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ABSTRACT

The estimations of the geothermal histories are essential in terms of gas and oil
exploration in the frontier Mannar Basin. Sterane and hopane isomer compositions were
examined by gas chromatography and mass spectrometry on forty-two sediments from
the Barracuda and Dorado North exploration wells in the offshore Mannar Basin. The
Cyo sterane 20S/(20S + 20R) ratios increase with depth in the Barracuda well, and
drastically increase in the lowermost Cretaceous sediments of both wells. The
biomarker proxies indicate that oil and gas generation threshold has been achieved in
the Late Cretaceous sediments of the Barracuda well (3,850-4,741 m). Also, vitrinite
reflectance (Ro) values for the Late Cretaceous samples in the Barracuda well were
measured from 0.75-0.91%. Geological background of the rifted Mannar Basin can
probably indicate higher geothermal anomalies than the present conditions. The
standard rifting heat flows can be extrapolated with observed thermal maturity and gas
deposit in the Mannar Basin. The kinetic model of the representative Late Cretaceous
sediments (4,260-4,470 m) in the Barracuda well may indicate that in-situ gas/ oil
generation started since the Early Eocene. The in-situ gas generation was gradually
increased and reached peak conditions during the Early Miocene (ca. 20 Ma). However,
the Late Cretaceous sediments of the Dorado North well and the Tertiary sediments of
the both wells indicate poor cumulative hydrocarbon generation.
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evaluation of thermal maturity becomes a

The Mannar Basin is the marginal basin between
Sri Lanka and India (Figure 1). The basin
architecture has been identified based on
regional tectonics, lithostratigraphy and burial
history (Ratnayake et al., 2014). The Mannar
Basin has a surface area of 45,000 km® in Sri
Lankan jurisdiction, and contains Late Jurassic
to Recent sediments. Hydrocarbon exploration
activity in the offshore Mannar Basin has
recently increased following the 2011 issue of
exploration licenses for several blocks. The
majority of recoverable gas has been discovered
in clastic reservoirs of the Late Maastrichtian
age (4,067-4,206 m) in the Barracuda well
(Ratnayake et al., 2014). The Pearl-1, drilled by
Cities Service in 1981, is the nearest exploration
well to the present exploration block of the
Mannar Basin (Figure 1). Geochemical analysis
of the Pearl-1 exploration well suggests either
thermally immature or only moderately mature
organic matter (OM) in the structural upper
flanks of the basin (Shaw, 2002). Therefore,

central theme for identifying the gas/ oil
potential of the Mannar Basin.

Thermal activities influence the changes of
molecular composition of sedimentary OM
under paleoenvironmental conditions over
geologic time (Brassell e al., 1986; Budzinski et
al., 1995; Murray et al., 1998; Dunlop and
Johns, 1999; Dawson et al., 2007). Therefore,
some of biomarker proxies can be identified as a
useful maturity indicator over a wide range of
catagenesis. Also, the compositions of
hydrocarbon such as oil, wet gases or dry/ deep
gases depend on degree of thermal maturity and
the type of OM in the source rock (Tissot er al.,
1980; Gibson er al., 2004; Ryu, 2008; Hakimi ez,
al., 2010). Several deterministic models have
been offered during the past few decades to
simulate variations of thermal activities in
sedimentary basins (e.g., Yiikler er al., 1978;
Welte and Yukler, 1981; Lerche et al., 1984;
Sweeney and Burnham, 1990; Huvaz er al.,
2005). Also, chemical kinetic models have been
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widely applied to simulate the changes of
hydrocarbon composition with time and
temperature (Tissot er al,, 1987; Pepper and
Corvi, 1995; Pepper and Dodd, 1995; Huang,
1996). Therefore, prediction of the present day
thermal activities using regional data and
measurable maturity parameters can be
advanced for understanding of past geothermal
histories in this frontier hydrocarbon system.

In this paper, biomarker isomer changes are first
determined  throughout the  sedimentary
succession to evaluate roles of time and
temperature for maturity. The biomarker and
additional vitrinite reflectance (Ro) results are
used to overcome the limitation of thermal
histories in the frontier Mannar Basin by means
of the numerical analysis of regional variations
of the geothermal gradients. Therefore, the aims
of this study are to (1) determine the thermal
histories based on biomarker maturity proxies
and some Ro measurements and (2) model
reliable paleogeothermal gradients and kinetic
models of the frontier Mannar Basin using
present day regional data.

GEOLOGICAL BACKGROUND

The tectonic history of the Mannar Basin was
affected by a various regional tectonic events
such as continental breakup, sea-floor spreading,
flood basalt volcanism, subduction, and
continental collision (Cooray, 1984; Desa et al.,
2006; Ratnayake er al., 2014). The tectonic
evolution of the rifted Mannar Basin was begun
in the Middle Jurassic (~167 Ma) with the
breakup of eastern Gondwanaland from western
Gondwanaland (Molnar and Tapponnier, 1975;
Molnar er al., 1988; Gama er al., 2007). The
second rifting was occurred before ~134 Ma. It
was followed by the initial breakup between
Greater India (India-Sr1i Lanka-Laxmi Ridge-
Seychelles-Madagascar) and the contiguous
Antarctica-Australia (Ramana et al., 2001; Desa
et al., 2006; Ali and Aitchison et al., 2008). In
addition, the several sequential breakup of
Greater India was occurred during the
Cretaceous, such as separation of Madagascar
(~90 Ma), Laxmi Ridge-Seychelles (~70 Ma)
and Seychelles (~65 Ma). Furthermore, these
extensive intra-continental rifting was clearly
associated with disastrous flood basalt events of
the region (Storey et al., 1995; Torsvik et al.,
1998; Chatterjee et al., 2013). The collisions of
Indian and Asian plates were occurred during
the lower Eocene (~50 Ma), and was resulted in
deposition of a significant amount of terrestrial
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Fig. I Regional map of the studv area showing
the Mannar Basin and locations of exploration
wells

sediments around the Indian subcontinent
(Davies er al., 1995; France-Lanord and Derry,
1997).

MATERIALS AND METHODS
MATERIALS

In 2011, Petroleum Resources Development
Secretariat (PRDS), Mimistry of Power and
Energy of Sri Lanka drilled three exploration
wells 1n the offshore Mannar Basin using the
chikvu drillship. The cutting samples were
obtained from the Dorado North (sampling
depth = 2.200-3,622 m) and the Barracuda
(sampling depth = 2,139-4.741 m) wells. In
order to remove artificial drill mud and oils from
the cuttings, the samples were cleaned three
times with dichloromethane: methanol 9:1 v/v
solvent by stirring, successively one time with
the solvent by ultrasonic vibration and again one
time with the solvent by stirring. The analysis of
sedimentary succession is given in this study by
the example of the northeastern part of the
Mannar Basin (Figure 1).

METHODS
GEOCHEMICAL ANALYSIS

Bitumen were extracted using the soxhlet
extraction method, refluxing for 72 hours using
dichloromethane: methanol (9:1 v/v) solution.
Activated copper grains were added to remove
elemental sulfur. Bitumen was dried at room
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temperature. The thin layer chromatography
plates (silica gel 60 PF,sy containing gypsum)
were used to identify aliphatic and aromatic
hydrocarbons using UV light. The aliphatic
hydrocarbon fraction was separated after
washing with hexane. Forty-two bitumen
samples were used for gas chromatography (GC:
Shimadzu 2010) linked with a mass
spectrometer (MS: Shimadzu GCMS-QP 2010).
The GC is prepared with a programmable
temperature injection apparatus and a fused
silica capillary column (30 m x 0.25 mm DB
5MS). The temperature was programmed from
50°C to 300°C (rate = 8°C/min) and kept at
300°C for 30 minutes with helium as a carrier
gas. The MS was scanned every 0.5 seconds
over m/z 50 to 850, and the spectral data were
stored in the computer system. All spectra were
recorded at an electric energy of 70 eV.
Identification of organic compounds was
performed by comparison of GC retention times
and mass spectra with retention time and
published data. In this study, m/z 191 and m/z
217 fractions were used to identify triterpane
and sterane biomarkers respectively.

VITRINITE REFLECTANCE

Vitrinite reflectance (Ro) was carried out for
selected cleaned samples. Samples were reacted
with 6 M HCI and HF (46%) for 3 days. Ro
measurements were performed using a Lambda
Vision-OLYMPUS microscope prepared with a
TFCAM7000F-LA100USW spectrograph
system by method of 546 nm reflected light
with using oil immersion objectives. The
calibration standards of glasses with Ro of
0.299%, 0.506%, 0.940%, 1.025%, 1.381% and
1.672% were used.

BASIN MODELING

The observations of present day geothermal
gradients were performed to understand the
regional thermal activity of the study area.
According to the literature, the lowermost and
uppermost values of geothermal gradients of this
region are 23°C/km and 70°C/km respectively.
These two values of geothermal gradients were
used as the limits of the search range of thermal
gradients in this study (Figure 2). The maturity
and kinetic models were prepared using
petroleum system modeling software (BasinMod
1-D) at Shimane University, developed by Platte
River Associates, Inc. The several simulations
of paleogeothermal gradients were examined to

Journal of Geological Society of Sri Lanka Vol. 17 (2015). 19-29
J.W. Herath Felicitation Volume

extrapolate the observed compositions of
hydrocarbons with respect to geological
conditions (Figure 2). Maturity modeling
histories are functions of time and temperature
with respect to geothermal gradients and
subsidence rates. Ratnayake et al. (2014)
prepared standard burial history model using the
present thickness and age of the each
sedimentary facies. The authors employed the
same stratigraphic data tables for the maturity
models. The kinetic models involve calculation
of possible oil/ gas generation. In this study,
kerogen (organo facies) compositions were
determined based on C,;, Cy3 and Cy sterane
percentages. The average total organic carbon
(TOC %) values of each sedimentary facies
were input to the stratigraphic data table
(Ratnayake, 2015). The default value (0.20) was
used as the most reasonable value for the
saturation threshold after successive comparison
with  several possibilities. The surface
temperature was entered as 20°C throughout the
sedimentary  successions. The  pressure
parameter was not considered for these kinetic
models.
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Fig. 2 Schematic flow chart of the methodology
used in understanding of paleothermal history of
the frontier Mannar Basin

RESULTS

Representative steranes (m/z = 217) and-
triterpanes (m/z = 191) distributions of the
Mannar Basin samples are shown in Figure 3.
Vertical distributions of sterane C,9 20S/(20S +
20R) and hopane Cs, 22S/(22S + 22R) isomers
ratios of the Dorado North and Barracuda
exploration wells are shown in Figure 4. The Ro
values were determined only for the Barracuda
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samples. The values generally cluster around
0.75-0.91% for the Late Cretaceous sediments
in the Barracuda well.

Computer simulations of maturity modeling in
the lower and upper limits of the constant
geothermal gradients, as well as the standard
rifting heat flows are shown on the burial history
plots (Figure 5). The kinetic models for the
representative Late Cretaceous and Tertiary
sediments of the Dorado North and Barracuda
wells are shown in Figure 6.
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Fig. 3 Representative mass chromatograms of
(a) steranes (m/z = 217) and (b) triterpanes (m/z
= ]91) in extracted bitumen samples from the
Barracuda well (depth = 4,250-4,260 m)

DISCUSSION

EVALUATION OF THERMAL MATURITY

STERANE DISTRIBUTION IN SEDIMENTARY
PROFILES

The vertical distribution of sterane Cy 20S/(20S
+ 20R) in the Dorado North and Barracuda wells
is summarized in Figure 4. Thermally-inherited
Cy9 20S sterane and biologically-inherited Cy
20R sterane ratios can be used as consistent
molecular maturity indictor depend on thermal
history and composition of OM (Farrimond et
al., 1998; Murray et al., 1998; Waseda and
Nishita, 1998; Farhaduzzaman et al., 2012). The
lower most Early Campanian sediments of the
Dorado North well (from 3,320 to 3,580 m,
average = (0.25 £ 0.08) show relatively lower
maturity compared to the Early-Late Campanian
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sediments of the Barracuda well (from 4,540 to
4,741 m, average = 0.48 + 0.06) (Figure 4).
Similarly, the Early Campanian to Late
Maastrichtian sediments (3,010-3,320 m) of the
Dorado North well (average = 0.24 + 0.05)
indicate lower maturity compared to the Late
Campanian to Late Maastrichtian sediments
(4,270-4,540 m) of the Barracuda well (average
= 0.39 £ 0.12). Therefore, higher maturity was
observed in the deeper part of the Mannar Basin
(the Barracuda well) during the Late Cretaceous
except some irregular high values (Figure 4).
The calculated sterane C,o 20S/(20S + 20R)
ratio of 0.54-0.56 in the Barracuda samples
(3,850-3,860 m, 4,310-4,320 m, and 4,730-4,741
m) fall within equilibrium range of thermal
maturity for oil/ gas generation.

The Mannar Basin records both intrusive and
extrusive igneous rocks, whereas a prominent
extrusive volcanic layer exists at the top of the
Late Cretaceous horizon of the Barracuda well
(Figure 4). The pre-flood volcanic and post-
flood volcanic sequences were not affected by in
a narrow margin (in the Dorado North well) of
the eastern boundary of the basin. Sterane Co
20S/(20S + 20R) values (average = 0.38 + 0.07)
in the volcanogenic sediments of the Barracuda
well could indicate matured sediments. The
higher maturity in the Late Cretaceous
sediments of the Barracuda well may indicate a
moderate heat supply from igneous bodies to
volcanogenic  and  underlie  argillaceous
sediments in the deeper part of the basin. The
agreement with the calculated biomarker proxies
and vitrinite reflectance data in below section
reveal that the Late Cretaceous section can be
considered as an important criterion for
hydrocarbon generation.

Thermal maturity is relatively low in the lower
Paleocene (average = 0.35 + 0.08), Late
Paleocene to Middle Oligocene (average = 0.33
+ 0.16) and Middle Oligocene to Miocene
(average = 0.33 * 0.05) sediments of the
Barracuda well (Figure 4). Thus, the increment
of maturity with depth in the Barracuda well can
indicate normal diagenetic evolution. However,
in the Dorado North well, maturity values are
apparently high in the lower Paleocene (average
= 0.36 + 0.04) and Late Paleocene to Eocene
(average = 0.37 * 0.12) sediments compared to
the Late Cretaceous sediments (Figure 4). These
anomalous variations of the Dorado North well
can probably indicate deposition of recycled
OMs from Sri Lankan landmass.
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Fig. 4 Vertical distributions of sterane C:v 20S/(20S + 20R) and hopane C3i 22S/(22S + 22R)
ratios in the Dorado North and Barracuda exploration wells. The lithostratigraphic columns ofthe
exploration wells are modified after Ratnayake et al. (2014)

Fig. 5 Maturity models based on constant paleogeothermal gradients of (a) 23°C/km, (b) 70°C/km,
and (c) standard rifting heatflowfor the Dorado North and Barracuda exploration wells
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HOPANE DISTRIBUTION IN SEDIMENTARY
PROFILES

The C;, to Css hopane 22S/(22S + 22R) ratio can
be identified as another maturity indicator under
the lower maturity stage (Farrimond et al., 1998;
Sawada, 2006). Hopane distributions depend on
the OM type (Waseda and Nishita, 1998; Pan er
al., 2008). Also, C3; hopane isomers are often
misled by biodegradation (Subroto e al., 1991)
and sulfurized hopanoids from kerogen (Kdster
et al., 1997). The lower most Early Campanian
sediments of the Dorado North well (from 3,320
to 3,580 m, average = 0.58 + 0.06) indicate
relatively higher maturity compared to the
Early-Late Campanian sediments of the
Barracuda well (from 4,540 to 4,741 m, average
= 0.52 £+ 0.07) (Figure 4). The Early Campanian
to Late Maastrichtian sediments (3,010-3,320 m)
of the Dorado North (average = 0.50 £ 0.05)
indicate a little lower maturity compared to the
Late Campanian to Late Maastrichtian
sediments (4,270-4,540 m) of the Barracuda
(average = 0.53 + 0.04). Since the C;, hopanes
22S/(22S + 22R) ratio is more sensitive in lower
temperature than the C, sterane 20S/(20S +
20R) ratio. Therefore, the variation of Cj,
hopanes 22S/(22S + 22R) ratios are not in
conflict with the Cy9 sterane 20S/(20S + 20R)
distribution in this sedimentary succession.

Hopane isomers show relatively high values in
the lower Paleocene sediments of the Dorado
North well (average = 0.53 + 0.04) compared to
the Barracuda well (average = 0.49 + 0.04). It
can probably indicate deposition of reworking
OMs in turbidities sediments of the Dorado
North well (Figure 4). The deeper Barracuda
well consists of relatively higher maturity in the
Late Paleocene to Middle Oligocene sediments
(average = 048 = 0.08) compared to the
shallower Late Paleocene to Late Eocene
sediments (average = 0.43 * 0.07) of the Dorado
North well (Figure 4). In this study, accuracy of
hopanes can be diminished in the Dorado North
well where the OM has been reworked by
erosion in different sedimentary sequences.

VITRINITE REFLECTANCE

In this marine basin, vitrinite particles are not
commonly observed. The measurement of Ro
values indicates two maturity trends of true
vitrinite and pseudo vitrinite particles. The
pseudo vitrinite particles with high Ro values
can indicate deposition of recycled charcoal, or
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graphite from weathered metamorphic rocks of
Precambrian age (Figure 7). The pseudo vitrinite
particles are much abundance compared to true
vitrinite particles in this sedimentary profile.
The true wvitrinite values (0.75-0.91%) in the
lower sedimentary succession (e.g., 4690-4700
m) of the Barracuda well are sufficiently
consistent with matured sediments for the oil
window and possibly lower condensate wet gas
zone.

PREDICTION OF PRESENT-DAY THERMAL
REGIME

The present day geothermal gradients show
significant and clear variations in the Indian
subcontinent. It can be clearly characterized by
low to moderate temperatures (from 23°C/km to
45°C/km) towards east part of the Indian
subcontinent and moderate to high temperatures
(from 35°C/km to 70°C/km) towards west part
of the Indian subcontinent (e.g., Rao er al.,
2001; Shankar er a/., 2004, 2010; Shankar and
Sain, 2009; Dewangan er al., 2011; Sain et al.,
2011, 2012). Therefore; the regional literature
data of the modern geothermal gradients gave a
wide scatter, probably indicating the significant
dependence on the tectonic frameworks of the
Indian plate. The continental to an oceanic crust
of the rifted margin can explain present day
higher geothermal gradient along the western
boundary of the Indian subcontinent (Rao et al.,
2001; Sreejith et al., 2008). Similarly, the
western margin of Indian plate was associated
with several Marine hotspots volcanism since
the breakup of eastern Gondwanaland (e.g.,
Storey et al., 1995; Torsvik et al., 1998). These
facts were implemented in our estimation of the
present and ancient geothermal characteristics of
the study area. The northeast part of the Mannar
Basin can probably record lower heat flow
distribution during the present day (Shaw,
2002). Similarly, geothermometric calculations
of inland thermal springs of Sri Lanka show
low-temperature gradients around 25°C/km
(e.g., Nimalsiri ef al., 2015).

PREDICTION OF
REGIME

PALEOGEOTHERMAL

The authors consider measured maturity
(biomarker and Ro) values, estimated model
parameters and tectonic evolution in order to
discuss average characteristics of paleothermal
history in this frontier exploration basin. In
particular, the estimations showed that the



lowest geothermal gradient (23°C/km) reach the
early mature stage in much greater depths
(Figure S (a)). Therefore, a significant heat
should be supplied from igneous sources
(instantaneous) or paleogeothermal gradient
should be higher than this value.

On the other hand, the highest geothermal
gradient (70°C/km) indicates that wet gas
window (temperature about 150°C) can
probably appear in the upper most Late
Maastrichtian sedimentary succession (depth
range from ca. 3.5 to 4.2 km) of the Barracuda
well (Figure 5 (b)). However, the distribution of
geothermal gradient and maturity in the
sedimentary successions varied not only with
depth and age but also with duration of thermal
events and paleoclimate during the basin
subsidence (Tissot er al., 1980; Welte and
Yukler, 1981; Pepper and Corvi, 1995; Palumbo
et al., 1999). The oil or gas window in the
sedimentary succession can be significantly
influenced by surface temperature when the
particular basins were subjected to igneous
activity, continental drift and orogeny processes
(Barker, 2000). The Late Cretaceous sediments
could bury in relatively shallow depth during the
rift transition age (Ratnayake er al., 2014), and
atmospheric paleotemperature over the Indian
plate was higher than present (Kent and Muttoni,
2008; Chatterjee er al., 2013). It suggests a
slightly higher heat flow characteristics to the
underlie sediments than present condition. In
addition, it is clearly demonstrated that the
steady-state geothermal (constant or time-
independent geotherm) values provide a
systematic overestimation for oil/ gas window
(maturity) by the end of the sedimentary events
(e.g., Palumbo et al., 1999). Therefore, the gas
generative window can be appeared in relatively
shallow depths compared to model predicted
depths without considering the instantaneous
heat supplies during the Late Cretaceous.
Consequently, the upper most geothermal
gradient has overestimated for the potential gas
deposit in the Barracuda well. These
interpretations are also supported by the
measured lower maturity of the Jurassic
sediments in the adjacent offshore Andigama
Basin (Ratnayake and Sampei, 2015).

In fact, stretching and thinning of the crust result
in increasing the heat flux (thermal anomaly) in
sedimentary basins during the rift transition
stage (McKenzie, 1978; Tissot et al., 1987,
Pepper and Corvi, 1995). The rift systems in

Jowrnal of Geological Society of Sri Lanka Vol. 17 (2015), 19-29
J.W. Herath Felicitation Volume

worldwide sedimentary basins indicate a
significant high heat flow histories (Johnson,
2004). In this rifted basin, the burial history
diagram indicates major subsidence and the
highest sedimentation rates during the Late
Cretaceous (Ratnayake er a/., 2014). The major
subsidence and the highest sedimentation rates
can generally represent prolonged thermal
subsidence for the rifted sedimentary basins
(Allen and Allen, 1990; Palumbo er al., 1999).
Thus, the standard rifting heat flow can be
recognized as the most compatible with the
present observations of this frontier basin
(Figure 5 (c)). Therefore, the standard rift heat
flow characteristics were used to develop kinetic
models of the Mannar Basin.

KINETIC MODEL OF THE MANNAR BASIN

Kinetic models evaluate timing of oil and gas
generation in each potential source rock beds. It
can be experimentally used to test present
observations with respect to geological ideas or
hypotheses during the basin development (e.g.,
Tissot er al., 1987, Pepper and Corvi, 1995;
Pepper and Dodd, 1995). Kinetics of kerogen
provides an empirical relationship of the amount
and composition of 01l/ gas generation. Figure 6
(a) indicates that the Late Cretaceous sediments
(4,260-4,470 m) of the Barracuda well mainly
produce in-situ gas based on high transformation
ratio. The in-situ gas generation of the Late
Cretaceous sediments was begun during the
Early Eocene and it reached peak generation ca.
20 Ma ago (Figure 6 (a)). However, the
transformation ratio is relatively low for the in-
situ oil generation in these sediments. Again, the
rifting thermal history of the kinetic model
provides results in agreement with the observed
gas deposit (4,067-4,206 m) in the Late
Cretaceous sediments of the Barracuda well.
The Tertiary sediments (2,700-2,870 m) in the
Barracuda well indicate poor oil or gas
generation (Figure 6 (a)). In the Dorado North
well, in-situ oil/ gas generation was started
during the Early Oligocene for the Late
Cretaceous sediments (3,180-3,350 m).

However, it does not show any significant
cumulative hydrocarbon generation (Figure 6
(b)). Similarly, the Tertiary sediments of the
Dorado North well (2,580-2,840 m) indicate
weak in-situ oil/ gas generation.
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CONCLUSION

Sterane C;9 20S/(20S + 20R) values suggested
relatively higher maturity in the deeper
Barracuda well compared to shallower Dorado
North well during the Late Cretaceous. Sterane
isomers ratios were not drastically enhanced in
the sedimentary OMs from the volcanogenic
sediments suggesting volcanic activity was only
a partial support to the kitchen source.
Consequently, successive Tertiary burial could
play an important role for the maximum
formation temperature of hydrocarbon. Sterane
isomerization  values (0.54-0.56) of the
Barracuda samples (3,850-3,860 m, 4,310-4,320
m, and 4,730-4,741 m) were reached thermal
equilibrium for oil/ gas generation. Sterane Cyo
20S/(20S + 20R) values were relatively low in
the Paleogene and Neogene sediments of the
Barracuda well indicating decrease in
temperature and age of the rocks.

The regional heat flow could have enhanced
during the Late Cretaceous due to volcanic
activities. The compiling of geological evidence
such as rift system and Late Cretaceous igneous
activity suggests that the Mannar Basin consists
of a relatively high geothermal gradient than
present. The numerical estimations suggest that
development of the hydrocarbon potential of the
Mannar Basin was significantly extrapolated by
the standard rifting time-variant temperature
gradients. The Late Cretaceous sediments in the
Barracuda well (4,260-4,470 m) can indicate in-
situ gas generation since the Early Eocene and
the peak of gas generation was achieved ca. 20
Ma. This estimation was extrapolated with
observed gas layers in the Barracuda well.
However, the Cretaceous sediments of the
Dorado North well and Tertiary sediments in the
both  wells indicate poor cumulative
hydrocarbon for oil and gas generation.
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