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Abstract: This study presents a detailed facies analysis of shallow-water platform and ramp 
deposits of an extensive Tertiary carbonate platform. Temporal and spatial variations have 
been used to construct a palaeogeographic reconstruction of the platform and to evaluate 
controls on carbonate sedimentation The late Eocene to mid-Miocene shallow-water and 
outer ramp/basinal deposits of the Tonasa Carbonate Platform, from the Pangkajene and 
Jeneponto areas of South Sulawesi respectively, formed initially as a transgressive sequence 
in a probable backarc setting. The platform was dominated by foraminifera and had a 
ramp-type southern margin. Facies belts on the platform trend east-west and their position 
remained remarkably stable through time indicating aggradation of the platform-top. In 
comparison outer ramp deposits prograded southwards at intervals into basinal marls. 

Tectonics, in the form of subsidence, was the dominant control on accommodation space 
on the Tonasa Carbonate Platform. The location of 'barriers' and the resultant deflection of 
cross-platform currents, together with the nature of carbonate producing organisms also 
affected sedimentation, whilst eustatic or autocyclic effects are difficult to differentiate from 
the affects of tectonic tilting. 

Moderate- to high-energy platform top or redeposited carbonate facies may form effective 
hydrocarbon reservoirs in otherwise tight foraminifera dominated carbonates, which occur 
widely in SE Asia, and have not been affected by extensive porosity occlusion. 

Tertiary carbonate deposits occur widely 
throughout SE Asia and comprise a major 
target for hydrocarbon exploration (Fig. 1). 
Much of SE Asia has remained in near tropical 
latitudes throughout the Tertiary, and shallow- 
water areas away from clastic input often devel- 
oped thick carbonate successions. Regional and 
local tectonics often affected the location, initia- 
tion, development and diagenesis of carbonate 
successions in this complex plate tectonic area 
(Fulthorpe & Schlanger 1989). Hydrocarbon- 
bearing and potentially hydrocarbon-bearing 
carbonates occur in many locations in SE Asia 
(Fig. 1), excellently placed with respect to source 
and seal lithologies, and very definitely form 
worthwhile exploration targets. However, carbo- 
nate reservoirs are notoriously fickle and unpre- 
dictable (Park et al. 1995) and relatively few 
detailed onshore analogue studies of carbonates 
have been undertaken in the region. It is only 
through a knowledge of processes of carbonate 
sedimentation, the development and 'growth' of 
carbonate platforms, and the subsequent diagen- 
esis of carbonate lithologies that a better under- 
standing of the inheterogeneity of carbonate 
reservoirs can be achieved. 

This paper provides a detailed description and 
interpretation of shallow-water carbonate plat- 
form and ramp deposits of the Eocene to middle 
Miocene Tonasa Limestone Formation of South 
Sulawesi. The tectonostratigraphic context of 

the Tonasa Carbonate Platform and the geology 
of South Sulawesi are reviewed below. The 
nature and distribution of platform top, and 
the more southerly interbedded mid/outer ramp 
and bathyal lithologies in the Pangkajene and 
Jeneponto areas respectively (Fig. 2) are 
described and interpreted. Temporal and spatial 
variations are used to construct a facies model 
for the Tonasa Carbonate Platform, to recon- 
struct facies belts and to evaluate controls 
affecting carbonate sedimentation. The facies 
associations and platform model developed may 
be of use as a template to help better understand 
subsurface platforms of a similar age in SE Asia, 
and the implications this study has for hydro- 
carbon exploration are discussed. 

Tectonostratigraphic setting 
of South Sulawesi 

Throughout the Cenozoic, Sulawesi has been 
located along the eastern margin of Sundaland, 
the relatively stable cratonic area of SE Asia 
(Hamilton 1979). The geological history of 
Sulawesi is inextricably linked to the accretion 
of microcontinental and oceanic material onto 
the eastern margin of Sundaland and to the 
resultant development of volcanic arcs (Hamil- 
ton 1979; van Leeuwen 1981). During the late 
Cretaceous, deep marine clastics and shales of 

From Fraser, A. J., Matthews, S. J. & Murphy, R. W. (eds), 1997, Petroleum Geology of Southeast Asia, 
Geological Society Special Publication No. 126, pp. 247-279. 
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Fig. 1. Map of SE Asia showing the location of carbonate formations with hydrocarbon potential or 
hydrocarbon reservoirs and the location of South Sulawesi. 

the Balangbaru and laterally equivalent (van 
Leeuwen 1981) Marada Formations were depos- 
ited over tectonically intersliced metamorphic, 
ultrabasic and sedimentary basement lithologies 
in western South Sulawesi (Figs 2 & 3). These 
sediments are inferred to have been deposited in 
a forearc setting to the east of a west-dipping 
subduction zone (Hasan 1991). By Eocene times, 
subduction had moved further to the east and 
marginal marine siliciclastics of the Malawa 
Formation, which pass transgressively upwards 
into carbonates of the Tonasa Limestone For- 
mation (Fig. 3), were deposited over western 
South Sulawesi. During the Eocene/Oligocene, 
the calc-alkaline, arc-related, volcanic and vol- 
caniclastic Salo Kalupang Formation was 
deposited in eastern South Sulawesi (Fig. 3; 
Sukamto 1982; Yuwono et al. 1985). Tholeiitic 
igneous lithologies of the Kalamiseng Forma- 
tion also occur only in eastern South Sulawesi 
(Fig. 2) and may be part of an ophiolitic 
sequence accreted onto western Sulawesi in the 
Oligo/Miocene (Yuwono et al. 1985). Therefore, 
deposits of the Tonasa Limestone Formation are 
inferred to have been deposited initially as part 

of a trangressive sequence in a backarc setting. 
The Tonasa Limestone Formation is overlain by 
volcaniclastic deposits of the middle to late 
Miocene Camba Formation (Fig. 3), which were 
derived from a north-south trending volcanic arc 
located in western South Sulawesi (Sukamto 
1982; Yuwono et al. 1985). 

Introduction to the Tonasa 
Carbonate Platform 

The carbonates of the Eocene to middle Miocene 
Tonasa Limestone Formation outcrop to the 
south of a NW-SE-trending depression passing 
through Lake Tempe and mainly to the west of 
the NNW-SSE-trending Walanae Depression in 
South Sulawesi (Figs 2 & 3). Deposits of the 
Tonasa Limestone Formation include up to 
600 m of shallow-water deposits in the Pangka- 
jene area (Fig. 2) and over a kilometre of basinal 
deposits currently located to the north and south 
of these shallow-water carbonates. This paper 
documents shallow-water deposits of the Tonasa 
Carbonate Platform in the Pangkajene area and 
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Fig. 2. Geological map of the South Sulawesi, showing the location of the Pangkajene and Jeneponto areas. 
Modified after Sukamto (1982) and Sukamto & Supriatna (1982). 
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Fig. 3. Stratigraphic correlation chart of the units to the west and east of the Walanae Depression in South 
Sulawesi. Based on van Leeuwen (1981); Sukamto (1982); Sukamto & Supriatna 0982) and Grainge & 
Davies (1983). 

2016
 at Royal Holloway, University of London on April 15,http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


TERTIARY CARBONATE PLATFORM AND RAMP DEPOSITS 251 

mid/outer ramp and basinal deposits from the 
southern margin of the Tonasa Carbonate Plat- 
form in the Jeneponto area (Fig. 2). The northern 
margin of the Tonasa Carbonate Platform is 
inferred to have been a segmented, faulted 
escarpment margin which was tectonically 
active from the late Eocene through to the mid- 
Miocene (Wilson & Bosence 1996). Areas to the 
east and west of the Pangkajene area were 
regions of carbonate sedimentation, affected by 
more complex syn-depositional block-faulting 
(Wilson 1995). Since the nature of the margins of 
the isolated Tonasa Carbonate Platform varied 
both temporally and spatially from ramps to 
escarpment margins (Wilson 1995); shallow- 
water carbonate deposits in the Pangkajene 
area have not been bracketed into a particular 
depositional system, and are referred to have as 
platform-top deposits (cf. Tucker & Wright 
1992; James & Kendall 1992). 

The lithological and palaeoecological evi- 
dence presented below suggests that facies belts 
trended E-W and that the platform during 
carbonate production sloped gently southwards 
in the Pangkajene and Jeneponto areas (Fig. 4). 
A number of lines of evidence suggest that the 
shallow and deeper-water carbonates in the 
Pangkajene and Jeneponto areas respectively 
were not deposited on a contiguous southward 
sloping ramp-type platform, but that some form 
of shallow-water, or in places sub-aerially 
exposed margin, separated platform-top depos- 
its from the southern ramp-type margin (Fig. 4). 
This evidence, outlined below, has been gleaned 
from the deposits in the Pangkajene and 
Jeneponto areas, since carbonate outcrops in 
these two areas are separated by volcaniclastic 
outcrops of the overlying Camba Formation 
(Fig. 2). 

The geology of the Pangkajene and Jeneponto 
areas are described below. Detailed facies 
descriptions and interpretations, and their tem- 
poral and spatial variations, together with 
faunal content, are then combined to present a 
palaeogeographic model of, and to evaluate 
factors affecting deposition on, the Tonasa 
Carbonate Platform in the Pangkajene and 
Jeneponto areas. Facies associations, faunal 
content and depositional environment of four 
major E-W-trending facies belts of the Tonasa 
Carbonate Platform are described below. 

Geology of  the Pangkajene 

and Jeneponto areas 

Outcrops of the Tonasa Limestone Formation 
in the Pangkajene area occur as extensive karstic 

areas, located to the east of the towns of 
Pangkajene and Maros (Figs 2 & 5). Geo- 
morphologically, outcrops of the carbonate 
sequence in this area are characterised by the 
development of tower-karst, which rise almost 
vertically from flat coastal plains. In compar- 
ison, outcrops of the carbonate sequence in the 
Jeneponto area (Figs 2 & 6), which is located 
along the south coast of South Sulawesi between 
the towns of Takalar and Jeneponto, are 
characterized by gently undulating low-lying 
topography. The karstic outcrops in the Pang- 
kajene area comprise rather continuous, but 
often inaccessible exposures. In the Jeneponto 
area the more competant lithologies are well- 
exposed as upstanding ridges, whilst more 
friable lithologies are poorly exposed and only 
occasionally seen in stream cuttings. 

The attitude of bedding of the Tonasa Lime- 
stone Formation in the Pangkajene area is 
virtually horizontal (Fig. 5). In some locali- 
ties the regional dip of the carbonate sequence 
is towards the west by a few degrees. A large 
number of faults segment the carbonate 
sequence in the Pangkajene area (Fig. 5; 
Sukamto 1982; Sukamto & Supriatna 1982). 
From the geological map of South Sulawesi 
(Sukamto 1982; Sukamto & Supriatna 1982) 
two sets of apparently near vertical faults, 
trending NW-SE and between NNW-SSE and 
NNE-SSW (Figs 2 & 5), can be differentiated. 

In the Jeneponto area the Tonasa Limestone 
Formation and lower unit of the Camba 
Formation are folded into a series of kilometre 
scale NW-SE-trending anticline-syncline pairs 
(Fig. 6). The limbs of these folds have dip 
angles varying between 5 and 5 5  ~ (Sukamto & 
Supriatna 1982). In a number of places NW-SE- 
trending faults cut the carbonate sequence. 
Other faults appear to radiate from the extrusive 
centres of younger volcanoes and some of these 
cut the carbonate sequence (Fig. 6; Sukamto & 
Supriatna 1982). 

The contact between the Tonasa Limestone 
Formation and underlying Malawa Forma- 
tion is exposed only in the central part of 
the Pangkajene area around the locality of the 
Tonasa-I Quarry (Fig. 5). In this area the 
Malawa Formation consists of interbedded 
quartzose sandstones, thin coal bands, clays 
and some thin limestone beds. This formation 
records a transgressive sequence from marginal 
marine deposits passing conformably upwards 
into shallow marine carbonates of the Tonasa 
Limestone Formation. Although the change 
from elastics to carbonates occurs over a few 
metres and is therefore inferred to have been 
relatively rapid, the presence of thin limestone 
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Fig. 5. Geological map of the Pangkajene area (after Sukamto, 1982; Sukamto & Supriatna, 1982) showing the 
location of measured sections. See Table 2 for the names of measured sections. The location of the photograph 
and sketch of karstic outcrops with palaeocurrent indicators (Fig. 11) are also shown (X-Z). 
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Fig. 6. Geological map of the Jeneponto area (modified after Sukamto & Supriatna, 1982) showing the location 
of measured sections and samples collected. 

beds within the upper part of the Malawa 
Formation suggests that some interdigitation 
of the two formations may have occurred. 
Crotty & Engelhardt (1993) suggested a mid- 
late Eocene age for the Malawa Formation in 
the Tonasa-I Quarry area due to the occurrence 
of well preserved palynomorphs of Retitribrevi- 
colporites matamanadhensis and abundant Ver- 
rucatosporites usmensis respectively. The base of 
the carbonate sequence is not exposed in the 
Jeneponto area (Fig. 6). 

The contact between the Tonasa Limestone 
Formation and overlying volcaniclastics of the 
Camba Formation is exposed along the eastern 
margin of the Pangkajene area (Fig. 5) and the 
northern margin of the Jeneponto area (Fig. 6). 
This contact, although rather poorly exposed, 
appears to be conformable in the Pangkajene area 
(Fig. 5) and a possible low-angle unconformable 
contact occurs in the Jeneponto area (Fig. 6). The 
lower part of the Camba Formation consists of 
marginal marine to continental sediments and 
deep marine shales both interbedded with volca- 
niclastics in the Pangkajene and Jeneponto areas 
respectively. Igneous dykes, sills and stocks of 
basaltic and dioritic composition, with a middle 
to late Miocene age (Sukamto 1982; Sukamto & 
Supriatna 1982), have intruded the carbonate 

sequence in a number of localities in the 
Pangkajene and Jeneponto areas (Figs 5 & 6). 

Methodology: facies descriptions 
and interpretations 

An environmental interpretation of the Tonasa 
Carbonate Platform linked to facies distribution, 
faunal content and stratigraphic correlation 
across the Pangkajene and Jeneponto areas has 
been undertaken following an extensive pro- 
gramme of logging, sample collection and 
petrographic work. The methodology for facies 
descriptions and interpretation of depositional 
environment, together with dating of lithologies 
is given below. 

Facies classification and descriptions 

In this paper a threefold classification scheme 
has been adopted for the description of carbo- 
nate lithologies of the Tonasa Limestone For- 
mation (Table 1). Carbonate lithologies are 
described as informatively as possible in terms 
of Dunham's (1962) textural classification, their 
structures and/or faunal content. Carbonate 
lithologies are grouped into facies and facies 
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which share important common characteristics 
have in turn have been collected into facies 
groups (Table 1). It should be stressed that these 
facies groups do not necessarily correspond to 
facies associations, which have some environ- 
mental significance (Collinson 1969; Walker 
1992). For more discussion on the facies 
nomenclature used within this paper, and 
detailed facies descriptions and interpretations, 
the reader is referred to Wilson (1995). Perhaps 
due to a complex arrangement of microenviron- 
ments, both through time and in space, on the 
Tonasa Carbonate Platform, facies associations 
have not often been identified within the 
carbonate succession. Where these occur they 
are described and interpreted. 

Biostratigraphy 

Lithologies of the Tonasa Limestone Formation 
are often dominated by foraminifera and some- 
times by coralline algae. Where planktonic 
organisms are almost entirely absent, such as in 
the Pangkajene area, large benthic foraminifera, 
identified either to genera or species level, have 
been used to date the carbonate succession. 
However, dating of foraminifera rich carbonate 
sequences using the East Indian letter classifica- 
tion scheme (van der Vlerk & Umbgrove 1927; 
Adams 1970) is not always straightforward, such 
as where age diagnostic foraminifera may be 
restricted to certain environments or reworked 
into younger sediments (van Gorsel 1988). There- 
fore some of the time tie-lines shown on the 
stratigraphic correlation diagram (Fig. 7) are 
necessarily rather tentative. Planktonic fora- 
minifera (cf. Blow 1969) and nannofossils 
(cf. Martini 1971) were used to date carbonate 
samples from the Jeneponto area. The geological 
time scale used and correlation with the various 
biozonation schemes is from Harland et al. 
(1990) and van Gorsel (1988). 

Palaeoecology 

In order to interpret the palaeoenvironmental 
differences between the shallow-water facies of 

the Tonasa Limestone Formation it was neces- 
sary to have an understanding of the palaeoe- 
cology of the dominant biota: the benthic 
foraminifera. Palaeoecology of the larger 
benthic foraminifera is based on comparisons 
with extant genera (Reiss & Hottinger 1984), 
studies of shape and form (Hallock & Glenn 
1986), and by integrating this information with 
sedimentological characters, such as texture or 
sedimentary structures. From the Eocene to 
Recent a progressive shallow to deep water shift 
of foraminifera assemblages has been inferred 
by Buxton & Pedley (1989). A range of factors, 
such as energy, light, substrate, temperature 
and salinity may affect a biotic assemblage 
and the form of its constituent organisms. It 
would therefore seem that any palaeoenviron- 
mental scheme for the Tertiary is likely to be a 
relative one. 

C a r b o n a t e  f a c i e s  

An environmental interpretation of the Tonasa 
Carbonate Platform linked to facies distribution 
and stratigraphic correlation across the Pangka- 
jene and Jeneponto areas has been undertaken 
following an extensive programme of logging, 
sample collection and petrographic work. The 
subdivision of lithologies, found in the Pangka- 
jene and Jeneponto areas, into their respective 
facies and facies groups is summarized on 
Table 1. Three main facies groups have been 
defined in the Pangkajene and Jeneponto areas; 
these are micrite and bioclast dominated facies 
groups and a planktonic foraminifera facies 
group (Table 1). The distribution of the various 
lithologies, and variations in their constituent 
components, within measured sections from 
north to south is shown on Table 2. This spatial 
distribution of the lithologies reflects fundamen- 
tal variations in the depositional environment 
across the Tonasa Carbonate Platform and is 
discussed below. The occurrence, bed thickness, 
nature of bed contacts, lateral bed continuity, 
structures, faunal content, nature of the ground- 
mass and an environmental interpretation for 
each facies is also shown on Table 1. It is beyond 

Abbreviations to Table 1 
Texture: M, mudstone; W, wackestone; P, packstone; G, grainstone; F1, floatstone; R, rudstone; Bi, bindstone; 
brec, brecciated; m, micrite; b, bioclastic. 
Bioclasts: mi, miliolid; A, alveolinid; If, imperforate foraminifera; Co, coral L, Lepidocyclina; H, Heterostegina; 
S, Spiroclypeus; CoA, coralgal; CA, coralline algae; li, lithic; N, Nummulites; D, Discocyclina; Mo, mollusc; 
E, echinoid; F, foraminifera; Ha, Halimeda; Ga, gastropod; Cyclo, Cycloclypeus; Pellat, Pellatispira; Oper, 
Operculina; flag, fragmented; PF, Planktonic foraminifera; LBF, Large benthic foraminifera (undifferentiated). 
Location and occurrence: N, north; C, central S, south; Pang, Pangkajene; Jene, Jeneponto; c, common; r, rare; 
v, very. 
Bed contacts: P, planar; S, sharp; G, gradational; U, undulose; E, erosive. 

2016
 at Royal Holloway, University of London on April 15,http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


Table  1. Facies description and interpretation of  the Tonasa Limestone Formation from the Pangkajene and 
Jeneponto areas 

Facies Lithologies Location & Bed Bed Lateral 
occurrence thickness contacts continuity 

Micrite dominated facies group 
Algal laminite facies N Pang (r) 40 cm P & S 10 s m 

Mud/wackestone facies mM N & S Pang (r) 0.25-10 m P & S/G ms/10 s m 
bM/W 
brec bM/W 

Bioclast dominated facies group 
Bioclastic facies 

Miliolid/alveolinid facies 

Alveolinid & coral/ 
Lepidocyclina facies 

Heterostegina 
wacke/packstone facies 

Coralgal & Nummulites 
facies 

Coral & Heterostegina/ 
lighic fades 

Lepidocyclina/ Nummulites 
wacke(/pack)stone facies 

Lepidocyclina/ Spiroclypeus 
pack(/grain)stone facies 

Spiroclypeus 
wacke/packstone facies 

Discocyclina 
pack(/grain) stone facies 

Planktonic foraminifera facies group 
Marl facies 

Graded bioclastic packstone facies 

Planktonic foraminifera bioclastic 
packstone facies 

Lithic bioclastic packstone facies 

bW W(/P) - N & S m/dm P & S/G ms/lOsm 
bW/P Pang (c) 
bP G(/P) - C Pang 
ba/G (c) 
bG 
mi bW(/P) all c N Pang dm W(/P) - m 
mi bP(JG) rare m BP in P & G/S 
A bW(/P) lower TLF C P(/G) - 
A bP(/G) Pang P/U & S 
mi & A bW(/P) rare A BP in 
mi & A bPfJG) upper TLF S 

Pang 
If, Co & L bP/FI N Pang (c) dm P & S/G m/10sm 
If & Co bP/FI rare A & Co 
If & L bW/P/G BW/P S Pang 
Co & L bP/FI 

H b W/P N & S Pang dm P & S m 
H & L bW/P 
H, L & S bW/P 
H & S bW/P 
CoA bBi/R C & S Pang (r) dm P & S m 
Co bBi 
CA bP/Bi 
CA & N bP 

Co R S Pang (c) dm P & S/G m 
Co bP/F1 rare lower 
Co & H bP/R TLF 
Co, H & li bR C Pang 
Co & li R 
L bW(/P) Pang (r) cm/dm P/U & S/G m 
N bW(]P) 
L & N bP/W 
L bP(/G) C & S Pang (r) dm P & S m/10s m 
L & S bP(/G) 
S bP(/G) 

S W/P S Pang (r) dm P & S/G m 
S bW/P 

D bP(/G) C & N Pang (c) dm P/E & S m/10sm 
D & P bP(/G) 

Jene (r) 

Jene (r) 

SW Pang (v.r) 
Jene (c) 

Jene (c) 

P & S m/10sm 

5-30 cm P & S/G m 

cm/dm P & S m/km 

cm/dm P & S m/kin 

P & S  m Planktonic foraminifera Upper Jene (c) dm 
wacke/packstone facies 
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Tab le  1 (continued) 

Biota Groundmass Structures Environmental Interpretation 

Cyanobacteria - other fauna rare Micrite Algal horizon erosionally truncated Intertidal algal mats forming 
and overlain by micrite horizon ?hypersaline pools or 

Bundles of laminae form domal channels 
structures 

mM - gas escape structures mM - intertidal/low energy 
brec bM/W erosionally truncated bM/W - low energy 

brec bM/W - reworking of low 
energy deposits 

mM - fauna v. rare (mi & Mo) 
bM/W - rare (CA, E, F, Mo & Co) 

mM - micrite 
bM/W - micrite/bio 

W(/P) - whole unabraded fossils 
G(/P) - fragmented, abraded fossils 
large & small F, CA & Mo - common 
Gas, Ha, Co - rare 

W - micrite G(/P) - low angle cross bedding W - W/P - P - P/G - G - 
P - frag bioclasts & parallel orientation of platy progressively higher energy 
G - Equant & iso fossils depositional setting 

cements 

large & small IF dominate (30-75%) - 
whole mi, A, Praehapidionina, 
Austrotrillina & Soritids 
Other bioclasts - Mo, Ga, E, CA, 
Kuphus & in P(/G) agglutinating 
foraminifera 

W(/P) - micrite & frag 
bioclasts 

G(/P) - Equant cement 
& neo replacements 

If mostly m & A (15-50%), frag 
branching 
Co & massive Co <35% & <20% 
Lepido 
Other bioclasts - Mo, Ga, E, CA, 
Kuphus, Amphistegina 

Dominant whole Hetero (30-50%), 
Lepido (<30%) & Spiro (<20%) 
Other bioclasts - Cyclo, Amphistegina, 
E, CA & other small benthic forams 

CoA bBi/R - massive Co may be 
encrusted by CA 
CA & N b P  - <30% encrusting & 
frag CA, <18% Numm, E, Mo, Ha, 
& small benthic forams 

S Pang - bored & abraded Co clasts, 
lithics, Hetero (<18%) & less common 
E, Mo, Cyclo, CA 
C Pang fragmented Acropora, E, CA, 
Mo, A, Lepido & small benthic forams 

Numm (<18%), Lepido (<25), 
E, CA & small benthic forams. 
Sometimes Disco, m, A, Spiro & Mo 

Lepido (<20%), Spiro (<20%), 
E, CA, Mo, small benthic forams, 
Hetero, Oper, Amphistegina, & rare 
Co frags. 

Spiro dominate (<20%) & less 
common Lepido, Cyclo, Oper, 
Amphistegina, E, CA, small benthic 
forams & rare Co frags. 

Abundant Disco (15-25%), Pellat 
(5-20%), E, CA. Also Numm, Biplan, 
Astero, E & small benthic forams. 

Micrite & frag 
bioclasts 

Micrite dominates 
& frag bioclasts 

Micrite & frag 
bioclasts 

Micrite & frag 
bioclasts 

Micrite & frag 
bioclasts 

Frag bioclasts & 
equant calcite 

Micrite dominates 
& frag bioclasts 

Frag bioclasts 

PF, small benthic forams & nannofossils Clays & micrite 

PF, small benthic forams, CA, E, flags Frag bioclasts & 
LBF & sponge spicules equant calcite 

PF, small benthic forams, CA, E, flags Frag bioclasts 
LBF & sponge spicules 

PF, small benthic forams, CA, E, frags Frag bioclasts 
LBF, qz, feld & sponge spicules 

PF, small benthic forams, & rare Micrite 
CA frags 

Fossils random orientation 

W(JP) - lagoon or sheltered shoal 
environment 

G(/P) - higher energy near crest 
shoal/bar 

abundant m < 24 m water depth. 
Normal marine or restricted 

Shallow-water, moderately 
turbulent marine conditions 

Normal marine low energy conditions 

Low angle trough and planar 
cross bedding 

mm laminations or bioturbated 

Normal grading and mm parallel 
lamination in the upper part of 
the bed 

Rare ripples, bioturbation and 
dissolution seams 

Low angle trough cross-bedding 

Rare normal grading 

Moderate energy normal marine 
conditions, CoA Bi may have been 
small patch reefs in S Pang 

Low to moderate energy, shallow to 
moderate water depths under 
normal marine conditions. 

Perhaps storm reworking of some Co 
& lithic clasts 

Moderate energy normal marine 
conditions 

Moderate to high energy normal 
marine conditions 

Normal marine, low energy, 
moderate depth in the photic zone 

Moderate to high energy normal 
marine conditions 

Low energy normal marine basinal 
deposits 

Redeposited distal calciturbidite 

Outer shelf to slope normal marine 
deposits with open oceanic 
influence 

Outer shelf to slope normal marine 
deposits with open oceanic 
influence and input of lithics 

Possible distal redeposited 
calciturbidite deposited into low 
energy basinal area 
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Fig. 7. Stratigraphic correlation and facies distribution between sections in the Pangkajene and Jeneponto areas. 
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Table 2. Facies and biota distribution in the Pangkajene and Jeneponto areas of the Tonasa Limestone Formation 
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Table 3. Inferred relative depositional conditions of carbonate lithologies in the Pangkajene and Jeneponto areas 

Increasing e n e r g y  

Res tdc ted  ' L o w  e n e r g y  ' M o d e r a t e ' e n e r g y  I High e n e r g y  I Open  o c e a n i c  i i 
1 i i i 

Subaedal karstfficatlon ] I 1 
i I l 

Mudstone v , ~  ~mino~d ' ' , ouprauoa l  i i i fenestrae i J 

i i Brecdated mudstone ' Algal laminlte , , , Inter/subtidal  
i i i 
, 
I MIIIoik:l/ANeollnld packstone i 

Miliotid pack  I and AlveoJinid & , Very  sha l low 
/wackeslone r r  facies. Millo~dlANeoltnid pack  i mar ine  (probably Igrainstone 

, ' < 2 4  m) 
i 
i I i i , 

I Co ra l  & Hetetostegma 
i He~wo,stegina wacke ~ biodastic pack/ludstone ~ Coral & llthic bioclastic I 
i / packs tone  packJflnetstone , Sha l low mar ine  

i i 
i Coral biodastic Coralgal fades 
j pack / f l oa t s t o~e  

, , 
Mud/wacke Bioc~astic wacke/packstone Bioc~stic packslone I B i odas~c  grain Not  depth  re lated stone i i / packs tone  i 

t i 

La te  E o c e n e  l ithologies I 
i 

Ear ly  O l i g o c e n e  
l ithologies i 

i 
I 

i 
i 
i 
i 

I Coralline algal ~ Discocy~ba 
i &Numrnulttes bioclastJc ~ pac~Vgrainstone facies 
i packs tone  
i r Lepidocyclina / 
l Nummulites packstone i 

H~temstegine & Lepidocyclina biodastic ~ Lepldocyciina I ~s t i c  
Lep /doc j c / / na  bioclastic 
wackPJpacks tone  wacke /packs tone  I grain/packstone 

r Lep /docyc / / na  & i Spitoclypeus bioclaslic 
i grairVpackstone 

Spiroclypeus wackel Spiroclypeus bioclastic 
packstone facies grain/pacJ(stone 

Planktonic 
i foraminifera 

bioclastic 
i pacldgralnstone 

~ No t  age dependant 
Uth i c  biodastic 

i pack,stone 
,, 
i Graded biodastic 
i packs tone  
, (redeposited) 
i 
t 

Sha l low to 
m o d e r a t e  depths  

M o d e r a t e  to deeper  
depths  

I , ' I Planktonic 
= i I i foraminifi~ra 
, ' ~ ' w -ackeJpacks tone  Bathyal  depths  
F i i i 

t r i I Mad facies 

the scope of this paper to give a detailed 
description and environmental interpretation 
for each facies, and this information can be 
found in Wilson (1995). Figure 7 shows the 
stratigraphic correlation and facies distribution 
between sections in the Pangkajene and Jene- 
ponto areas. The inferred relative depositional 
environments of the various lithologies of the 
Tonasa Limestone Formation in the Pangka- 
jene and Jeneponto areas are summarized on 
Tables 1 and 3. 

Micrite-dominated facies group  

The micrite-dominated facies group includes 
mud/wackestone facies and algal laminite 
facies, which occur most commonly in the 
northern and southern parts of the Pangkajene 
area (Tables 1 & 2). These facies contain limited 
biota and are interpreted to have been deposited 
in a low energy and in some cases restricted 
setting (Tables 1 & 3; Fig. 4). 

A single bed of the algal laminite facies 
(Fig. 8a) was seen in the upper part of one of the 
sections in the northern part of the Pangkajene 
area (Tables 1 & 2). The algal laminate facies 
consists of millimetre-scale laminae containing 
poorly preserved micritic walled cyanobacteria 

filaments infilled or replaced by microcrystalline 
calcite, interbedded with and erosionally over- 
lain by unfossiliferous micritic laminae (Fig. 8b). 
Upwards the micritic horizons become increas- 
ingly more filament rich until they are again 
truncated by an erosive surface. Laminae 
are grouped into bundles forming low-angle 
domal structures (wavelength: >60 cm, height: 
10-20 cm), which sometimes pinch out laterally 
over a few metres (Fig. 8a). These low-angle 
domal, laminated algal mats, which lack desic- 
cation features correspond to the smooth mats 
of Kinsman & Park (1976). Extensive smooth 
algal mats formed of cyanobacteria occur in 
less than 10m water depth (Park 1977) and 
are best developed in permanently wet sites, 
such as shallow pools or channel sites, in the 
upper intertidal zone of low energy, tropical 
carbonate dominated areas where hypersaline 
conditions may develop (Logan et al. 1964; 
Shinn 1968; Kinsman & Park 1976; Park 1977). 
The truncational surfaces and micritic laminae 
seen in this algal laminite facies (Fig. 8b) are 
inferred to result from erosion and subsequent 
deposition during periods of increased energy, 
probably due to storm or wave reworking 
(cf. Gebelein 1974). 

Micritic mudstones, which occur in the north- 
ern part of the Pangkajene area, are composed 
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almost entirely of micrite, and apart from very 
rare miliolids or mollusc fragments are devoid of 
fossils or recognizable fossil fragments. The 
micritic mudstone bed which overlies the algal 
laminite facies contains voids, up to 8 cm across, 
with flat bases parallel to bedding and 'pustulose' 
upper surfaces (Fig. 8c), interpreted as gas escape 
structures (cf. Logan et al. 1974; Shinn 1983). 
The fine grained nature of this facies indi- 
cates deposition in a low energy environment. 
The virtual lack of fossils in the micritic 
mudstones, which occur in otherwise fossilifer- 
ous sequences, together with gas escape struc- 
tures and an association with beds of the algal 
laminite facies, suggests deposition in a low 
energy, shallow water setting where both hyper- 
salinity and subaerial exposure may have 
occurred. 

Other mud/wackestones, which occur mainly 
in the southern part of the Pangkajene area, are 
composed of very finely fragmented bioclasts 
and micrite (Tables 1 & 2). The upper surface of 
some beds of this lithology are erosive, and 
irregular and angular-pebble sized clasts of the 
mud/wackestone have been reworked into over- 
lying beds of the bioclast-dominated facies 
group to form a brecciated bioclastic mud/ 
wackestone (Fig. 8d). Normal marine, low- 
energy conditions are inferred from the biota 
and texture of the bioclastic mud/wackestones. 

The low energy setting may be due to deposition 
in an area protected from wave or current 
activity, perhaps by a barrier, or below the zone 
of wave or current activity. An erosive top 
to one of the mudstones and reworking of 
clasts into the overlying packstone bed suggests 
that the some of the mudstones were at least 
partially lithified soon after deposition. Beds 
above and below erosion surfaces contain 
normal marine fauna and erosive 'events' are 
therefore inferred to have occurred in a sub- 
marine environment, perhaps as the result of 
reworking by storms or waves. 

Bioclast-dominated facies group 

Wackestones, packstones, grainstones, float- 
stones, rudstones and any combination of 
these textural types comprise the bioclast 
dominated facies group. Bioclast dominated 
facies are the most abundant facies types and 
occur throughout the Pangkajene area (Tables 1 
& 2). All the lithologies of the bioclast domi- 
nated facies group contain abundant shallow 
water bioclasts and are inferred to have been 
deposited within the photic zone. 

Bioclastic facies (Figs 8e & f) are common 
throughout the Pangkajene area and contain 
abundant and sometimes fragmented shallow 

Fig. 8. (a) Field photograph of algal laminite from the Tonasa-II Quarry section. (b) Thin-section 
photomicrograph of an algal lamina from the Tonasa-II Quarry section under plane-polarized light. (c) Field 
photograph of probable gas escape structures in a micritic mudstone in the Tonasa-II Quarry section, showing a 
rather flat base and pustulose upper surface. (d) Thin-section photomicrograph of a brecciated bioclastic 
mudstone from the Patunuang Asue section, under plane-polarized light. Thin-section photomicrographs of 
(e) bioclastic packstones and (f) grainstones from the Lapangan Golf section, under plane-polarized light. 
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Table 4. Distribution of large benthic foraminifera in the Pangkajene area and the implications this has for platform 
reconstructions 

Miliolids Abundant in many beds in the northern Pangkajene sections and in some beds close to the contact 
with the Malawa Formation in central Pangkajene sections. The abundant occurrence of miliolids indicates 
shallow (<24m) depositional depths (Murray 1973; Hallock & Glenn 1985). During the deposition of some 
beds, which contain little other fauna, restricted conditions may have prevailed. However, it is not clear if 
salinity, nutrient levels or another control was the main restricting factor (cf. Hirshfield et al., 1968; Murray 
1973; Lee & Anderson 1991; Hallock & Peebles 1993). 

Alveolinids Abundant in many beds in the northern Pangkajene sections and close to the contact with the 
overlying Camba Formation in the southern Pangkajene sections. Alveolinids can thrive in higher energy 
conditions or slightly greater depths than miliolids (Ghose 1977; Hottinger 1983; Reiss & Hottinger 1984) and 
their occurrence may indicate either of these two factors 

Heterostegina Only common in wackestones in the northern and southernmost sections in the Pangkajene area. 
This genera inhabits a range of substrate types (Rttger & Berger 1972) in shallow to moderate water depths in 
the photic zone (Lutze et al. 1971; Hottinger 1977; R6ttger et al. 1986) and seems to prefer low energy 
conditions (Newell 1956; Cole 1957; Maxwell et al. 1961). In the Tonasa-II Quarry section the curved forms of 
the Heterostegina suggest an association with seagrass communities (cf. Chaproniere 1975). 

Thin Spiroclypeus, Operculina and Cycloclypeus Present in many of the lower energy wackestones and 
packstones in northern and southern Pangkajene sections, although Operculina and Cycloclypeus are never 
abundant. These genera are non-specialist and their thin and fiat forms suggest moderate to deep depositional 
depths in the photic zone. The fact that Operculina and Cycloclypeus are never abundant, suggests that deeper 
depths within the photic zone never occurred in the Pangkajene area 

Robust Lepidocyclina, Spiroclypeus, Nummulites, Discocyclina and Pellatispira Although the genera change with 
time, robust perforate large benthic foraminifera dominate the faunal assemblage in the central Pangkajene 
area. These genera also occur in some beds in northern and southern Pangkajene sections although their form is 
often not as robust as those in central Pangkajene sections. The robust forms of the foraminifera indicate 
deposition in moderate to high energy conditions probably in shallow parts of the photic zone. 

Heterostegina/lithic facies and are inferred to 
have been deposited in or close to a patch reef 
setting in shallow parts of the photic zone 
(Table 3). However, the limited occurrence of 
these lithologies indicates that patch reef devel- 
opment was not extensive (Fig. 4). The rubbly, 
bored and encrusted surface of some the head 
corals and intraclasts (Fig. 10a), reworked under 
moderate to high energy conditions is inferred to 
have provided sufficient protection and a hard 
substrate on which Heterostegina could exist 
(cf. Hottinger 1977). The coral bioclastic pack/ 
floatstones and alveolinid & coral/Lepidocyclina 
facies in the northern Pangkajene sections 
contain rather delicate branching corals 
(Fig. 9c) and are thought to have been deposited 
in a low- to moderate-energy shallow-marine 
setting (Table 3). 

Planktonic  foramini fera  fac ies  group 

Lithologies of the planktonic foraminifera facies 
group, which contain more than 2% planktonic 
foraminifera and include marls and packstone 
lithologies, occur almost exclusively in the 

Jeneponto area and are very rare in the Pangka- 
jene area (Tables 1 & 2). 

In the Jeneponto area thick sequences of 
laterally extensive marls (Fig. 10b), up to 90m 
thick, occur interbedded (Fig. 7) with thick 
packages of decimetre-bedded, planktonic for- 
aminifera, bioclastic pack(/grain)stone (Fig. 10c) 
or lithic bioclastic packstone facies (Fig. 10d & e). 
The marls contain abundant pelagic marine 
organisms, may be laminated or bioturbated 
and were deposited in a low energy bathyal 
setting where aerobic conditions occurred at least 
in some areas (Tables 1 & 3). 

The planktonic foraminifera bioclastic pack- 
(/grain)stone (Fig. 10c) and lithic bioclastic 
packstones (Fig. 10d & e) contain abundant 
well preserved planktonic foraminifera and 
fragmented shallow marine bioclasts. Glauco- 
nite grains are present in some beds and the 
lithic bioclastic packstones contain up to 5% 
angular grains of strained quartz and euhedral 
feldspar (Fig. 10e). The clastic grains suggest 
derivation from a continental or igneous source 
and the significance and possible source areas 
are discussed below. Rare low-angle, trough 
cross-bedding, indicating transport direction to 
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Fig. 9. (a) Thin section photomicrographs of a miliolid and Lepidocyclina bioclastic packstone, (b) a miliolid 
bioclastic pack/grainstone and (c) a coral (Acropora) and Lepidocyclina bioclastic pack/floatstone from the 
Tonasa-II Quarry section, under plane-polarized light. (d) Acetate-peel photomicrograph of a Heterostegina 
wackestone from the Tonasa-II Quarry section, under plane-polarized light. Thin-section photomicrographs of a 
(e) Spiroclypeus wacke/packstone from the Patunuang Asue section and (f) a Discocyclina bioclastic pack/ 
grainstone from the Lapangan Golf section under plane-polarized light. 

Fig. 10. (a) Thin-section photomicrograph of a coral, lithic and Heterostegina, bioclastic rudstone from the 
Patunuang Asue section, under plane polarised light. (b) Field photograph of the poorly exposed greeny-grey 
marls from the Jeneponto area. (c) Thin-section photomicrograph of a planktonic foraminifera, bioclastic 
packstone from the Jeneponto area, under plane polarized light. (d) Field photograph of outcrop of well-bedded 
lithic bioclastic packstones, with possible low-angle cross bedding from the Jeneponto area. (e) Thin-section 
photomicrograph of a lithic bioclastic packstone from the Jeneponto area under plane- (left) and cross-polarized 
(right) light. (f) Thin-section photomicrograph of a planktonic foraminifera packstone cut by dissolution seams 
from the Nasara Jeneponto section under plane-polarized light. 
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the east, was observed in the lithic bioclastic 
packstones (Fig. 10d). A sublittoral marine 
environment, close to or below the zone of 
wave or current activity, with an open oceanic 
influence is the envisaged depositional setting of 
these facies (Tables 1 & 3). Planktonic forami- 
nifera are extremely rare in the lithologies in the 
Pangkajene area, with the exception of the upper 
part of the Bulo Kamase section (Fig. 5). An 
open oceanic influence is therefore only inferred 
for the southwestern part of the Pangkajene area 
for the late Oligocene to early Miocene. 

Extremely rare beds of the graded bioclastic 
packstones occur interbedded with the marls in 
the Jeneponto area and are interpreted as distal 
calciturbidites (Tables 1 & 3; cf. McIlreath & 
James 1984; Mullins et al. 1988). In the upper- 
most part of the section in the Jeneponto area 
decimetre thickness beds of planktonic forami- 
nifera wacke/packstones (Fig. 10f), composed 
of abundant planktonic foraminifera (70-90%), 
occur interbedded with marls. Centimetre-scale, 
spaced dissolution seams lined with insoluble 
material are a common feature of this facies. 
The increased percentage of planktonic forami- 
nifera within this facies compared with the 
interbedded marls is thought to be due to a 
combination of reworking or winnowing and/or 
via dissolution of the matrix. 

Palaeoeurrent data 

Palaeocurrent indicators in the Pangkajene area 
include cross bedding, truncation surfaces, bed 
thickening and progradation of beds (Fig. 11). 
These sedimentary structures vary from metre 
scale features, to structures tens to hundreds of 
metres across seen in the near vertical faces of 
tower-karsts (Fig. 11). Most palaeocurrent data 
comes from the central sections in the Pangka- 
jene area, where moderate- to high-energy, 
shallow-marine facies prevail. Dense vegetation 
and dripstone coatings often render the identi- 
fication of palaeocurrent indicators in karstic 
outcrops impossible. For palaeocurrent data 
obtained from the relatively two-dimensional 
faces of tower-karsts (Fig. 11), care was taken to 
view the karsts from a number of different 
angles in order to ascertain the most accurate 
transport directions possible. However, despite 
care taken with measurements errors in this 
method may be up to 15 ~ . 

Figure 11 shows sketches and photographs of 
tower-karst outcrops in the Tonasa-I Quarry area 
which include palaeocurrent indicators. Palaeo- 
current data was obtained from a number of 

other karstic locations in a similar way. A com- 
pilation rose diagram of all the palaeocurrent 
data from the Pangkajene area is shown in 
Fig. 12. This rose diagram reveals that although 
there was some variability in palaeocurrent 
directions, the dominant transport direction in 
the Pangkajene area was clearly towards the east. 

Only one small-scale structure; some low angle 
cross-bedding, also indicating a transport direc- 
tion to the east was found in the Jeneponto area. 

Probable Tertiary subaerial exposure 

Evidence for subaerial exposure is generally 
scarce, localised and mostly occurs in the north- 
ern sections in the Pangkajene area (Fig. 7). 
A number of features, although difficult to date, 
suggest subaerial or near subaerial exposure. 
These include lithified carbonate sediment and 
sparry calcite cement infilling earlier centimetre 
to decimetre-scale karstic cavities (Fig. 13), and 
pinky/red irregular dissolution surfaces prob- 
ably formed in the soil forming horizon. 
Evidence for near subaerial exposure or peritidal 
conditions include algal laminites(Fig. 8a & b) 
and in the overlying bed, voids interpreted as gas 
escape structures (Fig. 8c). It should be noted 
that none of these features represent angular 
disconformities and most of these features 
cannot be traced laterally for more than a few 
metres. Possible reasons for subaerial exposure 
are discussed below. 

The Tonasa Carbonate Platform 

The presence of well-preserved, shallow-marine 
bioclasts throughout the Tonasa Limestone 
Formation in the Pangkajene area suggest 
deposition occurred entirely within the photic 
zone. With the exception of the southwestern 
Bulo Kamase section (Fig. 5), planktonic 
foraminifera constitute <0.5% of the bulk of 
the carbonate sequence in the Pangkajene area. 
Throughout the Pangkajene area lithologies of 
the Tonasa Limestone Formation are virtually 
devoid of quartz grains or lithic non-carbonate 
grains. The exception to this is that some 
bioclastic facies close to the contact with the 
underlying Malawa Formation, contain up to 
10% by volume quartz. Therefore the Tonasa 
Limestone Formation in the Pangkajene area 
represents a widespread area of shallow-water 
carbonate deposition, named here as the Tonasa 
Carbonate Platform. This platform area can 
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Fig. 12. Rose diagram showing all palaeocurrent data 
from the Pangkajene area. 

Fig. 13. Probable Tertiary karstic dissolution cavity 
infilled with fine sediment and a sparry calcite cement. 

effectively be regarded as an isolated platform, 
due to the lack of siliciclastics, which was little 
affected by open oceanic influences. 

In the Pangkajene area, the margins of this 
widespread region of shallow-water carbonate 
accumulation are not exposed. However, in the 
Jeneponto area, the deposition of thick 
sequences of marls interbedded with packages 
of carbonate sands, containing no evidence for 
significant reworking via sediment gravity flow 
mechanisms, is suggestive of deposition on very 
low slope angles (Fig. 4; cf. Gawthorpe 1986; 
Burchette & Wright 1992). The most likely 
source for shallow-water bioclasts reworked 
into these carbonate sands is from the Tonasa 
Carbonate Platform and a southern ramp-type 
margin is therefore inferred (Fig. 4; see below). 
From the presence of coarse redeposited facies 
interbedded with basinal marls in the Barru area 
it has been inferred that the northern margin of 
the Tonasa Carbonate Platform was a syndepo- 
sitional faulted margin with faults periodically 
active from the late Eocene until the middle 
Miocene (Wilson & Bosence 1996). Localized 
outcrops of shallow and deeper-water limestones 
of the Tonasa Limestone Formation to the east 
of the Pangkajene area indicate that the Tonasa 
Carbonate Platform may at times have been 
laterally much more extensive. The westward 
lateral extent of the platform is more difficult to 

constrain since there is little published informa- 
tion on the nature of deposits offshore South 
Sulawesi in the Makassar Straits. 

Spatial variations on the Tonasa 
Carbonate Platform 

Figure 7 shows a biostratigraphic correlation 
between measured sections in the Pangkajene 
and Jeneponto areas. Despite the variations in 
the age ranges of the measured sections in the 
these areas (see below & Fig. 7), and lack of 
lithological correlation between sections, certain 
textures, fauna and lithologies appear to be 
related to specific regions which trend east/west. 
These spatial variations are described below and 
their implications for platform reconstruction 
are discussed: 

Texture 

Northern and southern Pangkajene sections tend 
to be dominated by wackestone, wacke/pack- 
stone and packstone textures, whilst pack/ 
grainstone and grainstone textures occur most 
commonly in central Pangkajene sections 
(Tables 1 & 2). Mud/wackestone facies were 
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only found in northern and southern Pangkajene 
sections (Tables 1 & 2). This segregation of the 
textural types, regardless of age variations, 
immediately indicates that facies in the northern 
and southern Pangkajene sections were generally 
deposited under lower energy conditions than 
those in central Pangkajene sections (Fig. 4). 
Thick sequences of marls with a wackestone 
texture occur interbedded with packages of 
packstone or very rarely grainstone units in the 
Jeneponto area (Fig. 7) suggesting fluctuations 
from a low- to moderate-energy depositional 
setting. 

Biota 

Well-preserved large benthic foraminifera dom- 
inate the faunal assemblage in the Pangkajene 
area and their occurrence indicates deposition 
within the photic zone (Tables 1, 2 & 4). Echinoid 
plates and fragments of coralline algae are also 
common in the majority of facies in the Pang- 
kajene area (Tables 1 & 2). Corals, Halimeda 
and bryozoans, although present in a number of 
different facies, generally occur in very minor 
amounts (Tables 1 & 2). A wide variety of often 
fragmented shallow marine organisms also occur 
in the packstone units in the Jeneponto area. 
The occurrence of these stenohaline organisms 
indicates that normal marine conditions pre- 
vailed on the Tonasa Carbonate Platform. Well- 
preserved planktonic foraminifera occur in 
abundance in the lithologies in the Jeneponto 
area (Fig. 10b-f), but are extremely rare in 
lithologies in the Pangkajene area suggesting an 
open oceanic influence for the more southerly 
Jeneponto area. 

Both specialist and generalist types of large 
(and small) benthic foraminifera have evolved to 
fill specific environmental 'niches'. Studies of the 
distribution and test form of these foraminifera 
in the Pangkajene area prove to be extremely 
useful indications of palaeoenvironments on the 
Tonasa Carbonate Platform. The distribution of 
the main foraminifera groups (Tables 1 & 2) and 
their implications for platform reconstructions 
are outlined in Table 4. 

Lithology 

Despite the fact that no single section spans the 
whole stratigraphic sequence of the Tonasa 
Limestone Formation in the Pangkajene area 
(Fig. 7), specific lithologic associations do occur 
in northern, central and southern parts of the 

Pangkajene area. Tables 1 and 2 show the facies 
or lithologies present within each section and the 
variations between sections. 

Northern Pangkajene sections. Dominated by 
shallow-water, low- to moderate-energy mud- 
stones, wackestones and packstones contain- 
ing imperforate foraminifera, Heterostegina, 
Lepidocyclina and branching coral fragments 
(Tables 1 & 2). Intertidal facies and localised 
evidence for probable Tertiary subaerial expo- 
sure also occur in northern sections (Fig. 7). 

Central Pangkajene sections. Dominated by 
moderate- to high-energy, shallow- to moderate- 
water depth packstones and grainstones, contain- 
ing abundant, robust Discocyclina, Pellatispira 
and Lepidocyclina, depending on their age (Tables 
1 & 2). Close to the contact with the Malawa 
Formation, shallow-water facies containing 
abundant miliolids are interbedded with pack/ 
grainstones (Fig. 7). 

Southern Pangkajene sections. Low-energy 
mudstones, wackestones and wacke/packstones, 
including thin forms of Heterostegina, Lepido- 
cyclina and Spiroclypeus and coral fragments 
(Tables 1 & 2), suggest shallow to moderate 
depositional depths. Up-section, towards the 
contact with the overlying Camba Formation, 
packstones and pack/grainstones containing 
imperforate foraminifera (Fig. 7) suggest an 
increase in the energy and perhaps a shallowing 
of the environment. 

Jeneponto area. Lithologies of the planktonic 
foraminifera facies group dominate in the 
Jeneponto area and the sequence consists of 
thick marl units interbedded with packages 
of planktonic foraminifera or lithic bioclastic 
packstones and more rarely grainstones (Fig. 7). 
An oxygenated, but deep, open, oceanic deposi- 
tional setting is inferred for the marls, whilst the 
packages of packstones are interpreted as outer 
shelf or slope deposits. 

The frequency of facies changes in the lower 
energy northern and southern Pangkajene 
sections is greater than in higher energy central 
Pangkajene sections. In low-energy, shallow- 
water settings storms may cause the deposi- 
tion of high-energy facies, whilst inhibited 
circulation may result in ponding and the 
deposition of 'restricted' facies. In comparison, 
an area washed by constant currents will not be 
affected so much by storms and ponding. 
Therefore rapid facies changes are less likely 
in shallow water areas influenced by high 
energy conditions. 
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Temporal variations on the Tonasa 
Carbonate Platform 

A biostratigraphic correlation between mea- 
sured sections in the Pangkajene area and 
Jeneponto areas is shown on Fig. 7. The 
succession in the Pangkajene area is dated 
mainly on the large benthic foraminifera East 
Indian Letter Classification (van de Vlerk & 
Umbgrove 1927; Adams 1970), whilst nanno- 
fossils and planktonic foraminifera have been 
used to date the succession in the Jeneponto 
area. 

Pangkajene area 

The Tonasa Limestone Formation in the Pang- 
kajene area spans the late Eocene (Tb) to early 
Miocene (probably Te5), although no complete 
single section occurs (Fig. 7). The juxtaposition 
of sections of different age ranges is the result of 
post-depositional faulting. Northern sections in 
the Pangkajene area generally span the early to 
late Oligocene (Tc-Te; Fig. 7), although the 
northeasterly Siloro Mangilu section (Fig. 5) is 
late Eocene (Tb; Fig. 7) in age. Most of the 
central sections are late Eocene (Tb) and some 
pass upwards into the early Oligocene (Tc). 
Southerly central sections and southern sections 
range from late early Oligocene (Td) into the 
early Miocene (Tes, Fig. 7). It is not usually 
possible to correlate the same lithology between 
adjacent sections (Fig. 7). Although spatial 
variations between sections in the Pangkajene 
area are important (see above), some up- 
sequence changes do occur. However, the most 
obvious pattern is that sections are remarkable 
for a lack of large-scale up-section changes in 
facies and environments (Fig. 7). This indicates 
that the carbonate succession in the Pangkajene 
area was dominantly aggradational in nature 
(see below). 

In the northern Pangkajene area, up-section 
changes include variations in the abundance and 
type of imperforate foraminifera. Textural 
variations or changes from imperforate forami- 
nifera facies to bioclastic packstones, containing 
a more diverse faunal assemblage, occur on a 
scale of metres to tens of metres in the lower part 
of the Tonasa-II section and other northern 
sections in the Pangkajene area (Fig. 7). Similar 
variations also occur between bioclastic pack/ 
grainstones and imperforate foraminifera facies 
in the lower parts of central sections in the 
Pangkajene area (Fig. 7). In the Bulo Kamase 
section there is an alternation on a scale of 
tens of metres between Lepidocyclina bioclastic 

wacke/packstones and Lepidocyclina/Spirocly- 
peus pack/grainstones (Fig. 7). These variations 
may be related to climatic fluctuations or to 
variations in the depositional depth, perhaps 
caused by tectonic tilting, autocyclicity or 
eustasy. Other variations in the central sections 
include textural variations and a faunal change 
from Discocyclina to Lepidocyclina related to age. 

In the upper 50m of the Tonasa-II Quarry 
section imperforate foraminifera are scarce and 
Heterostegina and Lepidocyclina dominate. This 
change in fauna may indicate an up-section 
deepening of the environment. However, the 
presence of algal laminites and mudstones with 
probable fenestrae suggest intertidal/supratidal 
conditions during the deposition of the upper 
part of the Tonasa-II Quarry section. Alter- 
native reasons for this switch in fauna might 
include changes in the nutrient level, substrate or 
depositional energy. 

In the southernmost Patunuang Asue sec- 
tion there are metre-scale variations in tex- 
ture, faunal composition and abundance 
(Fig. 7). These variations may be related to 
intrinsic or extrinsic changes in the deposi- 
tional depth or to energy variations related to 
climatic fluctuations. 

Jeneponto area 

The carbonate succession in the Jeneponto 
area ranges from late Eocene to mid-Miocene, 
although much of the Oligocene and early 
Miocene is poorly exposed (Fig. 7). The 
compilation stratigraphic section from the 
Jeneponto area for the late Eocene and early 
Oligocene shows that three packages of 
planktonic foraminifera or lithic bioclastic 
packstones are interbedded with two, thick 
marl successions (Fig. 7). The middle and 
upper packstone units coarsen-up rather 
rapidly from fine sand grade to medium(/ 
coarse) sand grade deposits. This increase in 
grain size suggests the deposits may shallow 
upwards. The packstone units are interpreted 
as mid/outer ramp deposits (see below), which 
are inferred to have prograded out into basinal 
marls on at least three occasions. The appar- 
ent lack of interfingering of marl and pack- 
stone units, and the rapid grain size change in 
the packstones, suggests that when prograda- 
tion occurred it was a rapid process. The 
lower and middle packages of packstones 
contain Discocyclina and Asterocyclina and 
are late Eocene in age. The upper bedded 
packstone unit contains Lepidocyclina and is 
Oligocene in age. 
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Palaeoreconstruction of the Tonasa 
Carbonate Platform 

Platform top." Pangkajene area 

All the facies in the Pangkajene area indicate 
that sedimentation on the Tonasa Carbo- 
nate Platform occurred in the middle to upper 
parts of the photic zone. Figure 4 shows a 
reconstruction of the Tonasa Carbonate Plat- 
form (and its southern margin) during the 
Oligocene. The justification for the proposed 
reconstruction and implications for platform 
reconstructions during the Eocene or Miocene 
are outlined below. 

The textural, faunal and lithological distribu- 
tion all indicate that the northern and southern 
parts of the Pangkajene area were, for much of 
their depositional history, areas of low to 
moderate energy sedimentation (Fig. 4). In 
contrast, moderate to high energy conditions 
prevailed for much of the time in the central part 
of the Pangkajene area (Fig. 4). Open-oceanic 
conditions are inferred to have existed to the 
southwest of the Pangkajene area due to the 
abundant occurrence of planktonic foraminifera 
only in the southwestern Bulo Kamase section 
(Fig. 5). These facts, and the dominance of east 
directed palaeocurrents (see above), suggest that 
northern and southern parts of the Pangkajene 
area were probably protected from open oceanic 
influences and sheltered by some form of barrier 
located to the west (Fig. 4). This barrier is not 
thought to have been as effective in protecting 
the central part of the Pangkajene area, since 
higher energy conditions prevail in this region. 

Abundant miliolids in the northern part of the 
Pangkajene area (Table 4) indicate that very 
shallow-water depositional depths prevailed in 
this region. Localised evidence for intertidal 
sedimentation and subaerial exposure occur in 
the most northerly sections (Fig. 7). However, 
some facies in northern sections suggest that 
shallow to moderate depositional depths also 
occurred in this region (Fig. 7; Tables 1 & 2). A 
region of low relief islands or periodically 
emergent bars with intervening deeper-water, 
protected areas is therefore inferred for the 
northern part of the Pangkajene area (Fig. 4). 
The lack of plant material in northern sections 
perhaps suggests that subaerial areas did not 
remain emergent for a sufficient length of time to 
allow vegetation to develop. Facies in the Siloro 
Mangilu section suggest that higher energy 
conditions probably occurred in the northern 
part of the Pangkajene area during the late 
Eocene (Fig. 7). Subaerial exposure and karsti- 
fication of the Siloro Mangilu section also 

occurred, although it is not clear if this was 
caused by emergence during the Eocene. 

Through much of the late Eocene and 
Oligocene sedimentation in the central part of 
the Pangkajene area occurred under moderate to 
high energy conditions (Table 3; Fig. 4). Some 
sections close to the contact with the underlying 
Malawa Formation contain facies in which 
typical stenohaline fauna is absent and miliolids 
and textulariids dominate (see earlier). Inter- 
bedded with, and lateral equivalents to these 
facies, are beds deposited under moderate to 
high energy conditions containing abundant 
normal marine bioclasts. Initial carbonate sedi- 
mentation in the central part of the Pangkajene 
area is therefore thought to have occurred as a 
series of moderate/high energy bars (Fig. 4). 
Intervening shallow-water areas may at times 
have become ponded, with the possibility of 
restricted conditions developing (Fig. 4). 

Southerly sections in the Pangkajene area are 
dominated by low-energy facies deposited in 
shallow to moderate depths within the photic 
zone. This is the only region in which massive, 
colonial coral framestones and rudstones occur, 
and for which patch reef development is inferred 
(Fig. 4). Plant matter is present in these sections, 
especially close to the contact with the overlying 
Camba Formation. Although there is no evi- 
dence for subaerial exposure of southern sec- 
tions, colonization by vegetation of emergent 
areas close to this region is inferred (Fig. 4). 
Prior to the development of marginal-marine or 
terrestrial conditions and the influx of volcani- 
clastics during the deposition of the Camba 
Formation, shallow-water, moderate-energy 
conditions developed during final early Miocene 
carbonate sedimentation. 

Platform-top facies belts 

Three major east-west-trending facies belts were 
present throughout much of the period of 
carbonate sedimentation the Pangkajene area 
(Fig. 4). These were: 

(i) a northern rather low-energy, shallow- 
water belt with evidence for intertidal 
sedimentation and subaerial exposure; 

(ii) a central moderate- to high-energy belt 
deposited in shallow to moderate water 
depths; 

(iii) a southern low-energy belt deposited in 
shallow to moderate water depths. 

Facies interpretations of northern sections 
reveal a general increase in depositional energy 
towards the south (Fig. 4). This suggests that the 
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boundaries between the main facies belts were 
probably gradational rather than sharp changes. 
Due to outcrop constraints, east-west facies 
changes are difficult to evaluate. In the central 
section there appears to have been little change 
in the depositional setting of facies in an east- 
west sense. Although it was only possible to 
record a rather thin stratigraphic sequence at 
Bantimurung, comparison between this section 
and the Patunuang Asue section suggests that 
higher energy conditions may have prevailed 
towards the west. 

Southern ramp-type margin: 

Jeneponto area 

In the Jeneponto area, thick sequences of pelagic 
marls interbedded with packages of carbonate 
sands (Fig. 7), containing no evidence of 
significant reworking via sediment gravity flow 
mechanisms, are suggestive of deposition on 
very low slope angles (Fig. 4; cf. Gawthorpe 
1986; Calvet & Tucker 1988; Watts & Blome 
1990). Typical slope angles of modern carbonate 
ramps which lack sediment gravity flows are 
usually less than 1-2 ~ but may be as steep as 5 ~ 
(Mullins et al. 1988; Ivany et al. 1994). Frag- 
mented fauna, within the packstones, derived 
from areas of shallow-water carbonate produc- 
tion, indicates an absence of organisms which 
could form organic build-ups. The inferred low 
slope angle and lack of framework building 
organisms are characteristic features of homo- 
clinal carbonate ramps (Ahr 1973; Read 1982, 
1985; Calvet & Tucker 1988). Burchette & 
Wright (1992), in their review of carbonate 
ramps, suggested that the mid-ramp zone 
extends from fair-weather wave-base to normal 
storm wave-base. The packages of decimetre 
bedded packstones, with limited evidence for 
reworking by waves or currents, are therefore 
interpreted as mid/outer ramp deposits. 

The orientation of the carbonate ramp is 
difficult to deduce from analysis of the carbonate 
succession in the Jeneponto area in isolation, 
since sedimentary structures which might reveal 
palaeoslope or palaeocurrent directions are very 
rare or not present. The low-angle cross-bedding 
in one of the lithic bioclastic packstone beds 
indicates a transport direction to the east. This is 
consistent with most of the palaeocurrent data 
from the Tonasa Carbonate Platform (see above) 
and may therefore represent reworking by 
'along-slope' currents rather than a 'down- 
slope' indication. Wells drilled offshore South 
Sulawesi to the south and west of the Jene- 
ponto area pass through the Tonasa Limestone 

Formation. In these wells there is no evidence for 
any significant in-situ production of shallow- 
water carbonates, from the late Eocene onwards, 
and the lithologies are described dominantly as 
marls or mudstones. In the Jeneponto area there 
is no noticeable change in the packstone units 
along strike in an ENE-WSW direction. It 
would therefore seem that the fragmented, 
shallow-water biota in the outer ramp facies, 
deposited in the Jeneponto area, was not derived 
from the east, west or south, but from the north 
i.e. from the area of the Tonasa Carbonate 
Platform in the Pangkajene area. 

No outcrops of the Tonasa Limestone For- 
mation occur between the Pangkajene and 
Jeneponto areas since the carbonate succession 
lies buried beneath volcaniclastic sediments. 
However, the nature of the change from plat- 
form top to mid/outer ramp and bathyal 
deposits can be deduced from the sedimentary 
successions in the southern Pangkajene and 
Jeneponto areas (Fig. 4; Table 5). In the 
Patunuang Asue section (Fig. 5), the southern- 
most section through the platform deposits in 
the Pangkajene area (located 50 km to the north 
of the Jeneponto area), the lithologies are low 
energy mudstones, wackestones and packstones 
deposited within the photic zone (Table 2). 
There is an apparent lack of open oceanic 
material in these inner platform sediments. In 
comparison, mid/outer ramp deposits in the 
Jeneponto area contain abundant well-preserved 
planktonic foraminifera and fragmented shal- 
low-water bioclasts. Some form of 'barrier' may 
have separated platform deposits of the Pang- 
kajene area from the mid/outer ramp deposits of 
the Jeneponto area (Fig. 4; Table 5). Alterna- 
tively, the wide extremely shallow area of a 
minimal slope, present on ramps, could protect a 
qagoonal' area from up-ramp migration of 
waves or currents by dissipating their energy 
(Pedley et al. 1992). The southern margin of the 
Tonasa Carbonate Platform is inferred to have 
been an area of large benthic foraminifera and 
coralline algae production, since these faunal 
elements dominate the mid/outer ramp deposits 
(Table 5). The occurrence of plant matter in the 
late Oligocene deposits in the Patunuang Asue 
section perhaps suggests that the southern 
margin of the Tonasa Carbonate Platform may 
at times have become emergent (Fig. 4). 

Little evidence is available for the mode of 
derivation of the shallow-water material from 
the areas of carbonate production, whether by 
sediment gravity flows (development of Bouma 
sequences) or reworking by waves and currents 
(hummocky and swaley cross bedding). It may 
be that gross ramp geometries would only show 
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up on the scale of regional seismic lines rather 
than on outcrop scale (Burchette & Wright 
1992). The absence of reworked deeper water 
carbonate material suggests that this sequence 
was deposited on a homoclinal ramp rather than 
a distally steepened ramp setting. Although 
impossible to tell from these deposits, it is con- 
ceivable that the slope may at one time have 
steepened to the south of the Jeneponto area. 

Controls on sedimentation 

Aggradation v. progradation and 
accommodation space on the platform top 

The three major facies belts in the Pangkajene 
area appear to have remained relatively sta- 
tionary during the Oligocene and in some areas 
during the late Eocene. In the central facies belt, 
bed geometries suggest some progradation 
towards the east. However, bed geometries in 
the northern and southern facies belts, and the 
stationary nature of the facies belts in a north- 
south sense, indicate that sediment accumula- 
tion on the Tonasa Carbonate Platform was 
mainly aggradational. 

Due to the lack of complete sections through 
the Tonasa Limestone Formation, the total 
thickness of carbonate sediments at any location 
in the Pangkajene area is impossible to ascertain 
(Fig. 7). By combining the stratigraphic thick- 
nesses deposited during different periods in 
different parts of the Pangkajene area, an 
estimate for the total thickness of the carbonate 
sequence of about 600 m is obtained. This figure 
is unlikely to be accurate, since time correlation 
between sections is rather tentative (Fig. 7) and 
thicknesses may vary across the Pangkajene 
area. However, this figure clearly illustrates the 
fact that considerable thicknesses of shallow 
marine carbonate sediments accumulated in the 
Pangkajene area during the Eocene to Miocene. 
Apart from lithologies close to the contact with 
the Malawa Formation there is no evidence to 
suggest that emergence occurred in either the 
central or southern facies belts during the 
deposition of the Tonasa Limestone Formation. 
Facies in these two regions indicate that deposi- 
tion occurred in shallow to moderate depths 
within the photic zone. The great thickness of 
aggradational sediments of the Tonasa Carbo- 
nate Platform, together with a lack of extensive 
emergent surfaces indicating relative sea level 
falls, in the Pangkajene area suggests that the 
dominant control on accommodation space 
must have been subsidence rather than rises 
and falls of sea-level. 

The nature and position of the three east-west 
oriented platform top facies belts in the Pang- 
kajene area is probably controlled by east 
directed palaeocurrents, perhaps driven by pre- 
vailing wind directions, and the location of 
barriers which may have modified water circula- 
tion patterns (Fig. 4). Barriers or islands are 
inferred to have been located in the northern 
facies belt and to the west of the southern facies 
belt, thereby providing shelter during deposition 
in these two regions (Fig. 4). This is similar to 
the modern Caicos Platform, where its location 
in the easterly-trade belt and the west-flowing 
Antilles current cause waves and currents to 
move across the bank in a westerly direction. 
Facies belts on the Caicos Platform are approxi- 
mately east-west trending and islands at the 
northern margin provide enough shelter for 
muddy sediments to collect on their lee side 
(Wanless & Dravis 1989). 

It is not possible to distinguish the main 
factor(s) controlling most up-section changes in 
texture or fauna, which take place on a scale of 
metres or tens of metres, in the Pangkajene area. 
Factors which might influence lithological 
changes include tectonics, autocyclicity, eustasy 
or climate. 

Location and causes of  probable Tertiary 
subaerial exposure in the Pangkajene area 

Evidence for probable Tertiary subaerial expo- 
sure is seen only in northerly sections and close 
to the contact with the underlying Malawa 
Formation in the central part of the Pangkajene 
area. In both of these localities shallow sedi- 
mentation in water depths of < 24 m is inferred 
due to the abundant occurrence of miliolids. 
There are three main possible causes for 
subaerial exposure in the regions: 

(i) a global eustatic sea-level fall might result 
in emergence and karstification of shallow 
carbonate depositional areas; 

(ii) tectonics could result in uplift and subaer- 
ial exposure of certain areas; 

(iii) autocyclicity may result in emergence if 
carbonate sediments completely fill the 
available accommodation space; subse- 
quent sedimentation will occur in the 
intertidal or supratidal zone. 

It is impossible to differentiate between the 
these three possible causes of subaerial exposure, 
just by studying carbonate sediments in the 
Pangkajene area. This is because probable 
Tertiary subaerial exposure surfaces in the 
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Pangkajene area are localised and cannot be 
accurately dated. Studies in other outcrop areas 
of the Tonasa Limestone Formation suggest 
that tectonics strongly controlled sedimentation 
patterns (van Leeuwen 1981; Wilson & Bosence 
1996) and may therefore have influenced emer- 
gence in the Pangkajene area. The localized 
occurrence of subaerial exposure and in some 
cases abrupt facies changes might suggest a 
primary tectonic or autocyclic control on 
emergence. However, areas affected by emer- 
gence are those in which deposition is inferred to 
have occurred in the shallowest water conditions 
in the Pangkajene area. 

Reasons for the distribution pattern of very 
shallow-water facies might result from antece- 
dent topography, sediment accumulation rates, 
water-circulation patterns or accommodation 
space. Areas of high antecedent topography 
in the northern part of the Pangkajene area 
might have allowed carbonate sedimentation to 
'keep-up' with relative sea level. The basal part of 
the carbonate sequence in the Pangkajene area is 
inferred to have been deposited under very 
shallow-water conditions. High-energy condi- 
tions inferred for the central facies belt, perhaps 
caused by the location of barriers may have 
caused the removal and transport of carbonate 
material away from this region, with the result 
that sediments could not 'keep-up' with relative 
sea level. Alternatively, tectonic tilting could 
produce greater accommodation space in central 
and southern parts of the Pangkajene area and 
carbonate production in these regions was not 
sufficient to keep pace with relative sea level. 
Unfortunately outcrop constraints in the Pang- 
kajene area preclude the possibility of differen- 
tiating these possible controls on sedimentation 
and subsequent emergence. A forthcoming paper 
will discuss these and other factors which may 
have influenced sedimentation of the Tonasa 
Limestone Formation. 

Controls on mid/outer ramp sedimentation 

and source o f  late Eocene lithics 

Lithic grains are present in the mid/outer ramp 
deposits of the Jeneponto area only during the 
late Eocene. Since the Tonasa Carbonate Plat- 
form is almost completely devoid of non-carbo- 
nate grains, derivation of the lithics from one of 
the underlying formations in South Sulawesi is 
inferred. This may be the result of erosion of the 
platform margin down to the underlying forma- 
tions. However, unless a pre-existing topography 
existed in the underlying formations reworked 

clasts from the inner platform deposits would be 
expected, and these do not occur. 

The late Eocene was a time of tectonic activity 
within the region (Bransden & Matthews 1992; 
Wilson & Bosence 1996). It is possible that the 
location of the southern margin of the Tonasa 
Carbonate Platform may have been controlled 
by pre-existing structures (cf. Ahr 1989; Eichen- 
seer & Luterbacher 1992; Pedley et al. 1992), 
which were reactivated during the late Eocene 
(Fig. 4). Faulting on the southern margin may 
have resulted in exposure and erosion of the 
earlier formations. However, the lack of abun- 
dant sediment gravity flows and slide deposits 
(cf. Pedley et al. 1992) argues against this. If 
faulting did occur on the southern margin it must 
have been of low relief and in areas of low energy 
preventing large scale reworking of the coarser 
debris (Fig. 4). Alternatively, it may be that 
currents parallel to the slope may have deflected 
and reworked material from sand grade sediment 
gravity flows. Another possibility is that the lithic 
grains may have been transported from a 
different area. Easterly directed palaeocurrents 
suggest that the most likely source area for the 
siliciclastics would have lain to the west (Fig. 4). 
The Makassar Straits was an area of active 
faulting during the late Eocene (Bransden & 
Matthews 1992; Situmorang 1982). 

With a thickness of up to 1200m the mid/ 
outer ramp and bathyal carbonate sequence in 
the Jeneponto area is considerably thicker than 
the shallower platform deposits (located 50 km 
to the north), which have an estimated thickness 
of 600 m. This variation in thickness is inferred 
to be related to high differential subsidence in 
the Jeneponto area. The period of maximum 
differential subsidence occurred during the late 
Eocene when sediments in the Jeneponto area 
reach a thickness of at least 700m (Fig. 7). In 
comparison, in the Tonasa-I section in the 
Pangkajene area (Fig. 5), late Eocene shallow- 
water platform deposits reach a thickness of 
only 160 m (Fig. 7). It may be significant that 
this large variation in thickness, 540 m occurred 
during the late Eocene, a period of known 
tectonic activity (cf. Wilson & Bosence 1996). 

Progradation of the ramp deposits is thought 
to result from carbonate production on the 
southern margin of the Tonasa Carbonate 
Platform outpacing accommodation space. It is 
not clear whether this is related to highstand 
shedding, in which a relative rise in sea level 
creates an increased area for carbonate produc- 
tion in the photic zone (Schlager 1992). Alter- 
natively, a relative sea-level fall might result in a 
basinward shift in ramp facies belts across the 
gently sloping surface (Burchette & Wright 1992; 
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Aurell et al. 1995). It would therefore seem that 
ramp progradation may result from a complex 
interplay of a range of factors. These include 
carbonate production rates, eustatic or base- 
level changes, shape of slope and oceanic regime 
(see Burchette & Wright 1992 for review). 
Differentiating between these various controls 
is difficult in this area, due to the lack of precise 
correlation between sections of the Tonasa 
Limestone Formation. 

In the Jeneponto area there is no evidence for 
the ramp margin developing into a rimmed shelf 
(cf. Gawthorpe 1986; Fernandez-Mendiola & 
Garcia-Mond6jar 1989; Burchette & Wright 
1992). As in other documented examples, ramp 
survival depends on relatively high subsidence 
rates and generation of accommodation space of 
the carbonate platform without growth into a 
rimmed platform (Read 1985; Ramsay 1987; 
Wright & Faulkner 1990; Burchette & Wright 
1992; Aurell et aL 1995). 

Implications for hydrocarbon exploration 

Carbonate successions are widespread through- 
out SE Asia and have considerable potential as 
hydrocarbon reservoirs (Fig. 1). Miocene carbo- 
nate buildups identified from seismic reflection 
profiles, when drilled are often found to have 
good porosity and permeability and may yield 
hydrocarbons (Grainge & Davies 1983; Mayall & 
Cox 1988). Coral-rich framestones or rudstones, 
with the exception of very high-energy platform 
margins deposits containing abundant shallow- 
marine cements, usually form the best hydro- 
carbon reservoirs in Miocene deposits 
(McArthur & Helm 1982; Grainge & Davies 
1983; Rose 1983; Longman 1985; Mayall & Cox 
1988). In comparison Eocene/Oligocene carbo- 
nate successions, similar to the Tonasa Limestone 
Formation, are commonly found to be tight and 
are dominantly composed of large benthic for- 
aminifera and other non aragonitic bioclasts 
(Adams 1965; Kohar 1985; Siemers et al. 1992; 
Cucci & Clark 1993). This study of the Tonasa 
Limestone Formation has implications for 
hydrocarbon exploration in other foraminiferal 
dominated Tertiary carbonate systems. 

The Tonasa Limestone Formation is similar 
to many other Tertiary carbonate successions in 
SE Asia in that it initially occurs as part of 
a trangressive sequence and overlies marginal 
marine deposits containing coals that com- 
prise potential hydrocarbon source lithologies 
(cf. Phillips et al. 1991; Coffield et al. 1993). 
The carbonate succession is itself overlain by 
marine clays which may form effective seals. 

In order to evaluate the reservoir potential of the 
Tonasa Limestone Formation, or to provide 
useful analogues for hydrocarbon exploration of 
other subsurface SE Asian carbonates, it is 
essential to have as full an understanding of 
carbonate facies distribution, controls on sedi- 
mentation and diagenesis as possible. 

Low energy platform-top deposits of the 
northern and southern Pangkajene facies belts 
and the mid/outer ramp and bathyal deposits of 
the Jeneponto area include abundant micrite and 
very little primary porosity occurs. In the high- 
energy east-west-trending central Pangkajene 
facies belts, although considerable primary 
porosity occurred in the grainstone units (up to 
25%), this has now been occluded by the 
pervasive development of blocky to equant 
non-ferroan calcite cements. The Tonasa Lime- 
stone Formation is overlain by three kilometres 
of volcaniclastic sediments and the cements seen 
probably formed in a burial environment. How- 
ever, it may be that in similar deposits, which 
have not been affected by adverse pore occluding 
diagenetic processes, primary porosity may be 
preserved in moderate to high energy units. The 
lack of abundant aragonitic bioclasts, from 
corals or green algae, together with only localised 
subaerial exposure, result in little secondary 
leaching and associated porosity and permeabil- 
ity development in shallow-water deposits of the 
Tonasa Limestone Formation. The depositional 
environment, biota, factors affecting sedimenta- 
tion and diagenesis of the carbonate succession 
have all combined to make platform top and 
ramp deposits of the Tonasa Carbonate Plat- 
form poor hydrocarbon reservoirs. 

Redeposited carbonate facies of the Tonasa 
Limestone Formation, derived from block- 
faulted footwall areas include minor porosity 
and permeability, and indeed traces of hydro- 
carbons do occur. This porosity and perme- 
ability is due to circum-granular stylolites and 
some preserved primary intergranular porosity. 
Although concentrations of argillaceous mate- 
rial around clasts in some beds may lead to 
reduced permeability, redeposited facies, abut- 
ting impermeable basement and platform lithol- 
ogies, are thought to form the most suitable 
hydrocarbon reservoir within the Tonasa Lime- 
stone Formation (Wilson & Bosence 1996). 
Fulthorpe & Schlanger (1989) recognized that 
in seismically active areas, carbonate megatur- 
bidites could provide pathways for the migra- 
tion of hydrocarbons, or act as reservoirs. 

This study suggests that moderate- to high- 
energy platform-top or redeposited carbonate 
facies may form effective hydrocarbon reservoirs 
in otherwise tight foraminiferal dominated 
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carbonates, which have not been affected by 
extensive porosity occlusion by shallow marine 
or burial cements. Other factors which may 
affect secondary porosity and permeability 
development in tight foraminiferal limestones 
include tectonic fracturing and the development 
of stylolites (Siemers et al. 1992). 

Conclusions 

Late Eocene to mid-Miocene carbonate out- 
crops of the Tonasa Limestone Formation, from 
the Pangkajene and Jeneponto areas of South 
Sulawesi, provide a remarkable opportunity to 
study shallow-water and ramp/basinal deposits 
of a laterally extensive and long-lived SE Asian 
carbonate platform. The Tonasa Carbonate 
Platform was a foraminifera dominated carbo- 
nate platform with a ramp-type southern 
margin. A number of conclusions, which have 
implications for regional carbonate studies and 
hydrocarbon exploration in the region, can be 
drawn from this study. 

(1) Facies belts on the Tonasa Carbonate 
Platform trend east-west and their position 
remained remarkably stable through time indi- 
cating aggradation of the platform top. There 
was some eastward progradation of the central 
rather high-energy facies belt. 

(2) Although deposits of the southern margin 
of the Tonasa Carbonate Platform are not 
exposed, through detailed analysis of sections 
in the Pangkajene and Jeneponto areas a ramp- 
type margin has been inferred for the southern 
margin of the Tonasa Carbonate Platform. 
Outer ramp deposits prograded southwards at 
intervals into basinal marls. 

(3) Tectonics in the form of subsidence was 
the dominant control on accommodation space 
on the Tonasa Carbonate Platform. Other 
factors which affected sedimentation on the 
platform include the location of 'barriers' and 
how these deflected cross-platform currents, 
together with the nature of carbonate producing 
organisms. Although the Tonasa Limestone 
Formation was deposited in a tectonically 
active setting, the affects of tectonic tilting, 
versus eustatic or autocyclic effects are impos- 
sible to differentiate by studying platform-top 
and ramp deposits. 

(4) Studies of foraminiferal shape and genera, 
when combined with textural and lithological 
considerations, provide a powerful tool for the 
environmental interpretation of shallow-water 
carbonates. 

(5) Although little porosity and permeabil- 
ity occurs within shallow-water deposits of 
the Tonasa Limestone Formation this study 

suggests that moderate to high energy platform 
top or redeposited carbonate facies may form 
effective hydrocarbon reservoirs in otherwise 
tight foraminiferal dominated carbonates, 
which have not been affected by extensive 
porosity occlusion by shallow marine or burial 
cements. The facies associations and deposi- 
tional model developed for the Tonasa Carbo- 
nate Platform may be used as a template to 
understand better subsurface platforms of simi- 
lar ages in SE Asia. 
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