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1. EXECUTIVE SUMMARY

1.1. Summary of contents

This report provides an update to Cambridge Carbonates previous 2011 report on
carbonate reservoirs of SE Asia. The report includes data on new discoveries and @
concepts, and integrates data from more than 120 additional publications in the areaV
plus Cambridge Carbonates in-house experience. The 2017 updated edition g Q

report also contains over 80 new or updated figures.

New for the 2017 updated version is an associated GIS project. T, project

contains georeferenced map figures and also a geodatabase of re@oi rameters.
This report aims to:

e Review the existing and future hydrocarbon po&l of Cenozoic carbonate

systems of SE Asia. i
e |t emphasises future hydrocarbon r@ by examining the possibility of

making further discoveries andgdgdig8 eserves to existing fields in different

basins. Q_

e |t presents an up view of the sedimentological and sequence
Mo

stratigraphy of Cen arbonate reservoirs in light of recent research in SE

Asiaand on e ng concepts of carbonate sedimentology in general.

The report s i an introduction followed by a discussion of the geology,
carbonate , reservoirs and future hydrocarbon potential region by region.
Topics by the introduction include:

oA he general depositional controls of Cenozoic carbonate systems in SE Asia

‘ including a classification of carbonate buildups and depositional systems.
< , e Evolving conditions of global sea level, palaeoclimate, oceanography and
carbonate producing communities through the Cenozoic and how these

impact on reservoir distribution, type and quality.
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Sequence stratigraphic control on reservoir layering and architecture of
Cenozoic carbonate systems and the implications for the development of

potential of reservoir facies in differing basins.

Interaction between carbonate and siliciclastic sedimentation highlighting the
potential for developing carbonate systems within siliciclastic settings and theV
seismic geometries that can be used to identify carbonate systems in thQ

settings. @

The recognition of karsted and drowned carbonate pIatfc% their

contrasting significance for reservoir development.

The use of high resolution sequence stratigraphy stu@%e as a means of

integrating core and log data. &
Diagenesis of Cenozoic carbonates. E ?\

The origin and prediction of sub-surf,
Distinguishing volcanic structur@ carbonate systems using seismic data.

A compilation of carbonate r&ervoir parameters including porosity vs. depth,
porosity and perngié Yy Vvs. reservoir type, depositional facies and

pe and size and net:gross.

hydrocarbon type, tr
The study area h@%ken down into the following areas, each of which has its
g

separate tre@

ure 1):

° 2& d South Sumatra and adjacent offshore areas.
a and adjacent offshore areas. Including a separate chapter on finds in

5

Pliocene carbonate contourites.

Offshore south and east Vietnam and the South China Sea.
Offshore Sarawak, Philippines and Natuna Seas.

East Kalimantan, Sulawesi and adjacent offshore areas.

West Papua and Papua New Guinea.

SE Asian Carbonate Systems and Reservoir Development 12
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Eocene and Oligocene: the end of the Paleocene marked a diversification of benthic
foraminifera and a switch from rimmed carbonate shelves to carbonate ramps.

Shallow ramp lagoonal environments are characterised by miliolids and alveolinids;

mid carbonate ramp settings including carbonate shoals are characterised by
nummulites, assilinids and discocyclinids. Deep carbonate ramp environments are %
characterised by resedimented nummulites, discocyclinids and red algae. Planktg V
foraminifera become predominant in outer carbonate ramp settings. The

reservoir quality is found in mid ramp carbonate shoal and associated ugsdi m

wash over and down-dip resedimented facies. #

Late Oligocene and Miocene shallow carbonate ramp back t% and restricted
lagoonal environments are characterised by victoriellids a ritids. Mid carbonate
ramp carbonate shoal environments are characterNed™ by amphisteginids,

lepidocyclinids and red algal rhodoids. Red algae gc%s may form patch reefs in

the mid carbonate ramp setting. Mid to b rbonate ramp environments are

characterised by Cycloclypeus, Miogy crusting red algae, resedimented

Amphistegina, red algal rhodoids, p and some encrusted hard grounds. The

best reservoir quality tends to urN\n mid ramp carbonate shoals; red algal patch

reefs tend to have poorer @ ir quality because they have a high component of
a s

low porosity encrustingforg

Plio-Pleistocene ortance of carbonate ramp systems declined and many

carbonate s verted to rimmed carbonate shelves with fringing reefs formed
by sclecasgi orals, green algae and molluscs. Benthic bioclasts include benthic

for %Ha/imeda and scattered coral patch reefs. Nearshore platform interior
%cen consist of muddy mixed siliciclastic-carbonate systems strongly affected

ocal run-off. The majority of Plio-Pleistocene reefs in SE Asia are limited to fringing
?zontinental areas and islands away from areas of siliciclastic input; however, the

Natuna carbonate platform (NW Borneo) forms part of a carbonate system that was

initiated in the Early Miocene and is still extant today (\Wilson, 2002).

Productive Pliocene petroleum systems with good reservoir quality occur in pelagic

and contourite carbonates dominated by planktonic foraminifera (globigerinids) in
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CONFIDENTIAL: CAMBRIDGE CARBONATES LTD

Figure 10 Comparison of the Glovers reef, offshore Belize (ANthi%s a mixed carbonate-clastic setting)
and a 3D semblance volume of a Luconia Middle Miocen i B). In the Glovers reef, it is possible
to determine the reef rim, white back-reef carbonatgsSahgdshand a lagoon with numerous small patch
reefs. On the semblance slice high semblance vaIk blue) correspond with the reef seismic
facies, intermediate semblance in the adjace gef deposits, low semblance values of the
lagoonal seismic facies. Note that the seismimj capable of recording the breaks in the reef rim.

From Eberli et al. (2004), reprinted by @ of the AAPG whose permission is required for

further use. ‘

Interaction between onates and regional siliciclastic systems

In many basins, fu the North Sumatra, offshore Vietham, South China Sea,

offshore N eo and the North and South Makassar Basins, local carbonate

tic systems. The development of carbonate systems on these intra-basinal

e The elevation of the intra-basinal high, ideally the elevation should be such

?\' s depends on:

that it is within the zone of maximum carbonate production during the local

stratigraphic ‘carbonate window’.
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e Depositional pore systems may also be modified during diagenesis such that
the original depositional facies and sequence stratigraphic layering have been

over printed.

e Dolomitisation takes place at various stages of diagenesis and affects the
distribution and amount of porosity. However, porosity and permeability may
be reduced as well as enhanced by dolomitisation. Fracture-associated Q

burial dolomites represent an additional play type in some basins re

in Section 2.3.2. ?x

e The presence of CO; in carbonate reservoirs in SE Asia is linke iagenetic
processes such as dolomitisation, maturation and bi t flow. This is

discussed in 2.4.
2.3.2. Diagenesis and porosity evolution in C ic carbonate reservoirs

Some reservoirs contain pore systems that ar niydepositional such as the Poleng
field, a shelfal coral reef complex at the n argin of the East Java-Madura Shelf
Edge in which diagenesis is facies; %nt (Kenyon, 1977). In South Sumatra,
carbonate pore systems in re %pear to reflect more closely the original
depositional porosity. Early@ cementation appears to have been responsible for

only minor porosity rgducti®”during early diagenesis. Muddy facies are typically

neomorphosed Ie re-arrangement of the micropore system that increases
the pore-thro he original micrite improving permeability and increasing the
storage ca reservoirs (Longman et al., 1993).

ss Is also known from the Parigi reservoirs in NW Java (Yaman et al., 1991),

%ye Kutei Basin (Saller and Vijaya, 2002). The reservoir quality in limestones

low initial depositional porosity and permeability in North Sumatra have been
QVmproved by early dissolution that created mouldic and vuggy pores in reefal facies.
Secondary porosity is also present in the associated coral-debris facies and
foraminifera-algal facies, though locally pores have been filled by late-stage cement.
Secondary pore creation is not present in the algal or deep-water shelf facies, and

visible porosity is poor.
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Field/well Formation Substrate Depth m
Alur Siwah Peutu Tampur 2900
Arun Peutu Bampo 3050
Arun
Arun Al Peutu Bampo 2895
Arun A2 Peutu Bampo 2890
Arun A3 Peutu Bampo 3080
Arun A5 Peutu Bampo 3100
Arun A6 Peutu Bampo 3060
Arun A-8 Peutu Tampur 3078
Bata-1 Peutu Belumai 2065
Bata-1 Belumai Tampur 2089
Cunda Peutu Phyllite 3755
Cunda A2 Peutu Phyllite 3050
lee Tabeue-50 Peutu Unknown 2386
Jeuku-1 Bampo Unknown 3300
Langsa TAC Peutu Metasediments = 1680
Kuala Langsa-1 Peutu Metasediments 3370
Kuala Muku-1A  Peutu Bampo 3220
Lhok SukonSA  Peutu Tampur 2590
Salem Peutu Unknown
Teripang Peutu Unknown
NSB-A Peutu Unknown %33
NSB-A
NSB-H Peutu Unkgown
NSB-J1 Peutu Unkn 1488
NSB-J1
NSB-J2 Peutu whn 1493
NSB-R Peu Unknown 1320
Pase-C1 Pgmtu Unknown
Pergidatit-AB1 el Pre-Cenozoic 2397
Peudawa Ray ai Unknown 2979
Peulalu-3 Qutu Bampo 2311
\ Peutu Tampur 2764

|thh Tabuhan

imur
Paluh Tabuhan
< , Barat

CO2% Comments ‘
30 Field average; well site
analyses vary from 6.5-
81.5%, also 2000ppm H2S
15 Field average with traces
of Ha2S and Hg
13.8 Satyana et al. (2007)

17

14 \%
13

14

25 Off main stru

14 24ppmH

18

26 Fieldsgvera
P

18

36 epbrted up to 75%
3& Field average

e

4
45
9
31
31.1 Satyana et al. (2007)
15
28
28.3 Satyana et al. (2007)
29
19
33
11
10
22
64 Also 3000ppm HaS
0.9 Satyana et al. (2007)
4.2 Satyana et al. (2007)
1.27 Satyana et al. (2007)
0.8 Satyana et al. (2007)

1.14 Satyana et al. (2007)

Table 3 Gas composition in N Sumatra, data from Caughey and Wahyudi (1993), Reaves and Sulaeman
(1994), Cooper et al. (1997), Carnell and Wilson (2004) and Murachi et al. (2005).
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Field/well C1% Cs+ %
normalised normalised
Arar 95.14 4.86
Terembu 99.75 0.75
Walio 78-93.48 6.5-22 1.33 431
Salawati N 93.72 6.28 0.78
Wir 97.1 2.9 20
Lao-Lao 81.67 18.33 0.05
Maniwar 81.33 18.67 0.28 V
TBC 80 20
Mogoi Deep 99.5 0.5 4.97-7.54
Vorowata 88.4-96.7 3.3-11.6 0.26-11.9 -10.04 t

Wiriagar Deep 87-97 3-13 5.26-13.42 -7.0
Table 10 Gas composition in Papuan basins, data from Satyana et al. (2007).
In the Salawati Basin, hydrocarbon gas sourced from the Klasafet sou%ntains the

highest associated CO; (up to 20%). The CO, was sourced fr rihal degradation
of the Kais carbonate that has entered the over-mature& the northern part

of the basin. Y\
Gas fields in the North Papuan Basin contain no jdble CO, (Satyana et al., 2007).

O

2.4.11. Occurrence of CO; i &arawak and the Natuna basins

Many gas discoveries in wester ak contain high amounts of non-hydrocarbon
gasses, mainly CO (up to &%) Jaind N, (up to 39%). In the Tatau Province, the CO;
appears to follow f nds suggesting that these form deep seated migration
pathways. High c@ncéfrations of N2 are mainly found in the Tatau Province while it is
relatively lo remainder of the western Sarawak Shelf. The isotopic composition

of the@ sts that it is predominantly inorganic in origin. There is a correlation

b 2content and thermal maturity suggesting that it was derived from a more
d

@auried source (Madon & Hassan 1999). In the J32.1 discovery, high CO, content

v n be linked to a local source of carbonate dissolution by acidic pore fluid (Idris,

O

1991). The source of Ny is less well understood but may come from deep crustal

sources.
Field/well C1% C3+ % H2S % CO2 % 6'3CCOo:
normalised normalised
Tembang 98.06 1.04 0.85
Udang 86.5 13.5 2.77
Belut 73.3-99.2 0.8-26.7 0.17-0.62
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Figure 22 a) Key seismic facies can be observed in volca @ zed in offshore settings such as basalt layering, sill feeders, volcanic centres and hyaloclastites (from Thompson and Schofield, 2008). b) Within the volcanic structure, igneous centres
will contain a feeder system that contains high velocity b as sills, dykes and small solidified magma chambers. The lavas on the flanks of the volcano will be a mixture of high and low velocity layers such as those in Figure 21. c) and d) Opacity
rendering of the 3D seismic allows the structures nics to be examined (Thompson and Schofield, 2008). Such techniques may identify differences between carbonates and volcanics based on their preserved structures. Figures reproduced
with permission.
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Figure 33 Average porosity vs depth as a function of reservojr t carbonate reservoir examples
in SE Asia
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Figure 44 Area of closure vs area of production as a functi n%eservoir depth, for carbonate

reservoir examples in SE Asia

3.2.5. Reservoir thickness @
Net:gross, net pay and gross pa caQe plotted as a function of various attributes to

try and determine trends. rWoir formation appears to have a clear influence on
r

Area of Production (km2)

30

net:gross and net pay (Eigu . Although the Baturaja reservoirs tend to have some

of the best reservgj lige in terms of porosity and permeability (see sections 3.2.1
and 3.2.2), th a@pear to have some of the thinnest reservoirs (<40m net pay)

with a lo ss. Kais Formation reservoirs generally have thicker net pay (60-

90m) Ider ranging net:gross. Whilst Cibulakan reservoirs typically have a high

, but a resultant wide ranging net pay. The Peutu and Mendi-Puri-Darai

tion examples (Arun Field and Elk-Antelope field respectively) stand out as

%aving the thickest net pay, exceeding 150m in thickness. Although data points are
C) fewer, similar relationships can be seen between gross pay and net:gross as a function

of reservoir formation (Figure 48).

Net:gross can also be plotted versus top reservoir depth (Figure 47), but there are no

apparent trends/relationships in this dataset.
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Reservoir Facies

Reservoir depth m

Discovered

Su "us

........
1111111

T
-------
xxxxxxx

Reserves/rate

Arun Peutu Fm Foraminiferal bioclastic shoals
with patch reefs.
Lhok Sukon = Peutu Fm Bioclastic limestone with
South A and patch reefs surrounded by
B deeper water facies.
Paseh Peutu Fm
Alur Siwah Peutu Fm Foraminiferal shoal with coral
patch reefs.
NSO-A Malacca ‘Reefal’ limestone
Mbr of
Belumai
Fm
NSO-H&L Peutu Fm
fields
Kuala Peutu Fm Foraminiferal shoal with coral
Langsa patch reefs.
Langsa TAC: Malacca Karsted and dolomitised
Land H Limestone | limestone
pools
Peusangan Peutu Fm
A-1 (Arun
High)
Peusangan Peutu Fm Near reef/lagoonal
B-1 (Arun
High)
Peusangan Peutu Fm Near reef/lagoonal
B-2 (Arun
High)
Peusangan Peutu Fm Limestone with dolomite
C-1 (Bireun
High)
Peusangan Peutu Fm Argillaceous limestone
D-1 (Bireun
High)
Peusangan Peutu Fm
E-1 (Bireun
High)
Peusangan Carbonates absent
F-1 (Bireun
High)
Peutouw Peutu Fm
Cunda Peutu Fm
Jau-1 Peutu Fm
JKUA-1 Peutu Fm
NSB-A field = Peutu Fm

X
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2896mss

2440m

500m

1160mss

3296m

Reservoir Poroperm data
thickness/pay
m
7-35% average 16.2%; 0.01-1466mD, mainly 2-500mD 1971
1972
Average porosity 11% (10-15%); 0.1-5.0md permeability. 72
Super k zones in vuggy facies.
152.4m Karsted reef with zones of lost circulation; 27-32% vuggy 197
porosity
Inter-reef: 23-27%
Dolomitised interval at base: 12-17%
Typically ranges from 100-300mD k
6-11%
Average 14% (6-23%): 1992
Layer 1: 6.4% 1980
Layer 2: 7.8%
Layer 3:10.7%
Few m 1980
152m Average 35% 1985
1986
148m 13-2% (limestone) 1986
porous AVRrdge 3% (dolomite)
limgstone
1988
Om gross; Average 15% 1989
24m net pay
1990
7% average (4-10%)
52m pay 13 % 1984
Reservoir
274m thick

ucYgWas and condensate

Producing gas

il

Gas discovery

Oil producer

No shows, water bearing
limestone

Gas and condensate

Non-commercial, probably
seal failure

Gas shows, non-commercial
Dry hole, but petrophysical
appraisal suggests gas column
Dry hole

Discovery

Discovery

Gas discovery

Gas discovery
Gas

Reserves: 14.1 TCF gas plus 700
MMB condensate
Reserves: 300 BCFG and 3 mmbc

Reserves (ultimate): 385 BCFG
and 10 MMBO

Reserves (ultimate): 7 BCFG; oil
rate 2000-4000 BO/D

Reserves: 13 MMBO proven; 33.5
MMBO proven and probable

Gas rate 10.3 MMSCF/D;
condensate rate 877 BC/D

Inconclusive test owing to
mechanical problems

Gas rate 2.7 MMSCF/D; water
rate 1215 BW/D

Reserves (ultimate): 20 BCFG; gas
rate 10.5 MMSCF/D

Gas rate 10.5 MMSCF/D

Gas rate 9.9 MMSCF/D

Reserves (ultimate): 2000 BCFG
and 2 MMBO
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Abdullah and Jordan (1987) and Jordan and Abdullah (1988) extrapolated their facies
scheme to non-cored wells using resistivity logs and derived mixed lithology-porosity
logs. They interpreted the Arun field as a mid-shelf reef located behind the rimmed
eastern margin of the Arun-Cunda Platform recognising three phases of sedimentation

(Figure 58):

&

e Lower ‘patch-reef’ complex formed on the shale-covered basement high. QV

e The northern patch reefs drowned during a rapid rise in sea level d h
Mid-Miocene with the deposition of a large area of lagoonal sedj eVVQr the
reef area.

e A lowstand during the end Middle Miocene caused %%went of reefs on
r

the northern side of the field. Further sea Ie&

meteoric diagenesis.

aused exposure to

West East

Shale

Shale

Middle Miocene
transgression

[ 160ft

Fi %eefal depositional model of the Arun reservoir (redrafted from Abdullah and Jordan, 1987;
J d Abdullah, 1988).

However, a review of data from Arun and other fields suggest that this reefal model

may need to be re-assessed as follows:

e The presence of planktonic foraminifera in shelf interior facies suggests that it

was part of a carbonate ramp or non-rimmed shelf system. The presence of a
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Cunda field

Basin

Basin: North Sumatra

Block: Aceh B Block

Operator: ExxonMobil
Oil Indonesia Inc

No’ wells on structure:
4

Discovered: 1984, well
A2a

Produced since: N/A

Current status:
appraising gas
discovery

Geological setting:
Back arc basin

Top reservoir depth:
3637m

Lithology: Limestone

Reservoir type:
Bioclastic shoal with
patch reefs

Reservoir age: Early
Miocene

Formation: Peutu
Formation

Depositional setting:

Shallow carbonates on
attached intrabasinal
high

S@Wd trap type: structural and stratigraphic

Migration and Sdal:
Baong FormgsiqQ

marine s

P

PFill history: Generation
started Early Miocene
continuing to present;
peak generation Late
Miocene.

Source: Oligo-Miocene deltaic
marine Bampo Shale

02m
N\

Structural closure: NJ/A

Area of closure: N/A
Productive area: N/A

%t‘/Gross: N/A

Gross pay: 119m

Reservoir depth: 3637m

ore system

Matrix pore
system: N/A

Matrix porosity: 13%

Macroporosity: N/A

Macropore system:
N/A

Matrix permeability: N/A

Macro-permeability: N/A

Layering: N/A

Bit drops: N/A

Mud losses: N/A

Well performance
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outboard of these fields (Figure 77) —the limit of the platform margins are associated
with regional faults. However, with no well penetrations in the interpreted platform
margin facies, and only limited quality 2D seismic data to support this, the model is

still open to scrutiny.

Batas-1

Platform margin____.

Platform interior____. |:|

Forereef __________ -
Flank aprons_______ -
Basin aprons_______ |:|

4000 m
10000 ft

L °Crir tion

@v- ceous massive coral floatstones grading upwards to coral boundstone
ies. May be represented by multiple cycles.

Forereef/ flao Reworked skeletal packstones and wackestones, with interbeds of clastics,

Facies
Buildup/ reef

\ which coarsen upwards to coral floatstones or rudstone facies. Coral
packstones locally occur at the top of the successions.
Sh Skeletal packstones/grainstones and peloidal grainstones which locally has
components of coral and bryozoan boundstones and wackestones. Occurs
predominantly on the leeward side of platforms.

/Mud aprons Skeletal packstones and wackestones with interbedded clastics. Typically
capped by burrowed wackestones, packstones or floatstones.
vmatform Interior Very heterogeneous. Skeletal packstones and wackestones and common
‘ , restricted lagoonal wackestone facies.
Lagoon Argillaceous, bioturbated wackestones (degree of bioturbation dependant
on restriction of the lagoon).
Basin Skeletal packstones and wackestones interbedded with mudstones and

clastic facies.
Figure 77 Depositional model and facies types for the Upper Baturaja Formation carbonates in the
Ramba-Rawa-Tengah fields. Modified from Sanchez and Danudjaja (2013).
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also been observed in core in the Ramba and Rawa fields, and is likely to be related to
karst processes (Amir et al., 2011). Given the sequence stratigraphic framework
described in Section 5.4.4, it would seem likely that there are several exposure

surfaces within the Baturaja that could have resulted in meteoric diagenesis (Figure
76). @

Chalky microporosity is also present near the top of the Baturaja in the Ramba fi V
and is considered to represent transgressive micritic facies. It is unclear if the@
already possessed this microporosity, or if it was created through diagenesi{\ %9 pul
et al., 1992). If created through diagenesis, it seems unlikely that it V@W ve been
related to exposure, since this is interpreted as a transgres%cies that were
presumably deposited after exposure (Figure 76). However, al. (2011) suggest
that the chalky micrite is a product of meteoric diagene&ch nearby Tengah field.

a role in forming this porosity. Microporosity mon in many Cenozoic carbonate
reservoirs of SE Asia, and is commonly c i@
acids in a deep burial setting. %
Interestingly, Longman et al. (19 down the role of early meteoric diagenesis in

the Air Serdang and Man@ ds (located on the Kedaton Platform). Although
dissolution of arago%grains is present, they note that there are little other

supporting data@' g freshwater diagenesis (i.e. no meniscus or pendant
cements, no%e r soil horizons, no speleothems). Longman et al. (1992) also note

that so N vugs and moulds in Air Serdang field are associated with stylolite
horj gnd indicate that the same burial fluids responsible for the stylolites also
C

r
&ome of the mouldic and vuggy pores. Sudewo et al. (1987) note in several

Sitompul et al. (1992) conclude that gas migratiosn ntrapment may have played

to be created by flushing of organic

s in South Sumatra, whilst an early leaching event is apparent, a later leaching
?:vent could be equally as important in preserving reservoir quality. Sudewo et al.
(1987) suggest that CO,-rich pore waters derived from thermal maturation of organic
matter dispersed through the carbonate interval could be responsible for this late,

secondary porosity.
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5.6. Field descriptions

Abab field

Basin: South Sumatra
Basin

Block: Palembang

Operator: PT
Pertamina EP

No’ wells on structure:
137 (both reservoirs)
Discovered: late 1951
(Abab-2)

Produced since: N/A
Current status:
producing oil (1994)
Geological setting:
Back arc basin

Top reservoir depth:
1457mss

Palembang
o

@ &

Lithology: Limestone
Reservoir type:
Bioclastic shoal with
patch reefs.
Reservoir age: Early
Miocene

Formation: Baturaja
Fm

y 3

X

attached intrabagin

Depositional setting
Shallow carbon?@
|

Structure and trap type: St
on basement high.

ructural and stratigraphic trap

Fill history: N/A

Source: N/A

Structural closure: N/A

Area of closure: 3.94 km?
Productive area: 3.94 km?

Gross pay: 20m

Reservoir depth: top 1457mss
base pay 1599mss

C)Q Pore system

Matrix pore Matrix porosity: 22.6% (oil) | Macroporosity: N/A
system: N/A 26.1% (gas)

Macropore system: | Matrix permeability: N/A Macro-permeability: N/A
vugs

Layering: N/A Bit drops: N/A Mud losses: N/A
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Basin: South Sumatra
Basin

Musi field Block: Palembang

Operator: PT
Pertamina EP

No’ wells on structure:
25

Discovered: late 1938 K4
(Musi-1)

Produced since: N/A
Current status:
producing oil (1994)
Geological setting:
Back arc basin

Top reservoir depth:
654mss

Lithology: Limestone
Reservoir type:
Bioclastic shoal with
patch reefs
Reservoir age: Early
Miocene

Formation: Baturaja

Depositional setting:
Shallow carbonates on
attached intrabasin

ctKe and trap type: Structural and stratigraphic trap
bgtement high.

high o~
Migration and Sgal: Fill history: N/A Source: N/A
N/A
Net pay: as), Structural closure: Area of closure: 32.23 km?
5m (¢ 250m Productive area: 28 km?
N régs: 0.85 Gross pay: 183m Reservoir depth: top 654mss
base pay 837mss
\ system
VMatrix pore Matrix porosity: 20% Macroporosity: N/A
C) system: N/A
Macropore system: | Matrix permeability: Macro-permeability: N/A
vugs 3802mD
Layering: N/A Bit drops: N/A Mud losses: N/A

Well performance
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Well performance

Initial rate: N/A

Typical single well rate: N/A

Initial pressure:

Well tests: 30.7
mmscfd gas from a
79m interval.
Singa-3: high
porosity carbonate
(horizontal well).

Test permeability: N/A

Average well rate: N/A

Reservoir drive: Decline: N/A EOR: N/A

N/A

Productivity index: | Performance: ?\‘
N/A CA
Reserves J

Recoverable: N/A

Initially in place: N/A

Recov, yjaaiol N/A

Cumulative
production: N/A

Field history: N/A

Hydrocarbon type and formation fluid

X

Hydrocarbon type:
gas and
condensate

API: N/A

S content: N/A

GOR: N/A

Nz.' N/A

Pour point: N/A

Other: 110ppm H,S

Methane: N/A

Propane: N/A

IsoButane: N/A

Biodegradation: N/A

Formation volume

seyvoir Temp: N/A

Reservoir pressure: N/A

factor: N/A r

Sw: N/A \, Rw: N/A Formation water salinity: N/A
OWC: N/&&; GWC: N/A GOC: N/A

Water #2%: Recovery method: N/A

Co

ces

X

.\anto, Y., Iswachyono, T., Arief MMZ, M., and Wood, J.J. 2011. Reservoir quality and porosity
prediction in carbonate using seismic inversion and attributes case study: Singa field,
South Sumatra Basin. IPA conference proceedings, IPA11-G-033.
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6. OLIGO-MIOCENE CARBONATE RESERVOIRS OF JAVA
6.1. Geological Setting

Java is part of a volcanic island arc situated in the Indonesian archipelago at the

southern margin of the Sunda Plate (Figure 89). Java has a relatively simple structure.
In the north there is the margin of the Sunda shelf, and to the south Cenozoic

(Quaternary) volcanic arc rocks were produced by episodes of subduction-relaQV

volcanism (Clements et al., 2009).

k}de' 108" 1o
_4'

Sunda Plate JAVA SEA

Figure 89 Geologicalfet Java. An elongate volcanic arc is situated in the centre of Java, which
in turn lies northe duction trench where the Indian Ocean plate is being subducted below

Java. Modified ight et al. (1997).
Durin & retaceous, a relatively stable tectonic core, known as the Sundaland
cr isted over much of present day Indochina, western Indonesia and Thailand

@ nd Sumner, 2007). During the Cenozoic, active subduction occurred along the
ar

gins of this “core”. The character and development of the consequent rift basins

C)?T)n the margins of Sundaland depended very much on the interaction of these
subduction zones (in the case of Java, the Eocene-aged India collisional zone in the

NW and Miocene-Recent aged collisional zone to the south and southeast; Figure 90).

The youngest subducted rocks in Java are radiolarian cherts in accreted deep-marine
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Figure 93 (a) Eocene palaeofacies, intra-Ngimbang Formation (b) Early Miocene palaeofacies (c) Early
Pliocene palaeofacies. Adapted from Bransden and Matthews (1992).
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which Zeiza et al. (2012) suggest a link bentween subsidence rate, stratigraphic age

and reservoir quality in shallow isolated carbonate buildups. Subsidence plays a role

because it controls the exposure to meteoric water and karstification. So carbonate

tend to have

buildups with high subsidence rates, identified by sediment thickness,

poor reservoir quality.
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EXAMPLE: BANYU URIP FIELD

Development drilling on the Banyu Urip field commenced in 2012. The field is a

certified 1 BBO in place, making it the largest onshore discovery in Indonesia. The

reservoir is an isolated carbonate buildup with an oil column of 939ft rising some

3000ft from the surrounding carbonate platform. The reservoir is highly layered with @
repeated 150ft thick cycles of shallow water carbonate that have undergone mete V
leaching to form high quality reservoir rock with an average porosity of %

100mD permeability (Zeiza et al., 2016). The large ratio of column height t?@ oot

print (1000ft tall to 1500 acres), the wells were drilled with a relative% spacing

of 50 acres per well. Water injection will take place in the w, eg to maximise

drainage. Karst-related macropore systems and associate sses are common
with the majority of exploration and development w

losses, sometimes up to as 20,000bbls (Ahdyar E ¢ 7019). The heights of karst

periencing bit drops or

featuresr averaged 1.5m and they are conce néar sequence boundaries. Some

karst features are resolvable on seismic pg that there is a higher probability of

intersectiong karst features around

The Banyu Urip field is an isolat nate buildup in the East Java Basin developed

in the late Middle Eocene td{Earl§ Miocene age Kujung Carbonate the comprises three

main stratigraphic zog€s AFigure 104):

e lower Agg@ ase
. Agase
° Qm-ing Phase

sists of cyclic succession of shallow water carbonate facies including

kestone/packstone and coral-rich boundstone. Both the aggrading phases have a

C)Q tight ‘rind’, referring to the platform margin facies cemented in the marine

environment (Stephens et al. 2013). The drowing facies are dominated by deeper

water platy coral and platy red algae interbedded with shallower water wackestone.
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T o 9%%?“
o ®
i Q) Pre-parigi e @

‘ Parigi Cikampek

0 20km.

, Ardjuna sub-basin. Redrawn from Carter

Jakarta

Indramayu

Figure 108 Location of the Pre-Parigi and Pari

and Hutabarat (1994).
Internally, these complexes have th!asmic facies (Carter and Hutabarat, 1994):

1. Alow amplitude fac@ discontinuous lenses, high frequency and poor

reflection contiguity. thought that this seismic facies may represent
localised oggan dups within the carbonate complex. Wells on the

facies consist pebble sized clasts of red algae indicating

margi
pot rganic buildups close by.
2 ed facies which has moderate amplitude continuous reflections that
%’e subparallel to the base and top of the complex. These represent a stack of
low-relief sheet like units, which may represent reworked carbonate
?\ sediments surrounding the core of the complex.
C) 3. Alow-angle clinoform facies occurring along the margin of the complex. The

clinoforms are approximately 600m in length and have a dip less than 5°.

Fisher and Suffendy (1998) reviewed the seismic character of known hydrocarbon

accumulations in the south Arjuna Basin, and revealed a relationship between relative

decreases in amplitude (dim spots) and presence of gas in post-stack 2D seismic. The
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Parigi reservoir, porosity averages 30%, with permeabilities up to 2 darcies (Yaman et
al.,, 1991; Bishop, 2000). Vuggy porosity is an important component, and lost-
circulation is a common drilling problem in the most porous intervals (Suherman and

Syahbuddin, 1986). Dolomites are locally present in some reservoirs, occurring as fine
crystalline replacement dolomite and a later ferroan dolomite. @

Reservoir quality in the Parigi reservoirs ranges from tight to good, with facies vari@v
affected by cementation and creation of secondary porosity (Yaman et al,, 1

with the Pre-Parigi, porosities can reach as high as 30%, with permeabili 02
darcies. Porosity is mostly microporosity (intergranular and intercr%\ chalky)

with additional secondary vuggy and mouldic porosity impro%onnectivity and
permeability. Early dolomitisation is common to a , and generates

intercrystalline porosity (Bukhari and Yaman, 1992). Calc¥e cements partially infill

pore space. ?\
Reservoir quality for a suite a lithofacies w@ﬁnted in the Parigi buildups by

Bukhari et al. (1992).

1. Bioclastic peloidal packsto rainstones. Cementation is common, and
infills interparticle and v ores. Leaching pre-dated cementation, and is
characterised by folRgnatgpbn of moulds through aragonite dissolution. Some

moulds remai emented, giving this lithofacies a porosity range between

12-38%. V\@ macropores are up to 30%, vuggy pores up to 10%, and the

res matrix or intercrystalline pores.

2. ic wackestone to packstone. Cementation is not as prolific as in
%hofacies 1, due to the more muddy nature of the lithofacies. Replacement
by dolomite is locally present. Late diagenetic dissolution results in porosities

C)?“ ranging from 12-35%. Microporosity is the main contributor. Up to 15%

mouldic or vuggy macropores are present.

3. Amphistegina wackestone to packstone. Porosities range from 6-40%, with
the majority represented as microporosity. Leaching provides macropores
which can contribute up to 10% of porosity. Late dissolution created additional

mouldic and vuggy porosity.
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Arjuna BZZ field Basin: NW Java Basin

Block: N/A

Operator: PT
Pertamina Hulu Energi
ONWIJ Ltd = ﬁ
No’ wells on structure: "

23

Discovered: 1994 (BZZ-
1)

Produced since: N/A
Current status: 1995:

Sutabap

producing oil and gas
Geological setting:
Back arc basin

Top reservoir depth:
1692.1mss
Lithology: Limestone
and sandstone
Reservoir type:
Bioclastic shoal with
patch reefs
Reservoir age: Early
Miocene

and Talang Akar

Formation: Baturaja @
Depositional setting: Stru 2:1 t
Shallow carbonates on

attached intrabasinal C)

rap type: Structural and stratigraphic

Source: N/A

high ,
Migration and &?’, /ill history: N/A
N4

N/A
\/

Structural closure: NJ/A

Area of closure: N/A
Productive area: N/A

: OV Gross pay: N/A

Reservoir depth: top 1692.1mss
base pay 2256.1mss

Macroporosity: N/A

vugs

trix pore Matrix porosity: 20-25%
VSystem: N/A
< , Macropore system: | Matrix permeability: 700mD

Macro-permeability: N/A

Layering: N/A Bit drops: N/A

Mud losses: N/A

Well performance

Initial rate: N/A Typical single well rate: N/A

Initial pressure: 3180 psia at
2240.9m
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Hydrocarbon type: | API: 36° GOR: N/A

N/A

S content: 0.1% Wax content: 4.9% Pour point: N/A

N2: N/A CO,: 0.1% Other: Specific gravity (gas):

0.85; H,S: none

Methane: 1.5% Ethane: N/A Propane: N/A

IsoButane: N/A Gas cap: N/A Biodegradation: N/A )

Formation volume | Reservoir Temp: 170 °F Reservoir pressure: N/A V

factor: N/A (Bottom hole temp. in Q

Camar-1)

Sw: N/A Rw: 0.2 Om at 100 °F Formation water salinity®

OWC: Multiple GWC: N/A GOC: N/A

OWCs in complex %

layered reservoir. -~

Water cut: N/A Recovery w; N/A

Comments ~

After being shut down since late 2004, the Camar fi & Bawean block, East

Java, resumed production in Q2 2007 starting at ]\O%D

References
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Volume 2: Java, Kalimantan,@a~ Irian Jaya. Indonesian Petroleum Association.

Carter, D.C, Mandhiri, D., Park, R.K., ¥, Basyuni, S., Birdus, S., Bardfield, J.P., Iriawan, A,
Nasfiah, M and Nugroho, ¥2005. Interpretation methods in the exploration of
Oligocene-Miocene on&te reservoirs, offshore Northwest Madura, Indonesia: IPA
30th Convention profeedifig, 179-215

Satyana, 2005. Oligo- ene carbonates of Java, Indonesia: Tectonic-volcanic setting and
petroleum imPhgatigns. IPA05-G-031, 217-249.
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S content: Upper Wax content: Upper Pour point: Upper Baturaja 35°C
Baturaja 0.07% Baturaja 20.69% Lower Lower Baturaja 36 °C

Lower Baturaja Baturaja 18.26%

0.13%

Nz: Upper Baturaja | CO2: Upper Baturaja 2.59 Other: Oil viscosity: Upper
0.93vol % Lower vol % Lower Baturaja 5.22 Baturaja 2.7cp at 1810 psig 99 °C
Baturaja 1.16 vol % | vol % Lower Baturaja 2.22cp at 2064
psig 108 °C; Specific gravity \
(gas): Upper Baturaja 0.76
Lower Baturaja 0.7494; Ca
value: Upper Baturaja 1
BTU/cuft Lower Bat 60
BTU/cuft

Methane: Upper Ethane: Upper Baturaja Propane: Nf? J

Baturaja 76.44 vol | 9.00 vol % Lower Baturaja
% Lower Baturaja 7.56 vol %

77.29 vol %
IsoButane: N/A Gas cap: N/A lzd&adation: N/A
Formation volume | Reservoir Temp: Upper and oir pressure:
factor: N/A Lower Baturaja: 99 °C N
Sw: N/A Rw: Upper Baturaja O N Formation water salinity: N/A
at 99°C Lower Ba Q 1
Om at 99°C
OWC: Lowest GWC: N/A GOC: N/A
known oil: 1378m
SS
Water cut: N/A Recovery method: N/A

Yvonne fields. ntly seismic attributes, in isolation, have no unique interpretation.

Welker-Had¢o .

Usingas m& gmethodology it was possible to show that rock type distribution in the

skele nd facies association controlled porosity and permeability distribution. The

styg rmined that rock type, porosity, and permeability distribution are the main factors
.0@ ng heterogenity and connectivity in the UBR reservoir. The study results will be used

¥m
\t

Comments %

The seismic respoyfSe lations in lithology is complex and non-unique in the Krisna-
€d
996

ain input to a dynamic simulation for water injection and further development
§\ ning in Krisna Field. Ageng et al, 2014.

4
References
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e Late Pliocene N19/21[d?-e] —the Selorejo Fm. This may be influenced by global
lowstand at 2.4 or 3.0 myrs when both storm and normal wave bases were

lowered causing enhanced winnowing of deep water sediment (Schiller et al.,

1994; Musliki and Suratman, 1996). Bransden and Matthews (1992) interpret
winnowed globigerinid sands as early transgressive deposits when deep water @

currents would also be amplified causing winnowing in deep water. They g V
a Late Miocene to Pliocene age (N15/20) for these globigerinid san@
Selorejo Formation. However, the difference in dating of the same ONIS by
Bransden and Matthews (1992) and Schiller et al. (1994) may%%ult of

differing interpretations of the sequence stratigrap%co ext of the

globigerinid sands.

Tectonism also plays a role in contourite deposition by&n iguring the basin such
that causing deep marine currents are amplified rted so that winnowing and
transportation of pelagic sediments by tracb creased. Similarly, lowering of sea

level stands causes the lowering of nor orm wave bases with the possibility
of much deeper wave and storm re [ an during highstands.

?\

7.3.1. Exp nMistory

7.3. Hydrocarbon Geol

Hydrocarborg en discovered and produced in Pliocene deep water deposits

0s, with many of these onshore fields now abandoned (Table 17).

since th \
Thez t field was the Lidah Field with some 16.2MMBO of cumulative production,

uite impressive given the outdated drilling and development practices of the
(Schiller et al., 1994). In the 1930s, discoveries were made in the Cepu area,

C)Q notably the Balun field, which produced gas and condensate.
Discoveries were later made in the offshore settings of the Madura Straits in the

1980s. MDA-1, MDA-2/2ST, MDB-1 and KE-11A all encountered porous globigerinid

facies that were hydrocarbon bearing (Schiller et al., 1994). Since 1980, 25 exploration
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Base of slope
drifts

“Plastered” drift - downstream
migration lateral accretion

gentle slope

Upslope accretion
down stream migration

Sheet drift mainly
aggradational

Intrachannel drift
confined

Drifts mainly migrate downstream.
Limited lateral migration,
some lateral switching of drifts.

Intrachannel drift
open

Locus of current in moats
either side of channel.

Drifts mainly migrate downstream.
Random lateral migration.

Figure 120 Geometry a epositional setting of contourite drifts modified from Faugeres et al.
(1999). a) Top; SHiee plastered’ drifts on continental rise and mounded drift at base of slope. b)
Middle; Mo

ts in confined channel. c) Bottom; mounded drifts in more open channel.
Co@&n of contourites and turbidites

ey differences between contourites and turbidites are listed below and
dlustrated by outcrop and sub-surface examples from Java (Figure 121) detailed

O descriptions of the lithology and sedimentary structures of these sections are given in

Table 19:

e Carbonate turbidites are generally deposited in submarine channels and fans
with erosional bases. Whereas contourite deposits often have gradational

bases.
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7.6. Field descriptions

Madura MDA field Basin: East Java Basin Block: Madura Straits

Operator: Husky-
CNOOC Madura Ltd
No’ wells on structure: =
3 r
Discovered: 1984
Produced since: not yet
in production

Current status:
discovery

Geological setting:
Back arc basin

Top reservoir depth:
915m

Lithology: Globigerinid
limestone

Reservoir type: Deep
water carbonates:
contourite

Reservoir age: Pliocene
Formation: Madura

Limestones
Depositional setting: Struv d trap type: Anticlinal trap.

Deep water carbonate

deposit %

Migration and Seal: istory: N/A Source: Paleogene fluvio-deltaic
Pliocene deep w Q mudstone.

shale seal

Structural closure: N/A | Area of closure: N/A
Productive area: N/A
Gross pay: 190m Reservoir depth: 915m

Po, em

pore Matrix porosity: MDA-1 35- | Macroporosity: N/A
§ tem: inter- and 48%; MDA-3 10-40%

thraparticle
‘ , Macropore system: | Matrix permeability: MDA-1 | Macro-permeability: N/A

N/A 10-2000mD; MDA-3 0.1-
20mD
Layering: N/A Bit drops: N/A Mud losses: N/A

Well performance

Initial rate: N/A ‘ Typical single well rate: N/A ’ Initial pressure: N/A
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8.2. Stratigraphy
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Figure 128 Stratigraphic column for the Nam Con Son Basin, offshore Central Vietnam and Pearl River
Mouth, Offshore South China. Modified from Dang and Sladen (1997), Sattler et al. (2004), Fyhn et
al. (2013) and Matthews et al. (1997).
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Offshore East Vietham

Stable C isotope analyses of hydrocarbons suggest that the gas is thermogenic and
was probably derived from cracking of an oil prone source rock. Biomarker data

suggest it is a marine source. The most likely source is Early Miocene marine shale

deposited in the Quang Ngai Graben and possibly also in the Tri Ton Graben. ZhangV

and Zang (1991) describe a Middle Miocene marine source rock encountered inQ
Ledong 30-1-1A well to the north in the Quang Ngai Graben. An alternative
non-marine lacustrine mudrocks that underlie the carbonates over the Tri

these may also have been deposited in a marine environment in @ ng Ngai

Graben and the Tri Ton Graben.

At least two culminations on the Tri Ton Platform are sh&)%’gas-bearing with at
99

least 5 TCF hydrocarbon gas discovered in the play t ang and Sladen, 1997).
The amount of CO; is significant but variable, bein sent in some discoveries, but
not others. Meyer et al. (2017) suggest a de iNg CO, content from north to south

along The Tri Ton Horst. The origin and

to mantle degassing and associate@. p seated faults.

n of CO; in this area may be related
South China

Shales of the Paleogeneg,We g are the main source rocks in the Pearl River Mouth
%\/e an average TOC of 2.23%, and are Type Il kerogen. The

Basin (Quan, 2016
Enping Formati alfs are also rich, with a TOC of 1.78% and are a mix of Type Il and

Type Il ker\ ngetal., (2018, 2021) described fluid inclusion gases in quartz from
wells @Balyun Depression and Panyu lower uplift that were generated from oil

;\‘ﬁ@enchang Formation of high thermal maturity (R, between 1.7-3.1%; mostly

en 2.1-2.7%). The clastics at the base of the Zhujiang Formation are thought to
?‘be carrier bed to the overlying carbonate reservoirs (Turner and Hu, 1991). Robison et

C) al. (1998) suggest the following scenario:

e The depocentre in the Huizhou sag in the Zhu 1 basin may contain lacustrine

source facies.
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Figure 138 palaeogeographic maps showing the evolution of the Tri Ton and Tuy Hoa Carbonate Platforms from their initiation in the (a) Early Miocene (b) Early-
Middle Miocene, (c) Middle Miocene and (d) Late Middle Miocene. Redrawn from Fyhn et al. (2013).
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and example of a modern karst from offshore Belize. From Story (2003), reprinte mission of

Figure 143 Coherency image of karst sinkholes across the southern margin of th% 11-1 field,
the AAPG whose permission is required for further use. %

Processes that have produced low-porosity zones in the& re both chemically
and mechanically driven (Figure 142a). Of particulargwgoortance is a major phase of
cementation that occurred during repeated @ the carbonate platform
during the Early Miocene. Subaerial expos d leaching of metastable grains
above the water table, but also cause% ead cementation of sediments at and
below the water-table (phreatic zo@g e cements are characterised by distinctive
low 63C and 680 signatures wh% bresent in this zone (Sattler et al., 2004). These
cemented zones can be cofsidelled to represent the palaeo-water table and as such
form an important tigletne which can be used for correlation purposes. These low-
porosity zones ar§ sufciently continuous, thick, or well-cemented to affect fluid flow
through the oir (Heubeck et al., 2004). However, they have a double effect on

well p@t as they protect the wellbore from early water breakthrough and

re ssure support from the strong bottom-water drive (Heubeck et al., 2004).

voir zonation in the Liuhua field is a function of both primary sedimentary and
agenetic processes. Eight zones have been recognised (Heubeck et al, 2004; Figure

142b):

1. Zone A. Primary sedimentary reservoir zone. Dominantly interparticle
porosity formed by rhodolith-foraminiferal packstones. Average porosity is

13%
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T
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8.6. Field descriptions

Lan Tay/Lan Do fields

Basin: Nam Con Son

Block: 06.1

Operator: Rosneft
Vietnam

No’ wells on structure:
7 (50nLanTay, 2 on
Lan Do)

Discovered: 1992/3
Produced since: N/A
Current status:
producing gas and
condensate

Geological setting: N/A
Top reservoir depth:
N/A

Lithology: Limestone
Reservoir type: N/A
Reservoir age: Miocene
Formation: N/A

O
§§2~

C§<’

.....

L Boay

Cambodia
Pheom Pech
nas i
® Mo Chi
Minh Cty

- aht

Depositional setting:
Isolated buildup

Structure and trap type: N/A

Migration and Seal:
N/A

Fill history: N/A

Source: N/A

Net pay: N/A

Structural closure: N/A

Area of closure: N/A
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Figure 147 Structural evolfitign of the Sarawak Basin from Late Cretaceous to Recent. Modified from

Madon (1999a). 0

The East N asin had a similar geological history. The basin itself is bounded on

the y the N-S trending Natuna Arch, and the carbonate shelf is a N-S trending

h was fragmented by Cenozoic extensional tectonics into a mosaic of normal

t blocks (Dunn et al., 1996; Figure 148). To the east the basin opens to Sarawak

%asin. The south part is bounded by Sunda Shelf and the northern part by Vietnam
C) Basin. Hutchison (1989) divided the East Natuna Basin into Sokang Sub Basin and
North East Natuna Basin. They are separated by the Paus-Ranai Ridge, a feature

parallel to the eastern side of Natuna Arch, which also forms the north-eastern

boundary of Sokang Sub Basin.
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coarse clastics into the basin (Sales et al., 1997). The Esperanza Sand Unit is also locally

developed.

9.2.6. Late Miocene

East Natuna Basin @

The Muda Formation is a series of stacked prograding mud-rich wedges that va

initiated in the Late Miocene (Rudolph and Lehmann, 1989). However, it was@
e e

the Pliocene that these shales draped structurally high carbonates of th r
Ede

Terumbu Formation. The lowermost parts of the Muda Formation cor% Ita to
u

basinal shales which were considered to be deposited in watersg 00m deep

(Rudolph and Lehmann, 1989). %
Sarawak Basin &
Deposition of deltaic siliciclastics became mor%?anf during the Late Miocene

(Cycle V). These were sourced from both tQ m and West Luconia deltas, and

resulted in coastal progradation and filli pre-existing bathymetric lows. The
West Luconia delta prograded in Qt‘ rd direction towards the North Luconia
B

Province (Madon, 1999b), whi?{
direction. < ’
At the end of the Lat@ane, there was a period of significant uplift which resulted

in an extensive ur@
Palawan S\Q

A ma'!Qde of collisional tectonics occurred at the end of the Middle Miocene,

I in an unconformity at the top of the Pagasa Formation (Figure 151). The Late

aram delta prograded in a more westerly

ity (Madon, 1999b).

ene to Early Pliocene Matinloc Formation is a product of this renewed uplift, and

s characterised by polymict conglomerates. The base of the Matinloc Formation is

C) often represented as relatively thin (7m) sandstone, which is overlain by pebble- to
granule-grade conglomerates showing an admixture of lithotypes including quartz,
siltstones and dark green rock fragments. The base of the conglomeratic package

typically has an argillaceous nature to the matrix, but there is no visible matrix at the

top of the succession (Sales et al., 1997).
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Field API° Sulphur wt Viscositycp Pourpoint°F GOR
% (scf/bbl)
Nido-1 37 0.54 3.46 20 504
Cadlao 47.7 0.66 0.90 20 600
Matinloc 42.9 0.58 1.48 20 600
Pandan 42.9 0.49 1.65 35 20
Tara 38.4 0.77 1.30 22.1

Libro 43.6 0.64 5.18 35 14
Table 21 Table of oil characteristics for selected fields with carbonate reservoirs. Data from SanQV

et al. (1981b)
9.3.3. Reservoirs @
East Natuna Basin %Q

The Terumbu Formation carbonates are the primary reservoi@he ast Natuna

Basin, and are discussed in more detail in Section 9.4. %

Sarawak Basin

In the Sarawak Basin, oil and gas is produci%& both clastic and carbonate

reservoirs.

In the West Baram Delta Province (Fi 9) the main reservoirs are deltaic and
shallow marine clastics of the Cycle@‘ormation (Mahmud and Saleh, 1999). These
include major oil producing field as Baram, Baronia, Bokor, W Lutong and Takau.
In the Balingian Province, cI@eservoirs are slightly older, from lower coastal plain
clastics. Fields in th ingian province tend to be small, being trapped in more
complex structur@l s (Mahmud and Saleh, 1999). In the Sabah Basin, shallow

marine to

@ lastic reservoirs also dominate, and are predominantly Miocene to
he only carbonate platform in the basin is the Khudat Platform to the
wells tested the Upper Miocene reservoir, encountering good porosities
7 in Kalutan-1 and Balambangan-1), but the reservoirs were not hydrocarbon-

aring.

Carbonate reservoirs produce from the Central Luconia Province in the Sarawak Basin.
This is known as the gas province of Sarawak, with more than 40TSCF gas in place and
30TSCF ultimately recoverable (Ali and Abolins, 1999). The main carbonate reservoir
is the Miocene Cycle IV/V reservoir, which forms small transgressive buildups through

to large carbonate platforms. Up to 1999, approximately 200 carbonate buildups have
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core analysis (Dunn et al., 1996; Rudolph and Lehmann, 1989), a powerful and detailed

dataset is available.

Seismic surveys over Natuna and Segitiga Platforms are both 2D surveys. However,

appropriate reprocessing and integration with wells allows a very detailed picture to

emerge of platform initiation, growth and demise. Seismic facies on the Segitiga

Platform are distinctive (Bachtel et al., 2004; Figure 162):

5

Mounded facies: characterised by bidirectional downlap of reerctors@l

geometries are convex-up. The sequence locally thickens wé%nded

facies are present. They are interpreted to represent shelf-margi platform

reefs and grainshoals.
Progradational facies: reflectors either have &quue geometry or

lower relief sigmoidal geometry. Packages ?@ap onto a thin MFS, and

toplap against an upper sequence boun

grain-dominated lithofacies associit the platform margin deposited

during the highstand systems tr@

Chaotic facies: internallydisrgted reflectors which can occur as linear bodies

at the basin margingdt" is@lated bodies in the platform interior. This seismic
facies may repy, sen@eral types of depositional feature. It may represent
shelf-margj %f)rm patch reefs, similar to the mounded facies. It may also
repres @ of dissolution and karst formation, or an intensely faulted

a re\

are interpreted to represent

% allel facies in the platform: parallel internal seismic reflectors, locally wavy,

ut continuous to semi-continuous. These facies occur in the platform interior
and could represent a range of lithofacies from mud-dominated to grain-

dominated.

Inclined facies on the slope: located basinward of the platform margin, and
landward of the toe of slope. Typically gently inclined reflectors that lack

toplap and downlap geometries. This is interpreted to represent the slope
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Main build-out phase. The carbonate platform is seeded and starts to grow.
Progradational geometries develop as the reef margins build out over more
distal facies. The thickness of this depositional phase reaches 180m in the EX-
2 well, and is characterised by wackestones with platy corals and platform-

derived breccias at the base, and heavily dolomitised grainstones and

&

boundstones near the top. This is interpreted to represent the late highstQV

systems tract.

Platform exposure. Major fall in relative sea level leads to expo the
carbonate platform and meteoric diagenesis. This phase is% eted to

represent the sequence boundary and lowstand syste t. Interestingly,

there appears to be only minor insitu carbon oduction during the

lowstand systems tract — exposure and diagenetic phgcesses are dominant.

Submerged bank stage. Platform drown@ to a rapid rise in relative sea
level. Slowing of carbonate product@ increased proportion of clays. In

well EX-2, this is characterise m thick succession of argillaceous

mudstones with common s, which overlies an erosion surface.

Represents the transgres tems tract and maximum flooding surface.

Main buildup st e.Q)vain buildup stage displays aggradational geometries

where carbondi# pgeduction is able to pace the rise in relative sea level. This

successio ofisists of 130m of coral-boundstones interbedded with

%uild—in stage. The build-in stage occurs when carbonate production cannot

keep pace with relative sea level rise. The actively growing reefs move inwards
to topographically elevated areas. The cored interval is 60m thick in EX-3 and
is represented by foraminifera-rich packstones interbedded with boundstones.
The succession is estimated to reach 250m in thickness elsewhere on the
buildup based on seismic. This is interpreted to represent the transgressive

systems tract.
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.......

Code

| Sedimentary facies

Dominant allochems

Depositional setting

LATE EOCENE

E1l Quartz-rich bryozoan foraminiferal algal packstone Bryozoans; benthic foraminifera (Discocyclina, Nummulites, miliolids); Halimeda; coralline algae Shallow-open shelf

R1a Rhodolithic floatstone/ coralline algae (rhodoliths); Halimeda; benthic foraminifera (miliolids, alveolinids, Nummulites, encrusting forms); echinoderms Inner shelf slope
rudstone

EARLY OLIGOCENE

R1b1 Mud-rich foraminiferal Benthic foraminifera (miliolids, soritids, amphestiginids, Nummulites, local heterosteginids); Halimeda; coralline algae; cora Shallow inner shelf
Halimeda floatstone

R1b2 Mud-poor Halimeda floatstone Halimeda; benthic foraminifera (Peneroplis, miliolids, amphestiginids, Nummulites, heterosteginids); coralline algae; Inner shelf sand shoal

Ric Coral algal floatstone Corals; coralline algae, benthic foraminifera (Heterostegina; Cycloclypeus, flat Nummulites, Amphistegina, occasion arenaceous foraminifera Reef slope

R2 Coral foraminiferal coralline algal Corals, benthic foraminifera (miliolids, Amphestigina, alveolinids, soritids, arenaceous foraminifera); coralline algae, echinodffrms, rare Halimeda and bryozoans Near reef zone
floatstone/rudstone

R3a Coral foraminiferal coralline algal grainstone/ Large scleractinian corals; benthic foraminifera (miliolids, alveolinids, thick-walled amphestiginids, rotaliidi); e algae Sand shoal in back reef setting
floatstone

R3b Coralline algal-foraminiferal Coralline algae; benthic foraminifera (miliolids, alveolinids, amphestiginids, arenaceous foraminifedf); e o s, coral fragments Shallow inner shelf
packstone

R3c Echinoderm coralline algal packstone Echinoderms, encrusting coralline algae, benthic foraminifera (miliolids, alveolinids, Numm aren s foraminifera); rare corals and bryozoans Relatively deep and protected

inner shelf

LATE OLIGOCENE

Table 26 Depositional facies identified in the Malarg

SE Asian Carbonate Systems and Reservoir Development

Cla Coralline algal wackestone/packstone Encrusting coralline algae; foraminifera (arenaceous foraminifera, miliolids, amp Deep inner shelf

Clb Coralline algal echinoderm Encrusting coralline algae; echinoderms (mainly echinoids); foraminifera (amphesti Deep protected inner shelf
wackestone/packstone

c2 Coral coralline algal foraminiferal Small coral debris, encrusting and geniculate coralline algae, benthic for, Inner shelf shoal
grainstone miliolids, Heterostegina borneesis, broken soritids and arenaceous for,

Cc3 Coral coralline algal foraminiferal Large coral debris, encrusting and geniculate coralline algae, benthic Shallow protected inner shelf with
packstone/floatstone lepidocyclinids) sea grass meadows and patch reefs

C4da Coralline algal foraminiferal packstone Coralline algae (algal balls), benthic foraminifera (Heterostegi Slope

Cdb Coralline algal foraminiferal grainstone Coralline algae (algal balls), benthic foraminifera (Heterqgf€gmid Proximal reef slope

C5a Lepidocyclinid rhodolithic Large benthic foraminifera (large lepidocyclinids, Ope Flank
rudstone (rhodoliths); Halimeda; bryozoans; echinoderms

C5b Halimeda rudstone Halimeda; coralline algae; large benthic foraminitRrang Flank

EARLY MIOCENE

MO Planktonic foraminiferal Planktonic foraminifera; fragments of be Drowned platform
wackestone/packstone

M1 Echinoderm coralline algal Echinoderms (orphiuroids and echinoids); Deep open shelf
wackestone/packstone heterosteginids); planktonic fo

M2a Coralline algal foraminiferal echinoderm packstone Coralline algae; benthic fora Deep protected inner shelf

echinoids)

M2b Echinoderm coralline algal foraminiferal Echinoderms (orphiurglds a Moderately deep and open shelf
packstone

M3 Coral coralline algal foraminiferal &nd geniculate coralline algae; benthic foraminifera (soritids, miliolids, arenaceous foraminifera, amphestiginids, miogypsinids, Shallow protected inner shelf with
packstone/ floatstone sea grass meadows and patch reefs

M3gl Foraminiferal coralline itids, miliolids, alveolinids, miogypsinids, encrusting foraminifera); encrusting and geniculate coralline algae; occasional echinoderms and Inner shelf sand shoal
Algal grainstone

M3g2 Foraminiferal coralline algal grainstone INblids, soritids, arenaceous foraminifera; occasional echinoderms Shelf margin sand shoal

M3h Coralline algal green algal foraminiferal algae; Halimeda; benthic foraminifera (miliolids, soritids, lepidocyclinids, occasional amphestiginids and miogypsinids); occasional echinoderms and molluscs | Shallow water protected inner
packstone shelf

M4 Coral foraminiferal floatstone/ rudstone mainly Alveopora); benthic foraminifera (lepidocyclinids, Miogypsinoides; Amphestigina; miliolids, soritids); coralline algae; Halimeda; occasional bryozoans; Reef flat

498




CONFIDENTIAL: CAMBRIDGE CARBONATES LTD

5. Mouldic sucrosic dolomite

6. Overdolomite (i.e. occlusion of all remaining pore space by dolomite

cementation). Poor reservoir properties.

Despite the strong diagenetic modification, distribution of reservoir quality is still
strongly linked to primary depositional characteristics (Ramli and Fui, 1982). In the
Jintan buildup in the northern Central Luconia Province, the best reservoirs qu

are associated with facies deposited during the highstand systems tract,

poorest reservoir qualities are associated with flooding surfaces and the,tr ssive
systems tracts (Vahrenkamp et al., 2004; Figure 177). However, erall low
permeabilities of these plugs, with grain sizes predominant than 100um is

related to the microporosity of the matrix, which connect& rger biomouldic vugs.
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0 2| /[ Vaa
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Porosity
Fj Plug data from the lJintan-3 well, plotted on log-log axes, with the Lucia (1995)
p sical classes noted. From Vahrenkamp et al. (2004), reprinted by permission of the AAPG

seé permission is required for further use.
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clastic-sourced oils are present, and are likely to be in the condensate window for

maturity.

AN A B A e A
Wl QU

NE
5 km
| —

REEF

(B) g

prospect #
Undrilled

Figure 182 (a) Drilled and undrilled closures on the Palawan Shelf (b) example of undrilled reefal
buildups in the NW Palawan Basin and (c) examples of undrilled reefal buildups in the SW Palawan
Basin. From the Philippine Department of Energy (2003).
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Natuna-L discovery

Basin: East Natuna Basin

Block: Natuna-D Alpha

Operator: PT
Pertamina

No’ wells on structure:
N/A

Discovered: 1973

Produced since: N/A

Current status: gas
discovery

Geological setting: N/A

Top reservoir depth:
2640m

Lithology: Limestones

Reservoir type: reefal

Reservoir age: Middle
and Upper Miocene

Formation: Terumbu
Limestone Formation

~

Depositional set{nd:
Isolated buj@u

Structure and trap type: Stratigraphic

Fill history: N/A

Source: deltaic Arang Formation
shales. Type Ill.

Migratio al:
Mud e
N 524m

Structural closure:
1638m

Area of closure: 310km? basal
closure
Productive area: N/A

AN

t/Gross: N/A

Gross pay: 1638m

Reservoir depth: 2640m

Pore system

Matrix pore
system:
interparticle

Matrix porosity: up to 30%

Macroporosity: N/A

Macropore system:
mouldic, vuggy,
cavernous

Matrix permeability: N/A

Macro-permeability: N/A
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10.2.2. Oligocene
Tarakan Basin

During the Oligocene, shallow water carbonates were deposited (Seilor Formation)
and continued into the Early Miocene as the Mangkabua Shales and the reefal Tabalar @

Limestone.

Kutei Basin Q
Late Oligocene transgression and deposition of platform carbonates (the L?serai
Formation equivalent) over the Barito Shelf and on basement highs i ei Basin

(van de Weerd et al., 1987). At the same time carbonate slope ar@wine shales were

deposited in the basin centres (the Bongan Formation).

Shallow-water carbonates occurred as isolated buildu s@nore extensive platform
carbonates, particularly in the southwest of the baSin,\Wordering the Barito Shelf. The
facies are characterised by coralline-algal grQ e shoals, coral- foraminifera-algal

rudstones and nodular bedded, platforpm coral floatstones. Relatively steep

shelf-margin edges have been map 0 ismic, alongside reefal features (van de
tes

Weerd et al., 1987). Platform can reach up to 1000m in thickness. The
Kerendan Field is in a largf strag®graphic trap in the upper Berai limestone which

formed on an Oligoce arbonate platform seeded on basement high.

The Bongan Forn@| characterised by slope and basinal facies. Slope facies are
represented@ emipelagic claystones, interbedded with mega-breccias,

conglo x and volcaniclastic turbidites. Olistoliths and syndepositional
de na
f

| features are also common. In-situ accumulations of benthic

iferal packstones to mudstones also locally occur in slope settings (van de

eerd et al., 1987) — in our view, these may represent development of lowstand

C)?:Ieposits. Basinal facies of the Bongan Formation are characterised by claystones and
rare turbidites.

In the central and eastern parts of the Kutei Basin, the Oligocene is characterised
mainly by basinal clastics of the Atan Beds (Figure 188). Again, carbonates are locally

developed on basement highs.
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carbonate and siliciclastic clasts into adjacent outer neritic or upper bathyal

settings.

e Early to Middle Miocene: Complex platform margin at the far eastern margin
of the peninsula with high energy, reef-rimmed margin and steep and possibly
faulted platform margin shedding massive clast-supported limestone breccias. @
Shallow water bioclasts, including massive corals, and lithified carbonate V
siliciclastic clasts were reworked from the platform margin. Extensivegha

water, moderate to low energy carbonate platforms along the N of

the peninsula. %

e Middle Miocene to earliest Pliocene: Probable conti %of moderate to
low energy, shallow water carbonate platform sedi aj#on along NE margin
of peninsula. A complex, moderate energ & area with patch reef

development, some tidal influence and d@r embayments or channels

lay at the far east of the peninsula. O

e Late Pliocene to Quaternary: ate to high energy mixed carbonate-
siliciclastic shelf deposits cQMg abundant coral debris deposited at the
south-eastern end pf Mangkalihat Peninsula. These deposits
unconformably over@ly Miocene lithoclastic facies and have been uplifted

to30-40 m a sga level.

Based o Naic offshore from the Mangkalihat Peninsula, several large and small
sc% onate highs have been imaged. These range from kms to several 10s km in

son and Evans, 2002). Based on outcrop observations, the best reservoir

platform margin, where there is minimal micritic matrix, and pores have not been

S
‘ lity is likely to be related to packstones and grainstones located interior to the

early cemented. Koeshidayatullah et al. (2013) describe four facies types from the

Middle Miocene carbonates at outcrop:
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interval. Floatstones and rudstones are common components, particularly in
the vicinity of the Kerendan-1 well. These are composed of larger benthic

forams, branching corals and bryozoan/sponges. Although Subektiet al. (2015)

acknowledge that these could represent reef-margin facies, they in fact
interpret these as localised, relatively low-energy, coral-reefs in an open @

platform setting (Figure 196). Kerendan-2 well also exhibits a similar faci V
association, although the argillaceous clastic content is higher (Fig@
Figure 197). It is suggested that this well may be in a more proxi sattihg,
closer to a deltaic and/or volcanic source in the south. %ﬁ%wells,
bek

deposition is considered to be shallow (<5m water depth; tal., 2015).

Slightly deeper environments are interpreted in t% an-3 area. The
reservoir is characterised by clean carbonate dor«te

commonly indicate environments with dee e?iic depths (i.e. deeper part
of the fore-reef or deeper platform; Sué al., 2015; Figure 197). Earlier
work by Saller and Vijaya (2002) sug a platform rim was encountered in

Kerendan-3 well, and that b of this well, steeply dipping seismic
Qa@

reflectors indicated the shel n. Subekti et al. (2015) revisited the seismic

y platy corals —these

in this area, and interpnet Wese reflectors to be a result of later folder and fault
reactivation, an ar@a true representation of depositional morphologies.

carbonat dominated by  bioclastic = packstones and

The West K 1 well encountered a complex mosaic of shallow-platform
e@cies,
grai @/rudstones, rudstones and boundstones, and also bioclastic

one textures. Subekti et al. (2015) interpret these as representing

@ llow reefal flats (Figure 196).

(C) In the middle Late Oligocene, deepening of the platform enabled open marine,

locally shaly, coral-rich limestones to be deposited over the entire platform.

(D) The final stage relates to the demise of the platform, with prograding deltaic
shales covering the platform during the latest Oligocene to Early Miocene.
These provided the top and lateral seal to the buildup reservoir facies. The

drowning of the platform does not coincide with regional or global sea level
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| C

Fi 1 Lithofacies of the 80-6 carbonate unit in the Sedang Field. (a) Lower Reef Buildup, finger
ranching coral fragments within a slightly silty and argillaceous carbonate mud matrix. Porosity
erages 3.2%, permeability is less than 0.1md due to the muddy nature of the matrix and
recrystallization of the corals. (b) Lower, deep water part of the Upper Reef Buildup. Abundant
irregular platy corals at the top of the core piece and finger-like branching corals (lower part of core
piece) in a sandy argillaceous carbonate mud matrix. Porosity averages 4%, permeability 0.5md. (c)
Reef core of the Upper Reef Buildup. Coral-mouldic porosity within the coral reef core lithofacies.
Porosity averages 21.5%, permeability in the range of 20-85md. (d) Shelly shale bed that overlies the
carbonate buildups. Skeletal fragments include corals, bivalves, larger foraminifera and minor
Halimeda flakes. Benthonic and planktonic foraminifera are also present. Matrix has a high clay and
silt content, along with traces of glauconite and plant fragments. Selected core photos from Siemers
et al. (1992), with permission.
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Barito Basin

The Barito Basin has undergone compressional tectonics since the Late Miocene. This
pulsed inversion has led to the breaching of early formed traps, and created new traps
during, for example, the Pliocene. Understanding the tectonic history including trap @

formation, migration and seals, is therefore critical (Satyana et al., 1999).

Barito Basin. It is possible that this is due to the extensive shelfal carbonat

To date there has been no published production from carbonate reservoirs |§Q

north of the basin not being strongly structured. As Satyana et al.
esServgir quallty,

carbonates, where they form a suitable trap, should have good r
particularly if they are fractured. It would appear that isolate p%ﬂs, SO common
in the Kutei, Tarakan and possibly South Makassar Basm nge form in the Barito

Basin, due to the very different palaeogeograph|c§ tindhand having only a very

narrow inlet to the open ocean. P
Kutei Basin 2@

It is clear from the wells and dis made to date that both primary depositional

facies and diagenesis have #n i ct on reservoir quality. Reservoir quality is best in

reef core and reef ma positions, where detrital clays are limited due to increased
T

winnowing, and enetic processes such as dissolution and creation of vugs

Many g& carbonate buildups exist in the Kutei Basin, particularly those
with transgressions near the Mahakam delta, and further north. Subekti et
also note the presence of numerous undrilled “buildups” in the Kerendan

ea Critical factors for well placement will be the identifying the optimal location for

C) the best reservoir facies (i.e. away from the argillaceous facies tracts), and also
assessing the potential for late diagenetic processes such as shale decompaction

improving reservoir quality.

SE Asian Carbonate Systems and Reservoir Development 592



xxxxxxxx
xxxxx

CONFIDENTIAL: CAMBRIDGE CARBONATES LTD ot

11. CARBONATE RESERVOIRS OF SOUTH SULAWESI AND SOUTH MAKASSAR
BASIN

11.1. Geological setting
The southern arm of Sulawesi is characterised by both sedimentary basins and
volcanics. The sedimentary basins of interest include the East Sengkang Basin, where
limestones of the Tacipi Member form reservoirs, and the eastern margins of t
South Makassar Basin where the Tonasa Formation is prospective (Figure
Offshore, the South Makassar Basin extends westwards and southwards a e
Java Sea (Figure 184). %

‘alanae Formation

gddle-Upper Miocene
marine sediments

Oligocene-Miocene

carbonates (Tonasa Formation)

Eocene - Oligocene

clastics (Malawa Formation)

- Upper Cretaceous clastics

- Pre-Cretaceous basement

VOLCANIC ROCKS

[

' } Pleistocene volcanics (Lampobatang)

Ezl Pliocene volcanics
Middle-Upper Miocene

“—*= (Camba volcanics)

Eocene volcanics
(Propylitized volcanics)

V¥ Thrust

T————Major fault

Figure 205 Geological map of southern Sulawesi. Modified from Suyono and Kusnama (2010).
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Field Reservoir Facies Depth Poroperm Discovered NEWS Reserves
m data
South Sulawesi
Kampung | Tacipi Fm Reefal 735m | 30% average 1976 Producing | 415bcfg
Baru porosity; 13- gas (384bcf
313mD already
perm produced)
Walanga Tacipi Fm Reefal 1976 Discovery 142bcfg
Sampi Tacipi Fm Reefal 1980 Discovery 36bcfg
Sampi
Bonge Tacipi Fm Reefal Discovery 13b
Sallo Bullo | Tacipi Fm Reefal Discovery 32bc
South Makassar Basin
Sultan-1 Eocene to 3100 @ 10-12% 2009 Discovery gas
Oligocene m ;
?Tonasa %
equivalent
Kris-1 Eocene to 3650 13-14% 2010 %
Oligocene m

Sulawesi and South Makassar Basin.

?Tonasa
equivalent
Table 28 Reservoir characteristics of selected fields/discovew bonate reservoirs of South

11.3.4. Seals

In South Sulawesi, the upper part of th ormation mainly formed as a deep

as potential seal. The Tacipi Limestone

reservoir is effectively sealed bv?t ays and silts of the Walanae Formation, often
rich in volcaniclastic compo@ nameta, 2009).

water carbonate, and can therefor ,

Miocene marine shal d hemipelagic mudstones are the expected sealing facies for
the Oligocene cafpo reservoirs in the South Makassar Basin (Courel et al., 2011).
The petrole ems summary, as presented by Courel et al. (2011).

R
X

S
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igure 216 Location of the Ruby field (wells MKS-1, 3 and 4) and depositional model of the Berai
limestone in the Ruby field. Redrafted from Pireno et al. (2009).
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OWC: N/A GWC: N/A GOC: N/A
Water cut: N/A Recovery method: N/A
Comments

Reconnaissance seismic data from 1971-72 demonstrated the presence of reefal
bodies that nucleated on fault block highs.

Success rate of exploration drilling was 4 gas discoveries in 15 wells (1 in 4). @
Tacipi formation: the lower ubiquitous interval consisting of interbedded limesto
and calcareous mudstones, informally called unit B, and an upper reef limes

interval that is restricted to areas of buildup, called unit C. Grainge and Davies,
References
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12.3. Hydrocarbon Geology
12.3.1. Exploration History

Oil and gas exploration in eastern Indonesia has been less successful than western
Indonesia, with complex geological terrains being present (Hasanusi et al., 2004). @
Geological expeditions were reported since the early 20th century in the SuIawesiV
Island, during which several oil and gas seeps have been located in the east and Q

coasts, one being located 15km west of Tiaka field. Union Texas Petrole )

started the contemporaneous exploration in 1980 with extensive fielcé% and

geophysical surveys carried out on the eastern coast of central SulaweSi. At the same

time, geochemical analyses were performed on oil seep sazp%\ost of the first

seismic surveys in the former Tomori PSC were marine K sigt al., 2004).

Between 1980 to 1996, UTP drilled 11 wells (9 offshrvk onshore) in the Tomori

d
PSC. The first well, Mantawa-1, has been dri% 983 and encountered small
amounts of gas in a Miocene reef buildup. ‘n he same period, UTP discovered
the offshore Tiaka oilfield and the @e Minahaki and Matindok gas fields

(Hasanusi et al., 2004). Q~
In 1997, The Senoro-Toili JOQ&a portion of the former Tomori PSC), was awarded

by UTP in contract with Pertawaifia. One year later, ARCO drilled Senoro-1, discovering

gas and condensatg.in%ie Mantawa Member. In 2000, ARCO sold out their interest to

PT. Medco En @asional.

Since th t\@e Senoro-2 and Senoro-3 appraisal wells were drilled respectively in
izm

200 2, and additional 2D seismic data were acquired over the Senoro area,

nfirmed the high potential of the Senoro field (Hasanusi et al., 2004).
€ total resource of the Tomori basin is estimated between 10-1000MMBOE
< , according to Doust and Noble (2008). The main fields are: the Tiaka oil field where
estimated reserves are 12.8MMBO plus 4MMBC, and the Senoro gas field with
reserves of 3.24TCF plus 52MMBC and 6.4MMBO. Several other gas fields are present

in the Tomori basin, all with reserves below 500BCF: Maleo Raja (204BCF), Matindok
(408BCF), Sukamaju (36BCF plus 5MMBC), Minahaki (108BCF plus 1IMMBC), Donggi
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(420Bcf plus 7MMBC), Anoa Besar (440BCF), Mantawa (146BCF), and Dongkala
(50BCF).

12.3.2. Source rocks

Three main potential source rocks are present in the Tomori basin (Hasanusi et al., @
2004):

e the Late Jurassic to Early Cretaceous shales which crop out on the P g

Island,
e the shales, carbonaceous limestones and coals of the Tomori !@ n,

e the shales and coals from the Matindok Formation. %

However, the analyses of the various potential source ro&‘%’wydrocarbons from

the reservoirs indicate that the latter are most likely ticdlly related to the second

source rock, i.e. intra-Tomori Formation, with tribution from the Matindok,

and no apparent contribution from the Jurag ies, 1990; Hasanusi et al., 2004).
Davies (1990) particularly reports th spondence between the high organic
sulphur content of the coal of the i,rormation and (1) high sulphur contents of

the oil in Minahaki-1, Tiaka-1 a%gkala-l, and (2) the abundant HS in the gases
(—1. ’

of Minahaki-1 and Matindo

The Table 29 presef@ characteristics of the main source rocks analysed in the

Tomori basin (DaNes, 2990; Hasanusi et al., 2004).

The kitc ONWe system is identified in the deeply buried Miocene area in the

wester f the basin, and also beneath the imbricate thrust sheets in the thrust
@Are 219b). The rapid burial by the Pliocene sediments in the foreland basin

ve quickly Miocene source rocks into gas generation window as soon as the late

arly Pliocene (Figure 223). Then the primary migration occurred along the thrust and

C) wrench faults during the late stage of compression in the Mid Pliocene;
remigration/dismigration also probably took place later, during the uplift of the belt

in the Pleistocene. In most of the reservoirs, the gas also displays a biogenic origin.

The biogenic gas charge is an early event, occurring probably shortly after the pinnacle

reefs growth (Hasanusi et al., 2004).
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Tiaka field

Basin: Tomori Basin

Block: Tomori PSC

Operator: JOB

Samarnnda

Pertamina-Medco E&P
Tomori Sulawesi

No’ wells on structure:
10

Discovered: 1985
Produced since: June
2003

Current status:
producing oil
Geological setting:
imbricate thrust slices
Top reservoir depth:
Lithology: Limestone
Reservoir type: Shallow

kpapan

Makassar
©

Paly
°

shelf ‘ &
Reservoir age: Early ==
Miocene
Formation: Tomori
Limestone
O
Depositional setting! tructure and trap type: Thrusted anticline
Migration and Sdal: Fill history: Possible re- | Source: Shale and coal in the
Generation s migration during early to mid-Miocene Tomori
early/mid e by Pleistocene Formation. Gas is biogenic.
loadin rodts.
Net Structural closure: Area of closure:
Productive area:
0ss: Gross pay: Reservoir depth: 6800-8700 ft

TVDSS

N
< ' Pore system

Matrix pore
system:

Matrix porosity: 7 to 12%

Macroporosity:

Macropore system:

Matrix permeability: 5 to
8md

Macro-permeability:

Layering: N/A

Bit drops: N/A

Mud losses: N/A
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Late Pliocene

Pliocene
Pleistocene

|

Tomrau Terrane

Kais accumulation zone_____________ |:| ila ation__________ @

Klasafet organic-matter maturation ___ itchen._______________ ®

SFZ = Sarong fault zone

Figure 231 : Schematic N-S cross-sections through t
Late Pliocene and Pleistocene and the developmen
reefs over the Anan high may have been th

part of the Salawati Basin between the
oil kitchen. Noteworthy is that the patch-
arged reservoirs. Adapted from Satyana

(2003). 2 ’
7~ ;
Field Setting \-) *Discovered Tested Tested MMCFGPD
BOPD
Matoa Lagoona ’ 1991 1825 2.08
SWO : 1995 3564 12.49
Matoa-20 1996 601
1998 1667 0.4
2000 898 2.89

13.3.3. Seals

e Klasafet Formation, which is the key source rock, also may act locally as a seal. But
the main seal is the Klasaman Formation (Figure 228) which includes thick piles of fine
grained deep marine clastics. However, the latter formation also includes some
sandstone and conglomerates and this sedimentary heterogeneity may locally hamper
the efficiency of the seal, especially in the northern part of the basin, close to the

clastic sources, i.e. the rising exposed landmass. Fractures may also alter and/or have
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Net/Gross: N/A

Gross pay: N/A

Reservoir depth: N/A

Pore system

Matrix pore
system: N/A

Matrix porosity: 22.2%

Macroporosity: N/A

Macropore system:
vugs

Matrix permeability: N/A

Macro-permeability: N/A

Layering: N/A

Bit drops: N/A

Mud losses: N/A

Well performance

Initial rate: 23610

Typical single well rate: N/A

Initial pressure: 1480 ps

N

(9/76) with 3 wells 1036m ?\
flow/pump Q\
Well tests: Test permeability: N/A Average p
Cendrawasih-01;

1036-1103m

20451BOPD +
218BWPD with 2"
choke size; 28°API

/\‘50

4
Reservoir drive: Decline: N/A NEWR: N/A
N/A P\
Productivity index: | Performance: N/A ‘ ’
N/A
Reserves
Recoverable: N/A Initially i e: N/A Recovery factor: N/A
Cumulative
production: N/A s
Field history: %
Hydrocarb and formation fluid
Hydr\ype: API: 28.1° GOR: N/A
o
A%nt: 1.05% Wax content: Pour point: 0°
7.87
NV;: N/A CO2: N/A Other: N/A
Methane: N/A Ethane: N/A Propane: N/A
IsoButane: N/A Gas cap: N/A Biodegradation: N/A
Formation volume | Reservoir Temp: 91°C Reservoir pressure: N/A
factor: N/A (1976)
Sw: N/A Rw:0.77 Om at 27 °C Formation water salinity: N/A
OWC: N/A GWC: N/A GOC: N/A

Water cut: N/A

Recovery method: N/A
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Macropore system: | Matrix permeability: Macro-permeability: N/A
vugs 6.00mD
Layering: N/A Bit drops: N/A Mud losses: N/A

Well performance

Initial rate: N/A Typical single well rate: N/A | Initial pressure: N/A

Well tests: (well Test permeability: N/A Average well rate: N/A

not specified):

2539-2548m 8.56 Q
mmcuftd, 455 bcpd

no water cut

through 32/64” ?\
choke G\

Reservoir drive: Decline: N/A EOR: N/A 7
N/A A
Productivity index: | Performance: N/A ~
N/A ,&
Reserves y

«
Recoverable: N/A Initially in place: N/A covery factor: N/A

Cumulative
production: 23.488 O

BCF at Feb 1995

Field history:

Condensate production rates:

Initial production March 19 D from 1 well by flow.
Maximum production Oct (L99 77 BCPD from 5 wells by flow.

Feb 1995 1387 BCPD fygom Is by flow.
Gas production rate@
Initial productio 987 3.2 mmscftpd from 1 well by flow.

API: 43.5° GOR: 1198 scf/bbl
§ ensate
content: N/A Wax content: N/A Pour point: N/A
N;:0.89 vol % CO;: 2.76 vol % Other: Oil viscosity: 0.4734cp;

Specific gravity (gas): 0.765;
Calorific value: 1269 BTU

Methane: 77.98 vol | Ethane: .85 vol % Propane: N/A

%

IsoButane: N/A Gas cap: N/A Biodegradation: N/A
Formation volume | Reservoir Temp: 157 °C Reservoir pressure: N/A
factor: N/A
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Figure 238 Lithostratigraphic schemes of the Western Basin and the foreland (A) and the Eastern Basin (B; InterQil, 2009). (C) Geological map of Western and
Eastern basins, positioning of wells, and location of transects from (A) and (B). Modified from (A) Home et al. (1990) (B) from InterOil (C) Allan et al. (2006)
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Several sandstone levels interbedded in the Koi lange, Imburu, and leru shales are also
productive, but the regionally extended Toro Formation, i.e. an allocyclic stratigraphic
event, is an easier target. The shallow marine carbonates of the Darai Formation are
not considered as interesting targets as they are most often not buried deep enough
in this zone and are not overlain by a seal. Producing fields (Hides, Angore, Juha,

Kutubu, Agogo, Moran and Gobe) are currently only reservoired in Toro sandsto V

Details on reserves are shown in Table 32. §

LICENCE / FIELD OIL SEARCH TOTAL OILAND TOTAL TOTAL OIL AW TOTAL
INTEREST % CONDENSATE MMBBL | GASBCF | CO SATE MMBBL GAS BCF
Reserves Proved (1P) P)o:%vable (2P)
PDL 2 - Kutubu 60.00 12.1 16.7 -
PDL 2/5/6 - Moran Unit 49.50 7 10.6 -
PDL4 - Gobe 10.00 0 0.1 -
PDL 3/4 - SE Gobe5 22.30 0.3 14.2
PDL 1-Hides GTE6 16.70 - 5
Qil fields and Hides GTE reserves 27.7 19.2
PNG LNG Project reserves5 29.00 48 2,405.60
Subtotal reserves 75.7 2,424.90
Contingent resources 2C
PNG LNG Project gas, oil and condensate 1.6 60
Other PNG gas, oil and condensate?7 46.7 3,649.30
Middle East gas, oil and condensate7 - - - -
Subtotal resources - - 48.3 3,709.20
Total reserves and resources 62.3 2,150.70 124 6,134.10

Table 32 Reserves and resources@s that produce from the Toro sandstone in the Western Basin
(Oil Search, 2017)

14

The se \ carbonate reservoirs is formed by the thick Mio-Pliocene clastic

su iog resulting from the erosion of the rising belt to the N and NE (Aure group,

I Formation). In the Eastern Basin, this succession is quite thick (more than

0m), and begins locally with deep marine Orbulina-rich marls. The risk in this basin

C) is the possible upward remigration through faults. In the Gulf of Papua, the seal is
similar in nature, but its integrity is potentially better due to the absence of significant

late tectonic movements. The thickness of the seal may be a problem since the source

of clastics is farther to the N-NE.
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Figure 251 Seismic cross-section showing main play elements e Gulf of Papua including the Pasca
pinnacle reef. From Davies et al. (2012).
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Figure 252 Interpreted seismic section showing the drowned Early Miocene Pandora Reef. From
Tcherepanaov et al. (2008b) with permission
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benthic foraminifera such as Lepidocyclina, encrusting organisms like encrusting
bryozoans and encrusting foraminifera, and coralline red algae including rhodoliths
(FB). Over the bank crest/shoal (BA), textures vary from bioclastic packstones,
bioclastic grainstones and coral framestones. Biota includes Porites, coral spicules,

Scleractinian coral, coralline red algae, encrusting sponge, indeterminate aragonitic

&

fragments, and green algae. Bioclastic wackestones and packstones containing bQV

such as gastropods, molluscs and miliolids are found in the lagoon (LA). ;

7R
FWWB 20m —— ’!,

REEF BANK
FORE- BELT CREST/SHOAL

BANK POSSI %
RE DEEP
(D) %LAGOON
SLOPE
BASIN
| PURI FORMATION | |

KAPAU$
Figure 260 Schematic transect showing interpreted depdgiti etting of Puri and Darai Formation
carbonates from basin to lagoon. Cambridge Carbo infhouse work.

Zone of sediment
production

Base of Light 120m _____~

? 500 - 1000m

14.4.2. Diagenesis and rtuality

1. Fractured Mendi anw ations:
Reservoir quality has bgen e ced in the Mendi and Puri Formations by fracturing,

which is likely to @@oped during folding and thrusting in Papua New Guinea.

Folding and mostly occurred in the Late Miocene-Holocene, after arc-
continent v\ in the Late Oligocene-Miocene, between the Australian plate and
the MQﬁn arc (Hill 1991 and Hill and Hall 2003 in Baldwin et al., 2012). Results
@face studies indicate a primary bimodal ENE and NW- trending fracture

—+

roution (Leech et al., 2006). Dolomitisation has further enhanced reservoir

dolomitisation (Leech et al., 2006).

C)?ﬁuality; core data has identified increased porosity and permeability in zones of

Evidence of fracturing in the Mendi Formation comes from Eocene platform
carbonates at Wana-1 which flowed 18,000 barrels of water per day in a DST (Durkee
et al., 1986). Further evidence comes from the Elk Field. The target reservoir in Elk-1

was the Puri Formation, however Elk-2 intercepted both Puri and Mendi limestone
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frontier areas dominated by carbonate reservoirs in the Eastern Basin, including

offshore areas in the Gulf of Papua. Prospective targets include:
e Further exploration of the Eocene Mendi and Oligo-Miocene Puri and Darai
Formations (see elaboration below) (e.g. Kina Petroleum Limited, 2017) @
e Mid and Upper Miocene reefs (e.g. Kina Petroleum Limited, 2016) V
e Plio-Pleistocene carbonates: the presence of hydrocarbons in Plio-Pleist

carbonates is supported by gas shows in Plio-Pleistocene Wedge HilkLim e
at Black Bass (Kina Petroleum Limited, 2017). %

Darai Formation

Oligo-Miocene carbonates have been grouped into six bx@pes by Leamon and

Parsons (1986), including:

1) Pinnacle Reefs (Figure 248) %E
d O

Thrust faulted anticlines,

3) Barrier Reef (Borabi Reef Trend)
4) Intra-carbonate Barrier Regf (RUMReef Trend),
5) Prograding Detrital shglf %
6) Algal Banks (Fi@)

O

Pinnacle r ethrust faulted anticlines have been the subject of exploration and

gas fr esdplay types is soon to be commercialised. Little exploration has however
b rtaken on the remaining play types (3-6), which could be the subject of
f potential:

C)?“ Barrier Reef (Borabi reef trend)

The Borabi Reef Trend was a major Miocene barrier reef development that has been

mapped for approximately 250km from the mouth of the Turama River in the north to
the eastern edge of the northern Great Barrier Reef in the south (Figure 269) (Leamon
and Parsons, 1986). The Borabi reef trend marks the eastern perimeter of an extensive

Miocene carbonates shelf (Leamon and Parson, 1986). The central part of the reef
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Macropore system:
N/A

Matrix permeability: N/A

Macro-permeability: N/A

Layering: N/A

Bit drops: N/A

Mud losses: N/A

Well performance

Initial rate: N/A

Typical single well rate: N/A

Initial pressure: 4500 psi (A-3
Durkee, 1990)
Initial temperature: 115.5°C

Well tests: 7.2
mmcfg/d with 101
BC/hr (A-3, Durkee,
1990). In Pasca A-2,
ten drill stem tests
were carried out,
four of these flow
gas and
condensate at
rates of up to 17.05
mmcfg/d with a
gas/liquid ratio of
16.75 mcf/bbl
(Durkee, 1990).

Test permeability: N/A

Average well rate: N/A

Reservoir drive:
N/A

Decline: N/A

Productivity index:
N/A

Perform ce%. EK

Reserves

Recoverable: N/A

Q.

&

P
Ipttiglly in place: (BCF) 260

lips, 1978-1982), 458
uperior 1982-1986), 410
(RRA, 1982), 172-342
(GSPNG, 1986), 312 (ERC,
1986) in Durkee (1990) *
435 (InterOil, 2008b)

Recovery factor: N/A

tive
uction: N/A

ield history: N/A

Hydrocarbon type and formation fluid

Hydrocarbon type: | API: N/A GOR: N/A

S content: N/A Wax content: N/A Pour point: N/A

N2: N/A COz: N/A Other: N/A
Methane: N/A Ethane: N/A Propane: N/A
IsoButane: N/A Gas cap: N/A Biodegradation: N/A
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