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Abstract

The Lynedoch field is located on the west flank of the Calder Graben in the north-eastern Bona-
parte Basin, Australia. The data from the wells Lynedoch 1 and Lynedoch 2 and Seismic Line
N11809 were used to reconstruct the burial and thermal histories and evaluate the hydrocarbon
generated and expelled from the Jurassic to Early Cretaceous source rocks of the study area. Basin
Mod 1-D and 2-D softwares were used for modeling. The Upper Jurassic Cleia (Lower Frigate) and
Lower Cretaceous Echuca Shoals formations source rocks in the well Lynedoch 1 were a fair-to-
good source richness with poor hydrocarbon generating potential, showing kerogen type III and
gas prone. The Middle Jurassic Plover Formation source rock in the well Lynedoch 2 was a good
organic matter richness with poor hydrocarbon generative potential, the late Middle Jurassic (Cal-
lovian) Elang Formation source rock in the same well was a fair source rock with poor hydrocar-
bon generation potential, and the Lower Cretaceous Echuca Shoals Formation source rock in the
same well was a fair-to-very good organic richness with poor-to-fair hydrocarbon generating po-
tential, gas prone with kerogen type III, and reaching wet gas window at present day. These pre-
vious formations of the both wells generated oil at the Late Cretaceous and gas at the Early Neo-
gene. But, only Echuca Shoals Formation source rock in the well Lynedoch 2 was able to expelled
hydrocarbon at the Middle Paleogene and continued up to present day. This Formation represents
fair to slightly good potential source rock in the Lynedoch field.
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1. Introduction

The Lynedoch field is located on the west flank of the Calder Graben, northern Bonaparte Basin, Australia. It is
referred to as the Malita Graben, which trends in a NEE-SWW direction except on its northern end where it
swings around to a more NE trend. The Lynedoch field contains two wells Lynedoch 1 and Lynedoch 2 (Figure
1). The well Lynedoch 1 is located offshore, 232 km NNW of Darwin and is drilled on a low relief, anticlinal
structural, to test the hydrocarbon potential of the Calder Graben. The well penetrated a Jurassic (Oxfordian age)
to Tertiary sequence of sedimentary rocks and encountered a thin hydrocarbon-bearing zone (9.7 m, probably
gas) within the Lower Cretaceous carbonate interval at 3674 - 3715 m RT. The well Lynedoch 2 is located 8.5
km NE of Lynedoch 1, about 350 km NNW of Darwin. The well was drilled as the primary objective to test
sands of the Plover Formation and Darwin Radiolarite as the secondary objective. The stratigraphy penetrated at
Lynedoch 2 was as expected with the exception of the presence of the Elang Formation and the absence of the
Cleia Formation and encountered about 80 m of Plover sandstone reservoir. The well was plugged and aban-
doned as a dry hole with gas shows. The principal source rocks of the northern Bonaparte Basin comprise the
shales of the Lower-Middle Jurassic Plover, Middle Jurassic (Callovian) Elang, Upper Jurassic Frigate Shale
(Cleia and Flamingo) and the Lower Cretaceous Echuca Shoals formations [1] [2]. Our study aimed at recon-
structing the burial and thermal histories and evaluating the hydrocarbon generated and expelled from the Juras-
sic to Early Cretaceous source rocks of the study area.
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Figure 1. Study area map of the northern Bonaparte Basin, Australia, showing the location of Lyne-
doch Field, wells Lynedoch 1 and 2, and Seismic Line N11809.
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2. Geological Setting

The structural evolution, geological history and stratigraphy of the northern Bonaparte Basin have been de-
scribed by [3] [4] and summarised by [5] [6]. The northern Bonaparte Basin has been affected by three main
phases of rifting. The oldest of these was initiated in the Palaeozoic and has a north-westerly trend. Overprinting
this is a Permo-Carboniferous episode of rifting which created a general north-easterly structural grain. A later
phase of rifting related to break-up, was initiated as early as the Late Triassic but has its main expression from
the Callovian to Kimmeridgian, which led to rapid subsidence and development of the Malita and Calder gra-
bens as major depocentres. The Permian to Recent stratigraphy of the area has been subdivided into three major
depositional episodes, Late Permian to Middle Jurassic, Late Jurassic to Early Cretaceous and Early Cretaceous
to Recent. Each sequence is bounded by a seismically mappable unconformity or disconformity. The major
seismic surfaces are the Callovian Unconformity, Valanginian Unconformity, and Aptian Disconformity (Figure
2). The Upper Permian Hyland Bay Subgroup comprises thick shelfal carbonates interbedded with clastics [7]

Age R Litho- Seismi
£ | Period Epoch Stage é-l I—;oc::‘zr:rfs Tectonics Discoveries Sea Level
(Ma) & stratigraphy
oo e . NW — SE 100, %19()2@
ocene 7 : . <
2 L Imio — Colision of 7
& Mi Serravalian Australia Plate
20 4 é ocene Burdigalian Oliver . g with Timor
A " * QIVer T— bmio—] £ | Fault reactivation/
. P Cartier OBEOS 9 . . 3
4 Oligocene Chattian £ % regional compression =l |
Rupelian 3 L molig | = -
o Priabomniam S w S
04 § Bartonian = >
& 7
g Eocene Lutetian Prion/Hibernia Z g
1 = DG 558 - &~ i
]thresllan A . 5 . beoe ] _1 3
60 4 Paleocene a"c_ 10, Johnson P
Danian : - bter 3
7 Maastrichtian Turnstone " Puffin . +
) - iy 3 <
Campanian 5 3
80 5 h-1 4
Late N - Vee] % Z ¥
4 Enmanclan g E B
'l'ummfm E fur— =4 g S
100 4 g Cenomian i E é 3
8 Albian E — I~ 1
4 £ = < J
& & |== Darwin =+ g | g N
. ¢
120 4 Aptian & £ )
Early = | 2 T <
apt— = o) 7z Y
i Ba " & o A
Hauterivian Echuca Shoals 1
140 Valanginian val — VALANGINIAN _ <
Berriasian Upp;ti‘ Flngate a JNCONEORMIT Blackwoodl ST1 "3,
o ale] =
Tithonian 2 = % X £5 ?2?3’331 &
Kimmeridgian E — Lower Frigate = g S5 = s
= : b’ 7
Oxfordian = Y :Shale?‘. ooy a © Barossa ST 1,Caldita 1 i
Cal LT T CALLOVIAN_[{Evans Shoal 1,Heron south 1 <
W ~ / — PNCONFORMITY o :
= | o - Barossa ST 1,Evans Shoal 1 )
2 Z 8 Evans Shoal 2 'Y
Toarcian g5 £ [Evans Shoal North 1 $
- = i< 2 Heron 2,Heron south 1, I
Pliensbachian |2 5 Blackwood 1 ST 1, p
< . z|E E Chuditch 1,Loxton Shoals 1, {
Sinemurian - 4 Sunrise 1,Sunrise 2,Sunset 1, | |
ettangian g bjtt — Sunest West 1, Troubadour 1 y
Rhactian E] Inversion {
£ o (Fitzroy \
. = 2 J
° Late Norian g >
2 &
g = . b
=
=] Carnian Z 2 3 Kelp Deepl 3
e 3
mitri —f 1} ‘D
240 Middle Ladinian E £
7]
> 3
H E
tper — ) s [+ Kelp Deepl D
o = >
& 4,
3
|
Legend:
- Limestone Sandstone(medium-grained) Sandstone(fine-grained)
Sandstone(very fne-grained) FETT oty sandsone [ R ——— A
13 Gas discovery

Figure 2. Stratigraphy, tectonics, and petroleum discoveries of the northern Bonaparte Basin, Australia, based on the Bona-
parte Basin Biozonation and Stratigraphy Chart 33 (Kelman et al., 2014), showing the short term sea level used for burial
history modelled. Geologic Time Scale after Gradstein et al. (2012). Lower Frigate = Cleia and Upper Frigate = Flamingo.
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and overlain by Upper Permian to Lower Triassic Mount Goodwin Subgroup deep marine siltstones, shales, and
submarine fan sandstones [8]. The Middle-Upper Triassic Cape Londonderry Formation consists of a mixed
carbonate and clastic sequence overlain by fluvial red beds of the Upper Triassic to Lower Jurassic Malita For-
mation. The Lower-Middle Jurassic Plover Formation is a regionally distributed, fluvio-deltaic sequence of
sandstone, siltstone, claystone, and coal. The top of the Plover Formation is defined by the Callovian Uncon-
formity, and in others it is a transgressive surface which marks the base of the Callovian shefal marine Elang
Formation. A more significant flooding event occurred at the end of the Callovian, resulting in deposition of the
Oxfordian Cleia Formation claystone. The Kimmeridgian Unconformity separates depositional sequences of the
Cleia Formation and overlying Bathurst Island Group. In the wells Lynedoch 1 and Lynedoch 2, the unconfor-
mity at the top of the Jurassic was developed just prior to continental breakup and erosion during this time re-
moved any record of the Tithonian sediments if deposited. In these both wells of the Lynedoch Field the Fla-
mingo Formation is absent. The Valanginian Unconformity defines the top of the Flamingo Group sequence and
the end of the active extension in the region. Overlying the Valanginian Unconformity is the Cretaceous Ba-
thurst Island Group, the basal unit of which is the Echuca Shoals Formation, a glauconitic claystone unit of Va-
langinian to Barremian age. A prolonged hiatus represented by the Aptian Disconformity marks the top of this
unit which is succeeded by the Darwin Formation of Aptian to early Albian age. The overlying late Albian to
Turonian Wangarlu Formation is characterised by a thick sequence of marine claystones, which is in turn over-
lain by marl and minor carbonate depositional cycles of the Vee Formation. Campanian to Maastrichtian sand-
stone equivalents (Turnstone Formation) of the Puffin Formation overly the Vee Formation. Thick carbonate
wedges developed and prograded north-westwards during the Paleocene (Johnson Formation), Eocene (Hibernia
and Prion formations) and Miocene (Oliver Formation). A late Miocene Unconformity related to the collision of
the Australian and South East Asian plates represents the base of the Barracouta Formation and the beginning of
carbonate progradation in an active margin setting.

3. Materials and Methods
3.1. Materials and Input Parameters

Data for evaluation of oil and gas generation and expulsion were collected from the wells Linedoch 1 and Ly-
nedoch 2. Data required to run the BasinMod 1-D comprised the top and base wellbore depths, present thick-
nesses of each stratigraphic unit, the lithology mixes data are derived from composite well logs (Table 1). Bios-
tratigraphy was derived from the sidewall cores that were washed, separated, and analyzed for micro fauna (Fo-
raminifera) and flora (Spores and Pollens). This was done to attribute a presumed age to each studied interval.
Kerogen types, total organic carbon content (TOC), kinetic algorithms and results of pyrolysis analyses; the lo-
cation of wells, and organic thermal indicators include measured mean vitrinite reflectance values; Seabed tem-
perature of 14; measured temperatures by Shell Development (Australia) Pty.Ltd, from wireline logging were
adjusted using a correction procedure adapted the literature [9] [10] to calculate subsurface bottom hole temper-
atures (BHTS) through time; the short term sea level proposed by [11] [12]; geologic time scale 1989 Harland,;
all mixed parameters, the initial porosity, reciprocal and exponential compaction factors, the matrix density, ma-
trix thermal conductivity, and matrix heat capacity are adopted from the default values in BasinMod Software
package. The input data for 2-D BasinMod included 1-D well databases, the Seismic Line N11809 (Figure 3),
map coordinates, reference location of all data including faults, names and age ranges of all layers, lithologic
characteristics of facies within the layers.

3.2. Methods

3.2.1. One-Dimensional Modeling
One-dimensional modeling of a single well using BasinMod 1-D was performed to reconstruct the burial, ther-
mal, hydrocarbon generation and expulsion histories. Further, it determined the subsidence and sedimentation
rates, as well as maturation parameters, such as the time of onset, peak, and end of oil and wet gas generation
and expulsion.

An Exponential Equation of [13] for mechanical compaction that relates porosity to depth was used for poros-
ity calculation as follows:

¢=g,exp"% L)
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Figure 3. Two-dimensional Seismic Line N11809 through the well Lynedoch 1, which location shown in Figure 1. The
formation names are indicated in black capital alphabets: Q + N = Oliver, Barracouta and Alaria formations; E = Johnson,
Hibernia and Cartier formations; K, = Vee, Turnstone and Johnson formations; K; = Echuca Shoals, Darwin and Wangarlu
formations; J; = Elang and Frigate Shale (Cleia, Flamingo) formations; J, + J; = Plover Formation; T = Mount Goodwin
Subgroup, Pollard, Cape Londonderry, Challis, Nome, and Malita formations and P + C + D = Fossil Head Formation, and
Hyland BaySubgroup. The faults are indicated in red capital letters: F1 to F14.

Table 1. Geological layers, top and base depths for the wells Lynedoch 1 and Lynedoch 2 in the Lynedoch Field, and lithology

used as input parameters for the BasinMod 1-D. Lithological data were compiled from their composite well logs.

Well
Formation

Alaria
Barracouta

Oliver

Hibernia

Johnson

Turnstone
Vee
Wangarlu
Darwin

Echuca Shoals

Cleia
(Lower Frigate Shale)

Elang

Plover

Base Depth (m)

Lynedoch 1
Lithology

100% limestone
5% shale+ 95% limestone

10 %shale + 85%
limestone + 5% dolomite

5% sandstone + 19% shale
+ 30% limestone + 40% dolomite
+ 5% evaporite+ 1% coal

65% sandstone + 25% shale
+ 2% limestone + 8% dolomite

90% shale + 10% limestone

2% sandstone + 58% shale
+ 40% limestone

60% shale + 40% limestone

40% siltstone + 55% shale 2.5%
limestone + 2.5 % dolomite

75% sandstone + 25% shale

Top Depth
(mRT)

258
509

552

890

1551

2210

3533

3691

3825

3917

3967

Lynedoch 2

Lithology

100% limestone
20% sandstone+ 10 % shale
+ 70% limestone
7% sandstone + 0.65 siltstone
+ 40% limestone +
51.35% dolomite + 1% evaporite
1% sandstone + 99% limestone
40% sandstone + 30% siltstone
+ 30% shale
30% siltstone + 60% shale +
9% limestone + 1% dolomite
64% siltstone + 18% shale
+ 18% limestone

7.5% siltstone+ 18% shale
+ 74.5% limestone

20% siltstone + 70% shale
+ 10% limestone

19.5% sandstone + 67.8% siltstone
+ 12% shale + 0.7% limestone

81% sandstone + 4.5% siltstone
+ 14.5% shale

Top Depth
(mRT)

291

598

1030

1571
1625

2569
3652
3773

3820

4057

4102
4225

- is no data. RT is Rotary Table.
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where, ¢ is the porosity at depth z, %; ¢, is the initial porosity, %, K is the compaction factor adjusted for vary-
ing compressibilities of different lithologies, and z is the depth, m. The method of backstripping was used to re-
construct the burial history. The change in temperature with depth of the study area was:

Geothermal gradient("C/m) = Change in temperature (°C)/change in depth(m) )

The transient heat flow equation was used to describe the thermal conduction and convention of the heat flow,
assuming that the heat transfer in 1-D was by vertical conduction using the following equation:

dT (x.t) . d dT
@ ‘&(“(X)&Qj ®
a(x)=% @

where « is the thermal diffusivity, T is the temperature (K), k is the thermal conductivity (W/m-°C), c is the heat
capacity (kJ/m%°C), t is the time (Ma), p is the density (g/cm®), Q is the heat source term (KJ) and x is the depth
(m).

The total organic carbon content (TOC) versus potential yield (S1 + S2) was used to determine the potential
generating hydrocarbon. Modified [14] by [15], oxygen index (Ol) versus hydrogen index (HI) for the characte-
risation of kerogen types, and measured mean VR and IR (%) versus Depth for thermal maturity.

Predicted maturation and timing of hydrocarbon generation and expulsion were based on Lawrence Liver-
more National Laboratory (LLNL) vitrinite and kerogen kinetics. The saturated threshold was set to 0.02 for
expulsion and migration along the carrier beds driven by excess pressure, buoyancy pressure, and capillary
pressure [16] [17].

Maturation stages and their corresponding vitrinite reflectance values are as follows: 0.0% - 0.5% Ry is the
immature zone, 0.5% - 0.7% R, early mature (oil), 0.7% - 1.3% R, late mature (oil), 1.3% - 2.6% R, is the main
gas generation, and 2.6% - 5.0% R, is dry gas generation zone.

3.2.2. Two-Dimensional Modeling
Two-dimensional modeling was applied to scan input 2-D seismic line N11809 that crossed the study area in the
northwest-southeast trend and comprising eight stratigraphic horizons that best depicted the structure and matur-
ity histories. Whereas Two-Way-Time (milliseconds) conversions to depths in meters was done outside of Ba-
sinMod 2-D.

The transient heat flow equation of BasinMod 2-D was also used to describe the lateral and vertical thermal
conduction and convection of the heat flow of the study area.

4. Results and Discussion
4.1. Source Rock Richness and Hydrocarbon Generation Potential

The measurements of TOC and thermal cracking of the organic matter by pyrolysis (S1 and S2 mg HC/g rock)
are essential in evaluating source rock richness and hydrocarbon generation potential [18]. Interpretations of
Rock-Eval pyrolysis parameters used to assess source rock quality and hydrocarbon generation potential were
carried out as stated by the standard guidelines suggested by [19]. The Echuca Shoals Formation source rock in
the well Lynedoch 1 had five (5) TOC and S1 + S2 ranging from 0.57 to 1.70 wt% with an average of 1.14 wt%
and from 0.26 to 2.2 mg HC/g rock with an average of 1.05 mg HC/g rock, respectively (Table 2). This
indicated a fair-to-good organic matter richness with poor hydrocarbon generative potential. Similarly, the Cleia
(Lower Frigate) Formation source rock in the same well contained three (3) TOC and S1 + S2 varying from 0.69
to 1.78 wt% with an average of 1.10 wt% and from 0.41 to 2.43 mg HC/g rock with an average of 1.11 mg HC/g
rock, respectively. The Echuca Shoals Formation source rock in the well Lynedoch 2 comprised seventeen (17)
TOC and S1 + S2 ranging from 0.63 to 3.48 wt% with an average of 1.73 wt% and from 0.39 to 5.59 mg HC/g
rock with an average of 2.55 mg HC/g rock, respectively. This indicated a fair-to-very good organic matter
richness with poor-to-fair hydrocarbon generating potential. The Elang Formation source rock in the same well
gave a TOC value of 0.88 wt% and S1 + S2 of 0.91 mg HC/g rock. This indicated a fair source rock with poor
hydrocarbon generation potential. In the same well the Plover Formation source rock comprised two (2) TOC
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Table 2. TOC data, mean VR and IR (%) values and Rock Eval Pyrolysis parameters for the wells Lynedoch 1 and Lynedoch
2, in the Lynedoch field source rock samples.

Well Name  Depth (mRT)  Formation Lithology TOC (wt%) S(rln;/g)z HI (mg/g) Ol (mg/g) Mean VR% Mean IR%
redon 1 ssas- 1 SN e OFTOL0 02822 S eaLsr e
392887 - 396240 éf_éiiir sle "Vl i1i(y see0@ some 120 -
rigate)
peion2 Sma-aso N e O A 03659 LI g5 100 110 46 140, 10
4066 - 4102 Elang  Shale 0.88 0.91 59.09 6.82 1{%6 (15’0
v vom s A% 0w w@e s

where TOC is the total organic matter content (wt%), VR% is a vitrinate reflectance, IR% is an inertinite reflectance; HI is hydrogen index (mg HC/ g
TOC), Ol oxygen index (mg CO./ g TOC); S1+S2 represents the total amount of petroleum that might be generated from a rock in mg HC/g rock (S1 is
free hydrocarbon and S2 is the hydrocarbon generation potential of the source rock), —is no data; Minimum value-Maximum value Average (number of
samples).

and S1 + S2 varying from 1 to 1.31 wt% with an average of 1.16 wt% and from 0.72 to 0.82 mg HC/g rock with
an average of 0.77 mg HC/g rock, respectively. This showed a good organic matter richness with poor hydro-
carbon generative potential (Figure 4(a)).

4.2. Source Rock Type

The source rock type was assessed, based on the modified van Krevelen diagram of Oxygen Index (Ol) versus
Hydrogen Index (HI) (Figure 4(b)). The HI of Plover, Elang, Lower Frigate Shale and Echuca Shoals forma-
tions source rocks in this study was variable from one well to another (Table 2). The Echuca Shoals Formation
source rock in the well Lynedoch 1 comprised five (5) HI, which ranged from 31.58 to 93.79 mg HC/g TOC
with an average of 51.07 mg HC/g TOC, indicated kerogen type Il and gas prone. Likewise, the Cleia (Lower
Frigate) Formation source rock in the same well contained three (3) HI, varied from 37.68 to 91.57 mg HC/g
TOC with an average of 56.50 mg HC/g TOC. In the well Lynedoch 2, the Echuca Shoals Formation source
rock, seventeen (17) HI readings were recorded, which varied from 33.33 to 131.71 mg HC/g TOC with an av-
erage of 89.31 mg HC/g TOC, showed kerogen type Il and gas prone. Similarly Elang Formation source rock in
the same well, gave a HI value of 59.09 mg HC/g TOC and Plover Formation source rock, two (2) HI readings
recorded, varied from 49.62 to 61 mg HC/g TOC with an average of 51.31 mg HC/g TOC. Some source rocks
from Echuca Shoals and Cleia (Lower Frigate) formations in the well Lynedoch 1, and Echuca Shoals and Plov-
er formations in the well Lynedoch 2 contained inertinite Type IV kerogen. These pyrolysis results showed that
these formations were not expected to generate liquid hydrocarbons.

4.3. Source Rock Maturity

Measured mean vitrinite and inertinitereflectances (VR and IR (%)) values (Figure 4(c)), the calculated based
on Easy %Ro model [20] using BasinMod 1-D software (Figure 5), and the Seismic Line N11809 with Basin-
Mod 2-D (Figure 6) were used to assess the degree of thermal maturity attained by the examined source rocks.
The Echuca Shoals Formation source rock in the well Lynedoch 1, three (3) mean VR readings were recorded,
which ranged from 1.1 to 1.39% that have the mean value of 1.23%. This showed late to high-mature with an
overall mean of late mature level, corresponding to the depth of 3887.50 and 3909.50 m, respectively, and the
Cleia (Lower Frigate) Formation source rock, gave a mean VR value of 1.20%. This indicated late mature level,
corresponding to the depth of 3948.50 m. In the well Lynedoch 2, the Echuca Shoals Formation source rock
contained four (4) mean VR, ranging from 1.18 to 1.26% with an average of 1.21%, indicated late mature oil
window, corresponding to the depth of 3979 and 3930m, respectively, and the Plover Formation source rock
gave a mean VR value of 1.12%. This showed late mature oil window, corresponding to the depth of 4135 m. In
the Elang Formation of the well Lynedoch 2, the lack of vitrinite macerals in marine shales with little terrestrial
input often requires alternative maturity parameters instead of vitrinite reflectance such as other maceral reflec-
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Figure 4. (a) Plot of Total Organic Carbon (TOC) versus potential yield S1 + S2 for the hydrocarbon gen-
eration potential; (b) Oxygen Index (Ol) versus Hydrogen Index (HI) for organic matter types and (c)
Measured mean vitrinate and inertinitereflectances VR and IR (%) values versus Depth showing thermal
maturity of the Plover, Elang, Cleia (Lower Frigate), and Echuca Shoals formations source rocks of the
wells Lynedoch 1 and Lynedoch 2. Fm is Formation.
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Figure 5. The thermal and maturity histories identifying the fitness of the modelled curves and measuredmean VR and IR,
and corrected Temperatures values for the wells Lynedoch 1 and Lynedoch 2.

tance parameters, in our study (e.g. inertinite reflectance). Based on mean inertinite reflectance IR, the Echuca
Shoals Formation source rock of the well Lynedoch 2, comprised five (5) mean IR, varying from 1.40% to
1.90% with an average of 1.70%, showed high-mature level, corresponding to the depth of 3979 to 3871m, re-
spectively. The Elang Formation source rock of the same well, two (2) mean IR readings were recorded, which
ranged from 1.42% to 1.90% that have the mean value of 1.66%. This indicated high-mature level, correspond-
ing to the depth of 4102 to 4066 m, respectively. In the same well, the Plover Formation source rock gave a
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mean IR value of 1.7%, showed high-mature level, corresponding to the depth of 4135 m.

On the other hand, the interpretation of the source rocks maturation levels and hydrocarbons generation across
the study area was conducted using the Seismic Line N11809, which is forced by projection of the data from the
wells Lynedoch 1 and Lynedoch 2. Thermal history is essential to the timing, amount, and composition of gen-
erated hydrocarbons [21]. A total of twenty two (22) corrected temperatures were obtained from these two wells.
The seabed temperature was assumed 14°C. The well Lynedoch 1 reached a total depth of 3967 mRT within the
Cleia (Lower Frigate) Formation, and the calculated extrapolated static bottom hole temperature of 164.21°C,
with temperature gradient of 4.05°C/100m. The well Lynedoch 2 reached 4225 mRT within the Plover Forma-
tion, and bottom hole temperature of 166.38°C, with temperature gradient of 3.87°C/100 m. The thermal history
identifying the fitness of the corrected values and modelled curves of the temperature in our study is shown
Figure 5. The present day heat flow was calculated from sea bottom temperatures, bottom hole temperatures
and modelled sediment thermal conductivities. In BasinMod 1-D software, the transient heat flow model can be
used to calculate the present-day heat flow. A transient heat flow model was employed to handle the heat trans-
fer in the basin of our study. The modeling results show that the present day heat flow values in the wells Lyne-
doch 1 and Lynedoch 2 were 62.49 and 58.24 mW/m?, respectively.

The maturity of the source rocks was interpreted to have been initiated at a level of thermal maturity of 0.5% -
0.7% Ro and concluded at a level of thermal maturity of 1.3-2.6%Ro0. The maturity evolution history along the
Seismic Line N11809 was described as follows: at 95 Ma the Echuca Shoals Formation was immature, at the
base of Cleia (Lower Frigate) and Elang formations occurred early mature oil, and middle to late mature oil at
the base of the Plover Formation in the study area. In the center of the Calder Graben, theonset of early mature
oil occurred at the base of Echuca Shoals Formation, and middle to late mature oil at the base of Elang and Cleia
(Lower Frigate) formations, whereas wet to dry gas windows at the base of the Plover Formation (Figure 6(a)).
At 65 Ma the threshold of middle to late mature oil took place at the base of Echuca Shoals, Cleia (Lower Fri-
gate) and Elang formations, and wet gas window at the base of the Plover Formation in the study area. In the
center of the Calder Graben, at the base of Echuca Shoals Formation occurred middle to late mature oil, and wet
gas window at the base of Cleia (Lower Frigate) and Elang formations, whereas wet to dry gas windows at the
base of the Plover Formation (Figure 6(b)). At 23.03 Ma the late mature oil to wet gas windows took place at
the base of Echuca Shoals Formation, and wet gas window at the base of Cleia (Lower Frigate), Elang and
Plover formations in the study area. In the center of the Calder Graben, the threshold of the wet gas window oc-
curred at the base of Echuca Shoals, Cleia (Lower Frigate) and Elang formations, and dry gas window at the
base of Plover Formation (Figure 6(c)). At the present day at the base of Echuca Shoals, Cleia (Lower Frigate)
and Elang formations took place wet gas window, and wet to dry gas windows at the base of the Plover Forma-
tion in the study area. In the center of the Calder Graben, the onset of wet gas window occurred at the base of
Echuca Shoals Formation and dry gas window at the base of the Cleia (Lower Frigate), Elang and Plover forma-
tions (Figure 6(d)). The modeling results were calibrated to the measured mean vitrinite and inertinitereflec-
tances values for the wells Lynedoch 1 and Lynedoch 2 of the study area, and for the Seismic Line N11809
(Figure 5 and Figure 6), and the correspondence between the simulated and the measured values was remarka-
bly good, which indicated that the accuracy was relatively higher for both 1D and 2D modeling.

4.4. Hydrocarbon Generation

The hydrocarbon generation from the source rock has been deduced from its maturation history using correla-
tions between calculated maturity and measured mean vitrinite reflectance and heat flow regime. The amount of
gas generated from the source rock in the individual well has been estimated assuming that it is derived from the
cracking of oil remaining in the source rock after the oil generation ceased. The beginning of early mature oil
window of the Cleia (Lower Frigate) and Echuca Shoals formations source rocks in the well Lynedoch 1 started
at Late Cretaceous at the depth of 1164 and 1155 m corresponding temperature of 92°C, the mid-mature oil at
Late Cretaceous at the depth of about 1756 m and 1738 m, and at temperature of 120°C, the late mature oil
window during the Middle Paleogene at the depth of about 2676 m and 2658 m, and at temperature of 139°C ,
and the wet gas window in the Early Neogene at the depth of about 3515 m and 3415 m, and at temperature of
158 and 155°C, respectively (Figure 7(a)). The amount of generated oil from these two formations were 12.33
and 10.92 mg/g TOC (Figure 8(a) and Table 3) with generation rate of 0.85 and 0.79 mg/g TOC x Ma (Figure
8(b)), and gas were 28.35 and 25.16 mg/g TOC (Figure 8(a) and Table 3) with generation rate of 1.87 and 1.74
mg/g TOC x Ma (Figure 8(b)), respectively, and they reached the peak generation at the Late Cretaceous. The
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Figure 6. Schematic diagrams showing the maturity evolution history of the Plover, Elang, Frigate (Cleia and Flamingo) and
Echuca Shoals formations source rocks obtained from Seismic Line N11809: (a) source rock maturation at 95 Ma; (b) source
rock maturation at 65 Ma; (c) source rock maturation at 23.03 Ma; (d) source rock maturation at present-day.The formation
names are indicated in black capital alphabets: Q + N = Oliver, Barracouta and Alaria formations; E = Johnson, Hibernia and
Cartier formations; K, = VVee, Turnstone and Puffin formations; K; = Echuca Shoals, Darwin and Wangarlu formations; J; =
Elang and Frigate Shale (Cleia, Flamingo); J, + J; = Plover Formation; T = Mount Goodwin Subgroup, Pollard, Cape Lon-
donderry, Challis, Nome, and Malita formations and P + C + D = Fossil Head Formation, and Hyland BaySubgroup. The
faults are indicated in red capital letters: F2 to F13.

start of early mature oil window of the Plover, Elang and Echuca Shoals formations source rocks in the well
Lynedoch 2began at the Late Cretaceous at the depth of about 1263 m, 1202 m, and 1200 m, and temperature of
90°C, and the mid-mature oil window during the Late Cretaceous at the depth of 1853 m, 1823 m, and 1812 m,
and at the temperature of 118°C, the late mature oil window at the Middle Paleogene at the depth of about 2911,
2809 and 2779 m, and temperature of 142°C, and the wet gas window at Early Neogene at the depth of about
3450, 3368 and 3520 m, and at temperature of 155, 152 and 153°C, respectively (Figure 7(b)). The amounts of
oil generated from these three formations were 12.35, 13.38, and 19 mg/g TOC (Figure 9(a) and Table 3) with
generation rate of 0.87, 0.72, and 0.83 mg/g TOC x Ma (Figure 9(b)), and gas were 31.81, 32.02, and 43.89
mg/g TOC (Figure 9(a) and Table 3) with generation rate of 1.92, 1.60, and 1.93 mg/g TOC x Ma (Figure
9(h)), respectively, and they reached the peak generation at the Late Cretaceous for the Plover and Elang forma-
tions and at Early Paleogene for the Echuca Shoals Formation.
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Figure 8. Modeling results of hydrocarbon generation history in the well Lynedoch 1. (a) Amount of hydrocarbon generation;
(b) Rate of hydrocarbon showing the peak generation at the Late Cretaceous.

Table 3. Oil and gas generation, expulsion and efficiencyin the wellsLynedoch 1 and Lynedoch 2.

) Oil Gas
Well Name Formation .
Goil Eqil Olleff Ggas Egas Gasest
Lynedoch 1 Echuca Shoals 10.92 0.0 0.0 25.16 0.0 0.0
Cleia (Lower Frigate) 12.33 0.0 0.0 28.35 0.0 0.0
Lynedoch 2 Echuca Shoals 19 8.50 45 43.89 22.38 51
Elang 13.38 0.0 0.0 32.02 0.0 0.0
Plover 12.35 0.0 0.0 31.81 0.0 0.0

where Gy is oil generating intensity (mg/g TOC); Ei is oil expelling intensity (mg/g TOC); Oile is oil expelling efficiency (%);Ggas is gas generating

intensity (mg/g TOC); Egs is gas expelling intensity (mg/g TOC); Gasess is gas expelling efficiency (%).
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Figure 9. Modeling results of hydrocarbon generation history in the well Lynedoch 2. (a) Amount of hydrocarbon generation;
(b) Rate of hydrocarbon showing the peak generation at the Late Cretaceous for Plover and Elang formations and at Early
Paleogene for the Echuca Shoals Formation.

4.5. Hydrocarbon Expulsion

Hydrocarbon expulsion is known as primary migration. Hydrocarbons are expelled from a source rock at dis-
crete phases depending on hydrocarbon saturation of the source rock, conduits-micro fractures, and overpressure
caused by oil and gas generation and fluid expansion, temperature increase and capillary pressure. The occur-
rence of hydrocarbon expulsion is assumed to be happened only when both the fluid pressure and hydrocarbon
saturation within the pore reach or exceed a critical value. Hydrocarbon expulsion for each well in the Lynedoch
field was determined using the BasinMod 1-D. Nil hydrocarbon expelled from the Cleia and Echuca Shoals
formations source rocks in the well Lynedoch 1 (Figure 10(a)). Similarly from the Plover and Elang formations
source rocks in the well Lynedoch 2 (Figure 10(b)). Only Echuca Shoals Formation source rock in the Lyne-
doch 2 was able to expelled hydrocarbon, and started at the Middle Paleogene (Figure 10(b)). The expelling in-
tensities of oil and gas from this Formation were 8.50 and 22.38 mg/g TOC with expelling efficiencies of 45%
and 51%, respectively (Table 3). These values indicated that the gas show in the Plover Formation of the well
Lynedoch 2 has been expelled from the center of the Calder Graben source rock kitchen and gas show within
Lower Cretaceous Darwin Formation certainly from the Echuca Shoals Formation, which represents fair to
slightly good potential source rock in the Lynedoch field.

5. Conclusion

Data from the wells Lynedoch 1 and Lynedoch 2, Seismic Line N11809, with 1-D and 2-D Basin Modeling
Softwares were used to reconstruct the burial and thermal histories and evaluate the hydrocarbon generated and
expelled from the Jurassic to Early Cretaceous source rocks in the Lynedoch field, northern Bonaparte Basin.
The Cleia (Lower Frigate) Formation source rock in the well Lynedoch 1 was a fair-to-good source richness
with poor hydrocarbon generating potential, showing kerogen type Il1 gas prone, and reaching wet gas window
at the present day, similarly the Lower Cretaceous Echuca Shoals Formation source rock in the same well. The
Middle Jurassic Plover Formation source rock in the well Lynedoch 2 was a good organic richness with poor
hydrocarbon generative potential, gas prone with kerogen type Ill, and it attained the wet gas window; the late
Middle Jurassic (Callovian) Elang Formation source rock in the same well was a fair source rock with poor hy-
drocarbon generation potential, gas prone with kerogen type Ill, and it reached wet gas window, whereas the
Lower Cretaceous Echuca Shoals Formation source rock in the same well was a fair-to-very good organic rich-
ness with poor-to-fair hydrocarbon generating potential, gas prone with kerogen type Ill, and reaching wet gas
window at present day. The Cleia (Lower Frigate) and Echuca Shoals formations source rocks in the well Ly-
nedoch 1 and Plover, Elang and Echuca Shoals formations in the well Lynedoch 2 generated oil at the Late Cre-
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Figure 10. Modeling results of the oil and gas expulsion history in the wells: (a) Lynedoch 1 and (b) Lynedoch 2.

taceous and gas at Early Neogene. However, only Echuca Shoals Formation source rock in the well Lynedoch 2
was able to expelled hydrocarbon, and started at the Middle Paleogene and continued up to present day. Thus,
the gas show in the Plover Formation of the well Lynedoch 2 has been expelled from the center of the Calder
Graben source rock kitchen and gas show within Lower Cretaceous Darwin Formation certainly from the Echu-
ca Shoals Formation, which represents fair to slightly good potential source rock in the Lynedoch field. We
suggest in the future explore hydrocarbon on the western flank of the Calder Graben throughout Lower Creta-
ceous Darwin to Lower-Middle Jurassic Plover formations.
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