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Petroleum potential of the Bass Basin 

E. Nicholas, K. L. Lockwood, A. R. MartinI, & K. S. Jackson 

Tbe results of a source rock study of the Bass Basin by tbe Bureau of Mineral Resources 
(BMR) and tbe Commonwealth Scientific and Industrial Researcb Organisation (CSIRO), 
witb emphasis on tbe Eastern View Coal Measures, bave been used in an evaluation of the 
petroleum potential of the basin. Geocbemical analyses, including pyrolysis by tbe Rock·Eval 
method, were carried out on 29 core samples from 11 wells. Vitrinite reflectance determina. 
tions were made for each sample, and descriptions of organic matter on selected samples. 
The vitrinite reflectance determinations, in common with those made by previous workers, 
and tbe geotbermal gradients indicate that, witb tbe exception of Cormorant No.1, none of 
tbe wells is deep enough to have penetrated a mature source rock section. The deeper wells 
in tbe basin centre, and wells on the southwest flank in the vicinity of the Pelican field, appear 
to have been terminated just above tbe zone of initial bydrocarbon generation. The analytical 
results for samples from tbe Eastern View Coal Mea~ures indicate a good source potential 
for tbe Paleocene to Early Eocene (Lower lvi, diversus palynological zone) section, both in 
tbe deep basin and on tbe flanks, and a more variable, but fair to good, potential for tbe 
overlying Early to Late Eocene section. Kerogen type was determinedmicroscopicalJy in 
samples from only four wells: Bass No.3, Aroo No.1, Poonboon No. I, and Cormorant No. 
1. The samples were found to contain predominantly gas-prone kerogen, in keeping with the 
interpreted delta-plain depositional environment, altbough minor, more oil.prone kerogen 
was also detected. The study bas confirmed the occurrence of potential source rocks in botb 
tbe 'Upper' and 'Lower' Eastern View Coal Measures, but indicates tbat tbe best potential 
is in tbe Paleocene to Early Eocene 'Lower' Eastern View Coal Measures in wbich most of the 
'hydrocarbons detected to date have been located. 

Introduction 
This paper reports the results of an organic· geo

chemical study of Cretaceous and early Tertiary rocks 
from II wells in the Bass Basin, to evaluate their 
potential. as hydrocarbon source rocks. The study was 
conducted by BMR in co-operation with CSIRO as 
part of a continuing program of source-rock evalua
tion in selected Australian sedimentary basins. The 
results have been integrated with existing information 
on the petroleum potential of the Bass Basin, and 
related to the stratigraphy and regional geology. 

Twenty-nine core samples were selected for geo
chemical analysis and vitrinite reflectance determina
tions in the laboratories of the CSIRO Fuel Geoscience 
Unit, North Ryde, Seven of the samples were subse
quently submitted to the Australian Mineral Develop
ment Laboratories (AMDEL) for microscopic examina
tion and description of their organic maceral content. 
Additional organic maceral descriptions were mad~ 

available to BMR by Hematite Petroleum Pty Ltd, a 
wholly owned subsidiary of The Broken Hill Pty Co. 
Ltd (BHP), and palynological data by Esso Australia 
Ltd. 

The geology and petroleum potential of the Bass 
Basin have been discussed by Weeks & Hopkins (1967), 
Richards & Hopkins (1969), Robinson (1974), and 
Brown (1976). and reviewed by Robertson & others 
(1978) . 

Fifteen petroleum exploration wells, including two 
appraisal wells. were drilled by a Hematite Explora
tion Pty Ltd/ Esso Exploration Australia Inc. partner
ship between 1965 and 1973 in petroleum exploration 
permits held by Hematite, with Esso as operator. 
Hematite drilled a further two exploration wells in 
1974 and a third appraisal well in 1979. Well locations, 
Hematite's currently held acreage, and the recently 

1. CSIRO Fuel Geoscience Unit, North Ryde. NSW 2113. 

gazetted new permits and permittees are shown in 
Figure I. The regional basin setting is shown in Figure 
2. The Pelican gas/ condensate accumulation has been 
the most significant discovery, but other significant 
hydrocarbon shows were recorded in Bass No, 3 and 
Cormorant No. I. 

The prospective section in the Bass Basin is the Late 
Cretaceous to Late Eocene Eastern View Coal Mea
sures, which contain source, reservoir, and cap rocks. 
The source rock potential of this sequence is indicated 
by the presence of carbonaceous sediments and coal 
seams, but, except for a study by Kantsler & others 
( 1978), who used vitrinite reflectance measurements 
and present well temperatures to determine the matura
tion of sediments, no quantitative evaluation of the 
source rocks has yet been published. 

Eastern View Coal Measures 
All the hydrocarbons detected to date have been in 

the Eastern View Coal Measures, mainly in the Paleo
cene and Early Eocene sections. This paper follows 
Brown (1976) in retaining the name Eastern View 
Coal Measures in the offshore area, and in using an 
informal 'Lower' and 'Upper' subdivision (Fig. 3). 
Robinson (1974) preferred the use of 'Eastern View 
Group'. 

The Eastern View Coal Measures can be traced on 
seismic sections from the offshore Torquay Basin across 
the basement ridge between King Island and Morning
ton Peninsula into the Bass Basin, where they are esti
mated to be up to 3000 m thick. Their stratigraphy 
has been interpreted from a combination of lithological, 
seismic, wireline-Iog, and palynological data (Robin
son, 1974; Brown, 1976). The palynological control, 
adapted from Partridge (1979), and generalised litho
logies in well sections are shown in Figures Sa, b, and 
c. The lithologies are based on publicly available infor
mation from wells drilled under the terms of the Petro-
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<rNerita 1 

~~~~~} Hematite Petroleum Pty ltd 

T-14-P Cue Minerals N.lo 

VICTORIA 

T-15-P} Weaver Oil and Gas Corporation Australia 
T-16-P 

T-18-P Bass Strait Oil and Gas N.lo 

100km 
I 

Well, dry abandoned 

VIC 

TAS 

Well, with show of gas, abandoned 

Well, with show of oil and gas, abandoned 

Gas well, abandoned 

~ Application pending 
A B 
- Line of section (see Figs 5a, 5b, 5c) 

Figure 1. Well locations and petroleum permits at 19 August 1980. 
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leum Search Subsidy Act (PSSA) and the Petroleum 
(Submerged Lands) Act. 

'Lower' Eastern View Coal Measures 
The 'Lower' Eastern View Coal Measures contain 

Late Cretaceous, Paleocene, and Early Eocene sedi· 
ments. On the basin margins (Figs. Sa, c) the sequence 
is unconformable on the Early Cretaceous Otway 
Group (Konkon No.1, Durroon No.1) or Palaeozoic 
basement (Bass Nos. 2 and 3), but relationships with 
older units are unknown over a large area of the 
basin. Durroon No. 1 is the only well to have pene. 
trated a significant thickness (585 m) of Late Cre· 
taceous sediments, comprising a sequence of coarse
grained sandstone with thin shale interbeds overlying 
carbonaceous shale. On seismic sections the sequence 
is seen to thicken to 2500 m in a fault-controlled trough 
down-dip from the well. . 

The Paleocene to Early Eocene section of the 'Lower' 
Eastern View Coal Measures comprises a sequence of 
interbedded sandstone, siltstone, shale, and thin coal 
seams, which exhibits a broad facies change, being 
dominantly arenaceous in the south and southeast, and 
becoming more argillaceous towards the north. In the 
Paleocene sequence (L. balmei Zone) the facies change 
can be seen by comparing Durroon No. 1 and Bass 
No. 3 (Figs. 5a, c) with the Aroo, Poonboon, and 
N angkero wells (Fig. 5b). The facies change is also 
well marked in the overlying Lower M. diversus Zone, 
which spans the Paleocene/ Eocene boundary: compare 
the Pelican wells (Fig. Sci with Konkon and Cor
morant wells (Fig. 5a). 

Interpretation of seismic sections indicates that, at 
least locally, the 'Lower' Eastern View Coal Measures 
are truncated by an unconformity within the M. diver
sus Zone (Brown, 1976, fig. 6). 
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'Upper' Eastern View Coal Measures 
The Early to Late Eocene 'Upper' Eastern View 

Coal Measures are characterised by thick coal seams 
and thick coal sections with aggregate seam thick
nesses commonly reaching 60 m. Above the coal-bear
ing section, a predominantly sandstone sequence, men
tioned above, has been informally equated with the 
Boonah Sandstone of the onshore Torquay Basin. 

Hydrocarbon occurrences 
The hydrocarbon occurrences have been discussed 

by Robinson (1974) and Brown (1976), and in com
pany well completion reports. The Pelican gas/ con
densate accumulation has been the most significant 
discovery. 

Four wells have been drilled on the Pelican structure. 
In Pelican Nos. 1 and 2, gas and condensate were 
recovered during formation interval tests (F .I.T.) of 
thin sandstones at various levels within the Early 
Eocene section (Fig. 5c). In Pelican No.1, a maximum 
recovery of 3.9 m3 of gas and 600 cm:! of condensate 
was made from an F.I.T. at 2661 m, and in Pelican 
No.2, an F.I.T. at 2880 m recorded a maximum re
covery of 1.05 m3 of gas and 750 cm:! of condensate. 
In Pelican No.4, an F.I.T. at 2739 m recovered gas 
and condensate and in Pelican No.3, minor gas, but 
no condensate was detected in sandstone of Paleocene 
age below 2800 m. Abnormal pressures were encoun
tered below this depth in the Pelican area. The gas 
resources of the Pelican field are presently regarded 
as subeconomic. 

In Bass No.3 (Fig. 5c), 0.82 m3 of gas and 800 
cm3 of condensate were recovered during an F.LT. 
at a depth of 2055 m. The reservoir was a 15 m thick 
sandstone in the Paleocene (L. balmei Zone) section. 

In Cormorant No.1 (Fig. 5a), an F.I.T. at a depth 
of 1550.6 m, recovered 22 litres of oil from a thin 
sandstone in the 'Upper' Eastern View Coal Measures 
(N. asperus Zone), the only oil show recorded in the 
basin. Hydrocarbon s~ows also occurred in four thin 
sands between 1828 m and 2347 m. 

In Aroo No.1 (Fig. 5b), there were indications of 
hydrocarbons at a number of levels within the Eastern 
View Coal Measures, the most encouraging being in 
the L. balmei Zone. The Paleocene to Early Eocene sec
tion of the Eastern View Coal Measures also gave indi
cations of hydrocarbons in other wells during drilling, 
in the form of fluorescence and cut in cores and 
cuttings, and high gas readings on the well-site 
mud-logging units. The strongest indications were in 
Dondu No.1, Pelican No.3 (Fig. 1), and Poonboon 
No. 1 (Fig. 5b), from thin, rather tight sands below 
2740 m. Abnormal pressures and relatively fresher 
formation waters occur locally in the basin at these 
depths. 

Hydrocarbon entrapment-Bass and Gippsland 
Basins 

The Bass Basin lacks the major exploration play 
of the adjacent Gippsland Basin associated with a 
widespread unconformity at the top of the Latrobe 
Group--the stratigraphic equivalent of the Eastern 
View Coal Measures. In the Gippsland Basin, hydro
carbons are trapped in structural/topographic highs on 
the unconformity surface, the seal being provided by 
fine-grained marine sediments deposited during the 
Oligocene-the stratigraphic equivalent of the Demons 
Bluff Formation. 
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AGE 
EPOCH SERIES SPORE-POLLEN STRATIGRAPHY (m.y.) ASSEMBLAGE ZONES 

MIOCENE- TORQUAY 
PLIOCENE 

GROUP 

f--24 

OLIGOCENE 

~37.5 
Upper 

Nothofagidites 
asperus 

DEMONS BLUFF 
1--40- FORMATION 

Late ., Middle ;: 
Nothofagidites ,!!! 

c: asperus 
c 

'" ., ., 
1--45-

EOCENE ~ Lower EASTERN 'c;, 
Middle ~ Nothofagidites 'UPPER' 

c asperus 
'S c 
<! 

Proteacidites 
asperopolus 

1--50-

Early 
Upper Malvacipollis 

diversus 
---

Lower VIEW 
Malvacipollis 

diversus 
1--55-

Upper Lygistepollenites Late 
balmei 

1--60- PALEOCENE Middle 
Lower 

L ygistepollenites COAL 
balmei 'LOWER' 

Early 

1--65 

LATE MEASURES 
Tricolpites 

CRETACEOUS longus 

1--98 

EARLY 
OTWAY GROUP 

CRETACEOUS 

120lllJ 

Figure 3. Stratigraphy of the Bass Basin (after Brown, 1976; Partridge, 1976). 

The unconformity in the Gippsland Basin developed 
during the general marine transgression into the basin 
from the southeast, which began late in the Cretaceous 
and progressed in a series of pulses, many of which 
related to eustatic cycles (Partridge, 1976). The uncon
formity is interpreted as being partly due to non
deposition, possibly because of non-retention of fine 
sediments in the basin during the transgressive episodes, 

and partly to erosion during the periods of low sea 
level, when decp channelling occurred. In contrast, 
the Bass Basin during the same period was a barred 
basin, with only limited access to the sea from the 
northwest from the Middle to Late Eocene. Sediment 
was retained in the basin, and no strong angular un
conformity is apparent between the top of the Eastern 
View Coal Measures and the Demons Bluff Formation. 
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Figure 4. Major structural features, mapped on intra
Eastern View Coal Measures seismic horizon 
(after Brown, 1976). 

The periods of channelling in the Gippsland Basin dur
ing eustatic lows were; in the Bass Basin, periods of 
internal drainage into lacustrine environments, In those 
parts of the Bass Basin where erosion did occur in the 
Paleocene and Early Eocene, it is represented by the 
unconformity within the Eastern View Coal Measures, 

Northwest-trending normal faulting in the Paleo
cene and Early Eocene is regarded as the first major 
structural movement in the Gippsland Basin (B.R. 
Brown, B.H.P., personal communication, Feb. 1981), 
and is also recognised in the Bass Basin (Brown, 1976). 
In the Gippsland Basin, east-west-trending strike-slip 
faults and associated northwest-trending anticlines were 
subsequently superimposed on the block-faulted se
quence by compressional movements during the Late 
Eocene to Oligocene, the anticlines providing traps for 
the hydrocarbon accumulations beneath the unconfor
mity at the top of the Latrobe Group (Threlfall & 
others, 1976). No comparable major horizontal move
ment is indicated for the Bass Basin, where predomi
nantly vertical movement seems to have controlled 
structural growth throughout. Regional structures map
ped on two horizons (Brown, 1976), one on top of 
and one within the Eastern View Coal Measures (Fig, 
4), trend northwest and are more strongly developed 
at the deeper level. 

Brown (1976) has pointed out that, despite the large 
area involved, relatively few structural closures have 
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been mapped on the top of the Eastern View Coal 
Measures, and that, in those that have been tested 
(Cormorant No.1, Toolka No.1, Bass No.2, Bass 
No.3, Tarook No.1), there were no indications of 
hydrocarbons in the sands at the top of the Eastern 
View Coal Measures. The indications of greater struc
tural development at depth, and the location in the 
section of most of the hydrocarbons detected in the 
Bass Basin, would seem to indicate that the lower part 
of the sequence is more prospective. 

Source-rock evaluation 

Types of organic matter 
Table 1 contains descriptions of organic types in 

seven samples from the Bass Basin that were .sub
mitted by BMR to AM DEL for microscopic examina
tion. Descriptions by 1. L. Morgan (Hematite Petro
leum Pty Ltd) of a larger number of samples are sum
marised in Table 2, For each well, the str:atigraphic 
units have been interpreted as gas-prone or oil-prone, 
depending on whether the dominant organic types, 
averaged over all samples in the unit, are of the humic 
vitrinite type (woody, coaly) on the one hand, or of the 
exinite type (algal or. non-filamentous algal and, to a 
lesser extent, herbaceous) on the other. 

There are too few samples in Table 1 from which to 
draw conclusions about each unit, but the initial im
pression from the very high vitrinite proportions and 
the very low exinite proportions is that the basin con
tains gas-prone source rocks. However, the more 
numerous Hematite data indicate that there are both 
oil-prone and gas-prone source rocks in the upper four 
units of the basin, but only gas-prone source rocks in 
the Otway Group. 

Source-rock chemistry 
Twenty-nine core samples, including two from the 

Torquay Basin (Snail No.1), were analysed for total 
organic carbon (TOC), and total extractable organic 
matter (EOM). The EOM was subdivided by liquid 
chromatography into three fractions: saturated hydro
carbons (SATS); aromatic hydrocarbons (AROM), 
and polar (N-, So, a-containing) organic compounds 
(POLAR). Gas chromatograms were recorded for the 
saturated fractions only. The results are given in Table 
3. Comparative analyses were also made by pyrolysis, 
using the Rock-Eval method. 

Using the criteria of Dickey & Hunt (1972), that 
a minimum TOC content of 0.5 percent is necessary for 
a clastic rock to have hydrocarbon source potential, it 
can be seen that all the samples from the Eastern View 

Core Depth % oj organic types 
Unit Well name No. m 1 2 3 4 5 Comments on exinites Fluorescence 

Torquay Gp Bass 3 4 1376.5 90 ::(10 None None 
U. EVCM Bass 3 8 1800.5 96 2 tr. I R, C, minor ?bitumen Very dull orange 
L. EVCM Bass 3 11 2265.6 58 33 3 3 3 C Very dull orange 
L. EVCM Aroo 1 1 2903.8 >99 >1 <1 C None 
L. EVCM Poonboon 1 4 3034.0 63 30 4 3 C,A,S Moderate to dull orange 
Demons Bluff Fm Cormorant 1 2 1158.5 -95 _3 ,.....,2 S, C (in coal) Very dull 
U. ECVM Cormorant 1 5 1509.1 93 1 5 R,C,LD Dull brown 

Organic types Abbreviations oj exinites 
1. Vitrinite A Alginite EVCM = Eastern View Coal Measures 
2, Semifusinite C Cutinite 
3. Fusinite LD = Liptodetrinite 
4. Inertodetrinite R = Resinite 
5. Exinite S = Sporinite 

Table 1. Types of organic matter in seven samples from the Bass Basin (AMDEL, 1979). 
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Figure Sa. Well sections, Eastern View Coal Measures. 
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Based on company well completion reports (PSSA) and basic data (P(SL)A). 

Coal Measures reached or exceeded this value: disre
garding the coal samples, 15 had a TOC content 
greater than 1,0 percent. The highest value, 20,1 per
cent, is from a carbonaceous shale of Paleocene age 
(L balmei Zone) from Bass No, 3, and a value of 10,1 
percent was obtained from an Eocene carbonaceous 
shale (N. asperus Zone) from Cormorant No.1. 

The TOC contents of samples from the Otway Group 
in Snail No.1 and Durroon No.1, the Demons Bluff 
Formation in Cormorant No.1, and the Torquay 
Group in Bass Nos. 1 and 3 are also high enough for 
the units to be considered as possible hydrocarbon 
source rocks. An unexpectedly high result of 4.15 
percent was obtained in the Otway Group sample from 
Snail No. I, which consisted of a highly altered lithic 
arenite containing some fine carbonaceous laminae. 
Three Early Cretaceous (Otway Group) samples from 
Durroon No. I, the only well in the Bass Basin to 
intersect a significant thickness of this sequence, were 
analysed: two medium-grained carbonaceous sand-

stones, and one carbonaceous siltstone, the latter having 
a TOC content of 4.5 percent. 

Jackson & others (1980) used a plot of total hydro
carbon content (SATS plus AROM) against TOC 
(Fig. 6) to give a better rating of source-rock poten
tial. The plot has been adapted for use in this paper by 
the omission of the word 'Oil' from the 'Very good', 
'Good', and 'Fair' categories, because the nature of the 
organic matter in the rocks and· the level of organic 
maturation must be considered before such a rating can 
be applied. However, the higher hydrocarbon to TOC 
ratios observed in these three categories is certainly 
suggestive of a more oil-prone than gas-prone source. 

The plot (Fig. 6) indicates that all but one of the 
samples from the 'Lower' Eastern View Coal Measures 
have a good to very good source-rock potential, the 
exception being a Late Cretaceous siltstone sample 
from Bass No.3, which was rated as fair. The results 
from Narimba No.1 are of particular interest, because 
of the proximity of this well to the Pelican discovery. 
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Figure 5b. Well sections, Eastern View Coal Measures. 
Based on company well completion reports (PSSA) and basic data (P(SL)A). 

Figure Sc. Well sections, Eastern View Coal Measures. 
Based on company well completion reports (PSSA) and basic data (P(SL)A). 
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Well 

Bass No.1 

Bass No.2 
Bass No.3 

Torqlla~' Gp 
(9 samples) 

T.A.l. * 
Source 

typet 

Demons Blllff Fm 
(8 samples) 

T.A.I. 
Source 

type 

1.5 to 2 Oil 

Cormorant No.1 1 to 1.5 Oil & gas 1.5 to 2 Oil 

Durroon No.1 
Konkon No.1 
Narimba No.1 
Pelican No.1 
Pelican No.3 

Poonboon No.1 
Tarook No.1 
Dondu No.1 

I to 1.5 Gas 
I to 1.5 Gas 

1 to 2 Gas 

I to 1.5 Gas 
1 to 1.5 Gas 

I to 1.5 Gas& 
some oil 

1.5 to 2 Gas 

~ Thermal alteration index (based on spore and pollen colouration): 

t Interpreted from kerogen type. 

'Upper' Eastern View 'Lower' Eastern View 
Coal Measures Coal Measures 

(55 samples) (7 1 samples) 

Source Source 
T.A.l. type T.A.l. type 

1.5 to 2 Oil & 
some gas 

I to 1.5 Gas 
1.5 to 2 Oil& 1.5 to 2 Oil & gas 

some gas 
I t02 Oil & gas 2 te 3 Gas& 

some oil 
1 to 2 Gas 

I to 2 Gas I to 2 Gas 
1 to 1.5 Oil & gas I to 1.5 Gas 
I to 1.5 Oil & gas 1.5 to 2.5 Gas 
2 Oil& gas 2 to 2.5 Oil & gas 

2 to 2.5 Gas 2 to 2.5 Oil & gas 
2 to 2.5 Gas 2 to 2.5 Gas 
1 to 2 Gas& 2 to 2.5 Gas& 

some oil some oil 

I to 2, immature 
2 to 2.5, transitionally mature 
2.5 to 3, mature 
3 to 4, increasingly overmature 

Olway Gp 
(9 samples) 

Source 
T.A.l. type 

2 to 2.5 Gas 
1.5 to 2 Gas 

Table 2. Maturation and interpreted hydrocarbon (oil or gas) source type (based on data from Hematite Petroleum 
Pty Ltd). 

Contaminated or 
stained 

/ 

26Y 

/ 

Fair / 
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/ 

/ 
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/-------
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/ 
/ 
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/> Torquay Group • ' Lower' Eastern View Coal 
o Demons Bluff Formation Measures 
• 'Upper' Eastern View Coal & Otway Group 

Measures 25 Index number (table 3) 

Figure 6. Source-rock richness for 29 samples from the 
Bass Basin. 

A fair to good source potential is indicated for samples 
from the 'Upper' Eastern View Coal Measures. The 
Otway Group samples from Durroon No. I are rated 
as fair to good' source rocks, and the sample from 
Snail No. I as fair, but more likely for gas generation. 

Overall, the chemical results indicate that the 'Lower' 
Eastern View Coal Measures contain rocks with good 
to very good source potential, and the 'Upper', rocks 
with fair to good potential. It should be noted that 
the sample from the N. asperus Zone in Cormorant 
No. I , for which a good source potential was indicated, 
came from immediately below the level at which the 
si~nificant oil show was recorded (Fig. 5a). The Early 

Cretaceous Otway Group, in the southeastern Bass 
Basin (Durroon No. I) has also been rated as having 
fair to good source potential. 

Maturation of organic matter 
The degree of thermal alteration of sedimentary 

organic material is commonly determined by measure
ments of reflected light from opaque vitrinite, by the 
colour of other organic matter in transmitted light, by 
a knowledge of geothermal gradients and burial his
tory, and by determination of the stage of kerogen and 
clay alteration using a variety of laboratory methods. 

Vitrinite reflectance (Ro) measurements were pos
sible on twenty-eight of the twenty-nine samples 
studied (Tab!e 3, Figs. 5a, b, c, 7a). Values of Ro in 
the range 0.6 to 0.7 percent are common for samples 
from the 'Lower' Eastern View Coal Measures, indi
cating close approach to the maturation levels at which 
oil or gas may be generated. In general, overlying 
units are less mature, although sample 9 from the 
Torquay Group shows an anomalously high Ro of 0.63 
percent. However, the fact that sample II from the 
same well (Bass No.2) yielded the only low Ro for 
the 'Lower' Eastern View Coal Measures raises doubts 
about the Ro values for these two samples. 

Kantsler & others (1978) have also made vitrinite 
reflectance determinations for Bass Basin samples. 
These are reproduced in Figure 7b in modified format 
to show division by stratigraphic units, and those from 
the Eastern View Coal Measures are plotted in Figures 
5a. b, and c. No range bars are shown because detailed 
information was not presented by the original authors. 
Values of Ro in the range 0.6-1.2 percent were derived 
for samples of the 'Lower' Eastern View Coal Measures. 
The higher values are from deeper levels in Cormorant 
No. ] and Pelican No. I, not sampled for this study, 
and indicate that the source rocks are mature for hydro
carbon generation. 

Microscopic examination of kerogen colour, in trans
mitted light, was undertaken by J. L. Morgan and the 
results have been made available by Hematite Petro-



TOC EOM SATS AROM POLAR Vitro R. SOl/rce 
% 1'1'111 1'1'111 ppm ppm Ro rating 

Unit/zone Index Core Depth nWalll1lax. 

* No. W ell name No. (m) Lithology t 
Torqu:ty Group 1 Bass 3 4 1376.5 Shale 1.30 1250 370 246 132 0.40 Good 
Demons llIull" FM 2 Cormorant 1 2 1 158.5 Shale 5.10 2100 224 215 225 0.40 Fair 
L. EVCM L. ballllei 3 Aroo I 1 2903 .8 Shale 6.05 5020 608 1450 486 0.65 Good 
Torqu:ty Group 4 Bass I 6 1 119.5 Shale 0.70 991 liS 68 524 (0.45) Fair 
Torquay Group 5 Bass 1 8 1342.9 Shale 0.50 1200 80 41 916 (0.44 ) Fair 
U. EVCM N . a.fpems 6 Bass I 11 1797.7 Siltstone 5.35 3540 387 843 1450 0.50 Fair 
U . EVCM 1'. a.fperopoills 7 Bass I 13 2112.2 Shale 1.90 1930 222 661 676 0.40 Good 
U. EVCM Upper M. diverslIs 8 Bass I IS 2 351.2 Shale 2.80 2320 178 946 822 0.47 Good 
Torquay Group 9 Bass 2 2 931.0 Siltstone 0.50 382 48 69 246 0.63 Fair 
U. EVCM N. a.fpems 10 Bass 2 5 1260.9 Siltstone 3.55 2540 79 642 1490 0.36 Fair 
L. EVCM L. hallliei 11 Bass 2 9 1679.0 Siltstone 2.40 2360 765 484 672 0.35 Very good 
U. EVCM N. aspems 12 Bass 3 8 1 800.5 Sandstone 1.05 919 86 226 249 0.38 Good 
L. EVCM L. balmei 13 Bass 3 10 2104.6 Shale 20.10 11500 I 100 5460 1410 0.63 Good 
L. EVCM L. balme; 14 Bass 3 II 2265.6 Sandstone 2.40 1530 129 684 353 0.56 Good 
L. EVCM T.lollglIS 15 Bass 3 13 2408.8 Siltstone 0.60 152 57 52 54 Fair 
U. EVCM N. asperus 16 Cormorant I 5 1509.1 Shale 10.10 6190 749 2370 2060 0.40 Good "'C 
U. EVCM Upper M . diverslIs 17 Cormorant 1 6 1 519.6 Coal 66.90 28210 2950 7090 8630 0.41 Fair ~ U. EVCM Upper M. dil'erSlIs 18 Nangkero I 1 2253 .6 Siltstone 0.70 862 37 138 446 0.45 Fair :;0 

or 1'. lI.f/1('I"O/lOllIs 0 
L. EVCM Lower M . riiverSlls 19 Narimba 1 2 833 .6 Shale 7.10 12300 6250 3300 I 140 0.67 Very good r 
L. EVCM Lower M . riiverslIs 20 Narimba I 2 2912.3 Shale, 0.85 1680 29 353 586 0.62 Good I'T1 

C 
siltstone s: 

L. EVCM Lower M. dil 'erSlIs 21 N arimba 1 2972.3 Shale 1.85 2600 193 1220 533 0.56 Very good 
L. EVCM Lower M. riiverSlIs 22 Poonboon I 2 2472.8 Coal 65.80 39930 3270 4820 10290 0.60 Fair "'C 

0 
L. EVCM L. "ailllei 23 Poonboon 1 4 3 034.0 Shale 1.75 . 1030 176 324 231 0.70 Good -j 
L. EVCM T. 10llgll5 24 Poonboon 1 5 3258.6 Siltstone 1.20 809 79 250 202 0.66 Good I'T1 
U. EVCM N. aspems 25 Snail 1 2 816.1 Sandstone 2.65 4050 228 674 1440 0.43 Good Z 
Otway Grollp 26 Snail I 3 962.7 Sandstone 4.15 1720 76 95 1 350 0.39 Fair (gas) :l 
Otway Group 27 Durroon 1 3 1695.9 Sandstone 1.80 988 66 127 595 0.38 Fair :> 

r 
Otway GrOllp 28 Durroon 1 4 2567.0 Siltstone 4.50 1200 13 633 319 (0.54 ) Fair 
Otway GrollI' 29 Durroon I 5 3024.2 Sandstone 3.75 2500 43 1020 539 0.69 Good 0 

"1'1 

• U. EVCM and L. EVCM signify 'Upper' and 'Lower' Eastern View Coal Measures , respectively. ~ t Valucs in parcnthesis arc uncertain, too few determinations having been made to give a reliable mean. 
I'T1 

Table 3. Source rock chemistry data for five stratigraphic units in the Bass Basin (analyses by Raphael & Saxby, 1979: Saxby & others, 1980). CD 
:> 
~ 
CD 
:> 
~ 
z 
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Figure 7a. Vitrinite reflectance plotted against depth in 
Bass Basin. 
Data without range bars have too few determina· 
tions to give a reliable mean. 

leum Pty Ltd. Standard core, sidewall core, and picked 
cuttings were used in the study. The thermal alteration 
index, based on spore and pollen coloration was deter
mined for 152 samples from 12 wells (Table 2). The 
interpreted maturation levels are in broad agreement 
with those indicated by the vitrinite reflectance data, 
showing that the 'Lower' Eastern View Measures have 
reached marginal maturity, or are within the hydro
carbon generation zone at the deepest levels tested. 
Greatest maturity has been reached in the 'Lower' 
Eastern View Coal Measures at Cormorant No. 1. 

Kantsler & others (1978) reported that geothermal 
gradients in the Bass Basin tend to be relatively lower 
in the deeper parts of the basin than on the flanks, the 
northeast flank having higher gradients than the south
west. The results of our independent study of the 
available temperature data support this finding. 

Initially gradients were determined between the sur
face and the bottom of each well. The results are listed 
in Table 4, grouped for the Bass Basin according to 
the regions depicted in Figure 4. An underlying assump
tion was that the logged temperature is equivalent to the 
formation temperature. 

The undisturbed formation temperature, corrected 
for mud circulation effects, was estimated by an 
adaptation of a method described by Dowdle & Cobb 
(1975). Incomplete or inconsistent reporting of tem-

VITRINITE REFLECTANCE Ro (%) 

00~-. __ ~0·r2 __ .--;04 __ -r __ O~.6~-. __ 0~.8~-r __ 1T·O __ .--,1.2 
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Figure 7b. Previously reported vitrinite reflectance 
measurements from Bass Basin (modified after 
Kantsler & others, 1978). 

perature and time data restricted the precision with 
which some corrections could be made. These results 
are also listed in Table 4. 

If the generally accepted temperature of 60°C for 
the onset of hydrocarbon generation is adopted, the 
temperature gradients indicate that a mature source
rock section could be expected from a depth of about 
2000 m in the deep basin, and shallower depths on the 
flanks. The vitrinite reflectance data, on the other hand, 
indicate immature or barely mature source rocks at 
depths of around 3000 m in the deep basin (e.g. Poon
boon No. I, Fig. 5b) and 2000 m on the flanks (e.g. 
Bass Nos. I and 3, Figs. 5a and c). Similar low reflec
tance gradients and apparent lagging of maturation in
crease behind temperature increase have also been 
noted in the Gippsland Basin (Shibaoka & Bennett, 
1977). 

Pyrolysis source-rock data 
Twenty-nine core samples, including two from Snail 

No. I in the Torquay Basin, were analysed by pyrolysis, 
using the Rock-Eval method of Espitalie & others 
(1977). In this method, small samples of ground core 
or cuttings are heated to 550°C under an inert atmos
phere and the volatiles given off at different stages are 
measured. (In our study, 0.05 g of powdered rock 
sample was placed in the pyrolysis oven at 250°C and 
heated to 550°C at 20°Clmin. under an atmosphere of 
helium). 



Well Geothermal gradients °C/km 

Deep basin and south slope 

Uncorrected Corrected 

Aroo No.1 30.7 
Tarook No. I 28 30.6 
Nangkero No. I 28 30.6 
Poonboon No. I 27 
Durroon No. I 25 28.4 

North slopt!.and northeast flank 

Konkon No.1 40 46.2 
DonduNo.1 38 41.7 
Yurongi No. I 37 40.6 
Toolka No. I 34 34.6 
Cormorant No. 1 30.6 
Bass No.1 34.7 
Bass No. 2 31.8 

Southwest flank 

Bass No.3 34.1 
Narimba No. I 34 
Pelican No.1 31 32.5 
Pelican No.2 25? 26.7? 
Pelican No.3 28 

Torquay Basin 

Snail No. 1 35.7 38.9 

Table 4. Geothermal gradients in the Bass and Torquay 
Basins. 

The volatiles released are, progressively : free hydro
carbons in the sample, available for, or a result of, 
migration (S1); residual hydrocarbons generated by 
the thermal cracking of kerogen (S2) ; and carbon 
dioxide of organic derivation generated during the 

5, 

. ... 

BASS 2 BASS 3 

PARAMETERS Core 9 Core 11 

Total organic 2.40 2.40 
carbon (TOC) 

Oil & gas 
0 .21 0.13 content 

Petroleum 
potential 10.0 4.74 

Production 
296 396 index 

Hydrogen 
index 409 192 

Oxygen 
index 29 11 

. H /0 Ratio 14 18 
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cracking of kerogen (S3) . Four representative pyro
grams are reproduced in Figure 8. Using these mea
surements, Espitalie & others (1977) and Clementz & 
others (1979) have defined a number of parameters for 
source-rocks. 'Petroleum potential' is the measure of 
source rock richness. 'Production index' can reveal the 
presence of migrated hydrocarbons. It should i.ncrease 
regularly with depth (i.e. with organic maturation), and 
anomalously high values can be interpreted as due to 
hydrocarbons migrating through the section; con
versely, anomalously low values can be interpreted as 
due to hydrocarbons having migrated out of the 
section. 

The 'hydrogen index' and 'oxygen index' relate the 
amounts of residual hydrocarbon (S2) and carbon 
dioxide (S~ ), respectively, to the total organic carbon 
content, and reflect the elemental composition of the 
source rock kerogen. They can be plotted against 
one another, in much the same way as kerogen ele
mental compositions are in a van Krevelen-type plot 
(Tissot & Welte, 1978), to determine kerogen type 
and, hence, source type-gas or oil (Espitalie & 
others, 1977) (Fig. 9). High hydrogen indices relative 
to oxygen indices typify oil-prone source or exinite 
kerogens, whereas high oxygen indices typify gas-prone 
source or humic kerogens. 

A further parameter, which, in the absence of TOC 
percentages, can be used at the well site as a 'gross 
indicator of kerogen quality' (Clementz & others, 
1979), is the hydrogen to oxygen ratio, H/O. Arbitrary 
ratio limits have been set to define oil and gas source: 
5 or greater indicates oil source, less than 2.5 indicates 
gas source, intermediate values indicate mixed oil and 

53 

5, 
53 

BASS 1 SNAIL 1 
Core 15 Core 2 DEFINITIONS I 

UNITS 

2.80 2.65 96 

0 .21 3 .86 5,(mg HC I 9 rock) 

5,+ 52 
4.07 4 .07 

(mg HC I 9 rock) 

5% 95% 5, I (5, + 5,) 

138 8 
5, / TOC 

(mg HC I 9 TOC) 

162 114 
5

3
/ TOC 

(mg CO, / 9 TOC) 

0.9 0.07 5, /5 3 l1/OV/IO 

Figure 8. Pyrograms of four rocks of similar total organic carbon content. 
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Oil & gas Petroleum Hydrogen 
Total content potential index Oxygen 

organic Sl Sl+S2 SolTOC index Hydrogen: 
carbon (mghydro- (mghydro- Production (mg hydro- Sal TOC oxygen 

Core (TOC) carbonlg carbonlg index carboni (mg C021 ratio 
Well name Unit No. (%) rock) rock) Sl/(Sl+S2) gTOC) gTOC) (HIO) 

Bass No. 3 Torquay Gp 4 1.30 0.02 1.55 0.01 118 37 3.2 
Cormorant No.1 Demons Bluff Fm 2 5.10 0.05 2.06 0.D2 39 95 0.4 
Aroo No. 1 L. EVCM 1 6.05 0.82 22.80 0.04 365 10 37 
Bass No. 1 Torquay Gp 6 0.70 0.02 0.26 0.08 34 213 0.2 

Torauav Gp 8 0.50 0.04 0.05 0.80 2 200 0.01 
U.EVCM 11 5.35 0.10 2.10 0.05 37 47 0.8 
U.EVCM 13 1.90 0.10 2.80 0.04 142 57 2.5 
U.EVCM 15 2.80 0.21 4.07 0.05 138 162 0.9 

Bass No. 2 TorQuay Gp 2 0.50 0.02 1.79 0.01 354 313 1.1 
U.EVCM 5 3.55 0.08 12.50 0.01 349 31 11 
L. EVCM 9 2.40 0.21 10.00 0.02 409 29 14 

Bass No. 3 U.EVCM 8 1.05 0.04 1.00 0.04 91 240 0.4 
L. EVCM 10 20.10 1.21 46.70 0.03 226 10 23 
L. EVCM 11 2.40 0.13 4.74 0.03 192 11 18 
L.EVCM 13 0.60 0.02 0.03 0.67 2 18 0.1 

Cormorant No.1 U.EVCM 5 10.10 1.63 13.70 0.12 120 197 0.6 
U.EVCM 6 66.90* 14.50 182 0.08 250 33 7.6 

Nangkero No.1 U.EVCM 1 0.70 0.08 3.56 0.02 497 336 1.5 
Narimba No.1 L.EVCM 1 7.10 1.81 17.70 0.10 223 9 24 

L.EVCM 2 0.85 0.09 0.73 0.12 76 271 0.3 
L.EVCM 3 1.85 0.19 1.72 0.11 83 148 0.6 

Poonboon NO". 1 L. EVCM 2 65 .80* 19.60 160 0.12 213 13 16 
L.EVCM 4 1.75 0.11 1.49 0.07 79 132 0.6 
L. EVCM 5 1.20 0.13 0.88 0.15 63 100 0.6 

Snail No.1 U.EVCM 2 2.65 3.86 4.07 0.95 8 114 0.07 
OtwayGp 3 4.15 3.03 3.14 0.96 3 150 0.02 

Durroon No.1 Otway Gp 3 1.80 0.01 0.60 0.02 33 69 0.5 
Otway Gp 4 4.50 0.17 0.98 0.17 18 9 2.0 
OtwayGp 5 3.75 0.23 2.28 0.10 55 9 5.9 

• Coal 
Table 5. Rock-Eval pyrolysis data for some Bass Basin source rocks (Martin & Saxby, 1980). 

gas source (Clementz & others, 1979; Page & KuhneI, 
1980). Figure 9 incorporates lines for H / O values of 
5 and 1 for reference. 

Several authors (Barker, 1974; Espitalie & others, 
1977; Clementz & others, 1979) have used the tem
perature at which the S2 peak (the peak of thermal 
decomposition of kerogen) reaches a maximum as an 
indicator of the state of organic maturation. Despite 
reproducible results to within 50 C, this study found 
little agreement between maturation levels estimated 
from geothermal or vitrinite reflectance data and those 
from the S2 peak temperatures. 

The pyrolysis data have been summarised in Table 
5, together with total organic carbon percentages. In 
general, the petroleum-potential values indicate fair to 
good source potential throughout the Bass Basin se
quence. The Torquay Group samples are rated as only 
poor to fair source rocks, those from the 'Upper' and 
'Lower' Eastern View Coal Measures as good to very 
good, and those from the Otway Group as poor to 
fair. This is in overall agreement with source ratings 
obtained by the more conventional total organic car
bon/ organic extraction method. 

The production index is generally low for all sam
ples. The two cores from the Torquay Basin well, 
Snail NO.1, have relatively high production indices as 
well as high S1 values ('oil and gas content'), indicat
ing that there are migrating hydrocarbons in this 
region . Otherwise, it appears that no significant migrated 
hydrocarbons have accumulated in the source-rock 
intervals analysed. 

When compared with sediments from other basins 
around the world (Tissot & Welte, 1978) hydrogen 
indices are not high, but oxygen indices are higher; 
this is suggestive of a predominantly gas-prone source 
within the Bass Basin sediments. However, eight cores 

are relatively rich in hydrogen and low in oxygen 
(Fig. 9) , and warrant consideration as oil-prone source 
rocks. Six of these cores are from the 'Lower', and 
two from the 'Upper' Eastern View Coal Measures. 
This is generally consistent with the interpretation of 
source types (gas or oil) based on visual organic 
matter descriptions (visual kerogen typing) (Table 2) , 
which has rated the 'Upper' and 'Lower' Eastern View 
Coal Measures as generally a gas source, but with 
some potential for oil generation. 

Conclusions 
The study has confirmed the hydrocarbon source 

potential of the Eastern View Coal Measures, indicat
ing a fair to good potential for the 'Upper' section, 
and a good to very good potential for the 'Lower'. 
The prevalence of vitrinitic kerogen indicates generally 
gas-prone source rocks, but the exinitic kerogen content 
in samples from some .wells (e.g. Cormorant No.1, 
Pelican No.1) is sufficient to warrant an oil-prone 
and gas-prone rating. The Otway Group is rated, on the 
limited sampling, as a fair to good source for gas. 

Thermal maturation indicators show that at the 
deepest levels tested, notably in Cormorant No.1, 
source rocks in the Eastern View Coal Measures are 
within the mature zone for hydrocarbon generation, 
but that most wells were terminated in immature or 
transitionally mature source-rock sections. 

The Eastern View Coal Measures in the deeper 
parts of the Bass Basin seem to meet all the prere
quisites for successful petroleum exploration: they 
contain thick sequences of high-quality mature source 
rocks, reservoir rocks, and caprocks, and apparently 
suitable structures. Before the potential of the sequence 
can be evaluated further, high-quality seismic data 
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Figure 9. Hydrogen and oxygen indices plotted for some 
Bass Basin source rocks. 
Arrows indicate trends in richness and nature of 
source-rock kerogen. 

will be required to delineate more precisely the struc
ture at depth and the facies distribution. 
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Results of a seismic survey in the southern Denison 
Trough, Queensland, 1978-79 

J. A. Bauer! & O. Dixon'2 

During 1978-79 BMR conducted a regional seismic survey in tbe soutbern Denison Trougb, 
western Bowen Basin, Queensland. Tbe aims of tbe survey were to examine tbe structural 
configuration of the trougb, particularly at lower Permian and basement level, and to obtain 
stratigraphic data that would enable reliable mapping of stratigraphic units throughout the 
trough. The survey obtained good quality data, which allowed mapping of the distribution 
and thickness of most rock units along the seismic lines. The base of the Permian sequence is, 
however, difficult to map in areas of thick Early Permian sediments. Several major and minor 
pbases of deformation are recognised that bave affected tbe Denison Trough sediments. Major 
movements occurred at tbe commencement of sedimentation in the Early Permian, towards 
the end of deposition of the Reids Dome Beds in the Early Permian, and in the Mid-Late 
Triassic. Lesser phases of movement occurred tbrougbout the Early Permian and in the Late 
or post-Jurassic. Several major Early Permian structures bave been described for the first 
time. Tbis bas aided better understanding of the structural development of the trougb, and 
definition of the extent of important structural units. Tbe extent and configuration of the 
Comet Platform has been substantially redefined. The development of tbe Merivale Fault is 
now better understood and its northerly extension has been located. 

Introduction 
During 1978 and 1979 the Bureau of Mineral Re

sources (BMR) conducted a regional seismic program 
in the southern Denison Trough, in the western Bowen 
Basin, Queensland (Fig. 1). 450 km of mainly 6-fold 
CDP seismic reflection traverse (Fig. 2) was recorded 
during approximately 7 months of field work. The 
survey was made in co-operation with the Geological 
Survey of Queensland (GSQ), which has conducted a 
stratigraphic drilling program in the area since 1972 
and is making detailed stratigraphic and facies studies 
based on these data and data from petroleum explora
tion wells. 

Extensive geological mapping, exploratory petroleum 
drilling, stratigraphic drilling, and geophysical work 
have been carried out in the Denison Trough. Geo
logical mapping of the region was commenced in 1926, 
and the area was systematically mapped jointly by 
BMR and GSQ during 1963-64 and 1969. Forty-five 
petroleum exploratory/assessment wells and 24 GSQ 
deep stratigraphic bores have been drilled since 1938. 
The results of all GSQ and company drilling in the 
trough have already been summarised by Gray (1980) 
and Brown (1977) respectively. Geochemical investi
gations and a complementary regional facies analysis 
of the southern Denison Trough, which indicate signi
ficant source and reservoir potential, have been discus
sed by Jackson & others (1980). 

As a result of petroleum exploration drilling to date, 
sub-commercial gasfields have been discovered at 
Glentulloch, Rolleston, and Westgrove. Many other 
gas shows have been encountered throughout the 
trough, but only traces of oil have been found. The 
two main problems with regard to hydrocarbon poten
tial are the limited development of good reservoir 
rocks, and the timing of the major phase of structuring, 
which is thought, possibly, to have post-dated the 
migration of hydrocarbons. It was hoped that the BMR 
survey might upgrade the hydrocarbon potential of 

1. Formerly BMR, now AAR Ltd, G.P.O. Box 880, Bris
bane. Queensland 4001. 

2. Geological Survey of Queensland, G.P.O. Box 194, Bris
bane, Queensland 4001. 

the area by indicating that conditions favourable to 
the development of reservoir rocks existed during the 
Permian and that structures are present that existed 
during the the migration of hydrocarbons. 

The BMR seismic survey was carried out to obtain 
data of sufficient quality to allow definition of the struc
tural configuration of the Denison Trough, in particu
lar that of the lower part of the Permian sequence 
and pre-Permian basement, and to allow reliable map
ping of stratigraphic units throughout the trough. 

Geophysical investigations 
About 5000 km of reflection seismic traverse has 

been recorded in the southern Denison Trough. The 
seismic coverage is shown in Figure 3, and details of 
all surveys carried out to 1977 were summarised in a 

Figure 1. Locality map. 
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1978-1979 Seismic traverse 

~Previous seismic traverse 

Stratigraphic hole 

40km 
'----~---', 

-¢-- Petroleum exploration well - dry, abandoned 

'<:t Gas well 

:* Gas well,abandoned 

Figure 3. Seismic traverses and wells. 

review by Bauer (1978) prior to the new seismic 
surveys. 

Over 3000 km of the existing seismic coverage was 
recorded during the early 1960s and was subsidised 
under the Petroleum Search Subsidy Acts. These early 
surveys, all of which employed singlefold or 'spot
correlation' techniques, were aimed at detailing drill 
targets and, consequently, the coverage tended to be 
concentrated on the crests of known anticlines. The 
surveys obtained fair quality data from the upper part 
of the Permian sequence, but generally poor to very 
poor data from the lower part, particularly where the 
Early Permian sequence is very thick. As a conse
quence, although this work outlined the major anti
clinal trends in the trough, the data quality was insuf
ficient to map the distribution of the Early Permian 
sediments and the configuration of pre-Permian base
ment, and hence to allow definition of the structural 
development of the trough. These early data were also 
generally not good enough to allow reliable mapping 
of the thickness and distribution of rock units. 

Modern seismic surveys in the Denison Trough have 
obtained significantly improved data. About 1000 km 
of traverse, including the BMR data, was recorded 
during 1978-80, using modern digital multiple cover
age techniques. These surveys succeeded in recording 
improved data from the Early Permian sequence and, 
generally, obtained data of much higher resolution than 
the earlier surveys. 

BMR conducted an aeromagnetic survey over much 
of the Bowen Basin, including the Denison Trough, 
between 1961 and 1963 (Wells & Milsom, 1966). Wells 

.Injune 

40km 
'--_~_-....J' 

28/G55/6 

_3_ 
1978-1979 Seismic traverse 

-1210- Magnetic basement contour (ml below M.S.L. 

Figure 4. Magnetic basement depth. 

& Milsom found that interpretation of the results was 
rendered difficult by interference between the effects of 
deep and superficial magnetic horizons (such as Tertiary 
basalts, present over much of the central and northern 
Denison Trough), and that much of the area was de
void of anomalies suitable for depth estimation. How
ever, determinations of magnetic basement depths were 
carried out where possible, and the resultant contours 
on magnetic basement are shown in Figure 4. There 
is very limited correlation between the magnetic base
ment contours and the configuration of the Denison 
Trough and its environs. In most areas the magnetic 
basement is correlated with rocks of unknown age 
below the base of the Permian sequence, and, there
fore, the magnetic results cannot be used for delineating 
the configuration of the Permian sequence in the Deni
son Trough. 

A helicopter reconnaissance gravity survey was car
ried out over the study area by BMR in 1964 (Lons
dale, 1965). The Bouguer anomalies were re-computed 
during the production of the Gravity Map of Austra
lia (Anfiloff & others, 1976; BMR, 1976), and those 
for the Denison Trough are shown in Figure 5. Fraser 
& others (1977) noted that the Denison Trough has 
no appreciable gravity expression. This is possibly due 
to a small density contrast between the Permo-Triassic 
rocks of the Denison Trough and the metasediments 
of the Timbury Hills Formation, which is believed 
to underlie the Permian sequence. The small number 
of gravity observations in the Denison Trough together 
with the large and irregular gaps between them makes 
the coverage inadequate to delineate the structural 
features of the trough on the basis of the reconnais
sance gravity survey results. 

BMR seismic program, 1978-79 
Nine reflection seismic lines, traverses 1 to 9, were 

recorded as shown in Figure 2. The lines were designed 
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Figure 5. Regional Bouguer anomaly contours. 

to provide east-west sections across the trough in the 
Rolleston, Warrinilla, and Westgrove areas, with a 
north-south tie-line connecting these areas. The traverses 
were located to tie into petroleum exploration wells 
and GSQ stratigraphic bores wherever possible, to 
enable identification of reflection horizons. 

Six-fold common depth point (CDP) techniques and 
a dynamite source were used on most traverses. Some 
experimental 12-fold CDP data were recorded on 
traverse 6, and the westernmost 40 km of traverse 4 
were recorded using 3-fold CDP. A cord explosive 
source was used on a 10 km section of traverse 4 east 
of AFO Rolleston I. Gravity observations were made 
at 500-m intervals along the seismic traverses. Details 
of the field operations and recording parameters are 
given in operational reports by Bauer & Dixon (1979, 
1980). 

Publications have been prepared on the seismic re
sults in the Westgrove (Bauer & Nelson, 1980), Warri
nilla (Nelson & Bauer, in press), and Rolleston (Dixon 
& Bauer, in prep.) areas. Results of the 1978 survey 
were also presented by Nelson & Bauer (1980). 

Geological setting 
Structural development 

The Denison Trough is an Early Permian downwarp 
along the western margin of the Bowen Basin (Fig. 
1) in which over 4000 m of Permo-Triassic sediments 
were deposited. During the initial phase of deposition, 
the Denison Trough was bounded to the north and 
northwest by the Clermont Stable Block, to the west 
by the Springsure Shelf, to the southwest by the Nebine 
Ridge, to the south by the Roma Shelf, and to the 
east and northeast by the Comet Platform (Fig. 2). 

The Denison Trough is continuous with the Galilee 
Basin across the Springsure Shelf (Gray, 1976). 

Normal down-to-the-east faulting along the Merivale 
Fault and, possibly, other faults is believed to have 
occurred during the Early Permian and to have created 
one or more grabens or half-grabens, in which deposi
tion initially took place (Paten & others, 1979). Con
tinued normal fault movement appears to have had a 
significant influence on depositional patterns until 
almost the end of the Early Permian. Conditions then 
remained stable until about Middle Triassic, when a 
major compressive phase commenced, which lasted 
until the end of the Triassic. The direction of faulting 
on the Merivale Fault was reversed, and part of the 
trough underwent major uplift (Bauer & Nelson, 1980). 
During this phase, the major essentially northerly trend
ing anticlines and synclines seen today were formed. 
Another compressive phase occurred subsequent to 
Jurassic deposition, causing a relatively minor reactiva
tion of movement (mainly flexuring) on earlier struc
tures. Minor compressive and tensional phases were 
superimposed on these major movements, mainly during 
the Early Permian. Seismic evidence (Bauer & Nelson, 
1980) indicates that some of the anticlinal structures 
of the trough were initiated by an Early Permian phase 
of compression and have grown in amplitude in suc
cessive phases. 

Stratigraphy 
The Permian stratigraphy of the Denison Trough is 

complex, and almost certainly stems from a complex 
structura-l history. Sources of sediment appear to be 
various, and the depositional environment has alter
nated between non-marine and marine. Because of the 
limited well control, the relations of some units are 
obscure and it is probable that some interfinger. The 
general stratigraphy and lithology of the southern Deni
son Trough are shown in Table 1. 

Basement, where known, consists of metamorphosed 
Devonian shales of the Timbury Hills Formation. Ex
ploratory drilling in the deeper parts of the trough has 
failed to reach basement. Intermediate volcanics of 
Early Permian age overlie the Timbury Hills Formation 
in isolated areas. The oldest sediments recorded in the 
trough are the Reid Dome beds* of lacustrine and 
fluvial origin. The thickest known development of the 
beds is at AAO Westgrove 3, where 2772 m was drilled 
without intersecting basement. The overlying Cattle 
Creek Formation marks the beginning of a marine 
transgression, which was followed by a major regressive 
event, during which the Aldebaran Sandstone was de
posited. In each unit, both non-marine (?deltaic) and 
marine facies are recognised. The sandy Freitag For
mation was next deposited, under marginal marine con
ditions. Marine conditions in the trough appear to 
have stabilised with the widespread deposition of the 
Ingelara Formation. In the north, an influx of sand 
resulted in the deposition of the Catherine Sandstone, 
which may have been partly contemporaneous with the 
Ingelara Formation. The Peawaddy Formation and 
Black Alley Shale were deposited under continuing 
marine conditions during the Late Permian. The en
vironment of deposition of the Late Permian Bandanna 
Formation and subsequent Triassic and Jurassic sedi
ments was mainly fluvial, following another regressive 

* Throughout this paper, for Reids Dome beds read Reids 
Dome Beds. 
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JURASSIC 

TRIASSIC 

LATE 
PERMIAN 

EARLY 
PERMIAN 

DEVONIAN 
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Stratigraphic unit 

Injune Creek Group 

Hutton Sandstone 

Evergreen Formation 

Boxvale Sandstone Mbr 

Precipice Sandstone 

Max. known 
thickness 

(m) Lithology 

300+ Sandstone, shale, coal measures 

290+ Sandstone 

100 Shale 

50 Sandstone 

135 Sandstone 

UNCONFORMITY 

Moolayember Formation 455* Shale 
--------------------------------------------------------Clematis Group 

Rewan Group 

Bandanna Formation 

Black Alley Shale 

Peawaddy Formation 

Catherine Sandstone 

Ingelara Formation 

Freitag Formation 

Aldebaran Sandstone 

Cattle Creek Formation 

Reids Dome Beds 

Timbury Hills Formation 

215* 

610· 

370 

150 

210 

160 

200 

120 

650 

765 

2770+ 

Sandstone 

Shale, sandstone 

Coal·bearing sandstone and siltstone 

Siltstone, interbedded mudstone 

Shale, mudstone, tuff 

Sandstone, coquinite 

Mudstone 

Sandstone 

Mudstone 

Sandstone, siltstone, shale 

Sandstone, conglomerate 

Sandstone, siltstone, mudstone 

Mudstone, shale, siltstone 

Sandstone, siltstone, mudstone, shale, 
minor coal 

Mudstone 
Coal-bearing sandstone, siltstone, mudstone, 

shale 

Laminated siltstone and shale 

Conglomerate, conglomeratic sandstone 

UNCONFORMITY 

? Shale 

Reflecting horiz.ons 
mapped 

(We'sigr~~~ ~~~~ ~~IY·) . 

(Warrinilla/Rolleston 
areas only) 

(Westgrove area only) 

Table 1. General stratigraphy of the. southern Denison Trough. 

Jurassic stratigraphy from Exon (1976), Triassic from Jensen (\975), and Permian from Jackson & others (1980). 
* Predicted west of Merivale Fault, based on greatest known thickness in Denison Trough and seismic evidence. 

phase. Remnants of Tertiary basalt flows cover parts of 
the sedimentary sequence. 

A more detailed description of stratigraphy and 
facies is given in Gray (1980), and in Jackson & others 
(1980). 

Local unconformities are prevalent in the Early Per
mian sequence, but Late Permian deposition appears 
to have been consistently widespread and conformable. 
Local unconformities are again prevalent in the Triassic 
section, especially at the top of the Rewan Group, 
and a marked regional unconformity exists between 
Triassic and Jurassic rocks. 

Discussion of results 
The locations of the BMR seismic traverses are 

shown in Figure 2. I nterpretative cross-sections are 
shown in Figure 6 and 7. The processed seismic sec
tions are presented in Bauer & Nelson (1980)
traverses 6, 7. and 8; Nelson & Bauer (in press)-
tr:Jverses I, 2, and 3; and Dixon & Bauer (in prep.) 

--traverses 4 and 5 and AAR line S3. Some seismic 
data from the 1978 part of the survey are also presented 
in Nelson & Bauer (1980). 

For ease of discussion the area is divided into three 
parts: the Rolleston (northern), Warrinilla (central), 
and Westgrove (southern) areas. 

RoUeston area 

Traverses 4 (east), 4 (west), 5, and 9 were recorded 
in this area. The two sections of traverse 4 were con
nected by line S3, recorded for AAR Ltd as part of a 
detailed seismic survey in the area. Traverse 4 together 
with AAR line S3 provides a complete east-west sec
tion across the Denison Trough, from the Springsure 
Shelf in the west to the Comet Platform in the east, 
and provides significant new information on the struc
ture and stratigraphy of this part of the trough. Tra
verses 5 and 9 are short cross-traverses, north and 
east from the eastern end of traverse 4. An inter
preted cross-section of traverse 5 is presented in Dixon 
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& Bauer (in prep.); data on traverse 9 were of very 
poor quality and are not presented. 

The western part of traverse 4 (Fig. 6) shows the 
relatively flat-lying Springsure Shelf, onto which much 
of the Early Permian sequence laps westwards. Pre
Permian basement is interpreted as being about 1200 
m deep on the shelf. A 450 m section of Early Per
mian sediments, correlative with the Aldebaran Sand
stone to Catherine Sandstone interval, overlies base
ment, but no Reids Dome beds or Cattle Creek Forma
tion are interpreted as being present. Late Permian 
sediments are interpreted as extending across the Shelf 
and thinning slightly westward. 

The eastern flank of the Springsure Shelf is marked 
by at least two stages of down faulting over a 20 km 
wide transitional zone. The Reids Dome beds and 
Cattle Creek Formation lap out progressively westward 
across this zone. 

The western margin of thick Early Permian sedimen
tation in the Denison Trough is marked by a prominent 
fault 7 km west of the Springsure Anticline. This fault 
is believed to be an extension of the Merivale Fault 
system mapped in the Westgrove area to the south. 
The seismic data indicate that the Denison Trough was 
initiated in Early Permian times by tensional forces 
that gave rise to a series of meridional faults, mainly 
downthrown to the east, including the Merivale Fault. 
Thick sequences of the Early Permian Reids Dome 
beds were deposited in sub-basins that formed on the 
eastern sides of these faults. The configuration of the 
sub-basins cannot be determined with certainty, but 
the major depocentres appear to be beneath the present
day Springsure, Consuelo, and Rolleston Anticlines, 
with possible lesser sub-basins between Consuelo and 
Rolleston, as indicated on Figure 6. 

Reflecting horizons within the Reids Dome beds and 
the Cattle Creek Formation diverge strongly west
wards towards the Consuelo Anticline and lap out 
eastwards onto older Reids Dome beds or basement. 
Similar but lesser divergence and lapping out occur 
within the Aldebaran Sandstone and overlying Early 
Permian units. This evidence supports the interpreta
tion that downwarping, initially rapid, but gradually 
diminishing, occurred at least in the vicinity of the Con
suelo Anticline throughout the Early Permian. Sedi
mentation seems to have been uniform during the Late 
Permian. 

Structure in the vicinity of AFO Rolleston 1 is 
complex, and indicates several stages of movement. 
In the Early Permian a graben appears to have 
formed at or near the site of the present Rolleston 
Anticline, bounded on the west by one or more faults, 
down thrown to the east, and filled from the east by 
sediments eroded from the Comet Platform. A signi
ficantly thickened Cattle Creek Formation east of the 
fault suggests movement on the fault at the end of 
deposition of the Reids Dome beds or during deposition 
of the Cattle Creek Formation. West of the fault is an 
area where the lower Cattle Creek Formation and, pos
sibly. upper Reids Dome beds were not deposited. 
This also is evidence of a phase of deformation near 
the end of Reids Dome beds time. 

The eastern margin of thick Early Permian sedimen
tation in the Denison Trough is the Comet Platform. 
The Reids Dome beds lap progressively eastwards onto 
the eroded and possibly faulted basement surface, con
sisting of Devonian metasediments of the Timbury 

Hills Formation, and lap out completely approximately 
10 km east of AFO Rolleston 1. 

The base of the Cattle Creek Formation exhibits 
angular discordance with the underlying Reids Dome 
beds, as it does west of AFO Rolleston I. The Cattle 
Creek Formation laps onto pre-Permian basement east 
cf the pinchout of the Reids Dome beds. The remainder 
of the Early Permian sequence, that is, from the Alde
baran Sandstone to the Catherine Sandstone, also thins 
eastwards across the Comet Platform. The Late Per
mian sequence, on the other hand, thickens slightly 
from the crest of the Comet Platform eastwards towards 
the Taroom Trough. 

Present day structural configuration of the Rolleston 
area results largely from a major compressive phase 
of deformation late in the Triassic. This phase gave 
rise to the Springsure, Consuelo, and Rolleston Anti
clines, which appear to have formed on the site of 
Early Permian grabens, and to lesser reactivation of 
other pre-existing structures. 

Warrinilla area 
Traverses I, 2, and 3 were recorded in this area. 

Traverses I and 3 together form an approximate east
west section across the Denison Trough (Fig. 7), while 
traverse 2 (Fig. 6), together with recent confidential 
AAR seismic data made available to the authors, forms 
a complete north-south tie-line from the Rolleston 
area in the north, through the Warrinilla area, to the 
West grove area in the south. 

The new BMR seismic data have led to the re-defini
tion of the configuration and extent of the Comet Plat
form in this area, and to the recognition of three major 
Early Permian structures associated with the Platform. 
The three structures, described in Nelson & Bauer 
(in press) are (I) the Christmas Creek Structure, an 
arcuate hinge fault located north and northeast of 
PEC Warrinilla North I, (2) the Bullaroo Monocline, 
south of PEC Warrinilla 1, and (3) the Arcadia Em
bayment, an elongate Early Permian depocentre ex
tending from PEC Warrinilla 1 to near OSL 3 (Ar
cadia) . 

The Comet Platform is a structurally elevated area 
that formed the eastern boundary of thick Early Per
mian sedimentation in the Denison Trough and on 
which the Reids Dome beds are either thin or absent. 
The newly-defined configuration of the Comet Plat
form based on the BMR seismic data, compared with 
that inferred from earlier data, is shown in Figure 2. 
The newly-defined platform is more extensive than the 
earlier one, and is interpreted as having two lobes 
extending into the Denison Trough. The northernmost 
of these lobes trends southwesterly, its northwestern 
boundary being formed at least in part by the Christ
mas Creek Structure, and it incorporates part of the 
Morella Spur of Power (1967). The other lobe is in
ferred to have a northwesterly trend and is bounded 
to the northeast by the Bullaroo Monocline. 

The crest of the northernmost lobe appears to coin
cide with the Morella Anticline, which is interpreted 
on the basis of seismic data on traverse 3 and results 
from SQDI (Morella) as having no Reids Dome beds 
present. A thin sequence of Reids Dome beds exists 
to the east of the Morella Anticline. Traverse 2 inter
sects the crest about 12 km south of PEC Warrinilla 
North 1, where the seismic data again show the Reids 
Dome beds to be absent. The Early Permian sequence 
thickens rapidly to the north and west at the Christmas 
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Creek Structure, which forms the boundary of the 
Comet Platform in this area. 

The southernmost lobe is interpreted from the seismic 
results on traverse 2 as having no Reids Dome beds 
present. The beds do not appear to cross the Bullaroo 
Monocline, which forms the northern boundary of this 
lobe. The southern boundary is interpreted as being 
about 5 km north of the southern end of traverse 2, 
south of where a thick Reids Dome beds sequence is 
interpreted as being present. 

These two lobes of the Comet Platform are inter
preted as either partly or completely enclosing the 
Arcadia Embayment, which is seen on traverse 2 to 
have a significantly thickened sequence of Reids Dome 
beds. Traverse 1, which also lies in the embayment, 
shows a thickened Reids Dome beds sequence that 
thins gradually to the southeast. 

form, it is possible that one or both may reach to the 
western margin of the Denison 'Trough, forming an 
Early Permian barrier between the Westgrove area in 
the south and the Springsure-Rolleston area in the 
north. Seismic data on the western part of Traverse 3, 
however, suggest that a thick sequence of Reids Dome 
beds exists in the vicinity of the Serocold Anticline. 
Although no reflections can be identified below the top 
of the Reids Dome beds reflector, the seismic section 
has a character verv similar to that of traverses 6 and 
7 at Westgrove, wh-ere drilling results confirm that the 
Reids Dome beds are over 2770 m thick. 

Because there are insufficient data to accurately define 
the westerly extent of these lobes from the Comet Plat-

Several phases of movement are recognised in the 
Warrinilla area. The first of these was the major ten
sional phase before commencement of Permian sedi
mentation, during which normal movement on struc
tures such as the Merivale Fault, the Christmas Creek 
Structure, and the Bullaroo Monocline resulted in the 
formation of basins in which thick sequences of Reids 
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Dome beds were deposited. Growth continued on some 
of these structures at intervals during deposition of the 
Reids Dome beds. Another period of deformation near 
the end of deposition of the Reids Dome beds resulted 
in normal faulting, such as that seen on traverse 1. 
Minor readjustments during the Aldebaran Sandstone
Freitag Formation interval resulted in the thinning of 
this interval, which can be seen on traverse 2 on the 
northern side of the Bullaroo Monocline, and the 
thickening that can be seen on traverse 1 near GSQ 
Taroom 9. Further minor movements are indicated 
curing the Ingelara to Peawaddy Formation interval, 
near the Christmas Creek Structure, and during deposi
tion of the Black Alley Shale on the Bullaroo Mono
cline. A final major compressive phase of deformation 
during the Late Triassic resulted in formation of the 
major present-day structures, such as the Serocold, 

. Morella, Warrinilla, and Arcadia Anticlines, and the 
Bullaroo Monocline. 

Westgrove area 
In this area two approximately east-west lines, tra

verses 6 and 8, and a north-south tie-line, traverse 7, 
were recorded. 

These lines indicate a thick Early Permian sequence 
on the western two-thirds of traverse 6, except west 
of the Merivale Fault, and on the northern two-thirds 
of traverse 7. This thick sequence is believed to con
tinue northwards until it is interrupted by the north
westerly trending lobe from the Comet Platform 
described in the preceding section, and it may be con
tinuous with the thick Early Permian sequence inferred 
at AFO Bandanna 1. To the east, west, and south 
of this depocentre at Westgrove, the Early Permian 
sequence is much thinner or absent. 

Several major structures are evident in the seismic 
data in this area. Of these the Ridgelands Structure, 
a thrust-faulted monocline near the eastern end of 
traverse 6, was described for the first time by Bauer 
& Nelson (1980) on the basis of the new BMR seismic 
data. 

The most significant structure in the area is the 
Merivale Fault, which was crossed by both traverses 
6 and 8. It is. believed that deposition in the Denison 
Trough was initiated by normal movement, down
thrown to the east, on the Merivale Fault in the Early 
Permian. Tentative correlation of reflections across the 
fault indicates that movement continued almost until 
the end of the Early Permian at Westgrove, but that it 
may have stopped earlier, at the completion of deposi
t:on of the Reids Dome beds, at Glentulloch. Deposi
tion across the fault appears to have been more or less 
continuous during the Late Permian at Westgrove, and 
during the post-Reids Dome beds Permian at Glen
tulloch. The present-day Merivale Structure results from 
a major compressional phase of deformation during the 
Middle to Late Triassic. Bauer & Nelson (1980) in
voked a sequence of events for the formation of the 
Westgrove Trough, whereby deformation occurred by a 
combination of conjugate thrust-faulting on the Meri
vale and Ridgelands Faults, and plastic deformation. 
This phase resulted in the thrust-faulted Merivale and 
Ridgelands Structures. Major folding' also occurred 
at this time on the Westgrove Anticline, and on the 
Timor Structure, a smaller anticline on the eastern 
end of traverse 8. 

The normal fault mapped on traverse 7 between 
AAO Kildare 2 and AAO Kildare North 1 was named 

the Kildare Fault by Bauer & Nelson (1980). Move
ment is known to have occurred on this fault at the 
end of Reids Dome beds deposition, and late in the 
Triassic. Faulting is thought to result from drape over 
or reactivation of a major basement fault, down thrown 
to the north, which may be a transverse structure re
lated to the Merivale Fault. 

Reliable mapping of the base of the Permian se
quence in the Westgrove area from the seismic data 
has generally not been possible. The lack of a basal 
Permian reflection is believed to be due to a low 
acoustic impedance contrast between the Reids Dome 
beds and the ?Devonian metasediments thought to 
underlie the Permian sequence. Very poor ba;ement 
reflections are identifiable at AAO GlentulIoch 1 and 
AAO Womblebank I, where the Reids Dome beds are 
thin and absent, respectively. Also the occurrence of 
numerous diffractions towards the eastern end of tra
verse 6 is interpreted as indicating a faulted pre
Permian basement surface. 

The top of the Reids Dome beds is almost every
where mappable in the Westgrove area as a strong 
reflection event originating from thick coal seams in 
the uppermost part of the beds. However, the occur
rence and quality of reflections from within the beds 
is variable. The best reflections were recorded north of 
AAO Kildare North 1 on traverse 7, where several 
continuous events indicate a previously unknown major 
unconformity in the upper part of the beds. Near the 
Westgrove Anticline, events from within the Reids 
Dome beds are weak and discontinuous, but reflection 
trends indicate that the amplitude of the anticline in
creases with depth, and that the location of its crest 
migrates eastwards with depth. 

Other minor readjustments are indicated during the 
Early Permian by sedimentation patterns. For instance, 
thickening of the uppermost Reids Dome beds and the 
Cattle Creek Formation on the crest of the Westgrove 
Anticline indicates a period of sagging, whereas a 
thinning of the undifferentiated Early Permian sequence 
over the crest of the anticline indicates that the anti
cline underwent some upward movement at this time. 
Reactivation of old structures occurred towards the end 
of the Jurassic or later, resulting in some f1exuring. 

Conclusions 
(a) Good-quality seismic data can be obtained in the 

Denison Trough using digital recording and pro
cessing techniques. 

(b) The distribution and thickness of most rock units 
can be readily interpreted along the seismic lines. 
Lithological distribution can be related, in large 
part, to structural deformation. 

(c) The base of the Permian sequence is difficult to 
. map in areas of thick Early Permian sediments. 

(d) Major phases of movement have been recognised 
(i) at the commencement of sedimentation in 

the Early Permian; 
(ii) towards the end of deposition of the Reids 

Dome beds in the Early Permian; and 
(iii) in the Mid-Late Triassic. 
Movement during each phase of deformation 
tended to occur on pre-existing structures. 

(e) Lesser phases of movement occurred throughout 
the Early Permian, but particularly in the Alde
baran Sandstone-Freitag Formation interval, and 
the Late or post-Jurassic. 
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(f) The extent and configuration of the Comet Plat
form has been substantially redefined. The Plat
form extends further west than previously recog
nised. Two major spurs of the Platform, (i) to 
the southwest past SQDI (Morella) and (ii) to the 
northwest from south of the Arcadia Anticline, are 
postulated. 

(g) Several major Early Permian structures have been 
described for the first time. These are the Christ
mas Creek Structure, the Bullaroo Monocline, and 
the Arcadia Embayment, which are associated 
with the Comet Platform and significantly affected 
Early Permian depositional patterns in the Warri
nilla area, and the Ridgelands Structure and the 
Kildare Fault in the Westgrove area. 

(h) The Merivale Fault in the Westgrove area appears 
to have been active throughout nearly the whole 
of the Early Permian. The northerly extension of 
the fault has been mapped just west of the Sero
cold-Springsure Anticline. Subsidence on the fault 
in this . area appears to have slowed or stopped 
by the end of deposition of the Reids Dome beds . 

(i) Early Permian structures and pinchouts, untested 
for hydrocarbon potential, are revealed in the 
Denison Trough by the new seismic data. 
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Crustal reactions resulting from the mid-Pliocene to 
Recent continent-island arc collision in the Timor region 

C. R. Johnston & C. O. Rowin l 

The Sunda and Banda Arcs are contiguous surface features associated with the convergent 
boundary between the Southeast Asian and Australian-Indian Ocean plates, and where these 
two arcs meet, the tectonic environment changes from oceanic subduction to continent-island 
arc collision. This area has been investigated in an attempt to recognise and understand some 
of the effects of the introduction of continental crust into a subduction zone. Depositional 
environments encountered in Deep Sea Drilling Project (DSDP) hole 262 have been corre
lated with present environments to determine past horizontal distances between the leading 
edge of the subduction zone.and the DSDP location on the Australian crustal margin. These 
data have been combined with the apparent plate motion at this margin to derive an estimate 
of the surface width of the subduction zone through time. The similarity between past width 
variations and present lateral variations has been used as the basis for proposing a collision 
model. 

Before the collision, the Indonesian subduction zone extended eastwards into the region 
that is now the southern Banda Arc. The continental edge of Australia first entered this sub. 
duction zone about 3 m.y. ago, in the mid-Pliocene. Initially, a wedge of deformed continental 
margin sediments began to develop at the leading edge of the subduction zone. The tectonic 
front that separated deformed from undeformed sediments and an associated bathymetric low 
migrated up the continental slope leaving in their wake a large wedge of deformed continental 
margin sediments, which produced a southerly bulge in the subduction zone. Ultimately, the 
deformation wedge began to absorb the near-surface stresses, and relative motion between the 
front and the southern plate slowed to near zero. Continuing relative plate motion carried 
the deformation front back towards the volcanic arc. Compression from this has been almost 
entirety taken up in the subduction zone, and has led to thickening and uplift of the deforma
tion wedge and crust associated with the pre-collision outer-arc ridge. 

The proposed collision model explains many of the morphological, geological, and geo
physical irregularities in the Timor region. 

On a broader regional scale, the evidence that the Southeast Asian plate at Timor is 
moving eastward at about 60 km / m.y. relative to the Eurasian plate, supports the interpreta
tion that the India/China continental collision is pushing the Southeast Asian plate to the 
southeast. 

Introduction 
In a broad sense, the tectonic complexity of the 

Southeast Asian region results from convergent inter
action between the Pacific, Eurasian, and Australian
Indian Ocean plates. One of the effects of this inter
action has been the development of a number of small 
sub-plates which move independently of the major 
plates as they adjust to regional stresses. One such sub
plate is the Southeast Asian plate, which encompasses 
most of the Indonesian Archipelago region. 

The S9utheast Asian plate is separated from the Aus
tralian-Indian Ocean plate by the Indonesian subduc
tion zone (Fig. I) , which is bounded to the north by 
a volcanic arc and to the south by a tectonic front co
incident with a bathymetric trench or trough. Since its 
inception in the Paleogene this subduction zone has had 
an episodic history. During the Oligocene/Early Mio
cene, the volcanic arc was associated with intense, 
andesitic . volcanism and uplift. However, volcanic 
rocks from this period are noi known further east 
than western Flores (van Bemmelen, 1949). During 
the Middle Miocene, the volcanic arc subsided and 
volcanic activity was almost absent. The present active 
period began in the Late Miocene, and volcanism and 
associated uplift have been fairly continuous since that 
time. 

The Indonesian subduction zone can be subdivided 
into two portions, the Sunda and Banda Arcs, ex-

1. Woods Hole Oceanographic Institution, Woods Hole, 
Massachusetts 02543, USA. 

tending, respectively, west and east of the island of 
Sumba (Fig. 1). South of the Sunda Arc ocean ic litho
sphere of the Australian-Indian Ocean plate dips north
wards into the Java Trench, where it is subducted be
neath the Southeast Asian plate. In contrast to this, 
the Banda Arc is characterised by having Australian 
continental lithosphere dipping northwards into the 
Timor Trough (Bowin & others, 1980) . In the region 
where these two arcs meet there exists a unique oppor
tunity to examine the crustal effects of introducing 
continental lithosphere into a subduction zone. 

Comparison of the Sunda and Banda Arcs 
In recent years, many authors have compared the 

Sunda and Banda Arcs (Fitch & Hamilton, 1974; 
ACldley-Charles, 1975; Hamilton, 1977; Cardwell & 
Isacks, 1978; Von der Borch, 1979). Some of the 
more striking similarities and contrasts, which must 
be considered when attempting to understand the geo
logical development of this region, are discussed below. 

The volcanic arc is undoubtedly the best example of 
continuity between the two arcs. A small circle fit to the 
active volcanoes between western Java and Pantar 
emphasises this point (Fig. 1). The pole of the small 
circle is at 32"N, 120oE. The most notable features 
of the volcanic arc are the marked decrease from west 
to east in both subaerial exposure and age of the 
oldest exposed rocks. Granites in Sumatra suggest a 
Mesozoic magmatic belt; in western Java and southern 
Sumatra there is evidence of a Cretaceous volcanic 
arc which extended across the Java Sea and into Kali-
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along the Sunda Arc from a region of continental collision along the southern Banda Arc. South of 13 °S the con
tinent-ocean boundary is according to Stagg (1978) .. 

mantan; throughout eastern Java and Flores the oldest 
volcanics are Oligocene to Early Miocene; and east of 
Flores the volcanics are no older than Late Miocene. 
It should be noted that the Alor/Wetar area has been 
volcanically inactive during the last 3 m.y. (Abbott & 
Chamalaun, 1978) . This portion of the arc, however, 
has undergone differential uplift since volcanism ended 
(Brouwer, 1942; van Bemmelen, 1949; Katili &" Soetadi, 
1971; Chappell & Veeh, 1978). 

The seismic zone associated with the Indonesian 
subduction zone extends beneath the Southeast Asian 
Plate (Cardwell & Isacks, 1978), and appears to be 
continuous between the Sunda and Banda Arcs. 

The Java Trench and Timor Trough are associated 
with the southern tectonic boundary of the Sunda and 
southern Banda Arc portions, respectively, of the Indo
nesian subduction zone (Fig. 1). The Timor Trough 
is some 3 km shallower than the Java Trench and as 
such has been considered by some to be a relatively 
minor feature (CCOP-IOC, 1975). However when 
compared with adjacent morphological features the re
lative dimensions of the Timor Trough are seen to be 
similar to those of the Java Trench. From the top of 
Timor to the axis of the Timor Trough there is an 
elevation difference of about 5 km. Similarly, the dif
ference between the outer-arc ridge south of Java and 
the Java Trench axis is also approximately 5 km. The 
Australian continental crust is depressed about 3 km 
at the Timor Trough (Bowin & othe'rs, 1980) , whereas 
at the Java Trench the southern oceanic crust is de
pressed only about 2 km. There is, therefore, no reason 
to suggest that the Timor Trough is not related to a 
tectonic boundary just as significant as the generally 
accepted Java Trench plate boundary. 

The axis of the Java Trench (Fig. 2) marks the sur
face boundary between depressed oceanic crust to the 
south and the accretionary wedge to the north. Seismic 
profiles across the trench show an abrupt change from 
relatively undeformed crustal material south of the 
axis to highly deformed material to the north. High 
resolution multi-channel seismic techniques have suc
cessfully revealed structural detail beneath the northern 
flank of the Java Trench south of Java (Beck & Lehner, 
1974; Hamilton, 1977). The data show that the 
southern plate continues to dip northwards beneath an 
accretionary wedge imbricated by north-dipping thrust 
planes. 

The Timor Trough (Fig. 2) is associated with a 
similar type of structural boundary, except that north 
of the trough the structural complexity is even more 
difficult to resolve. However, the data suggest that the 
northern flank of the Timor Trough includes both 
compressional folds and north-dipping thrust planes 
(Montecchi, 1976; Beck & Lehner, 1974; Von der 
Borch, 1979). 

The Java Trench and Timor Trough are connected 
via the Roti Basin. This shallow-sided bathymetric low, 
on the northern side of the Scott Plateau (Fig. 3), 
also corresponds to a structural boundary, like the 
Java Trench and Timor Trough (Fig. 2) . Thus, there 
appears to be a continuous bathymetric low, extending 
from the Java Trench through the Roti Basin and into 
the Timor Trough, which is both coincident with and 
related to the southern tectonic boundary of the Indo
nesian subduction zone. 

The usual form for subduction zones is convex to
wards the plate that is being subducted, as is the case 
throughout the Sunda Arc. However, the Timor Trough 
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and the outer-arc portion of the Banda Arc in the 
vicinity of Timor are concave towards Australia, 
whereas the inner volcanic arc is convex (Brouwer, 
1919). 

The morphological features associated with the 
Sunda Arc display lateral continuity and run very 
nearly parallel with one another, as can be demon
strated by fitting a small circle to the Java Trench 
centred on the same pole as the small circle through 
the active volcanoes (Fig. 1). Other small circles 
centred on this pole could likewise be fitted to the 
outer-arc ridge and outer-arc basin features of the 
Sunda Arc. The parallelism of these features extends 
for more than 1000 km, from western Java to Sumba. 
The Banda Arc features, on the other hand, display 
lateral continuity, but their parallelism wanes, result-

NORTH 

WATER 
DEPTH (m) 

ing in significant variation in both the distance between 
the volcanic arc and the southern tectonic front (Fig. 
I) and the elevation of the surface features of the sub
duction zone. The point where the uniform dimensions 
of the Sunda Arc give way to the variable form of the 
Banda Arc coincides with where the continent-ocean 
boundary between the northeast Wharton Basin and 
the Scott Plateau intersects the subduction zone south 
of Sumba (Fig. 1). 

Evidence for crustal convergence at the 
Timor Trough 

The continuity between the Sunda and Banda Arcs 
can be interpreted as suggesting that the Timor Trough 
is merely a shallow equivalent of the Jav.a Trench (i.e. 
it represents the outcrop of a major thrust boundary 

SOUTH 

Profile 1 
3~,-----------------------------------------------------------------------------------, 

5000 

7000 

(\ 
1\ JAVA TRENCH 

Profile 2 
1000,-----------------------------------------------------------------------------------, 

3000 

5000 

7000 

1000 

3000 

5000 

7000 

Figure 2. 

ROTI BASIN ----- ------- ---

Profile 3 

10 kin 
'--______ ..J. 

23101/1 

Representative seismic profiling reflectors across three bathymetric features associated with the southern tec
tonic front of the Indonesian subduction zone. 
All profiles have been projected onto planes perpendicular to the tectonic front. For location see Figure I. 



226 C. R. JOHNSTON & C. O. BOWIN 

, , 

/ 

" SAHUL 

12 
SHELF 

200km 
~------~------~, 

.... --- .... 

• A Location of DSDP-262 

• B Reference point on axis 
of Timor Trough 

• Active volcano 

Sawu Bulge 

} 

I~ "" I 
/ 

Southern tectonic front of the 
Indonesian Subduction Zone 

- 4 - Bathymetric contour (km) 

23/01/3 

~ Seismic profile BMR 1B/0 19 - - Boundary between continental 
and oceanic crust . 

Figure 3. Timor region. 
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between two converging plates). If this is so, one 
might reasonably expect the relative motion between 
the flanks of the Timor Trough to be the same as the 
apparent motion between the Southeast Asian and 
Australian-Indian Ocean plates in this region. However, 
an examination of shallow earthquake activity in the 
region (Fig. 4) reveals a marked paucity of events 
associated with the Timor Trough compared to the 
Java Trench. This contrast has been discussed by both 
Fitch (1972) and Cardwell & Isacks (1978), who sug
gest it indicates reduced under-thrusting in the region 
of the Timor Trough. 

Using data from Deep Sea Drilling Project (DSDP) 
hole 262, at the western end of the Timor Trough 
(Fig. 3), in conjunction with seismic reflection, sedi
mentological, and morphological data, we have esti
mated past separations and, thus, relative motions 
between the southern tectonic front of the Banda Arc 
and the Australian crustal sediments penetrated by 
DSDP 262. Veevers & others (1978) used this approach 
and concluded that the relative motion in the trough 
during the Late Pliocene and Quaternary was 5.8 kml 
m.y. and 0.55 km/m.y., respectively. This marked 
slowing down appears consistent with the low level of 
seismic activity at the trough. 

DSDP 262 penetrated 442 m of sediment ranging 
in age from Pliocene to Holocene (Fig. 5). Five 
general stratigraphic units have been recognised 
(Veevers & others, 1974). Units 1 and 2 consist of 
337.5 m of fairly uniform -clay-rich nanno ooze de
posited in an environment similar to that which exists 
in the Timor Trough today. These sediments were 
mostly formed as a result of pelagic deposition and de-

position of mud from bottom currents (Veevers & 
others, 1978). Unit 3 is 76.5 m thick and consists 
of nanno-rich and micarb-rich foraminiferal ooze. The 
top 52.5 m of this unit suggests a depositional environ
ment shallowing down the core. Immediately below 
this interval at the 390 m level there is a sudden 
change in the ratio of benthic to planktic foraminifera, 
suggesting a rapid change in depositional environment. 
The abundance of shallow-water benthic foraminifera 
beneath this level suggests an inner shelf environment. 
Unit 4 (13 m of shallow-water dolomitic mud rich in 
foraminifera) and Unit 5 (dolomitic shell calcarenite) 
both indicate a high-energy shallow-water environment. 
The hole was terminated after penetrating 15 m of 
Unit 5. 

The distribution of microflora and fauna in DSDP 
262 have been reviewed by B.U. Haq (Appendix) and 
several datum levels have been determined (Fig. 5). 
Those plotted have each been assigned an error bar 
attributable to a combination of both sampling error 
and intervals of uncertainty as detailed in the Appen
dix. By the application of best-fit straight lines to the 
datum points, rates of deposition have been estimated 
for the penetrated sediments. The rates vary between 
80 m/m.y. towards the base of the hole and 350 
m/m.y. for the top 200 m or so of sediment. 

Percentages of sand in DSDP 262, determined by 
G. W. Bode (l974a) and Thayer & others (1974), 
show a significant change at 337.5 m (Fig. 5). Of the 
123 values derived for the bottom trough sediments 
(Units 1 and 2), 11 values exceed 10 percent. These 
values are seen as spikes superimposed on a fairly con
stant low background, and are thought to represent 
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irregular deposits of material such as turbidity sands 
(Veevers & others, 1978) or volcanic ash layers 
(Veevers & others, 1974) which are volumetrically 
unimportant to the bottom trough sediments as a 
whole. If these eleven values are rejected, the remainder 
average 2.42 percent and have a standard deviation of 
2.15 percent, whereas the values below 337.5 m vary 
widely and average 35 percent. 

Total calcium carbonate percentage for DSDP 262 
(Bode, 1974b) shows a gradual decrease up the hole 

(Fig. 5) across the 337.5 m mark, and can be inter
preted as suggesting continued deepening of the depo
sitional environment. Van Andel & Veevers (1967, 
fig. 8.1) showed a uniform gradient of calcium car
bonate percentage, derived from surface sediments, 
which decreases with increasing water depth down the 
southern flank of the Timor Trough. The sudden de
crease (up the hole) in the DSDP calcium carbonate 
percentage at 270 m appears to reflect a corresponding 
increase in non-carbonate or mud deposition. The per-
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Figure 6. Portion of seismic profile BMR 18/019, showing bottom trough sediments and projected position of DSDP 
262. 
For location see Figure 3. 

centage remains at 30-35 percent above 220 m, sug
gesting that water depth was fairly constant during the 
deposition of these sediments. 

The deepening of the depositional environment, pre
viously observed in Unit 3 (Veevers & others, 1974), 
appears to continue through Unit 2 and into the lower 
part of Unit 1. For this reason, in Figure 5, Unit 3 
has been classified as 'upper flank sediments', and Units 
1 and 2 as 'bottom trough and lower flank sediments'. 

The change in rate and depth of deposition indicates 
a range of different depositional environments at the 
DSDP location. Using other local data, it is possible 
to define boundaries for the major depositional environ
ments encountered in the hole, which can then be used 
to infer horizontal surface displacements throughout 
the last 2 m.y. or so. 

A north-south seismic profile across the Timor 
Trough passes within 3 km of the DSDP 262 location 
(Fig. 3), and a tie was established betwen the two 
by projecting the hole location along the bathymetric 
strike onto the seismic line (Fig. 6). The accuracy of 
the tie was maximised by processing the seismic line 
navigation data according to Garnett (1975). 

The seismic section shows that there is approximately 
0.5 s of ponded sediments in the bottom of the trough. 
North of the trough axis these become progressively 
deformed, the boundary between deformed and unde
formed sediments being quite distinct. South of the 
trough axis the ponded sediments onlap a sedimentary 
sequence that has an apparent northward dip of 2.6

0

• 

Beneath the ponded sediments are several unconformi
ties (Fig. 6, Seismic Horizons C, D, and E). 

The interval between seabed and Seismic Horizon A 
is seen to thicken towards the trough axis. A similar 
thickening is also apparent between Seismic Horizons 
A and B, whereas beneath Horizon B there is no such 
thickening. In fact, the interval between Horizons Band 
C apparently thickens slightly up the southern flank, 
away from the trough axis, suggesting that the lower 
boundary of the ponded sediments lies near seismic 
Horizon B. If the 337.5 m thick bottom trough sedi
ments (Units 1 & 2) at the DSDP location are corre
lated with the seismic interval between seabed and 
Horizon B, an interval velocity of 1750 m/ s is obtained. 

This is in good agreement with the interval velocity 
range of 1650-1900 m/ s suggested by Veevers & others 
( 1978) for the surface layer beneath the southern flank 
and axis of the Timor Trough. 

Using the 1750 mls velocity for the ponded sedi
ments, Horizon A intersects the DSDP location at 
approximately 220 m below seabed. The sediments 
between the seabed and Horizon A thin onto the 
southern flank until, in the VICInity of Station 
18.221100, Horizon A merges with the seismic wavelet 
generated by the seabed reflector. From the micro
palaeontological datums (Fig. 5) Horizon A can be 
dated at approximately 0.6 m.y. On the assumption 
that Horizon A is isochronous, or at least approximately 
so, rates of deposition can be determined across the 
bottom of the Timor Trough for the interval between 
seabed and Horizon A. These deposition rates, which 
have been determined at approximately 1 km intervals 
between seismic stations 18.221100 and 18.221200, 
vary significantly along the line (Fig. 7). They appear 
to approach, asymtoticaIly, constant values, both on 
the southern flank and at the trough axis. The depo-
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sltlOn rates thus appear to define three sub-environ
ments associated with the bottom trough sediments : a 
trough axis sub-environment, with average deposition 
rate about 480 m/m.y. during the last 0.6 m.y.; a 
southern lower flank sub-environment, average deposi
tion rate about 120 m/m.y. over the same period; and 
a transitional sub-environment within which the 
average deposition rate has varied smoothly between 
120 and 480 m/m.y. 

The boundary between the lower flank sub-environ
ment and the transitional sub-environment corresponds 
to a distinct break in seabed slope, as recorded by a 
Raytheon digital PDR echo-sounder (Fig. 7), and 
appears to be the result of the higher sedimentation 
rate in the transitional sub-environment. 

Any recent movement of the tectonic front and 
associated trough axis should be apparent from a com
parison of the rates of deposition for the DSDP sedi
ments and lateral variations in the deposition rates 
across the trough. The DSDP data (Fig. 5) suggest 
that the deposition rate during the last 0.6 m.y. (i .e. 
above Horizon A) has been very nearly constant at 
about 350 m/m.y. When this is compared with the 
deposition rates across the trough axis during this 
time, it appears that, throughout the last 0.6 m.y., the 
DSDP location has been stationary relative to the 
bottom trough sub-environments. The average deposi
tion rate 5 km to the south of the DSDP location is 
approximately 150 m/m.y., and it seems most unlikely 
that a deposition rate as low as this has existed at the 
DSDP location at any time during the last 0.6 m.y. 
The simplest and most likely explanation for this is 
that, during this time, the DSDP location , and thus the 
Australian continental crust, has not moved any signi
ficant distance relative to the axis of the Timor Trough. 
The only other explanation is that the depostion rates 
at the trough axis have changed through time in such 
a way as to maintain a constant deposition rate at the 
DSDP location . This seems a most unlikely possibility. 

124° 

We conclude, therefore, that during the last 0.6 m.y. 
the relative displacement between the southern tectonic 
front of the Indonesian subduction zone and the Aus
tralian continental crust in the vicinity of DSDP 262 
has almost certainly been less than 5 km, and has pro
bably been very close to zero. Thus, the correspond
ing relative motion between these two features during 
this time has been less than 10 km/m.y. 

Between Units 2 and 3 (337.5 m) there is a change 
from ponded bottom trough sediments to shallower 
flank sediments, and it has already been shown that 
this 337.5 m boundary is closely associated with seismic 
Horizon B (Fig. 6). Horizon B can be followed up the 
southern flank of the Timor Trough to a point near 
station 18.221020, where it merges with the seabed 
reflector. Extrapolation up the slope suggests that this 
horizon crops out near station 18.220950. The outcrop 
is located about 18 km south of the trough axis, in 
approximately 1500 m of water. 

The percentages of sand from the DSDP hole (Fig. 
5) have been compared with values from six surface 
sediment sampling profiles extending across the Timor 
Trough (van Andel & Veevers, 1967). These· data 
(Fig. 8) show that along the trough axis the percen
tage of sand is less than 5 percent and along the 
southern flank of the trough it varies widely, but 
averages 36 percent. Using an arbitrary value of 5 
percent sand for separating the ponded from flank 
sediments it can be seen that, despite the large separa
tion (approximately 20 km) between the surface sedi
ments sampling stations, ponded bottom trough sedi
ments all lie less than 30 km from the trough axis, 
in water deeper than about 1500 m. This agrees very 
favourably with the outcrop position for seismic hori
zon B, the boundary between ponded bottom trough 
sediments and shallower flank sediments in DSDP 262. 

As previously discussed , the DSDP calcium car
bonate percentages (Fig. 5) suggest that when the 
depositional environment changed from flank to bot-
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Figure 8. Percentage of sand in surface sediments across tbe Timor Trougb (after van Andel & Veevers, 1967). 
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tom trough at 337.5 m, the DSDP location was in 
shallower water than it is today. 

The above observations can be interpreted as sug
gesting that, when bottom trough sedimentation com
menced at the DSDP site some 1.3 m.y. ago, the DSDP 
sediments were located approximately 15-30 km south 
of a bathymetric trough and, since that time, they 
have moved north to their present position on the axis 
of the trough. 

The change from flank to shelf sediments is another 
obvious environmental boundary within the DSDP 
sediments. This boundary at 390 m below seabed is de
fined by a rapid increase, down the hole, in benthic 
foraminifera coupled with a corresponding decrease 
in planktic forms. This is assumed to indicate a change 
from an open deep-water environment, seawards of the 
shelf edge, to a shallow-water shelf environment with its 
more restricted water circulation. A similar present
day boundary has been observed along the top of the 
southern flank of the Timor Trough by van Andel & 
Veevers (1967, fig. 9.4), where the percentage of 
planktic foraminifera compared to the total number of 
foraminifera changes by 30 percent over a distance of 
about 15 km. The present-day boundary is approxi
mately 90 km south of the trough axis and is closely 
associated with the seaward edge of large reef banks 
lying seaward of the shelf break. These banks almost 
certainly have a considerable influence on the local 
environment, including water circulation, the distribu
tion of sedimentary facies either side of the banks, 
and the distribution of planktic and benthic foramini
fera. 

The growth of fringing reefs beyond the shelf break 
in this area appears to have been a recent develop
ment, since there are no known examples of drowned 
reefs further down the southern flank of the Timor 
Trough. Therefore, it is suggested that the planktic/ 
benthic foraminiferal boundary in the DSDP sediments 
was probably more closely associated with the location 
of the shelf break than is the present foraminiferal 
boundary. The present shelf break is approximately 
120 km south of the trough axis (van Andel & Veevers, 
1967; Veevers & others, 1978). 

Very shallow water benthic foraminifera were found 
in DSDP 262 at the base of Unit 3 and throughout 
Units 4 and 5 (Veevers & others, 1974). If the DSDP 
foraminiferal boundary was associated with a past shelf 
break in a similar position to the present shelf break, 
then the very shallow water environment evident in the 
DSDP sediments 2-2.5 m.y. ago «30m) would be in 
approximately 100 m of water on today's shelf. This 
large apparent discrepancy can be accounted for by 
the low sea levels that existed during the Plio-Pleisto
cene transition (Galloway, 1970; Vail & others, 1977). 

From what is known about depositional environments 
in the Timor Sea today, plus the assumption that 
flexural characteristics of the continental lithosphere 
have not varied significantly, either laterally or as a 
function of time, it would appear that, when the DSDP 
sediments passed from a shelf to a flank environment 
about 2.1 m.y. ago (Fig. 5), they were probably 
100-140 km south of a bathymetric low, and, since that 
time, they have moved north, relative to that bathy
metric low, to their present position. 

The three apparent displacements between the Timor 
Trough tectonic front and the Australian continent 
represented by the DSDP 262 location have been 
plotted on Figure 9a. They have been interpolated 
with a smooth curve to provide a continuous estimate 

of relative displacement through time. The relative 
motion function derived from this displacement curve 
is plotted on Figure 9b. Over the 2 m.y. period there 
has been a continuous decrease in relative motion from 
about 160 km/ m.y. to zero. 
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Figure 9. (a) Horizontal displacement and (b) correspond
ing motion between the tectonic front of the 
subduction zone and the DSDP location on Aus
tralian continental crust in the vicinity of western 
Timor. 
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An evolutionary link between the Java 
Trench and Timor Trough 

The global solution for relative plate motions de
rived by Minster & others (1974) predicted that the 
relative motion at the eastern end of the Indonesian 
subduction zone in the vicinity of Timor is approxi
mately 70 km/m .y . Isacks & others (1968) have shown 
empirically that the length down dip of a seismic zone 
is approximately equivalent to the amount of litho
sphere subducted at the plate margin during the last 
10 m.y. In the Timor region the down diD IenQth of 
the seismic zone, as mapped by Cardwell & Isacks 
(1978), is approximately 800 km, suggesting an 
average relative plate motion during the last 10 m .y. 
of about 80 km/m.y. This is in general agreement with 
the estimate of Minster & others (1974) . 

The motion we have derived for the Timor Trough 
appears to have little in common with that deriv~d 
by Minster & others (1974) (Fig. 9b) except that 
whichever value is used to calculate the total movement 
over the last 2.4 rn .y., the results are very similar 
(Fig. 9a). 

Could the present near-zero crustal motion at the 
Timor Trough be explained by absorbing the relative 
plate motion in some other way apart from simple 
thrusting at the leading ed~e of the subduction zone? 

If the morphological differences between the Sunda 
and Banda Arcs, which have already been discussed , 
are related to the different types of lithosphere that 
dip into these two regions then it may be proposed 
that, prior to the collision, the Banda Arc would have 
been similar in form to the Sunda Arc. If this was 
the case, the extrapolated small circle fit to the Java 
Trench (Fig. I) can be considered as a first approxi
mation for the position of a hypothetical oceanic sub
duction trench that would exist if continental litho
sphere had not entered the eastern end of the Indo
nesian subduction zone. 

Volcanic arcs associated with subduction zones are 
distinctive features which, over a limited period. can 
be regarded as fixed on the superposed plate. There
fore, they can be used as fixed points from which to 
relate horizontal plate and crustal movements associated 
with the subduction zone. 

A number of authors have speculated that the direc
tion of convergence between the two plates in this 
region is north-northwest (Cardwell & lsacks, 1978; 
Katili, 1970; Vening Meinesz, 1954; Brouwer, 1919). 
This apparent convergence direction has been used to 
construct a diagram ~f rel ative displacements through 
time for this active plate margin (Fig. 10) . Point A 
in Figure 3 lies on the axis of the Timor Trough at 
the same location as DSDP 262. In Figure 10 horiz~ontal 
displacements relative to the volcanic arc are plotted 
for a north-northwest line passing through Point A. 
As previously discussed , the relative plate motion in 
this region is about 70 kml m.y. This is portrayed in 
Fi(!ure 10 as a straight line passing through Point A. 
Therefore, on the assumption that the relative motion 
has been constant for the last 2-3 m.y., this line repre
sents the location through time of a point on the Aus
tralian crust tliat now lies a t the axis of the Timor 
Trough : i.e. it represents the location of the DSDP 
sediments . 

Point L li es on the extrapolated small circle fit to 
the Java Trench, (Fig. 3) which, as already discussed , 
can be considered as a first approximation to the hypo
thetical location of an oceanic subduction trench. A 
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Figure 10. Horizontal displacement between the northern 
volcanic arc and the southern tectonic front of 
the Indonesian subduction zone in the vicinity 
of western Timor. 
Derived by combining the apparent relative plate 
motion, the displacements from Figure 9 and the 
app roximate location of a pre-collision subduction 
trench. 

line representing the approximate outgrowth speed of 
~n oceanic accretionary wedge has been drawn from 
Point L to indicate the position of this hypothetical 
subduction trench through time. The proposed out
growth rate of 5 km/m.y . is based on a paper by Karig 
& others (1980) in which an Early Miocene (-20 m.y. 
ago) trench along western Sumatra is located 100 km 
to the northeast of the Java Trench. Outgrowth rates of 
o and 10 km per m.y. are also indicated on Figure 10. 
Any value within these limits could well apply equally 
to the present discussion with little consequence to 
the results . 

From the derived displacements between the DSDP 
sediments and .the southern tectonic front of the Indo
sian subduction zon.e, approximate positions can be 
calculated for the tectonic front relative to the volcanic 
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arc. These have been interpolated to give a curve re
presenting the position of the front through time (Fig. 
10). The curve shows that 2.1 m.y. ago the position 
of the front was nearly the same distance south of the 
volcanic arc as was the hypothetical subduction trench, 
suggesting that the Timor Trough and Java Trench 
share a common origin. 

At present, the tectonic front in the Sunda Arc 
region is at a near-constant distance from the volcanic 
arc. Eastwards, the front passes the continent! ocean 
boundary on the western side of the Scott Plateau 
and begins to move away from the volcanic arc, being 
furthest from it south of the island of Sawu. Further 
east the front gradually swings back toward the volcanic 
arc and is closest to it at the eastern end of Timor. 

The similarities between the theoretically derived 
width for the subduction zone through time at the 
western end of the Timor Trough (Fig. '10) and the 
observed variation in width of the present subduction 
zone (Fig. 1) suggest to us that the southerly bulge 
in the subduction zone south of Sawu is related to the 
introduction of continental margin sediments and crust 
into the subduction system. The implication of this 
suggestion is that large quantities of continental margin 
sediments first entered the Indonesian subduction zone 
near western Timor about 2.5 m.y. ago. 

The bulge in the subduction zone south of Sawu, 
the 'Sawu Bulge', projects approximately 100 km south 
of the Java 'french trend . It should be noted, how
ever, that the theoretically derived bulge (Fig. 10) 
is only about half this size. This discrepancy is dis
cussed further on. 

Development of the 'Sawu Bulge' 
To obtain a better understanding of the reasons for 

the development of the 'Sawu Bulge' (Fig. 3) a curve 
depicting the relative motion between the Australian 
continental crust and the leading edge of the subduc
tion zone i!1 the vicinity of western Timor has been 
derived (Fig. 11) from Figure 10. For the interval 
0-2 m.y. ago the relative motion is identical to that 
depicted on Figure 9b. It can be seen from Figure 11 
that, about 2.5 m.y. ago, there was a substantial in
crease in relative motion, which reached a maximum 
of about 160 km/m.y. about 2.0 m.y. ago. Since then, 
the relative motion has been decreasing and has been 
less than 10 km/ m.y. during the last 0.3 m.y. 

Figure 12a shows, diagrammatically, the oceanic 
subduction zone before continental collision. The sub
duction zone dimensions and crustal thicknesses are 
based on the Sunda Arc (Curray & others, 1977; 
Hamilton, 1977). A melange wedge is indicated, and 
the approaching Australian continental margin is shown 
as a rifted margin. High-resolution seismic profiles 
across oceanic subduction zones have permitted some 
understanding of the development of accretionary 
wedges (Hamilton, 1977; Talwani & others, 1977): as 
subducting lithosphere dips into the subduction zone 
at a trench , some or all of its sediments and possibly 
some basement material also are accreted to the toe 
of the wedge, whereas deeper sediments and basement 
rocks are either thrust beneath the toe and accreted 
to the wedge from below or are carried even deeper 
into the subduction zone. The stresses associated with 
these near-surface processes are absorbed by complete 
decoupling of surface material from the subducting 
lithosphere. When a continental margin, similar to the 
one shown on Figure 12a, first comes into contact with 
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Figure 11. Motion for western Timor region between the 
southern tectonic front of the Indonesian sub
duction zone and the DSDP location on Aus
tralian continental crust, since pre-collision 
times. 

the subduction zone, then , in a manner similar to 
oceanic subduction, the near-surface sediments are 
added to the toe of the accretionary wedge, whilst the 
deeper more coherent sediments are thrust beneath 
the wedge and accreted to it from below. However, 
owing to their increased thickness and rigidity com
pared to oceanic sediments, continental sediments are 
not easily stripped from the underlying crust, and, as 
a result. the near surface stresses increase, causing a 
basic change in the near-surface processes. 

Montecchi (1976) pointed out that,. the greater the 
thickness and rigidity of sediments, the better their 
"bility to transmit compressive stresses laterally. There
fore it seems reasonable to expect that following the 
start of collision, increasing near-surface stress would 
cause the crustal deformation front to move forward 
onto the subducting plate (Fig. 12b) , resulting in the 
formation of a large deformation wedge of continental 
margin sediments at the leading edge of the subduction 
zone, and explaining the movement of the tectonic 
front away from the volcanic arc. With time it would 
become increasingly difficult for near-surface stresses 
to be transmitted through the growing wedge of de
formed sediments along the leading edge of the subduc
tion zone, and, consequently, the advance of the tec
tonic deformation front over the subducting plate would 
slow. This effect is evident on Figure 11 where the 
relative velocity begins to decrease from about 2.1 
m.y . ago. Plate interaction at depth in the subduction 
zone between the continental lithosphere, which resists 
subduction, as a consequence of its buoyancy (McKen
zie, 1969), and the superposed plate might also con
tribute to this reduction in the rate of advancement of 
the deformation front . 

As the tectonic front slows, continuing plate motion 
would result in increasing near-surface compressive 
stress. This stress appears to be absorbed within the 
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Figure 12. Cross-sections depicting the continent-island arc collision in the Timor region. 

subduction zone. Once the advance of the deformation 
front drops below the actual plate convergence rate, 
the tectonic front together with its associated bathy
metric low is carried by the subducting plate back to
wards the volcanic arc, compressing the subduction 
zone and reducing its surfaces width. The increase in 
stress caused by this change is presumably absorbed by 
increasing the crustal thickness of both the deforma
tion wedge and the leading edge of the superposed 
plate (Fig. l2c). In the vicinity of western Timor the 
surface width of the subduction zone has been decreas
ing throughout the last 1.5 m.y. 

Free-air gravity data show distinct elongated low 
anomalies of approximately 100 mGals over the 
northern flank of both the Java Trench and the Timor 
Trough, presumably reflecting the depression of the 
southern lithosphere into the subduction zone (Indian 
Ocean Atlas, 1975; Bowin & others, 1980). However, 
south of Sawu, where the subduction zone bulges 
southwards, there is a gap in this distinct gravity trend, 
with the free-air anomaly values being around zero. 
A possible explanation for this is that growth of the 
wedge of deformed continental margin sediments has 
uplifted the oceanic accretionary wedge and filled the 
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subduction trench, thus masking the gravity anomaly 
caused by depression of the subducting lithosphere. 
This hypothesis was tested by computing the gravity 
effect of an elongated wedge of sediments with the 
cross-section of an inverted isosceles triangle 100 km 
wide and 2 km thick at its apex. The top of the sedi
ments was assumed to be 1 km below sea level and 
the density contrast compared to sea water was 1.17 
t/ m:!. The resulting sea-level free-air anomaly has a 
maximum value of 86 mGals. Clearly, a wedge of 
sediments of approximately these dimensions and den
sity contrast is capable of masking the negative anomaly 
normally associated with the leading edge of an active 
subduction zone. Subsequent compression of the sub
duction zone, following the reduction in growth of 
the deformation wedge, would result in further depres
sion of the leading edge of the continental lithosphere 
and the re-establishment of a free-air gravity low along 
the northern flank of the Timor Trough. 

Tectonic developments in the vicinity of 
Eastern Timor 

Point B is located on the axis of the Timor Trough 
near the eastern end of Timor (Fig. 3). An evolutionary 
curve similar to that derived at Point A can be con
structed for the development of the Timor Trough at 
this location (Fig. 13). This is accomplished by using 
the width of the subduction zone at point B together 
with the hypothetical subduction trench position at 
this point (M) plus the same relative plate motion 
and accretionary wedge outgrowth rate as were used 
for western Timor (Fig. 10). The general shape of 
the curve derived for Point A was then fitted to these 
data resulting in a curve depicting the evolutionary 
position of the tectonic front and associated bathy
metric low for the subduction zone at Point B. This 
curve is shown on Figure 13 as a dashed line. 

When interpreted the same way as was done for 
point A the evolutionary development of the bathy
metric low at point B suggests that collision with the 
Australian continental lithosphere began about 4 m.y. 
ago. However, it can be seen from a series of crustal 
profiles constructed perpendiular to the subduction 
zone to depict various stages of such a collision (Fig. 
12), that the degree of crustal shortening needed to 
allow for continuing relative plate motion after colli
sion cannot be accommodated in the present subduction 
zone (Fig. 12c) without requiring the subduction of 
considerablc quantities of continental lithosphere into 
the mantle: this suggestion is untenable to us. This 
problem can be resolved, simply, by reducing the 
assumed width of the hypothetical subduction zone at 
point B by approximately 100 km (Fig. 3). The pre
fered hypothetical trench position for point B is indi
cated as M', and it can be seen that, by maintaining 
linear continuity with the Java Trench, the hypothetical 
position assumed for point A is probably in error by 
about 50 km. The preferred offset at point A (L') 
increases the size of the evolutionary southerly bulge 
to a size similar to that of the present Sawu bulge. 
In Figure 13 point M' represents the revised trench 
offset and the solid curve represents the corresponding 
evolutionary position of the tectonic front at this 
location. This curve suggests that the continental colli
sion commenced about 3 m.y. ago. 

At point B (Fig. 3) the southern flank of the Timor 
Trough is seen to dip north at approximately 5°. This 
is about twice the dip observed south of point A. Also 

at point B the water depth to the top of the north
ward-dipping continental margin sediments is about 
3300 m, some 500 m deeper than the equivalent at 
point A. According to Cardwell & Isacks (J 978), the 
100 km depth contour on the subducted lithosphere 
in this region is almost directly beneath the volcanic 
arc. Since point B is closer to the volcanic arc than 
point A, the steepening and deepening of the top of 
the Australian continental lithosphere at point B may 
reflect the increased northerly tilt of the subducting 
plate required to maintain continuity with the pre
viously subducted lithosphere at depth. 

A collision model for the Timor region 
By combining the convergent plate motion for the 

eastern Indonesian arc with apparent horizontal sur
face motions from the western Timor Trough, a model 
for continent-island arc collision in the Timor region 
has been developed. 

Figure 12 depicts three stages for the development 
of this model. These cross-sections have been drawn 
to scale, in an attempt to ensure that the model can 
account for the relative plate motion that has occurred 
since the start of the continental collision. This is an 
important requirement, for, with the continuity that 
exists between the subduction zone features of the 
Sunda and Banda Arcs, it is difficult to conceive how 
there can be any significant difference in the relative 
plate motions associated with these two portions of 
the same plate boundary. This plate motion has been 
taken up within the subduction zone bearing in mind 
the following constraints: pre-collision subduction 
trench location (Fig. 3); pre-collision topographic 
levels within the subduction zone (Kenyon, 1974); 
present topographic levels; established crustal thick-

OCEANIC SUBDUCTION 
200 

[

'0 
"'-
~ 5.Eu!2rOwth velD.; Ii: ___ W 

.... .... 
l 0 

4 

B 

23/01/13 

o 

M' 

M 

MIOCENE I 
m.y.B.P. I PLEISTOCENE PLIOCENE 

B Timor Trough axis location (Fig.3) 

M Hypothetical trench axis location, 
based on Java Trench extrapolation (Fig.3) 

M' Revised trench axis location. based on 
plate convergence constraints (Fig. 3) 

i:l!!! Inferred tectonic front location 

Figure 13. Horizontal displacement between the northern 
volcanic arc and the southern tectonic front of 
the Indonesian subduction zone in the vicinity 
of eastern Timor. 



CONTINENT-ISLAND ARC COLLISION, TIMOR REGION 235 

ntO,sses either side of the subduction zone (Bowin & 
others, 1980); approximate crustal thickness within 
the pre-collision subduction zone (Curray & others, 
1977), and the requirement that subduction of con
tinental crust into the mantle is not acceptable (McKen
zie, 1969). 

The model suggests that the Australian continental 
crust first entered the eastern end of the Indonesian 
subduction zone approximately 3 m.y. ago or mid
Pliocene. The resulting influx of thick, coherent con
tinental margin sediments into the subduction zone 
initiated a change in the sediment accretion processes. 
A deformation or tectonic front, separating deformed 
from undeformed continental margin sediments, moved 
rapidly up the continental slope. In this way a large 
wedge of deformed continental margin sediments 
formed along the leading edge of the superposed plate 
on top of the subducting continental margin. At the 
same time as the deformation wedge was developing 
the previously rifted margin of the Australian con
tinental lithosphere was gradually being depressed into 
the subduction zone, as it followed the oceanic litho
sphere that had been subducted ahead of it. 

Ultimately, the sheer size of the deformation wedge 
which appears to have developed to a maximum width 
of about 100 km, resulted in it acting as a stress 
barrier, gradually slowing the southwards advance of 
deformation further onto continental Australia. When 
the movement of the deformation front decreased to 
less than the relative plate motion the front began 
to be carried northwards on top of the Australian
Indian Ocean plate. At present the southward motion 
of this deformation front, which is coincident with 
the Timor Trough, is less than 10 km/m.y. in the 
vicinity of western Timor compared to 70 km/m.y. 
for the estimated relative plate motion in this region. 
Most of the stress resulting from continuing con
vergence between the two plates has been absorbed 
within the subduction zone by crustal shortening. This 
shortening has been accommodated principally by 
thickening of the deformation wedge and possibly the 
southern edge of the superposed plate. 

In accordance with our model, the Timor Trough 
coincides with a tectonic boundary separating a wedge 
of deformed, but autochthonous, continental margin 
sediments from the depressed margin of Australia. It 
cannot be regarded as a shallow equivalent of a 
classical subduction trench, since it no longer represents 
the surface trace of an active thrust boundary separat
ing two lithospheric plates. Such a boundary no longer 
crops out within this collision zone. Despite its develop
mental link with a subduction trench it may now be 
regarded as an intracontinental feature. 

A plot of shallow seismic events in the region, whose 
computed depths are less than 70 km, is shown in 
Figure 4. It was produced from the BMR data file 
and includes all events between 1958 and 1977 that 
have been positioned by at least 10 seismological 
stations. The BMR data file includes events compiled 
from the International Seismological Summaries (1918-
1963), the United States Coast & Geodetic Survey 
(and its successors), the Bulletins of the International 
Centre, and the Australian seismological network. In 
the production of this plot there has been no rejection 
of events on the basis of azimuthal coverage, as was 
done by Cardwell & Isacks (1978). 

In considering the distribution and intensity of events, 
it should be remembered that the relative plate move-

ment during the period in which these events were re
corded has been about 1.4 m only. This being so, the 
distribution of events should only be used for regional 
analysis, for there is probably little that can be inferred 
from local variations. The first point to notice is that, 
clearly, the events are concentrated along the Banda 
and Sunda Arcs, with little difference in the overall 
intensity of events associated with the two arcs. 
Secondly, there have been many more events along the 
Java Trench than along the Timor Trough (Fitch, 
1970; Cardwell & Isacks, 1978). This observation is in 
accord with our model, which suggests that little if 
any relative motion is currently occurring at the trough. 
The seismic events beneath Timor and beneath the 
region between Timor and the volcanic arc probably 
result from a variety of crustal and upper mantle 
stresses. These stresses include those in and associated 
with the subducted oceanic lithosphere and those re
sulting from compression of the subduction zone. 

Oceanic lithosphere is still descending into the mantle 
beneath Timor, and the Banda Arc can in one sense 
still be regarded as an active subduction zone. How
ever, the amount of additional plate motion that the 
model can accommodate without requiring the exten
sion of continental margin crust into the mantle is 
extremely limited (Fig. 12c). Therefore, it appears 
that simple compression of the subduction zone, as a 
means of absorbing the relative plate motion, is 
approaching a crisis point and that when-this is reached 
northward subduction will cease and new tectonic pro
cesses will evolve to accommodate the plate motion. 

Brouwer (I 942) interpreted certain morphological 
features in the vicinity of Wetar as indicative of a 
northwards displacement of this island relative to the 
other inner-arc islands to the west. Northeast of Alor 
and north of Wetar, there is an elongated free-air 
gravity low and associated bathymetric low that paral
lel the volcanic arc (Bowin & others, 1980), and 
seismic reflection data indicate deformation of shallow 
crustal material in this region. It is interesting to note 
that the smooth curve through the volcanic arc (Fig. 
15) passes south of Wetar and thus also supports the 
possibility of a northwards displacement for this island. 
In accordance with the model these data are inter
preted as suggesting recent crustal shortening along 
the northern side of Alor and Wetar, which again 
implies that the proposed subduction zone compres
sion model is approaching a crisis point. 

Geological and geomorphological support 
for a mid-Pliocene start of collision 

During recent years there have been a number of 
publications on the geology of Timor which differ 
widely in their broad interpretations of this complex 
island. Fitch & Hamilton (1974) proposed that Timor 
can be regarded as a chaotic complex of imbricated 
and mainly allochthonous rocks and melange derived 
from Australia's continental margin during the collision 
and forming an outer-arc ridge within the subduction 
zone. In addition, they regarded the Timor Trough as 
a shallow subduction trench. Carter & others (1976) 
viewed the geology as representing a deformed Aus
tralian continental margin overthrust from the north by 
several allochthonous units. Crostella (1977) inter
preted the Timor rocks without the requirement for a 
continental collision. Instead, he suggested that the 
Timor Tertiary orogenies occurred in a geosynclinal 
trough along the northwest margin of Australia. 
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Finally, Chamalaun & Grady (1978) suggested that 
prior to a mid-Miocene collision all the Timor rocks 
belonged to the Australian continental margin, and 
following the collision, the continental lithosphere 
separated from the previously subducted oceanic litho
sphere, giving rise to the Late Pliocene to Recent uplift 
of Timor by isostatic rebound. 

Despite the conflict of ideas concerning the origin of 
Timor's geology, there are a number of specific geo
logical observations which, when combined with our 
model, result in a simple and comprehensive picture of 
the development of this region during the Neogene. 

The Kolbano Unit, which is found along the south 
coast of Timor, consists of bathyal radiolarites, cal
cilutites, and cherts, ranging from Cretaceous to Early 
Pliocene. It is folded recumbently, and contains many 
thrusts and imbricate faults, and now overlies less
deformed Australian continental sediments (Barber & 
others, 1977). In a general sense, these sediments be
come younger, less siliceous, and more calcareous to 
the south (Carter & others, 1976), and may well 
represent deep-sea equivalents of similar sediments 
found on the northwest shelf of Australia (Chamalaun 
& Grady, 1978). Carter & others, (1976) interpreted 
them as having been scraped from oceanic crust and 
imbricated into an accretionary prism prior to the 
continental collision. 

The Late Miocene Bobonaro Olistostrome is wide
spread on Timor, having been emplaced as a huge 
gravity slide that moved from north to south. It 
consists of exotics within a clay matrix. The exotics, 
which range from pre-Permian to Late Miocene, have 
been derived from alI the underlying continental rocks 
on Timor (Carter & others, 1976b). The high per
centage of montmorillonite within the matrix suggests 
that the clay was derived from submarine weathering 
of volcanic ash (Audley-Charles, 1968). It appears 
that the olistostrome developed in response to south
ward tilting of Timor. On the southern side of Timor 
it contains rafts of deep-sea red clays of Cretaceous 
age. These contain manganese nodules similar to those 
now found in water 3500-5000 m deep (Audley
Charles, 1972; Margolis & others, 1978). 

The Viqueque Group represents the most recent 
sedimentary sequence on Timor. It overlies the Bobo
naro Olistostrome and is Late Miocene to Recent. The 
Late Miocene to Late Pliocene Batu Puti Limestone 
at the base of the Viqueque Group is widely distri
buted and appears to have been deposited over most 
of the island. The calcilutite sediments which make up 
the bulk of this formation suggest a deep water depo
sitional environment during the Late Miocene and Early 
Pliocene (Kenyon, 1974). However, in the mid
Pliocene, the environment shall owed significantly and, 
in the south, the Batu Puti Limestone Formation is 
terminated by a strong unconformity, the result of a 
period of compressive folding in the Late Pliocene. 
The influence of this deformation phase diminishes 
northwards, and in the centre of the island the depo
~itional sequence throughout this period is conformable 
(Audley-Charles & others, 1972; Crostella & Powell, 
1976). The Viqueque Group turbidites, which were 
deposited on top of the Batu Puti during the Late 
Pliocene and Pleistocene, are restricted to elongate 
basins which parallel the strike of the island and are 
located in the southern half. 

The fact that the Batu Puti Limestone Formation 
is present over most of the island suggests that, apart 
from a few possible isolated areas, Timor did not 
become emergent until the Late Pliocene (Kenyon, 
1974). Since that time the island has been uplifted 
by about 3 km. This uplift is also evidenced by the 
raised Pleistocene reef terraces at altitudes as high as 
1300 m (Katili & Soetadi, 1971). The uplift has given 
rise to intensive, near-vertical faulting, including re
versed faulting, and some minor folding, which add 
considerably to the complexity of the island geology. 

The above geological observations fit our model in 
the following way. During the Late Miocene, the Bobo
naro Olistostrome began to develop when Timor tilted 
sharply to the south in response to the onset of rapid 
subduction along the eastern end of the Indonesian 
subduction zone (Johnston, 1981). At the southern edge 
of this subduction zone, sediments were scraped from 
descending Cretaceous oceanic crust and incorporated 
into the olistostrome. For the remainder of the Miocene 
and the Early Pliocene, almost all the Timor rocks 
formed part of an outer-arc ridge or basin associated 
with an oceanic subduction zone. The Batu Puti Lime
stone Formation and the Noil Toko Formation (Bar
ber, 1979) were deposited in this subduction zone as 
outer-arc basin, outer-arc ridge, or inner-slope basin 
sediments. Some of these sediments are stratigraphically 
equivalent to the Upper Miocene to Pleistocene deep
water limstones and marlstones of the Savu Basin 
(Crostella, 1977). Prior to the mid-Pliocene, the 
Ko!bano Unit developed as an accretionary wedge of 
oceanic sediments at the leading edge of the subduction 
zone (Fig. 1 2a). These sediments were probably 
largely derived from the region of thickest sediment 
adjacent to the Australian margin. The Bobonaro Oli
stostrome contains exotics derived from these deep 
water sediments (Carter & others, 1976b), suggesting 
that olistostrome deposits continued to develop during 
the Early Pliocene. 

In the mid-Pliocene, the continental margin of Aus
tralia entered the subduction zone the K~lbano Unit 
was uplifted by the underthrusting of the Australian 
continental margin sediments and crust, and a wedge 
of deformed continental margin sediments began to 
develop (Fig. 12b). The stresses associated with these 
initial colIision reactions gave rise to the middle to late 
Pliocene Timor uplift to about sea-level and the folding 
orogeny throughout southern Timor (Carter & others, 
1976; Crostella & Powell, 1976). 

Continuing plate motion during the early part of 
the Late Pliocene formed molasse basins in the vicinity 
of the pre-collision plate suture line. The structural 
bond between the deformed wedge and the underlying 
continental crust resulted in the wedge material on the 
southern side of the suture line being depressed and 
tilted towards the north as it moved northward on top 
of the continental lithosphere. North of the suture line 
the uplifted outer-arc ridge acted as both a northern 
boundary and sediment source for the developing 
molasse basins. This development accounts for the 
northern growth-fault boundary of the molasse basins 
which contrasts with the southern onlap boundary 
(Crostella, 1977). 

With the decrease in motion at the Timor Trough 
during the Late Pliocene and Pleistocene, the sub
duction zone was compressed. This resulted in the 
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rocks that originally formed the pre-collision outer-arc 
ridge being further elevated by crustal thickening or 
underthrusting or both. The deformed wedge along 
southern Timor was also compressed and thickened 
during this period. However, these rocks were simul
taneously being depressed into the subduction zone 
along with the Australian margin. Therefore, the resul
tant rate of uplift for southern Timor was less than 
for northern Timor. Southern Timor did not become 
emergent until the late Pleistocene. 

Audley-Charles & Hooijer (1973) produced zoolo
gical evidence for the existence of a subaerial connec
tion between Timor and the inner volcanic arc in the 
Early to mid-Pleistocene. They suggested that the Wetar 
Strait, which is approximately 3 km deep, was formed 
during mid-Pleistocene to Recent times. This is clearly 
possible, using our model (Fig. 12): although no sub
aerial connection is shown, considerable crustal subsi
dence in the region of Wetar Strait is suggested for 
Pleistocene to Recent times. Mid to Late Pleistocene 
subsidence for the Wetar Strait has also been proposed 
by Kenyon (1974) from his study of the Viqueque 
sediments. 

During Late Pliocene to Recent times the Alorl 
Wetar portion of the volcanic arc was differentially 
uplifted with respect to the rest of the volcanic arc. 
This is evidenced by the cropping out of both Miocene 
and Pliocene submarine volcanics and the elevation of 
Pleistocene reef terraces in this region (van Bemmelen, 
1949; Katili & Soetadi, 1971; Chappell & Veeh, 1978) . 
This differential uplift of approximately 1 km followed 
the cessation of volcanism in this portion of the arc 
approximately 3 m.y. ago (Abott & Chamalaun, 1978). 
Two other Neogene continent-island arc collisions have 
been studied: the Early Miocene New Guinea collision 
(J aques & Robinson, 1977) and the Late Miocene 
Taiwan collision (Bowin & others, 1978). It is signifi
cant to note that in both cases volcanism ceased at the 
time of collision and the volcanic arc was subsequently 
uplifted. 

In 1917 Brouwer (1919) mentioned several pecu
liarities of the Timor region that are relevant to our 
model. He drew attention to the fact that the outer 
arc is concave towards the Australian continent, whereas 
the inner arc is convex in this direction. He recognised 
that the outer arc appeared to have adapted itself to 
the shape of the Australian continental block, and 
hypothesised that this implied relative movement of the 
volcanic arc towards continental Australia, resulting 
in the mountain-building processes evident on Timor. 
These processes, he suggested, intensified in the Plio
Pleistocene and probably still continue. He also noted 
the absence of active volcanism along that portion of 
the inner arc which is closest to the Australian con
tinent (Fig. 1), and suggested it is the result of com
pression of the inner arc brought about by the continen
tal collision, which severed the connection between the 
magma chamber and the surface. Compression and up
lift of the Alor/Wetar portion of the inner arc is con
sistent with our model and is suggested as the reason 
for the absence of active volcanism on these islands. 

Whitford & others (1977) have produced evidence 
that the inner arc volcanics throughout the southern 
Banda Arc have been contaminated by continental crust. 
Their preferred explanation is that the contaminant 
was subducted and incorporated into the magma at a 
depth of about 100 km below the volcanic arc. It is 

unlikely that the time-lag associated with the process 
of subduction, magma genesis, and the upwelling of 
this magma to the surface could be less than 6-10 m.y. 
Therefore, any suggestion that this contamination pro
cess occurred subsequent to collision is incompatible 
with our model. A possible explanation consistent with 
our model is that the contaminant was derived from 
the continental outer-arc ridge by tectonic erosion 
during or after, or both during and after, the onset 
of rapid subduction in the Late Miocene, and carried 
into the mantle with the oceanic lithosphere. 

Tectonic implications for Northern Timor 
continental rocks 

Probably the most significant implication of our 
model concerns the origin of rocks lying north of both 
the accretionary melange rocks of the Kolbano Unit 
and the molasse sediments of the Viqueque Group. 
According to the model, these northern Timor rocks 
formed part of the basement of the outer-arc basin 
and outer-arc ridge of the oceanic subduction zone that 
existed before the start of the continental collision in 
the mid-Pliocene (Fig. 12a) . The outer-arc ridge of the 
pre-collision subduction zone was approximately 20 km 
thick and 100 km wide. Its existence is postulated 
from the preferred location of the hypothetical sub
duction trench (Fig. 3), the required continuity of 
the subducting plate with the seismic zone. beneath 
and north of the volcanic arc (Cardwell & Isacks, 
1978; Johnston, 1981), and the interpretation of the 
geology of southern Timor (Carter & others, 1976; 
Kenyon, 1974) . 

The northern Timor rocks, which are mostly indica
tive of continental crust, display considerable evidence 
of having been associated with an active plate margin 
well before the start of the continental collision, pos
sibly since Late Cretaceous times. The Late Miocene 
Bobonaro Olistostrome (Carter & others, 1976) con
tains clasts, some of which are several metres in 
diameter, derived from the underlying continental 
rocks. These exotics are mixed with volcanic ash and 
deep sea lutites and were clearly formed in an ex
tremely active tectonic environment. In addition, there 
are Palaeocene and Eocene tuffs and volcanics, and 
the Late Cretaceous to Palaeocene flysch sequences, 
containing coarse boulder conglomerates with clasts 
of Permian limestone and volcanics (Carter & others, 
1976) , which suggest an active tectonic environment 
during the Late Cretaceous and early Tertiary. This 
contrasts sharply with the stable deep-water environ
ment in which Kolbano Unit sediments of southern 
Timor were deposited during the same period. 

During t/1e Cretaceous and early Tertiary, the Austra
lian continental margin gradually subsided, following 
Late Jurassic rifting (Heirtzler & others, 1978). The 
Cretaceous and lower Tertiary rocks of northern Timor 
have no similarity to rocks of equivalent age on the 
Australian continental margin. Carter & others (1976) 
attempted to explain the northern Timor Cretaceous 
to lower Tertiary rocks by having them emplaced as 
part of several thin thrust sheets derived from the 
north. However, the work of Grady (1975), Chamalaun 
& others (1976), Grady & Berry (1977), and Chama
laun (1977a, b) has disputed the existence of low
angle thrust sheets in northern Timor. Their work 
suggests that there are structural, stratigraphic, and 
palaeomagnetic links both between the various 'thrust' 
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units and between the 'thrust' units and the underlying 
rocks. The suggestion of a common origin for the 
northern Timor rocks is consistent with the model 
proposed in this paper. However, crustal shortening 
since the onset of collision, as required by the model 
(Fig. 12), does not preclude some low-angle thrusting 
with a maximum horizontal displacement of a few 
tens of kilomertes. 

There is one disconcerting aspect of the continental 
rocks of northern Timor, and that is that the pre
Cretaceous components appear to have a close affinity 
to northern Australian rocks of the same age. The 
relationship has been inferred from stratigraphic, 
palaeontological, and palaeomagnetic evidence (Cros
tella & Powell, 1974; Chamalaun, 1977a,b), and has 
been accounted for in two different ways, both con
sistent with our model: Bowin & others (1980) have 
suggested that the Australian continental rocks were 
derived from a 'Greater Sula' spur, which moved into 
the region after the Palaeogene continent-island arc 
collision in New Guinea. Johnston (1981), on the 
other hand, has suggested that they were rifted from 
northwest Australia in the Late Jurassic and have 
formed part of the Southeast Asian complex since the 
Cretaceous. This Late Jurassic rifting is reflected in 
the stratigraphic section from both north and south 
Timor, where the depositional environment underwent 
a major change from restricted to open marine condi
tions (Audley-Charles, 1968; Audley-Charles & others, 
1979). Earle (1979) suggested that the ophiolite-spilite 
complex of the Lolotoi Unit, lying north of the accre
tionary wedge, was emplaced during Middle to Late 
Jurassic rifting from the Australian continental margin, 
and that subsequent metamorphism, producing green
schist facies, occurred during the accretion of this 
continental block onto the leading edge of the South
east Asian plate. 

The island of Sumba, located towards the northern 
side of the subduction zone, in a position that would 
normally be occupied by an outer-arc basin (Fig. 1), 
clearly forms part of the \eading edge of the Southeast 
Asian plate. Sumba, like northern Timor and other 
outer-arc islands further east, has an origin linked to 
the Australian margin (Audley-Charles, 1975) and is 
believed to have formed part of the outer Banda Arc 
prior to the continenti island-arc colIision (Bowin & 
others, 1980). 

Relative plate motions and the pre-collision 
Australian continental edge in the Timor 

region 
For reasons already discussed, a relative plate motion 

of 70 km!m.y. was assumed for the purpose of deriving 
our model. CardwelI & Isacks (1978) studied and 
mappcd the seismic zone associated with the Banda 
Arc, and concluded, with the aid of a specialIy con
structed subduction model, that the direction of con
vergence between the Australian-Indian Ocean plate 
and the Southeast Asian plate is north-northwest. This 
was suggested also by Brouwer (1919), Vening Meinesz 
(1954), Katili (1970). and Bowin & others (1980). 

Using the magnitude of 70 km/m.y. and a north
northwest direction for plate convergence in the Timor 
region, a velocity vector diagram has been constructed 
(Fig. 14). Included in this is a vector based on a de
rivation of the motion between the Eurasian and Aus-

EURASIAN PLATE 

SOUTHEAST ASIAN PLATE -60 km/m.Y. 

Figure 14. 

AUSTRALIAN-INDIAN OCEAN PLATE 
23101114 

Vector diagram depicting the motion of the 
Southeast Asian plate relative to both the Eura
sian and Australian-Indian Ocean plates in the 
Timor region. 

tralian-Indian Ocean plates by Minster & others 
(1974). The east-west resultant vector implies that, in 
this region, the Southeast Asian plate is moving east
ward at about 60 km! m.y. relative to the Eurasian 
plate, which is in general agreement with the qualitative 
study of plate motions in the Southeast Asian region 
by T crman (1977), who suggested that the South
east Asian plate is rotating anticlockwise relative to 
Eurasia, about a pole located east of Taiwan in the 
Philippine Sea. Molnar & Tapponnier (1975) suggested 
also that the India! China continental collision is caus
ing much of Southeast Asia to move southeast along 
numerous transcurrent faults. 

The apparent relative velocity vector between the 
two plates at Timor and our collision model have been 
used to locate the approximate pre-colIision Australian 
continental edge to the north-northwest of points A and 
B in the Timor Trough (Fig. 15). These edge locations 
(shown as asterisks on Figure 15) were positioned from 
the preferred hypothetical subduction trench axis, using 
the amount of plate convergence that has occurred since 
the start of collision. In conjunction with the continent
ocean boundary west of Scott Plateau, the positions give 
an indication of the pre-colIision shape of the continen
tal edge of Australia. East of Timor, little is known 
about this pre-collision shape. However, preliminary 
evaluation of a gravity profile west of the Aru Islands 
suggests that the continental crust does not extend 
beyond the eastern flank of the Weber Deep (Bowin & 
others, 1980). Therefore, east of Timor the continental 
edge has been tentatively oriented along an east-north
east trend. 

The location of the 3 m.y. old subduction trench 
axis has also been plotted on Figure IS. The relation 
between this axis and the continental edge implies that 
the continent-island arc collision began in eastern Timor 
and subsequently spread east and west. 

In accordance with our model, compression of the 
, subduction zone and the associated uplift of the outer
"arc ridge largely depends on the development of a 
wedge of deformed continental margin sediments along 
the leading edge of the superposed plate. As this wedge 
grows, it becomes an increasingly effective barrier to 
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• A Location of DSDP-262 ....A...- Position of subduction trench 3 m. y. B. P. 
(Located relative to subducting plate) 

200 401l Ion 
L-___________ �L-__________ ~' 

• B Reference point on axis of Timor 
Trough * Approximate locations. relative to Australia • 

of the continent / ocean boundary prior to 
commencement of collision 

- - Preferred location of hypothetical 
subduction trench 

• Active volcano ' .. '" .~: Interpolated pre-collision continental 
.. ". edge of Australia 

...... Direction of relative plate 
convergence 

- - Boundary between continental and --- Long axis of Timor (perpendicular to 
oceanic crust direction of convergence) -4- Bathymetric contour (km) 

Figure 15. Pre-collision extent of continental Australia in the Timor region. 
The north-northwest direction of plate convergence is indicated together with the location of the oceanic subduction 
trench relative to the subducting plate at the start of collision. 

the passage of near-surface plate margin stresses. The 
more sediment on the continental margin, the quicker 
this stress barrier will form, and compression and uplift 
begin. The pre-collision Australian margin in the Timor 
region lay at the junction of two major depocentres 
(Warris, 1973) (Fig. 15). Therefore, in this region, 
the collision entered the compressive phase quickly, 
giving rise to the rapid emergence of Timor with its 
long axis oriented approximately perpendicular to the 
direction of convergence (Fig. 15). 

West and east of Timor, the collision began somewhat 
later, and the Australian margin in these regions, lying 
north of Scott Plateau and the Sahul Ridge/ Darwin 
Block, respectively, was probably covered by smaller 
quantities of sediment. Thus, in the Sawu and Tanim
bar regions, the compression and uplift phase of the 
collision has not developed to the same extent as in 
the Timor region. 

Conclusions 
The structural and morphological continuity between 

the Java Trench and Timor Trough can be accounted 
for by the gradual change from a major crustal thrust 
boundary at the Java Trench to an intracontinental 
tectonic front at the Timor Trough. This change re-

suits from the massive influx of coherent sediments 
associated with the Australian continental margin. 

Estimates of movements of the tectonic front at the 
western end of the Timor Trough suggest that, during 
the last 3 m.y., the surface width of the subduction 
zone between the volcanic arc and tectonic front has 
varied significantly. We have compared these width 
variations with present variations along the southern 
Banda Arc, and have suggested a model to explain 
the tectonic developments following the introduction of 
continental lithosphere into the subduction zone. The 
main implication of this model is that continental 
lithosphere first entered the subduction zone about 3 
m.y. ago in the mid-Pliocene, giving rise to a collision 
that is still active. 

Before the mid-Pliocene the southern Banda Arc was 
indistinguishable in form from the Sunda Arc. Oceanic 
lithosphere that separated Australia from this sub
duction zone entered the system from the south at a 
trench and was subducted into the mantle beneath the 
Southeast Asian plate. At the eastern end of this pre
collision subduction zone, in the vicinity of Timor, 
the trench and volcanic arc converged. This convergence 
corresponded to a marked decrease in the size of the 
volcanic arc. The outer-arc ridge associated with this 
eastern end of the subduction zone included a sliver 
of Australian continental crust, which appears to have 
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been part of a larger block of continental crust that was 
rifted from northwest Australia in the Late Jurassic and 
which collided with and became attached to southeast 
Asia during the Cretaceous. 

In the mid-Pliocene, the Australian continental mar
gin entered the subduction zone south of Wetar. The 
influx of vast amounts of sediments associated with this 
led to marked changes in the near-surface subduction 
processes. The melange of oceanic sediments that had 
developed along the southern margin of the subduction 
zone was underthrust and uplifted by the continental 
margin sediments. However, unlike oceanic sediments, 
the continental sediments were not so easily stripped 
from their underlying continental crust, and a sedi
mentary deformation front or boundary replaced the 
cropping out thrust boundary that had previously 
separated the two converging plates. The deformation 
front and an associated bathymetric low migrated 
rapidly up the Australian continental slope, leaving in 
their wake a large wedge of deformed continental 
margin sediments. The development of this deformation 
wedge produced a southerly bulge in the subduction 
zone. Ultimately, the deformation wedge began to 
absorb the near-surface stresses and therefore to limit 
the southerly propagation of the str~ss, and th~ relative 
motion between the deformation front and the southern 
plate gradually slowed to near zero. However, continu
ing relative plate motion carried the deformation front 
and its associated bathymetric low back towards the 
volcanic arc. Continuing compression from this has 
been almost entirely taken up within the subduction 
zone and has led to both thickening and uplift of the 
deformation wedge and crust associated with the pre
collision outer-arc ridge. 

As' the entry of continental lithosphere into the sub
duction zone spread laterally, the bulge of deformed 
continental sediments divided and moved east and west 
away from the point of intial contact. These bulges 
now occupy positions south of Tanimbar and Sawu, 
respectively. 

The near-surface processes that we have interpreted 
as resulting from the introduction of continental crust 
and sediments into the eastern end of the Indonesian 
subduction zone can help explain many of the morpho
logicaL geological, and geophysical irregularities in 
this region. Some of the local irregularities are listed 
below together with a summary of their suggested 
development: 

Variations in the surface width of the southern 
Banda Arc can largely be explained by the rapid 
growth of the wedge of deformed continental mar
gin sediments and the subsequent compression of 
the subduction zone. 

The absence of shallow seismic activity associated 
with the Timor Trough can be explained by the 
fact that movement between the deformation front 
and the Australian continental crust has almost 
ceased. 

The absence of a marked gravity low along the 
southern side of the subduction zone south of Sawu 
can be accounted for by the masking effect of the 
wedge of deformed continental margin sediments. 

The continental contamination of inner-arc vol
canics can be explained by tectonic erosion of the 
continental outer-arc ridge either during or after, 

or both during and after, the onset of oceanic sub
duction in the Late Miocene. 
The cessation of volcanic activity immediately north 
of Timor appears to be associated with the mid
Pliocene start of collision, when the connection be
tween the magma source and the surface was 
severed in response to crustal compression and 
uplift. 

The Late Miocene olistostrome found throughout 
Timor formed in response to the southward tilting 
of Timor during the onset of rapid subduction. 

The deep-sea melange sediments along the southern 
side of Timor were derived from oceanic crust 
subducted before the continental collision started 
in the mid-Pliocene. 
The post mid-Pliocene molasse sediments along the 
southern side of Timor developed in elongate 
basins, formed as a result of depression and north
ward tilting of the Australian continental margin 
into the subduction zone together with the corres
ponding uplift of the leading edge of the Southeast 
Asian plate to the north. 

The overall uplift of Timor since the mid-Pliocene 
can be accounted for by underthrusting by the Aus
tralian continental margin and compression of the 
subduction zone, producing crustal thickening. 

The geological developments that have occurred in 
the vicinity of Timor since the mid-Pliocene imply that 
the relative motion between the Southeast Asian and 
Australian-Indian Ocean plates is probably still con
tinuing. We think that oceanic lithosphere is still being 
subducted into the mantle beneath the Southeast Asian 
plate and, therefore, the Banda Arc must be regarded 
as a site of active subduction despite the changes 
that have occurred in the near-surface tectonic pro
cesses. 

On a broader regional scale, the evidence that the 
Southeast Asian plate is moving eastward at Timor, at 
about 60 kml m.y. relative to the Eurasian plate, sup
ports the interpretation that the Indial China continen
tal collision is pushing the Southeast Asian plate to 
the southeast (Molnar & Tapponier, 1975). 
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Appendix 

Micropaleontological Datums and the 
Plio-Pleistocene Boundary in DSDP 262 

B. U. Haq':' 

Pleistocelle Datums 

Two well-dated calcareous nannoplankton biochrono
logic events occur within the Pleistocene at Site 262. The 
older of these events is the Last Occurrence Datum (LOD) 
or the extinction level of the coccolithophore Pseudoe
miliania lacllnosa. Correlation with oxygen isotope records 
in numerous tropical to subpolar deep-sea cores (Thier
stein & others, 1977) has shown this event to be globally 
synchronous at about 0.46 m.y. B.P. At Site 262 this LOD 
occurs from about 173 m to 182 m depth. Below 182 m, 
P. lacllnosa shows a fairly continuous occurrence (Proto
Decima, 1974). whereas above this depth the species 
becomes sporadic and is interpreted as having been re
worked. 

The second of the well-dated biochronologic levels is the 
First Occurrence Datum (FOD) of the coccolithophore 
Emiliania hllxleyi, which appears a t about 78 m depth 
(Proto-Decima, 1974) . This FOD has also been shown to 
be globally synchronous (Thierstein & others, 1977) and 
is dated at about 0.27 m .y. B.P. 

Pliocene Datums 

In the Late Pliocene interval, four calcareous nanno
planktOn and planktic foraminifera d atum levels prove to 
be useful in age assignment. Proto-Decima (1974) showed 
the continuous first occurrence of the coccolithophore 
Gephyrocapsa prodllcta at 413.5 m depth. However, the 
illustration of this species as produced in Proto-Decima's 
Plate I, figs. 1 and 2 (p. 603) shows it is probably 
another Late Pliocene gephyrocapsid , i.e. G. aperta. The 
FOD of this species has been recently dated at a pproxi
mately 2.3 m.y. B.P ., based on paleomagnetic stratigraphy 
in the deep-sea cores (Haq & others, 1977). 

The second datum level is the FOD of the gephy
rocapsid G. oceanica, which first occurs in rare numbers at 
366 m depth, but begins to occur in larger numbers and 
more continuously a t 347 m depth (Proto-Decima, 1975, 
p. 597) . The FOD of G . oceanica has been shown to occur 
consistently very close to the top of the Oldllvai paleo
magnetic event. This FOD is dated at about 1.57 m .y. B.P. 
(Haq & others, 1977) . This is corroborated by the LOD 
of the foraminifer Globigerinoides obliqllllS (Ragl, 1974, p. 
757) just below this interval, at about 391 m depth . This 
datum has been dated at about 1.62 m.y. B.P. (Haq & 
others, 1977). 

The fourth .datum level occurs at a bout 337.5 m depth, 
namely the LOD of the fora minifer Globigerinoides 
fiSlllloslls (s.l.) (see Ragl, 1974, p. 757) . This extinction 
level has been dated at about 1.6 m .y. B.P. in the paleo
magnetically-dated deep-sea cores (H aq & others, 1977). 

Plio-Pleistocene BOllndary 

On the basis of the above biochronologic information 
the Plio-Pleistocene boundary can be placed at about 
366 m depth at Site 262. This bounda ry has been shown by 
H aq & others (1977) to correspond closely to the top of 
the Oldll\'(li paleomagnetic event (dated at about 1.6 m .y. 
B.P.) . Haq & others (1977) studied the stratotype sections 
of the Plio-Pleistocene boundary and established a 
calcareous plankton biochronology by comparison with 
paleomagnetically-dated deep-sea cores. 

* Woods Hole Oceanographic Institut ion, Massachuf.elts, USA. 
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Reconnaissance of upper crustal seismic velocities in 
the Tennant Creek Block, Northern Territory 

D. M. Finlayson 

Upper crustal seismic investigations of the Tennant Creek Block indicate that the Warm
mung!! Group rocks have P-wave velocities of 5.22-5.55 km/s (average 5.42 km/s) and S-wave 
velocities of 3.26-3.41 km/s (average 3.34 km/s). The P-wave velocity beneath these surface 
rocks is 6.06 km/s. A simple layered model for the thickness of the Warmmunga Group gives 
values of about 2.6 km near Nobles Nob mine, thinning to about 1.2 km near Warrego mine. 
South of the Warramunga Group rocks, granitic rocks have an estimated upper value for the 
P-wave velocity of 5.69 km/ s. Underneath, the P-wave velocity of 6.06 km/s is the same as 
that further north, under the Warramunga Group rocks, but the depth to this velocity is as 
much as 0.7 km less. The corresponding S-wave velocity is 3.53·3.59 km/s. An intracrustal 
S-wave velocity of 3.86 km/s is observed from the Warrego shot. 

The nature of the change between the surface and 'basement' rocks is likely to be complex, 
resulting in a velocity transition zone rather than a simple boundary: The estimated depths to 
'basement' are, therefore, minimum estimates. Because of the expected increase in the seismic 
velocity of the rocks when subjected to overburden pressures equivalent to depths of 2-3 km, 
there is little evidence from the present work that the 'basement' is compositionally or litho
logically different from the surface rocks. At recording distances beyond 50 km there is 
evidence in the record sections that both P and S-wave energy is being returned from deeper 
intracrustal refractors/reflectors. 

Introduction 
During July-August 1979, reconnaissance seismic re

fraction work was undertaken in areas of Proterozoic 
outcrop near Tennant Creek, Northern Territory, to 
investigate near-surface structures. The work was part 
of a project to investigate the use of seismic methods 
to determine geological structures in areas where 
younger cover rocks prevent direct examination of 
rocks of potential economic importance. 

Geology 
The Tennant Creek area lies within the North Aus

tralian Craton and is entirely underlain by Precambrian 
basement (Plumb, 1979). The craton has been rela
tively stable for over 1700 m.y., but much of the Pre
cambrian geology is obscured by Palaeozoic cover. 
Areas where basement crops out are referred to as 
'inliers' because they are considered to be merely the 
exposed parts of much larger features . The seismic sur
vey was conducted entirely within the Tennant Creek 
Block which is the central part of the Tennant Creek 
Inlier. 

In the northern part of the North Australian Craton, 
basement rocks of the Archaean Rum Jungle and 
Nanambu Complexes (older than 2500 m.y.) are ex
posed, but the full extent of Archaean basement is not 
known. Plumb (1979) speculates that it could underlie 
the whole craton. 

In the Tennant Creek Inlier, pelitic gneisses were 
metamorphosed at 1920 ± 10 m.y. (Black, 1977) and 
these possibly form basement to the Warramunga 
Group sedimentary and volcanic rocks, considered 
to be older than 1800 m.y . (Early Proterozoic) . The 
gran ites intruding the Warramunga Group have ages 
of about 1500-1700 m.y. Tucker & others (1979) indi
cated that the Warramunga Group and associated 
plutonic rocks underlie much of the Georgina Basin 
east of Tennant Creek. Gravity trends suggest that 
inliers within a radius of 400 km of Tennant Creek 
may belong to a single orogenic belt. The fundamental 
basement fracture patterns of the North Australian 

Craton are considered to have been established no later 
than the end of the Early Proterozoic. 

The principal seismic traverse described in this paper 
(Fig. 1) lies wholly on rocks of the ' Warramunga 
Group, a geosynclinal sequence of Proterozoic inter
bedded sedimentary and volcanic lenses, considered 
to be no more than 3 km thick (Dodson & Gardener, 
1978), although a composite section of all individual 
units gives a tota.! thickness of 6 km. 

The sedimentary sequence of the Warramunga Group 
consists of siltstone, greywacke, shale, sandstone, and 
conglomerate. There are two main volcanic sequences: 
the Warrego Volcanics crop out near Warrego Mine 
(Fig. 1) and consist of rhyolite, ignimbrite, ashstone, 
and tuff, but also include siltstone, greywacke, and 
shale; the Gecko Volcanics, which crop out to the 
east of recording station number 14 (Fig. 1), consist of 
tuff, quartz and quartz-feldspar porphyry, and grey
wacke. 

Three phases of folding are recognised in the Warra
munga Group, and faults are common throughout the 
region. The major faults trend northwest. However, 
several northerly trending strike-slip and oblique-slip 
faults are also recognised. 

Granitic rocks intrude the Warramunga Group (Fig. 
1 ) . Outcrops range from isolated tors to low weathered 
hills. However, most of the plutons are covered by 
superficial deposits. The Warramunga Seismic Array 
(WRA) (King & others, 1973) is located on granitic 
rocks, 20-25 km south of Nobles Nob mine (Fig. 1). 
No tectonic activity has been observed in Cainozoic 
cover rocks and no local seismicity has been recorded 
by WRA. Regional compressive horizontal stresses of 
11-25 MPa have been measured at Warrego Mine 
(Worotnicki & Denham, 1976) and' the direction of 
principal stress is approximately east-west. 

Seismic field investigations 
The locations of seismic stations that recorded data 

used in this interpretation are shown in Figure 1. The 
principal recording line was between the Warrego and 
Nobles Nob mines, and a routine mining blast at each 
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Figure 1. Simplified solid geology of the Tennant Creek area, and the location of seismic recording stations and shot 
points. 

Size Latitude (S) Longitude (E) Depth Shot time (U.T.) 
Locatioll Date t deg . 111 in. deg. Inil1. 1/1 h. 111 ill. s. 

Warrego 1717/19 0.7 19 26.68 133 49.20 643 06 42 38.81 
Nobles Nob 19/7 /19 4.5 19 43 .00 134 17.50 20 02 29 42.65 
Skipper 9/8/19 5.0 19 40.66 134 05.50 40 06 45 00.93 

Table 1. Shot information. 

mine was used as the seismic source. Another shot was 
fired in an abandoned gold mine (Skipper Extended), 
and recorded at a number of stations along a line 
approximately at right angles to the principal line. Shot 
parameters are contained in Table 1. 

Recordings were made on portable seismic tape
recording systems (Finlayson & Collins, 1980). Data 
were subsequently digitised and displayed as seismic 
record sections (Figs. 2, 3, 4). The shots were also 

recorded at WRA, and these record sections are shown 
in Figures 3, 4 and 5. 

Previous interpretations 
Previous investigations of seismic structures in the 

Tennant Creek area (Underwood & others, 1968) were 
connected principally with determining near-surface 
travel-time corrections for WRA. Underwood (1967) 
interpreted recordings of a shot fired at the Joker Mine 



near Nobles Nob (Fig. 1) (Underwood & others, 
1968). However, this survey was essentially a single
ended refraction experiment, in which it was not pos
sible to determine model parameters uniquely, and a 
simple inclined-plane model of the refractor geometry 
under WRA was adopted. The model was an upper 
layer with P-wave velocity 5.42 km/s overlying rock 
with velocity 6.10 km/ s. The refractor was 0.99 km 
deep at loker Mine, dipping at 5.3 0 in the direction 
205.5 0

, resulting in a depth of about 3.6 km near the 
apex of the array. 

Geological factors indicate that the shape of granitic 
plutons is unlikely to be simple. Pitcher (1979) indi
cated that granite batholiths result from multiple epi
sodes of magmatic activity rather than a single massive 
episode, and are emplaced along pre-existing lines of 
weakness, which extend deep into the crust, perhaps 
following volcanic activity in the same area . Magma 
may be emplaced in the form of cauldrons or diapirs, 
depending on the mechanical properties of the near
surface crustal rocks. Plutons may be from 4 km to 10 
km thick, but the floor of the batholith may be indis
tinguishable from the country rock in terms of its 
physical parameters. Bott & Smithson (1967) con
cluded that a combination of stoping and intrusion 
provided the most satisfactory explanation for gravity 
anomalies associated with granites. 

Cleary & others (1968) considered Underwood's 
(1967) interpretation with respect to travel-time .resi
duals and slowness measurements at WRA using earth
quakes in different azimuths. They indicated that the 
major features of the residuals and slowness data could 
be explained by a structure increasing in depth towards 
the southwest, probably a series of monoclinal folds 
with a northwest strike. At three seismometer positions 
near the apex of the WRA array, the travel-time resi
duals for teleseismic events from the southwest were 
anomalously early. Cleary & others (1968) suggested 
this was probably caused by Proterozoic rocks of the 
Hatches Creek and Warramunga Groups less than a 
kilometre to the southwest. However, they also indi-
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cated that not all features of the slowness data can 
be reconciled with near-surface geology alone, and 
deeper structures must contribute to the travel-time 
variations. 

Recordings 
The Nobles Nob records (Fig. 2) contain no strong 

events following the first break that can be correlated 
with neighbouring traces. Consequently, significant 
events that can be interpreted in terms of structure are 
restricted to the first arrival data. 

The character of the recordings of the Warrego shot 
(Fig. 3), detonated 643 m below the ground surface, 
changes beyond 22 km. In the range 26-36 km from the 
shot, weak first arrivals are followed within 0.3 s by 
another event lasting about 1-1.5 s and, later, by strong 
S-waves. 

Recordings of the Skipper Extended shot (Fig. 4), 
made along the Barkly Highway, are similar in character 
to the Nobles Nob records: apart from the initial 
arrivals, there are no phases that can be correlated to 
adjacent traces. 

A striking feature of the recordings made at WRA 
is the pronounced S-wave events . Such events were 
recorded at stations sited on Warramunga Group rocks 
from the Warrego shot. but only poorly at sites to the 
north and northeast of the Nobles Nob and Skipper 
Extended shots. Part of the character difference of the 
records can be attributed to the lower frequency re
sponse of the WRA instruments. 

Seismic velocities and interpretation 
The correlation of seismic events used to estimate 

velocities is indicated in Figures 2-5 , together with their 
apparent velocities. At distances less than 20 km from 
the shots. the velocities within the exposed Warramunga 
Group can be measured. The P-wave velocity is 5.22-
5.55 km/s, with an average of 5.42 km/s. The S-wave 
velocities are 3.26-3.41 km/s, with an average of 3.34 
km/s. 

11 14 21 Station 
Number 

o 10 20 30 40 so 60 

Figure 2. 

DISTANCE (kmJ 

Seismic record section for the Nobles Nob mine .hot recorded towards Warrego mine. 
The records are normalised so that the maximum signal amplitude is the same on each recording , and band-pass filtered 
in the range 4·20 Hz. 
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Velocities beneath the exposed Warramunga Group 
were estimated from the reversed seismic traverse be
tween Nobles Nob and Warrego, and from the Skipper 
Extended shot recorded towards the northeast. The 
apparent velocities from these sources are 6.07, 6.05, 
and 6.05 km/ s, respectively. 

Using a simple refraction model in which rocks with 
a velocity of 6.06 km/s are overlain by Warramunga 
Group rocks with a velocity of 5.42 km/s, the depths 
to the refractor from Nobles Nob, Skipper Extended, 
and Warrego shots are 2.6, 1.9, and 1.2 km, respec
tively. The shallowing at the Warrego end of the 
traverse is in accord with the high apparent velocity 
of 6.6 km/s measured beyond 44 km from the Nobles 
Nob shot (Fig. 2). This high apparent velocity can also 
be explained by the fact that, at recording station 
number 14 (Fig. 1), the traverse changes direction 
from northwest to west, and seismic waves, instead of 
passing wholly under the Warramunga Group, must 
pass under granites exposed at the surface. The pre
sence of structure can also be interpreted from the 
pronounced change in character of Warrego shot 
recordings qeyond 22 km. 

Of the recordings made at the WRA seismic array, 
none can be said unequivocally to represent seismic 
rays travelling solely within granitic rocks. At distances 
of less than 20 km from the Nobles Nob shot (Fig. 
5), a velocity of 5.69 km/ s has been estimated from 
those five recording sites located on granite. 

The range of granite surface velocities can vary 
considerably. Bandu Rao Naik & others (1980) have 
investigated surface velocities in some southern Indian 
granites, and concluded that a weathered layer exists 
that is up to 40 m thick and has a P-wave velocity 
of 1.6-2.8 km/ s. This overlies granite which has a 
velocity of 4.0-6.0 km/s (average 4.6 km/s). In SE 
Australia, Taylor & others (1972) determined the 
thickness of surface weathering in the Braidwood 
Granite to be 25 m (average velocity 0.85 km/s); the 
underlying bedrock velocity was 5.5 km/ s. These re
sults from India and SE Australia, although being 
greatly influenced by climatic conditions in the regions, 
illustrate the range of surface effects in weathered 
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gramtIc terrains. The value of 5.69 km/ s estimated 
for the granites south of Tennant Creek is taken to be 
the upper limit of the near-surface P-wave velocity. 

Beyond 20 km from the shot source, the apparent 
P-wave velocity recorded at WRA from the Nobles 
Nob shots is 6.12 km/s, and from the Skipper Extended 
and Warrego shots 6.05 km/ s. The arrivals from the 
Skipper Extended shot are clearly recorded earlier at 
the WRA array than at sites to the northeast (Fig. 4). 
Using a simple model of the granitic rocks overlying 
a higher velocity refractor, 5.96 km/s over 6.12 km/s, 
the depths to that refractor are estimated to be at 2.1, 
1.2, and 1.2 km, respectively, from the Nobles Nob, 
Skipper Exended, and Warrego shots. These depths can 
be compared with the values of 2.6, 1.9, and 1.2 km, 
respectively, obtained from these shots for the depth to 
the basement velocity under the Warramunga Group 
derived earlier. First arrivals at WRA from the Warrego 
shot also arrive about 0.1 s earlier than arrivals from 
the Skipper Extended shot at the same recording dis
tances along the Barkly Highway, supporting the general 
observation of shallower depth to the basement velo
city south of the exposed Warramunga Group. It is 
possible that a higher velocity branch of the travel-time 
curve is being observed beyond 75 km from the Skipper 
Extended shot (Fig. 4), but good first arrivals still 
correlate with the 6.05 km/ s travel-time branch ob
served at shorter distance. 

The S-waves recorded at the WRA array (Figs 3-5) 
indicate velocities of 3.26 km/ s from poor data at 
shot distances less than 20 km, and, at larger distances, 
velocities of 3.53 and 3.59 km/s are measured from 
the Nobles Nob and Skipper Extended shot, respec
tively. The average S-wave velocity in the basement 
rocks is taken to be 3.56 km/s. The 3.86 km/s events 
at distances beyond 50 km from the Warrego shot (Fig. 
3) are interpreted as being from an intracrustal hori
zon, perhaps 9 km deep. 

Comment 
The nature of the basement rocks with a velocity of 

about 6.06 km/ s is not known. The seismic record 
sections (Figs. 2-5) do not display any clear diagnostic 
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Figure 5. Seismic record section for the Nobles Nob shot, recorded at the Warramunga 
Seismic Array; no filtering. 
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Figure 6. Synthetic seismogram record sections for three models. _ 
Black dots indicate seismic first arrival times of the Nobles Nob mine shot recorded towards Warrego mine. Model 
produces large-amplitude wide-angle reflections after the first arrivals at distances of 30-50 kin, which are not observed 
in the recorded data. 

reflection and refraction events characteristic of simple 
transitions. Figure 6 indicates the sort of subcritical 
and supercritical reflections to be expected from various 
types of velocity transition; these record sections were 
derived from a synthetic seismogram computer program 
(Fuchs, 1968) . Once a velocity transition zone is intro
duced, the depth to the basement velocity must be 
greater than that arrived at using simple refraction 
models. Green & Steinhart (1962) and Berry (1971), 
among others, have demonstrated the variety of models 
that can satisfy first-arrival seismic data. The basement 
depths derived earlier are, therefore, minimum esti
mates, but are consistent with a -shallowing of base
ment under the granitic rocks to the south and west of 
the Warramunga Group. 

The interpretation of the velocity changes with depth 
in terms of changes in rock type must be regarded as 
speCUlative without other geological/ geophysical infor-

mation. There are substantial changes in the seismic 
velocity of rocks as overburden pressure increases, 
especially at pressures of up 1 kbar (within the upper
most 3 km), where pore collapse is considered to be 
a major factor. Bott (1971, p. 65) illustrated the 
change in P-wave velocity of a granite from about 5.1 
kml s to 6.1 kml s in laboratory experiments at pres
sures up to 1 kbar. 

The transition to the basement velocity illustrated in 
Figure 6 is consistent with expected changes in velocity 
with overburden pressure. Thus, although a 'basement' 

. rock type is assumed in the foregoing interpretation, 
it is by no means necessary in order to satisfy the 
seismic data. The granite and Warramunga Group 
(surface rocks) may well both have a velocity of 
6.06 kml s at depth. Only further, more detailed, seis
mic field and laboratory studies can resolve this prob
lem. 
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Despite these complications on the nature of the 
transition to basement velocities, the seismic method 
is still useful in determining the structure wihin areas 
of complex geology. Smithson & others (1977) high
lighted the use of reflection methods to determine 
structure within the upper crust in areas of Precam
brian outcrop. However, other, less expensive, geo
physical methods may also yield useful information, 
depending on the detail required. 
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Age of the Warramunga Group, 
Tennant Creek Block, Northern Territory 

L. P. Black 
A U-Pb zircon age for acid volcanics in the Bemborough Formation of the Warramunga 

Group indicates a depositional age of between 1819 m.y. and 1849 m.y. If a previously 
postulated correlation is correct, Division II rocks of the Amnta Block are also this age. The 
new data show unequivocaUy that amphibolite-facies rocks west-southwest of Tennant Creek 
are basement to the Warramunga Group and not merely its higher-grade equivalents. 

Geochronological background and objectives 
Previous Rb-Sr work on rocks from the Tennant 

Creek Block (Black, 1977) produced a broad geo
chronological framework: granites gave ages from 
about 1800 m.y. (non-porphyritic Tennant Creek 
Granite-biotite Rb-Sr age only) to 1450 ± 36 m.y. 
(Cabbage Gum Granite), and possibly 1330 ± 100 
m.y. (Gosse River East Granite). Northwest of Ten
nant Creek, the Red Bluff and Warrego Granites were 
emplaced about 1650 m.y. ago, and two widely 
separated bodies of lamprophyre were apparently also 
emplaced about this time. A quartz-feldspar porphyry 
body crystallised earlier, probably at 1752 ± 30 m.y. 
Mineralisation in the Juno, Warrego, Nobles Nob, and 
Golden Forty mines, and the TC8 prospect has been 
shown, from a series of ages on muscovite from iron
stone lodes, to have taken place about 1810 m.y. ago. 
This age is also a minimum for the main regional 
folding event, which produced an east-west slaty 
cleavage and the structures in the Warramunga Group 
within which the orebodies are localised. If the conten
tion of Large (1975) and Le Messurier (1976) is 
correct and mineralisation was contemporaneous with, 
rather than significantly later than, the folding, then 
this age more closely defines the time of folding. 
Obviously, the original sedimentary or crystallisation 
ages of these rocks must be still older. 

Rb-Sr total-rock data for the Warramunga Group 
are not, however, consistent with this. Shale from near 
the top of the Warramunga Group gave a younger 
mean age of 1766 m.y. Unfortunately, its 95% con
fidence limits of ± 80 m.y. are too broad for tight 
isotopic control. However, volcanic samples from the 
stratigr"aphically lower Bernborough Formation, the 
middle of the three formations within the Warramunga 
Group, gave an age of 1773 ± 40 m.y., significantly 
younger than that deduced for the main deformation. 
This age was interpreted as indicating isotopic redistri
bution subsequent to the crystallisation of the 
volcanics. 

The main purpose of the present study is, by using 
the V-Pb zircon technique, to see through the event 
which produced this isotopic resetting and find the 
crystallisation age of the Bernborough volcanics. 

Drilling has revealed amphibolite-facies rocks 
30 km west-southwest of Tennant Creek. Elsewhere in 
the area, metamorphic grades are no higher than 
greenschist facies. The high-grade rocks have thus been 
thought to represent probable basement, and Dodson 
& Gardener (1978) tentatively assigned them to the 
Archaean, though it has been recognised that they may 
merely be higher-grade equivalents of the Warramunga 
Group (Mendum & Tonkin, 1976). Black (1977) 
determined a Rb-Sr total-rock age of 1920 ± 60 m.y. 
for the metamorphism of amphibolite in these rocks, 
but although this age apparently supports the basement 

interpretation, it cannot be used to refute unequi
vocally the alternative possibility, for the Rb-Sr data 
do not provide an effective older limit for the age of 
the Warramunga Group. A subsidiary purpose of the 
present study is, therefore, to determine, via the V-Pb 
crystallisation age of the Bernborough Formation 
volcanics, whether the amphibolite-facies rocks are 
basement to the Warramunga Group. 

The Bernborough Formation and 
Warramunga Group 

The dominantly eugeosynclinal Warramunga Group 
forms the major part of the Tennant Creek Block. It is 
unconformably overlain by shallow-water marine 
sediments of the Tomkinson Creek Group to the north 
and the Hatches Creek Group to the south. Total 
thickness of the Warramunga Group probably does not 
exceed 3000 m (Mendum & Tonkin, 1976). It consists 
of shale, siltstone, greywacke, and interbedded vol
canics. Because of structural complexity, poor outcrop, 
and scarcity of marker beds, the Warramunga Group 
has proved difficult to subdivide. Mendum & Tonkin 
(1976) divided the group into 10 units, but other 
workers (Large, 1975; Le Messurier, 1976) have in
corporated the units of Crohn & Oldershaw (1965) 
and Dunnett & Harding (1967) into three main forma
tions (Table 1). Even so, there are still discrepancies. 
Both Large (1975) and Le Messurier (1976) used the 
name Carraman Formation for the uppermost part of 
the Warramunga Group, in which the economic gold, 
copper, and bismuth mineralisation is localised. Both 
also considered the Bernborough Formation to be the 
intermediate member. However, the bulk of the Warra
munga Group is considered younger than the Bern
borough Formation. Large (1975) nominated the 
massive well-sorted quartzose and feldspathic Whippet 
Sandstone as the basal formation of the Warramunga 
Group. Le Messurier (1976) designated the Whippet 

Dodson & Gardener 
(1978) 

[? W6 

ewr, 
[? W4 

[? W3 

Le MesslIrier 
{l976) 

Large 
(1975) 

Warrego Volcanics Carraman Formation Carraman 

[? w7 
Gecko Volcanics 
[? Wz 

Bernborough Bernborough 
Formation Formation 

Whippet Sandstone Whippet Sandstone 
Member Member 

[? Wi Monument Formation 

Formation 

Bernborough 
Formation 

Whippet 
Formation 

Table 1. Recently proposed subdivisions of the Warra
munga Group. 
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L.;.:j (includes basic sills) 
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dip direction 

EARLY PROTEROZOIC 
Warramunga Group 

Rhyolitic pyroclastics and intrusive 
quartz-feldspar porphyries 

Itl~:~t~ Undifferentiated 
U Granitic intrusives 

Carra man Formation 

Figure 1. Geology of the Tennant Creek area (after Large, 1976), showing sample location. 

Sandstone as a basal member of the Bernborough 
Formation, and placed interbedded greywackes and 
siltstones below this in the Monument Formation. The 
Mendum & Tonkin (1976) subdivision presented in 
Dodson & Gardener (1978) also places the Bern
borough Formation low in the Warramunga Group, 
with only one of the 10 units, which is of relatively 
minor thickness (the greywacke, siltstone, shale, minor 
tuff, and acid volcanics of unit t? WI ), and the Whippet 
Sandstone Member below it. 

The Bernborough Formation consists primarily of 
acid lava, tuff, interbedded tuffaceous greywacke and 
shale, and siltstone. Maximum thickness is about 800 m. 
The sample from which the zircons for this study were 
separated is altered porphyritic rhyolite core taken from 
about 45 m depth in DDH 11 (19 0 25' S, 1340 01' E) 
of the BMR-NTGS geochemical sampling program 
(Fig. 1). The rhyolite shows marked signs of post
emplacement hydrothermal alteration. Subhedral, mag
matically embayed quartz phenocrysts are prominent. 
Other phenocrysts, which were probably feldspar and 

amphibole, have been replaced by secondary phases. 
The groundmass is composed of granular quartz, 
chlorite, sericite, and hematite. Zircon and apatite are 
accessory. Hematite and quartz veins are common. 

Analytical techniques 
Zircon was separated from 25 kg of crushed core by 

means of a Wilfiey concentrating table, and standard 
halogenated-hydrocarbon gravity and magnetic proce
dures. It was concentrated and split into size and 
magnetic fractions to obtain a range of U concentra
tions and U/Pb ratios. Individual fractions ranging 
from 1-3.5 JLg were then handpicked to 100% purity. 
Euhedral zircons, commonly doubly terminated, with 
a length to breadth ratio of about 2: 1 were obtained. 
Relict cores were not apparent, and most zircons were 
free of inclusions; some, those from the most magnetic 
fraction (-'150, M4; see Table 2), contained dark 
inclusions which were probably iron oxide. Dissolution 
and subsequent purification techniques were based on 
the work of Krogh (1973). Anaiyses were made on 
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single Re filaments in a 30-cm radius, 60° sector mass
spectrometer. A silica gel-phosphoric acid activator was 
used for Pb and a tantalum oxide-phosphoric acid 
activator for U. A total blank correction of 
0.25 X 10-9 g, with a measured composition of 
204:206:207:208 = 1: 18.4: 15.55:37.7, respectively, 
has been applied to the Pb data. Common Pb correction 
is based on Kanasewich's (1968) single stage diffusion 
age of each sample (Tilton, ·1960). A modified York 
(1969) program was used to regress the data. The 
parameters recommended by Steiger & Jager (1977) 
were used for the age calculation and the recalculation 
of previously reported ages. Errors are quoted at the 
95% confidence level. 

Isotopic data 
Isotopic data for the eight zircon fractions, two of 

which represent duplicate hand-picked concentrates, 
appear in Table 2. The data define a linear array in 
Figure 2. Analytical points display a moderate discor
dance (20-35%), even though U concentrations, which 
range from about 200 to 300 JLg.g- 1, are relatively low. 
Overall discordance relations are typical of an igneous 
zircon suite: the finest zircons are the most discordant, 
the coarsest the least. Superimposed on this trend is a 
general correlation of magnetic susceptibility with dis
cordancy. Only one fraction (-150, M4) does not fit 
this sequence, possibly because its magnetic properties 
might be dominated by frequent dark inclusions which 
contain minor amounts of common Pb (compare 
206Pb/ 2o4Pb ratios in Table 2). U-content is only 
roughly related to discordance. 

In the majority of cases, zircons in environments 
similar to the Tennant Creek Block have been shown 
to record igneous crystallisation ages. Conversely, it 
has been demonstrated experimentally and in nature 
that, in some instances, zircons can be reset under 
greenschist facies conditions (Pidgeon & others, 1973; 
Gebauer & Griinenfelder, 1976). In those studies, 
however, the observed open-system behaviour was 
thought to relate to the zircon lattices being greatly 
damaged by radiation. The linear analytical array for 
the Bernborough Formation volcanic zircons does not 
indicate an extensive pre-1815 m.y. history, which 
would be required to achieve significant radiation 
damage in these relatively U-poor (200-300 !-'g.g-l) 
zircons. Hence, in combination with the discordance 

",:' 0.2 
::: 

l 
o . 

Figure 2. 207Pb/~35U_206Pbf238U concordia diagram for 
zircon from the Bemborongh Volcanics. 
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trends discussed above and the zircon morphology, this 
is taken to signify that the upper intercept of the re
gression with concordia at 1815-t:.~~ m.y. should con

strain the crystallisation age of the zircons and the 
Bernborough Formation volcanics. Some refinement of 
this age is possible. A minimum value would be expect
ed from the mean 20 7Pb/ 20 GPb age (1825 ± 6 m.y.) 
of individual zircon concentrates with the simple 
systematics inferred above. Hence, zircon crystallisation 
should have occurred somewhere between 1819 m.y. 
and 1849 m.y. 

As the lower intercept of the regression with con
cordia is not significantly less than zero, it does not 
contradict the simple igneous history postulated for the 
zircons. A value between zero and 120 m.y. is indicated 
by the data. There is thus no evidence that any of the 
major events of the Tennant Creek area, the youngest 
of which occurred at 1450 m.y. or, possibly, 1330 m.y., 
have significantly affected the zircon systematics. 
Moreover, this intercept is too young to result from 
continuous diffusional loss of Pb since crystallisation of 
the zircon. If this were the case, an apparent lower 
intercept of about 385 m.y. would be expected. The 
data indicate fairly recent Pb loss, perhaps best ex
plained by the Goldich & Mudrey (1972) dilatancy 
model as a consequence of post-Jurassic uplift and/ or 
erosion. 

Discussion 
The volcanics from the Bernborough Formation give 

a reliable age of between 1819 m.y. and 1849 m.y. for 
part of the Warramunga Group. This value is consistent 
with the few isotopic constraints provided by the pre
vious Rb-Sr data (Black,1977). In particular, it is 
slightly older than the 1810 m.y. derived for the age 
of mineralisation and deduced for the main folding 
event to affect the Warramunga Group. The Rb-Sr 
total-rock isochron for the Bernborough Formation 
volcanics (1733 ± 40 m.y.; initial ratio is 0.717 ± 
.006) obviously reflects resetting by a subsequent de
formational event, as originally postulated. 

The new data show unequivocally that the 
amphibolite-facies rocks to the west-southwest of 
Tennant Creek are basement to the Warramunga 
Group. From the ease with which Rb-Sr total-rock 
isochrons have been reset under low metamorphic 
grade at Tennant Creek, and the detailed documenta
tion of similar isotopic behaviour under amphibolite
facies conditions (Black & others, 1979), the Rb-Sr 
age for these amphibolites can only define a deforma
tional/metamorphic event, probably the amphibolite
facies metamorphism, and hence is only a minimum 
age of the Tennant Creek basement. 

The Warramunga Group has been correlated (Shaw 
& Warren, 1975; Shaw & Stewart, 1975) with Division 
II rocks of the Arunta Block, for which the new zircon 
age data should also provide an estimate of depositional 
age. Currently the only age estimate of this magnitude 
for Division II rocks comes from the eastern part of 
the Arunta Block, where Division II correlatives, infor
mally known as the Bonya sequence, are intruded by 
post-tectonic granites, dated by a Rb-Sr total-rock 
isochron at about 1750 m.y. (Black, 1980). 

Because of their relation to the Warramunga Group, 
with its assumed correlation with Division II Arunta 
rocks, it is naturally tempting to relate the Tennant 
Creek basement rocks to Division I Arunta rocks. A 
Sm-Nd study is under way to assess such a correlation. 
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Submarine valleys on the Ceduna Terrace 
off South Australia 

L. A. Tilbury & A. R. Fraser 

A detailed bathymetric map has been compiled for the Ceduna Terrace, off South Australia. 
The most striking features of the bathymetry are numerous submarine valleys, which dissect 
the otherwise gently sloping terrace. These are mostly broad and shallow, and fonn a dendri
tic tributary system feeding submarine canyons on the lower slope. The valleys were probably 
eroded by turbidity currents generated near the shelf-break during low sea-level stands. There 
is little evidence to suggest that they have resulted from mass movement and slumping or from 
subaerial erosion. Most ,'alleys appear to have developed during the Quaternary, but some 
may have originated in the Tertiary. 

Introduction 
The Ceduna Terrace (von der Borch, 1967) is a 

bathymetric feature of about 70000 km2, lying mostly 
between the 500 and 2500 m isobaths in the continen
tal slope off South Australia. During a study of the 
regional geology and petroleum potential of the Ceduna 
Terrace, a bathymetric map was prepared for the 
region, 129-135°E and 33-3rS, covering the terrace 
and adjacent continental shelf and abyssal plain (Fig. 
1). It shows topographic details not apparent on exist
ing regional maps of the southern Australian margin 

SOUTH AUSTRALIAN 

ABYSSAL PLAIN 

(Conolly & von der Borch, 1967; Conolly & others, 
1970; Hayes & Conolly, 1972). 

The map is based on 12 000 soundings from 25 500 
km of traverse; soundings were collected by the Bureau 
of Mineral Resources (BMR), Shell Development 
(Australia) Pty Ltd (SHELL), Shell Internationale 
Petroleum Maatschappij N.V" and Lamont-Doherty 
Geological Observatory (LDGO). In areas of sparse 
data, spot values were taken from the General Bathy
metric Chart of the Oceans (GEBCO) sheets. The 
BMR data comprise 6317 line-kilometres, collected 

SOUTH AUSTRALIAN 

SHELF 

100 kin L-____________ ~I 

Figure 1. Bathymetric map of the Ceduna Terrace, showing numerous submarine valleys. 
Contour interval is 100 m (map is based on a computer-drawn version contoured at SO-m intervals), 
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Figure 2. Distribution of ships' tracks. 
The 200-m, 2000-m, and 4000-m isobaths are shown, to delineate the terrace. Referenced lines refer to seismic profiles 
in the text. 

during the 1970-73 Continental Margin Survey. As 
these data are the most consistent and cover the 
largest area, they were used as the control to which all 
other data were tied. The SHELL data were collected in 
seven surveys between 1969 and 1976, during which 
15755 line-kilometres were traversed. The LDGO 
data comprise 2376 line-kilometres, collected on cruises 
V33-02 and V33-03 of the R. V. Vema and cruise 35 
of the USNS Eltanin. A cruise by Shell International's 
M.V. Petrel contributed 1075 line-kilometres of data. 
Navigation was by Shoran radio positioning for the 
SHELL surveys, and satellite navigation for all other 
surveys. 

The distribution of survey traverses (Fig. 2) is 
uneven, with a grid of less than 1 5 km over the Ceduna 
Terrace and adjoining shelf region, increasing to about 
50 km square on the southern margin of the terrace 
in water depths exceeding 2000 m. Several large data 
gaps are present in the extreme south of the map area, 
but these are not critical as they lie over the abyssal 
plain where depths are almost constant. 

All bathymetric values were reduced to a consistent 
set of data using a water velocity of 1500 m/ s. Errors 
of observation, derived from mis-ties at line inter
sections, have a standard deviation of about 12 m. 
The data were computer-plotted at a 50-m contour 

interval using the minimum curvature technique of 
Briggs (1974), and the final map was drawn up by 
computer, using software developed by the BMR 
Marine Geophysics Group. The map was originally 
plotted at 1: 1 000000 scale, and copies at this scale 
may be purchased from the Copy Service, Australian 
Government Printer, P.O. Box 84, Canberra 2600. 

Morphology 
The Ceduna Terrace is a sigmoidal-shaped terrace 

of some 70 000 km2, in the continental slope of 
southern Australia. It is bounded on the north by an 
upper slope between the shelf-break at 150-200 m and 
the 500 m isobath, and on the south by a lower slope 
between the 2500 m and 4500 m isobaths. The terrace 
slopes gently to the southwest with an average gradient 
of I in 100 (0.6°), which compares with a gradient 
of about 1 in 30 (2.0°) for the continental slope. 

The western limit of the terrace is approximately 
129°20'E, where the bounding margins merge to form 
normal continental slope of almost uniform gradient 
between the 200-m and 4000-m isobaths. The eastern 
limit is similarly defined at approximately 134 ° 45'E, 
east of which the slope drops abruptly from the 200-m 
to the 2200-m isobath over a distance of 18 km-a 
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Figure 3. Dendritic drainage pattern of the submarine 
valleys. 
Axes of valleys are depicted by bold lines where 
definite, and by broken lines where approximate. 
Contour interval is 50 m. 

gradient of 1 in 9. The continental rise is wide south of 
the terrace, especially to the southwest, where it reaches 
a width of over 100 km. 

The most striking features of the bathymetry are 
numerous submarine valleys, which dissect the other
wise gently sloping terrace. They are mostly broad and 
shallow and form a dendritic tributary system feeding 
steeper walled canyons on the lower slope (Fig. 3). 
(In this paper, the term 'submarine vaHey' is taken 
to mean an elongate, generaHy sinuous depression in 
the sea floor; the more commonly used term 'submarine 
canyon' is defined as a submarine vaHey bounded by 
steep sides.) They trend south to southwest approxi
mately perpendicular to the shelf-break. The vaHeys 
originate on or near the upper slope as small channels, 
typically about 50 m deep and 1 km wide. The channels 

s 

are ill-defined on the map because their width is less 
than the sampling interval (2-3 km) used to generate 
the contours, but they are clearly discernible on the 
seismic profiles (Fig. 6). The channels of the upper 
slope coalesce to form vaHeys 5-10 km wide in the 
upper part of the terrace; these in turn converge in the 
lower part of the terrace to form valleys about 20 km 
wide, that eventuaHy feed the canyons of the lower 
slope. 

The largest valley shown in Figure 3 cuts across the 
central part of the terrace and is about 200 m deep, 
20 km wide, and over 140 km long. Minor tributaries 
start a further 100 km or so back up the upper slope. 
A seismic section from SHELL line 69-181 crosses the 
valley at about 60° to its strike (Fig. 4). The vaHey 
shows up as a broad depression which truncates the 
shallow sedimentary horizons. It does not intersect hori
zon A, a widespread reflector that corresponds to the 
break-up unconformity formed during the rifting apart 
of Australia and Antarctica in the Early Eocene (55 
m.y. ago according to Weissel & Hayes, 1972). Horizon 
A is an almost planar surface, with the main relief 
caused by faulting along the outer margin of the ter
race. It has much less relief than the present-day bathy
metry. 

The youngest continuous reflection cut by the valley 
is horizon AI, an unconformity which is traceable 
over most of the terrace. It cannot be precisely dated, 
but probably corresponds to one of two unconformities 
in Potoroo No. 1 well (Shell, 1975) of Middle-Late 
Eocene and Early Oligocene-Early Miocene ages. This 
implies that the earliest possible age of the vaHey for
mation is Late Eocene. 

On the lower slope, valleys become canyons. They 
are poorly defined on the contour map, because of a 
lack of data on the slope, particularly from. along
slope traverses. A profile from Vema cruise V33-03 
along the continental rise in about 5000 m of water, 
shows numerous canyons 100-450 m deep, which un
doubtedly debouch onto the abyssal plain. These can
yons are presumably the distal ends of valleys originat
ing on the Ceduna Terrace or the upper slope. 

SHELL line 69-429, across the southeastern part of 
the terracp., crosses one of the few major canyons at 45° 
to its strike (Fig. 5). This canyon was named the 
Ceduna Canyon by von der Borch (1968). It is a 
narrow feature, 4 km wide, steep sided, and about 600 
m deep, and intersects horizons A and AI. The north-

N 

Figure 4. Seismic section across submarine valley on terrace, showing horizon A (break-up unconformity-Early Eocene) 
and horizon Al (possible Early Oligocene to Early Miocene unconformity). 
Location of section is shown in Figure 2. Vertical exaggeration is about 7. Reproduced from Shell Development 
(Aust.) Pty Ltd Line 69-181. 
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Figure 5. Seismic section across Ceduna Canyon, showing horizons A and At, respectively unconformities of Early 
Eocene and ? Early Oligocene to Early Miocene ages. 
Location is shown in Figure 2. Vertical exaggeration is about 7. Reproduced from Shell Development (Aus!.) Pty Ltd 
Line 69-429. 

eastern wall of the canyon is much steeper than the 
southwestern wall and overlies a fault in horizon A, 
suggesting the canyon may be fault controlled. This, 
however, is thought to be unlikely, because faulting in 
the area pre-dates canyon formation, being confined 
mainly to pre-break-up sediments of early Tertiary and 
Cretaceous age, and because the regional fault trend 
is oblique to the canyon trend. The greater steepness 
of the eastern wall on this canyon, and of most other 
canyons and valleys on the terrace, is probably an 
effect of the Coriolis force, which tends to deflect 
turbidity currents to the left in the southern hemisphere 
(Menard, 1955). 

Origin of the valleys 
Various hypotheses for the origin and age of sub

marine canyons have been proposed since their recog
nition in the late nineteenth century. Three main ideas 
on their origin persist to the present day: 
(a) canyons are the result of subaerial erosion; marine 

processes such as sandfalls, slumps, turbidity cur
rents have kept them open since submergence 
(Shepard, 1973). 

(b) canyons have been eroded by mass movement and 
slumping (Shepard & Dill, 1966, Shepard, 1973). 

(c) canyons are cut by turbidity currents (Daly, 1936; 
Kuenen & Migliorini, 1950). 

Most canyons are located off river valleys, although 
some of the largest are found off insignificant land 
valleys, and a few appear to have no connection with 
land drainage at all. 

Subaerial erosion does not seem to be a likely 
mechanism of formation for the valleys of the Ceduna 
Terrace. Drilling evidence shows that the continental 
shelf has been the site of marine carbonate deposition 
for most of the time since the Early Eocene. consequent 
upon the break-up of Australia and Antarctica and sub
sidence of the continental margin. At Potoroo No. 1 
well (Shell, 1975), the strata above horizon A indicate 
depositional environments that form a progressive se
quence from shallow-marine in the Paleocene (trans-

gressive marine sands of the Pidinga Formation) to 
open-marine of the present day (open-marine car
bonates of the Nullabor Limestone). The interval 
above horizon Al corresponds to a layer of open-marine 
carbonates, mostly Nullarbor Limestone, which forms 
the essential foundation of the present-day continental 
shelf. As there are no shallow-marine or subaerial units 
in the interval between the Late Eocene and Middle 
Miocene (the youngest sampled strata), subaerial ero
sion can be discounted as a likely mechanism for 
valley formation during this period. The continental 
shelf may have been exposed during low stands of sea 
level since this time, but the topographically lower 
Ceduna Terrace almost certainly remained continuously 
submerged. 

Mass movement and slumping are also unlikely to 
be the main cause of valley formation on the Ceduna 
Terrace. Valleys formed by slumping usually occur on 
steep slopes and have few tributaries (Shepard & Dill, 
1966). On the Ceduna Terrace, the valleys form a 
dendritic pattern and extend from the base of the 
upper slope across a region of relatively slight gradient 
(0.6 0

). Chaotic fill has been seen only along the inner 
margin of the terrace (Fig. 6), suggesting that slumping 
was confined to the more steeply dipping (2_3 0

) upper 
slope. 

Erosion by turbidity currents seems the most pro
bable mechanism for formation of the valleys. A well
stratified turbidite sequence of calcareous sand, silt, and 
clay, containing mainly reworked Quaternary and 
Tertiary organisms derived from the continental shelf 
and slope, is observed on the abyssal plain south of the 
Ceduna Terrace (Conolly & von der Borch, 1967; 
Conolly & others, 1970). Seismic data indicate that 
the sequence is 400-500 m thick. Turbidity currents 
initiated just below the shelf-break, probably in associa
tion with slumping, may have built up sufficient 
momentum downslope to flow large distances across 
the gently dipping terrace. Wave action at the shelf
break during low sea-level stands is suggested as a 
possible mechanism causing slumping and the conse
quent generation of turbidity currents. 
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Figure 6. Seismic section down the upper slope of the Ceduna Terrace, showing chaotic fill at base of upper slope 
above Horizons A and AI. 
Location is shown in Figure 2. Vertical exaggeration is about 9. Reproduced from BMR Line 16/134. 

Age of the valleys 
The age of submarine canyons has long been the sub

ject of controversy. Many authors have proposed that 
most canyons were initiated during Pleistocene low sea
level stands, when continental shelves were exposed 
to subaerial erosion. However, pre-Pleistocene ages, 
including early Tertiary (von der Borch, 1968), Eocene 
(Hoyt, 1959), and Late Cretaceous (Tanaka & Teraoka, 
1973) have been attributed to several canyon systems. 
Curray (1975) suggested that canyons have existed 
throughout geological time, but are probably unusually 
abundant today. 

Our interpretation of seismic data from the Ceduna 
Terrace does not give a precise age of formation for 
the valleys. Most valleys appear to truncate all shallow 
horizons up to the sea floor, indicating that they have 
been active in the Quaternary. An earlier age of forma
tion cannot be ruled out, although the valleys do appear 
to be much younger than horizon AI , an unconformity 
of either Middle-Late Eocene or Early Oligocene-Early 
Miocene age, as discussed earlier. 

Von der Borch (1968) correlated the time of forma
tion of the large canyons on the southern margin of 
Australia with the ?Late Eocene to Miocene humid 
period of lateritisation of the Great Plateau of Western 
Australia . At this time, the drainage systems of Aus
trali a were greatly enhanced, leading to greater dis
charge volumes and the consequent formation of large 
canyons such as the Perth and Murray Canyons. Von 
der Borch used as evidence a reconstructed pattern of 
Tertiary drainage deduced from the distribution of 
salt lakes on the Great Plateau. The pattern shows 
ancient drainage into the headwaters of the present-day 
Swan, Avon, Blackwood, and Frankland Rivers, and 
towards the canyon-incised part of the continental mar
gin between Albany and Esperance. 

Von der Borch found that the major canyon groups 
were confined to the continental slope in areas of shal
low basement rock, opposite on-shore areas of Cambrian 
to Precambrian rocks (southwest Australia and central 
South Australia) . Further, he indicated that areas of 
Tertiary basin development, such as the Otway and the 
Ceduna Terace, had smaller canyons, which possibly 
formed by processes unrelated to the ancient drainage. 

There are several difficulties in associating the forma
tion of the Ceduna Terrace valleys with this Tertiary 
period of lateritisation: 

1. No pattern of Tertiary drainage into the Bight 
region can be discerned from a study of the distri
tion of salt lakes in the bordering land area. 

2. No valleys or channels of significance can be ob
served in the seabed or Tertiary horizons on any 
of the seismic lines over the continental shelf: 

3. The valleys of the Ceduna Terrace are much smaller 
than the canyons that have been related to Tertiary 
drainage by von der Borch. 

On the other hand there is some evidence in favour 
of a pre-Quaternary age of formation for at least some 
of the valleys, beginning at about the time of the Al 
unconformity. 
1. On the flanks of a few valleys, especially to the 

southeast near the Ceduna Canyon, thinning of 
sequences down to horizon A I is observed. Below 
A I, reflectors are sub-parallel and no such thinning 
is present. This suggests that at least some of the 
valleys have been influencing sedimentation on the 
terrace since Al time. 

2. TurlJidity currents from the upper slope would 
initiate development of valleys on the terrace and 
turbidite deposits on the abyssal plain. In the adja
cent abyssal plain, only one significant turbidite 
sequence can be seen. This directly overlies a major 
unconformity, and it is possible that this and the 
A I unconformity are the same age. The major un
conformity beneath the turbidite sequence, and 
hence, possibly, the A I unconformity, are tenta
tively correlated with a widespread and prolonged 
period of non-deposition or erosion, or both, 
associated with the initiation of circum-Antarctic 
flow in the Late Oligocene. 

There is, therefore, some indication that the valleys 
may have started to develop at A I time or shortly after, 
and that the Al unconformity correlates with the Early 
Oligocene to Early Miocene unconformity in Potoroo 
No. I well. 

Conc1usions 
The submarine valleys of the Ceduna Terrace were 

probably eroded by turbidity currents generated near 
the shelf-break during low sea-level stands. There is 
little evidence to suggest that the valleys resulted from 
mass movement and slumping, or from subaerial ero
sion. 
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The valleys appear to have been active in the Quater
nary, most forming at this time. However, a few may 
have originated in the Tertiary. Although the evidence 
is inconclusive it tends to favour the formation of at 
least some of the valleys at or shortly after the time 
of the At unconformity, which is probably of Early 
Oligocene to Early Miocene age. This would then cor
respond to the Tertiary period of lateritisation, when 
drainage in southern Australia is believed to have been 
greatly enhanced. 
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Conodont colour alteration adjacent to a volcanic plug, 
Canning Basin, \-Vestern Australia 

Robert S. Nicoll 

The colour change of conodonts adjacent to a small volcanic plug in the Canning Basin, 
Western Australia suggests that the temperature of the liquid melt exceeded 600°C. The limit 
of the thermal effects of the intrusion appears to be about one metre into the surrounding 
carbonate sediments. 

The change of colour in conodonts from their 
normal amber to black or white in areas adjacent to 
igneous intrusions, has long been known (Ellison, 
1944; Sweet & Bergstrom, 1966), but until the 1977 
study of Epstein & others this phenomenon had not 
been explained and quantified. Their study recognised 
nine levels of distinct, but gradational, colour change 
and defined the conodont colour alteration index 
(CAl), which they related to temperature levels by 
experimental studies. 

In the Canning Basin of Western Australia the 
Fitzroy Lamproite, consisting of a number of plugs, 
dykes, and sills of leucite lamproite or kimberlite com
position, intrudes sediments that range in age from Pre
cambrian to Triassic. The age of intrusion is disputed, 
but may be Jurassic, Oligocene, or Miocene (Playford 
&. others, 1975'). One plug is known to be in contact 
with carbonate rocks in outcrop (Fig. 1). This is 
located in the Oscar Range, where it is surrounded by 
gently dipping limestones of the early Late Devonian 
Napier Formation. 

The carbonate rocks immediately surrounding the 
plug are dark grey to black. This coloration could be 
the result of baking of disseminated petroleum at the 
time of intrusion. When the samples were processed 

for conodonts in the laboratory, a thin film of petro
leum usually accumulated on the surface of the con
tainer. 

In this project a series of sample sets was collected 
from limestone at the margin of the leucite lamproite 
plug in order to study conodont colour variation ad
jacent to a small intrusive body. Twenty samples were 
collected, five from each of four sections (Fig. 1). 
The maximum distance of each section from the lamp
roite-carbonate contact was just over one metre. 

Table 1 shows the number of conodonts recovered 
from each sample and the CAl values. The non-re
covery of conodonts from samples in sections 802 and 
803 probably reflects the absence of conodonts at the 
time of deposition of the sediment and not destruction 
from the heat of the intrusion. Preservation of cono
dont elements in samples 801/01 and 804/01 is poor 
and some of the specimens are only just recognisable 
as conodonts. 

Section 801 shows that within one metre of the 
lamproite-carbonate contact the CAl value changes 
from 8 to 1 (Fig. 2). In contrast, sample 804/05, 
which is 1.05 m from the contact, has a CAl value of 5. 
This difference probably results from an irregular con
tact between the plug and the limestone, and sample 

\ 
16JE51-S/l 

D' ;. L.) Volcanic plug 
o A < 

-200- Topographic contour (m) 

Measured section 

Strike and dip of strata; 
dip not measured 

Figure 1. A. Locality map, showing the study locality about 4 km north of Brooking Creek, near the eastern end of 
the Oscar Range; Leopold Downs 1:100000 topographic map, grid reference 3962-618132. 
B. Sketch map, showing irregular outline of volcanic plug and location of the measured sections. 
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Figure 2. Chart showing colour change of specimens in sections 801 and 804. 
801 / 01-S element, indt. fragment, CPC 21159, CAl 8+; 801 / 02-Pa element, Polygnathus xylus Stauffer, 1940, CPC 
21160, CAl 5; 801 / 03-Pa element, P. xylus, CPC 21161, CAl 2; 801 / 03-Pb element, P. xylus, CPC 21162, CAl 2; 
80l/04-Pa element, P. xy lus, CPC 21163, CAl 1.5; 801 / 04-Sc element, ? P. x),lus, CPC 21164, CAl 1.5; 801/ 05-
Pa element, P. xyllls, CPC 21165, CAli; 801 / 05-1 element, Icriodus expansus Branson & Mehl, 1938, CPC 21166, CAl 
I; 804/ 01-S element, I. expallSllS, CPC 21167, CAl 7-8; 804/ 01-Pa element, P. xyllls, CPC 21168, CAl 7-8; 804/ 02 
-I element, I. expallSllS, CPC 21169, CAl 5; 804/ 02-Pa element, P. xyllls, CPC 21170, CAl 5; 804/ 03-1 element, I. 
expallSlIS, CPC 21 171 , CAl 5; 804/ 03-Pa element, P . xyllls, CPC 21172, CAl 5; 804/ 04-1 element, I. expanSIIS, CPC 
21173, CAl 5; 804/ 04-Pa element, P. xyllls, CPC 21174, CAl 5; 804/ 05-1 element, I. expansus, CPC 21175, CAl 5; 
804/ 05-Pa element, P. X)'/us, CPC 21176, CAl 5. All specimens are X 40. 
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Distance 
Sample of base Cono-

Section/ weight from igneous donts 
Sample (kg) contact (mm) recovered CAl 

801 
/01 3.6 0 3 8+ 
/02 3.7 200 8 S 
/03 3.9 400 6 2 
/04 3.8 600 6 I.S 
/OS 3.2 800 79 1 

802 
/01 35 0 0 
/02 4.1 200 0 
/03 3.4 400 0 
/04 35 600 0 
/OS 3.S 800 0 

803 
/01 3.2 0 0 
/02 35 200 0 
/03 3.9 400 1 2 
/04 3.3 600 0 
/OS 2.8 800 0 

S04 
/01 4.1 0 S 7-S 
/02 4.1 200 S S 
/03 3.7 300 IS S 
/04 3.S 600 50+ S 
/OS 4.2 10S0 100+ S 

Table 1. Recovery of conodonts and CAl values. 

S04/05 probably being closer to the plug than the 
outcrop measurement indicates. 

The conodonts· from samples S01/01 and S04/01, 
having CAl values of 7 to S+, indicate temperature 

levels in excess of 600°C (Epstein & others, 1977). 
This conforms well with a temperature of about 750°C 
for the melt at the time of intrusion, estimated from 
an examination of thin-sections (Dr John Ferguson, 
BM R, personal communication, 1979). 

This study suggests that the temperature effect on 
sediments surrounding small intrusive bodies is limited 
to a narrow zone, in this case about one metre. It also 
indicates that conodonts may be useful in determining 
the melt temperature of adjacent small igneous bodies. 
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The early geological history of the Proterozoic 
Mount Isa Inlier, northwestern Queensland: 

an alternative interpretation: Discussion 
G. M. Derrick l & 1. H. Wilson 2 

Introduction 
In this discussion of Blake (19S0) we focus on three 

major points : 
(1) Relations between the Tewinga Group, Bottletree 

Formation, and Haslingden Group. 
(2) Incorporation of some Corella Formation car

bonates in 1S60 m.y. old basement rocks of the 
Tewinga Group. 

(3) Unconformities. 

Relations between the Tewinga Group, 
Bottletree Formation, and Haslingden Group 

Significant differences exist between ourselves and 
Blake concerning relations between the Argylla Forma-

1. Formerly BMR; present address-Houston Oil & 
Minerals, AMP House, 10 Eagle Street, Brisbane, Queens
land 4000. 

2. Geological Survey of Queensland, GPO Box 194, Bris· 
bane, Queensland 4001. 

tion and Magna Lynn Metabasalt (Tewinga Group), 
Bottletree Formation, and Haslingden Group. The 
differences are illustrated in Figure 3 of Blake. 

Bottletree Formation/Haslingden Group contact 
relations 

Blake states that contemporaneity of the Yappo 
Member of the Haslingden Group and the Bottietree 
Formation is indicated by 'interfingering' of the two 
units along strike. An alternative interpretation of these 
same outcrops is that the upper Bottletree Formation 
contains lenses of sediments very similar to those at 
the base of the overlying Yappo Member, which locally 
cuts across the strike of the Bottletree Formation and 
fills broad depressions on the Bottletree land surface. 
We suggest that the contact is a disconformity or 
unconformity, and conclude there is good evidence to 
exclude the Bottletree Formation (containing acid 
volcanics) from the Haslingden Group (acid volcanics 
absent) . 
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Correlations between the Bottletree Formation and 
Argylla Formation 

Blake concludes (p. 248) from 'field and geo
chronological evidence' that the Bottletree Formation 
may not correlate with the Argylia Formation. His field 
evidence is that the Bottletree Formation is litholo
gically less similar to the Argylla Formation than are 
the Leichhardt Metamorphics. This is not substantiated 
in his paper, and is contrary to detailed descriptions 
provided by Blake & others (1978), Bultitude & others 
(1978), Derrick & others (1977), and Blake & Derrick 
(1980). The sediment content in the Bottletree Forma
tion is similar to that in the Argylla Formation near to 
and east of the Wonga Belt, and metabasalt in the 
Bottletree is similar to Magna Lynn Metabasalt and 
metabasalt interbeds in the Argylla Formation. Both the 
upper Bottletree Formation and the Argylla Formation 
comprise porphyritic rhyolite and minor dacite, 
whereas the Leichhardt Metamorphics are pre
dominantly porphyritic rhyodacite and minor rhyolite . 
Both the Bottletree Formation and the Argylla Forma
tion! Magna Lynn Metabasalt suite unconformably 
overlie the 1860-1865 m.y. old Kalkadoon-Leichhardt 
basement. 

Blake's geochronological evidence against a Bottle
tree-Argyll a Formation correlation is that the former 
may be 20-30 m.y. older than the ' latter. We believe 
this is a narrow and too literal treatment of the avail
able data. 

The age range of a v'oleanic lithostratigraphic unit 
thousands of metres thick may be considerable, for 
example mafic to felsic cycles of Archaean volcanism in 
Ontario have been precisely dated by V-Pb zircon 
methods (Nunes & Thurston, 1980): felsic crystal tuffs 
and rhyolites from two apparently conformable 
3000-m-thick cycles are separated in time by about 
56 m.y. Thinner individual cycles may have occupied 
about 15 m.y. By comparison, the Argylla Formation 
in the Duck Creek Anticline has been provisionally 
dated (V-Pb zircon) at about 1760 ± 16 m.y. (Page, 
1981, and personal communication, 1981), possibly a 
little younger than the 1777 ± 7 m.y. zircon age for 
the Argylla Formation to the west (Page, 1978). The 
latter age is from samples near the top of the roughly 
3000-m-thick basalt! rhyodacite sequence resting uncon
formably on the 1860 m.y. old Leichhardt Metamor
phics, and it follows that some units in the Argylla! 
Magna Lynn sequence must be older than 1780 m.y. 
Such an age may then approach the 1810 m.y. age 
quoted by Blake for the Bottletree Formation ; since 
this latter age is from relatively low in the exposed 
sequence, Bottletree Formation ages younger than 18 to 
m.y. could be expected from higher in the sequence, 
or could have been represented by material eroded 
from the section. 

We thus suggest that once stratigraphic level and 
error limits of the V-Pb zircon ages are taken into 
account, the ages of the Bottletree Formation and 
Argylla Formation! Magna Lynn Metabasalt might 
overlap; the two suites could have been broadly coeval 
or deposited diachronously across the region over 
about 30 m.y., from about 1800 m.y. to about 1770 
m.y. The geochronology. together with other geological 
evidence strongly suggests to us equivalence of the 
Argylia and Bottletree suites. 

Argylla Formation/Myally Subgroup relations 
Blake's correlation of the Argylla Formation (and 

the Magna Lynn Metabasalt) with the upper half of 

the Myally Subgroup is not based on either lithological 
similarity or geochronological evidence, but is a 
corollary of his interpretation that the Argylla Forma
tion is younger than the Bottletree Formation. He 
argues that since the Ballara Quartzite in the east can 
be correlated with the Quilalar Formation in the west 
(Derrick & others, 1980), the Argylla Formation 
volcanics which underlie Ballara Quartzite can be corre
lated with the Myally Subgroup sandstones beneath the 
Quilalar Formation. We believe there is no evidence 
for such a correlation, for the following reasons : 

(1) The change from Myally Subgroup to Quilalar 
Formation appears quite conformable. Shallow-water 
oolitic dolostones, dolomitic, ferruginous siltstones, and 
feldspathic sandstones of the Myally Subgroup are 
transitional into shallow-water shoreline sandstones and 
dolomites of the Quilalar Formation; i.e. the sedimen
tary record contains no trace of the eruption of a 
nearby and supposedly contemporaneous 2000-3000 m 
thick volcanic pile extending for distances up to 250 
km north-south and 50 km east-west, just east of the 
Myally Subgroup outcrop. 

(2) The Myally Subgroup, rather than being 
separated from the Argylla Formation!Magna Lynn 
Metabasalt by a basement rise as shown by Blake (fig. 
4), extends across the basement with the Quilalar 
Formation, to overlie Argylla Formation along the 
eastern edge of the Ewen Block ; i.e. the Myally Sub
group is younger than the Argylla Formation! Magna 
Lynn Metabasalt, and rests unconformably above them. 

Blake comments that volcanism, represented by the 
Argylla Formation, may be responsible for the high 
feldspar content (volcanic ash?) in the Myally Sub
group sandstones; Wilson & others (I 977, pp. 65-77) 
concluded from sedimentological evidence that major 
source areas for the Myally Subgroup sandstones were 
to the west of the Mount Isa region, with local deriva
tion of arkose and conglomerate from the east. Feldspar 
in the sandstones is detrital and of two types, clouded 
perthite and clear microcline; there is no evidence for 
its derivation from volcanic ash, as suggested by Blake. 

Corella Formation-basement rocks or 
younger cover? 

Blake asserts (figures 2, 3; p. 249 ; p. 252) that the 
Corella Formation within the high grade, high-strain 
Wonga Belt is part of a pre-1860 m.y. basement, and 
should be separated from post-1780 m.y. Corella For
mation to the east and west of the Wonga Belt. In 
contrast, we believe that the former is simply a more 
highly strained and isoclinally folded equivalent of the 
latter. 

Blake's evidence is as follows: compared to other 
areas of Corella Formation, the 'old' Corella Formation 
in the Wonga Belt 

a. is thicker, 
b. contains greater variety of rock types, 
c. is more deformed and metamorphosed, and 
d. is commonly in concordant contact with acid 

gneisses, and a basal quartzite is lacking. 
Our comments are: 
a. Thickness: west of the Wonga Belt, the Corella For

mation is 850-2560 m thick (Derrick & others, 
1977); within the Wonga Belt, near Mary Kathleen. 
minimum thicknesses of 2000 m are preserved 
(Derrick, 1980). The thickness quoted by Blake of 
'possibly more than 4000 m' is from Derrick (1980), 
and refers to Corella Formation in the western half 
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of the Marraba I : 100 000 Sheet area, and not 
specifically to the Wonga Belt. It is also inclusive 
of lenticular sandstone and basalt members. The 
bulk of Blake's 'old' Corella Formation is exposed 
in the Duchess and Dajarra I : 100 000 Sheet areas, 
where thickness estimates are 'unknown' and 'over 
1000 m', respectively (Bultitude & others, 1978; 
Blake & others, 1978) . 

These data suggest no significant differences in 
thickness exist between Corella and 'old' Corella For
mation. Furthermore, we consider that thickness 
variation is a poor criterion on which to base distinc
tion of stratigraphic units. 

b. Variety of rock types: throughout the Corella For
mation the dominant rock types are thin-bedded and 
laminated calcareous, dolomitic, pelitic, and quartzo
feldspathic sediments, and metamorphic derivatives. 
Detailed accounts of rock types in the Corella For
mation are given by Derrick & others (1977) and 
Derrick (1980). Facies changes within the Corella 
Formation have been documented outside the Wonga 
Belt; west of the Wonga Belt, the rocks are slightly 
less calcareous and more pelitic and arenaceous than 
those east of the belt. Even further westwards and 
northwestwards, these sediments again become more 
dolomitic. Basalts are more abundant in the calc-sili
cate rocks in the east of the Wonga Belt, but are also 
present in the western sequences, together with tuff, 
agglomerate, and ashstone (Derrick & others, 1977, p. 
30; Wilson & others, 1977). The Wonga Belt does 
contain small lenticular bodies of quartz-feldspar por
phyry intrusive into Corella Formation sediments 
north of Mary Kathleen, and lenses of acid por
phyry! gneiss and! or rhyolitic volcanics south of 
Mary Kathleen. Some, if not all, of these acid rocks 
may be related to the Wonga Granite (e.g. Holcombe 
& Fr~$er, 1979, p. 432). In effect, all of the Corella 
Formation displays a range of facies across the areas 
of deposition, and the variations across the Wonga 
Belt are not particularly unique to the formation. 

c. Greater de/ormatioll and metamorphism: the sug
gestion of Blake that greater deformation and meta
morphism in parts of the Corella Formation may 
indicate greater age cannot be substantiated . The 
Corella Formation (and also the Mount Albert and 
Malbon Groups) displays a progressive increase in 
metamorphic grade approaching the Wonga Belt. In 
'young' Corella Formation west of the Wonga Belt 
the grade is high greenschist to low amphibolite facies 
15 km from the belt, but is high amphibolite grade 
in the Rosebud syncline 2-4 km from the Wonga 
Belt (Derrick & others. 1977) . Assemblages contain
ing cordierite, anthophyllite, sillimanite, and diop
side are common, and are identical to those in many 
areas contained in Blake's 'old' Corella Formation. 

Deformation styles also show progressive change 
towards the Wonga Belt; detailed studies by Duff (ill 
Wilson & others, 1977) indicated that the major 
fold phase (Fz ) (F1 of Holcome &. Fraser, 1979) 
produced relatively open basin-and-dome structures 
west of the Wonga Belt, varying to tight and isoclinal 
folds within the Wonga Belt, and accompanied by 
greater intensity of development of axial plane folia
tion (S? ) and lineation (L? ). Since S,) foliation 
appears -in all phases of the -Wonga Gra~ite (dated 
at 1670 m.y.; Page, 1978), Duff concluded that pro
grade regional metamorphism and granite intrusion 
antedated F2 deformation ; i.e. deformation of the 

Wonga Belt and environs is a relatively young, post
Wonga Granite event, and not a pre-1860 m.y. 
basement event as suggested by Blake in his Figure 
3B. 

d. Concordant contacts and a basal quartzite layer: 
Blake suggests that concordant contacts between 
gneisses and his Wonga Belt Corella Formation, and 
the absence of a quartzite layer between these units, 
support his concept of a pre-1860 m. y. basement 
Corella Formation. 

Concordant contacts between acid gneiss or meta
volcanics or both and Corella Formation are not 
limited to the Wonga Belt, but are also present west 
of the Wonga Belt, 30-40 km south of Kajabbi. 
Throughout the area shown in figure I the basal Bal
lara Quartzite is thin or absent in many localities, and 
significant thinning is evident from west to east, for 
example from about 1000 m on the west limb of the 
Rosebud syncline to about 80 m on the east limb. The 
thinning in the Wonga Belt is possibly stratigraphic 
and tectonic-the S:! axial plane foliation of Duff 
(Wilson & others, 1977) is also a transposition layer
ing in some areas, accompanied by east-west shorten
ing of up to 80 percent (Holcombe & Fraser, 1979) . 
Despite minor faulting in fold hinges in the Wonga 

Belt, Blake's 'old' Corella Formation can be traced into 
'young' Corella to the west (Fig. 1 A) . Facing criteria 
at locations around the Wonga Belt, together with out
crop continuity, also clearly show that all the Corella 
Formation is stratigraphically above the Tewinga Group 
gneisses and volcanics (Fig. I B) . 

We would also point out that no contact can be 
drawn between Blake's 'old' Corella and the Corella 
Formation to the east of the Wonga Belt. The northern 
limits of the 'old' Corella also appear to be quite 
arbitrary (Fig. lA), and the belt continues northwards 
to Kajabbi and beyond (not shown by Blake). The 
areas north of Kajabbi and the Mount Remarkable 
Fault include elements of the Wonga Belt Corella For
mation, but are shown in Blake's Figure 2 as 'young' 
Corella Formation. 

From this discussion we conclude that the presence 
of an old, pre-1860 m.y. Corella Formation cannot be 
substantiated. 

Unconformities 
We disagree with Blake's interpretation of the con

tact between the Ballara Quartzite and Argylla Forma
tion , and the argument he uses to suggest negligible 
age difference between the units. We suggest that the 
contact is a significant unconformity, and that the 
entire Haslingden Group was deposited in the west of 
the Inlier during this period of non-deposition . 

Evidence for the unconformity is best preserved in 
the main belt of relatively low-grade volcanic rocks 
17 km west of Mary Kathleen, which extends north and 
south for many kilometres. The Argylla Formation in 
this belt contains a low proportion of sediment, mainly 
submature feldspathic sandstone and orthoquartzite. 

The appearance of massive arkose, conglomerate, and 
boulder beds overlying volcanics is abrupt; these 
coarse basal clastics extend discontinuously along the 
strike for over 150 km from near Duchess in the south 
to Dobbyn in the north . In places they form lenticular 
channel-fill deposits apparently up to 500 m thick and 
20 km wide, for example in the Prospector 1: 100 000 
Sheet area; fault repetition of the sequence indicates 
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that the channel deposits possibly trend east or north
east. 

Clasts in the basal conglomerate are mainly acid 
volcanics, probably derived from the Argylla Formation, 
but possibly from the Leichhardt Metamorphics as well. 
In places, quartzite clasts are common (Derrick & 
others, 1977, pp. 24, 25), and polymict conglomerate 
is recorded from the Prospector I : 100 000 Sheet area 
and near Dobbyn, where quartz and basic clasts are 
also present (Wilson & others, 1977, p. 3 I). The basic 
clasts appear to be of Magna Lynn Metabasalt. 

Regionally, the Argylla Formation volcanics are 
enriched in magnetite, and the boulder beds and arkose 
of the Ballara Quartzite contain significant quantities 
of magnetite and other heavy minerals derived by ero
sion of the underlying volcanics. 

In some areas extensive alteration of the Argylla 
Formation, and the clayey nature of the matrix in the 
conglomerates, suggests weathering of the Argylla For
mation and formation of a regolith before deposition of 
the Ballara sediments (Wilson & others, 1977, p. 30). 

In the Prospector I: 100000 Sheet area the Ballara 
Quartzite overlaps from Argylla Formation onto Magna 
Lynn Metabasalt and Leichhardt Metamorphics; fur
ther west across the Kalkadoon-Leichhardt Block the 
Quilalar Formation quartzite, a direct equivalent of the 
Ballara Quartzite (Derrick & others, 1980), rests non
conformably on Kalkadoon Granite, unconformably on 
Leichhardt Metamorphics, and extends further west to 
overlie the Haslingden Group conformably. These con
tact relations indicate that the Quilalar Formation and 
Ballara Quartzite formed a transgressive and near
continuous sandstone sheet across a vast area of the 
Mount Isa Inlier; reworking of an exposed basement 
block during this transgression formed the conglo
meratic arkosic channel deposits at the base of the 
younger quartzite blanket. 

Blake's other evidence for no significant time-break 
between the Ballara Quartzite and Argylla Formation 
is that (a) conglomerates are coeval with volcanics and 

Figure 1. Distribution of 'old' and other areas of Corella 
Formation in the Wonga Belt, Mary Kathleen 
area. 
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The Little Beauty syncline and Rosebud syncline are 
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formed adjacent to thick, steep-sided bodies of lava; (b) 
arkose and quartzite in the Ballara Quartzite resemble 
arkose and quartzite in the Argylla Formation and 
Magna Lynn Metabasalt; and (c) there is no apparent 
bedding discordance between the units. 

Our response to (a) is that to our knowledge no 
steep-sided body of lava has yet been recognised in 
the mainly ignimbritic ArgylJa Formation. Similarity of 
rock types·(b) implies only a certain similarity of de
positional environment or provenance; numerous 
examples exist in the Mount Isa Inlier and elsewhere 
of major established unconformities bounded above and 
below by similar rock types, e.g. Mount Isa Group 
quartzite rests disconformably on the Lena Quartzite 
of the Eastern Creek Volcanics and feldspathic quart
zite of the Myally Subgroup. Lack of bedding dis
cordance (c) is not definitive evidence against an un
conformity. One of the most concordant contacts in 
the Mount Isa Inlier is that between Magna Lynn 
Metabasalt/ Argylla Formation and the underlying 
Leichhardt Metamorphics; this contact was considered 
largely conformable by us, but a disconformity was 
suspected (Derrick & others, 1977, pp. 1 6, 80); geo
chronology later established an 80 m.y. hiatus between 
the two suites (Page, 1978). 

Finally, Blake states (p. 249) that an unconformity 
may exist 18 km north of Mary Kathleen between the 
Ballara Quartzite and Argylla Formation, but suggests 
that the volcanics may instead be part of the older 
Leichhardt Metamorphics. Structural studies and 
lithologies tend not to support this suggestion (Derrick 
& Wilson, 1981) , and recent geochemical studies by one 
of us show that the metavolcanics are enriched in Nb, 
Th, Y, and Zr, which is characteristic of the Argylla 
Formation or younger volcanics, not the Leichhardt 
Metamorphics (Wilson, 1978). 

Conclusions 
Blake (1980, p. 252) claims that his alternative 

geological history 'cannot be confirmed, but neither can 
it be disproved, by available geological evidence'. We 
contend that much evidence is available which does, in 
fact, reveal serious flaws in much of Blake's alternative 
model, particularly his claim that some Corella Forma
tion is as old or older than the 1860 m.y. old Leichhardt 
Metamorphics, and in his understanding of metamor
phism, deformation, and the nature of unconformities 
in the Mount Isa region. We thank Blake for his con
tribution to Mount Tsa geology, which has resulted in 
much stimulating discussion and argument; after due 
consideration, we wish to reaffirm our belief in the 
model of Mo!.!n! Isa geology proposed by Plumb & 
others (1980), and summarised in Figure 3A of Blake 
(1980) . 
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The early geological history of the Proterozoic Mount 
Isa Inlier, northwestern Queensland: an alternative 

interpretation: Reply to discussion 

D H. Blake 

Introduction 
Not surprisingly, Derrick & Wilson find much to 

disagree with in the interpretation of the geological 
history of the Mount Isa Inlier proposed in my paper 
(Blake, 1980) . Most of the disagreement comes down 
to differences in opinion of how best to interpret the 
available evidence, and I hope to show in this reply to 
their discussion that there still is scope for alternatives 
to their interpretation. 

Relations between the Tewinga Group, 
Bottletree Formation, and Haslingden Group 

The Bottletree Formation is considered by Blake and 
Bultitude (e .g., Blake & others, 1981; Bultitude & others, 
in press) to be overlain conformably by the Yappo 
Member of the Mount Guide Quartzite, the basal for
mation of the Haslingden Group, because the contact 
between the two units is concordant, and the same types 
of sedimentary rocks, in particular a distinctive conglo
merate containing pebbles of possible pumice in a grey
wacke-type matrix, are present in both units . The base 
of the Yappo Member is taken as the top of the upper
most thick volcanic layer; however, thin beds of pr'o
bable felsic tuff persist up into the Yappo Member_ 
No cross-cutting contacts between the Yappo Member 
and the Bottletree Formation are known to me, but 
such contacts can be expected where coarse fanglo
merate-type sediments are being deposited adjacent to 
a large landmass, and need have no significant time 
implications. The contact between the two units is 
almost certainly diachronous, and they can be con
sidered to interfinger locally. As stated by Plumb & 
others (1980, p. 81), deposition appears to have been 
continuous from the Tewinga Group (i.e. , the Bottle
tree Formation) to the overlying Haslingden Group. 
It is for these reasons that the Bottletree Formation 
and Yappo Member were regarded as a single informal 
unit, the Rifle Creek beds, by Bultitude & others (1977), 
and why the Bottletree Formation is regarded by me 
as part of the Haslingden Group sequence. 

Reasons why the Bottletree Formation and Argylla 
Formation may not be lateral correlatives are geo
chronologic, stratigraphic, lithologic, and geochemical. 
The available zircon age data show that the dated 
Bottletree rocks are older or probably older than the 
datcd Argylla rocks (R. W. Page, pcrsonal com
munication. 1981), but the data cannot be used 
to dcmonstrate categorically either that the two for
mations represent two rel atively short periods of 
vulcanicity (less than 10 m.y.) separated by a 
longcr period . during which most of the Haslingden 
Group sedimcnts were deposited, as I consider likely, 
or that they represent a single long period of vulcanicity 
(30 m.y. or more), as suggestcd by Derrick & Wilson. 
The Bottletree Formation is overlain concordantly by 
thc Haslingden Group, without apparent break (see 
above) , whercas the Argylla Formation is overlain 
concordantly by the Ballara Quartzite, a correlative of 
the Quilalar Formation, which overlies the Haslingden 
Group. Thc felsic volcanics of the Bottletree Forma-

tion form a coherent geochemical suite, which differs 
consistently from the Argylla suite in, for example, 
CaO, Sr, and Pb contents (L. A. I. Wyborn, personal 
communication, 1981). No greywacke or greywacke 
conglomerate, which with the felsic volcanics are the 
main rock types of the Bottletree Formation (Blake & 
others, 1981), have been reported in the Argylla For
mation to the east. These factors combined argue 
against, though do not preclude, the correlation pro
posed by Derrick & Wilson. 

My suggested correlation of the Argylla Formation 
with part of the Myally Subgroup remains a possibility. 
The occurrence noted by Derrick & Wilson of the 
Myally Subgroup overlying Argylla Formation has not 
been reported previously. However, according to Der
rick & others (1980), the succeeding Quilalar Forma
tion extends across to the eastern side of the basement 
Ewen Block to rest disconformably (i.e., concordantly) 
on the Argylla Formation. Wilson & others (1977) 
reported that much of the feldspar in the Myally sand
stones is microcline, which is the dominant phenocryst 
mineral in the felsic volcanics of the Argylla Formation, 
and this microcline is described as plutonic/ volcanic 
or volcanic. In the same report, felsic volcanic clasts, 
some possibly tuffaceous sandstone, and rhyolitic tuffs 
are recorded within the upper part of the Myally 
sequence. Hence the Myally Subgroup does contain 
volcanic material. In the palaeogeographic model pro
posed for the Myally Subgroup by Wilson & others, 
and stressed as preliminary, some detritus came from 
a landmass to the east, although the major source of 
detritus was a postulated landmass to the west; the 
eastern landmass was presumably made up partly of 
Argylla volcanic rocks. 

'Old' and 'young' Corella Formation 
Indications that rocks mapped as Corella Formation 

may be of more than one age are manifold. One of the 
strongest is the following combination of stratigraphic, 
structural , metamorphic, and intrusive evidence. 

West of the Wonga Belt, rocks mapped as Corella 
Formation form a well-defined metasedimentary strati
graphic unit, exposed in a series of major tight to 
relatively open synclines and 'half' synclines (one limb 
displaced by faulting). They overlie the Ballara Quart
zite conformably, and are overlain mainly disconform
ably, but locally discordantly, by the Deighton 
Quartzite of the Mount Albert Group (Derrick & 
others, 1977). Nowhere is there any evidence suggest
ing that the Corella/ Ballara sequence or the underlying 
Argylla Formation, Magna Lynn Metabasalt, and 1880-
1860 m.y. old Leichhardt rocks (= Standish volcanics 
and equiva lents of Blake, J 980) were regionally meta
morphosed or much deformed before being overlain 
by _ the Mount Albert Group. Similarly, there are no 
indications further west of a widespread major tectonic 
event accompanied by regional metamorphism between 
the deposition of the Haslingden and Mount Isa Groups 
east of the Mount Isa Fault, or to the south, between 
the 1880 m.y. old Leichhardt vulcanicity and the 



deposition of the overlying Stan broke and Makbat 
Sandstones. The main regional metamorphism and de
formation of alI these units almost certainly took place 
after the deposition of the Mount Isa and Mount Albert 
Groups, i.e., after about 1670 m.y. ago. 

This 'late' tectonism was particularly intense in the 
vicinity of the Wonga Belt (e.g., Derrick & Wilson, 
this discussion; Holcombe & Fraser, 1979), where it 
affected the 1670-1740 m.y. old Wonga Granite (Der
rick & Wilson, this discussion), the 1720-1740 m.y. 
old BurstalI Granite, and various granites in the 
Duchess region to the south (Bultitude & others, in 
press). The BurstalI Granite and granites to the south 
were intruded into calc-silicate rocks of the Corella 
Formation, which were probably metamorphosed and 
deformed (Derrick, 1980; Plumb & others, 1980; Bulti
tude & others, in press). Hence, these Corella rocks, 
which belong to my 'old' Corella Formation, appear 
to have been metamorphosed and deformed before, 
as well as after, the emplacement of the granites. 
The age of this earlier major tectonic event is not 
known, but regional considerations (noted above) 
suggest that it pre-dates the Leichhardt to Mount 
Albert, Haslingden to Mount Isa, and Leichhardt 
to MakbatiStanbroke successions to the west. If this 
suggestion is correct, the 'old' Corella Formation must 
be considerably older than the isotopically dated Leich
hardt rocks, and can be regarded as part of the base
ment. 

Some 'young' Corella Formation rocks and other 
relatively young sequences may be present in areas of 
'old' Corella Formation. However, because of the sub
sequent intense deformation and metamorphism, they 
may be difficult to identify. 

The comments of Derrick & Wilson on thickness, 
variety of rock types, basal quartzite, and facing evi
dence require some response. 

Thickness. The Corella rocks west of the Wonga Belt 
have a maximum reported thickness, at anyone locality, 
of about about 1260 m; this thickness is recorded at 
two localities where the Corella sequence conformably 
overlies the Ballara Quartzite and is overlain concor
dantly by the Deighton Quartzite of the Mount Albert 
Group (see Derrick & others. 1977; Wilson & 'others, 
1977). The maximum thickness of 2560 m given by 
Derrick & Wilson perhaps should be 2650 m, the figure 
obtained by adding together the maximum known thick
nesses of the three informal members of the formation 
(Derrick & others, 1977) : these members, though 
forming a conformable sequence, show great lateral 
variations in thickness. The maximum thickness of 
1260 m is considerably less than the minimum thick
ness, 2000 m. of the Corella Formation within the 
Wonga Belt (Derrick & Wilson, this discussion). These 
thickness differences may be of more significance than 
suggested by Derrick & Wilson. 

Variety of rock types. One major difference between the 
'old' and 'young' Corella is the abundance of volcanics, 
especially basaltic volcanics, in the 'old' Corella 
sequence and the scarcity of such rocks in the 'young' 
Corella sequence. No volcanics, for example, have 
been reported in the Corella Formation west of the 
Wonga Belt in the Mary Kathleen 1: I 00000 Sheet 
area: the occurrences of volcanic rocks in the 'young' 
Corella Formation mentioned by Derrick & Wilson, 
referring to Derrick & others (1977), are southwest of 
Ballara and east of the Fountain Range Fault (Derrick 
& others, 1977,p. 33), and, hence, are part of the' 
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'old' Corella Formation. There are also distinct dif
ferences between the calc-silicate rocks of the 'old' 
and 'young' Corella sequences, even where both are 
metamorphosed to amphibolite grade, as near the Rose
bud mine. These lithologic differences may reflect lateral 
facies changes, as proposed by Derrick & Wilson, or 
may indicate that the two sequences are not corre
latives. 

Basal Quartzite. At all contacts along the western 
margin of the 'old' Corella Formation examined by me 
(in the Mary Kathleen, Marraba, Prospector, Duchess, 
and Dajarra I: 100 000 Sheet areas) there is no quart
zite unit which can be assigned with reasonable 
assurance to the Ballara Quartzite: either no quartzite 
is present, as southeast of the Rosebud mine, or there 
are a few thin quartzite bands interlayered with calc
silicate rocks or felsic gneiss or both (e.g., near the 
Surprise mine), or, as 10 km north of Duchess, there 
is a relatively thick quartzite band which is separated 
from Corella rocks to the east by a zone of felsic gneiss; 
the quartzite beds that are present do not show any 
convincing facing evidence. 

Facing evidence. Although Derrick & Wilson state that 
facing evidence clearly shows that all the Corella For
mation is stratigraphically above the Tewinga Group 
rocks, this is not borne out by the available evidence. 
For example, on the Marraba map (Derrick, 1980), 
only two of the four facing directions shown within 
0.5 km of the western contact of the 'old' Corella 
Formation support this interpretation. Also, any facings 
determined from cross-bedding in the Wonga Belt are 
likely to be unreliable, partly because tight to isoclinal 
folding prevalent in the belt means that numerous 
reversals of facing can be expected, and partly because 
of the difficulty in distinguishing true cross-bedding in 
such highly deformed and metamorphosed rocks (this 
accounts for the general lack of facing evidence in the 
Ballara Quartzite on the eastern limb of the Rosebud 
syncline) . 

Unconformities 
Derrick & Wilson maintain that the contact between 

the Ballara Quartzite and underlying Argylla Forma
tion is a major unconformity that represents the period 
during which the Haslingden Group, average thicknesS' 
about I fi km. and Malbon GrouP. average thicJrness 
about 4 km (thicknesses given by Plumb & others, 
1980) were laid down in shallow water to the west and 
east, respectively. The Haslingden and Malbon Groups 
are supposed by them to have been deposited on either 
side of a long north-trending landmass only a few 
tens of kilometres wide. According to Derrick & Wilson 
this landmass was formed of basement rocks that in
cluded the Argylla Formation and Magna Lynn Meta
basalt (see also Plumb & others, 1980, fig. 8), and it 
supplied large volumes of detritus to the two deposi
tional areas. Such a landmass must have had a con
siderable relief before being worn down by prolonged 
erosion to the general plain that was subsequently trans
gressed by the Ballara/Quilalar sand blanket. For the 
above model to be acceptable, some very special plead
ing is required to explain the apparently ubiquitous 
concordancy of bedding in the Ballara/ Argylla/Magna 
Lynn succession, and the remarkably constant layer
cake stratigraphy of this succession from east to west 
and, especially, north to south. The layer-cake strati
graphy is well documented by Derrick & others (1980) 
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and convincingly illustrated on the Mary Kathleen and 
Prospector geological maps. In my view this is a 
fundamental defect in the model of Carter & others 
( 1961) and Derrick & Wilson. 

Derrick & Wilson raise no serious objections to my 
suggestion of a neglible time-break between the BaHara 
Quartzite and Argylla Formation. Their statement that 
no steep-sided bodies of lava have been recognised in the 
Argylla Formation is incorrect. In Derrick & others 
(1977), for example, the formation is described as 
consisting of rhyolite lava, ignimbrites, etc., and several 
bodies of flow-banded rhyolite lava are known, espe
cially in the upper part of the formation (see also 
Derrick & Wilson, 1981): such bodies, of course, are 
characteristically steep-sided and flanked by fragmental 
deposits (e.g., Macdonald, 1972). The interpretation 
of the concordant contact between the Ballara Quart
zite and ArgyHa Formation has already been discussed. 
The presence of regolithic material beneath the Ballara 
Quartzite is to be expected, as wherever the Argylla 
volcanic rocks were exposed for any length of time, 
they would naturally have been subjected to weathering 
and erosional processes. Cessation of Argylla volcanism 
would not have been simultaneous throughout the 
region, and in places the volcanism appears to have 
persisted into Ballara Quartzite time, as this formation 
locally includes some felsic volcanics (Derrick & others, 
1977) of Argylla-type composition (L. A. I. Wyborn, 
personal communication, 1981). 

Not all the conglomerates mentioned by Derrick & 
Wilson are at the base of the BaHara Quartzite; for 
example, the polymictic conglomerate reported near 
Dobbyn occurs in the central part of the BaHara Quart
Zite, underlain and overlain by considerable thicknesses 
of quartz-rich sandstone. 

The contact between the Magna Lynn Metabasalt, 
a layered and locally bedded unit, and the underlying 
Leichhardt sequence, which consists mainly of massive 
felsic volcanics, cannot be shown to be either concor
dant or discordant, because of the scarcity of bedded 
rocks in the lower sequence. 

Conclusions 
The various points raised by Derrick & Wilson can 

be readily accounted for in my general interpretation 
(Blake, 1980). This reply to their discussion though , 
casts serious doubts on the viability of the interpreta
tion they favour. There is good , though not conclu
sive, evidence that the Bottletree and Argylla Forma
tions are not correlatives, that there is an 'old' and a 
'young' Corella Formation, and that the Argylla For
mation is little older than the Ballara Quartzite and 
younger than most of the Haslingden Group. Although 
requiring some modification, for example, the emplace
ment of the main Kalkadoon Batholith probably took 
place after, rather than during, the earlier major tec-

tonic event recorded in the region, my interpretation 
(Blake, 1980) should continue to be considered as one 
possible model for the early geological history of the 
Mount Isa Inlier. 
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Tenth BMR Symposium 
The following are Abstracts of talks given at the Tenth BMR Symposium, held in Canberra on S 

and 6 May 1981. 

Commodity targets--some relevant 
factors for Australian exploration 

D. I. Perkin 

The quadrupling of oil prices late 
in 1973 and subsequent increases 
have resulted in a worldwide de
crease in demand for goods and are 
reflected in an overall decline in the 
rate of growth of wester~ economies 
as measured by their GDP. The rate 
of growth in metal demand and 
supply has decreased in response and 
a slower longer-term trend in rate 
of growth of demand for most metals 
is indicated. 

However, metal prices as measured 
in constant dollars have not declined 
in this period, and several have in
creased significantly in real terms. 
There is no evidence from produc
tion growth rates and price trends to 
show that the 'traditional' base 
metals represent poorer exploration 
targets than they have in the past. 
Price data indicate that relatively 
lower grades than hitherto of gold, 
molybdenum, tin, tungsten, and nickel 
may now be feasibly mined, and that 
relatively higher revenues may be 
likely. 

On the cost side of the mineral 
equation, consideration of economies 
of scale emphasizes how successively 
lower grades may be worked using 
higher annual throughput, and it is 
suggested that the combination of 
relatively higher prices with high 
production rates from open-pit 
mining may increase the economic 
potential of a zone, such as the 
Tasman Fold Belt, with respect to tin, 
tungsten, and molybdenum minerali
sation. 

Consideration of the distribution of 
Australian metal mines and prospects 
in both .time and space and by ore 
type indicates that most of the 
world 's major classes of metal 
deposits are represented on this con· 
tinent. However, comparison of 
Australian annual mineral output 
with that from other major mineral 
producing continents suggests that 
peak production potential has not yet 
been attained. 

Recent research in the South 
Australian copper province 

T . H . DOllllelly, I. Klll/tson, & 
I . B. Lambert 

SlIIart Slrelf: There are two major 
forms of Cu-mineralisation in the Mt 
Gunson area. (I) discordant sand
stone-hosted . mineralisation in the 
Early Adelaidean Pandurra For
mation, and (2) dominantly con
cordant mineralisation in the 
dolomitic mudstones of the inter
gl acial Tapley Hill Formation. The 

most important is that in the 
Pandurra Formation which includes 
the Cattle Grid deposit. Here 
chalcocite, bornite, and chalcopyrite, 
with some pyrite, carrollite, sphalerite 
and galena, fill fractures and vugs in 
the strongly-brecciated palaeo
weathering surface of the Pandurra 
Formation An iron-rich halo in 
rocks overlying and adjacent to the 
Cattle Grid deposit, as well as petro
graphic evidence, indicates the re
placement of earlier pyrite by Cu-Fe 
sulphide minerals. Sulphur-isotope 
values indicate sulphur was most 
likely formed biogenetically under 
conditions of unlimited sulphate 
supply; this was probably generated 
within Early Adelaidean strata and 
introduced to its present site. 

Mostly low-grade uneconomic Cu
mineralisation occurs in the overlying 
Tapley Hill Formation . Pyrite fram
boids can be partly or totally 
replaced by chalcocite, bornite, and 
chalcopyrite and there has been 
local remobilisation of sulphide 
minerals into dewatering channels, 
desiccation cracks, and microfaults. 
There is vertical zonation from Cu to 
Pb and Zn inward from both upper 
and lower surfaces of the Tapley Hill 
Formation, with a relatively barren 
pyrite zone in the central portion of 
the thicker sections. Lateral zonation 
is indicated by a marked decrease in 
Cu relative to Pb and Zn outward 
from Mt Gunson. As in the Pandurra 
Formation there is an absence of 
hydrothermal alteration and, in 
addition to Cu, the mineralised rocks 
are enriched in Pb, Zn, Co, As, and 
Th. A wide range of positive sulphur
isotope values indicates that sulphur 
has been derived by bacterial sulphate 
reduction with a limited supply of 
sulphate. 

Cu-mineralisation in the Tapley 
Hill Formation at Myall Creek in the 
southern part of the Stuart Shelf is 
similar to that in the Mt Gunson 
area. coarse sulphide blebs being most 
common in the silty and sandy beds. 
Adelaide Geosyncline: At Kapunda 
the Tapley H{II Formation is con
siderably thicker than on the Stuart 
Shelf, and has been recrystallised to 
low to middle greenschist facies 
metamorphics. Sulphide minerals 
occur along laminae and in segre
gations with quartz and carbonate. 
There are also numerous discordant 
coarse-grained carbonate-quartz-sul
phide veins, and chemical and stable 
isotope data indicate that sulphides 
in these veins have been derived by 
the remobilisation of the associated 
bedded sulphides. The overall order 
of abundance is pyrrhotite. pyrite. 
chalcopyrite. Sulphur-isotope results 

indicate sulphur was produced by 
bacterial sulphate reduction and the 
values are similar to those in the 
Tapley Hill Formation on the Stuart 
Shelf. 

Cu-mineralisation at Copper Claim 
occurs in mildly metamorphosed 
carbonaceous dolomitic sandstones 
and siltstones of the Call anna Beds. 
Chalcopyrite and iron sulphides occur 
as fine disseminations and in coarser 
veinlets. Sulphur, carbon, and oxygen 
isotope results indicate that niinerali
sation processes were similar to those 
suggested for Kapunda. 
Moullt Paillter Block: This inlier at 
the NE margin of the Adelaide 
Geosyncline comprises Early to 
Middle Proterozoic metasediments, 
meta volcanics, and granites intruded 
by Early Palaeozoic granites and 
pegmatites. Isotopic compOSitions. ~f 
pyrite and calcite from. the granu!c, 
hematitic, and chlontlc breCCiaS 
within this Block, interpreted in the 
light of geological relationships a~d 
petrographic features , imply that rapid 
release of fluids from ascending Early 
Palaeozoic magmas played a major 
role in breccia formation. Chlorite, 
quartz, K-feldspar, calcite, hematite, 
fluorite, and uraninite were preci
pitated as these hydrothermal fluids 
cooled . 

Spencer Gulf-a new model for 
interpreting peritidal carbonate and 

evaporite associations 
R . V. Burne 

Sedimentological studies in Spencer 
Gulf have established a model of 
peritidal carbonate and evaporite 
sedimentation which has features 
intermediate between the models of 
arid-zone coastal sedimentation de
rived from studies in the Persian 
Gulf and models of humid-zone 
carbonates evolved from studies in the 
Bahamas and Florida. In addition, 
the moderate tidal range of Spencer 
Gulf gives rise to exposed intertidal 
facies previously described only from 
terrigenous intertidal environments. 

Spencer Gulf sediments display a 
marked contrast between the sandy 
exposed intertidal facies and the 
muddy protected intertidal facies, but 
both show a distinction between 
bioturbated and homogenised low 
intertidal facies and laminated facies 
of the high intertidal zones. 

The unique feature of the Spencer 
Gulf model is the presence of the 
sedimentological products of dis
charging saline continental ground
waters at the top of the intertidal
supratidal sequence. These deposits. 
which include units of discoidal 
gypsum, aragonite-cemented car-
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bonates, and ironstones, are diagnostic 
of a coastal sequence in the semi
arid zone. The new model has signifi
cance not only for the better under
standing of ancient peritidal carbonate 
rocks, but also for the refinement of 
models of low-temperature sulphide 
ore genesis. 

Aspects of the geochemistry and 
economic potential of the felsic 
igneous rocks of the Mt Isa region 

Lesley A. I. Wyborn 

The Precambrian of the Mt Isa 
region is made up of felsic igneous 
rocks, mafic igneous rocks, and 
sedimentary rocks of clastic, volcani
clastic, and carbonate origins. All 
have been regionally metamorphosed 
to grades from lower greenschist to 
upper amphibolite. Chemically the 
igneous rocks form a classic bimodal 
suite typical of continental rift zones 
such as the basin and range province 
of the western United States. 

The oldest known granites are the 
I-type Kalkadoon and Big Toby 
Granites which occur in the central 
basement ridge and the far western 
part of the Mt Isa region respectively. 
These are characterised by high Sr 
and low Zr, Nb, and Th contents. 
They are followed by the A-type 
Bowlers Hole Granite and the 
Garden Creek Porphyry, which are 
distinguished by exceptionally high 
Zr and Nb contents. Younger granites 
crop out in the west, between the 
Big Toby and Kalkadoon Granites 
and also to the east of the Kalkadoon 
Granite. The young western granites 
can be subdivided into two groups: 
first the I-type Sybella Granite 
distinguished by relatively lower Sr 
and higher K20, Zr, Nb, and Th 
contents than the older I types; and, 
secondly, the A-type Weberra Granite 
characterised by exceptionally high 
K~O. The young eastern group can 
be chemically subdivided in a similar 
fashion, although limited data on age 
relationships and chemistry plus ex
tensive metamorphism make the 
subdivision more difficult. The 
Naraku Granite is I type, and the 
Wimberu Granite is A type, whilst 
the Williams and Wonga Granites in
clude both I and A types. 

Most granites in the region have 
associated comagmatic volcanics. 
Chemically the Leichhardt Meta
morphics are equivalent to the 
Kalkadoon Granite whereas the 
Argylla Formation and volcanics 
within the Mitakoodi and Ballara 
Quartzite are similar to the Bowlers 
Hole Granite. Felsic metavolcanics of 
the Bottletree Formation correspond 
chemically to the Garden Creek 
Porphyry. There appear to be no 
volcanics co magmatic with the 
Sybella Granite, but the Carters Bore 
Rhyolite, the Fiery Creek Volcanics. 
the Alhambra Member and the tuff 
marker beds within the Mt Isa Group 

chemically resemble the Weberra 
Granite. In the east, felsic volcanics 
within the Corella Formation near 
Duchess are close chemically to the 
Wonga Granite, whilst those in the 
Doherty Formation near Mt Angelay 
may be equivalent to the Williams 
Granite. 

Economically, the felsic igneous 
rocks are perhaps more prospective 
than previously thought. The A-type 
magmas and the highest temperature 
I-type magmas seem the most 
capable of concentrating elements 
such as Cu, Pb, Zn, and U whilst 
suitable geological environments for 
depositing these elements occur 
where the volcanics are extruded in 
a submarine environment and where 
granite intrudes calc-silicate rocks 
(mainly in the Corella Formation). 

Timing of igneous activity and 
metasomatism, and its bearing on 
uranium mineralisation in the Mary 

Kathleen Syncline 
R. W. Page 

This paper presents the results and 
economic implications of an isotopic 
dating study of country rocks and 
intrusive igneous bodies in the 
vicinity of Mary Kathleen. 

The host Corella Formation in 
this region consists of thin-bedded 
calcareous, siliceous, and argillaceous 
sediments, and lenticular polymict 
conglomerates. These rocks are in
truded by granitic and gabbroic 
bodies, structurally deformed, and in 
places extensively altered to high
temperature (500 0 -600°C) calc
silicate assemblages. A number of 
uranium anomalies, including the 
Mary Kathleen orebody, are con
tained within this alteration envelope, 
in units of garnet-rich skarn. 

As these metasediments are in
truded by the Burstall Granite and 
associated rhyolitic dykes, most 
workers have regarded the alteration/ 
mineralisation event as a contact
aureole phenomenon, and considered 
that U-rich volatiles derived from 
these intrusions were the major 
source of uranium in the Mary 
Kathleen Syncline. 

New U-Pb zircon ages for the 
relevant intrusive suites (Burstall 
Granite, Burstall rhyolitic dykes, and 
Lunch Creek Gabbro), reveal that 
these bodies are part of a major 
igneous event in the mid-Proterozoic, 
having ages of emplacement within 
the rather narrow time range of 1730 
to 1740 m.y. This also provides a 
minimum age for the host Corella 
Formation in the Mary Kathleen 
Syncline, and when combined with 
other geochronological constraints 
limits the depositional age of the 
Formation to between 1740 and 1780 
m.y. 

The age of metasomatic alteration 
of these calc-silicate metasediments 
has been studied by means of Rb-Sr 

isotopic analysis of 1 cm-thick slabs. 
The various calc-silicates and altered 
conglomerates have amphibolite
facies mineralogy, and hence this 
geochronological approach is designed 
on the grounds that isotopic mixing 
would have taken place between 
adjacent slabs during the allochemical 
metamorphism. 

The results indicate that this meta
somatic alteration is a relatively 
juvenile event, taking place no earlier 
than 1200 m.y. ago, in the Late 
Proterozoic. The alteration envelope 
and allied uranium mineralisation 
are therefore several hundred million 
years younger than the Burstall 
Granite igneous events to which they 
have been attributed until now. It 
can therefore be positively concluded 
that the alteration and mineralisation 
are not genetically related to the 
Burstall Granite or its rhyolitic 
apophyses. 

Considering the high-temperature 
mineralogy of this alteration envelope 
in the Mary Kathleen Syncline, it is 
probable that the associated minerali
sation is epigenetic, and so we have 
to postulate either:-
(i) there exists at depth an un

discovered 1200 m.y. intrusive, 
(ii) the 1120 m.y. Lakeview Dolerite 

intrusion (or equivalent) was 
a suitable heat-source to have 
remobilised alkalis, uranium
rich fluids, etc, or 

(iii) metasomatism and minerali-
sation, via hot-spring activity 
along faults, accompanied Late 
Proterozoic crustal tectonics 
expressed as the Mary Kathleen 
Shear or other major faults in 
the region. 

These geochronological data yield 
information of far-reaching im
portance to studies of igneous activity, 
and provide severe constraints as to 
the time of high-temperature altera
tion/mineralisation in the Mary 
Kathleen Syncline. This is of con
siderable economic relevance, and 
would have to be considered in 
models to which future uranium
prospecting strategy is geared. 

Early Proterozoic evaporites and 
uranium mineralisation in the Pine 

Creek Geosyncline 
I. H. Crick 

Carbonate specimens of the Early 
Proterozoic Coomalie Dolomite ob
tained from Whites and Intermediate 
Open-cuts in the Rum Jungle 
Uranium Field consist mainly of fine
grained dolomite with cross-cutting 
magnesite veins. Ghost pseudomorphs 
of evaporite minerals show up clearly 
under cathode luminescence within 
the dolomite. Carbonates in drill core 
provided by Geopeko, from the same 
formation near Woodcutters base
metal prospect, contain early dia
genetic gypsum pseudomorphs, now 
magnesite, within a fine-grained 



carbonaceous matrix which was 
formerly an algal mud. The matrix 
consists mainly of high-magnesium 
chlorite with minor iron sulphide and 
calcium phosphate. The phosphate 
within the Coomalie Dolomite was 
probably concentrated during for
mation of a Late Proterozoic regolith 
to produce the subeconomic phos
phate deposits found at Castlemaine 
Hill. 

The results of this study support 
the previous interpretation made by 
Crick & Muir (1980) of a sabkha
type environment of deposition for 
the Early Proterozoic basal car
bonates of the Pine Creek Geosyn
cline-an environment favourable 
for concentrating metal-bearing con
tinenal groundwaters and the 
postulated first step in the develop
ment of the major uranium deposits 
of this region. Alkaline brines. suit
able for the leaching and transport.
ing of uranium, would have been 
produced from evaporites during 
diagenesis and at later stages. In 
addition, solution of the evaporites 
producing collapse breccias within 
the evaporite beds and overlying 
sediments would have aided in the 
movement of these brines and in the 
precipitation of uranium where such 
breccias were developed in suitable 
rock types, such as carbonaceous 
metapelites. 

Reference 
CRICK. I . H ., & MUIR, M. D. (1980) 

-Evaporites and uranium minera
lisation in the Pine Creek Geosyn
cline . III FERGUSON, JOHN. & 

GOLEBY. A. B. (Editors)
URANIUM IN THE PINE CREEK GEO
SYNCLINE. illternational Atomic 
Ellergy Agency. Viellllll. 

Progress In Irian Jaya 
D. B. Dow 

The Irian Jaya Geological Map
ping Project is a Colombo Plan aid 
project to I ndonesia which has as its 
main aim the training of geoscientists 
of the Geological Research & 
Development Centre (GRDC) in 
geological , geochemical, and geo
physical surveying techniques that 
are applicable to the exploration of 
the jungle-covered mountainous ter
rain which constitutes a large part of 
the land area of Indonesia . The aim 
is being achieved by on-the-job train
ing, and the province of Irian Jaya 
(the western half of the island of 
New Guinea) is the area chosen for 
the training. 

The project is being carried out by 
BMR for the Australian Development 
Aid· Bureau and has an Australian 
professional staff of 6 geologists and 
2 geophysicists who are stationed in 
Bandung. West Java, the headquarters 
of GROC. The Indonesian staff 
consists of 10 geologists and 4 geo
physicists, most of whom are com-

petent professionals keen to learn 
modern techniques. 

The project began 30 months ago 
in the western part, or 'birds head; 
and to date about one-third of the 
province has been mapped. Regional 
geological mapping is the main task, 
but as another major objective is the 
assessment of the mineral resources 
of the province, a regional geo
chemical survey is being done. ·A 
reconnaissance gravity survey is also 
being carried out by means of ground 
observations on a 10-km grid . 

As there are no roads, helicopters 
are used to position the geological 
parties which undertake ground 
traverses of up to 9 days duration . 
The province is so remote and the 
hinterland so inaccessible that logistic 
support is a major headache, but the 
Indonesi an counterparts now have the 
knowledge and confidence to provide 
all equipment and supplies with little 
help from the AustraliHn members-a 
not inconsiderable achievement on 
their part. 

The geology of the birds 'head' 
and 'neck' was fairly well known 
from pre-independence oil explora
tion. so the first one-and-a-half yea r's 
mapping served mainly as a training 
exercise, and to confirm the broad 
regional geological framework. The 
region is underlain by Palaeozoic 
crystalline basement rocks with a 
thick cover of platform sediments 
ranging in age from Permian to 
Middle Miocene. 

1981 was the first field season in 
which a large unknown area was 
mapped. This was the region where 
the 'neck' joins the 'body' of the 
bird. In the southern part , almost 
identical platform sediments to the 
south represent the northern con
tinuation of the Australian con
tinental crust. They are limited on 
the north by a major fault which 
brings predominently trough-type 
sediments of Mesozoic and Tertia ry 
age against the platform sediments. 

The region is dominated by a 
remarkable thrust plate 100 km long 
and 50 km wide , composed of the 
trough-type sediments intruded by a 
batholith of Middle Miocene diorite , 
which has been thrust 35 km south
wards over the Au strali an continental 
crust. The thrusting has taken place 
since the La te 1\,1 iocene and the 
thrust plate has formed the arcuate 
Weylandt Range, over 4000 m high , 
which stands isolated from the 
Central Range to the east. 

Toolebuc Formation oil shale study 
-progress report 

S. Ozimic 

Fifteen shallow stratigraphic holes 
were drilled during 1980 in the south
east of the Eromanga Basin, as part 
of the BMR/CSIRO Oil Shale 
Methodology project. The holes were 
drilled to obtain stratigraphic, petro
physical, geophysical, and geo-
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chemical information about the 
Toolebuc Formation and its oil shale. 

BMR Urisino No. 1 hole, located 
130 km east of Tibooburra, NSW, 
intersected a unit thought, from 
palynological dating and litho
stratigraphical comparisons, to be 
equivalent to the Toolebuc Forma
tion, but which did not contain oil 
shale. Of the fourteen holes drilled in 
Queensland, 10 intersected the com
plete Toolebuc Formation with oil 
shale, two did not reach the Toolebuc 
Formation because of structural 
complications, and the presence of the 
Formation in two is as yet uncertain 
because of facies changes. 

In Queensland the Toolebuc For
mation seems to be associated with a 
very strong gamma-ray anomaly. 
This has been attributed to uranium
bearing phosphate minerals. An 
anomaly was recorded in BM R 
Urisino No. 1 hole, but it derived 
from the Coreena-Member-equivalent 
underlying the Toolebuc-Formation
equivalent ; this anomaly is attributed 
to both an increase in potassium 
associated with an argillaceous 
horizon , and to uranium associated 
with carbonaceous matter. 

In seven of the Queensland holes a 
kerosene-like fluid flowed to the 
surface from the Toolebuc Formation 
along with the drilling medium. 
Geochemical analysis showed the fluid 
to be a mature hydrocarbon of 
probably terrigenous origin, which 
could not have been derived from the 
normal Toolebuc Formation marine
type kerogen , but has most likely 
migrated up-dip from a more mature 
oil-generating zone in the Eromanga 
Basin. 

Tentative deductions from the study 
to date are tha t : (I) oil shale is pro
bably absent from the Toolebuc For
mation roughly south of a line joining 
Bedourie and Charleville, Queens
land; (2) the gamma-ray anomaly 
possibly rises continuously in the 
succession from the southern to the 
northern margins of th e Eromanga 
Basin, from the upper part of the 
Coreena Member or its equivalent 
to the upper beds of the Toolebuc 
Formation-thus it is possible that 
distribution of oil shale and uranium 
in the Toolebuc Formation was con
trolled by similar redox conditions; 
(3) the reassessed inferred resources 
of shale oil from the Toolebuc For
mation are 230 X 109m': (re
coverable from in-situ tonnage, based 
on Fischer Assay yield) . 

Minimum Economic Reservoir Size 
Project 

D. 1. Formal! 

The most difficult problem en
countered in assessments of Aus
tralia's undiscovered petroleum re
sources has been to decide what is 
the smallest oil or gas field that could 
be developed in a particul ar area. 
This is referred to as the economic 
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cut-off for the area. Given this in· 
formation we can estimate how much 
of our undiscovered oil and gas is 
likely to be economic and then, 
together with other information, 
estimate the probabilities of finding 
enough new oil to carry us through 
the next twenty years-valuable in
formation for energy policy planning 
and for any company searching for 
oil and gas in Australia. 

Early in 1979, the National Energy 
Research Development & Demon
stration Program approved a grant 
for BMR to engage consultants to 
carry out the 'Minimum Economic 
Reservoir Size' project. Macdonald 
Wagner and Priddle Ltd / Purvin & 
Gertz Inc. in association were selec
ted to carry out the project which 
began in July 1979 and was com
pleted in September 1980. It pro· 
vided BMR and the public with a 
suite of new computer programs, a 
summary of cost data, and estimates 
of the minimum economic reservoir 
size at seven locations onshore and 
offshore Australia. The information is 
contained in BMR Records 1980/31 
and 1980158 (unpublished). 

The prospects that have been 
analysed comprise examples from a 
range of petroleum exploration 
frontiers in Australia. Onshore pros
pects studied lie within the Eromanga 
and Amadeus Basins in the interior, 
and the Canning Basin in the north
west. Offshore prospects lie in a range 
of water depth: the Carnarvon Basin 
prospect is in conventional water 
depths; the Bonaparte Gulf Basin 
prospect is in moderate water depths; 
and the Browse and Exmouth Plateau 
prospects are in deep water beyond 
existing production experience. 

Assuming that oil would be priced 
at $25/barrel at the nearest metro· 
politan centre and that natural gas 
would be priced at S3.00/gigajoule. 
the consultants suggest the following 
values for the minimum economic 
reservoir size at the prospects 
sllldied : 

Oil Gas 

lOll m~x ft3 x 
GI barrels 109 1012 

Eromanga 
Basin 2.1 13 4.3 0.15 

Amadeus 
Basin 7.7 48 4.8 0.17 

Canning 
Basin 2.6 16 19.3 0.68 

Bonaparte 
Gulf Basin 36.7 231 

Carnarvon 
Basin 10.7 67 38.2 1.35 

Exmouth 
Plate au 160 1009 

Browse Basin 73 459 

There is no unique answer to the 
problem and a variety of answers 
may be obtained according to which 
facet is emphasised. The computer 

program is flexible and allows 
assumptions to be varied by modi
fying entered data . Hence the inter
action of variables and the relative 
sensitivity of the minimum reservoir 
size to these variables may be 
assessed. 

Early life in the Precambrian 
M. R. Walter 

The oldest firmly established evi
dence of life on Earth is 3500 m.y. 
old . In cherts of the Warrawoona 
Group, Pilbara Block, Western 
Australia, there are filamentous 
microfossils, and stratiform and bul
bous stromatolites. In addition, in 
these same cherts and in others of 
about the same age in South Africa 
in the Swaziland Supergroup, there is 
kerogen, the degraded remnants of 
cells. The kerogen has a carbon 
isotopic composition indicative of 
autotrophy, the biological process by 
which some organisms manufacture 
their cell material from CO~. The 
stromatolites occur in facies indica
tive of shallow-water environments: 
in one example with hypersalinity and 
intermittent exposure to the atmos
phere, indicating that the stroma
tolite-building organisms were able 
to cope with high environmental 
stresses (high and fluctuating light 
intensity and salinity, and perhaps 
also desiccation) . It is not yet 
possible to determine the biological 
affinities of the bacteria making up 

. this microbiota, but it is apparent 
that already by 3500 m.y. ago a 
diverse and relatively complex 
bacterial micro biota existed on 
Earth. There must have been a sub
stantial perod of evolution before 
that time, but no unequivocal older 
record is known. Moreover, no record 
older than 3900 m.y. may ever be 
found, because of the effects of in
tense meteoritic bombardment that 
continued until that time. It seems 
likely that we are approaching the 
beginning of the discoverable record. 

The known Archaean fossil record 
is still scanty, but new discoveries 
are being made more and more 
frequently. There are now eleven 
known stromatolite occurrences 
(counted by major stratigraphic 
units) . Most of these are late 
Archaean, but there is one occurrence 
about 3000 m.y . old, in the Insuzi 
Group of South Africa. By the end 
of the Archaean , stromatolites were 
diverse, and they developed in 
palaeo-environments ranging from 
lacustrine to shallow-marine. Evi
dence from the stromatolites, from 
kerogen chemistry, and from some 
poorly preserved microfossi ls sug
gests that by this time cyanobacteria 
(,blue-green algae') had evolved. 
Whether or not these were oxygen
releasing cyanobacteria is a moot 
point, but - indirect chemical and 
sedimentological evidence suggests 
that they were. 

LANDSAT for BMR: present and 
future applications 

R. F. Moore 

LANDSAT imagery, acquired by 
the NASA LANDSAT satellites, 
which is distributed by the USGS 
Eros Data Centre and, since Novem
ber 1980, by the Australian LAND
SA T Station, has played an im
portant and increasing role in BMR 
investigation. LANDSAT photo
graphic products have been routinely 
used in reconnaissance geological 
mapping and, in particular, in investi
gations of geological structure. 

More recently, however, LAND
SAT data in a computer-compatible 
form have been used, and will con
tinue to be used, to assist in the 
solution of geological problems 
specifically. At BMR, the geoscientist 
can interact with the processing 
system and enhance a displayed 
colour-video image to highlight those 
features.. he wants to see. The system 
has been designed so that the user is 
not limited to LANDSAT data 
alone. Recent developments have 
allowed the merging of other data 
sets, including aeromagnetic, radio
metric, gravity, and topographic data, 
and these integrated images have 
yielded some interesting and valuable 
results. Computer-processed LAND
SA T data have been used opera
tionally by BMR in both the 
McArthur Basin and Pine Creek 
projects. 

Subduction, porphyry coppers, and 
igneous petrology: new concepts from 

New Britain and other island arcs 
R . W. Johnsoll 

A popular concept is that the com
positions of island-arc mafic magmas 
are partly determined by seawater or 
water-rich partial melts fluxed out 
from the hydrated parts of down
going oceanic lithosphere into over
lying upper-mantle source regions. 
However, the supporting evidence 
from trace-element and Sr- and Nd
isotope geochemistry is not com
pelling, and this raises the long
standing question of the source of 
metals in the porphyry copper 
deposits of island arcs. The crust 
beneath New Britain may have 
developed by addition of mantle
derived magmas, by repeated partial 
melting of the island-arc crust, and 
by sequential build-up of a felsic
intermediate upper crust. This process 
may also involve partial melts of 
crust containing buried, low-grade, 
volcanogenic ore deposits. These 
metal-rich melts may- be emplaced 
into the parts of maturing arc crust 
where younger ore deposits already 
exist and, after solidification and 
burial, may be partially melted again. 
Cu, Au, and Mo would become pro
gressively enriched in the upper crust 
of mature island arcs, and in some 
circumstances would be concentrated 



in particularly rich porphyry-copper 
deposits. 

Tbe Wollogorang Formation-a 
potential bost for McArtbur River

type base metal deposits? 

M. J. Jackson 

The sedimentary Wollogorang and 
Barney Creek Formations form part 
of the McArthur Basin (Middle 
Proterozoic) sequence in the north
eastern part of the Northern Terri
tory. Results from field, geochemical, 
and petrological studies of the 
Wollogorang Formation have been 
compared with published information 
on the Barney Creek Formation 
(which is host to the McArthur River 
Zn-Pb-Ag deposit). 

Features in common include: 
• deposition within a predominantly 

epicratonic shallow-water evapori
tic sequence; 

• they consist mainly of dolomitic 
siltstone; 

• bedding is commonly distinctly 
laminated and graded; 

o the rocks are dark grey to black 
and rich in organic material; 

• they contain interbedded tuffs or 
tuffaceous sediments; 

• there are interbedded breccias; 
• they contain distinctive dolomite 

nodules; 
• mineralisation is fine-grained and 

concordant with bedding; 

Dissimilarities include: 
• the Wollogorang Formation IS 

about 3000 m stratigraphically 
below the Barney Creek Forma
tion; 

• the Wollogorang Formation is 
more widespread and was deposited 
before the development of the 
Batten Trough; 

• the Wollogorang Formation con
tains more evidence of evaporitic 
conditions during deposition; 

• the Barney Creek Formation is 
known to contain a major base 
metal deposit; 

The sedimentary features, minera
logy, and geochemistry of the two 
formations suggest they may be 
closely comparable and therefore in
dicate that the Wollogorang For
mation should be considered a 
favourable target for syngenetic base 
metal mineralisation of the McArthur 
River type, especially if a suitable 
structural environment, analogous to 
the Bulburra Depression, can be 
found. 

Some lesser-known aspects of BMR 
geophysical researcb 

J. C. Dooley 

8M R undertakes many activities in 
the earth science field which are not 
directly involved in assisting mineral 
exploration or assessment, although 
some provide knowledge which is 
useful for or as a background to 

exploration. This talk describes pre
dominantly geophysical activities of 
both these types. The rationale for 
this wide range of responsibilities 
devolving on BMR is that there is 
much common ground with explora
tion-related activities, both in the 
basic physical properties being studied, 
and the principles underlying the 
techniques of measurement and 
equipment used , although the scale of 
operations may be considerably 
larger, both in space and time. 

Crustal studies 

One of the main thrusts of such 
research is directed towards an under
standing of the geological and physi
cal framework of the continent, and 
its past and present tectonics. 

The most definitive tool, and also 
the most expensive, for crustal in
vestigations is deep seismic sounding. 
Areas selected for its use in recent 
years include the Pilbara and the 
Lachlan Fold Belt, not only because 
of the availability of large quarry 
blasts as energy sources. Work has 
also been done in the McArthur, 
Georgina, and Eromanga Basin, as 
part of more general projects in 
these areas; magneto-telluric investi
gations have also been carried out to 
provide complementary information 
on the electrical properties of the 
main formations. 

Because tectonic processes are 
accompanied by stressing and move
ment of the crust, measurements and 
recent crustal movements are being 
investigated in co-operation with the 
Division of National Mapping and 
some State Survey Departments. 

Generation and transfer of heat 
are involved in tectonic processes, 
both as a cause and as an effect. A 
systematic program is under way to 
measure heat flow over the whole of 
Australia . This will also enable an 
assessment to be made of potential 
geothermal energy sources, and has 
provided evidence of past climatic 
changes. 

Gravity and magnetic studies 
G ra vity reconnaissance surveys 

now cover the · whole continent and 
much of the offshore area, resulting 
in the 1: S 000 000 coloured map 
published in 1976. A very broad 
reconnaissance of the magnetic field 
has almost. been completed; this is 
complemented in some areas by the 
greater detail available from aero
magnetic surveys, but the latter is still 
missing in many places. BMR is 
participating in NASA's MAGSA T 
project, which will provide the long
wavelength background for the 
magnetic field. Palaeomagnetic re
search helps to understand past move
ments of the continent and relative 
movements between its component 
blocks, and thus helps to unravel the 
history of its formation. 

Standards for gravity and magnetic 
measurements, including field 
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reference stations, are maintained by 
BMR. 

Observatory recordings 

Geophysical observatories record 
continuously earthquake activity and 
variations in the magnetic field. BMR 
operates observatories at Canberra, 
Mundaring (WA), Macquarie Island, 
Mawson (Antarctica), Manton Dam, 
and Alice Springs (NT), and many 
outstations. Data from these stations 
are co-ordinated with data from other 
organisations for use in Australian 
and international research. The aims 
of this work include the assessment 
of earthquake risk, detection of 
nuclear explosions, navigation (mag
netic charts), radio propagation, and 
precise geodetic surveying, as well as 
applications in geophysical ex
ploration surveying and interpreta
tion. 

Regional geology, geophysics, and 
petroleum potential of the Central 

Eromanga Basin area 

F. J. Moss, J. Pinchill, & B. R. Sellior 

The Central Eromanga Basin 
Project commenced in 1980 with the 
objective of defining the regional 
structural and depositional history of 
the central part of the Eromanga 
Basin and the underlying Adavale, 
Cooper and Galilee Basins in south
west Queensland. Seismic and other 
geophysical surveys, and LANDSAT 
imagery, geochemical, and source 
rock maturation studies are being 
made to provide regional information 
on the basins and their petroleum 
potential. 

Seismic data from west of the 
Canaway Ridge were reviewed in 
1980, and a series of east-west 
regional seismic reflection CD.P. 
traverses were recorded to fill gaps 
in the existing coverage. Fair-quality 
seismic data from previous surveys 
in areas of particular interest were 
reprocessed. Gravity measurements 
were made along the 1980 BMR 
traverses and some private company 
lines. Deep seismic refraction record
ings were made along a 300-km 
traverse over the main structurJ.1 
e;ements of the area extendil;g from 
the axis of the Cooper Basin, over 
the Warrabin Trough, to a point east 
of the Canaway Ridge. The central 
part of this traverse was coincident 
with a ISO-km reflection traverse 
recorded to 20 s. Magneto-telluric 
soundings were made at 12 sites 
along the 300-km traverse. Sequences 
of drill cuttings from three wells were 
analysed using the Rock-Eval pyro
lvsis method to provide source rock 
;nd maturation data. This infor
mation was integrated with other 
maturation data derived from con
ventional drill cores. New LANDSAT 
imagery was studied to further define 
fault patterns, and flowing artesian 
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water wells were sampled for geo
chemical and isotope analysis and 
possible hydrocarbon content. 

The new good-quality seismic data 
together with the previous data have 
yielded definitive structural and 
stratigraphic information over the 
Devonian Warrabin Trough . Deposi
tion in the trough was probably con
tinuous with that of the Adavale 
Basin in the east from which it was 
separated later by the uplifted 
Canaway Ridge. Along the axis of the 
trough the Middle Devonian sequence 
is up to 3-km thick and is concealed 
below about 2 km of Eromanga 
Basin rocks. A substantial part of the 
Devonian sequence is interpreted to 
be marine, although the exact 
relationship between the trough 
sequence and the main Adavale Basin 
is not fully understood, and will be 
the subject of further study. Flat
lying or gently-folded Devonian sedi
mentary rocks extend to the north 
and west, covering an area greater 
than previously postulated. The 
Warrabin Trougb is complexly 

folded , with the main fold elements 
bounded by high-angle reverse faults. 
Although suitable traps for hydro
carbons appear to be present, the 
petroleum potential of the trough is 
unknown since exploration wells, 
Bodalla 1 and Chandos 1, drilled on 
structural highs on the western flank 
of the trough, penetrated only a small 
part of the sequence. 

The eastern limits of the Permian 
and Triassic sequences in the Cooper 
Basin are more clearly defined, and 
they do not extend as far eastwards 
over the southern part of Warrabin 
Trough as previously supposed. The 
seismic results show progradirig 
within the Triassic near the basin 
margins. Petroleum source rock geo
chemistry indicates that potential gas
prone kerogens are widespread within 
the northeast coal measure facies of 
the Cooper Basin sequence. 

The Jurassic-Cretaceous Eromanga 
Basin sequence shows a number of 
reflections which clearly illustrate the 
main structural features of the basin 
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and provide information on strati
graphy. Features such as shoaling 
and channeling which took place 
during deposition of the Toolebuc 
Formation are evident, and bedi of 
coal and carbonaceous shale within 
the basal Winton Formation are 
found to have a distinctive reflection 
character. Oil-prone source rocks 
have been identified in the Eromanga 
Basin sequence by geochemical 
analysis. Results from the hydro
chemistry studies together with those 
from previous hydrogeologic work 
in the area will be used to further 
define flow patterns which might have 
influenced the migration of hydro
carbons. 

Gravity, seismic refraction, and 
magneto-tell uric results are being 
processed and analysed to provide in
formation particularly on the base
ment rocks and structure in the lower 
crust and upper mantle. The study of 
the area wiII be extended by further 
interpretation of the deeper regional 
data together with the shallower 
seismic and other information. 

Volume 6, Number 2: In the paper by B. J. Drummond & H. M. Shelley, on page 141, 

the value of 3 x 10...3 km 5-1 kbar-1 quoted for the pressure derivative of velocity 

is the shear wave velocity derivative. A value of 10.2 km S-l kbar-I, corresponding to 

the compressional wave velocity derivative, was used for adjusting the crustal model 

seismic velocities to 10 kbar pressure. 
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GREAT BARRIER REEF 

MARINE PARK 
• AUTHORITY 

• --. 
AUGMENTATIVE RESEARCH 

SUPPORT 
1982 

The Great Barrier Reef Marine Park Authority in
vites applications for augmentative support· of 

. the research projects·of recent graduates and 
post-graduate students. 

It is intended that the supplementary support be 
given to projects that can be augmented to con
tribute to the Authority's work of planning the 
Great Barrier Reef Marine Park and in particular 
for the responsible use of the Great Barrier Reef' 
region by man. The Authority will therefore con
sider applications from a variety of disciplines. 

At the conclusion of the research successful 
applicants will be expected to submit a report to 
the Authority. The report should include a section 
specifically explaining the relevance and appli
cation of the results to management for con
servation and use of the Great Barrier Reef. 
Applicants should already be supported by their 
organisation for basic expenses and have access 
to general equipment, library, laboratory and 
computing facilities necessary for the research .. 
Applications should include 
(1) A descripiion of the research project. 
(2) A brief discussion of the relevance of the pro

posed research to planning and management 
of the Great Barrier Reef Marine Park. 

(3) A detailed budget for the amount sought. 
(generally of the order of $800 or less). 

(4) A statement by the applicant's super
visor/head of department supporting the 
application. 

(5) A statement by the head of institution, or his 
delegated officer, confirming the basic sup
port of the institution for the applicant. 

(6) A statement of the existing financial support 
(grants, etc.) held by, or available to, the 
applicant. 

Applications should be sent to: 
The Executive Officer, 

Great Barrier Reef Marine Park Authority, 
P_O. Box 1379, 

TOWNSVillE, alD., 4810_ 
CLOSING DATE FOR APPLICATIONS: 315t 

DECEMBER, 1981. 
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