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ABSTRACT

The Gulf of Mannar is located between the soutleeastoast of India and the western
coastline of Sri Lanka. The Sri Lankan sector @& gjulf, which is commonly referred to as
the Mannar Basin, extends over around 45000ikmnwater depths of 20 m to more than 3000
m. The northern part of the Mannar Basin has Haoled® probably Late Jurassic or older
sediment. The sediment thickness ranges from 4rkehallow water depths in the northern
part of the Mannar Basin to more than 6 km in teepdwater depths towards the south of the
basin. The basin has rift structure. The riftingrtd probably in late Aptian and ended at the
end of the Cretaceous. During rifting, the Sri Lamkandmass has rotated counter clockwise
direction, acting the north part of the island gswt. As a result, the crustal extension has
taken place in such a way that the degree of exter®as progressively increased from north
to south of the Gulf of Mannar. There has been ra¢\episodes of basin wide basaltic lava
flows during the Maastrichtian. The basin enterddeamal sag phase from the Palaeocene.
In the latter stage of the thermal sag phase, ésenthas undergone compressional tectonics
giving rise to the formation of anticlinal closureBhe Mannar Basin is an exploration
frontier with only the Pearl-1 well, which was ¢kt in shallow water depths in 1981. Cairn
Lanka Private Limited (CLPL), the recipient of axp®ration licence from the Sri Lankan
Government for an exploration block in the northpant of the Mannar Basin, drilled three
exploration wells during August-December 2011. Tafehese wells, Dorado and Barracuda,
penetrated natural gas bearing sandstone, whickirroed the occurrence of an active
petroleum system in the Gulf of Mannar. Howeveg theology, geological history and
petroleum system of this exploration frontier isopp understood. The objective of this
research is to understand these aspects of the. dasil cuttings from recent wells, data

from the Pearl-1 well and seismic data were usetdigstudy.

The results of the preliminary analyses of drilttcigs show that they have been heavily
contaminated with diesel based drilling fluid. Thesamples are not suitable for biomarker
studies and Rock Eval pyrolysis. Pulverised cutsagples used for elemental analysis to
determine total organic carbon (TOC) were washeti wiethanol and dichloromethane in
2:1, 1:1 and 0:1 volume ratios three times in drasbnication bath each time for 15 minutes
to remove drilling oil. Maturity data and hydrocarbsource character of sediments indicate
that none of the wells drilled in the Mannar Balsave penetrated its potential source rocks,
which could be Early Cretaceous and older sedimgntacks. Therefore, further study of

drill cuttings could not give an insight into thetmpleum system of the Mannar Basin. For
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this reasion, the focus of the study was shiftethvim dimensional (2D) basin and petroleum
system modeling. SIGMA-2D basin modeling softwafeJapanese Oil, Gas and Metals
National Corporation (JOGMEC) was used to simullageintegrated hydrocarbon generation,
migration and accumulation in the northern patihef Mannar Basin.

Modeling results suggest that the geothermal gmadre the northern Mannar Basin is
24.4°C/km. The present day heat flows in the Mannar Baary from 33 to 40 mW/f The
present-day heat flows in the northern Mannar Basen relatively lower than that in the
adjacent Indian waters. The heat flow history & Mannar Basin was predicted, assuming
that the Mannar Basin has the heat flow history aypical rift basin. The maximum heat
flows at the Pearl-1 and Dorado-North well locasi@t the end of rifting have been around
68.2 and 71.1 mWI/Mm respectively. The Campanian to present sedimernhé northern
Mannar Basin, which has been derived from vasdalad plants, is rich in type Il and IV
kerogen and has poor hydrocarbon source potelitiak Santonian to Cenomanian sediment
has good source potential it could have expelléatively small quantity of oil and natural
gas. The productivity of this stratigraphic intdruzcreases towards the southern part of the
Mannar Basin. Due to no well penetration, the sewicaracter of the Early Cretaceous to
older sediment, the potential hydrocarbon sourc&san the Mannar Basin, is unknown. In
the event of the Early Cretaceous to older sedinteaving good hydrocarbon source
potential, oil and gas could have been expellechipaiuring the Late Cretaceous, which is
followed by a couple of minor expulsion phaseshiem Palaeogene and Neogene. The time lag
between oil generation and expulsion is around 5M®kcracking starts at 120-14C. Even
if deeply buried sediment in the Mannar Basin haerpydrocarbon source potential of
around 0.5% TOC content and only Type Ill kerodesytcan still give rise to economically
feasible gas deposits. Potential source rocksarMannar Basin could have an average TOC
content of at least 1% and 10-15% contribution fr@iype Il kerogen. In this case,
economically feasible oil and gas deposits coulduoamainly in Cretaceous sandstone.
Potential hydrocarbon traps in the Mannar Basituohe tilted/rotated fault blocks, anticlinal
closures, channel fills and stratigraphic pitcholgseous rocks interbedded with sandstone
may also act as hydrocarbon traps and seals. Rotitcal and lateral drainage system might
have occurred in the Mannar Basin.



1. INTRODUCTION

1.1. Outline geology of Sri Lanka

Nine-tenths of Sri Lanka are composed of upper-dbgiite to granulite facies
Precambrian metamorphic rocks in three lithotectamits (Cooray, 1984:1994; Kroner
al., 1987; 2003; Fig. 1.1). The remaining one-tetbated mainly in the northern, north-
western and north-eastern coastal areas, is cowsitbd sedimentary rocks, principally
Quaternary sands (“red earth”; Cooray, 1984), Miecdimestones, and Late Jurassic
siliciclastic rocks that crop out in the Tabbowadlgama and Pallama grabens (Fig. 1.1). In
Tabbowa, the Late Jurassic includes arkosic saneéstciltstones, and mudstones (Money
and Cooray, 1966), and carbonaceous shales intB¥tlagith coal seams are present among
other lithologies in Pallama (Raveendrasing#eal., 2013). Sediment thickness in the
Tabbowa and Pallama grabens is 1.2-1.5 km and.Q.8+h, respectively (Tantrigoda and
Geekiyanage, 1991).

1.2. History of hydrocarbon exploration in Sri Lanka

Oil exploration in Sri Lanka commenced with Canaddunting Survey Company
Limited carrying out an aeromagnetic survey in$neLankan sector of the Cauvery Basin in
1957. Compaigne General de Geophysicque of Framoetke first seismic survey in Sri
Lanka in 1967. During 1972-1975, three exploratiaeils, Pesalai-1, 2 & 3, were drilled in
the Mannar Island, located northeast of Sri Lankairad 225 km north of Colombo (Fig. 1.2).
Several stratigraphic intervals of these wells brades of natural gas. Encouraged by gas
shows in Pesalai wells, different consortia drilfedr more exploration wells, Palk Bay-1 &
Delft-1 in 1976 and Pedro-1 & Pearl-1 in 1981 inthwestern shallow waters in Sri Lanka
(Fig. 1.2). Since any of these wells did not enteureconomically viable hydrocarbon
deposits, they were plugged and abandoned as tig.ho

The Gulf of Mannar, an exploration frontier locateetween the western coastline of
Sri Lanka and the eastern coastline of India, mssed from the Cauvery Basin to the north
by Rama-Sethu (Fig. 1.2). The Gulf of Mannar is ofithe least studied basins in the region.
The Sri Lankan sector of the Gulf of Mannar, whiglcalled the Mannar Basin, extends over
of around 45000 kfinwater depths varying from 20 m to more than 300GAmund 3000
km?in the northern part of the Mannar Basin lies inlsiw water depths (< 400mpeartl
drilled in 1981 by Cities Services Limited was first and the only exploration well drilled
in the Mannar Basin until 2011. Although oil ex@ton in Sri Lanka was active from early
1970s to 1981, little further exploration took maturing 1981-2000.
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Fig. 1.1. Outline geology of Sri Lanka (After Kroneral., 1987)



After a hiatus, Tomlinson Geophysical Services (i&S), a Norwegian geophysical
company in 2001 shot 1050 km of telanensional (2D) marine seismic survey in the
Mannar Basin. Interpretation of these data showedMannar Basin to have rift structure
(Fig. 3.4) and other geological conditions favoeatdr accumulation of economically viable
hydrocarbon deposits. Seismic data show that gtaginic thickness of the Mannar Basin
varies from around 4 km in shallow water depthsntmre than 6 km in deep water depths
towards the south of the basin (Fig. 3.4b). In 2G88 Sri Lankan Government granted an
exploration license for an exploration block in therthern Mannar Basin to Cairn Lanka
Private Limited (CLPL). CLPL drilled three exploi@t wells in the exploration block during
AugustDecember 2011. The first well, CLHRorade91H/1z (Dorado in Fig. 1.2), was
drilled in a water depth of 1354 m up to a totgbttieof 3288 m. It penetrated natural gas
bearing sandstones between the depths of-3069 m. Dorado was the first exploration well
drilled in Sri Lanka in 30 years and the first isadbver hydrocarbons in Sri Lanka as well as
in the Gulf of Mannar (Premarathret al., 2013). The second exploration well, CL-PL
BarracudalG/1 (Barracuda in Fig. 1.2), drilled 68 km off twestern coastline of Sri Lanka
in a water depth of 1509 m, also penetrated thateral gas bearing sandstones between the
depths of 4064206 m. CLPLDoradeNorth-1-82K/1 (DoradeNorth in Fig. 1.2), the third
exploration well drilled approximately 2.5 km nodhthe Dorado well up to a total depth of

3622 m was plugged and abandoned as a dry holeaarBber 2011.

The discovery of natural gas in the Dorado and &amla wells in the Mannar Basin
established the existence of an active petrolewstesyin the Gulf of Mannar (Mohapata
al., 2012; Premarathret al., 2013). However, petroleum system of this deepemiontier
basin is poorly understood. The objective of thesearch is to understand the geology,
geological history and the petroleum system ofNtanar Basin. Seismic data, analysis of
drill cuttings from the Dorado, Doraedorth and Barracuda wells, data from the well
completion report for the Pearl-1 well held at PRR&e used in this study.
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The location of the GMS1 well in the Indian shallevaters of the Gulf of Mannar was

quoted from Raet al. (2010).



1.3. Geological setting

The Gulf of Mannar is a failed rift (Curray, 1984yhich evolved due to multiphase
break up of Gondwana (Bailliet al., 2003; Fig. 1.3). Sea floor spreading betweenmalatd
Antarctica and rifting of Indo-Lanka landmasses éhdeen initiated in Early Cretaceous
around 130 Ma (Ladt al., 2009). During rifting, counter clockwise rotatiof Sri Lanka with
respect India (Yoshidet al., 1992) is believed to have driven the crustaéesion between
Indo-Lanka landmasses. Thompson (1976) suggestédsthLanka’s separation from India
could be similar in fashion to Madagascar’'s sepamatrom Africa. The counter-clockwise
rotation of Sri Lanka has given rise to Cretacemasine incursion into the Gulf of Mannar
prior to similar events in northwestern offshoreaa in Sri Lanka (Cantwedt al., 1978).
This is supported by higher stratigraphic thickneshe Gulf of Mannar (Fig. 3.4b) than that
in the northwestern offshore areas. Palaeo magnetesurements from the Pesalai-1 well
(Location: Fig. 1.2) suggest Sri Lanka’s migratimhsome 2400 km from 16° S during the
Paleogene to 8% at present (Cantwedt al., 1978). This observation is in general agreement
with the paleo geographic reconstructions of thdo{hanka landmasses by Torswkal.
(2002; Fig. 1.3). Bailliest al. (2003) proposed that the Gulf of Mannar evolvedrd) at least
two periods of rifting. The first phase of riftinthe culmination of which is represented by
the Albian unconformity, began during the beginnioigseafloor in the Bay of Bengal
(Baillie et al., 2003) due to separation of India and Antarctiéa.Late Cretaceous
unconformity marks the end of the second phasdftirig, which was initiated with the
separation of Madagascar from India (Baildeal., 2003). At the end of the Cretaceous
period, the Gulf of Mannar has entered a thermgl@ese (Premarathmeal., 2015). The
Gulf of Mannar has undergone compressional tecsof® Silva, 2006), which has given
rise to popup structures appear in seismic data @4a).

Due to similarities in origin, geological struatyrand stratigraphy, many researchers
have proposed that the Mannar Basin is a sub loddime Cauvery Basin to the north (Fig.
1.2), which produce both oil and gas (Baildieal., 2003; Premarathne, 2008; Rastaal.,
2008; Racet al., 2010; Chandrat al., 1991; Charet al., 1994). However, there are marked
differences between the basins. The Indian seét@aavery Basin is dominated by NE-SW
striking ridges and intervening depressions (Chasdal., 1991), which may extend into Sri
Lankan sector. However, the seismic data show tttmtMannar Basin is devoid of such
structures. In addition, igneous rocks are preserthe Mannar Basin, but absent in the
Cauvery Basin, while unconformities in the Cauvdgsin are associated with longer
hiatuses than in the Gulf of Mannar.
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1.4. Stratigraphy

Seismic data from the Mannar Basin show a strgiljcacolumn more than 6 km
thick underlain by the crystalline basement. No Iwdilled in the Mannar Basin has
penetrated sediment older than the Late Cretacgogsl1.4). However, GMS1 well drilled
in the Indian sector of the Gulf of Mannar (Locatid-ig. 1.2) penetrated Late Albian shale
between 3283 m and 3500 m (Retoal., 2010). Pesalei wells located near the northern
margin of the Mannar Basin also penetrated Albiadients resting on the crystalline
basement. The oldest sediment in the Gulf of Mammoaitd be the Late Jurassic or earlier.
The Jurassic sediment encountered onshore ar&as ladinka and India suggest the possible
occurrence of Jurassic sediments in the deeperopdine Mannar Basin. The Late Jurassic
sediment crop out in the Tabbowa, Aadigama andaPallgrabbers in Sri Lanka (Wayland,
1920; Daraniyagala, 1939; Sitholey, 1942; 1944; djorand Cooray, 1966) and in
southeastern coast of India (eg. Sastdl., 1981). The Jurassic sediments is thought to have
deposited prior to rifting in the Gulf of Mannarhdrefore, their occurrence in the gulf could
be disseminated. Bailliet al., (2003) categorized the sedimentary rocks inMaenar Basin
into four tectonostratigraphic packages or megasacps. Accordingly, Albian and older
sedimentary rocks in the gulf belongs to the firggasequence (MS-1 in Fig. 1.5). The
Albian interval is bounded above by an unconformmtyoth the Cauvery and Mannar Basin
(Raoet al., 2010; Fig. 1.5).

The Late Cretaceous sediments comprise a syn-afjasequence (MS-2, Fig. 1.5;
Baillie et al., 2003). The Dorado and Dorado-North wells tert@dan the Campanian and
Santonian stratigraphic sections, respectively .(Rigl). Pearl-1 penetrated 750 m thick
Maastrichtian to Santonian sandstone, which is ragpd from the overlying Palaeocene
sediments by an unconformity (U/C-2 in Fig. 1.5hieh has been encountered in wells
drilled in the Cauvery Basin and the Krishna-GodaBasin (Rajuet al., 1994). The hiatus
accompanying this unconformity is shorter in thenklar Basin than in the Cauvery Basin
(Fig. 1.5). Thus, the Late Cretaceous sedimentthenDelft-1 well are overlain by Early
Oligocene sediments, whereas those in the PalklBagll are overlain by the Early Eocene

sediments.

Below the Late Cretaceous sedimentary rocks inPial-1 well are about 57 m of
Basalt composed mainly of medium to coarse graolethe and Plagioclase and dated 76.8

+ 4.5 Ma based on the K-Ar. The Barracuda well réed a roughly 760 m section between



the depths of 3480 and 4260 m, in which basaltsirgerbedded with the Maastrichtian
sedimentary rocks (Fig. 1.4D). These igneous rasksinterpreted as basaltic lava, which
occur over a wider areas of the basin (Premaraghak, 2013). Dolerite dykes have been
recorded in GMS1 well (Raet al., 2008) and in five of six wells drilled in thedian sector
of the Gulf of Mannar (Ranet al., 2008), and have crystalline ages of 88 to 61(Rto et
al., 2008) i.e. the late Cretaceous and early Pataso(Danian).

The origin of the igneous rocks remains incompjetahderstood. Biostratigraphic
data, which indicate that a younger (76.8 + 4.5@&mpanian age) igneous rock is overlain
by older (Coniacian-Turonian) sediments, suggesingmsive origin of the igneous rocks
encountered in the Pearl-1 well. If basalts entenad in the Barracuda well are to be lava
flows their crystallization ages should vary betwé&®-72 Ma (see fig. 1.4D). This indicates
the existence of both intrusive and extrusive rankhie Gulf of Mannar. Bailliet al. (2003)
suggested that the Late Cretaceous sediments bigldhg second megasequence in the Gulf
of Mannar.

The Paleogene and Neogene in the Mannar Basinhamcaterised by interbedded
limestones, claystones, and sandstones. Unconfesnstich as the Late Eocene (U/C 3 in
Fig. 1.5) could be the result of the Himalayan emgand associated uplift (Baillet al.,
2003). The late Oligocene and late Miocene unaomtes (Fig. 1.5) may be eustatic in

origin as these periods are marked by low eussaticlevels (see Vait al., 1977).

All wells drilled in the Mannar and Cauvery Basarscountered a thick succession of
Miocene limestones (Figs. 1.4 & 1.5), which is >9@0thick in the Pearl-1 well. Thick
Miocene limestones are exposed in the northerrthwestern and northeastern areas of Sri
Lanka (horizontal bricks in Fig. 1.1). The Paleogegn Neogene interval in the Gulf of
Mannar comprises the third megasequence (Batlik, 2003; Fig. 1.5).

The Pliocene and Quaternary sediment in the GuMainar is basically composed
of unconsolidated sand. This section formed thetfiommegasequence (Baille al., 2003;
Fig. 1.5). Well rounded red coloured Quaternarydstomes (“red earth; Cooray, 1984)
encounters in the north and north western coasetabbSri Lanka (Fig. 1.1).
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2. PETROLEUM GEOLOGY ASSUGGESTED BY EXPLORATION WELLS
2.1. Samplesand data

A memorandum of understanding (MOU) was signed BithLanka’s Petroleum Resources
Development Secretariat (PRDS) to obtain sampldsdata for this research. Accordingly, a
total of 635 unwashed drill cutting samples frore thorado, Dorado-North, and Barracuda
wells (Location: Fig. 1.2) were collected from tARDS. Each sample contained around 35g
of drill cuttings from a 10 m depth interval. Saemplfor the Dorado, Dorado-North, and
Barracuda wells, were available from the depth21d0, 2200 and 2140 m, respectively to
the total depth of each well at 3228, 3620 and 4@ Irespectively (Appendix A). The
samples were frozen dried for 20 hours prior tolydmal preparations. Cutting samples
contained oily substance, apparently drilling diherefore, cutting samples were washed
three times with hexane in an ultra-sonication badich time for 15 minutes to remove
drilling oil. Since cutting samples were not avil&afor the Pearl-1 well, its unpublished well

completion report was collected from the PRDS.

.'.{}:

=1

1 3 1_5:_1,5_ cm

Fig. 2.1. A drill cutting sample from the Barracuda well wadhwith hexane. The sample is

calcareous claystone from the depths of 4710-4720m
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2.2. Analytical methods
2.2.1. GC and GC-M S analysis

10 g of frozen dried drill cutting samples were e with 30 mL hexane three times
under ultrasonication each time for 15 minutesetmave drilling oil. The samples were kept
inside a fume cupboard for around 24 hours befaieepizing them using an agate mortar.
Bitumen in pulverized (~75um) drill cutting sampleas extracted by ultrasonication (3 x 15
minutes) with a mixture of dichloromethane and maath (v/iv 1:3, 1:1, and 1:0,
respectively). Aliphatic and aromatic compoundghia extract were fractionated using silica-
gel column chromatography. Each fraction was amalyzsingHewlett Packard (HP) 6890
Gas Chromatography (GC) antP 5973 Gas Chromatography and Mass Spectrometry (GC-
MS: Fig. 2.2) with fused silica DB-5HT (30 m x 0.25 min&W) column with a splitless
injection system and a flame ionization detectdbjFCarrier gas (1.5 ml mit) was helium.

The oven temperature was programmed for 2 minutd® 8C, increased from 40 to 380

at 4°C per minute and finally held for 20 minutes at 300

Fig. 2.2. HP 5973 Gas chromatography and mass spectrom&g¢N9S) instrument.

2.2.2. Elemental analysis

This study focused on the analysis of sedimentenftbe Dorado well and calcareous
claystone between the depths of 4260 to 4740 nmenBarracuda well. Each sample was
frozen dried for 20 hours before being pulveriseing an agate mortar. Since initial
geochemical analysis of cutting samples from theabo, Dorado-North, and Barracuda

14



wells show the cuttings to have been contaminagufeantly with drilling oil (Fig. 2.6),
the pulverised cutting samples were washed with n80 mixture of methanol and
dichloromethane in 2:1, 1:1 and 0:1 volume ratiosan ultrasonic bath, each time for 15
minutes to remove drilling oil. 3.7-4.3 mg from bkadried sample was weighed into an Ag
capsule, to which a few drops of 1N HCI was addedl kept at 168 over night to remove
inorganic carbon. Then, 6 mg of vanadium (V) ox{&feOs) powder was placed in the Ag
capsule. It was then enclosed in a Sn capsule éefaulding it into a tiny cube. Each
sample was analysed usirifuro EA 3000 CHNS elemental analyser (Fig. 2.3). The
combustion temperature inside the furnace was ard20 °C. L-cystine was used as the
standard. Regression analysis was employed for tig@iéare analysis. Elemental
concentration was determined on a dry-weight bdsis.errors of the analyses were +3% for
TOC.

Washing of pulverised cutting samples with methaarad dichloromethane in an ultra-
sonication bath is thought to remove a significgofntity of bitumen (Bit), which is
extractable using polar and nonpolar organic satveBitumen to total organic carbon ratio
(Bit/TOC) varies from zero in shallow sediments-th25 at peak oil generation (Petetral.,
2007). Miles (1994) on the other hand inferred tyaater than 0.2 Bit/TOC ratios for oil-
prone sediments suggest contamination. The Bit/T&® of sediment in the oil window
decreases with further burial due to conversiobitefmen to volatile hydrocarbon (Petets
al., 2007). Therefore, it is generally assumed thatremoval of the bitumen fraction does
not significantly affect the measured total orgac&rbon (TOC) content of a sample

excluding oil-prone sediments in the oil window.

Fig. 2.3. Euro EA 3000 CHNS-elemental analyser.
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2.2.3. Vitrinitereflectance

The standard method of acid maceration for kerasggraration was used for 20—30 g
cutting samples from the Dorado, Dorado-North, &airacuda wells. Only fine-grained
sediments with higher total organic carbon con{ettO wt.% or higher) were selected for
acid maceration. Coaly fragments in acid-maceraemiments were extracted with a zinc
bromide (ZnBj) solution with a density of 1.55 g/émCoaly fragments mounted on epoxy
plugs were polished with progressively finer aluanidust followed by 3, 1 and 0.25 um
diamond paste, respectively. The reflectance oitié was measured using a Nikon Eclipse-
LV-100-ND microscope (Fig. 2.4) witha stabilised halogen light source anbdofonic
multichannel analyser (PMA12, Hamamatsu Photonigg. Vitrinite reflectance (VR) was
measured for a spot size of 20 um diameter at &kagth of 542.8 nm by comparison with
standard values of polished glasses (Fig. 2.5)¢chvhave 0.55%, 0.79%, 1.08%, and 1.53%
reflectance in oil, respectively. The reflectande306—40 individual vitrinite grains was
measured for mean VR. Marceral composition analgeid fluorescence microscopy were
undertaken on bulk kerogen. Kerogen fluorescence e&amined under ultraviolet (UV)

light using a Nikon Optiphot-2 microscope with Hgrip and UV filter set.

1.08%R,
1.53%R,

0.79%R,

0.55%R,

Fig. 2.4. Nikon Eclipse-LV-100-NDmicroscope Fig. 2.5. Polished glass standard with

different R, values
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2.3. RESULTSAND DISCUSSION
2.3.1. Composition of bitumen extract

GC-MS chromatograms for saturate fraction) (Bf drilling oil contains Go-Cyo
hydrocarbons (Fig. 2.6A), which is more or lessilsimto the composition of diesel that
typically contains @C,; hydrocarbongCollins, 2007) GC-MS chromatogram for bitumen
extracts of cutting samples, predominantly cont@ig-C,o compounds (Fig. 2.6B). This
indicates that the samples contain a significanbwarhof drilling oil despite washing of the
cuttings with hexane three times in an ultrasorecabath, each time for 15 minutes prior to
pulverization. The relative abundance of drillingis so high that long chain alkanes having
Co1 or higher carbon number compounds in the extratich generally elute after 40
minutes of retention time, are masked (Fig. 2.6B)ese chromatograms are not conducive
for biomarker studies because the relative aburedandifferent biomarkers (eg. pristane,
phytane etc.) might have been affected by simianmounds in drilling oil giving rise to

erroneous inferences especially of depositionairenmnent, thermal maturity etc.

2.3.2. Hydrocarbon sour ce character

With the exception of a couple of thin stratigrapitervals, the total organic carbon
(TOC) content of most sediments in the Pearl-1 vgeless than 0.5% (Table 2.1 and Fig.
2.7). The cross plot of the hydrogen index agdimstoxygen index (Fig. 2.8) indicates that
sediments from this well mostly contain Type llirkgen with inertinite in the Late
Cretaceous section.

Peters (1986) defined Rock-Eval 55 mg HC/g rock as an indication of good source
potential. Accordingly, the Late Cretaceous sectiothe Pearl-1 well, which yields, 8 5
mg HC/g rock (Table 2.1), indicates poor sourceeptial. Sediments with Type IIl kerogen,
HI = 50-200 mg HC/g rock and,/S; = 1-5, indicate, among other factors, source piatent
for natural gas (Peters and Cassa, 1994). Accdidingpst Paleogene sediments from the
Pearl-1 well seem to have source rock potential fatural gas. The TOC content of
argillaceous sediments from the Dorado well vafiesn 0.5% to greater than 1%, while
calcareous claystone between the depths of 426¢aatl m in the Barracuda well varies
mainly from 1 to 2% (Fig. 2.9 or Appendix B). Kergin rock samples from the two wells
show no fluoresce under ultraviolet (UV) light (F&§11).
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Marceral composition analyses show predominanacatiafite, detrovitrinite, and fusinite in
sediments from the Dorado well and most sample® fitee depths of 4260-4741 m in the
Barracuda are rich in fusinite and poor in othecenal (Figs. 2.11 and 2.12).

1-2% TOC indicates good hydrocarbon source poteriBater and Cassa, 1994).
Sediments from the Dorado well are rich in orgam@idbon but mainly have Type Il kerogen.
Therefore, these sediments may have source pdtémtimatural gas. Though calcareous
claystone between the depths of 4260-4741 m inBdmeacuda well are rich in organic
carbon, they have poor hydrocarbon source potemti@lto the higher inertinite content and
lack of petroleum generative kerogen. Organic mattsediments penetrated by the wells in
the Mannar Basin has derived mainly from vascwdad|plants with little or no contribution

from marine microorganisms.
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Table 2.1. TOC and Rock-Eval pyrolysis data extracted froe wrell completion report for
the Pearl-1 well. Sand $ are in mg HC/ g rock.Ss in mg CQ/ g rock. HI = Hydrogen
Index in mg HC/g TOC, Ol= Oxygen Index in mg &€& TOC), Pl= Production Index
(S/S1+S).

Depth  TOC HI Ol PI 2B Tmax
(m (wt) S S S (’C)

560 0.26 0.004 0.22 1.05 85.8 405.00.018 0.21 415.8
870 0.36 0.004 0.69 1.10 190.8 306.10.006 0.62 415.8
1,017 0.36 0.004 0.70 0.61 1944 170.00.006 1.14 415.8
1,131 0.69 0.005 199 134 288.7 193.6.003 1.49 242.2
1,185 0.58 0003 121 115 209.1 197.9.002 1.06 420
1,197 0.88 0.017 246 134 279.0 152.6.007 1.83 424
1,209 1.00 0.009 271 093 2713 92.80.003 2.92 426
1,317 0.58 0003 051 087 87.9 150.20.006 0.59 417
1,354 0.48 0.001 023 0.66 47.7 137.50.004 0.35 414

1,386 0.68 0.022 057 0.65 838 95.90.037 0.87 419
1,401 1.05 0037 110 123 1049 116.9.033 0.90 422
1,416 0.66 0.021 053 059 805 89.20.038 0.90 423
1,424 2.36 0.013 346 091 146.6 38.70.004 3.79 432
1,436 0.23 0.03 016 1.16 69.6 505.70.158 0.14 425
1,442 0.26 0.03 - 0.98 - 377.7 1.000 - -

1,582 0.62 0.003 058 0.70 93,5 112.10.005 0.83 424
2,002 0.58 0.005 0.13 195 216 336.20.038 0.06 422
2,590 0.79 - 046 0.29 58.2 36.7 - 1.59 420
2,649 0.54 - 019 024 352 43.5 - 0.81 414
2,740 2.55 0.002 111 0.33 433 12.90.002 3.35 448
2,890 0.56 0.001 023 036 411 63.40.004 0.65 425
2,908 0.69 - 036 040 52.2 58.0 0.000 0.90 445
2,920 0.78 0.18 024 039 30.8 50.00.429 0.62 454
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Fig. 2.11. Photomicrographs of kerogen under reflected winget in fine grained sediments
between the depths of (A) 3140-3150 m in the Doraddl, (B) 4510-4520 m in the
Barracuda well and (C) 4610-4620 m in the Barracudl. Fluorescence microscopy under
UV light of kerogen in fine grained sediment betweke depths of (D) 3120-3130 m in the
Dorado well, (E) 3140-3150 m in the Dorado well gffl 4340-4350 m in the Barracuda
well. fs, vt, and py stand for fusinite, vitrinised pyrite, respectively.
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Fig. 2.12. Photomicrographs of vitrinite (vt) extracted frdime grained clastic sediment from the (A) Doradsl between the depths of 2930-
2940 m (B) Dorado-North well between the depth82#0- 3220 m and (C) & (D) Barracuda well betwdsndepth of 4420- 4430 m and
4710- 4720 m, respectively. Photos were takenmurgdiected white light in oil. fs = fusinite amqy = pyrite.
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2.3.3. Thermal maturity

Vitrinite reflectance data is not available foetRearl-1 well. Alternatively, Rock Eval
Tmax data, which is available for the Pearl-1 well (leaB.1), could be used as a maturity
indicator. Peters and Cassa (1994) reported thatof 435- 47C0°C indicate the oil window.
Three out of four samples from the last 200 m ef Bearl-1 well recordedlx values of
more than 44%C (Fig. 2.11 & Table 2.1), which correspond to tlewindow. The sample
from the depth of 2920 m had,Jof 454°C and a production index (PI) of 0.43, suggesting
oil generation in this sediment (Table 2.1). In ifidd, the T,ax data suggest entering of
sediment in the Pearl-1 well into the oil windowtla depth of around 2700 m. Anomalously
low Tmax Values (<425C) observed at the deeper part of the well (Taklea?d Fig. 2.11)
could be due to mixing of rock fragments from shakr levels of the well during drilling.
Raoet al. (2010) reported that Late Albian sediments bebhitbe depths of 3283 and 3500 m
in the GMS-1 well (location: Fig. 1.2) havenk of 473 °C, indicating entering of the
sediment into the gas window. This observationdadlsi agrees with the maturity trend in
Figure 2.12. Overall, it indicates that the Sardaarsediment in the Pearl-1 well has thermally
matured and oil generation has started. Howevest mbthe sediment penetrated by the
Pearl-1 well below this depth is sandstone (FigA).and therefore, relatively thin claystone

layers below the oil window could not have produaagt commercial quantity of oil.

Sediment in the Dorado, Dorado-North, and Barracudlls has entered the oil window
(VR > 0.6 %R, Petersen, 2002) at the depths of 3654, 3643,3808 m below mean sea
level (bMSL), respectively, while the gas windowR¥ 1.35%R; Petres and Cassa, 1994)
at the depths of 5154, 5143, 5409 m bMSL, respelstiiFig. 2.14).

The data suggest that sediments penetrated bipdhedo and Dorado-North wells are
thermally immature. However, calcareous claystoglev igneous rocks the Barracuda well
(Fig. 1.4D) are thermally matured. However, theirsedt in this section (4318-4741 m
bMSL), which have a poor hydrocarbon source paténtiay not have produced any
significant quantity of hydrocarbon.
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2.4. Interim inferences

GC and GC-MS analysis of bitumen extract of pukedifine grained cutting samples
indicate that most of the cutting samples, esplgdibse from the deeper part of each well,
are highly contaminated with diesel based drillm Organic solvents such as hexane,
dichloromethane and methanol cannot be used towerddlling oil contamination to an
acceptable level so that the results from biomaakaityses are reliable.

Thermal maturity and source character data sugfastwells drilled in the Mannar
Basin might not have penetrated its potential souocks. Hence, it is doubtful as to whether
further analysis of drill cuttings would help fulfihe objectives of this research. No well
drilled in the Mannar Basin has encountered oit@ndensates. In this case, no opportunity
to study biomarkers in oil or condensates, whichenvise would have been used to
understand the type of source rocks and their tAematurity at the time of oil/condensate
expulsion. Though natural gas has been encounterth@ Dorado and Barracuda wells, gas
samples were not available for this study. Theeeftwasin modeling technique is the best

option available to fulfil the objectives of thisagch.
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3. BASIN AND PETROLEUM SYSTEM MODELING

3.1. What ismodeling?

Basin and petroleum system modeling (BPSM) is arative process (Al-Hajest al.,
2009). It can simulate a basin’s burial and therrhadtory, source maturation and
hydrocarbon generation, expulsion, migration aaggimg. BPSM is frequently used to draw
valuable inferences on frontier basins with a ledidata set such as the Mannar Basin. Its
application is becoming increasingly common with tlevelopment of faster computers and
increasing data storage facilities.

3.2. Modeling software

SIGMA-2D basin modeling software (version 6) of dapse Oil, Gas and Metals
National Cooperation (JOGMEC) was used in this \tude software could simulate the
basin’s burial and thermal history and hydrocarlg@meration, expulsion, migration and
accumulation in a two-dimensional (2D) cross sectidnder geological modeling, the
software reconstructs the burial and thermal hystdra 2D cross section by using lithology
distribution, rock physical properties and boundagnditions such as ocean bottom
temperature, present and palaeo heat flows andstdiepal water depths and sea level
changes. The software use SIMPLE-BSuzuki et al., 1993) to calculate the vitrinite
reflectance (VR). Computed maturity data togethéh WwOC, kerogen composition and
kinetic models for different types of kerogen carivey into hydrocarbon are used to
simulate hydrocarbon generation under generatiodefing. Finally, under migration and
accumulation modeling the software simulates hyaoon expulsion, migration and
accumulation. Relative permeability of oil, waterdagas in shale is used to determine the
hydrocarbon expulsion threshold. Secondary hydbmramigration is also based on relative
permeability of oil, water and gas in sandstone @artbonate rocks. Relative permeability is
an extension of the Darcy’s law on multiphase fl(wéter, oil and gas) flow. The software
also takes into account hydro fracturing and pheedeavior of fluids such as dissolution of
gas in oil. Fig. 3.1 summaries the main steps wealin numerical simulation of basin
modeling. More information on SIGMA-2D software fegming BPSM is available in Okui
et al. (1996); Okui (1998).
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Fig. 3.1. Flow chart for forward modeling (modified after Madus and Galushkin, 2005).
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3.3. Workstation

Completion of numerical simulation of BPSM needsaasssing a large volume of data,
which take relatively a longer lime. Therefore, arkstation with a higher processing speed
is necessary in BPSM to save time. Dell Precisiowdr 7810 workstation with Intel Xenon
quad core processor and 8 GB random access meRAM)(was used in this study (Fig.
3.2).

Fig. 3.2. Dell Precision Tower 7810 workstation.

3.4. Datarequired for modeling

Basin and petroleum system modeling requires aowariinput data, including the
distribution of lithology, rock physical propertiesd their relation with burial depths and
boundary conditions. Most sensitive rock physicalperties in modeling include porosity,
permeability, thermal conductivity and heat capacithe boundary conditions include
present and paleo heat flows, ocean bottom temperaind depositional water depths and
sea levels. In addition, tectonic history of thesiba which gives rise to unconformities
(erosional thickness), and faults, source chard@®@IC & kerogen type), kinetic model for
hydrocarbon generation, condition of hydrocarboputsion and migration has to be entered

as data.
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3.5. RESULTSAND DISCUSSION
3.5.1. Simulation condition
3.5.1.1. Lithology distribution

Distribution of lithology means spatial distributi@f potential reservoirs, seals and
source rocks. Seismic attributes, well stratigrapagd regional geology were used to
determine the lithological distribution along thexXsection (Fig.3.3), which is a part of the
SL-01-04 seismic line acquired by TGS as part ef2001 seismic survey. The Pearl-1 and
Dorado-North wells fall in this sectiofn addition a pseudo well named the pseudo Mannar
Deep was assumed at the end of the X-X’ sectiog. &#). The time-depth relationship for
depth conversion of the seismic profile was derifrech the Pearl-1 well. As for the regional
geology, well stratigraphy reported for adjacergibsisuch as the Indian sector of the Gulf of
Mannar (eg. Ranat al., 2008; Racet al., 2010), the Cauvery Basin (eg. Cantwetllal.,
1978; Sastret al., 1981; Chandrat al., 1991; Ramanat al., 1995) and the Late Jurassic
sediments deposited in Tabbowa, Aadigama and Paligrabens onshore Sri Lanka (eg.
Wayland, 1920; Deraniyagala, 1939; Sitholey, 194944; Money and Cooray, 1966;
Tantrigoda and Geekiyanage, 1991; Raveendrasidgile 2013 were used. Determination
of rock percentages from seismic data were basesemmic stratigraphy (eg. Vadt al.,
1977), sequence stratigraphic principles (eg. Sb863; Mitchum 1977; Payton, 1977) and
correlations between seismic facies to reflectitinbates (eg. Stokest al., 1997; Futalamt
al. 2012; Zeng, 2013). Figure 3.4a shows the intéedrdithology distribution along the
depth converted X-X' section. Seven horizons/ mfles, sea floor and the tops of Neogene,
Paleocene, Late Cretaceous, Early Cretaceous,sityrasd the basement, were interpreted
(Fig. 3.4). Based on the tectonic history and gfraphy described in chapter 1, the age of
sediment immediately above the crystalline basemktite Mannar Basin was assumed to be
around 174 Ma.

Figure 3.5 shows the recreated stratigraphic seatithe SIGMA-2D software. Here,
interpreted horizons were further divided into @ations, which together with 37 columns,
divides the section into mosaic of cells (Fig. 3 B)e higher number of cells in the section
the more accurate and realistic the accumulatiordefilty. Rock percentage of each
formation in three stratigraphic columns (from flear to the basement) at Pearl-1, Dorado-
North and pseudo Mannar-Deep well locations atedigh Table 3.1.
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Fig. 3.3. Location of a part of SL-01-04 seismic line (X-)X) the northern part of the
Mannar Basin.
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Fig.3.4. (A) The seismic profile across the northern pathe Mannar Basin. The location of the
cross section is shown in figure 3.3. The deptin isvo way travel time (TWT) in seconds. (B)
Generalised lithology distribution interpreted ajdhe X-X' section based on well data, regional
geology and seismic attributes. Trajectories of BHearl-1 and Dorado-North wells are also
depicted. No. 1 indicates the sea floor reflectdrile Nos. 2 to 6 indicate tops of the Paleogene,
late Cretaceous, early Cretaceous, Jurassic asthtiiye basement, respectively. MSL = mean
sea level.
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Table 3.1. Lithologic compositions of wells used for calcutatiof present-day heat flows.
Lithologic compositions of Pearl-1 and Dorado-Nowtkere derived from well reports and
seismic data, and the lithologic composition of gseudo Mannar-Deep well was entirely
derived from well correlation and seismic data. Wedl locations are shown in Figs. 3.3. &
3.4. Depth is in meters (m) below sea floor. Wakepths at the Pearl-1, Dorado-North, and

pseudo Mannar-Deep well locations are 20, 1343,1&0@ m, respectively. SS = sandstone,

CL = claystone, and LS = limestone.

Pearl-1 Dorado-North Pseudo-Mannar-Deep
Depth SS CL LS Depth SS CL LS Depth SS CL LS
(m) (%) (%) (%) (m) (%) () (%) (m) (%) (%) (%)

0-330 90 0 10 0-90 100 0-80 0 O 10
330 - 1070 0 0 100 90 - 720 0 0 100 80-1830 30 (@0
1070-1130 O 100 O 720 - 790 O 100 O 1830-209M 550 O
1130-1150 O 0 100 790-1140 0 0O 100 2090-2430 100 O
1150-1310 O 100 O 1140-1250 15 80 5 2430-284% 70 15
1310-1400 O 0 100 1250-1290 90 5 5 3840-39300 O 0
1400-1670 O 100 O 1290 -1340 5 90 5 2610-2810 ®©0O O
1670-1790 100 O 0 1340-1630 70 30 O 2810-312a» 70 15
1790-1880 O 0 100 1630-1920 10 90 O 3120-3800 100 O
1880-1910 100 O 1910-2230 80 20 O 3800-40000 O 0
1910-1980 O 100 2230-2850 15 70 15 400054520 80 O
1980-2840 100 O 2850-2990 100 O 0 4565-4870 100 O
2840-2900 0 100 2990-3650 20 80 O 4870-53®\O0 50 O
2900-2970 100 O 3650-3820 100 O 0 5391-55@%0 O 0
2980-3000 O 100 3820-4090 50 50 O
3000-3310 100 O 4090 -4360 100 O 0

3310-3420 O 100
3420-3520 100 O
3520-3660 O 100
3660 -3760 100 O
3760-3840 0 100
3840-4000 100 O

e eolNelelololNolNoellolollollolo]
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3.5.1.2. Rock physical properties

Equations 1, 3, and 5 show the method used byltBBIA-2D software to calculate
the resultant porosity, thermal conductivity andnpeability of a lithology mixture using the
input data (Egs. 2, 4 & 6).

¢ =>0ia 1)
0i =J (Pe) 2)(

Where; ¢ is the porosity of the lithology mixturey andg are the porosity and volume
fraction of each rock type (e.g., sandstone, shategstone etc.), respectivelye B the
effective pressure, which is the difference betw#en lithostatic and pore pressure. The
software uses a geometric mean model to calcuiatpermeability and thermal conductivity

of a lithologic mixture.
A =TIA8 (3)
A= [(PeT) (4)

where;\ is the thermal conductivity of the lithology mixéyA; anda are the thermal

conductivity and volume fraction of each rock typespectively. T = temperature.
k =TT k% (5)

ki = [ (¢4) (6)

Where; k is the permeability of the rock aggregltanda are the permeability and volume

fraction of each rock type, respectively.

The software does not estimate the porosity veediective pressure (Eq. 2), the
thermal conductivity versus effective pressure terdperature (Eq. 4), permeability versus
porosity (Eq. 6), or heat capacity versus tempeeatfhese have to be input into the
modeling system as data. The methods for seleotinigriving each of these relationships of

rock physical properties are described below.
3.5.1.2.1. Porosity

Athy (1930) proposed a simple depth—porosity fiomc (Eg. 7), which is
based only on the surface (initial) porosipy)(and a compaction parameter (c) of a particular

sedimentary rock type. Athy’s law (Athy, 1930) farlated with hydrostatic depth (Eq. 8),
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which is described in detail by Hantschel and Kaugr(2009), was used to derive the
porosity versus effective pressure relationshipstordstone, shale, and limestone used in this
study. Sclater and Christie (1980) determined serfaorosity ¢,) and a compaction
parameter (c) for sandstone, shale, and chalkarNibrth Sea Basin. Mannar and North Sea
basins have more or less similar rift basin archite. Therefore, thé, and ¢ data derived
by Sclater and Christie (1980) were used for thiglys Figure 3.6 shows the porosity versus
effective pressure derived for sandstone, shaldiar@$tone used in this study.

0z = ho€™ (7)
Where;d, = surface porosity, ¢ = compaction parameter,eptd
6'2(¢) = (Apg/c) - @ - ¢o- In $/¢o) (8)

where;c'; (¢) = effective pressureyp = difference between rock matrix and pore fluid

densities, g = acceleration due to gravity.
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Fig. 3.6. Porosity versus effective pressure relationsfopsandstone, shale, and limestone
used for modeling. The surface porosity)(and compaction parameter (c) used for the
derivation are: shalé, = 0.63; ¢ = 0.051 ki limestoned, = 0.7; ¢ = 0.71 kni* and
sandstone, = 0.49; c= 0.27km™ (afterSclater and Christie, 1980).
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3.5.1.2.2. Permeability

Permeability is an important rock physical propearnyhydrocarbon migration and
accumulation. It depends on interconnected poreis other words the effective porosity.
Potential hydrocarbon reservoirs (e.g. sandstomek lianestones) should be porous and
permeable for hydrocarbon accommodation. On thetraon seals/ cap rocks (e.g.,

claystones, igneous rocks and anhydrites) shouldhpermeable to stop hydrocarbon being
leaked out of the reservoir.

The most commonly used permeability relationship, Kozeny-Carman relationship,
was revised by Ungereat al. (1990) for practical use in basin modeling (Hah& and
Kauerauf, 2009). However, the permeability deteedirby a more complex geometrical
model deviates from that determined by the Kozeaya@n formula (Doyen, 1988).
Hantschel and Kauerauf (2009) reported porosityreability relationships for various
lithologies derived by an alternative method, whielsult in piecewise linear functions of
permeability in the log permeability versus porgsdtiagram. The permeability curves
derived by Hantschel and Kauerauf (2009) genegrajlge with empirically derived porosity-
permeability cross-plots for sandstones (e.g., B&enl1971; Diederix, 1982; Wendt al.,
1986; Saneket al., 2006; Pellerin and Zinszner, 2007) and for cadbe rocks (e.g., Lucia,
1983; Turner, 1983; Pellerin and Zinszner, 200fidgreenet al., 2012). Therefore, the
permeability—porosity curves derived by Hantschetl &auerauf (2009) for sandstone,

limestones, and shale (Fig. 3.7) were used forstiigy.

Porosity (%)
o010 20 30 40 5 60 70

10°
10°

. —— Sandstone
1074 ---- Shale

P Limestone
10°

Fig. 3.7. Porosity versus permeability relationship fondstone, shale and limestone (After
Hantschel and Kauerauf, 2009).
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3.5.1.2.3. Thermal conductivity

The thermal conductivity of rocks is dependent@mperature, porosity, composition,
and properties of pore-filling fluids (Eppelbawtnal., 2014). Woodside and Messmer (1961)
proposed a relationship (Eg. 9) to describe theedégncy of the thermal conductivity of a
monomineralic aggregate on its porosity and pareldl (e.g., water). This relationship was
used to determine the thermal conductivity versu®gty function of sandstone, shale, and
limestone used in this study. Pores of all of thesek types were assumed to have been
entirely filled with water. Based on mineralogia#scriptions in unpublished reports on
sandstones and limestones penetrated by welledlnifi the Cauvery and Mannar Basins,
sandstones and limestones were assumed to be cednposirely of quartz and calcite,
respectively. Horai (1971) reported the thermaldeativity of quartz, calcite, and water as
7.7, 3.6, and 0.6 W tThK™, respectively. Robertson (1988) discussed thegihgrthermal
conductivity of shales with different scenarios qpfartz fractions and solidities in detail.
Accordingly, shale composed of 10% quartz and @daythe remainder has a thermal
conductivity of 2.2 W it K* at 100% solidity. Sekiguchi (1984) reported therrihe
conductivity of shale to be 2.35 Wi, with the average value being 1.355 W Ki*,
whereas Blackwell and Steele (1989) reported aevaful.2 + 0.1 W iK™ Considering
these observations, the matrix thermal conductivitghale at 100% solidity was assumed to
be 2.35 WritK™ in this study. Because, the thermal conductivity shouldfdsk into the
modeling system as a function of the effective gues, the equation (Eq. 8) described earlier
was used to convert porosity into corresponding@atiffe pressure. Figure 3.8 shows the
thermal conductivity versus effective pressuredandstone, shale, and limestone calculated

using this method.

Robertson (1988) discussed the temperature depeyndérthe thermal conductivity
of rocks and rock forming minerals in detail. Leeldeming (1998) evaluated the accuracy
of methods proposed by Sekiguchi (1984), Chapehah (1984), Somerton (1992), Sass
al. (1992), and Funnett al. (1996) for temperature correction of the theromlductivity of
rocks and minerals. The dataset used by Lee andirge(d998) included the thermal
conductivity of minerals and igneous, metamorphd aedimentary rocks at temperatures
ranging from 0-500C. Based on accuracies benchmarked against thedtdket, Lee and
Deming (1998) inferred that the method (Eqg. 10)ppsed by Sekiguchi (1984) gave the

lowest mean absolute relative error. Therefore,ftimmula proposed by Sekiguchi (1984)
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was used for temperature correction of the theooatluctivities of the three rock types. The
thermal conductivities of rocks under effectivegaares of 0, 20, 40, 60, 100 and 200 MPa
and at 20C were used to generate a dataset for the tempemépendency of the thermal
conductivity for sandstone, shale, and limeston@, &0, 100, 200, 300 and 500 (Table
3.2). However, maturity indicators suggest thatnettee deepest sediments in the Mannar
Basin may not have reached 3@for any length of time.

As = 7bw¢ 7“9(1_4)) (9)

Where;)s, Awand A4 are the thermal conductivities of mineral aggregsatturated with pore
fluid, water, and mineral, respectively.= porosity of mineral aggregate.

7\4 (T) = 7\4m + {(Ton/Tm'To) *(}\,0' xm)*(llT'l/Tm)} (10)

where;k,,= thermal conductivity in WK™ at ambient conditions, T = temperature in
Kelvin. Sekiguchi (1984) reported such that= 1.8418 and j= 1473 K.
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Fig. 3.8. Effective stress versus thermal conductivity fandstone, shale and limestone.
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Table 3.2. Temperature dependency of the thermal conductofisandstone, limestone, and

shale for six different effective pressure conditio Temp. = temperature.

Sandstone
Temp.  Thermal conductivity (W m™ K™) at different effective stresses
(°C) OMPa 20MPa 40MPa 60MPa 100MPa 200 MPa

0 2.29 3.87 5.03 5.89 7 8.17

50 2.11 3.45 4.42 5.13 6.03 6.97

100 1.97 3.13 3.96 4.56 5.31 6.09

200 1.76 2.68 3.31 3.76 4.31 4.89

300 1.61 2.37 2.87 3.23 3.66 4.8

500 1.4 1.96 2.31 2.56 2.85 3.14
Limestone

Temp.  Thermal conductivity (W m™ K™ at different effective stresses
(°C) OMPa 20MPa 40MPa 60MPa 100MPa 200 MPa

0 1.05 2.69 3.3 3.56 3.72 3.76

50 1.02 2.48 3 3.23 3.36 3.4

100 0.99 2.32 2.78 2.98 3.1 3.13

200 0.96 2.09 2.48 2.64 2.74 2.76

300 0.93 1.95 2.28 2.42 2.51 2.76

500 0.9 1.76 2.04 2.15 2.22 2.24
Shale

Temp.  Thermal conductivity (W m™ K™ at different effective stresses
(°C) OMPa 20MPa 40MPa 60MPa 100MPa 200 MPa

0 1.01 1.74 2.05 2.21 2.34 2.4
50 0.99 1.68 1.97 2.12 2.24 2.29
100 0.98 1.64 1.91 2.02 2.17 2.21
200 0.96 1.58 1.83 1.96 2.06 2.11
300 0.95 1.54 1.78 1.9 2 2.16
500 0.93 1.49 1.71 1.82 1.92 1.96
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3.5.1.2.4. Heat capacity

Robertson (1988) reported the average heat cagmafi sandstone, limestone, and
shale at OC to be 0.93, 1.0 and 0.77 mJkg*, respectively, whereas Proselkov (1975)
reported 0.84, 0.851, 0.795 mJkg", respectively, for sandstone, limestone, and glaye
siltstone in the Romashkino oil field in RussiasBa on laboratory measurements, Somerton
(1992) reported the temperature dependency of da bapacities of sedimentary rocks
within a temperature range of 25-52Z. Table 3.3 summarises the heat capacities of
sandstone, limestone, and shale at 25, 50, 10Q, 3@ 400 and 50UC, as reported by
Somerton (1992). The observed and measured heatitiap for each rock type mentioned
above seem to be roughly similar. Therefore, teatpeg corrections for the heat capacity of
sandstone, limestone, and shale as reported byr8m{@992) may be reasonably valid for

similar lithologies in the Mannar Basin.

Table 3.3. Temperature dependence of heat capacity of sedamerdcks (After Somerton,
1992)

Rock Heat Capacity (in KJ k§°C™) at different temperatures

Type 25°C 50°C 100°C 200°C  300°C 400°C 500°C
Sandstone 0.82 0.85 0.925 1.2 1.09 1.13 1.16
Shale 0.79 0.82 0.88 1 1.08 1.14 1.18
Limestone 0.84 0.86 0.93 1 1.06 1.12 1.18

3.5.1.3. Tectonic history

Upliftment, subduction, and rifting are the primgpyocesses during the tectonic
history of a rift basin. As described earlier, Mannar Basin is a rift basin, which shows a
rift structure in seismic profiles. The terminatiohthe majority of faults in the basin at the
top of the Late Cretaceous (Fig. 3.4a) indicates dbssation of rifting at the end of the
Cretaceous period, around 66 Ma. The beginningftofg in the Mannar Basin is thought to
be associated with the onset of separation of Atitar from India around 130 Ma (Lei al.,
2009). Based on these observations, fault plajectaaies were plotted from the basement to
the top of the Late Cretaceous in the stratigrapéation used for modeling (Fig. 3.4).

Unconformities suggest upliftment, lower sea levets sediment starvation.
Unconformities were assumed to indicate upliftmarthe present study (Fig. 3.4a). Seismic

profiles indicate the absence of major unconfoemsitin the Mannar Basin. However,
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biostratigraphic data from the Pearl-1 well indécateveral unconformities (Fig. 1.4A).
Among them, the Cretaceous—Palaeogene (K-Pg) boursti@ws a significant hiatus (~3
Ma). The K—Pg is a regional hiatus observed onrldean side of the Gulf of Mannar Basin
(e.g., Racet al., 2010), in the Cauvery Basin (e.g., Cantveell., 1978; Sastréet al., 1981),
and in the Krishna-Godavari Basin in India (Rajual., 1994). However, biostratigraphic
data from the wells drilled in deep water depth2di1 do not clearly indicate the presence
of a significant hiatus at the K—-Pg boundary. Thespnce of a hiatus at the top of the Albian
was reported in shallow water depths on the Indide of the Gulf of Mannar (e.g., Rab
al., 2010) and in the Cauvery Basin (e.g., Cantetedl., 1978; Sastrét al., 1981). Baillieet

al. (2003) reported that the Albian and K—Pg hiatusgsesent break up unconformities
related to the separations of Antarctica and Maskeaya respectively, from India. However,
Lower Cretaceous sediments have not been penetlgtedells in the Mannar Basin.
Therefore, the presence of the Albian unconfornstyincertain, particularly in areas with
deep water depths. Biostratigraphy data from tharlPe well indicate a hiatus at the
Palaeocene-Eocene boundary, which is also obsentad shallow waters on the Indian side
(e.g., Racet al., 2010). This could be a regional event relatedgliftment associated with
the collision of India with the Eurasian plate imetearly Eocene (Torsvigt al., 2002).
However, the occurrence of the early Eocene uncomfp in the areas with a deep water

depth in the Mannar Basin is uncertain.

Erosional thicknesses of the Albian, K-Pg, and Becanconformities were taken
into account for modeling due to their possibleiargl presence. The erosional thickness of
the K—Pg unconformity in shallow water areas wasreged to be approximately 100 m
based on the sedimentation rate and the occurrehcthe hiatus mainly during the
Palaeocene. However, there are insufficient dataestmate the hiatus of the K-Pg
unconformity in the deep water areas, as well asAlbian and early Eocene unconformities.
Nevertheless, taking into account their regionakpnce and the rates of sedimentation close
to each event, their erosional thicknesses weranass to be 100 m each. Taking into
account possible deep water depths in the earlgiienat was assumed that the early Eocene
unconformity was not present in areas with a degpewdepth in the Mannar Basin.
Nevertheless, the erosional thicknesses of thesenfiormities are relatively small and they

may not have a significant impact on overall thdramal burial history.
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Fig. 3.9. Faults terminating at the top of the CretaceoessrBic profile is a part of SL-01-04
seismic line acquired in 2001 by TGS.

3.5.1.4. Surface/ ocean bottom temperature

Because heat flow depends on the surface and dmsdom temperatures, it is an
important physical parameter in the modeling of leat flow history. The accuracy of the
optimised heat flow history depends, among othetofs, on the accuracy of the surface and
ocean bottom temperatures. For an offshore basith ss the Mannar Basin, the ocean
bottom temperature mainly depends on the waterddpie to the thermocline, the ocean
bottom temperature decreases rapidly below aro@@nd water depth. In tropical waters,
the ocean bottom temperature reaches as low@sabaround 1000 m depth. In addition, the
surface temperature and the ocean bottom temperatuelatively shallow water depths (<
500 m) are controlled by palaeolatitudinal positeomd global climatic trends such as the
Palaeocene-Eocene thermal maximum (PETM).

The present-day ocean bottom temperature (OBTheénshallow water areas of the
Mannar Basin is around 2€. Taking into account more than 1000 m of wateptd, the
OBT in the areas with a deep water depth was assumée 5°C. Past OBT can be
determined from biostratigraphic data. According Zakharov et al. (2009), the
palaeotemperature of the southern Indian neardotghelf waters during the early
Maastrichtian was around 21.2 °C, and temperatiuesg the Late Albian for the Cauvery

Basin were in the range of 14.9-18®. The rifting had not yet started or had just regu
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the Albian (e.g., Lakt al., 2009). In addition, the eustatic sea level fribva late Jurassic to
Albian was comparatively low (e.g., Pitman, 197R}.B.11). The water depth in the Mannar
Basin prior to the Albian, therefore, was likelyitave been much less than at present. Based
on these factors, the annual average surface tatopes during the Late Jurassic to Albian
were assumed to be 1€. Due to the subsidence related to rifting anldlsequent thermal
sag phase and lithospheric flexure related to sewdlinoad, the areas with a deep water depth
in the northern Mannar Basin were assumed to haa@tained more than 1000 m water
depth from the middle Oligocene to present. Theggfthe ocean bottom temperatures in the
areas with a deep water depth in the Mannar Basirth@ught to have been aroun&iin

the latter part of the Palaeogene and in the Nemggme latitudinal shift of the Mannar Basin
from 16°S in the Cretaceous to its present location °df 8antwellet al., 1978; Fig. 1.3)
and PETM were taken into account for the OBT ediona The average OBTs assumed in
the present study are shown in figure 3.10. Theah¢®BT in the Mannar Basin, especially
in the shallow water areas, is much more complen tthat shown in Fig. 10. OBT
fluctuations due to the relatively short sea lesygtles (e.g., Vaikt al., 1977) and due to
climatic changes such as glacial and interglactsiopls were not taken into account in the

present study.
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Fig. 3.10. Change in the ocean bottom temperatures in the MaBasin. “Deep” and
“Shallow” in the legend stands for shallow (< 20Dpand deep (> 1000 m) water depths. T =
Temperature
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3.5.1.5. Sealevel change

Based on sequence stratigraphic principle, diffeearstatic sea level curves have
been suggested by Vait al. (1977); Pitman (1978); Watts & Steckler (1979¢aSevel
curves by Vailet al. (1977) and Pitman, (1978) roughly agree. Howeseg, level changes
reported by Watts & Steckler (1979) are abnormialy compared that by Vaét al. (1977)
and Pitman, (1978). Sea level curve by \éidl. (1977) is more detailed and include even
relatively short-term cycles, which was difficuit take into account in modeling. In contrast,
sea level change proposed by Pitman (1978) is stamoth (Fig. 3.11) and therefore used in

this study.
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Fig. 3.11. Sea level change proposed by Pitman (1978).

3.5.1.6. Palaeo-depositional water depths

Palaeo bathymetry data for Pearl-1 well (Table) :14unpublished well completion
report held at PRDS were used to estimate deppoaltiwater depths of sediments in shallow
water depths in the Mannar Basin. The depositiarzdér depths of sediments in deep water
areas in the Mannar Basin were determined basgutesent day water depths and paleo sea

levels proposed by Pitman (1978; Fig. 3.11).
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Table 3.4. Palaeo depositional water depths at the Pearlillogation, estimated based on

the biostratigrphic data from the Pearl-1 well.

Water
Stratigraphic section Depositional environment depth (m)
Pleistocene to Recent inner sub littoral environment 200
Late Miocene inner sub littoral environment 200
Early Miocene outer sub littoral environment 400
Late Oligocene Upper bathyal 500
Early Oligocene upper middle bathyal 600
Middle to Late Eocene upper middle bathyal 600
Middle Eocene upper middle bathyal 600
Early Eocene Upper bathyal 500
Middle to Late Paleocene outer sub littoral / upper bathyal 400
Late Cretaceous Sub littoral/ upper bathyal 400
2000
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Fig. 3.12. Paleo depositional water depths assumed in tity gor Pearl-1, Dorado-North,

and Pseudo Mananr-Deep (PMD) well locations (Beg3.3. for well locations).

3.5.1.7. Optimization of heat flow
3.5.1.7.1. Optimization of present day heat flow

Bottom hole temperatures (BHT) at the depths &8l#h and 2980 m in the Pearl-1 well
were measured to be 64€ and 98.3°C, respectively. Assuming the OBT at the Pearl-1
well to be around 28C, the geothermal gradient (GTG) in the shallowewatrea of the
Mannar Basin was determined to be 2£4km, and the GTG in the deep water area was

tentatively assumed to be the same. Taking intowatdcthe deep water depths (> 1000 m),
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the OBT at the Dorado-North well location was assdrto be 5C. Different present-day
heat flow scenarios were applied to obtain the fie&ir computed and observed GTG at the
Pearl-1 and Dorado-North well locations (Figs. 3&3.14). The present-day heat flows at
the Pearl-1 and Dorado-North locations were op&ahiat 39.8 and 33.5 mWnrespectively.

The average surface heat flow in the Indian Oée®3.3 mW/m (Sclateret al., 1980).
The heat flow map of India (Shanker, 1988; Shaekal., 2012) shows that the surface heat
flow in the south and southwestern offshore arédsdia is variable, ranging from 40 to 70
mW/n?, and is also variable in the eastern and soutleasffshore areas, ranging from 40
to 100 mW/mM. Compared to the available heat flow data, theL&nkan continental shelf

seems to have relatively lower present-day heatsflo
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Fig. 3.13. Modeled geothermal gradient (GTG) for a stratigragiolumn at the Pearl-1 well
location. GTG calculated based on the bottom helgperature data from the Pearl-1 well is

also plotted for comparison.
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Fig. 3.14. Modeled geothermal gradient (GTG) for the Doradathavell. Measured GTG is
based on the bottom hole temperature (BHT) data tiee Pearl-1 well. It was assumed that
GTG in the Pearl-1 and Dorado-North wells are rdygimilar.

3.5.1.7.2. Optimization of heat flow history

The Mannar Basin has a complex heat flow histarg tb multiple heating episodes
related to lava flows, igneous intrusions, the gpasition of the Marion and Reunion
hotspots (hotspot location: Fig. 1.3), and crustiaining during rifting. Except for the heat
increases during rifting, the impact of other hegtevents is relatively transient. According
to Parsons and Sclater (1977), the heat flow dt hasin increases during the syn-rift period,
but decreases exponentially during the post-rifiqueafter peaking at the end of rifting. The
rate of increase of the heat flow during the synperiod is thought to be due to the
upwelling of the asthenosphere with crustal extamsirhe decrease in the heat flow after
rifting ceases, is due to crustal thickening resglfrom solidification of the upwelled molten
lava. McKenzie (1978) proposed a relationship tangidly the heat flow history of a rift basin
(the McKenzie model). For calculation purposes Muke (1978) assumed instantaneous
rifting, which is valid for rift basins with a < 20lyr rifting period (Waples, 2001). However,
the tectonic history described earlier suggeststtierifting period of the Mannar Basin was

around 50 Ma. In addition, Bailliet al. (2003) suggested that the Mannar Basin undervient a
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least two phases of rifting due to multiphase brapkof Gondwana supercontinent. The
McKenzie model, therefore, may not be directly aggtlle to quantify the heat flow history
of the Mannar Basin. However, the typical pattefnheat flow change in a rift basin
suggested by Parsons and Sclater (1977) and Mc&K¢b2v8) is applicable for optimisation

of the heat flow history of the Mannar Basin.

Seismic data suggest that the syn-rift periochef Mannar Basin has terminated at the
end of the Cretaceous period. The palaeo-heat tlmevefore, was assumed to be the highest
at the end of the Cretaceous (~66 Ma). Keepingettenated present-day heat flows fixed,
different scenarios were examined for optimisatdrthe heat flow history of the Mannar
Basin. This was accomplished when the depth digidh of computed VR roughly matched
that of measured VR. The heat flow history for therado-North well location was
optimised against the measured VR data for the d@oeand Dorado-North wells. However,
the measured VR data for the Pearl-1 well in theleWv water depths are not available. The
measured VR data from the Pesalai-1 & 2 wells repldoy Cantwelkt al. (1978) were used
for optimisation of the heat flow history in theaflow water depths. These two wells are
located in the Cauvery Basin close to the shall@tewarea on the northern boundary of the
Mannar Basin (Fig. 3.3). The measured VR dataiferResalai-1 & 2, Dorado, Dorado-North,
and Barracuda wells were plotted in a linear trené log VR versus the depth diagram (Fig.
3.15 & 3.16). The pre-rift heat flow in the Gulf Mannar Basin is poorly understood. As
previously discussed, continental separation oedusimultaneously with or post-dated the
onset of the separation of Antarctica from Indidyick is suggested to have occurred at
around 130 Ma (Lakt al., 2009). Different scenarios for the timing of theset of rifting
such as 130, 120, and 113 Ma, and different saendor the pre-rift heat flow were

examined in association with the optimisation aitttow history.

The best fit of the computed and measured VR (Fij5 & 3.16) for the Pearl-1 and
Dorado-North locations were achieved when the dpgthheat flow history for each location
was as shown in Fig. 3.18. At the end of the mftperiod around 66 Ma, the maximum heat
flows in the stratigraphic section at the Pearhil ®orado-North locations were 68.2 and 71
mW/n?, respectively. The increasing rate of heat flovthia Mannar Basin began at around
113 Ma, and the pre-rift heat flow was 50.2 m\/nThe heat flow in the Mannar Basin
appears to have increased from the north of thie basards the south.
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The optimised heat flow history of the Mannar Bafillows the typical pattern of heat
flow change in rift basins proposed by ParsonsSaidter (1977). It should be noted that the
accuracy of the optimised heat flows in Fig. 3.Hpehds on the accuracy of the assumed
palaeo ocean bottom temperatures (Fig. 3.10) ameéshimated thermal conductivity of the
rocks. Relatively higher pre-rift heat flow in tiMdannar Basin is due to the effect of the
Marion hotspot, which was closer to Sri Lanka inn@e@ana during the Early Cretaceous
(e.g., Torsviket al., 2002; Fig. 1.3). The heat flow during the pfé-siage, however, does
not seriously influence the maturity modeling. Ralkdeat flows increasing from the north to
the south of the Mannar Basin may be related tegtent of crustal extension during rifting
of the Indo-Lanka landmasses. During rifting, Sanka has rotated counter-clockwise
direction, acting the northern part of the islaschagpivot. Therefore, crustal extension toward
the southern part of the Mannar Basin is expeadietgreater than that toward the northern
part of the basin. Similarly, the heat flow, whighmarily increased due to crustal thinning,

is also expected to be greater toward the southeofannar Basin.
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Fig. 3.15. The best fit of modelled and measured VR dataafstratigraphic column at the
Pearl-1 well location. Since measured VR data i$ awvailable for the Pearl-1 well,
optimisation was performed against the measuredovihe Pesalei-1 & 2 wells by Cantwell
et al. (1978; Fig. 3.3). For comparison, VR data for fleado, Dorado north and Barracuda
wells are also plotted.
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Fig. 3.16. The best fit of the modeled and measured VR data &tratigraphic column at the
Dorado-North well location. For comparison, VR dé&ta the Dorado and Barracuda wells

are also plotted.
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Fig. 3.18. Optimized heat flow history for stratigraphic colos at the Pearl-1 and Dorado-
North well locations at different stages of basavelopment.

3.5.2. Burial and thermal history

The decompacted depth versus time relationshipsiafb history plot) for the
complete stratigraphic section from the sea flanthe basement at the Pearl-1, Dorado-
North, and pseudo Mannar-Deep well locations aoevshin Figs. 3.19 to 3.21. These burial
history plots are based on the assumption thatvMhenar Basin had no major erosional
episodes. Table 3.5 summarises the average raedohentation at different time intervals
during the development of the basin. The rate diinsentation was calculated based on
decompacted depths in the burial history plots. @ae suggest a relatively higher rate of
sedimentation in the Cenomanian and Turonian atDiwe&do-North and pseudo Mannar-
Deep well locations. A relatively higher rate ofiseentation in the Oligocene was observed
in the Pearl-1 well compared with the Dorado-Noahd pseudo Mannar-Deep wells,
showing that the rate of sedimentation in the Qlegee decreased from the north of the
Mannar Basin to the south. The Dorado-North welbvedd a relatively lower rate of
sedimentation in the Neogene than the Pearl-1 arddom Mannar-Deep wells. The rate of

sedimentation the Mannar Basin has varied grelatbughout its geological history.
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The absence of major erosional episodes in thenitaBasin is due to either relatively
smaller uplift or greater water depths. Sea lewaee relatively high when the early Eocene,
K-Pg, and Albian unconformities have been formeele($ig. 3.11). The higher rate of
sedimentation in the Dorado-North and pseudo Mabap wells during the Cenomanian
and Turonian may be due to a high sediment suppiy fadjacent landmasses including
India, Sri Lanka, and Madagascar (Fig. 1.3). Sedinseipply decreased when India has
separated from Madagascar and started moving narthwhe separation of Madagascar is
thought to have triggered a second phase of rithetgveen the Indo-Lanka landmasses (e.qg.,
Baillie et al., 2003). Further rifting could have created maeral accommodation space.
This means that sediment dispersed over a widea, aesulting in a lower rate of
sedimentation. The relatively higher rate of seditagon during the Oligocene in the Pearl-1
well compared with the Dorado-North and the pseM@mnar-Deep wells may be due to an
ample supply of sediment from India, primarily igenous sediments generated by rapid
erosion of the uplifting Himalayas. The low ratesefdlimentation during the Neogene period
in the Dorado-North well could be related to erastw the non-deposition of sediments. The
seismic data clearly show a relatively thin Neogeaetion in the vicinity of the Dorado-
North well (Fig. 3.4a), which could be related todersea currents. A larger lateral
accommodation space and higher rate of subsidemedadgreater crustal extension in the
southern part of the Mannar Basin could accountHerdeep water depths in the Dorado-
North and pseudo Mannar-Deep well locations. Deautgal depth versus time for the
stratigraphy penetrated by the Conoco-15/30-1 wmelhe Central Graben of the North Sea
was plotted by Allen and Allen (1990). The averagfe of sedimentation calculated based on
this burial history plot is around 0.041 mm/yeamfr the Campanian to the present. This is
roughly comparable with the rate of sedimentatibsenved in the Mannar Basin. The rate of
sedimentation in the Surma Basin in Bangladeshghwvisi a sub basin of the Bengal Basin in
northeast Bangladesh (Hossaghal., 2014) mainly fed by sediments from the Himalayan
orogeny, was calculated based on burial historyspteported by Ismail and Shamsuddin
(1991). The average rate of sedimentation in tas@rbranged from 0.18-0.4 mm/year during
the Miocene. In comparison, the rate of sedimemain the Mannar Basin is around 10
times lower.

Heat flow histories for the Pearl-1 and Dorado4Navells were applied to the burial
histories in order to reconstruct the thermal mstdhe heat flow and OBT histories at the
Dorado-North well were tentatively applied to theepdo Mannar-Deep well in order to

predict its thermal history. Dashed contour linestherms) on the burial history diagrams in
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Figures. 3.19 to 3.21 show the changes in the foomatemperatures throughout the
development of the basin. These isotherms indit@é GTG in the Mannar Basin was
highest at the end of the Cretaceous. This is neamsistent with the heat flow history in
Figure 3.18; however, the isotherms at shallowdbudepths (< 1000 m) are sub-parallel to
the time axis of the burial history plot. Similarthe pattern of heat flow in the Mannar Basin,
the maximum geothermal gradient for the Dorado-Nahd pseudo Mannar-Deep well
locations in the deep water areas occurred at tite of syn-rift phase, around 66 Ma.
However, the maximum geothermal gradient of thelPewell occurred around 35 Ma. The
maximum temperatures recorded in the oldest sedsmamderlain by the basement in the
Pearl-1, Dorado-North, and Mannar-Deep wells ai@ 180 and 220C, respectively. The
low thermal conductivity of the sediments is respble for sub-linear isotherms at the
shallow burial depths. Sediments at shallow depth&e a higher porosity because they are
less compacted. A higher amount of pore water dinsent reduces its thermal conductivity.
The maximum geothermal gradient in the Pearl-1 ewdlnd 34 Ma is related to the gradual
increase of OBT with increasingly swallowing of thater depth from the Albian to the
present. In contrast, the OBT in the deep watethdedecreased from the Albian to the
present due to increasing water depths (Fig. 3.IBg maximum temperatures from the
Pearl-1 through the Dorado-North to the pseudo Maireep wells progressively increased
primarily due to increase in stratigraphic thicle@sig. 3.4b). In addition to crustal extension,
radioactive elements in the basement rocks andersédiments may have contributed to the
overall heat flow history of the Mannar Basin. Thermal history of the Mannar Basin could
have been temporarily perturbed by lava flows dyritne Maastrichtian. Based on
depositional water depths (Fig. 3.12), the basis sabmerged under seawater for most of
the Maastrichtian. The heat given off by lava may mave significantly affected the overall
thermal history of the Mannar Basin. The timingtleé lava flows coincides with the timing
of the maximum heat flow in the Mannar Basin (aé6 Ma), but the possible influence of
the lava flows on the heat flow would be minimalmsignificant. The pattern of heat flow is
of utmost importance in petroleum system modelimgaise it governs the timing of

hydrocarbon generation and expulsion.
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Table3.5. Temporal variation of the sedimentation ratehatRearl-1, Dorado-North, and

pseudo Mannar-Deep (PMD) well locations.

Time Rate of sedimentation (mm/year)
(Ma) Pearl-1 Dorado-N PMD

0-23 0.051 0.027 0.054
20-34 0.056 0.035 0.024
40 - 66 0.031 0.037 0.041
80 - 90 0.044 0.084 0.072
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Fig. 3.19. Burial history plot for the stratigraphic columithe Pearl-1 well location. The depth is in metsgbow sea floor. Dashed contours
indicate the changing formation temperatures wablggical time.
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Fig. 3.20. Burial history plot for stratigraphic column aetborado-North well location. The depth is in meteelow sea floor. Dashed
contours indicate the changing formation tempeestwith geological time.
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Fig. 3.21. Burial history plot for pseudo Mannar-Deep welheldepth is in meters below sea floor. Dashed costodicate the changing
formation temperatures with geological time.

61



3.5.3. Datarequired for generation and accumulation modeling

3.5.3.1. TOC and kerogen composition

Figures 2.7 and 2.9 show the TOC content of thevsad penetrated by the Pearl-1,
Dorado and Barracuda wells. The data show thatjarityaof sediment from the Pearl-1 well
has around 0.5% TOC. Claystones penetrated bppdin@do well and calcareous claystones
between the depths of 3500 and 4260 m in the Badeatave relatively higher organic
carbon content (1.0 - 2.5%). Rabal. (2010) reported that Albian sediments penetrated
the GMSL1 well in Indian shallow waters (Locationg.R3.3) have low TOC content (~0.5%)
and higher contribution from Type Il kerogen. Plut hydrogen index (HI) against the
oxygen index (Ol) shows that the sediments peregtray the Pearl-1 well are rich in Types
lll and IV kerogen (Fig. 2.8). Marceral compositianalysis shows that sediment from the
Dorado, Dorado-North and Barracuda wells are atdoin Types Il kerogen (Fig. 2.11 and
2.12). Particularly, the calcareous claystone betwthe depths of 4260 to 4740 m in the
Barracuda well is rich in fusinite but poor in m#&um generative kerogen (Fig. 2.11C).

The data show that Holocene to Albian sedimentshallow water depths in the
Mannar Basin have poor hydrocarbon source poteftiadugh, the Campanian and younger
claystone penetrated by the Dorado well have hi@i®&C content, neither this well nor the
Dorado-North well have entered the oil window (Paeathneet al., 2015). On the contrary,
sediments in the Pearl-1 and Barracuda wells hawered the oil window (VR = 0.6-
1.3 %R, Peters and Cassa, 1994; Petersen, 2002) at fitsdef 3500 and 4260 m
respectively. However, thermally matured sedimeanrtgbrated by the Pearl-1 well is mostly
sandstone, while the thermally matured calcaretaystone in the Barracuda well have poor
hydrocarbon source character. Therefore, the welled in the Mannar Basin may not have
penetrated potential source rocks in the basin.

Chandreet al. (1991) reported that Albian and earlier sedimernhe Indian sector of
the Cauvery Basin have a TOC content varying fraBd4% to 2.49% and around 20%
contribution from Type Il kerogen and the remaindeing Type Il kerogen. Cantwedt al.
(1978) reported the Albian mudstone penetratechbyPesalai-1 well (Location: Fig. 3.3) to
have a TOC content varying from 2.8% to 6.9% arsibaificant contribution from Type I
kerogen. Ratnayake and Sampei (2015) reported imtvn to black coloured Jurassic
mudstone in the Aadigama graben (Location: Fig) Ba3 relatively high TOC content (3.05-
5.10%). Based on these observations, it was thatghEarly Cretaceous and older sediment

could be the most significant hydrocarbon sourceghim Mannar Basin. Due to no well
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penetration, the exact source character of thierogkdiment is not known. Therefore,
different scenario modeling was performed on hydrban source character. 0.5% of TOC
and 100% contribution from Type Il kerogen werestased as the pessimistic source
character scenario, while 2.5% of TOC and 50% rdmution from Types Il kerogen (the
remainder being Il kerogen) were assumed as thienghic source character scenario. In
addition, a moderate source character scenario5éb bf TOC and 20% contribution from

Type Il kerogen (the remainder being Type 11l kexogwas performed.

3.5.3.2. Kinetic modél for hydrocarbon generation

Like in the case of source character, kinetic moder kerogen conversion into
hydrocarbons are not available for Early Cretacemdsolder sediment in the Mannar Basin.
Nevertheless, many kinetic models, which are basddboratory pyrolysis of sediment from
petroliferous basins in various parts of the wodde available in the public domain (eg.
Tissot et al., 1987; Burnham, 1989; Suzuki and Matsubayash®51%®epper and Corvi,
1995a). The two most commonly used kinetic modedstaose derived by French Petroleum
Institute (eg. Tissodt al., 1987) and Laurence Livermore National Laborat{exy. Burnham,
1989). They described Types I, Il and Il kerogarshales from the Green River in the US,
the Paris Basin in France and the Mahakam delMalaysia. Waples (1994) compared the
two models and found that the kinetic model ofinench Petroleum Institute (IFP) proposed

by Tissotet al. (1987) does not produce natural gas directly fkenogen.

Pepper and Corvi (1995a) proposed an alternatipeoaph to select a kinetic model
especially for basins with limited knowledge sucghthe Mannar Basin. This approach is
based on the depositional environment of poterg@lrce rocks, which is thought to
determine the oreganofacies in sedimentary rocksetlé model proposed by Pepper and
Corvi (1995a) for marine silisiclastic rocks, thespible lithofacies of potential source rocks
in the Mannar Basin, agrees well with the Laureneermore National Laboratory (LLNL;
Burnham, 1989) kinetic model. Therefore, the LLNIn&ic model for types Il and IlI
kerogen was used in this study (Fig. 3.22). In tadi kinetics for oil and coke cracking into

natural gas were adopted from the same model.
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Il kerogen (after Burnham, 1989).
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3.5.3.3. Hydrocarbon expulsion threshold.

Fluid flow in a sedimentary rock is controlled bydyancy, capillary attraction and
the wettability of fluid (England and Fleet, 199T)he concept of relative permeability,
which is an adoption of the Darcy's law, is useexplain multiphase fluid flow in a non-
mixing mixture. It is the ratio between the effgetipermeability of a phase of the mixture to
the absolute permeability of the phase in a rodike BIGMA-2D software simulates the
hydrocarbon expulsion threshold based on the velgiermeability of fluids (oil, gas and

water) in shale.

Discussions on relative permeability of mudstoaesuncommon compared to those
on sandstones (Aplin and Larter, 2005). Howevegeaderet al. (1987); Pepper (1991); Okui
and Waples (1993); Pepper and Corvi (1995b) expthielative permeability of oil-water
system in mudstones. Relative permeability is apesmentally derived property lacking
profound theoretical foundation (Ungergral., 1984). Pepper and Corvi (1995b) thought
that laboratory measurement of relative permeabifit compacted fine grained rocks is
difficult, and therefore a simple analogy has togbessed, assumed with reservoir rocks or
extrapolate from other data sets. Okui and Wapl893) based on a computer simulation
estimated the relative permeability of oil-watesteyn in shale source rocks (Fig. 3.23).
According to this model, irreducible water satuwatin mudstones is relatively high (~80%).
The crossover point, beyond which oil relative peafvility exceeds the water relative
permeability, achieves at relatively low oil satioas. As a result, oil expulsion readily takes
place at low oil situations. The model proposedQkui and Waples (1993) for oil-water
system in shale was used in this study for shaleceorocks. Discussions on relative
permeability of gas-water and gas-oil systems dse sare. Pepper and Corvi (1995b)
reported the relative permeability of gas-watertesysin fractured coal. According to this
model, gas is readily movable at low saturationasd8l on the discussions of relative
permeability in Ungereet al. (1987); Pepper (1991); Okui and Waples (1993);pEe@and
Corvi (1995b), the relative permeability of gas-@rand gas-oil systems in shale were

assumed as shown in Figs. 3.24 & 3.25, respectively
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3.5.3.4. Secondary hydrocarbon migration

Discussions on relative permeability of the oil-aradystem are common (eg. Ungerer
et al. 1987; England and Fleet, 1991; Dandeker, 2013p&eand Corvi, 1995b). Dandeker
(2013) reported typical oil-water relative permdi&picurves (Fig. 3.26). This was adopted
for relative permeability of oil-water system imsigtone and limestone. The similar relative
permeability curves shown in Figs. 3.24 and 3.2b das-water and gas-oil systems,
respectively were assumed for sandstone and limeste well.
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3.5.4. Modeled hydrocarbon generation and expulsion timing

Timing of hydrocarbon generation and expulsiorhireé stratigraphic columns at the
Pearl-1, Dorado-North and pseudo Mannar-Deep wadatlons under optimistic and
pessimistic source character scenarios are distussiew. Though Pearl-1 and Dorado-
North wells penetrated only a part of the totahtsggraphic column, their names in the
discussion refer to the total stratigraphic coluatrthe respective well locations. Table 3.6
summaries the duration of the peak oil generatiod eracking and the amount of oil
generation in kilogram per unit volume of rock (kg) under the optimistic scenario.
Appendices C and D show the quantity and timinghgfirocarbon generation and the
expulsion, respectively in the three stratigraptotumns at above mentioned well location
under the optimistic and pessimistic scenarios.

3.5.4.1. Pearl-1 well

Peak hydrocarbon generation in Berriasian and atddiment under the optimistic
scenario (TOC = 2.5% and Type Il kerogen = 50%¢gsaidace during Campanian to Eocene
(78-35 Ma). Peak oil generation in the Aptian, Tuam and Santonian sediments take place
during 60-10 Ma, 45-5 Ma and 30-5 Ma, respectivélyp hydrocarbon is generated in
sediments younger than the Santonian. Amount ofdcgitbon generated in the Santonian
and Turonian sediment is lesser than that in adéeiment. Hydrocarbon generation timing
in both optimistic and pessimistic scenarios is enor less the same. Under the pessimistic
source character scenario, the maximum oil gemegratn Bathonian to Kimmeridgian
sediment is less than 1 kg/mwhich is a much less quantity compared to 15 Rgimserved
in the same section under the optimistic scenapp( C1 & C4). Sediments younger than
the Kimmeridgian produce even a lesser amount afrdoarbon under the pessimistic
scenario.

Under the optimistic scenario, peak hydrocarbonuksipn from the Late Jurassic
sediment takes place from the middle Campanianligo€ene. However, there is a minor
gas expulsion phase in this section during the BeegPeak hydrocarbon expulsion from the
Valanginian to Berriasian and the Aptian sedimekes place from the Maastrichtian to
Pliocene and from the middle Palaeocene to thecétie, respectively. Hydrocarbon
expulsion from these two stratigraphic intervalsimy the Neogene period seems to be a
second expulsion phase. A smaller phase of hydsooaexpulsion could be seen in the
Turonian and Santonian sediment during the Neogmmeod. Timing of hydrocarbon
expulsion from a particular stratigraphic intervbth under optimistic and pessimistic
scenarios, is roughly the same.
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Table 3.6. Summary of oil generation timing for differentatigraphic intervals in the Pearl-1, Dorado-Nornthl gpseudo Mannar-Deep wells

under the optimistic source character scenariog8ileration is in kilograms per unit volume of rqgly/ nt). Timing of oil cracking is also
listed. Gen. = generation.

Pearl-1 Dorado-North Pseudo Mannar-Deep
Stratigraphic interval Gen. Oil Oil Gen. o] Oil Gen. o] Qil
timing Cracking Gen. timing Gen. Cracking timing Cracking Gen.
(Ma) (Ma) (kg/m®) (Ma) (kg/m®) (Ma) (Ma) (Ma)  (kg/m’)
Campanian - - - - - - 40-30 - 3
Santonian 30-5 - 2 45-35 2 - 65-30 - 9
Late Coniacian - - - 55-25 4 - 70-30 - 12
Cretaceous Turonian 45-5 - 4 65-35 10 - 77-30 - 15
Cenomanian - - - 70-35 15 - 80-70 - 15
Albian - - - 80-45 15 - 85-75 75-40 15
Early Aptian 60-10 - 10 85-65 15 - 95-80 80-75 15
Cretaceous Hauterivian -Barremian - - - 85-75 15 - 100-90  AD- 15
Berriasian to Valanginian 70-35 - 15 90-75 15 - 05-B0 90-72 15
Late Tithonian - - - 95-85 15 75-40 11090 90- 77 15
Jurassic Bathonian -Kimmeridgian 78-35 - 12 100-85 12 70-35 120-95 95-80 15
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However, amount of hydrocarbon expulsion underpglssimistic scenario is more
than 100 times lesser than that under the opticnstienario. Accuracy of modeling is
confirmed by the fact that the production indextfee Coniacian to Turonian (?) sediment at
the depths of 2920 m in the Pearl-1 well yields30(fable 2). Oil generation at this depth
agrees with source maturity suggested by greaser 435°C of Rock Eval Tax(Table 2.1),
which indicate the onset of the oil window (Petewrsd Cassa, 1994). Reason for not
generating hydrocarbon in some stratigraphic irdsrin the Pearl-1 well, such as the Albian,
Hauterivian, Barremian and the Tithonian is dueh® assumption of 100% sandstone and
zero percent TOC content in these stratigraphervads. It is possible to have thin layers of
claystone interbedded with sandstone. However, sit difficult to distinguish such
interbeddings in seismic profiles due to the leseseismic resolution used in this study. In
addition, there are software limitations on the mmm number of horizons/ formations that
could be used for modeling. The reason for a minairocarbon generation and expulsion
during the Neogene could be related to temperatieneation due to rapid burial during this

period.

3.5.4.2. Dorado-North well

Hydrocarbon generation in Late Jurassic sentimedéuthe optimistic scenario takes
place from the Cenomanian to Santonian (100-85 Maak hydrocarbon generation in the
Early Cretaceous sediment mainly takes place duttieglate Cretaceous, excluding the
Albian sediment that continued to generate hydtmwamup to the middle Eocene (~45 Ma).
Peak hydrocarbon generation in the Cenomanian anohian sediment, takes place during
the Maastrichtian to late Eocene, while in the Baiain and Coniacian sediment during the
Eocene. Less hydrocarbon generation (2-4 Rgtakes place in the Santonian and Coniacian
sediment compared to that (~15 kdyrim older sediment. It is seen that oil generatethe
Late Cretaceous sediment thermally cracks intorabgas from the Maastrichtian to the late
Eocene. No significant hydrocarbon generation cta@deen in the Campanian and younger
sediment under the optimistic scenario. Like in¢hee of the Pearl-1 well, oil generation in
the Late Jurassic and younger sediment is less th@¥ kg/ni under the pessimistic
scenario. This is a much less quantity comparedailtageneration under the optimistic

scenario.

Oil expulsion from the Late Jurassic sediment tgkese from the Cenomanian to
early Campanian (~95-80 Ma). However, gas expulfiom this sediment takes place from
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the Campanian to the middle Palaeocene, an extgreteati compared to the duration of oil
expulsion (App. D4). Peak oil expulsion from theldfaginian to Berriasian sediment takes
place from the Turonian to middle Campanian (~9Qv&0, while peak gas expulsion from
the same stratigraphic interval takes place froenGbniacian to the end of the Maastrichtian.
Oil and gas expulsion from the Hauterivian to Bamian, Aptian and Albian sediments takes
place from the Santonian to late Palaeocene, Samtoto middle Eocene and the
Maastrichtian to middle Eocene, respectively. Thougydrocarbon generation in the
Cenomanian and Turonian sediment is roughly theesasnthat in earlier sediments (Table
3.6), relatively lesser amount of hydrocarbon ipedbed from the Turonian to Cenomanian
sediment. Though hydrocarbon is generated in Samaediment, expulsion does not take
place. Timing of oil and gas expulsion in both ops$tic and pessimistic scenarios is more or
less the same. Nevertheless, amount of hydrocagkpulsion under optimistic scenario is

more than 100 times higher than that under thempéesg scenario.

The Cenomanian, Turonian and earlier sediment cadupe roughly the same
amount of hydrocarbon per unit volume of rock (EaBl6). However, relatively the thinner
Cenomanian and Turonian sections generate and ealagively smaller amount of total
hydrocarbon than relatively thicker older sectiodg.produced in the Late Jurassic sediment
thermally cracks into natural gas due to high fdroma temperatures. The maximum
temperatures recorded in the Dorado-North welldeen around 18%C (Premarathnet al.,
2015). It is because of oil cracking into gas thiaexpulsion stops earlier than the stopping
of gas expulsion. Reduction of hydrocarbon expuldimm the Late Jurassic and Early
Cretaceous sediment around 70 Ma could be dueduactien of formation temperature
related to upliftment close to that time, which lgigen rise to the Cretaceous-Palaeogene

(K-Pg) unconformity.

3.5.4.3. Pseudo Mannar-Deep well

Hydrocarbon generation in the Late Jurassic sedimnetier optimistic scenario takes
place from the Aptian to Turonian (App. D5 & D6h the Early Cretaceous sediment
hydrocarbon generation takes place from the lalaAlto Campanian. The Cenomanian to
Campanian sediment generates hydrocarbon from #mep@nian to middle Oligocene. Oll
generated in the Late Jurassic and Early Cretacgsdimment thermal cracks into natural gas
from the Cenomanian to middle Eocene. Almost dllgenerated in the Kimmeridgian to
Bathonian sediment, which reached a maximum terntyreraf around 220C towards the
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latter part of the late Cretaceous cracks into nahtgas. Hydrocarbon generation in
Campanian sediment is lesser (~3 kij/oompared to that in the older sediment. Sediments
younger than the Campanian do not generate a isignif quantity of hydrocarbon. Oil
generation in the Late Jurassic and younger sedioreter the pessimistic scenario is around
1.0% kg/ri, which is much less than oil generation in the esatnatigraphic intervals under

the optimistic scenario.

Timing of hydrocarbon expulsion from the Late Jsrasand Early Cretaceous
sediment in pseudo Mannar-Deep well is roughly lsinto hydrocarbon expulsion from the
same aged sediments in the Dorado-North well. Heweduration and quantity of oil expel
from each stratigraphic interval in the pseudo MariDeep well is smaller compared to that
in respective stratigraphic intervals in the Dordtmth well. A smaller quantity of oil and
gas expels from the Cenomanian to Santonian setlimaning of oil and gas expulsion in
both the optimistic and pessimistic scenarios isermw less the same. However, amount of
hydrocarbon expulsion under optimistic scenarionizre than 100 times greater than that
under the pessimistic scenario (App. D5 & D6). Ehiexr always a time lag of about 5 Ma

between hydrocarbon generation and expulsion.

Oil produced in the Albian and older stratigraphitervals in the pseudo Mannar-
Deep well cracks into natural gas due to high fdiomatemperatures (Table 3.6). Integrated
burial and thermal history plot show that thermalcking of oil starts at around 120-14D
(Fig. 3.21). The increasing formation temperatucenf the Pearl-1 well towards the pseudo
Mannar-Deep well is due to increasing stratigrapghickness and heat flow from north to
south of the Mannar Basin (Fig. 3.4b). The timimgl guantity of oil expulsion in the Late
Jurassic and Early Cretaceous sediment are snh@tzruse of oil cracking into natural gas.
Gas expulsion from the Late Jurassic and EarlyaCestus sediment take place for a longer

period due to continuous production of gas throoigbracking
3.5.5. Modéelled hydrocarbon accumulation

Modeling results under the optimistic scenario slodeposits with close to 100%
oil saturation mainly in the Late Cretaceous samust(Fig. 3.27). In addition, a few oil
accumulations with low oil saturation (~20%) isrsée the Early Cretaceous and Palaeogene
sections. A couple of gas accumulations with clms®00% gas saturation could be seen in
the Albian and Cretaceous sandstone under the isgitnsource character scenario (Fig.

3.29). In addition, oil and gas accumulation cdetplace in the Cretaceous sandstone under
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moderate source character scenario (TOC = 1.5% Tame 1l kerogen 20% and the
remainder being type lll kerogen; Figs. 3.30 & 3.3hough, no significant oil accumulation
could be seen under the pessimistic scenario @&8), a gas accumulation with close to
100% gas saturation could be seen in the Albiadstane (Fig. 3.30). Pink coloured arrows
in Figs. 3.27 to 3.31 show lateral hydrocarbon atign, while purple coloured counters in
Figs. 3.27 and 3.29 show the vitrinite reflectaifg®) calculated using the SIMPLEsR
(Suzukiet al., 1993). The data show that VR of the Late Jucassdiment in the pseudo
Mannar-Deep well enters 3 %R

Modeling results suggest that the optimistic souicaracter scenario of 2.5% TOC
and Types Il and IIl kerogen 50% each has potetdigenerate oil and gas deposits in the
Mannar Basin. On the other hand, the pessimisticceocharacter scenario of 0.5% TOC and
presence of only Type lll kerogen in claystoneas good enough to produce economically
viable oil deposits, yet may give rise to naturak gleposits. Since some sandstone layers
extend almost across the entire length of theigtegthic section, hydrocarbon migration
seems to take place from southern part of the MaBaain in deep water depths towards
shallow water depths towards the south of the ba@ginumulation modeling shows that the
probability of occurring hydrocarbon deposits ire thate Cretaceous sandstone could be
higher. Modeling results further suggest that thajamty of hydrocarbon expelled from
source rocks could have leaked into the ocean. Rerthan 2 %Rshows over maturity, in
which case oil and gas generation stop (Petersed?)2 The Late Jurassic and Early
Cretaceous (Berriasian to Barremian) sediment e gheudo Mannar-Deep well is over
matured. The over maturity (VR = 2 %Rine (eg. Fig. 3.27) could be expected to eméw i
sediment younger than the Berriasian age furtheartds the south of the pseudo Mannar-

Deep well.
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3.5.6. Petroleum system in Mannar Basin

3.5.6.1. Sourcerocks

If the Mannar Basin is to produce economically lealwil deposits its Early
Cretaceous and older sediments should have goaodatbon source character. The Aptian
and Turonian—Cenomanian ages experiencedkmelvn global oceanic anoxic events (e.qg.,
Schlanger and Jenkyns, 1976; Artleiral., 1987). These anoxic events (OAE) might have
given rise to good hydrocarbon source rocks inMla@nar Basin. Fine grained sedimentary
rocks with 1% or higher TOC could be consideredhasing good hydrocarbon source
potential (Peters and Cassa, 1994). Based on pdyionentioned discussion on source
potential of the Cauvery Basin by Cantwetllal. (1978); Chandrat al. (1991) and on Late
Jurassic mudstone in the Aadigama graben by Radteagad Sampei (2015), it could be
thought that Early Cretaceous and older sedimetiheénMannar Basin might have at least
1.0% of average TOC and at least 10-15% contributiom Type Il kerogen. Based on
hydrocarbon accumulation under the moderate salraecter scenario (Figs. 3.31 and 3.32),
it could be thought that the Mannar Basin mightoasmodate economically viable oil and
gas deposits. Due to increasing formation temperattowards the southern part of the
Mannar Basin, the potential for having natural gaposits could be higher towards the
southern part of the basin. Source of thermogemis gncountered in the Dorado and
Barracuda wells in 2011 could be the Early Cretasesmd/or older claystone.

3.5.6.2. Reservoir rocks

Stratigraphy of wells (Fig. 1.4) indicates the ateunce of clastic and carbonate
potential reservoir rocks in the Late Cretaceousadbgene and Neogene sections. The
Pearl-1 well penetrated more than 900 m thick keserquality sandstone of the Late
Cretaceous age (Fig. 1.4A). The Dorado-North andaBm wells also penetrated reservoir
guality sandstones, particularly in the Palaeogark Late Cretaceous stratigraphic sections
(Fig. 1.4B & C). The Cretaceous and Paleogene samelsand sometimes carbonate rocks
could be the potential hydrocarbon plays in the MarBasin. Natural gas discovered in the
Late Cretaceous sandstone in the Dorado and Baaaeells supports the modeling results

in this study. However, no oil deposits have bemscavered in the Mannar Basin to date.
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3.5.6.3. Traps, sealsand migration path ways

Seismic data show the occurrence of structuralsaradigraphic traps in the Mannar
Basin (Fig. 3.4a). Structural traps may includeediirotated fault blocks and anticlinal
closures. The compressional tectonics in the Gulflannar might have been instrumental in
formation of anticlinal traps. Stratigraphic trapslude pinch-outs and channel fills.

Stratigraphy of the Pearl-1, Dorado, and DoradotiNavells (Fig. 1.4) shows the
occurrence of fingrained sediments that can act as potential seadamn by clastic and
carbonate potential reservoir rocks, especialiheLate Cretaceous and Palaeogene sections.
Pearl-1 well encountered approximately 250 m thidaeogene claystone (Fig. 1.4A).
Similar strata, though in lesser thickness, areoentered in the Palaeogene section in the
Dorado-North and Dorado wells (Figs. 1.4B & C and.B.4). Igneous rocks interbedded
with sedimentary rocks in the Mannar Basin (FigD).may also act as traps and seals.

Seismic data show many faults terminating at theedbthe Cretaceous (Fig. 3.4a).
These faults may provide ample pathways for vdrtigarocarbon migration from source
rocks in the deeper part of the basin to shallavwagrs creating a vertical drainage system in
the Mannar Basin. However, the simulated hydrocartazcumulation indicates the

predominance of lateral hydrocarbon migration (pnloured arrows in Figs. 3.27 to 3.31).

81



4. CONCLUSIONS

The Mannar Basin is filled with present to Latealsic or older sedimentary rocks. The
sediment thickness ranges from 4 km in the nortméoe than 6 km towards the southern
part of the basin. The Mannar Basin has a riftcstme. Rifting likely began in the late Aptian
and ceased at the end of the Cretaceous. Sevasablep of basin wide basaltic lava flows
have occurred in the Gulf of Mannar during the Maelstian. The present-day geothermal
gradient in the basin is around 24@km. The present-day heat flows in the shallow and
deep water depths are around 40 and 33 nf\\tespectively. The present-day heat flows in
the northern Mannar Basin are relatively lower thizat in the adjacent Indian waters. The
Mannar Basin has the heat flow history of a typrdabasin. The maximum heat flows at the
end of rifting in the Pearl-1 and Dorado-North wkdtations are around 68.2 and 71.1
mW/n?, respectively.

The Campanian to present sedimentary rocks in tnthern Mannar Basin, which has
been derived from vascular land plants, is richtyipe 11l and IV kerogen and has poor
hydrocarbon source potential. If the Santonian endnanian sediment has good source
potential it could have expelled relatively a smaillantity of oil and natural gas. The

The Early Cretaceous to older sediment, which cdidthe potential hydrocarbon source
rocks in the Mannar Basin, has not been penettateskploration wells. Source character of
this deeply buried sediment is uncertain. In then¢wof the Early Cretaceous to older
sedimentary rocks having good hydrocarbon sourt¢engial, oil and gas could have been
expelled mainly during the Late Cretaceous, whishfallowed by a couple of minor
expulsion phases in the Palaeogene and Neogendimédag between oil generation and
expulsion is around 5 Ma. Qil cracking starts a®-120°C. The probability of occurring
natural gas deposits increases towards the sougietnof the Mannar Basin. Even if the
deeply buried sediment has poor hydrocarbon sopatential of around 0.5% of TOC
content and only Type IIl kerogen they may stillggrise to economically viable gas deposits.
The potential source rocks in the Mannar Basinddda expected to have an average TOC
content of at least 1% and 10-15% contribution frdgpe Il kerogen, in which case
economically feasible oil and gas deposits may occainly in the Cretaceous sandstone.
Potential hydrocarbon traps in the Mannar Basituohe tilted/rotated fault blocks, anticlinal
closures, channel fills and stratigraphic pitcholgseous rocks interbedded with sandstone
may also act as hydrocarbon traps and seals. Rotitcal and lateral drainage system might
have occurred in the Mannar Basin. An active petro system exists in the Mannar Basin
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5. SUMMARY

The Gulf of Mannar is located between the soutleastoast of India and the western
coastline of Sri Lanka. The Sri Lankan sector & gulf is called the Mannar Basin. It
extends over around 45000 &im 20 m to more than 3000 m water depths. The Haesrthe
Holocene to probably Late Jurassic or earlier sediary rocks. The sediment thickness
ranges from 4 km in shallow water depths in theheyn part of the Mannar Basin to more
than 6 km in the deep water areas towards the sdhthbasin has rift structure. The rifting
has started probably in the late Aptian and hage@d the end of the Cretaceous. The rifting
period has been about 50 Ma. There have been sat@pesodes of massive basaltic lava
flows in the Mannar Basin during the Maastrichtidihis event seems to be synchronous
with the Deccan eruptions in India. The basin hatkred a thermal sag phase in early
Palaeocene. During rifting, the Sri Lankan landmhas undergone a counterclockwise
rotation, acting the northern part of the islandagsivot. Therefore, the crustal extension in
the southern part of the Gulf of Mannar has beghédi than that in the northern part. Pop up
structures appear in the seismic data suggestsMmenar Basin to have experienced
compressional tectonics in the latter part of tasito development.

The Mannar Basin has been an exploration frontigh wnly Pearl-1 well drilled in
shallow water depths in 1981. In 2011, Cairn LaRk&ate Limited (CLPL), having received
an exploration license from the Sri Lankan Govemirfer an exploration block in the
northern part of the Mannar Basin, drilled threglesation wells. Two of these wells, the
Dorado and Barracuda, encountered natural gasnigesaindstones. This was the first time
that hydrocarbon was discovered in Sri Lanka arhan Gulf of Mannar. The discovery
confirmed the occurrence of an active petroleuntesysin the gulf. However, geology,
geological history and petroleum system of thislepgtion frontier is poorly understood. The
objective of this research is to understand thepedas of the Mannar Basin. Drill cutting
samples from the Dorado, Dorado-North and Barraeuelts, the well completion report for
the Pearl-1 well and the seismic data acquired®$ Th 2001 were collected for this study.

The results of the initial study show that drilttbog samples from the Dorado, Dorado-
North and Barracuda wells have contaminated wigiselibased drilling fluid. Therefore, the
cutting samples are not suitable for biomarker issiénd Rock Eval pyrolysis. Pulverised
cutting samples used for elemental analysis torchéte total organic carbon (TOC) were
washed with methanol and dichloromethane in 21 ahd 0:1 volume ratio three times in an
ultra-sonication bath each time for 15 minutesetmave drilling oil. This seems a successful
method to remove drilling oil contamination in ¢ogt samples, used for elemental analysis.
Maturity and source character data indicate thaeraf the wells drilled in the Mannar Basin
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have penetrated potential source rocks, which cdwtd Early Cretaceous and older
sedimentary rocks. Therefore, further study ofl auittings will not give an insight into the
petroleum system of the Mannar Basin. As a rethdt focus of the study was shifted to two
dimensional (2D) basin and petroleum system mogelithe SIGMA-2D basin modeling
software of Japanese Oil, Gas and Metals Nationgb@ation (JOGMEC) was used in this
study.

Modeling results suggest that the geothermal gnadiethe northern Mannar Basin is
24.£C/km. The present day heat flows in the Mannar Baary from 33 to 40 mW/f The
present-day heat flows in the northern Mannar Base relatively lower than that in the
adjacent Indian waters. The heat flow history & Mannar Basin was predicted, assuming
that it has a heat flow history of a typical ritadn. The maximum heat flows at the end of
rifting in the Pearl-1 and Dorado-North well locats are around 68.2 and 71.1 m\W/m
respectively. The Campanian to present sedimettiamorthern Mannar Basin, which has
been derived from vascular land plants, is richtyipe 11l and IV kerogen and has poor
hydrocarbon source potential. If the Santonian &ndnanian sediment has good source
potential it could have expelled relatively smallguantity of oil and natural gas. The
productivity of this stratigraphic interval increassfrom north to south of the Mannar Basin.
Due to no well penetration, the source charactahefEarly Cretaceous to older sediment,
the potential hydrocarbon source rocks in the Ma®a@sin, is unknown. In the event of the
Early Cretaceous to older sediment having good doatbon source potential, oil and gas
could have been expelled mainly during the Lated@eous, which is followed by a couple
of minor expulsion phases in the Palaeogene artdeilNeogene. The time lag between oill
generation and expulsion is around 5 Ma. Oil cragkstarts at 120-148C. Even if the
deeply buried sediment has poor hydrocarbon squotential of around 0.5% TOC content
and only Type Il kerogen they may still give rig® economically viable gas deposits.
Potential source rocks in the Mannar Basin coulcetamn average TOC content of at least 1%
and 10-15% contribution from Type Il kerogen. Imstbase, economically feasible oil and
gas deposits could occur mainly in the Cretaceangstone. Potential hydrocarbon traps in
the Mannar Basin include tilted/rotated fault blsclanticlinal closures, channel fills and
stratigraphic pitchouts. Igneous rocks interbeddeith sandstone may also act as
hydrocarbon traps and seals. Both vertical anddbhtiainage system might have occurred in
the Mannar Basin.
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Appendices



Appendix A: Details of cutting samples collected for thisdstirom PRDS

Well Depth Total No. of
Name Interval (m) Samples
2150-2400 25
2400-2645 25
Side Tracking
48
2620-2780 32
Dorado
2780-2940 32
2940-3100 32
3100-3260 32
3260-3288 6
TOTAL 232
2139-2300 16
2300-2460 16
2460-2620 16
2620-2780 16
2780-2940 16
2940-3100 16
3100-3260 16
3260-3420 16
Barracuda 3420-3570 16
3570-3730 16
3730-3890 16
3890-4050 16
4050-4210 16
4210-4370 16
4370-4530 16
4530-4690 16
4690-4740 5
TOTAL 261
2200-2400 20
2400-2600 20
2600-2800 20
Dorado- 2800-3000 20
North 3000-3200 20
3200-3400 20
3400-3560 16
3560-3622 6
TOTAL 142
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Appendix B: Total organic carbon (TOC) data for Pearl-1 (franpublished reports held at
PRDS), Dorado, and Barracuda wells. Depth is iremsgim) blow mean sea level (MSL)

Pearl-1 Dorado Barracuda

Depth TOC Depth TOC Depth TOC
(m)  (wt.%) (m) (wt.%) (m) (wt.%)
345 0.04 2170 - 2180 1.85 4300 - 4310 1.30
586 0.26 2220 - 2230 2.03 4310 - 4320 1.63
673 0.07 2240 - 2250 2.52 4340 - 4350 0.96
761 0.07 2260 - 2270 1.95 4370 - 4380 0.70
808 0.13 2330 - 2340 1.41 4390 - 4400 0.72
847 0.04 2380 - 2390 1.61 4410 - 4420 2.44
895 0.36 2420 - 2430 1.19 4440 - 4450 0.90
1042 0.37 2430 - 2440 1.17 4450 - 4460 1.21
1156 0.69 2470 - 2480 0.89 4460 - 4470 1.04
1210 0.58 2480 - 2490 1.13 4480 - 4490 2.18
1222 0.88 2520 - 2530 0.59 4500 - 4510 0.89
1234 1.00 2530 - 2540 1.02 4520 - 4530 1.57
1282 0.32 2550 - 2560 1.70 4540 - 4550 0.44
1334 0.08 2560 - 2570 1.33 4550 - 4560 1.47
1342 0.58 2570 - 2580 0.99 4590 - 4600 0.76
1361 0.98 2590 - 2600 1.11 4600 - 4610 0.77
1380 0.48 2620 - 2630 1.16 4620 - 4630 1.83
1393 0.17 2640 - 2650 1.19 4640 - 4650 0.68
1404 0.46 2660 - 2670 2.36 4650 - 4660 0.86
1411 0.68 2690 - 2700 0.59 4670 - 4680 2.13
1419 0.58 2730 - 2740 0.65 4690 - 4700 1.39
1426 1.05 2760 - 2770 1.12 4710 - 4720 0.64
1434 0.39 2770 - 2780 1.22 4720 - 4730 0.82
1441 0.66 2790 - 2800 0.85 4730 - 4740 1.26
1449 236 2810 - 2820 0.53

1456 0.37 2860 - 2870 0.92

1461 0.23 2880 - 2890 0.88

1468 0.24 2930 - 2940 1.16

1601 0.62 2960 - 2970 1.04

1763 0.06 3000 - 3010 1.32

1892 0.01 3010 - 3020 1.32

1994 0.17 3030 - 3040 0.92

2028 0.58 3100 - 3110 0.66

2305 0.08 3110 - 3120 0.44

2378 0.19 3120 - 3130 0.93

2615 0.79 3130 - 3140 0.87

2674 0.54 3140 - 3150 0.93

2765 255 3150 - 3160 0.84
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2844
2866
2871
2907
2915
2920
2928
2933
2942
2945
2947
2948

0.18
0.32
0.19
0.37
0.56
0.48
0.23
0.69
0.45
0.78
0.21
0.44

3160
3170
3190
3240

3170
3180
3200
3250

0.64
0.71
1.82
0.30
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Appendix C

Timing and quantity of hydrocarbon generation
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App. C1. Hydrocarbon generation in Pearl-1 well under jpeissic scenario (TOC = 0.5% and Type Il kerogefhG6%)
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App. C2. Hydrocarbon generation in the Dorado-North wellempessimistic scenario (TOC = 0.5% and Typedtbigen = 100).
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Hydrocarbon generation in Dorado-North well cont.........
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App. C3. Hydrocarbon generation in Pseudo Mannar Deepumeler pessimistic scenario (TOC = 0.5% and Typkdibgen = 100).
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Hydrocarbon generation in Pseudo Mannar Deep well.c........
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App. C4. Hydrocarbon generation in Pearl-1 well under oggiim scenario (TOC = 2.5% and Types Il and llidgen = 50% each).
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App. C5. Hydrocarbon generation in Dorado-North well unogtimistic scenario (TOC = 2.5% and Types Il anikérogen = 50%
each).
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Hydrocarbon generation in Dorado-North well cont.....
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App. C6. Hydrocarbon generation in Pseudo Mannar Deepumeler optimistic scenario (TOC = 2.5% and Typeand 11l kerogen
= 50% each).
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Hydrocarbon generation in Pseudo Mannar Deep well.c...........
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Hydrocarbon generation in Pseudo Mannar Deep well.c...........
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Appendix D

Timing and quantity of hydrocarbon expulsion
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App. D1. Hydrocarbon expulsion timing for the Pearl-1 welter pessimistic scenario (TOC =
0.5% & Type 1l kerogen = 100%).

TIME (Ma)
10

B OiGen 5e-009 kg/m*"
GasGen  2e-008 kg/m™"
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App. D2. Hydrocarbon expulsion timing for the Pearl-1 weilder optimistic scenario (TOC =
2.5% and Type Il kerogen = 50%).

=
9 80 70 60 50 40 30 20 10 O

I CiGen  3e-007 kg/m¥”

GasGen 8e-008 kg/m*"

112



App. D3. Hydrocarbon expulsion timing for the Dorado-Nortéll under pessimistic scenario
(TOC =0.5% and Type lll kerogen = 100%).

TIME (Ma)
0

__-.. QilGen 3e-008 kg/m*”
GasGen Be-008 kg/m™”
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App. D4. Hydrocarbon expulsion timing for the Dorado-Nontéll under optimistic scenario
(TOC =2.5% and Type Il kerogen = 50%).

TIME (Ma)
90 80 70 60 50 40 30 20 10 0

B OQilGen 1e-006 kg/m>"
GasGen  4e-007 kg/m™"
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App. D5. Hydrocarbon expulsion timing for the pseudo MarDeaep well under pessimistic
scenario (TOC = 0.5% and Type Ill kerogen = 100%).

TIME (Ma)

3e-008 kg/m**
GasGen 1e-007 kg/m™"
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App. D6. Hydrocarbon expulsion timing for the pseudo MarDaep well under optimistic
scenario (TOC = 2.5% and Type Il kerogen = 50%).

TIME (Ma)
0

B QilGen 2e-006 kg/m™*"
GasGen  5e-007 kg/m™"
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