarbon reservoir was uplift to the
earth surface and destroyed by heavy biodegradation, then
large-scale area bituminous sandstones came into be-
ingm'l‘”. In the later endless geological time, bituminous
sandstones forming at early stage perhaps have undergone
thermal maturation with increase of burial depth and re-
charge of subsequent oil. Several studies about Silurian
bituminous sandstones genesis have been carried out!'>'®!
but the regeneration hydrocarbon has paid no attention to
by petroleum geologists. How are molecular composition
and structure of bituminous sandstones changed with in-
crease of burial depth? Have regeneration hydrocarbon
taken place? Those are problems concerned by geologists.
Pyrolysis experiment has been carried out in a closed sys-
tem to simulate thermal maturation with continual sedi-
mentation of Silurian bituminous sandstones.

1 Sample and method

(i) Sample. Sample in well Tazhongl17 (TZ117,
4438.8 m) was selected from Silurian bituminous sand-
stones in Tazhong District of the Tarim Basin which rep-
resent the sample undergoing thermal maturation again
after initial biodegradation and water washing. In contrast,
the other sample in well Zhengxie41 (ZX41, 1262.5 m)
was selected from Tertiary oil-sand in Zhengjia District of
Shengli Oilfield which represent the sample only suffering
biodegradation and water washing. Pyrolysis simulation
experiment has been performed in a closed system to
simulate secondary thermal stress with continual burial of
Silurian bituminous sandstones. Block and powder sam-
ples are made for each sample. Block samples are used to
study organic petrography and powder samples are used to
carry out organic geochemistry analysis.

(ii) Method. Samples were sealed into gold tubes
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under inert gases, then these gold tubes were placed in
autoclave in which some water was added to produce
needed pressure, and then the autoclave was placed in the
oven. Heating 72 h at each temperature, the autoclave was
removed from the oven. Three paralle! gold tubes put into
the oven were used to make organic petrology and the
following organic geochemical analysis.

(1) Gas chromatography. Gas composition analysis
was performed by Agilent HP6890ON GC-FID. GC condi-
tions: Paraplot Q capillary column (50 m X 0.50 mm). The
temperature program used was isothermal for 2 min at
70°C, programmed at 20°C/min to 180°C and then iso-
thermal at 180°C for 10 min. Organic and inorganic gas
can be examined simultaneously through FID and ECD
detector in this 6890N GC. Nitrogen was used as the car-
rier gas. The temperature of FID detector was 180°C. Ex-
ternal standard method was applied to quantify the gas
composition.

GC analyses of saturated hydrocarbon, aromatic
hydrocarbon and lighter hydrocarbon were performed by
Agilent HP6890 GC-FID. GC conditions of saturated hy-
drocarbon: DB-5 capillary column (30 mX0.32 mm). The
temperature program was isothermal 2 min at 80°C, pro-
grammed at 4°C/min to 290°C and then isothermal at
290°C for 30 min. Nitrogen was used as the carrier gas.
The temperature of FID detector was 290°C. GC condi-
tions of aromatic hydrocarbon were the same with satu-
rated hydrocarbon except that programmed at 3°C/min to
290°C. Only the temperature program of lighter hydro-
carbon was different from saturated hydrocarbon which
was isothermal 5 min at 35°C, programmed at 4°C/min to
290°C, then isothermal for 40 min. The weighing was
used for the quantification of heavy hydrocarbon(Cis,).
Internal standard (C,oD4,) method was applied to quantify
the lighter hydrocarbon (nCs—nC,4) and n-alkane in satu-
rated hydrocarbon.

(2) Gas chromatography-mass  spectrometry
(GC-MS). GC-MS analyses of saturated hydrocarbon
and aromatic hydrocarbon were performed on a Voyager
mass spectrometry coupled to a Finnigan 8000'P gas
chromatography. Fused silica capillary column (60 m X
0.32 mm) of DB-5 was used. The temperature program
was the same as GC conditions. Helium was used as the
carrier gas. The transfer line temperature was 250°C, the
ion source temperature was 250°C and the ion source was
operated in the electron impact (EI) mode at 70 eV.

(3) Gas chromatography-isotope ratio mass
spectrometry.  Gas composition carbon isotope Wwas
analyzed by Isochrom HP5890 GC/IRMS. Analysis cond-
itions: Paraplot Q capillary column (30 mX0.32 mm).
The temperature program: isothermal for 3 min at 50°C,
programmed at 25°C/min to 180°C and then isothermal at
180°C for 8 min. Helium was used as the carrier gas.
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Carbon isotope composition of individual n-alkanes
was performed on Finnigan Delta plus™" system interfaced
to a HP6890 GC. Analysis conditions: DB-5 Fused silica
capillary column (30 mX0.32 mm). The temperature pro-
gram was isothermal for 1 min at 60°C, programmed at 8
°‘C/min to 150°C, then isothermal for 1 min at 150°C, and
then programmed at 3°C/min to 290°C, isothermal for 15
min at 290°C. Helium was used as the carrier gas. The
temperature of gasifying room was 300°C.

2 Results

(1) Changes in composition and carbon isotope of
pyrolysate from biodegraded oil-sand in well ZX41.

(1) Gas, light hydrocarbon and heavy hydrocarbon.
Methane is mainly gaseous product during thermal simu-
lation and increases continually as thermal stress increases
(Table 1). The C,—s gas yield reaches a maximum at 550°C.
Total gas yield takes on an obviously climbing trend after
400°C (Fig. 1). Gas wetness is higher constantly and re-
mains larger than 45% before 600°C, then reaches a
minimum of 26% at 600°C (Fig. 2).
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Fig. 1. Changes in total gas yield (C,—Cs) with increasing tempera-
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Light hydrocarbon yield in pyrolysate increases
gradually with temperature increasing, and reaches a
maximum of 6.0 mg/g TOC at 500°C (Table 1, Fig. 3).
Heavy hydrocarbon (Cs,) yield in pyrolysate increases
gradually at 250°C—500°C and decreases continually
when the content of n-alkane reaches a maximum of
1060.4 pg/g TOC. Saturated hydrocarbons have a
slight odd-even n-alkane predominance at 400°C—
500°C and the CPI,443 values are between 1.06 and 1.21.
Ph/nC; ratio decreases with increasing temperature.

Relative amounts of saturated hydrocarbon bio-
markers and mature-related parameters show little varia-
tion with increasing temperature and while relative
amounts of alkylnaphthalenes and alkylphenanthrenes in
aromatic hydrocarbon vary obviously with increasing
temperature and the methylphenanthrene index increases
evidently.
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Fig. 3. Production curve of light hydrocarbon with increasing tempera-
ture.

= TZ117
il ZX 41

300 -
250 |-
200
150 ®
100 |-
s0 -

0 1 1
200 300 400 500 600

Temperature/ T

C,st+Yield/mg. g™ TOC

Fig. 4. Production curve of heavy (C;s,) hydrocarbon with increasing
temperature.

(2) Cy—4 hydrocarbon gas and individual r-alkane
carbon isotopes. C,—C, specific carbon isotopes take on
two trends with increasing temperature (Fig. 5). & °C,
values become heavier as temperature increases, while
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8"3C,—, values become lighter firstly as temperature in-
creases and later heavier again, such that §"°C, value de-
creases from —31.74%¢ at 400°C to —35.12%. at 500°C
and later increases to —27.93%0 at 600°C. Above phe-
nomenon is found in many literatures''” '*!. The reason
occurring this phenomenon may be due to heterogeneity
of organic matter or various kinds of chemical bonds.
Different chemical bonds have different characters at dif-
ferent energy levels and so different fractionation of car-
bon isotope exists. Heterogeneity of organic matter in
lower mature sample is more obvious which is just con-
sistent with maturity character of well ZX41", The mag-
nitude of difference between & “Ceppane and & "Cpropane
increases from 0.66 to 14.88 with increasing temperature
(Fig. 6) which is similar to the described for high maturity

hydrocarbon gases by Ronald et al.!"?’,
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Fig. 5. Carbon isotope of gas composition of samples in wells

TZ117 and ZX41.
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Only few samples in higher temperature contain
abundant n-alkane due to heavy biodegradation of well
ZX41, Carbon isotopes of individual n-alkane in pyrolys-

1) Wangzhenqi, Study on Genesis Mechanism Heavy Oil in Zhengjia-Wangzhuang Oilfield, Jiyang Depression, Chinese Academy of Sciences,

Guangzhou Institute of Geochemistry, 2004.
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ate at 400°C and 450°C were analyzed (Fig. 7). Carbon
isotope value of individual n-alkane is between —28.71%o
and —27.47%o (the average value is —28.34%0) at 450°C,
and carbon isotope value of individual n-alkane is be-
tween —28.64%¢ and —25.65%0 (the average value is
~-26.34%0) at 500°C. Increase of carbon isotope of indi-
vidual n-alkanes is about 2%. from 450°C to 500°C
which shows that carbon isotope is more influenced by
maturity. Carbon isotope of asphaltene in extracts of well
7ZX41 oil-sand is —26.13%c which is close to carbon
isotope of individual n-alkane at 550°C.

Table 2 Carbon isotope of gas composition at different temperature
Well and depth ~ TV°'C 8"°C (%) 6°C2(%0) 87Ca(%he) 8Ca(%o)

400 -4920 —4540 —37.65
450 5027 3926 —3844 —-35.92
413231.21;7m 500 —48.03 -38.80 -38.69 -35.74
550 —44.70 -3801 -33.50
600 —41.64 -30.61 —16.92
400  -4774 3174 3240 -29.62
450 4501 3450 -3507 —32.69
1226);451 o 500 —44.17 -35.12 3403 -32.55
550  —44.02 -34.40 -3042 -24.95
600 -4035 -2793 -13.06

(i1) Changes in composition and carbon isotope of
pyrolysate from bituminous sandstones in well TZ117

(1) Gas, light hydrocarbon and heavy hydrocarbon.
Methane is still the main gaseous product in pyrolysate
from bituminous sandstones in well TZ117 though bitu-
minous sandstones have undergone various kinds of sec-
ondary variations. Changes in every gas composition yield
are similar to well ZX41. Total gas yield produced by bi-
tuminous sandstones in well TZ117 is not lower than that
in well ZX41 until 550°C (Fig. 1). Gas wetness decreases
at lower temperature (250°C—300°C), and later increases
at higher temperature (350°C—400°C), and then decreases
again with increasing temperature. Gas wetness remains
larger than 40% until 550°C and reaches a minimum of
18.1% (Fig. 2). Light hydrocarbon yield increases con-
tinually with increasing temperature and reaches a maxi-
mum of 18.3 mg/g TOC at 500°C (Table 1, Fig. 3). The
Cis, yield decreases gradually as temperature increases
(Talbe 1, Fig. 4) and at the same time carbon number
range distribution reduces gradually and maximum carbon
number becomes smaller also. Odd-even predominance is
not obvious between 250°C and 500°Cand CPl,.34 value
is about 1. Ph/nC; ratio takes on a decreasing trend with
increasing temperature. Variation trend of saturated hy-
drocarbon biomarkers and aromatic hydrocarbon bio-
markers in pyrolysate of bituminous sandstones in well
TZ117 is similar to that in well ZX41.
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(2) Carbon isotope of C,4hydrocarbon gas and indi-
vidual n-alkane. Gas carbon isotope values at 400°C can
be regarded as reference because of less gas yield. Carbon
isotopes of C;hydrocarbon gas tend to become heavier
gradually with increasing temperature (Fig. 5), and espe-
cially, 8"*C; and §"C; value changes evidently between
550°C and 600°C. 8'*C, value increases from —38.01%o at
550°C to —30.61%o at 600°C. §'°Cs value increases from
—33.50%0 at 550°C to —16.92%0 at 600°C. Correlation of
0 “Cethane— 0 ‘3Cp,0pane and temperature (Fig. 6) shows
that the absolute value of & "*Cemanc—0 '3C,,mpz,ne de-
creases firstly and later increases at higher temperature
which is slightly different from the previous work!"),

Carbon isotopes of individual n-alkane in pyrolysate
from bituminous sandstones in well TZ117 are shown in
Fig. 7. Carbon isotope value of individual n-alkane is be-
tween —34.46%c and —33.61%c (the average value is
-34.00%0) at 250 C, and between —34.00%c¢ and
—33.37%0 (the average value is —33.73%0) at 450°C.
Little difference at various temperature exists with in-
creasing temperature except that carbon isotope of higher
carbon number n-alkane at 300°C is slight lighter. Carbon
isotope of asphaltene in extracts of well TZ117 oil-sand is
—32.84%c, which is heavier than individual n-alkane.

(iii) Influence on bituminous sandstones structure
and character of bitumen by secondary thermal stress.
Changes in structure of oil-sand in well ZX41 are not ob-
served for oil-sand is loose. Only fluorescence color at
different temperature is observed. Fluorescence color of
bituminous sandstones is yellow at lower temperature and
becomes Kelly and then green with increasing temperature.
Until 550°C—600°C, no fluorescence color emits. Fluo-
rescence color at different temperature of bituminous
sandstones in well TZ117 is similar to that in well ZX41.
Bitumen color of bituminous sandstones in well TZ117
varies from brown to hoar under reflected light micros-
copy with increasing temperature and the reflectivity of
bitumen increases with increasing temperature.

Changes in structure and color of bituminous sand-
stones in well TZ117 observed by reflected light through
stereomicroscope are shown in Fig. 8. Color of pre-pyro-
lysis sample is buff. Quartz grains are wrapped by oil-like
bitumen and not only small pores but also most of large
pores are all filled. This phenomenon shows that Silurian
bituminous sandstones perhaps have undergone hydro-
carbon regeneration or charge of sequential oil in geo-
logical time. Color of sample becomes darker gradually
with increasing temperature. Unfilled pores become more
and more till 450°C which indicates that high molecular
weight hydrocarbons have cracked to form gas. Color of
sample changes into puce at 600°C, and many small un-
filled pores are observed when gasification is very obvi-
ous. This phenomenon is consistent with the fact that gas
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Fig. 7. Changes in carbon isotope of individual n-alkane with increasing temperature. Carbon isotope of asphaltene, well TZ117:

—32.84%o0; well ZX41: —26.13%.

Fig. 8. Changes in structure and color of bituminous sandstones in well TZ117 observed by reflected light.

yield increases abruptly after 400°C.
3 Discussion

(1) Effect on composition and carbon isotope of
organic matter in bituminous sandstones caused by sec-
ondary thermal stress. Methane yield of samples in wells
TZ117 and ZX41 increases continually with increasing
temperature, and this is the same with the previous public-
cations!'”'#2%211 The reason is that C,, hydrocarbons can
crack to form methane. Total gas yield is lower at 250°C—
400°C, and increases quickly after 400°C(Fig. 1). Because
of its higher maturity, total gas yield of Silurian bitumi-
nous sandstones reaches a maximum at 550°C. Simulation
experiment on oil-sand explains that secondary pyrolysis
for biodegraded bituminous sandstones can take place due
to subsequent thermal stress and produces a large number
of natural gas. There is possibility for Silurian bituminous

Chinese Science Bulletin Vol. 49 Supp.l December

sandstones formed at late Caledonian to crack again due to
resediment of formation, producing natural gas.

Gas wetness of cracking gas for oil-sand in well
ZX41 is higher than that of well TZ117 (Fig. 2). Two rea-
sons may be included: one is that the maturity of oil-sand
in well ZX41 is lower, and the other is different H-rich
extent in extracts of two samples which is due to that drier
gases are thought to be generated from H-poor organic
matter while wetter gases are generated from H-rich or-
ganic matter'?>?!, It is well known that the gas generated
during artificial maturation in spite of using open systems
or close systems is much wetter than natural gas of ther-
mogenic origin®* %%\, In this experiment, the dry coeffi-
cient of gas is 37%—82% (Table 1) and much lower than
that of secondary crude oil cracking gas in partial gas field
in the Tarim Basin. For example, dry coefficient of natural
gas in Hetianhe Gasfield is 96%—99%.
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Heavy hydrocarbon yield decreases continually with
increasing temperature (Fig. 3). This indicates that there is
little possibility for bituminous sandstones to produce
heavy oils during secondary cracking. Moreover the
nC3, /nCy, ratios for well ZX41 are all much larger than
1 which shows that middle-low molecular weight com-
pounds are the main products in C;s, heavy hydrocarbon.
Yield of light hydrocarbon and gas increases gradually
with increasing temperature and reaches maximums at
500°C and 550°C respectively. These phenomena prove
that thermal stress can lead to obvious changes of organic
matter in bituminous sandstones.

Decrease of Ph/C g ratios for btodegraded oil-sand in
well ZX41 and bituminous sandstones in well TZ117 is
consistent with crude oil cracking results for Ronald et
al."! and demonstrates that branched alkanes are less sta-
ble than n-alkanes. Subsequent thermal stress has no ob-
vious effect on saturated hydrocarbon, while has obvious
influence on aromatic hydrocarbon especially for alkyl-
naphthalenes and alkylphenanthrenes.

Several publications show that §"°C, value coming
from geological section tends to become heavier with in-
creasing thermal evolution™ '\ Results in this experi-
ment are consistent with the publications. The difference
of carbon isotope between two temperature points in-
creases with increasing temperature which reflects that
carbon isotope fractionation of crude oil cracking gas is
obvious and so our results confirm that 6”C1 value of
crude oil cracking gas in the Tarim Basin is lighter than
that of pyrolytic gas originated from kerogen®. Carbon
isotope of gas composition from bituminous sandstones
during the thermal simulating experiment tends to become
heavier and moreover takes on the feature of positive se-
quence of carbon isotope. Carbon isotope of gas composi-
tion from oil-sand in well ZX41 shows partial opposite
sequence at 400°C—450°C, that is to say 6°C,;<6"°C,>
8"C3<<8"C,, and this phenomenon also occurred during
thermal simulation of hydrocarbon source rock””. The
difference of carbon isotope between ethane and propane
(6"C,—8"C;) has been used as a maturity indicator™***,
For a type II kerogen, Lorant et al.”® showed that in
open system pyrolysis, the difference between & BC ethane
and ¢ "?C,,mpane decreases with increasing temperature,
while in closed system pyrolysis, the difference between
O Cethane and (SIZ*C,,,OW,,e increases with increasing tem-
perature. It is suggested that system openness must be
considered to interpret maturity of natural gas using car-
bon isotope. Oil cracking results in Ronald et al." also
confirmed this point. In this experiment, the difference
between & Cepane and & ‘3Cp,(,pzme in well ZX41 increases
with increasing temperature, but as to sample in well
TZ117, the difference between &' Cepane and 513C,,mpane
decreases from 450°C to 500°C and then increases

56 Chinese Science Bulletin Vol. 49 Supp. |

gradually at 500°C—600°C. Carbon isotope of gas com-
position in pyrolysates from oil-sand in well ZX41 is
heavier than that of well TZ117 at each corresponding
temperature which may be due to different sources and
maturities of organic matter in two samples.

When oil/gas source, depositional environment and
maturity of hydrocarbon source rock are similar, carbon
isotope of crude oil and its group composition and kero-
gen keeps to the following law: saturated hydrocarbon<<
crude oil < aromatic hydrocarbon << nonhydrocarbon <
asphaltene<< kerogen. Extracts carbon isotope of hydro-
carbon source rock is heavier than that of corresponding
crude oil but lighter than that of asphaltene in crude oil
and kerogen"®, In this experiment, carbon isotope of in-
dividual n-alkane in pyrolysate from wells ZX41 and
TZ117 is lighter than that of corresponding asphaltene
which shows that source of pyrolysate is consistent with
asphaltene. Wang Darui'’”! performed the studies on
stratigraphy and geochemistry of marine carbonate rocks
in the Tarim Basin. He thought carbon isotope of marine
carbonate rocks of Middle-Upper Ordovician relative to
Lower Ordovician has obvious positive anomaly and the
maximum anomaly value reaches 3%c. Zhao Mengjun'®®
acknowledged that carbon isotope of crude oil source
from Lower Ordovician or more deeper strata is generally
lighter than —32%.. Carbon isotope of individual n-alkane
in pyrolysate from bituminous sandstones in well TZ117
is lighter than —33%. and also accords with the law that
carbon isotope of saturated hydrocarbon is lighter than
that of asphaltene. Carbon isotope of asphaltene in ex-
tracts from bituminous sandstones represents the carbon
isotope of crude oil which sourced from hydrocarbon
source rock of Cambrian-Lower Ordovician and formed
reservoir at Caledonian. If the large amounts of n-alkane
in extracts from well TZ117 come from the charge of
subsequent oil, the carbon isotope of n-alkane would de-
part from the value of —34%0——33%e.. Hence it is consid-
ered that the large amounts of n-alkane in extracts from
well TZ117 come from the hydrocarbon produced by sec-
ondary cracking of bituminous sandstones due to secon-
dary thermal stress but do not exclude charge of subse-
quent oils. Carbon isotope of individual n-alkane is mainly
influenced by hydrocarbon source and also influenced by
maturity at the same time. Carbon isotopes of asphaltene
(—32.84%0) in extracts and individual n-alkane (—33.62%c
—=34.62%¢) in pyrolysate from well TZ117 are lighter,
showing that the hydrocarbon source is marine organic
matter, while carbon isotopes of asphaltene (—26.13%o) in
extracts and individual n-alkane (-26.34%c——28.3%c) in
pyrolysate from well ZX41 are heavier, showing that the
hydrocarbon source is lacustrine organic matter. Carbon
isotopes of individual n-alkane from bituminous sand-
stones in well TZ117 at different temperature show no
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obvious changes. The difference of carbon isotope of in-
dividual n-alkane in pyrolysate from well ZX41 reaches
2%o between 450°C and 500°C which shows the carbon
isotope of individual n-alkane in well ZX41 is more in-
fluenced by maturity. It may be related to the maturity of
hydrocarbon source rock. Maturity of organic matter in
oil-sand from well ZX41 is lower, and strong heterogene-
ity of organic matter and various kinds of chemical bonds
in sample may result in obvious fractionation of carbon
isotope with increasing temperature. Higher maturity of
organic matter in bituminous sandstones from well TZ117,
weaker heterogeneity of organic matter and few kinds of
chemical bonds in sample may lead to little fractionation
of carbon isotope with increasing temperature.

(ii) Regeneration hydrocarbon of bituminous sand-
stones caused by secondary thermal stress. At present,
two kinds of viewpoints are used to explain the source of
soluble hydrocarbons in Silurian bituminous sandstones:
(1) soluble hydrocarbons may source from regeneration
hydrocarbon produced by biodegraded bituminous sand-
stones due to strara resediment; (2) soluble hydrocarbons
may source from recharge of subsequent oils!"*, Large-
scale area bituminous sandstones distributing in Tazhong
and Tabei area in the Tarim Basin contain higher organic
matter content. If the process of regeneration hydrocarbon
existed, the process discharging hydrocarbon would have
occurred at Tertiary which helps to accumulate and pre-
serve oil and gas; hence Silurian bituminous sandstones
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may be important hydrocarbon source rock in the Tarim
Basin. Chromatograms of saturated hydrocarbon in pyro-
lysate from oil sandstones in well ZX41 at different tem-
perature are shown in Fig. 9. Chromatogram of saturated
hydrocarbon at 350°C still takes on a feature of biodeg-
radation and no n-alkane occurs. Chromatogram of satu-
rated hydrocarbon at 400°C shows few n-alkanes occur-
ring. Chromatogram of saturated hydrocarbon at 450°C
shows a complete n-alkane distribution which is similar to
chromatogram character of saturated hydrocarbon in ex-
tracts from present-day bituminous sandstones. Hence it is
speculated that Silurian bituminous sandstones formed at
late Caledonian can regenerate hydrocarbon during sec-
ondary thermal stress. Chromatograms of saturated hy-
drocarbon in well ZX41 and well TZ117 tend to similarity
with increasing temperature. Chromatograms of saturated
hydrocarbon in low mature Shengli biodegraded oil-sand
explain that it is obvious for subsequent thermal stress to
alter Silurian bituminous sandstones in the Tarim Basin.
Yields of gas, light hydrocarbon and heavy hydrocarbon
also indicate that subsequent thermal stress can make
large-scale area bituminous sandstones regenerate oil, but
mainly light oil.

The phenomenon of bituminous sandstones and hoar
sandstones alternating layers exists in Tazhong and Tabei
area in the Tarim Basin. Physical property of bituminous
sandstones is well, for example the average porosity in
well Tazhong37 is 16.3%. Physical property of sandstones

nCy; Pre-pyrolysis
nCp  std 350°C pyraly
400°C nC 4 sud 400°C
450°C 450°C
.IJL'L‘L‘ “ I“l (.
500°C 500°C
‘M“J | TV

600°C 600°C

(@

(b)

Fig. 9. Chromatograms of saturated hydrocarbon in extract of samples in wells ZX41(a) and TZ117(b) at different temperature and

pre-sample in well TZ117. std represents the internal standard C,:Dso.
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without bitumen is not well, and the average porosity in
well Tazhong37 is only 11.8%. Well Hal and well Ha4 in
Tabei area have the same phenomenon. Sandstones con-
taining bitumen are medium-fine sand and siltstones do
not contain bitumen"\. In this experiment, the phenome-
non of increase in porosity which is due to organic matter
in bituminous sandstones changing into gas may indicate
that regeneration hydrocarbon caused by secondary ther-
mal stress can lead to porosity increasing. Therefore high
porosity of sandstones containing bitumen in Tazhong and
Tabei area may show that bituminous sandstones have
regenerated hydrocarbon due to secondary thermal stress.
In addition, Liu'"*' determined the bitumen reflectance in
water immersion (Rw1.35%—1.53%) which is in accord
with the country rock. This shows that Silurian bituminous
sandstones have ever undergone strong thermal stress so
that large amounts of hydrocarbons were produced and
accordingly higher bitumen reflectance can occur.

4 Conclusion

Gases are the main product during secondary thermal
stress of Silurian bituminous sandstone. Large amounts of
gases are produced after 400°C  which shows that bitumi-
nous sandstones can produce large amounts of natural gas
by secondary cracking. Hence bituminous sandstones in
the Tarim Basin may be gas potential source rock. Seen
from the yeild of light hydrocarbon and heavy hydrocar-
bon, subsequent thermal stress can make large-scale area
bituminous sandstones regenerate oil, but mainly light oil.

Comparing with natural gas in Tazhong district, car-
bon isotope of gas pyrolyzed by bituminous sandstone is
lighter. Carbon isotope of ethane to propane in wells
TZ117 and ZX41 shows different trends which may be
related to source and maturity of samples. Comparing with
carbon isotope of asphaltene, carbon isotope of individual
n-alkane shows that large amounts of n-alkane occurring
in bituminous sandstones may be owing to hydrocarbon
regeneration resulted from secondary thermal stress.

Saturated hydrocarbon biomarkers show no obvious
changes with increasing temperature while the aromatic
maturity ratio, for example the methylphenanthrene index,
increases abruptly with the increasing temperature.

Secondary thermal stress can lead to porosity in-
crease and so higher porosity of sandstones containing
bitumen in the Tarim Basin may be the result of hydro-
carbon regeneration. As thermal stress increasing, fluo-
rescence color of bituminous sandstones changes from
yellow to Kelly, green and black.

Secondary thermal stress can change the composition,
carbon isotope and structure of bituminous sandstones.
Hydrocarbon regeneration will not form large-scale crude
oil but light oil and gas.
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