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Contributions to the regional geology of the 
Broken Hill area from geophysical data 

J. I. Mcintyre! & B. W. Wyatt 

The Lower Proterozoic Willyama metamorpbic complex and overlying Adelaidean sediments 
in tbe Caloola, Kantappa, and Torrowangee Synclinorial Zones form an area of Precambrian 
outcrop witb notable topograpbic relief. Surrounding areas are tbe Mundi Mundi Plains to 
tbe west, tbe Menindee Trough to the soutbeast, and the Bancannia Trough to the east. 
Otber topographic higbs are formed by Precambrian and Palaeozoic rocks in tbe Bynguano 
Range to tbe east of tbe Bancannia Trougb, and by Ordovician sediments in the Scopes 
Range which lies between the Bancannia Trough and the Menindee Trougb. 

The Willyama Complex is fringed to the southeast and east by an area within which a 
considerable proportion of the Eartb's crust has anomalously high magnetic susceptibility. 
However, the remainder of tbe Willyama Complex is distinguisbed from surrounding areas 
by having a considerable proportion of its crustal section composed of material witb anoma
mously low magnetic susceptibility. 

Tbe Willyama Complex and overlying Adelaidean sediments form a block which is bounded 
by major structures, including north-trending structures to the east and to the nortbwest. 
Tbe Redan Fault forms the major boundary of Precambrian outcrop to tbe southeast of 
Broken Hill, but shallow basement persists about another 30 km to the southeast, to tbe edge 
of the Menindee Trougb. 

Nortbeast to nortb-nortbeast trends witbin the Willyama Complex continue beneatb the 
southern part of tbe Torrowangee sediments and terminate against the north-northwest
trending Euriowie Inlier-an interpreted horst structure. 

A nortb-northwest structural trend is inferred in the basement to the Caloola Synclinorial 
Zone. North-trending features are apparent in tbe Kantappa Synclinorial Zone and in the 
basement to the east and west of the Precambrian block. 

There are four persistent magnetic marker horizons witbin the Adelaidean sediments of 
the Caloola Synclinorial Zone. Magnetic horizons within other areas of Adelaidean sediments 
are less well developed. Pre-Adelaidean basement beneath the Caloola Synclinorial Zone is 
inferred to be at a deptb of about 3500 m; beneath the Kantappa Synclinorial Zone it is at 
a depth of a few bundred metres. 

The magnetic basement beneath the Mundi Mundi Plain is divided by an east-west structure 
at 31 °39'S, to the soutb of which the basement is at a depth of about 150 m, and to the nortb 
of which tbe basement deptb increases from 500 m to 7000 m in the nortb. The area of 
deep basement is inferred to be overlain by a thick sequence of Adelaidean sediments. 

An inferred intrusive body about 40 km east of Broken Hill may have been localised by 
the intersection of a number of major structures in this area. Magnetic basement in this area 
occurs at depths in the order of 150 m. This and other areas of shallow basement beneath the 
Mundi Mundi plain and to the soutbeast of the Redan Fault may have considerable base
metal exploration potential. 

The Bancannia Trough is usually fault-bounded on both sides. On the we~iern side a soutb
southeast extension of the Nundooka Creek Fault forms the boundary of the main trougb 
while further to the southwest a north-south structure forms the boundary of a shallower 
extension of the Trough. Palaeozoic sediments within the Trough reach a maximum depth of 
about 8000 m, and are underlain by extensive areas of andesite which are inferred to have 
originated from tbree igneous centres beneatb the Trough. 

The Menindee Trough has a magnetic basement at a maximum depth of about 7000 m. 
Airborne spectrometer data delineate the major surf3ce geological and drainage features. 

The outcrop area of Willyama Complex is well defined by above average radiation levels. 
The largest anomalies have been recorded within the Euriowie Inlier and over areas of 
reported uranium occurrences in the west of the Precambrian block. 
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Introduction 
The silver-lead-zinc deposits of Broken Hill occur 

within the Lower Proterozoic Willyama Complex. The 
main ore deposit has been mined continuously since 
the end of last century, and has been responsible for 
approximately half of Australia's total production of 
silver, and three-quarters of the total of lead and zinc 

production. Known reserves at Broken Hill for indivi
dual working mines are sufficient to maintain current 
rates of production for some 12 to 20 years. 

l. Geological Survey of New South Wales, Department of 
Mines, Phillip St, Sydney, NSW 2000. 

The Geological Survey of New South Wales has been 
involved in a major detailed geological mapping pro
gram over the Willyama Complex since 1974. In 1975 
the Bureau of Mineral Resources (BMR) completed 
two airborne magnetic and radiometric surveys: a 
regional coverage of the Broken Hill 1 :250000 map 
sheet (Wyatt, in prep. a), and a detailed coverage of 
the northern part of the Willyama Complex (Wyatt, in 
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Figure 1. Locations of airborne surveys: 1. Spence, 1963; 
2. Wyatt, in prep. a; 3. Wyatt, in prep. b; 4. 
North Broken Hill Limited, 1971; 5. Crosby, 
1963. 

prep. b). The mapping program and geophysical sur
veys were designed to aid mineral exploration in the 
area by delineating stratigraphy and structure. 

This paper presents a description and interpretation 
of the broader scale geophysical anomalies outlined by 
the 1975 regional airborne survey and an earlier BMR 
survey (Spence, 1963). Gravity and other aeromag
netic data have been used where appropriate to provide 
a more complete regional outline. Regional gravity data 
are available over the entire area, and aeromagnetic 
coverage is shown in Figure 1. 

An interpretation of the detailed survey data over 
the Willyama Complex is currently being carried out 
by the Geological Survey of New South Wales. 

Major geological features 
Geological nomenclature used throughout the paper 

is from Rose (1968), and Cooper & others (1975). A 
description of the geology of the Broken Hill 1: 250 000 

map sheet is given by Cooper (1975). Figure 2 shows 
the main geological features of the area. A Precam
brian basement block trends approximately north 
through Broken Hill and is flanked to the east, south, 
and west by younger basins. Ordovician and older rocks 
form basement highs in the Bynguano and Scopes 
Ranges. 

The Precambrian block 
In this paper the term Precambrian block refers to 

the Willyama Complex and Adelaidean sediments, con
tiguous with outcrop around Broken Hill. The block 
forms a notable topographic high, rising about 200 m 
above the surrounding plains. 

In places it is bounded by prominent escarpments; 
elsewhere the boundary with the surrounding plains is 
more gradational. The prominent escarpments may re
present places of Cainozoic epeirogenic uplift (Rose, 
1975). The best-developed escarpment is the north
northeast-trending Mundi Mundi Fault on the western 
side of the block. To the north, this fault is cut by the 
less prominent north-northwest-trending Kantappa 
Lineament, which forms the northwest boundary of the 
block. To the northeast, the Precambrian outcrop is 
bounded by the Nundooka Creek Fault and its probable 
extension to the southeast. 

The eastern boundary of the block is irregular and 
gradational, but trends roughly north-south. The 
southern boundary is similarly irregular, and trends 
approximately south-southwest. To the southwest, out
crop continues into South Australia. 

The two major divisions within the block are the 
earlier Proterozoic metamorphic complex (the WiIl
yam a Complex), and an Adelaidean upper Proterozoic 
sequence of sediments. 

The WiUyama Complex is considered (Scheibner, 
1976) to form part of a continuous Precambrian base
ment which extends from the outcropping Gawler 
craton in South Australia to just west of Cobar in New 
South Wales. The Willyama Complex and the Wono
minta beds form the easternmost outcrops of this base
ment complex . 

The Willyama Complex consists of regionally meta
morphosed rocks ranging from granulite facies south
east of Broken Hill through amphibolite facies to green
schist facies in the north (Binns, 1964; Thomson, 
1976). The main rock types are psammitic to pelitic 
metasediments, granitic gneisses, quartz-feldspar-biotite
garnet gneisses, medium to coarse-grained quartz-feld
spar rocks, and amphibolites (Stevens, 1976). Deforma
tion is intense and faulting is widespread. The main 
structural direction is north-northeast, with subordinate 
north-northwest trends in the north and east-west trends 
in the south. Towards the north and west of its outcrop 
area, the Complex has been intruded by post-meta
morphic Mundi Mundi Granite. 

The Adelaidean rocks unconformably overlie the 
Willyama Complex, and occur in three graben-like 
structures known as the Caloola, Torrowangee, and 
Kantappa Synclinorial Zones (Scheibner, 1976). These 
zones trend north-northwest across the northern part 
of the Willyama Complex. 

The Adelaidean rocks are mainly sediments which 
have undergone only minor metamorphism. They are 
deformed into broad open folds, generally with 
moderate dips. The main structural trends are north
northwesterly, swinging to a more northe'rly direction 
in the northwest. 



Good outcrop occurs in the Caloola and Torro
wangee Synclinorial Zones, but not in the Kantappa 
Zone. 

The synclinorial zones are separated by inliers of 
Willyama basement. The Euriowie Inlier lies between 
the Caloola and T orrowangee Zones, and the Camp
bells Creek High (Cooper & others, in prep.) lies 
between the Toroowangee and Kantappa Zones. 

A further outcrop of rocks of probable Adelaidean 
age occurs to the southwest of Broken Hill, around 
32°24'S, 141°09'E. 

Other basement highs 
The Bynguano Range is a north-northwest trending 

belt of Precambrian and Palaeozoic rocks in the north
eastern part of the area. The Wonominta beds form 
the Precambrian core of this range, consisting of highly 
deformed low-grade metamorphic rocks such as quartz
muscovite and muscovite schists, amphibole schist, 
phyllite, slate, and chert (Cooper, 1975). 

The Wonominta beds are overlain to the west by a 
relatively undeformed sequence of Early Cambrian to 
Early Ordovician rocks, which includes the Mount 
Wright Volcanics at the base. This sequence is in turn 
overlain by Devonian sandstones. Numerous major 
faults occur in the Bynguano Range, mostly following 
the north-northwest trend of the range itself. 

The Scopes Range is a south-southwesterly trending 
basement rise lying to the south of the Bynguano 
Range. There are minor outcrops of Wonominta meta
sediments within the Scopes Range, but most of the 
rocks consist of late Cambrian to Early Ordovician 
Scopes Range beds. 

Gravity data (Fig. 6) indicate an extension of shal
low basement southwest of Scopes Range, between the 
Willyama Complex and a prominent gravity gradient 
which marks the northwestern edge of the Menindee 
Trough. 

Younger basins 
Apart from the basement highs, most of the area is 

covered by a blanket of Quaternary and minor amounts 
of Tertiary sediments. Deposition is currently taking 
place in many of the lower lying areas, and appears to 
have been maintained throughout the Cainozoic by 
epeirogenic movements along some of the major faults 
bounding the basement highs (Rose, 1975). 

The Mundi Mundi Plain lies to the west of the Mundi 
Mundi Fault; it is on the southeastern margin of the 
Frome Embayment of the Great Australian Basin. The 
absence of a strong negative Bouguer gravity anomaly 
over the Mundi Mundi Plain suggests that the thickness 
of undeformed sediments is much less than in the Ban
cannia and Menindee Troughs. 

The Bancannia Trough is a north-northwest-trending 
Phanerozoic depositional basin lying between the Pre
cambrian block and the Bynguano Range. Its south
eastern end abuts the Scopes Range. It is outlined by 
a negative Bouguer gravity anomaly with a minimum 
value of -25 milligals. The Trough has a seismic base
ment at a maximum depth of about 7000 m (Planet 
Management and Research Pty Ltd, 1968). Bancannia 
South No. I (Fig. 5) penetrated 3258 m of mainly 
Devonian sediments within the Trough, and bottomed 
in aphanitic andesite below 3350 m (Baarda, 1968). 

The Menindee Trough lies to the southeast of the 
Scopes Range and the Precambrian block. It is outlined 
by a northeast-trending negative gravity anomaly with 
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a minimum value of -45 milligals. The Menindee 
Lakes, which are a present-day drainage centre, lie 
along the axis of the gravity anomaly. Tertiary, Creta
ceous, and Permian sediments-to a depth of about 
900 m-underlain by Devonian sediments, have been 
inferred from seismic data (Bembrick, 1975). 

Aeromagnetic interpretation 
The aeromagnetic interpretation is intended to ela

borate on the nature of the structural units described 
in the previous section. Qualitative and semi-quantita
tive methods of interpretation (Vacquier & others, 
1951; Gay, 1963) have been used on the magnetic 
profiles (H54/Bl-64), which are available from the 
Australian Government Printer Copy Service. It should 
be emphasised that depth estimates from aeromagnetic 
data indicate a maximum probable depth to the ano
maly source, and that in some cases the true depth may 
be shallower. 

There are some minor discrepancies when relating 
the regional magnetic data to the mapping of Rose 
(1968), and Cooper & others (1975). These can be 
traced back to the use of different base maps. 

The Precambrian block 
Willyama Complex. There are many elongated and 
other anomalies within the Complex. They follow the 
main structural trends and are associated with out
cropping rocks. A more detailed discussion of these 
anomalies will be presented at a later date. This paper 
deals only with broad-scale features. 

The two main magnetic features associated with the 
Willyama Complex are:- a regional magnetic high along 
the .southeastern edge of the Complex, continuing along 
the eastern edge of the Precambrian block; and a 
regional magnetic low associated with the remainder 
of the Complex (Fig. 5). 

The portion of the regional magnetic high to the 
southeast of Broken Hill-the Redan magnetic complex 
zone-is associated with near-surface magnetic sources. 
This zone strikes approximately northeast, and has been 
outlinec by the data of Spence (1963), North Broken 
Hill Ltd (1971), and Crosby (1963) (Fig. 2). Aero
magnetic coverage is incomplete over the southwestern 
part of the zone. The northern half of the Redan mag
netic complex zone coincides fairly closely with a nega
tive Bouguer gravity anomaly of about -13 milligals 
amplitude (Pecanek, 1976). The Redan gneiss, quartz
feldspar rock with magnetite as the main mafic com
ponent, is common in the area (Stevens, 1976). This 
rock type has a lower density than most of the Will
yama Complex, and probably accounts in part for the 
coincident gravity and magnetic anomalies. 

However, magnetic model studies indicate that mag
netic susceptibility probably increases with depth, and 
that the anomaly can be largely accounted for by a 
block of magnetic material below about 4500 metres, 
with its northern boundary dipping moderately to the 
north. 

The Redan magnetic complex zone is bounded to 
the south by a distinct magnetic low which is inferred 
to indicate a fault (the Redan Fault) bordering the 
Willyama outcrop. 

To the northeast of the Redan magnetic complex 
zone, the orientation of the regional magnetic high 
swings to a northerly trend. Two magnetic anomalies 
occur to the east of the Precambrian outcrop. That at 
31 ° 57'S, 142°00'E is associated with minor magnetic 
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sources at a depth of about 400 m-probably Will
yama Complex beneath Quaternary sediments-but the 
major source of the anomaly is inferred to be at a 
depth of about 1000 metres. Similarly the second ano
maly, at 31°57'S, 141°52'E, is associated with minor 
(?Willyama) magnetic sources at about 150 metres 
depth, but is inferred to have its major source at a 
depth of about 1000 m. This anomaly lies along a 
southerly extension of a north-south structural boun
dary (see below, and Fig. 2), and is elongated in a 
north-south direction. The anomaly also lies close to 
extensions of other major structures, namely the faults 
bounding the Euriowie Inlier, the· Stephens Creek 
Fault, and northeasterly trends to the north of the 
Redan Fault (Fig. 2). It is possible that this anomaly 
may represent an intrusion localised by one or more 
of these structures. 

To the north of these two anomalies, there is a dis
continuity in the gravity pattern in the vicinity of 
31°52'S (see Stackler & Brunt, 1967) . The dis
continuity is also evident, to a lesser extent, in 
the magnetic pattern. To the north of the discontinuity 
two elongated basement magnetic anomalies persist 
over a considerable distance, both diminishing in inten
sity to the north : the western anomaly indicates a mag
netic body at depth within the southern portion of the 
Euriowie Inlier, while the easternmost has its source 
in magnetic basement at an inferred depth of about 
2500 m beneath the western edge of the Bancannia 
Trough. The north-south magnetic trends in this area 
are paralleled by the gravity contours, which indicate 
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a north-south fault or monocline or dipping uncon
formity lying between and extending north of the two 
magnetic anomalies, and forming the eastern boundary 
of the Precambrian block (Fig. 2). 

In : summary the regional magnetic high at the edge 
of the Willyama Complex is mainly associated with 
deep magnetic sources, which underlie the Complex 
and extend in an arc from the Redan magnetic com-
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plex zone to the southeastern portion of the Euriowie 
Inlier. 

In contrast to this regional high, that part of the 
Willyama Complex to the north and west of Broken 
Hill coincides with a regional magnetic low (Figs. 5 
& 7) . This broad low is a feature of petrophysical sig
nificance, and not merely the concomitant to surround
ing highs. The variation in magnetic field strength over 
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such broad areas indicates major changes in magnetic 
properties through a considerable proportion of the 
Earth's crust, and implies a significant difference in 
the nature of the crust beneath much of the Willyama 
Complex. 

In Figure 7 a distinction is made between the Will
yama Complex and a more magnetic basement to the 
east and west. 

Major stratigraphic and structural directions within 
the Complex can be inferred from trend directions of 
elongated anomalies. Figure 4 shows that the dominant 
direction from the East-West Fault (Fig. 2) south to 
the Redan magnetic complex zone is east-west. Over 
most of the remainder of the Complex, trends are 
northeast to north-northeast. This trend persists in the 
Willyama basement beneath the southern portion of 
the Torrowangee Synclinorial Zone, but terminates 
abruptly against the Euriowie Inlier. Over most of the 
outcrop area of the Euriowie Inlier, the magnetic con
tour directions (and by inference the structural direc
tions) are variable and irregular, and in many places 
are in marked contrast to adjacent trends on either 
side of the Inlier. The Euriowie trends are truncated 
abruptly at the boundaries of the Inlier, indicating 
steeply dipping and probably faulted boundaries. 

On the western side of the Complex, the prominent 
linear Mundi Mundi scarp is generally assumed to be 
a fault, although there is very little direct evidence of 
faulting. The aeromagnetic data tend to confirm that 
the feature is a fault, because no magnetic anomaly 
crosses the line of escarpment, and the line coincides 
with a clear break in magnetic pattern over much of 
its length. Where there is no clear break, it is because 
there is no distinctive pattern on either side of the 
line. Towards the southwestern end of the fault, ano
malies to the west are of much. higher amplitude than 
those to the east. . 

Despite the fact that the Redan Fault marks the 
southern limit of major Willyama outcrop, it is con
sidered to be subsidiary to the major fault system on 
the margin of the Menindee Trough 25 km or more 
to the southeast (Thomson, 1976). A small area of 
Willyama outcrop has been mapped to the south of 
the Redan Fault, at 32 ° 11 'S, 141 ° 4 TE (Rose, 1967) 
and gravity data indicate relatively shallow basement 
between the Redan Fault and the Menindee Trough. 
The broadly spaced aeromagnetic data (Crosby, 1963) 
indicate that quite strong magnetic anomalies exist 
over the area, and that depths to magnetic basement 
are generally between zero and 300 metres. 

Adelaidean. The Adelaidean rocks show generally 
simpler magnetic patterns, with a few magnetic hori
zons standing out from a generally non-magnetic 
sequence. Although the total thickness of Adelaidean 
sediments is quite considerable, especially in the Caloola 
Synclinorial Zone, there is no negative gravity anomaly 
over the sediments; this implies that they are of similar 
density to the basement rocks. 

Within the Caloola Synclinorial Zone there are two 
fairly continuous magnetic marker horizons, and a few 
less continuous horizons (Fig. 2). The uppermost mag
netic marker is a narrow horizon near the top of the 
Fowlers Gap Formation within the Caloola Syncline 
(2S on Fig. 2). This horizon is not apparent in the 
outcrop of Fowlers Gap Formation in the Floods 
Creek Syncline (5S on Fig. 2, 31°03'S, 141°27'E; 
Cooper & others, 1975) , indicating possible erosion of 
the upper Fowlers Gap Formation. The magnetic ano-

maly associated with the horizon in the Caloola Syn
cline, although continuous, diminishes considerably to
wards the eastern limit of outcrop. 

Both limbs of the anomaly appear to persist for about 
10 km to the east of the inferred structural boundary 
at the edge of the Precambrian block; there is, how
ever, interference from other patterns in this area, 
making the continuity uncertain. 

The other major magnetic horizon occurs within the 
Sturts Meadows Siltstone. The horizon forms the centre 
of three troughs in the Eight Mile Creek Syncline (4S 
on Fig. 2) and also occurs, on the eastern limb of the 
Sturts Meadows Anticline (3A on Fig. 2). It extends 
north around the nose of the anticline into the Floods 
Creek Syncline (5S on Fig. 2). However, it is less con
tinuous, and may not be confined to a single strati
graphic level in this area. 

The magnetic pattern .indicates that Sturts Meadows 
Siltstone may fold around both sides of the anticlinal 
inlier of Corona Dolomite (Cooper & others, 1975, 
3 ° 04'S, 141 ° 40'E) in an area of no outcrop. 

On the western edge of the Floods Creek syncline 
there is a north-south-striking anomaly which appears to 
transgress lithological boundaries at a low angle, pass
ing from Sturts Meadows Siltstone in the north, to 
Dering Siltstone in the south. 

Other discontinuous magnetic horizons occur within 
the Floods Creek Formation and the Mitchie Well For
mation. 

A basement magnetic trend a little to the west of 
the axis of the Eight Mile Creek Syncline has an esti
mated source depth between 2900 and 4500 m, sug
gesting that this is the maximum depth of Adelaidean 
sediments in this area (Fig. 2) . 

Over much of the Kantappa and Torrowangee Syn
clinorial Zones the anomalies are of small amplitude 
(generally less than 30nT) and are discontinuous. Over 
most of the Torrowangee Synclinorial Zone, the mag
netic trends generally parallel the north-northwesterly 
structural trends-except towards the south where a 
northeasterly trend reflects the trends of underlying 
Willyama basement. 

In the northwestern segment of the area, west of· 
141°28'E, the magnetic contour direction (and by 
inference the structural direction beneath Quaternary 
cover) is dominated by northerly trends. The trends 
occur in the Kantappa Synclinorial Zone, and also 
occur in the margins of the Caloola and Torrowangee 
Synclinorial Zones and in the northern part of the 
Willyama Complex (the Campbells Creek High at IH 
on Fig. 2). 

The Kantappa Synclinorial Zone is bounded to the 
southeast by the Wilangee Fault (7F on Fig. 2; Thom
son, 1977). This fault approximately coincides with a 
north-striking magnetic gradient which extends more 
than 25 kilometres north along 141°22'E. This gradient 
is inferred to indicate a northerly extension of the 
Wilangee fault, forming the eastern boundary of the 
Kantappa Synclinorial Zone beneath Quaternary cover, 
and marking the boundary between the major occur
rence of Willy am a Complex and a more magnetic base
ment to the west (Fig. 7). 

To the south, a sharp magnetic peak is superimposed 
on the magnetic gradient. This peak coincides with 
Wilangee Basalt, which occurs in sporadic outcrops 
immediately to the west of the Wilangee Fault (Rose, 
1968) . Interpretation of magnetic profiles across the 
peak (Fig. 7) indicates that the basalt occurs as a 
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Figure 7. Geological section and geophysical profiles along 31°27'S. 
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narrow sheet dipping at about 45° to the east. (This 
dip estimate is based on the assumption of magnetisa
tion in the direction of the Earth's field.) The basalt is 
regarded by Cooper (1975), and Cooper & others (in 
prep.) as being a flow sheet disconformably underlying 
the Adelaidean sediments. However, if the basalt dips 
to the east, it may be discordant with the Adelaidean 
sediments which are inferred to dip shallowly to the 
west (Cooper & others, in prep., fig. 28). Hence the 
basalt in this area may occur in a dyke intruded along 
fissures associated with the Wi Ian gee Fault. 

A few small magnetic peaks are also evident at 
other points along the inferred extension of the 
Wilangee Fault (e.g. flight line 2160). These may indi
cate further basalt intrusions associated with the fault 
plane. 

The pre-Adelaidean basement on the western side 
of the fault is probably at a depth of a few hundred 
metres-accurate estimates are not possible because of 
interference from small irregular anomalies super
imposed on the main gradient. 

The anomaly at 31°28'S, 141 ° 19'E has an inferred 
maximum source depth of about 500 metres, and 
occurs over the same area as a number of smaller irre
gular anomalies with much shallower source depths. 
The shallower magnetic sources are probably within 
Adelaidean rocks, while the deeper source is probably 
a pre-Adelaidean basement feature. The numerous 
small anomalies in the area between the inferred 
Wilangee Fault (7F on Fig. 2) and the Kantappa 
Lineament may have sources in either Adelaidean strata 
or shallow pre-Adelaidean basement. 

The Kantappa Lineament is marked on some mag
netic profiles by a small anomaly of less than IOnT 
amplitude. The lineament also coincides with the 
westernmost extent of small magnetic anomalies with 
near surface sources, and is thus inferred to be a fault 
along which the Precambrian (Ade1aidean and older) 
rocks have been downthrown to the west. To the north 
of the Kantappa Lineament, the small anomalies extend 
only as far west as a line bearing north along 141°9'E 
(Fig. 2). It is inferred that a structural boundary 
limiting the extent of shallow Precambrian rocks occurs 
along this line. 

Other basement highs 
Bynguano Range. Small perturbations of the magnetic 
field (less than 40nT) occur over the outcrop area of 
the Precambrian Wonominta beds, but no regular pat
tern is readily discernible. Two discrete anomalies un
related to any particular geological features occur at 
31°0TS, 142°24'E and 31°14'S, 142°29'E; the first 
over Precambrian outcrop, and the second over an area 
of Quaternary cover adjacent to Precambrian outcrop. 

The Cambrian Mount Wright Volcanics are clearly 
related to a line of magnetic anomalies of about 600 
nT amplitude striking south to south-southeast in 
the vicinity of longitude 142°25'E. The shape of the 
anomalv at 31 ° 12'S, 141 ° 24'E, indicates that the Vol
canics dip at about 30° to the east. (This dip estimate 
is based on the assumption of magnetisation in the 
direction of the Earth's field.) 

This line of anomalies extends to the south-southeast, 
through an area mapped as Precambrian with Quater
nary cover, and through an area of Devonian outcrop 
(Rose, 1968). The estimated depth to the source in the 
latter area is about 800 m. It is thus inferred that the 
Mount Wright Volcanics extend through the area 

mapped as Precambrian with Quaternary cover, and 
beneath the Devonian strata. 

An anomaly at 31 ° 12'S, 142"20'E occurs over an 
anticline in lower Cambrian strata. Although Mount 
Wright Volcanics do not crop out here, it is possible 
that the anomaly could be caused by near surface 
Mount Wright Volcanics in the core of the anticline. 

Other magnetic sources in the area occur beneath 
shallow Quaternary cover in the vicinity of 31 ° 5'S, 
142° lYE. The anomalies are not entirely continuous, 
but may trace out a fold structure in ?Ordovician sedi
ments, dislocated in places by faults (Fig. 2). The mag
netic horizon trending southeast from 31°00'S, 
142 ° 10'E has a fairly consistent northeasterly dip. 
Scopes Range. A number of magnetic anomalies occur 
in the Scopes Range which cannot, with the information 
available, be correlated wit\:l particular lithologies, but 
which follow general structural trends in the area. 

The aeromagnetic data indicate a possible north
easterly extension of the fault at 32° 53'S, 142°24'E as 
shown in Figure 2. Two potassium anomalies along 
this fault line are presumably caused by Precambrian 
outcrop. 

Younger basins 
Mundi Mundi Plain. The magnetic pattern divides the 
Mundi Mundi Plain into two distinct regions, to the 
north and south of a major structural boundary in the 
basement, at 31 ° 39'S. This change in magnetic pattern 
is illustrated by the magnetic profile running north
south along longitude 141°E (Fig. 8). 

The southern region consists of a magnetic com
plex zone (Fig. 2), the source rocks of which lie 
beneath Quaternary cover at an inferred depth of about 
150 m. The complex zone lies entirely to the west of 
the Mundi Mundi Fault so that the source rocks are 
nowhere evident as outcrop. The magnetic pattern 
shows some similarities to the Redan magnetic com
plex zone, although the anomalies are generally of lower 
amplitude. There are no strongly developed trend direc
tions, although a number of north-south features are 
apparent. Drillhole DDH. UB 1, within the zone at 
31 ° 51 'S, 141 ° 10'E, intersected pyroxenite at a depth 
of 180 m (Crase, 1969). However, pyroxenite may 
not extend throughout the zone, as the complex mag
netic pattern implies a heterogeneous composition. 

To the north of the structural boundary at 31 ° 39'S 
the magnetic pattern changes abruptly. Broader ano
malies indicate depths to magnetic basement of about 
500 m to the north of the structural boundary, increas
ing northwestwards to about 7000 m. 

The gravity contour plan (Fig. 6) gives no indication 
of the east-west structural boundary, nor does it indi
cate particularly deep low-density cover rocks in the 
area where the depth to magnetic basement is inferred. 
to be possibly as much as 7000 m. There is a decrease 
in Bouguer gravity values to the west of the Mundi 
Mundi Fault-the minimum value is -5 milJigals, com
pared to minimum values of -25 milligals and -45 
milligals in the Bancannia and Menindee Troughs. It 
is therefore inferred that at most there may be 1500 m 
of lower density Palaeozoic, or more recent, sediments 
in this area. and that where magnetic basement is par
ticularly deep, it may be overlain by higher density 
Adelaidean strata. (The minor magnetic effects of Ade
laidean rocks below 1500 m would not be apparent.) 
Bancannia Trough. The major north-northwesterly 
basin of the Bancannia Trough is outlined by the -15 
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Figure 8. Aeromagnetic profile along 141°E. 

miIligal Bouguer gravity contour (Fig. 6). A shallower 
zone exists to the southwest of the main basin, between 
the -15 milligal contour and the eastern limit of the 
Precambrian block. These two areas are further dis
tinguished by different characteristic magnetic patterns, 
separated by a fairly clearly defined boundary. The 
boundary is inferred to be a major structural boundary 
within the basement, which appears to be a continua
tion of the Nundooka Creek Fault (7F on Fig. 2). The 
eastern side of the Trough also appears to be fault
bounded. This is inferred from the abrupt change in 

. magnetic pattern at the margin of the Trough. 

Within the main basin of the Bancannia Trough, 
there are three broad magnetic anomaly closures 
centred at 31°05'S, 141°52'E, 31°00'S, 142°02'E, and 
31°21'S, 142°12'E with inferred maximum source 
depths of 8000 m, 4800 m and 3800 m respectively 
(Fig. 2). The anomaly with estimated source depth 
of 3800 m is centred about 6 km east of Bancannia 
South No.1, which reached an andesitic basement 
at a depth of 3258 m. It is inferred that the source of 
all three anomalies within the Bancannia Trough is 
andesitic or related basic rocks. A computer model 
study of the largest of the three anomalies indicates 
that it could not be caused by a flat-lying sheet of mag
netic material beneath part of the Trough, nor by a 
vertical-sided block of magnetic material beneath the 
centre of the anomaly. However, a combination of 
these two models, with a vertical-sided block beneath 
a near-horizontal sheet at the base of the Trough, is a 
satisfactory magnetic model. The three anomaly centres 
may indicate vertical conduits which fed andesitic 
flows or sills beneath the Palaeozoic sediments (Fig. 7). 

The largest of three anomalies is elongated along an 
axis with an azimuth of 170°, but the other two ano
malies are nearly circular and show no basement trend 
direction. 

Within the shallower zone to the southwest of the 
main basin, the magnetic pattern indicates a definite 
structural trend direction approximately parallel to the 
adjacent north-south structural boundary of the Pre
cambrian block. The largest anomaly within this zone 
is an elongated anomaly immediately to the east of the 
Precambrian block, with an estimated source depth of 
about 2500 m. Bouguer gravity values indicate that the 
basement of the Palaeozoic sediments is considerably 
shallower than 2500 m in the area of this anomaly, 
and it is therefore inferred that the Palaeozoic sediments 
are underlain by higher density Adelaidean sediments, 
which are in turn underlain by magnetic basement at 

H~4-BI/142A 

a depth of about 2500 m. This is similar to the situa
tion illustrated in Fig. 7. 

Other anomalies within the shallower zone are of 
smaller amplitude; because of their relatively shallow 
source depths, they are inferred to have sources within 
the Palaeozoic sediments. These sources may be mag
netic horizons within the sediments-the anomalies may 
indicate the locations of structural highs outlined by the 
magnetic horizons. In particular, the anomaly centred 
at 31 ° 47'S, 142°06'E may indicate an anticline with a 
north-south trending axial plane . 

There is an irregularly shaped zone around 31 °21 'S, 
141°56'E covering about 200 sq km in which the mag
netic field varies irregularly with an amplitude up to 
25 nT. The pattern, which can be best seen on .profiles, 
indicates near surface magnetic sources. The geological 
map indicates Quaternary cover in this area, and it is 
inferred that the source of the magnetic variation is 
most probably lateritic layers within the Quaternary 
cover. 
Menindee Trough. This area is only partly covered by 
aeromagnetic data (Crosby, 1963). As with the Ban
cannia Trough, there is a broad magnetic anomaly 
closure centred over the Menindee Trough. The esti
mated depth to the source of the anomaly is about 
7000 m, and it is inferred. that this is the depth to 
which sediments extend within the Trough. Despite 
similar depths to magnetic basement in the two Troughs, 
Bouguer gravity values over the Menindee Trough are 
considerably lower than over the Bancannia Trough 
(-45 milligals compared with -25 milligals). This may 
be partly due to greater thicknesses of Permian and 
more recent sediments in the Menindee Trough. 

Radiometric interpretation 
Figure 9 shows total count data from the Broken 

Hill map sheet with a contour interval of 10 counts 
per second (c/ s). Shading has been added to emphasise 
count rates greater than 130 c/ sand 200 c/ s. Symbols 
indicate areas where anomalies are caused by preferen
tial concentrations of either potassium, uranium, or 
thorium. 

Because of the small crystal volume employed on the 
survey (3700 cc NaI) and the associated statistical 
noise, data recorded over different geological units and 
localities were analysed by averaging count rates in 
each channel (Table 1). Where all rock units from one 
group or subgroup had similar spectral signatures (e.g., 
all units of the Euriowie Sub-Group) their data were 
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Figure 9. Total count contours. 

combined. Dissimilar units, such as the various masses 
of Mundi Mundi Granite, have been treated separately. 
The relative proportion of potassium, uranium, and 
thorium for each unit, group, or locality is indicated 
on the trivariate distribution diagram (Fig. 11). This 
diagram highlights any distinctive concentrations or 
depletions in a particular radioelement. 

The abundances of the radioelements generally vary 
sympathetically with one another and with the silica 
content of igneous rocks. Under oxidising conditions, 
uranium is mobilised more easily toan thorium. Low 
U/ Th ratios in igneous rocks may therefore indicate 
oxidising conditions before crystallisation, or extensive 
leaching during the post-crystalline history of the rock, 
or both (Adams & Gasparini, 1970) . 

The most striking feature in Figure 9 is the higher 
radioactivity associated with outcrop of the Precam-

H54/BI-139A 
32°00' 
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- =- 200 c/s 
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2 Eldee Creek 6 Great Western 

3 Brinkworth Well 7 Broken Hill 

4 Mundi Mundi 8 Mount Rabe 

0 20 40 km 
I I I 

brian WiIIyama Complex. This reflects the presence of 
rocks of acid i'gneous origin and the predominance of 
pelites over psammites in the metasediments. The out
crop boundaries of the Willyama Complex are well 
defined by the 130 cl s contour (Fig. 9). The highest 
radioactivity (greater than 250 cI s) was recorded 
within the western part of the Precambrian block in a 
five-km-wide strip which extends from Mount Robe 
for about 20 km to the southwest. Total count contours 
for this area are shown in Figure 10 together with 
known uranium occurrences and areas of high ~¥h 
ratio . Total count response exceeds 250 cl s and.ill.... 

eTh 
ratio approaches 4 in parts of this strip. Known ura-
nium occurrences in this zone are at Eldee Creek, 
Mundi Mundi and Brinkworth Well, where autunite 
and other secondary radioactive minerals have been 
reported from sheared schist zones and small greisen 
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Figure 10. Total count contours in Barrier Range area. 

veins (Rayner, 1960). Although Rayner suggests a 
genetic tie between the mineralisation and the Mundi 
Mundi Granite, no evidence has been found to support 
this. The highest radiation was recorded between Eldee 
Creek and Mundi Mundi. The Hen and Chicken mine 
produced a slight increase in uranium and the :~ ratio, 
but no anomaly was recorded over the Great Western 
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mine or the Broken Hill line of lode. Uranium minera
lisation has been reported from each of these mines 
(Willis & Stevens, 1974). 

Steep gradients delineate the NNW-trending boun
daries between the Fowlers Gap Beds and older rocks, 
along both sides of the Euriowie Inlier, and between 
the Torrowangee Group and Willyama Complex. 
Higher uranium and :~ ratio values occur over much 
of the exposed part of the Euriowie Inlier, particularly 
around 31°17'S, 141°30'E. This area is the probable 
source of rutherfordine encrustations on the Corona 
dolomite of the Torrowangee Group; migration may 
have occurred along the fault system which separates 
the two rock groups (Willis & Stevens, 1974). 

All outcrops of Mundi Mundi Granite have a con
sistently high potassium content, but show considerable 
variation in uranium and thorium. The Mount Woo
woolahra granite (14)* at 31°15'S, 141°14'E has radio
element concentrations which are similar to the average 
for the Willyama rocks, but the Poolamacca Inlier 
(15) near 31°29'S, 141°29'E is depleted in thorium. 
The two parts of the Brewery Creek pluton have com
pletely different signatures: the northern part (16) at 
31°32'S, 141°24'E is depleted in thorium and is charac-
terised by a high :~ ratio on Figure 10; the southern' 
part (17) at 31°36'S, 141°24'E is enriched in uranium 
and is clearly delineated by a total count anomaly on 
Figure 10. 

Several areas have abnormlly low thorium readings 
compared with potassium and uranium values. The 
pegmatite (13) mapped on the geological map of the 
Broken Hill District (AIMM, 1968) is characterised 
by high :~ and high k ratios. The Mundi Mundi 
Granite at Brewery Well 31 °33'S, 141 °24'E has identical 
radioelement ratios and is probably genetically related 
to the pegmatites. The most northerly and northeasterly 
5 km of the Euriowie Inlier has a relatively high L 
~~ ~ 

Several small inliers of Precambrian rocks have rela
tively high potassium content and are very depleted 
in uranium. These include Willyama rocks, which out
crop in the core of an anticline of Adelaidean rocks 
at 31°05'S, 141°37'E and immediately north of the 
Mount Woowoolahra Granite (11). In the Scopes 
Range, potassium anomalies occur over Precambrian 
outcrop at 31°51'S, 142°29'E and over interpreted Pre
cambrian outcrop (10) at 31°51'S, 142°23'E. Potas
sium anomalies also occur in the Bynaguano Range 
over outcrop of the Precambrian Wonominta beds (9) . 

Two areas-around 32°01 'S, 141 ° 14'E, and 31 ° 57'S, 
141 ° 11 'E have high thorium responses. These areas 
are directly over and 8 km north-northwest of the 
Thackaringa davidite deposits, which contain traces of 
the thorium-bearing minerals thorite, monazite, and 
brannerite (Rayner, 1960; Willis & Stevens, 1974). 

The level of radioactivity decreases further away 
from the areas of outcrop of Willyama Complex, local 
increases in radioactivity reflecting drainage patterns 
of the Precambrian block. Similarly in the east of the 
area the radioactivity decreases away from Precam
brian outcrop in the Scopes and Bynguano Ranges. 
Between 31°08'S, 142"25'E, and 31°16'S, 142°27'E, 
where windows exist in the Quaternary cover, the Pre
cambrian Wonominta beds produce total count anoma
lies. 

* Numbers 1 to 24 in the text refer to the reference numbers 
of Table 1 and Figure 11. 
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Figure 11. Potassium-Uranium-Thorium distribution diagram. Reference numbers given in Table I and text. 

No. of 
I second 

Ref. no. samples 

1 
2 

4 
5 
6 
7 

8 

9 
10 
11 
12 
13 
14 
15 
16 

17 

18 

19 
20 
21 

22 
23 

24 

21 
233 

201 

167 
131 
27 

177 

237 

30 
45 
37 

1212 
77 
22 
55 
72 

31 

310 

38 
60 

219 

31 
67 

41 

Average Countrates (el s) 
Total K eU eTh 

117.6 
118.8 

80.0 

130.0 
50.6 
51.2 

102.9 

123.6 

111.8 
77.6 

109.9 
166.3 
124.1 
126.3 
137.0 
142.6 

176.1 

15.6 
23.0 

13.2 

20.5 
6.9 
7.8 

19.2 

24.1 

23.4 
16.8 
19.7 
30.5 
31.7 
27.8 
37.4 
37.7 

33.5 

191.4 35.6 

139.8 27.0 
153.8 32.0 
208.4 38.6 

175.9 37.7 
207.0 28.8 

136.8 14.7 

10.4 
4.0 

2.5 

3.8 
2.5 
1.8 
4.7 

5.1 

1.9 
2.5 
1.9 
5.6 
5.5 
4.4 
4.9 
6.6 

9.2 

6.2 
7.5 

6.1 

11.1 
3.9 
4.2 
5.9 

7.9 

8.1 
4.9 
8.2 

11.6 
3.7 
7.5 
5.5 
4.1 

9.0 

7.2 12.6 

3.0 11.0 
4.8 9.0 
9.3 12.0 

7.4 8.9 
6.4 18.5 

4.8 13.6 

Percentage 
K-efJeTh 

49 
66 

61 

58 
52 
57 
64 

65 

70 
70 
66 
64 
77 
70 
78 
78 

65 

32 
12 

11 

11 
19 
13 
16 

14 

6 
10 
6 

12 
14 
11 
10 
14 

18 

19 
22 

28 

31 
29 
30 
20 

21 

24 
20 
28 
24 

9 
19 
12 

8 

17 

64 13 23 

66 7 27 
70 10 20 
64 16 20 

70 14 16 
54 12 34 

44 15 41 

Qrs 

Qrt 

Ols 
Dn 
(? tc 
(? te 

Unit 

(? ty 

p6 
p6 
p6 
p6w 
p6wg 
p6mg 
p6mg 
p6mg 

p6mg 

p6wA,p6wB, 
p6wC,p6wD, 
p6wE 
p6wF 
p6wG 

Description 
Rock type 

Flood plains, clayey silt 
and sand 
Residual sand and 
gravel 
Scopes Range Beds 
Nundooka Sandstone 
Camels Hump Quartzite 
Torrowangee Group 
(Euriowie subgroup) 
Torrowangee Group 
(Yancowinna subgroup) 
Wonominta Beds 
Wonominta Beds 
Willyama Complex 
Willyama Complex 
Pegmatite 
Mundi Mundi Granite 
Mundi Mundi Granite 
Mundi Mundi Granite 

Mundi Mundi Granite 

Location 

Yancowinna Creek 

Bynguano Range 
Scopes Range 
Mt Woowoolahra 

Mt Woowoolahra 
Poolamacca Inlier 
Brewery Well 
(north) 
Brewery Well 
(south) 

Brinkworth Well
Mt Franks 
Mundi Mundi 
North of davidite 
belt 
Davidite belt 

Table 1. Radiometric characteristics of rocktypes. 

Within the Adelaidean, low radioactivity charac
terises the outcrop of Camels Hump Quartzite (6) at 
the syncline about 31°17'S, 141°48'E. Very low count 
rates (below 50 cis in the total count channel) are 
associated with the outcrop of massive dolomite north 

of Corona. All other units of the Torrowangee Group 
(7, 8) have similar radioelement ratios to those over 
the WiUyama Complex (12), although the absolute 
count rates and hence radioelement concentrations are 
considerably lower (Table 1). 



The Ordovician Scopes Range Beds (4), Devonian 
Nundooka Sandstone (5), and Adelaidean Camels 
Hump Quartzite (6) all show unusually low potassium 
content and low :~ ratios, indicating thorough weather
ing and leaching under oxidising conditions (Adams, 
Osmond & Rogers, 1959). 

Drainage channels generally appear as radiometric 
lows in Precambrian outcrop areas and as highs in areas 
of Quaternary cover. Near-zero radioactivity is 
recorded over the lakes (L on Fig. 8). 

One flight line recorded a uranium anomaly in allu
vium on Yancowinna Creek (1) at 31°56'S, 142°01'E. 
Adjacent flight lines show only potassium enrichment 
along the northwest-trending floodplain. 

Numerous K anomalies occur on the plains to the 
east and west of the Precambrian block. They are 
indicated by the symbol K on Figure 8, and correlate 
with the unit Qrs (2) described as fine, black and red, 
clayey sand over floodplains and outwash areas. This 
unit has a higher :~ ratio than the Quaternary sand 
and gravel unit, Qrt (3). 

Summary 
The regional geophysical data indicate a number of 

major features which are not evident in the outcrop 
geology. 

Much of the area where the Willyama Complex 
crops out or forms shallow basement is associated with 
a broad regional magnetic low, implying a thick crustal 
section of anomalously low magnetisation. This area 
is fringed by a regional magnetic high to the southeast 
and east, where magnetic rocks underlie the Willyama 
at depths of a kilometre or more. The regional magnetic 
high outlines an arcuate swing in structural directions,· 
from northeasterly (and more locally easterly) trends 
to the southeast of Broken Hill, to northerly trends in 
the east and northwesterly trends beneath the southern 
part of the Euriowie Inlier. 

Other structural trends within the Willyama Com
plex are also outlined by the magnetic data. The pre
dominant northeasterly to north-northeasterly trends 
within the Willyama Complex can be seen to continue 
in the basement beneath the southern portion of Tor
rowangee Synclinorial Zone. These trends terminate 
abruptly against the north-northwesterly trending boun
dary of the Euriowie Inlier. The structural trends within 
the Euriowie Inlier are somewhat erratic. The Euriowie 
Inlier appears as a sharply distinguished entity on the 
magnetic contour pattern, and is inferred to be a horst 
block with steeply dipping sides. 

To the southeast of Broken Hill, the inferred north
east-trending Redan Fault lies just beyond the major 
Willyama outcrop. 

North-south structural trends, which can only be 
seen to a minor extent in outcrop, are shown by the 
geophysical data to be of considerable significance, 
occurring on both the eastern and western sides of the 
Precambrian block. The block ' is bounded to the east 
by a major north-south structure, and parallel base
ment trends persist to the east of the block. The Kan
tappa Synclinorial Zone is bounded on its eastern and 
northwestern sides by north-south structures, and within 
the Zone parallel trends are evident in the Adelaidean 
sediments and the pre-Adelaidean basement. North
south structural features have also developed within 
the shallow basement magnetic complex beneath the 
southern area of the Mundi Mundi Plain. 
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An east-west structure separates the shallow base
ment beneath the southern area of the Mundi Mundi 
Plain from deeper basement to the north. 

The Nundooka Creek Fault is inferred to extend to 
the south-southeast within the basement of the Ban
canDia Trough, dividing the Bancannia Trough proper 
from the adjacent shallower zone to the southwest. A 
parallel fault system forms the eastern boundary of the 
Trough. 

Within the Caloola Synclinorial Zone, four separate 
and fairly continuous magnetic horizons can be traced, 
but magnetic horizons within other areas of Adelaidean 
sedimentation are less well developed. 

Adelaidean sediments are inferred to extend to a 
depth of about 3500 metres within the Caloola Syn
clinorial Zone, but extend to a depth of only about 500 
metres within the Kantappa Synclinorial Zone. How
ever, another area of major Adelaidean deposition may 
exist to the west of the Kantappa Synclinorial Zone, 
with a possible depth of 7000 metres. 

The basement of the Bancannia Trough is divided 
into two distinct zones, to the east and west of the 
inferred extension of the Nundooka Creek Fault. Within 
the main basin to the east of the Fault, basement struc
tural trends are not strongly in evidence, and the base
ment is inferred to consist mainly of andesitic material. 
To the west of the Fault, definite north-south trends 
are apparent, and the Palaeozoic sediments may be 
underlain, at least in part of the area, by Adelaidean 
sediments. The division of the Bancannia Trough into 
these two distinct zones may have implications for 
future hydrocarbon exploration, especially if the dis
tinctive basement structural styles have produced dif
ferent structural styles within the overlying sediments. 
The maximum depth extent of Palaeozoic sediments 
within the main basin is inferred to be about 8000 
metres. 

The maximum depth extent of sediments within the 
Menindee Trough is inferred to be about 7000 metres. 

There may be an area of Palaeozoic andlor Meso
zoic sedimentation beneath the northern part of the 
Mundi Mundi Plain, with a maximum depth extent of 
about 1500 metres. 

The aeromagnetic data outline extensive areas of 
shallow basement (from near outcrop to a few hundred 
metres in depth) adjacent to the Precambrian block. 
These areas occur between the Redan Fault and the 
Menindee Trough; to the west of the Mundi Mundi 
Fault, in the southern area of the Mundi Mundi Plain; 
in an area about 40 km east of Broken Hill; in the 
Kantappa synclinorial zone where shallow Quaternary 
cover is probably underlain by a few hundred metres,' 
at most, of Adelaidean sediments. 

These areas of shallow basement, particularly the 
first three, may have exploration potential. Appro
priately designed geophysical surveys may be able to 
locate drilling targets in these areas. Explorationists 
who find the intersection of major lineaments particu
larly inviting may be attracted to the area about 40 km 
east of Broken Hill, where faults bounding the Euriowie 
Inlier intersect with the meridional structural boun
dary to the Precambrian block, the possible easterly 
extension of the Stephens Creek Fault, and major 
northeasterly trends of the Willyama Complex. 

The highest levels of radioactivity are associated with 
rocks of the Willyama Complex. Pegmatites and the 
southern part of the Brewery Creek pluton are charac
terised by low radioactivity, particularly low thorium, 
compared with other parts of the Willyama Complex. 
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Areas of high potassium content include the Mundi 
Mundi Granite, isolated Precambrian outcrops and 
some recent drainage features. 

Uranium enrichment occurs over an area of the 
Willyama Complex including the Eldee Creek, Mundi 
Mundi, and Brinkworth Well deposits, over an area 
to the east of the Corona rutherfordite mineralisation, 
and over an isolated spot on Yancowinna Creek. 

Thorium is concentrated over and to the north of 
the Thackaringa davidite belt. 
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Andesites of Bagana volcano, Papua New Guinea: 
chemical stratigraphy, and a reference andesite 

composition 

R. J. Bultitude, R. W. Johnson, & B_ W. ChappeW 
Chemically analysed lavas from Bagana, an active andesitic volcano on Bougainville Island, 

can be assigned to one of three age groups--pre-1943, 1943-53, or 1959-75. Lavas of the 
oldest group are chemically the most fractionated, whereas those of the 1943-53 group are 
the most mafic. The rocks of the youngest group, although intermediate in degree of frac
tionation have K20, Rb, and Ba abundances similar to, or lower than, the rocks of the 1943-53 
group. The three groups appear to represent distinct batches of magma that were successively 
erupted from Bagana, possibly from a high· level reservoir that was periodically emptied and 
refilled. The andesites are regarded as fractionates of mantle-derived mafic magmas. Most of 
the crystal fractionation probably took place during ascent from the mantle source region, 
and before entry into the reservoir beneath the volcano. An average chemical composition of 
the analysed Bagana andesites has major-element values close to those of the mean for more 
than 800 analysed late Cainozoic volcanic rocks from Papua New Guinea, and is proposed 
as a reference andesite composition for comparative studies. 

Introduction 
Bagana is a central-type andesitic volcano that rises 

about SOO m above surrounding foothills in the central 
part of Bougainville Island, Papua New Guinea (Figs_ 
1, 2, 3). It has probably been the most persistently 
active volcano in Papua New Guinea during the last 
100 years or so (Cooke & Johnson, in press), but be
cause of its isolated position has been rarely visited. The 
nearest main population centre is the Roman Catholic 
mission at Torokina on Empress Augusta Bay (Figs. 
3, 4). One of us (RJB) spent 12 days on Bagana in 
November 1973 examining parts of the volcano and 
collecting rock samples, and later compiled an account 
of eruptive history (Bultitude, 1976). 

The aims of this paper are : to describe the petrology 
of Bagana andesites; to discuss the relationships between 
the chemical compositions and stratigraphic positions of 
the lava flows (the ages of many of which are known 
within narrow limits); and to present an average com
position of Bagana rocks for use as a reference andesite 
composition for late Cainozoic volcanic rocks in Papua 
New Guinea. Bagana is ideally suited for this type of 
study because its stratigraphy is reasonably well known, 
its analysed rocks have a restricted range of composi
tions, and its average andesite composition is close to 
the mean composition reported for several hundred 
arc-trench-type volcanic rocks from Papua New Guinea 
(Johnson, Mackenzie, & Smith, 1975). 

The most detailed previous petrographic study of 
Bagana andesites was that of Blake & Miezitis 
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(1967), who described the petrography of ten rocks, 
and presented modal and major-element analyses of 
four. The trace-element geochemistry of these four 
samples was reported by Taylor, Capp, Graham & 
Blake (1969), and a 87Sr I 86Sr value (0.703 S) for one 
was given by Page & Johnson (1974). Baker (1949) 
published the results of a petrographic study of rocks 
reportedly from Bagana, but there is some uncertainty 
whether these rocks were actually collected from 
Bagana (see below). 

Regional geology and tectonic setting 
Bougainville is the largest island in the Solomon 

Islands group, a northwesterly aligned island chain on 
the southwestern margin of the Pacific Ocean (Fig. 1). 
It is made up mainly of Cainozoic volcanic and derived 
sedimentary rocks, and subordinate early Miocene and 
Pleistocene limestones (Blake & Miezitis, 1967; Speight, 
1967). Late Cainozoic volcanic rocks cover more than 
half the island, and are the products of several vol
canoes, which form an axial chain of high mountains 
(Blake, 1965; Fig. 3). Bagana is the only volcano on 
the island known to have erupted this century, but two 
of the others have thermal areas and are potentially 
active (Fisher, 1957). 

Bougainville forms part of an island arc (Coleman, 
1970). An SOOO-m-deep submarine trench to the south
west (Fig, 1) is thought to mark the boundary between 
converging lithospheric plates; estimates of rates of 
plate convergence range from 6.7-7.S cm/yr (Krause, 
1973), to 10.1 cm/yr (Johnson & Molnar, 1972), and 
10.91 cm/yr (Curtis, 1973) . A Benioff zone dips 
steeply northeastwards beneath Bougainville Island; its 
dip increases downward to nearly vertical beneath the 
late Cainozoic volcanoes, and the maximum depth of 
earthquake foci is about 500 km (e.g. Denham, 1969; 
Everingham, GauIl, & Dent, 1977). 

The late Cainozoic volcanoes consist of lava flows 
and volcaniclastic deposits, most of which appear to 
be of andesitic composition (Blake & Miezitis, 1967). 
Dacite seems to be rare, and rhyolite and basalt have 
not been reported . However, volcanoes other than 
Bagana have not been sampled in detail. 

1. Department of Geology, Australian National University, 
Canberra, A.C.T. 2600. 
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Figure 2. Northwestern side of Bagana volcano on 5 May 1960 (photograph taken by the late G. A. M. Taylor). 
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Figure 3. Bougainville Island. Triangles represent main 
late Cainozoic volcanic centres. Circles represent 
settlements. 

Bagana volcano 
Geology 

Bagana is a roughly symmetrical cone (Fig. 2) made 
up mainly of thick, blocky, massive to moderately vesi
cular lava flows and minor interspersed volcaniclastic 
debris (Bultitude, 1976) . It has probably been built up 
since the Pleistocene (Blake & Miezitis, 1967 ; Cooke & 
Johnson, 1978) . 

Bagana and two other late Cainozoic volcanoes, Billy 
Mitchell and Reini, to the northeast and east (Fig. 4), 
appear to rest partly on the mid-Tertiary Kieta Vol
canics (Blake & Miezitis. 1967) that crop out mainly 

to the southeast, and partly on unnamed volcanic rocks 
of presumed Miocene-Pliocene age exposed mainly to 
the west and northwest. A strip of volcaniclastic depo
sits extends southwestwards from Bagana to Empress 
Augusta Bay. It is more or less bounded by the Toro
kina and Saua Rivers which drain the lava cone of 
Bagana (Figs. 4, 5), and consists mainly of material 
deposited by outwash, airfall ash showers, and nw!es 
ardentes from Bagana, although it also contains detritus 
Jerived from older nearby formations (cobbles and 
boulders of porphyritic micro-diorite, for example, are 
.;ommon in the bed of the upper Saua River) . 
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Figure 4. Geology of the area around Bagan3 volcano, 
adapted from Blake & Miezitis (967) (see Fig. 
3). 



Flows of lava from Bagana are known to be slow
moving and highly viscous. None extend far beyond 
the base of the cone, and most have stopped within 3 
km of the summit (Fig. 5). Individual flows thin to
wards the top of the volcano-from a maximum thick
ness of about 150 m at the base, where some form 
spatulate lobes of piled-up lava, to less than 50 m on 
the upper part of the cone. Flow margins are steep 
and generally well defined. The older flows are being 
colonised by creepers and sparse tufts of kunai grass 
on the middle and lower slopes of the cone, but the 
younger ones and the upper part of the cone are free 
of vegetation. Around the base of the volcano the sur
faces of some of the older lava flows are obscured by 
dense scrub. The summit crater is usually filled, or 
partly filled, by an active lava dome that is periodically 
destroyed during violent explosive activity. 

A prominent, steep-sided densely grassed dome about 
200 m high is present at the base of the western flank, 
partly encircled by lava flows from Bagana (Figs. 2, 5). 
Unsorted angular blocks up to about 50 cm across, 
mainly of grey andesite with large (2.5 cm) hornblende 
phenocrysts, are poorly exposed in gullies in the 
northern side of the dome. Whether the dome formed 
during the development of Bagana volcano, or whether 
it is a product of earlier volcanic activity unrelated to 
8agana, is not known from field evidence (see below, 
however) . 

Eruptive history 
Bagana has been the most persistently active of all 

Papua New Guinea volcanoes since about 1947, but its 
activity before 1947 is poorly known (Bultitude, 1976). 
Major eruptions characterised by violent explosive acti
vity took place in 1950, 1952, 1966, 1971, and 1975, 
during which lava flows, ash clouds, nuees ardentes 
(except in 1971 and 1975), and loud explosions were 
produced. However, the characteristic mode of activity 
is clearly the slow, non-explosive effusion of sluggish 
lava. Existing classifications do not provide a name for 
this kind of activity; in a recent review of volcanism in 
Papua New Guinea the term 'baganian' was coined to 
draw attention to Bagana's unusual style of activity 
compared to that of other volcanoes in Papua New 
Guinea (Cooke & Johnson, in press) . 

Some additional information has been obtained since 
the publication of the eruptive history of Bultitude 
(1976), and the ages of some lava flows have been 
changed. Also, in Figure 5 the outline of the 1975-77 
lava flow on the northwestern flank is shown roughly 
as it was on II December 1975 (Cooke & Johnson, 
in press, fig. 17). This flow was inactive during most of 
1976, but lava extrusion recommenced in late 1976 and 
the flow continued to grow throughout 1977 (R. J. S. 
Cooke, personal communication, 1978). 

The flows have been dated with different degrees of 
confidence, mainly by examining aerial photographs 
taken in 1943 and 1947 by the United States Air Force, 
in 1962 and 1963 by the Royal Air Force, and in 1975 
by the Royal Australian Air Force, together with 
photographs and reports of the" Volcanological Observa
tory, Rabaul. Some flows are known to have been 
erupted in a single year, but others were active for 
longer, and some for several years. In some cases the 
year when the flow first appeared, or the year when 
it stopped moving, or both, is unclear. These uncer
tainties are indicated by question marks in Tables 1-4 
and on Figure 5. Known time constraints, indicated by 
aerial photographs, for the eruption of particular lava 
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flows are shown in brackets in Figure 5. Other uncer
tainties are due to the problem of knowing whether a 
particular lobe of lava is a unit of a flow above, below, 
or alongside it, produced during the same period of lava 
flowage, or whether it is part of a separate flow formed 
at a different time. 

Stratigraphy 
Thirty-three new chemical analyses of rocks from 

Bagana are discussed below. These samples have been 
assigned to four stratigraphic groups, numbered 1 to 4, 
which correspond to the lists of analyses in Tables 1 
to 4. The analysed samples are also coded within each 
Table. Thus, in the following text, sample 2/8, for 
example, refers to the eighth sample in Table 2, and 
sample 417 to the seventh sample in Table 4, and so 
on. The sample numbers in Tables 1-4 all have the 
prefix 74400. 
Group 1: pre-1943 lava flows. The age of these flows 
was determined from aerial photographs taken by the 
United States Air Force in February, March, and April 
1943; these are the earliest photographs of Bagana 
available to us. The youngest lava flows in this group 
are probably those sampled on the eastern, southeastern, 
and western flanks; they are little eroded and sparsely 
vegetated, but their exact age is not known. Also in
cluded in this group are samples from the dome at the 
western base of the cone (sample 1/ 1) and from a 
lava flow which may not have issued from Bagana, 
exposed at the head of the Saua River valley (sample 
1/2). Both samples are from poorly exposed, deeply 
weathered, and densely vegetated units, obviously much 
older than any of the other rocks in this group. 
Group 2: 1943-53 lava flows. The volcano appears to 
have been almost continuously active during this period, 
and for most of it lavas flowed mainly down the 
northern flanks of Bagana. However, in 1950 flowage 
appears to have been redirected to the western and 
southwestern flanks, probably as a result of topographic 
changes in the summit area due to violent explosive 
activity in the second half of that year. Three samples 
from different parts of one flow and two from another, 
both in this group, have been analysed to see what 
chemical changes, if any, took place during a single 
eruption. 
Group 3: 1959-75 lava flows. Except for one reported 
ashfall at Kieta in 1956, no activity was recorded from 
Bagana between late 1953 and late 1959, although there 
may have been some down-slope movement of lava 
that began to flow during the group-2 period. Renewed 
activity was reported in late 1959, and lava flowed 
almost continuously during the early to mid 1960s and 
early to mid 1970s (there was a period of apparent 
quiescence in the late 1960s). Lavas flowed mainly 
down the south-southeastern and south-southwestern 
flanks, although there was minor extrusion down the 
eastern, and possibly southwestern flanks. After violent 
explosive activity in April 1975, a lava flow, not 
sampled by us, was redirected down the northwestern 
flanks . Chemical analyses of two samples from this flow 
indicate that it too belongs to this group (R. J. S. Cooke, 
personal communication, 1978). 
Group 4: samples of unknown age. This group is 
made up of: bombs and blocks that were ejected from 
the crater during explosive activity; blocks that tumbled 
from active lava flows on the steep upper parts of the 
cone (and probably also from the summit lava dome), 
and lava flows that could not be reliably referred to 
any of the above three groups. 
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Petrography 
Bagana rocks are very porphyritic, and glomeropor

phyritic aggregates are common. Total-phenocryst con
tents are typical of those for island-arc rocks (see 
Ewart, 1976), ranging mainly between 30 and 50 per
cent (Tables 1-4). AIl rocks examined contain abun-

SiO., 
TiO; 
Al:!°3 
Fe203 
FeO 
MnO 
MgO 
CaO 
N~O 
K.,O 
P;05 
S 
H20 + 
H20-
CO2 
rest 

O=S 

Total. 

1 

55.99 
0.74 

16.86 
3.93 
3.89 
0.17 
4.10 
8.07 
3.83 
1.34 
0.30 
0.02 
0.31 
0.08 
0.05 
0.20 

99.88 
0.01 

99.87 

K 201 N~O 0.350 
MgOI FeOt 0.55 
Mg-value al 65 

2 54 
Trace elements (ppm) 
Rb 20.5 
Ba 220 
Pb 5 
Sr 725 
KIRb 545 
KIBa 50.5 
KISr 15.5 
RblSr 0.0285 
La 10 
Ce 24 
Nd 10 
Y 15 
Zr 82 
Nb 4 
Zn 76 
Cu 32 
Ni 28 
Sc 18 
V 180 
Cr 110 
Ga 18.0 
Volume percent 
phenocrysts (vol. %) 
Plagioclase 18 
Olivine <1 
Orthopyroxene 
Clinopyroxene 5 
Opaque oxides 3 
Hornblende 7 

Total 33 

2 

56.2 
0.73 

17.3 
5.05 
2.80 
0.16 
3.80 
8.10 
3.60 
lAO 
0.31 
0.01 
0.04 
0.06 
0.05 
0.20 

99.81 

0.389 
0.52 

71 
52 

21.0 
235 

4 
735 
555 

49.5 
16.0 
0.0285 

11. 
24 
11 
16 
81 
4 

72 
47 
18 
17 

192 
56 
19.0 

28 

<1 
9 
3 
6 

46 

3 

56.60 
0.80 

17.55 
5.42 
2.36 
0.18 
2.71 
7.45 
4.27 
1.63 
0.33 
0.01 
0.24 
0.10 
0.05 
0.19 

.99.95 

0.382 
0.38 

68 
45 

26.5 
275 

4 
810 
510 
49.0 
16.5 
0.0325 

11 
24 
12 
16 
87 
4 

69 
21 
4 

14 
143 

6 
18.5 

30 

1 
5 
3 
5 

44 

4 

56.60 
0.73 

17.65 
5.36 
2.36 
0.17 
2.76 
7.50 
4.30 
1.63 
0.33 
0.01 
0.31 
0.05 
0.05 
0.19 

100.00 

0.379 
0.38 

68 
45 

26.0 
280 

4 
810 
520 

48.5 
16.5 
0.0320 

10 
25 
11 
16 
85 
4 

66 
21 
4 

13 
132 

5 . 
19.5 

25 

<1 
6 
3 
5 

39 
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dant plagioclase and subordinate clinopyroxene pheno
crysts, and minor amounts of relatively smaIl (0.2-0.5 
rom) equant grains of iron-titanium oxides, most of 
which have been counted as phenocrysts (Tables 1-4), 
although many are difficult to distinguish from ground
mass grains. In addition, the lavas contain sparse, but 

5 

56.7 
0.74 

18.0 
4.35 
3.15 
0.16 
2.70 
7040 
3.85 
1.66 
0.35 
0.01 
0.50 
0.10 

<0.05 
0.19 

99.86 

00431 
0.38 

61 
45 

26.5 
275 

7 
780 
520 

50.0 
17.5 
0.0340 

11 
26 
10 
15 
86 
4 

71 
22 

4 
12 

149 
5 

18.5 

33 

1 
7 
2 
2 

45 

6 

56.77 
0.69 

17.70 
4.65 
2.80 
0.17 
2.68 
7042 
4.32 
1.64 
0.32 
0.02 
0.36 
0.11 
0.05 
0.19 

99.89 
0.01 

99.88 

0.380 
0.38 

63 
45 

26.5 
280 

5 
800 
515 
48.5 
17.0 
0.0330 

10 
25 
11 
15 
85 
4 

69 
26 

4 
12 

143 
6 

19.5 

35 

1 
8 
4 
1 

49 

7 

56.83 
0.69 

17.64 
5.07 
2041 
0.18 
2.70 
7.53 
4.24 
1.59 
0.32 
0.01 
0.31 
0.10 
0.01 
0.19 

99.82 

0.375 
0.39 

67 
45 

25.5 
280 

6 
810 
515 
47.0 
16.5 

0.0315 
10 
23 
10 
16 
86 
4 

64 
23 

3 
13 

134 
5 

19.0 

29 

1 
5 
3 
2 

40 

8 

56.9 
0.67 

17.9 
5.65 
1.90 
0.16 
2.75 
7.55 
3.95 
C61 
0.35 
om 
0.09 
0.17 
0.05 
0.19 

99.90 

0.408 
0.39 

72 
45 

25.0 
270 

4 
800 
535 

49.5 
16.5 
0.0315 

11 
25 
10 
16 
85 
4 

76 
20 

1 
14 

155 
5 

18.0 

29 

1 
6 
3 
3 

42 

9 

57.09 
0.70 

17.72 
4.90 
2049 
0.17 
2.63 
7043 
4.18 
1.61 
0.33 
0.02 
0.09 
0.11 
0.05 
0.19 

99.71 
0.01 

99.70 

0.385 
0.38 

65 
44 

25.5 
275 

6 
795 
525 
48.5 
17.0 
0.0320 

11 
25 
10 
16 
87 
5 

72 
24 

3 
13 

144 
5 

19.5 

25 

2 
6 
3 
3 

39 

10 

57.6 
0.68 

18.1 
3.95 
2.90 
0.16 
2.55 
7.30 
3.95 
1.70 
0.34 
0.02 
0.21 
0.11 
0.05 
0.19 

99.81 
0.01 

99.80 

0.430 
0.40 

61 
45 

27.5 
280 

7 
825 
515 
50.5 
17.0 
0.0335 

11 
23 
10 
16 
89 
4 

67 
24 

3 
11 

123 
5 

20.0 

25 

<1 
8 
3 

<1 

36 

Table 1. Chemical and modal analyses of pre-1943 volcanic rocks, Bagana volcano. 

1. Clast from northern side of dome at western base of cone (079)b. 2. Densely vegetated lava flow near head of Saua River (068). 
(1 & 2 may be units older than the Bagana andesites.) 3, 4. Lava flows, southeastern flank (076, 113). 5. Thin lava flow, 
upper northwestern flank (058; now covered by 1975-17 lava flow) . 6. Lava flow, south-southeastern flank (059). 7. Lava flow, 
west-northwestern flank (074). 8. Lava flow, western flank (077). 9. Small lava flow, western flank (099). 10. Lava flow, north
western flank (060). 
a. Mg-value = 100 Mg2+/(Mg2+ + Fe2+) (atomic). Line 1 values obtained using F~03 values of chemical analyses; line 2 values 

obtained using FeO = 0.85 FeOt, where FeOt = FeO + 0.9 Fe203' 
b. BMR registered sample numbers shown i~ brackets. 

Figure 5. Lava Dows of Bagana volcano. Sample numbers in parenthesis are for rocks whose major-element analyses 
are given in Table 6 of Blake & Miezitis (1967), and whose localities were plotted from the original field 
maps of D. H. Blake (personal communication, 1978). 
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conspicuous, phenocrysts of brown hornblende up to 
about 2.5 cm long. Most rocks contain traces of ortho
pyroxene microphenocrysts, and some have rare olivine 
microphenocrysts, but very few contain both. 

Plagioclase phenocrysts have normal and, more 
rarely, oscillatory zoning from cores mainly of by
townite to margins of andesine or labradorite (Blake 
& Miezitis, 1967). Many of the larger plagioclase 
phenocrysts contain inclusions of glassy and micro
crystalline groundmass, and granules of opaque oxides 
and c1inopyroxenes; these are generally concentrated 
in cores or in some of the compositional zones. Baker 
(1949) illustrated some striking oscillatory-zoned 
plagioclase phenocrysts in hornblende andesites 

reported to be from Bagana, but sample localities were 
not described. Baker did not collect the specimens, and 
he reported the general sample locality as covering 
about 25 sq km, extending from Empress Augusta Bay 
to halfway up Bagana (Fig. 4). Thus, the samples may 
have been collected from the area of volcaniclastic 
deposits, or from older flows exposed in the valleys 
of the Torokina and Saua Rivers, rather than from the 
lava cone of Bagana (also see Blake & Miezitis, 1967). 

SiOo 
Tio: 
Al20a 
Fe20a 
FeO 
MnO 
MgO 
CaO 
Na.,O 
KiJ 
P20" 
S 
H20+ 
H 20-
CO2 
rest 

O=S 

Total 

1 

52 .94 
0.88 

16.45 
5.19 
4.45 
0.18 
4.63 
8.77 
3.80 
1.56 
0.35 
0.01 
0.31 
0.07 
0.05 
0.21 

99.85 

K20lNa20 0.411 
MgOIFeOt 0.51 
Mg-value 1 65 

2 52 
Trace elements (ppm) 
Rb 24.5 
8a 245 
Pb 5 
Sr 810 
KIRb 530 
KI8a 53 .0 
KISr 16.0 
Rbi Sr 0.0300 
La 10 
Ce 24 
Nd 12 
Y 16 
Zr 72 
Nb 3 
Zn 73 
Cu 65 
Ni 14 
Sc 22 
V 227 
Cr 31 
Ga 17.5 
Volume percent 
phenocrysts (vol. %) 
Plagioclase 25 
Olivine <1 
Orthopyroxene 
Clinopyroxene 12 
Opaqlle oxides 3 
Hornblende 4 

Total 44 

2 

53.36 
0.89 

16.61 
4.48 
4.99 
0.18 
4.32 
8.54 
3.95 
1.58 
0.36 
0.01 
0.37 
0.09 
0.05 
0.21 

99.99 

0.400 
0.48 

61 
50 

25 .0 
245 

5 
835 
525 

53.5 
15.5 
0.0300 

11 
23 
11 
16 
71 

4 
75 
65 
12 
20 

215 
25 
19.5 

21 
<1 

14 
4 
1 

40 

3 

53.53 
0.87 

16.67 
4.59 
4.82 
0.18 
4.31 
8.50 
3.87 
1.59 
0.36 
0.01 
0.36 
0.06 
0.10 
0.22 

100.04 

Q.411 
0.48 

62 
50 

25.0 
245 

4 
820 
530 
54.0 
16.0 
0.0305 

12 
25 
11 
16 
73 
4 

76 
81 
12 
22 

225 
25 
20.0 

24 

<1 
10 

2 
1 

37 

Clinopyroxene phenocrysts are pale green in thin 
section. Many have concentric and hourglass colour 
zoning, and inclusions of opaque oxides are common. 
Some phenocrysts are rimmed and partly replaced by 
brown hornblende, and Blake & Miezitis (1967) de-

4 

53.65 
0.91 

17.55 
4.06 
5.09 
0.19 
3.85 
8.39 
3.88 
1.59 
0.32 
0.Q2 
0.27 
0.05 
0.05 
0.21 

100.08 
0.01 

100.07 

0.410 
0.44 

57 
48 

23.0 
230 

3 
800 
575 

57.5 
16.5 
0.0290 

10 
24 
13 
17 
75 
5 

80 
68 

7 
19 

215 
8 

19.0 

25 
1 

10 
3 
1 

40 

5 

53.69 
0.90 

17.30 
4.34 
4.94 
0.19 
3.88 
8.41 
3.96 
1.61 
0.35 
0.02 
0.22 
0.04 
0.05 
0.21 

100.11 
0.01 

100.10 

0.407 
0.44 

58 
48 

23.5 
230 

7 
810 
570 
58.0 
16.5 
0.0290 

11 
23 
11 
19 
76 
4 

77 
65 
6 

19 
206 

7 
19.5 

25 
1 

9 
3 
1 

39 

6 

53.7 
0.96 

17.8 
4.10 
5.10 
0.18 
3.85 
8.30 
3.60 
1.60 
0.35 
om 
0.02 
0.08 

<0.05 
0.21 

99.86 

0.444 
0.44 

57 
48 

22.5 
225 

5 
790 
590 
59.0 
17.0 
0.0285 

10 
26 
11 
18 
76 
4 

82 
72 
9 

19 
223 

9 
20.5 

28 
<1 

10 
3 
1 

42 

7 

53 .7 
0.88 

17.1 
4.15 
4.95 
0.17 
4.25 
8.55 
3.60 
1.61 
0.36 
0.02 
0.17 
0.07 
0.05 
0.21 

99.84 
0.01 

99.83 

0.447 
0.49 

61 
51 

25.0 
245 

4 
825 
535 
54.5 
16.0 
0.0305 

10 
24 
11 
16 
74 
4 

75 
64 
11 
21 

225 
23 
18.5 

22 
<1 

13 
4 

<1 

39 

8 

53.76 
0.89 

17.20 
4.32 
4.94 
0.19 
3.82 
8.37 
4.02 
1.61 
0.34 
0.01 
0.27 
0.07 
0.05 
0.20 

100.06 

0.400 
0.43 

58 
48 

23.0 
230 

5 
790 
580 

58.0 
17.0 

0.0290 
10 
24 
11 
19 
75 

4 
79 
60 

8 
21 

216 
8 

19.0 

27 
1 

10 
3 
1 

42 

Table 2. Chemical and modal analyses of 1943-53 lava flows, Bagana volcano. 

I. 1943 lava flow northern flank (083). 2. Western branch of 1948?-50? lava flow, northern flank (062) . 3. Eastern branch of 
1948?-50? lava flow, north-northeastern flank (084). 4. 1952?-53? ·Iava flow, western flank (100) . 5. 1952?-531 lava flow, western 
flank (101) . 6. 1952?-53? lava flow, western flank (057) (4, 5, & 6 from same flow) 7. Flow unit? (064) overlying lava flow 
represented by 2/2. 8. 1950?-52? lava flow, western flank (102). 



scribed augite phenocrysts with cores of orthopyroxene 
in some of their samples. 

Hornblende phenocrysts are pleochroic from dark 
reddish brown to brownish yellow. Some have simple 
twinning, and many are zoned. Most hornblende pheno
crysts have rims of iron-titanium oxides, plagioclase, 
clinopyroxene, and orthopyroxene, probably formed by 
the low-pressure breakdown of the amphibole.· Horn
blende phenocrysts are relatively abundant in most of 
the group-l lavas, and especially in samples 1/ 1 and 
1/2. 

Faintly pleochroic orthopyroxene (hypersthene or 
bronzite) forms microphenocrysts mainly less than 1 
mm long, mainly in the lavas of groups I and 3. Rare 
phenocrysts have narrow rims of clinopyroxene. 

1 2 3 

SiO~ 54.91 55.2 55.3 
TiO~ 0.82 0.81 0.82 
Al20 a 17.70 17.9 18.2 
Fe20a 4.36 3.45 4.45 
FeO 4.23 4.85 3.70 
MnO 0.19 0.18 0.18 
MgO 3.27 3.35 3.40 
CaO 7.96 8.10 7.95 
N~O 3.97 3.75 3.75 
K20 1.54 1.57 1.61 
P2O" 0.35 0.36 0.35 
S 0.01 0.01 0.01 
H2O+ 0.15 0.04 <0.01 
H2O- 0.07 0.08 0.05 
CO~ 0.05 0.05 <0.05 
rest 0.20 0.20 0.20 

O=S 

Total 99.78 99.90 99.97 
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Olivine microphenocrysts are rare (1 percent, or 
less) and are most abundant in the rocks of group 2. 
Reaction rims of low-Ca pyroxene are absent, although 
in a few specimens some microphenocrysts are sur
rounded by aggregates of clinopyroxene grains. 

The groundmass of the lavas ranges from glassy to 
microcrystalline. The most readily identified minerals 
in the crystalline groundmass are plagioclase microlites, 
clinopyroxene prisms, granules of iron-titanium oxides, 
and apatite needles. A colourless cryptocrystalline felsic 
mesostasis with low birefringence, as well as glass, occu
pies interstices between ground mass grains in the 
coarser grained rocks. Rare anhedral grains of quartz 
are present in sample 2/6, and tridymite and cristo
balite have been reported as vesicle minerals in some 
rocks (Blake & Miezitis, 1967) . 

4 5 6 

55.4 55 .5 55.5 
0.85 0.80 0.81 

17.9 18.0 17.9 
4.15 3.95 3.95 
4.30 4.30 4.25 
0.17 0.17 0.17 
3.35 3.25 3.30 
8.10 7.90 8.10 
3.75 3.70 3.75 
1.51 1.61 1.51 
0.35 0.37 0.35 
0.01 0.02 0.01 
0.01 0.07 0.04 
0.05 0.03 0.06 
0.05 0.05 <0.05 
0.20 0.19 0~20 

99.91 
0.01 

100.15 99.90 99.90 

K20lNa20 0.388 0.419 0.429 0.403 0.435 0.403 
MgO/FeOt 0.40 0.42 0.44 0.42 0.41 0.42 
Mg-value 1 58 55 62 58 57 58 

2 46 47 48 47 46 47 
Trace elements (ppm) 
Rb 24.5 25.0 24.5 23.0 25.0 23.0 
Ba 220 225 235 220 220 230 
Pb 6 5 5 5 5 6 
Sr 815 815 840 800 830 795 
K/Rb 520 520 545 545 500 545 
KIBa 58.0 58.0 57.0 57.0 55.0 54.5 
K/Sr 15.5 16.0 16.0 15.5 15.0 16.0 
RblSr 0.0300 0.0305 0.0290 0.0290 0.0300 0.0290 
La 11 11 11 10 10 11 
Ce 25 23 23 22 25 26 
Nd 13 12 12 13 11 11 
Y 18 18 18 18 17 17 
Zr 83 83 79 81 82 85 
Nb 4 4 4 5 4 4 
ZII 77 82 69 73 74 74 
Cu 48 43 40 52 43 47 
Ni 4 4 5 6 3 5 
Sc 16 18 15 17 15 16 
V 174 182 166 181 159 179 
Cr 5 6 5 5 5 6 
Ga 20.5 19.5 20.0 20.5 19.0 18.5 
Volume percent 
phenocrysts (vol. %) 
Plagioclase 31 32 38 29 33 33 
Olivine <1 
Orthopyroxene <1 <1 2 1 1 2 
Clinopyroxene 10 7 7 11 8 7 
Opaque oxides 4 4 5 3 3 3 
Hornblende 1 <1 <1 1 1 3 

Total 46 43 52 45 46 48 

Table 3. Chemical and modal analyses of 1959-75 lava flows, Bagana volcano. 

1. Front of smaller 1966 lava flow, southern flank (095). 2. Near front of larger 1966 lava flow, southern flank (066). 3. Front 
of 1960?-62? lava flow, southern flank (061) . 4. Near front of 1970-71 lava flow, southern flank (071) . 5. Front of 1964-65? 
lava flow, southern flank (063) . 6. Front of 1972?-75 lava flow, southern flank (073). 



288 R. J. BULTITUDE AND OTHERS 

Some lavas contain scattered inclusions in the form 
of schlieren and nodules up to about 15 cm across. 
The most common type of inclusion is markedly coarser 
grained than the enclosing andesite; it contains abun
dant plagioclase phenocrysts (up to about 5 mm long) 
together with minor euhedral to rounded quartz grains 
(up to about 2 mm across) and smaIl hornblende 
phenocrysts completely replaced mainly by opaque 
oxides, in a fine-grained felsic groundmass which makes 
up about 50 percent of the rock. These inclusions may 
represent more felsic differentiates of the magmas that 

SiO., 
TiO~ 
AliJ3 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na.,O 
Ki) 
P20 5 
S 
H .,O+ 
H~O
CO2 
rest 

O=S 

Total 

KoO/Na.,O 
MgOIFeOt 
Mg-value 1 

2 

1 

53.45 
0.91 

17.16 
4.37 
5.07 
0.19 
3.91 
8.40 
3.95 
1.58 
0.34 
0.01 
0.24 
0.08 
0.03 
0.20 

99.89 

0.400 
0.43 

58 
48 

Trace elements (ppm) 
Rb 23.5 
Ba 240 
Pb 6 
Sr 800 
K / Rb 560 
K / Ba 54.5 
KISr 16.5 

2 

53 .93 
0.87 

17.45 
4.50 
4.49 
0.19 
3.73 
8.26 
3.97 
1.60 
0.34 
0.01 
0.33 
0.06 
0.04 
0.20 

99.97 

0.403 
0.44 

60 
48 

24.0 
240 

3 
810 
555 
55.5 
16.5 

3 

54.3 
0.85 

17.6 
3.90 
4.80 
0.17 
3.85 
8.50 
3.75 
1.61 
0.36 
0.02 
0.02 
0.06 
0.05 
0.21 

100.05 
0.01 

100.04 

0.429 
0.46 

59 
49 

24.0 
265 

5 
835 
555 

50.5 
16.0 

4 

54.8 
0.83 

17.8 
4.35 
4.10 
0.17 
3.65 
8.05 
3.80 
1.65 
0.35 
0.01 

<0.01 
0.06 
0.05 
0.21 

99.88 

0.434 
0.46 

61 
49 

25.0 
260 

5 
840 
550 

52.5 
16.5 

yielded the Bagana andesites; one sample is a dacite 
(65.51 percent SiO.,) . However, because of their scar
city and the lack of sufficient analytical data, the inclu
sions are excluded from discussion of the chemistry of 
the Bagana andesites. 

Petrochemistry 
Analytical methods and variation diagrams 

The trace-element abundances reported in Tables 1-4 
and 6 were determined by X-ray fluorescence spectro-

5 

55.0 
0.85 

17.8 
4.25 
4.25 
0.17 
3.45 
8.20 
3.70 
1.50 
0.34 
0.01 
0.06 
0.06 
0.05 
0.20 

99.89 

0.405 
0.43 

59 
47 

23.0 
230 

6 
780 
540 

54.0 
16.0 

6 

55.06 
0.82 

17.52 
4.43 
4.13 
0.19 
3.27 
7.98 
4.02 
1.51 
0.34 
0.01 
0.19 
0.09 
0.10 
0.19 

99.85 

0.376 
0.40 

59 
46 

23.0 
225 

4 
780 
545 

55.5 
16.0 

7 

56.59 
0.72 

17.63 
3.55 
3.98 
0.18 
2.74 
7.58 
4.31 
1.59 
0.33 
0.01 
0.51 
0.08 
0.05 
0.19 

100.04 

0.369 
0.38 

55 
44 

24.5 
280 

4 
800 
540 
47.0 
16.5 

8 

56.9 
0.73 

18.1 
3.65 
3.50 
0.16 
2.70 
7.45 
4.00 
1.66 
0.32 
0.01 
0.19 
0.13 
0.05 
0.20 

99.75 

0.415 
0.40 

58 
45 

27.0 
280 

4 
805 
510 

9 

57.2 
0.67 

18.1 
3.30 
3.80 
0.16 
2.65 
7.30 
4.05 
1.70 
0.34 
0.01 
0.15 
0.15 
0.05 
0.20 

99.83 

0.420 
0.39 

55 
45 

29.0 
290 

5 
840 
485 

48.5 
17.0 

Rbi Sr 0.0295 
La 11 

0.0295 
10 

0.0285 
12 

0.0300 
11 

0.0295 
10 

0.0295 
10 

0.0305 
11 

49.0 
17.0 
0.0335 

10 
25 

9 
15 
88 

5 

0.0345 
10 

Ce 24 
Nd 12 
Y 17 
Zr 75 
Nb 4 
Zn 76 
Cu 67 
Ni 7 
Sc 18 
V 202 
Cr 7 
Ga 20.0 

Volume percent 
phenocrysts (vol. %) 
Plagioclase 20 
Olivine <1 
Orthopyroxene < 1 
Clinopyroxene 10 
Opaque oxides 3 
Hornblende <1 

Total 33 

24 
11 
18 
76 

3 
75 
54 

7 
18 

199 
7 

20.5 

26 
<1 
<1 

10 
4 

<1 

40 

27 
12 
16 
76 

4 
71 
75 

7 
17 

203 
12 
19.5 

25 

10 
3 
4 

42 

25 
11 
17 
76 

3 
69 
49 

5 
19 

187 
9 

19.5 

27 

<1 
8 
3 
6 

44 

27 
11 
17 
81 
4 

79 
55 
6 

17 
181 

6 
19.5 

24 

1 
4 
2 
1 

32 

22 
10 
18 
83 
4 

73 
54 

6 
15 

177 
5 

19.5 

35 

1 
8 
3 
2 

49 

23 
12 
16 
84 
4 

72 
17 
2 

14 
152 

5 
19.5 

22 

<1 
5 
2 
3 

32 

71 
32 
4 

14 
152 

5 
20.5 

35 

<1 
10 
4 
3 

52 

Table 4. Cbemical and modal analyses of volcanic rocks of unknown age, Bagana volcano. 

26 
10 
16 
90 

5 
70 
29 

3 
11 

127 
6 

19.5 

27 

<1 
7 
3 
2 

39 

1. Breadcrust bomb near summit, east-southeastern flank (l17)-group-2 composition. 2. Thin lava flow, upper northwestern flank 
(067-<lverlies 058; now covered by 1975-77 lava flow)-group-2 composition. 3. Lava flow, southern flank (069)-group 
-2 composition. 4. Lava flow partly overlying 069, southern flank (072)-group-3 composition. 5. Fragment of breadcrust 
bomb, northwestern flank (078, now covered by 1975-77 lava flow)-group-3 composition. 6. Large boulder of relatively fresh 
andesite, southeastern flank (075)-group-3 composition. 7. Breadcrust bomb near summit, east"southeastern flank '(116)
group-l composition. 8. Lava block in gully, southeastern flank (070)-group-1 composition. 9. Large block, southeastern flank 
(065)-group-1 composition . 



metry and spark-source mass spectrography, and the 
major-element analyses were supplied by The Australian 
Mineral Development Laboratories, Adelaide (Amdel) . 

Values obtained by fluorescence spectrometry were 
measured on rock-powder pellets using the methods 
described by Norrish & Chappell (1977), and an auto
mated Philips PWl220 spectrometer. Rare-earth-ele
ment (REE), U, Th, Cs, and Hf abundances were 
determined on the spark-source mass spectrometer at 
the Research School of Earth Sciences, Australian 
National University. The method was described by 
Taylor & Gorton (1977), who reported precision and 
accuracy to be about ± 5 percent. Amdel analytical 
procedures were a combination of atomic absorption 
and standard colorimetric and gravimetric methods. 

The oxide and element abundances plotted in Figures 
6 to 9 are those obtained after expressing all the trace
element values as oxides (totals for individual rock 
samples listed as 'rest' in Tables 1-4), eliminating vola
tile contents, recalculating the analyses to 100 percent, 
and converting the trace-element-oxide values back to 
element concentrations. No changes were made to the 
ratios between Fe2 0 R and FeO during these calcula
tions. The variation diagrams (Figs. 6-9) were drawn 
by a desk-top computer and plotter facility. Following 
is a legend to the symbols used in the diagrams. 

SYMBOL AGE GROUP 

x 

• 
o 

• 
Major elements 

Unknown 

1959-75 

1943-53 

Pre 1943 

4 

3 

2 

~/"/"oS 

Almost all the analysed rocks from Bagana have 
SiO.) contents between 53 and 57 weight percent, and 
may therefore be called low-silica andesites (using the 
nomenclature and SiO? limits of Taylor & others, 
1969). Sample 211 qualifies as a basalt using the Si02 
value in Table 2, but is a low-silica andesite when the 
analysis is recalculated to 100 percent excluding vola
tiles. Only two rocks, 119 and 11 10, are high-silica 
andesites, but most group-l rocks are high-silica ande
sites after the analyses are recalculated on a volatile
free basis. 

The low Ti02 contents (less than 1 percent) and 
high Al2 0 3 contents (mainly between 17 and 18 per
cent) are typical of arc-trench-type andesites. Highest 
Al2 0 3 values generally correspond with greatest 
amounts of plagioclase phenocrysts. FeOt (total Fe 
as FeO) values are low, unlike those of 'tholeiitic series' 
rocks. K2 ° contents are moderately high, but not as 
high as in 'shoshonitic series' rocks. Fe20g/FeO ratios 
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are high, particularly in the more siliceous (group-I) a 
rocks. Consequently, these rocks have relatively high 
Mg-values [100 Mg2+/(Mg2+ + Fe2+)] ranging from 
61 to 71, whereas the most mafic rocks-those of group N 
2-generally have lower Mg-values ranging between 57 
and 65 (Tables 1-4). However, the high Fe2 0:/FeO 
values are probably partly due to atmospheric oxidation 
of the lava flows; by normalising the oxidation state of 
iron so that FeO = 0.85 (FeO + 0.9 Fe2 0 g ) (after 
Nicholls & Whitford, 1976), Mg-values are lowered, 
and are lowest in the most felsic rocks. 

Figure 6. Abundances of selected major oxides plotted 
against Si02• 
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1 2 

SiO" 54.0 54.28 
TiO; 0.27 0.86 
Al20 a 16.5 16.79 
Fe20a 4.35 4.96 
FeO 4.60 4.35 
MnO 0.18 0.20 
MgO 4.55 4.12 
CaO 8.40 8.21 
Na.,O 5.20 4.18 
K"O 1.61 1.64 
P;05 0.37 0.41 
H2O+ 0.03 
CO.) 0.10 
wi 0.47 

Total 100.16 100.47 

Table S. Major-element chemical analyses of sample 16 of 
Blake & Miezitis (1967). 

The analysis reported in Table 6 of Blake & Miezitis (1967) is 
given in column 1. The duplicate analysis in column 2 was 
obtained by X-ray fluorescence methods (FeO and loss-on·igni
tion (LOI) values by wet chemistry) on the same rock powder 
used for the original analysis (analyst P. Beasley, Research 
School of Earth Sciences, Australian National University; 
powder supplied courtesy of D. H. Blake ). 

No. 1/ 1 1110 2/1 4/3 x 

Cs 0.24 0.33 0.32 0.14 0.26 
K/Cs 46000 43000 40000 95000 59000 
Th 0.88 1.3 1.3 1.2 1.3 
U 0.41 0.56 0.56 0.52 0.55 
ThlU 2.1 2.3 2.3 2.3 2.3 
HI 2.0 2.4 2.1 2.0 2.2 
ZrlHI 41 37 34 38 36 
La 7.3 II II 11 11 
Ce 16 23 24 24 24 
Pr 2.1 2.7 2.9 3.1 2.9 
Nd 9.9 11 13 14 13 
Sm 2.4 2.8 3.0 3.0 2.9 
Eu 0.78 0.90 0.95 0.94 0.93 
Gd 2.4 2.7 2.9a 3.0 2.9 
Tb 0.41 0.47 0.45 0.48 0.47 
D y 2.7 2.9 2.9 3.0 2.9 
Ho 0.57 0.63 0.65 0.65 0.64 
Er 1.6 1.8 1.8 1.8 1.8 
Tm 0.22a 0.25 0.25a 0.25 0.25 
Yb 1.5 1.8 1.7 1.7 1.7 
Lua 0.23 0.29 0.26 0.26 0.27 
~REE 48.11 62.24 65.76 67.18 65.06 

[La/ Yble./. 3.2 4.0 4.3 4.3 4.2 

Table 6. Additional trace-element data for four Bagana 
rocks, determined by spark source mass spectrography. 

a : Interpolated values 
x: Mean values for samples 1/10, 2/ 1, and 4/3 
eJ.: enrichment factor (La and Yb values divided by amended 

values for Leedey chondrite) 

The differences in contents of the major oxides are 
small within the restricted range of SiO~ contents. 
Ti02 , FeOt, MnO, MgO, and CaO values are lower 
in rocks containing more Si02, whereas A120 3 , 

Fe20~/ FeO, Na20 , and K:!O are generally higher. 
These are familiar chemical relationships that are nor
mally taken to imply a common origin involving frac
tional crystallisation. However, in detail , there are some 
important features both in major and trace-element 
(see below) chemistry that are not consistent with such 
a simple interpretation. 

A noteworthy feature is that each group (I, 2, 3) of 
analysed rocks has a distinctive range of chemical com
positions. In terms of three standard indices of frac
tionation-SiO:! content, MgOI FeOt, and normalised 

Mg-values, group-2 rocks are the least fractionated 
(Tables 1-3), and group-l rocks are the most frac
tionated. Despite differences in degree of fractionation, 
rocks of groups 2 and 3 generally have similar Na20 
and K.)O values, and the lowest K"O values in the two 
groups- are found in group-3 ro~ks (Fig. 6D) . The 
lowest K "O/Na"O values are in the most fractionated 
(group-I) samples. 

Samples 1/ 1 and 1/2 have distinctive major-element 
compositions different from those of the other samples. 
They are notably high in MgO and low in K20 and 
P!!05 compared to other rocks with similar SiO!! con
tents (Fig. 6B, D), and have relatively high normalised 
Mg-values (Table 1). Their d istinctive chemistry lends 
support to the interpretation that they may not have 
been erupted from Bagana. 

The four analysed rocks from Bagana listed by Blake 
& Miezitis (1967, Table 6, numbers 13-16; also dis
cussed by Blake, 1968, and Taylor & others, 1969) 
may be assigned to the groups 1-3 on the basis of 
chemical similarity. Sample 15, from a pre-1946 flow, 
is a group-l lava. Samples 13 and 16 are both group-2 
rocks, but the sample-16 analysis given by Blake & 
Miezitis (1967) has some anomalous values, particu
larly its high Na:! O and low Ti02 contents (Table 5); 
in fact it is nepheline normative. A re-analysis of sample 
16 (Table 5) has appropriately lower Na20 and higher 
TiO.) values, and is similar to those of other group-2 
rock-so The fourth sample, number 14, of Blake & 
Miezitis (1967) is reported to be from a 1952 lava 
flow on the southwestern side of Bagana, though there 
is some doubt about the age (D. H . Blake, personal 
communication, 1978) . A revised, but tentative, date 
for this flow is 1959-60 (Bultitude, 1976; fig. 5) on the 
basis of an aerial photograph taken in May 1960, 
which showed the flow to be dark in tone and appa
rently very youthful. Sample 14 is therefore now 
regarded as a group-3 rock, and this is consistent with 
its major-element chemistry. 

Trace elements 
Values for 18 trace elements in the 33 rocks are 

given in Tables 1-4, and for another 18 elements in 
four rocks in Table 6. These values are generally in . 
agreement with those reported by Taylor & others 
(1969) for four Bagana rocks. Taylor & others (1969) 
listed data for five Bagana rocks, but their sample 149 
is from Reini volcano, not Bagana (see Blake & 
Miezitis, 1967) . 

Large low-valency cations (es, Rb, Ba, Pb, Sr). The 
relative abundances of Rb and Ba between the rocks 
of groups 1-3 are similar to those for K:!O. The most 
fractionated g(oup-l rocks have the highest Rb and Ba 
values; the least fractionated group-2 rocks have inter
mediate Ba values; and the youngest rocks, group 3, 
have Rb values similar to those for rocks of group 2, 
despite being more fractionated (Fig. 7A, C) . K / Rb 
values range between 500 and 600, and they and K / Ba 
values correlate negatively (but roughly) with SiO:!. 

Sr and Pb values are similar in the rocks of all three 
groups (Fig. 7B) , and K / Sr values are highest in 
group-l rocks. Pb values are slightly higher (3-7 ppm) 
than those reported by Taylor & others (1969 ; 2.0-3.1 
ppm) . The four Cs values (Table 6) have a wide range, 
but are in general agreement with those of Taylor & 
others (1969). Samples 1 II and 1!2 have the lowest 
Rb and Sr values of all the analysed rocks from Bagana 
(Fig. 7A, B). 
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Figure 7. Abundances of selected low-valency, large
cations plotted against Si().2. 

Ferromagnesian and chalcophile elements (Zn, Cu, 
Ni, Sc, V, Cr, Ga). All of these elements are generally 
less abundant in Si02 -rich rocks than Si02 -poor ones. 
Abundances of Cu, Sc, and V are especially well cor
related (inversely) with SiO., (Fig. SC). In contrast, 
the negative correlations of Zn and Ga with SiO? are 
poorly defined. Correlations of Ni and Cr with SiO? 
are non-linear; the highest Ni and Cr values are in 
group-2 rocks, but in rocks richer in Si02 from groups 
1 and 3, Ni and Cr values are lower and more or less 
constant (Fig. SA, B). 

The generally low Ni and Cr abundances are typical 
of andesites. However, samples 1/ 1 and 1/2 are again 

100 

L 
U 

E 
Q.. 50 Q.. 

." 
Z 

E Q.. Q.. 

~ 
U 

E 

30 

20 

10 

80 

Q.. 40 Q.. 

ANDESITES OF BAGANA VOLCANO 291 

• A 
l-

• 
I-

a 
000 

>lilJx
x 

x •• 
I ~~ ~ 1 1 1 

- B 

• 

-
• 

a 
00

0 -
~xx 

x~r: .1<~ • 
I ~ I 1 x~. 1 

I- 0 C 
X 

0 

adfb 
0 

x x" 
x. • • •• l- • 

• X 
X 

• • ·t • 
x 

1 I I I I I 

53 54 55 56 57 58 
P/A/708 

Figure 8. Abundances of selected ferro magnesian and cbal
cophile elements plotted against Si02. 

anomalous. They have relatively high Ni and Cr values 
(Fig. SA, B) which correlate with the high MgO values 
for these rocks (Fig. 6B) . 

The ferromagnesian and chalcophile element concen
trations listed by Taylor & others (1969) are similar 
to those given here, except that their sample 151 
(number 16, Table 6, Blake & Miezitis, 1967) has 27 
ppm Sc and 245 ppm V-abundances which are slightly 
higher than all the Sc and V values in Tables 1-4. 
Large high-valency cations (Th, U, Zr, Nb, Hi). Zr 
and Si02 abundances are positively correlated (Fig. 
9A). However, Zr values for samples 11 1 and 112 plot 
a little below the general Zr:Si02 trend in Figure 9A, 



292 R.I. BULTITUDE AND OTHERS 

9121-

L 
N 

E 8121 -
Cl.. 
Cl.. 

o Xx 
>t:o 

0 
0 

0 
0 

7121 -
I I 

x 

26 f-
0 

Q) 0 

U 

E 
Cl.. 24 f- 0 >OJ X 
Cl.. 

00 

22 -
I I 

53 54 

• 
• x. 

• 
x 

I 

X 

• 
x. • 

• 
~ 

I 

55 

I 

I 

56 

• • 

,. 

x 
x • • .. 

•• x 

I' 

• x 

.~. 

• 
x. 

I 

57 

A 
• 

I 

B 

• 

I 

58 

Figure 9. 
P/A/709 

Zr and Ce abundances plotted against Si02• 

although the Zr/ Hf value for sample 1/ 1 is relatively 
high (Table 6). Nb contents are between 3 and 5 ppm, 
but detection limits for Nb are low, and no correlation 
is observed between Nb and Si02 • Th, U, and Th/U 
values are relatively low in sample 1/ 1 compared to 
other values reported in Table 6, but Hf values are 
similar. Analytical agreement with the high-valency
cation abundances reported by Taylor & others (1969) 
is good, except that their Zr values of 90-105 ppm are 
slightly higher than those reported here. 

Rare-earth elements and yttrium. The La, Ce, Nd, and 
Y values in Tables 1-4 are not obviously correlated 
with Si02 (e.g., Fig. 9B), although there is a slight 
tendency for group-l (high Si02 ) rocks to have lower 
Nd and Y concentrations. La/Y values are generally 
higher in group-l rocks than group-3 rocks, but values 
for group-2 rocks span the range for groups 1 and 3. 
Inter-group and inter-rock relationships for REE and 
Y therefore appear to be complex, although some of 
this apparent complexity may be caused by analytical 
uncertainties. 

The four REE patterns in Figure 10 (obtained from 
the data listed in Table 6) are similar, particularly those 
for samples 1110, 211, and 4/3 which have the same 
degree of light-REE enrichment ([La/Yb] e.f. = 4.0-
4.3). All four patterns flatten off between Tb and Vb. 
and none has a detectable Eu anomaly. These features 
are also shown by the generalised REE pattern for four 
Bagana rocks discussed by Taylor & others (1969, 
fig. 6). 

~ 50r-------------------------------------~ 
a: 40 
o 30 
z 
o 20 
J: 

~ w 10 
..J 
a. 
::;; 
« 
(J) 

~
/3 

211 

III 
1/10 

~~==== 

La Pr 

Figure 10. Rare-earth patterns for four rocks (data listed 
in Table 6). Values normalised with reference 
to those for the Leedey chondrite (Masuda, 
Nakamura, & Tanaka, 1973) divided by 1.20 
(Sun & Hanson, 1976). 

Samples 1/ 1 and 1/ 10 have lower :SREE abun
dances than 211 and 4/3 (Table 6, Fig. 10). They also 
have higher Si02 values, thus lending some support to 
the conclusion made above that REE concentrations 
may be inversely proportional to SiO.) contents. How
ever, the :SREE value for sample 1/1 is much lower 
than those of the other three samples, and as this rock 
is also characterised by anomalously low K.,O, Rb, and 
Sr contents, a positive correlation with large-ion-ele
ment abundances is also likely. 

Chemical differences within groups 2 and 3, and 
the age of group-4 rocks 

The relative ages of samples within group 2 are 
sufficiently well known to allow the recognition of some 
slight correlations between the degree of fractionation 
and age. 

Samples 2/ 4, 2/5, and 2/6, collected a few hundred 
metres apart along the length of a flow believed to have 
been erupted in 1952-53 (Fig. 5), are virtually identical 
in composition, and are slightly more felsic than the 
oldest flow in group 2 (sample 211). Similarly, sample 
217, from a thin lava flow or flow unit is slightly richer 
in SiO:! than samples 212 and 2/3 which were col
lected from a large lava flow immediately underneath 
the thin flow. The younger rocks of group 2, therefore, 
generally appear to be more fractionated than the older 
ones. Sample 2/8, however, is the most fractionated of 
the group-2 samples, but is not the youngest. The six 
samples of group 3 are very similar to one another in 
degree of fractionation, and there are no consistent dif
ferences between the relatively old and young lava flows 
of group 3 using the other elements. 

Twenty-four of the 33 analysed rocks have been 
assigned to stratigraphic groups 1 (10 samples), 2 (8 
samples), and 3 (6 samples); most of the chemical 
differences between the three groups of rocks are clear 
cut, particularly if the two anomalous, older samples 
1/1 and 1/2 are eliminated from group 1. Assuming 
that this is a general feature of the stratigraphy of 
Bagana, and that there is no chemical overlap of the 
groups, and that groups 1, 2, or 3 do not appear in the 
older concealed part of the sequence, the nine samples 
of unknown age may be dated on the basis of their 
chemical compositions (see Table 4). 

Discussion 

Reference andesite composition 
Published andesite averages, such as those of Taylor 

& White (1966), and Ewart (1976), are based on 
numerous analyses from different arc-trench systems, 
and are not necessarily representative of the most com
mon lava type found in anyone arc or region. Nor do 
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PNG 
x s X s X s X S 

SiO? 55.5 1.5 55.76 5.69 FeOt 7.94 0.82 Zr 81 6 
TiO; 0.81 0.08 0.77 0.31 MgOIFeOt 0.42 0.04 Nb 4 1 
Al20 a 17.7 0.4 16.41 1.76 Mg-value* 47 2 ZrlNb 20 2 
Fe20a 4.38 0.57 3.37 1.34 N~O+K20 5.56 0.23 Y 17 1 
FeO 4.00 0.97 4.38 1.82 K20/N~O 0.407 0.021 La 11 1 
MnO 0.18 0.01 0.15 0.05 Rb 25 2 Ce 24 1 
MgO 3.38 0.60 4.69 2.48 Ba 250 25 Nd 11 1 
CaO 8.01 0.44 7.98 2.63 Pb 5 1 Sc 16 3 
N~O 3.95 0.21 3.25 0.94 Sr 810 20 V 178 33 
Ki) 1.61 0.05 1.71 1.01 KIRb 535 25 Cr 9 7 
P20 5 0.35 0.01 0.30 0.20 K/Ba 53.5 4.0 Ni 6 3 

KIS, 16.5 0.5 Cu 46 19 
Rb/S, 0.0305 0.0015 Zn 74 4 

Ga 19.5 1.0 

Table 7. Means (x) and standard deviations (s) for oxide and trace-element abundances in 31 rocks from Bagana volcano. 

PNG: average values for 868 rocks from arc-trench volcanic provinces in Papua New Guinea (Johnson & others, 1978). *: 
Mg-value calculated after setting FeO=0.85 FeOt. 

they necessarily represent the true compositions of com
mon, naturally occurring magmas. These averages also 
have less significance if the analyses were made at 
different times by different analysts using different ana
lytical methods. 

Ideally, the most useful average compositions should 
( 1) provide mean values for a wide range of elements, 
(2) use data determined by the same method and by 
the same laboratory, (3) have relatively small standard 
deviations for a reasonably large number of samples, 
and (4) be in some way representative of larger data 
sets from the same region. These requirements are met 
by the average values given in Table 7 of 11 major 
oxides, 17 trace elements, and a selection of element 
ratios and sums, for 31 andesite samples from Bagana 
(samples 111 and 1/ 2 have been excluded). Average 
values for 18 trace elements are also given in Table 6, 
but these are for only three rocks. The means and stan
dard deviations in Table 7 were calculated from indi
vidual values recalculated by the method used for the 
plotting of data in Figures 6-9 (see above). 

The compositions of the 31 andesites are similar to 
one another, and standard deviations are small. In addi
tion, the average values for the major elements are very 
close to those determined by Johnson, Mackenzie, & 
Smith (1978) for 868 volcanic rocks from seven late 
Cainozoic volcanic provinces in Papua New Guinea 
(Table 7). Bagana may therefore be regarded as a 
'type locality' (analogous to type sections in strati
graphic studies) for late Cainozoic andesites in the 
Papua New Guinea region. 

Significance of chemical groups 
An important conclusion of this study is that two 

chemically distinct batches of andesite magma have 
been produced from Bagana since 1943. Both of these 
are chemically distinct from andesites produced before 
1943. Hence, during this century alone there have been 
at least two distinct changes in the composition of 
Bagana magmas. An eruption hiatus of about 6 years 
took place between the 1943-53 and 1959-75 groups, 
but a similar break in activity between the pre-1943 
and 1943-53 groups cannot be identified. 

Few published studies on the chemical stratigraphy 
of andesitic volcanoes appear to be suitable for direct 
comparison with the results from Bagana; most strati
graphic reports are concerned with a time scale 2-5 
orders of magnitude greater than that reported here. 
However, one broad conclusion that may be deduced 

from published studies is that the younger lavas of 
stratovolcanoes are commonly more fractionated than 
the older lavas. For example, general sequences of 
early-mafic to later-felsic volcanic rocks are known 
from eight volcanoes that border the southern margin 
of the Bismarck Sea in Papua New Guinea (Heming, 
1974; Johnson, 1977), and the reported successions on 
Santa Maria, Guatemala (Rose, 1972) and Mashu vol
cano, Japan (Katsui, Ando, & Inaba, 1975) are also 
broadly characterised by older mafic rocks and younger 
felsic ones. A simple interpretation for these volcanoes· 
is that they are underlain by reservoirs from which 
magma is erupted in progressively more felsic batches 
as the originally relatively mafic parental magma frac
tionates. This interpretation, however, cannot be applied 
to the three eruptive groups of Bagana. 

The oldest Bagana lavas analysed-those of group 1 
-are the most fractionated, and therefore cannot be 
representative of a parental magma that subsequently 
gave rise to younger, less fractionated rocks. Further
more, although the group-3 rocks are more felsic than 
those of group 2, they are unlikely to have been pro
duced by fractionation of the phenocryst minerals found 
in the group-2 rocks, because the K2 0, Rb, and Ba 
contents of the rocks in group 3 are similar to, or 
slightly lower than in the less fractionated group-2 rocks 
(Figs. 6, 7). 

A preferred interpretation is that the three groups 
represent different batches of magmas that rose sequen
tially into a reservoir beneath Bagana. Eruption of a 
magma batch may take a decade or more. For example, 
one magma batch (group 2) produced volcanic activity 
for about 10 years, and another (group 3) for at least 
17 years. 

A similar process may have taken place at Soufriere 
volcano in the Lesser Antilles island arc. Aspinall, 
Sigurdsson, & Shephe·rd (1973) concluded that the 
andesite produced during the 1971-72 eruption of 
Soufriere represented a 'new magmatic event' (p. 123) 
distinct from the magma produced 60 years earlier 
during the well-known 1902-3 eruption (Anderson & 
Flett, 1903). However, this conclusion is based mainly 
on the differences in composition and zoning between 
plagioclase phenocrysts from the two eruptions, and 
Roobol & Smith (1975) subsequently claimed that the 
plagioclase phenocrysts were virtually identical, and 
that the two eruptions were comagmatic. 

In another study Condie & Swenson (1973) reported 
the existence of chemically distinctive eruptive groups 
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on the stratovolcanoes of Mounts Jefferson, Rainier, 
and Shasta in the Cascade Range, northwestern United 
States. They considered that the groups 'probably 
represent batches of magma that are erupted over inter
vals of time which are short compared to the lifetime of 
a stratovolcano' (p. 223), but they did not give any 
indication of how short this interval may. be. 

Origin of the andesites 
Island-arc andesitic magmas, such as those erupted 

from Bagana volcano, are unlikely to have been derived 
directly by partial melting of upper mantle peridotite, 
or of the eclogitic parts of subducted lithosphere. 
Adjusted Mg-values and Ni contents of the Bagana 
rocks are too low for them to have been in equilibrium 
with the forsteritic olivine of peridotite, and their heavy
rare-earth contents are too high for garnet to have been 
a significant residual phase (e.g., Green 1973; Nicholls 
& Ringwood, 1973; Gill, 1974). Moreover, because 
basalt forms compositional continua with andesite in 
many island arcs, and because basalt is more likely to 
be produced by partial melting of peridotite than by 
complete melting of eclogite, a favoured interpretation 
is that andesite is produced by fractional crystallisation 
of basaltic magmas generated in the mantle wedge 
above downgoing slabs of lithosphere (e.g., Ringwood, 
1977) . This generalised conclusion forms the basis for 
the following four-stage evolutionary model that may 
account for the chemical and stratigraphic features of 
Bagana. 

1. During at least the past few hundred years, partial 
melting of peridotite above the Bougainville Island 
Benioff zone provided successive batches of mafic pri
mary magmas, formed by the introduction of hydrous 
fluids from subducted crust formerly beneath the Solo
mon Sea. Beneath Bagana, these magma batches were 
not necessarily of identical composition; at different 
times batches may have been produced under different 
conditions, thereby inheriting slightly different composi
tions. If the magmas were of quartz-tholeiite-basalt 
composition and the peridotite was water-under
saturated, the depth of magma generation may have 
been less than 60 km (Green, 1973). 

2. Magma batches rose successively from their source 
regions, fractionating mafic phenocrysts (especially 
olivine, but also combinations of plagioclase, pyroxene, 
iron-titanium oxides, and amphibole), leading to the 
production of andesite magmas that were emplaced 
below Bagana within a few kilometres of the surface. 
The fractionation history of each batch was not neces
sarily the same; some became slightly more felsic than 
others; some followed slightly different liquid lines of 
descent. 

3. Successive batches of andesite magma occupied 
a high-level reservoir for periods of a few tens of years. 
Some crystal fractionation took place. there, but its 
effect was probably small compared to the effects of 
fractionation that took place in the period between 
leaving the source region and entering the near-surface 
reservoir. The effects of high-level crystal fractionation 
are best observed in the group-2 rocks. The oldest lava 
flows of group 2 are generally slightly more mafic than 
later ones. 

4. Eruptions resulted in the evacuation of the magma 
batch from the high-level reservoir, which was refilled 
by the next batch of magma . 
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Geochemistry of LIL-element enriched tholeiites 
from the Marum ophiolite complex, northern 

Papua New Guinea 

A- L. Jaques, B. W. Chappell i
, & S. R. Taylor

1 

Geocbemical data are presented for a sequence of spilitic pillow basalts (Tumu River 
basalts) associated with peridotites and gabbros of tbe Marum ophiolite complex in northern 
mainland Papua New Guinea. Tbe basalts are strongly differentiated from relatively magnesian 
types (Mg-value = 70) to ferrobasalts (Mg-value = 30) characterised by high levels 011 Fe, 
Ti, Zr, Nb, Y. The Tumu River basalts are enriched in large ion lithophile elements such 
as REE, Zr, Hf, Nb, P205, and compare with tholeiites from oceanic islands. Major and 
trace elements suggest extensive fractionation involving olivine, pyroxene, and plagioclase, 
followed .by pyroxene, plagioclase, titanomagnetite, and ilmenite.' Trace-element plots are 
used to examine fractionation processes and to estimate abundances in tbe parent magma. 
The calculated initial concentrations are compared with abundances and abundance ratios in 
'least fractionated' enriched and depleted tholeiites. The abundances in the parent magma 
are used to calculate source abundances for large (20-30%) degrees of partial melting. The 
levels range from 2-3 times chrondites for HREE, Ti, Y, Zr, Sc, and P205, to 3.5-5.5 times 
for LREE, and are similar to those inferred for other LREE-enricbed tholeiites from both 
oceanic and continental areas. Tbe 'chemistry of tbe basalts therefore reflects the mantle-source 
composition rather tban a particular tectonic setting within an ocean basin. 

Introduction 
Ophiolites are widely held to be segments of oceanic 

lithosphere obducted onto a continental margin. A num
ber of recent studies (e.g., Pearce & Cann, 1971, 1973; 
Pearce, 1975; Kay & Senechal, 1976; Smewing & others, 
1975; Swewing & Potts; 1976) have attempted to 
characterise the tectonic environments for the forma
tion of ophiolites in terms of the geochemical affinities 
of the volcanic rocks. Such attempts have been hin
dered by the mobility of petrogenetic indicator trace 
elements during weathering and low grade meta
morphism. It now seems from the available studies that 
ophiolites may form in environments other than mid
ocean ridges. This paper presents geochemical data for 
a sequence of LIL (large ion lithophile) element en
riched, highly fractionated basaltic pillow lavas and 
lavas which form part of the Marum ophiolite complex 
in northern Papua New Guinea. The aim of the paper 
is to evaluate the fractional crystallisation, and com
pare, by means of trace-element abundances, the parent 
magma with other primitive basalts from various set
tings in the ocean basin, in order to define the tectonic 
environment of formation of the sequence. 

Geological setting 
The Marum ophiolite complex forms part of a dis

continuous but prominent belt of ophiolites which lie 
at the deformed outer (northeastern and northern mar
gin) of the central orogenic belt of mainland Papua 
New Guinea (Fig. 1), and which are believed to have 
been emplaced as a result of mid-Tertiary collision 
between the Australian continent to the south and a 
Tertiary island-arc to the north (Jaques & Robinson, 
t 977). The complex consists of a main peridotite
gabbro massif, and a much faulted allochthon of pillow 
lava and lava (Tumu River basalt) which have been 
thrust over low-grade metasediments, mostly calcareous 
shale and mudstone (Asai shale), of late Cretaceous 
to Eocene age. Contacts of the Tumu River basalt with 
both the metasediments and the peridotites and gabbros 
are entirely tectonic and are in most cases low-angle 
thrusts, on which the peridotite-gabbro massif has been 
thrust over portion of the volcanics. Occasional dolerite 

dykes intrude the Asai Shale in the vicinity of the 
ophiolite complex. 

The Tumu River basalts consist mainly of basaltic 
pillow lava, and lava with minor aqua gene breccia and 
some dolerite dykes. The uppermost pillow lavas are 
intercalated with, and overlain by, radiolarites and 
radiolarian argillites of probable Eocene age. These pass 
upwards into tuffaceous argillite with interbedded vol
canolithic greywacke. Pyroxene and hornblende-phyric 
alkali basalt, trachybasaIt, and trachyandesite dykes and 
flows occur In the upper portion of the sedimentary 
sequence. 

Petrography 
Most of the lavas have undergone low-grade (zeolite 

facies) metamorphism; petrographically they are spil
ites. Secondary minerals--<:hlorite, smectite, epidote, 
calcite, zeolite, sphene, and leucoxene-occur in vari
able amounts in the ground mas of most lavas. Prehnite 
and rare pumpellyite occur in some breccias and tuff. 
Greenschist facies metabasites occur near the thrust 
separating the basalts from the peridotite-gabbro massif 
and range with increasing distance from the imbricate 
zone from actinolite-chlorite (± epidote, albite, sphene) 
schists through weakly and incipiently metamorphosed 
greenschist to spilite. 

The dominant primary mineral assemblage is plagio
clase, clinopyroxene and Fe-Ti oxide (titanomagnetite, 
some ilmenite). Most lavas are classified as augite 
tholeiites, and have plagioclase (albite) and augite 
(W04 2 -4 0 En4 4 -39 Fs] 4 -2 2) microphenocrysts seriate 
to a fine-grained intergranular, intersertal or pilotaxitic 
groundmass containing delicate microlites and variolites 
of plagioclase and/ or clinopyroxene, or, in the more 
fractionated rocks, of skeletal Fe-Ti oxide. Textural 
evidence indicates that the crystallisation order was 
plagioclase, augite, and Fe-Ti oxide. Many lavas show 
evidence of a cotectic relationship between plagioclase 
and pyroxene. No lavas bearing fresh olivine were 
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Figure 1. Simplified geology of Marum ophiolite complex, Dorthern Papua New Guinea. 1 = Quaternary deposits, mostly 
alluvium. 2 = Asai Shale; low-grade metasediments of Cretaceous-Eocene age. 3 = Radiolarian argillite. 
4 = Tumu River basalts. 5 = cumulate gabbro. 6 = cumulate peridotite. 7 = tedonite peridotite. 

found, but olivine pseudomorphs occur in altered glass 
with quench clinopyroxene in some high-Mg basalts. 
Ferrobasalts with high FeOt (total iron as FeO)
>15%-and Ti02 (2-4%) contents have textures sug
gesting simultaneous crystallisation of plagioclase, 
augite, and Fe-Ti oxide. 

In general the paucity of mafic phenocrysts (particu
larly olivine), the plagioclase-pyroxene relationships, 
and an abundance of Fe-Ti oxide indicate crystallisation 
from evolved, fractionated liquids. 

Geochemistry 
Low temperature alteration-weathering, low grade 

metamorphism (including spilitisation) , and interaction 
with sea water, can have considerable effects on bulk
rock composition (e.g. Smith, 1968; Cann, 1969; Hart, 
1970; Aumento & others, 1976) and significantly 
change the abundance of certain trace elements (Hart, 
1969; Cann, 1970.) . Despite the secondary mineral 
assemblage, high volatile contents and moderately high 
Fe 2 0 a/ FeO ratios of the Tumu River basalts, a good 
correlation still exists between the mineral mode and 
major element composition, and indicator trace ele
ments such as Ni, Cr, V, and Zr. Si02 and AI 2 0 a con
tents mostly lie within the range of basaltic composi-

tions. However, the spilitic basalts have significantly 
lower CaO and higher Na20 than appropriate for their 
AI20 3 contents, and it seems likely that in common 
with other described spilites (e.g. Cann, 1971 ; Vallance, 
1974) there has been a loss in CaO and a gain in N a2 0 
and H?O. 

The -effect of alteration on LIL trace elements was 
tested by examining the correlation with Zr, an LIL 
element known to be relatively insensitive to low-grade 
metamorphism (Pearce & Cann, 1971, 1973; Smith & 
Smith, 1976). Rb, Cs, Sr, K, U, and Th showed very 
poor correlation, indicating a high mobility during 
alteration. Y showed excellent correlation (Fig. 2) 
apart from four samples (549, 550, 080, 083). These 
samples have low CaOI A120 3 , low Y INb «3), 
appreciably higher P20 5 and in some cases Rb, Ba, 
and Sr than the other metabasalts, and are thought to 
be more altered. LaN/Y N* ratios in these rocks are 
also high (see later). Significantly, three of the four 
rocks were originally glass-bearing; alteration of glass 
is known to result in greater chemical mobility than 
alteration of crystalline rocks. It is concluded that 

'" La and Y normalised to the chondrite abundances of 
Taylor & Gorton (1977). Y behaves as a BREE with 
ionic radius intermediate between Dy and Bo. 
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Zr-Y diagram for Tumu River basalts (dots) 
and dolerites (squares) . Triangles are those 
rocks recognized as markedly chemically altered. 

although changes in Ca, Na, K, Rb, Sr, and Ba contents 
have occurred in many of the samples, consistency in 
the ratios of the more insensitive LIL elements Ti, P, 
Zr, Hf, and Y, indicates that, in general, little change 
in the abundances of these elements has occurred. In 
addition, the abundances of a number of other trace 
elements (Ni, Cr, V, and Zn), and some major element 
abundances, have not changed markedly during altera
tion. 

Major and trace-element analyses of 32 samples of 
basalt and dolerite of the Tumu River basalts are pre
sented in Table 1. Sample descriptions and localities 
are available on request. Analytical techniques are 
described in the Appendix . Also presented are analyses 
of three dolerite dykes which intrude the uppermost 
gabbros in the peridotite-gabbro massif. In view of the 
inferred Ca loss and Na gain during spilitisation, norma
tive classification is unlikely to be reliable--but signi
ficantly the least altered lavas are ol-hy normative and 
plot within the olivine tholeiite field. This, together with 
the low K 2 0 and P 2 0 5 contents, suggests a subalkaline 
or tholeiitic type. 

Compositions range from relatively unfractionated 
magnesia-rich types with Mg* values,......, 70 to the highly 
fractionated Ti02 -rich ferrobasalts and dole rites with 
Mg values ,...-- 30. Oxide-Mg value variation diagrams 
(Fig. 3) define differentiation trends of marked iron 
enrichment, and enrichment in Ti02 and P 205' 
Marked iron enrichment, typical of tholeiitic suites, is 
apparent in Figure 3, and also on an AFM diagram. 

Trace elements Ni, Cr, V, and Zr (and Y and Zn), 
show well-defined differentiation trends when plotted 
against Mg-value (Fig. 4); Ni and Cr are rapidly 
depleted from 'primitive' values (300 ppm Ni; 600 
ppm Cr) to extremely low values «5 ppm Ni, 50 ppm 
Cr) in the ferrobasalts, the marked increase in abun
dance of incompatible elements (Zr, Zn, Y) during 
fractionation (more than a five-fold increase in Y), is 
indicative of strong fractional crystallisation. The trend 
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Mg + Fe++ 
diagram for Turnu River basalts (dots) and 
dolerites within the gabbro sequence (squares). 
Fe20a/FeO standardised to 0.15. Dashed line 
defines lower Ti group. 

shown by V of increasing abundance in the early and 
middle stages of differentiation followed by depletion 
in later liquids, is typical of tholeiitic iron enrichment 
fractionation patterns. 

Chemical affinities 
Analyses 1-26 in Table 1 of the Tumu River basalts 

form a continuous series from Mg tholeiite, to ferro
tholeiite characterised by high FeO t , Ti02 , and P 2 0 5 
contents, and high levels of LlL elements (especially 
Zr). A smaller group of basalts, together with the three 
dolerites from the gabbro massif (analyses 28-35), is 
characterised by lower Ti02 , P 2 0 5 , and Zr contents 
for comparable Mg-values. The higher Ti group of the 
Tumu River basalt sequence bear similarities with 
tholeiites described from Iceland (e.g. Sigvaldson, 
1974; Bailey & Noe-Nygaard, 1976; Wood, 1976), and 
Galapagos Islands (McBirney & Williams, 1969) which 
range to highly differentiated lavas, ferrobasalts and 
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1 2 3 4 5 6 7 8 9 
143 524 522 1007 521 1057 036 081 549 

SiO. 51.42 49.91 50.97 47.52 51.02 46.17 50.60 51.22 47.65 
TiO; 1.35 1.66 1.71 2.11 1.80 2 .01 2.19 1.89 3.02 
Al20 3 11.90 13.11 14.40 16.17 15.23 16.03 14.37 14.11 16.84 
Fe203a 1.34 1.34 1.31 1.53 1.22 1.39 1.48 1.54 1.62 
FeO 8.95 8.91 8.68 10.19 8.09 9.24 9.84 10.28 10.83 
MnO 0.18 0.11 0.16 0.19 0.16 0.19 0.25 0.19 0.63 
MgO 12.40 10.97 8.24 9.37 7.17 7.38 7.30 7.61 8.00 
CaO 9.51 10.51 9.95 7.90 11.10 14.76 8.78 8.56 6.80 
NaO 2.47 2.79 3.98 3.32 3.68 2.53 4.86 4.43 3.85 
KoO 0.24 0.12 0.08 0.83 0.06 0.23 0.30 0.23 0.31 
P;05 0.12 0.13 0.17 0.32 0.14 0.31 0.27 0.18 0.54 

Mg-value 71.2 68.0 62.9 62.1 61.2 58.7 56.9 56.9 56.8 

LOr 4.17 3.73 2.87 5.87 2.83 5.70 4.07 3.82 5.60 

Fe20a 
Original-- 0.21 0.66 0.86 0.38 0.80 0.63 0.62 0.44 0.52 

FeO 

p .p .m. 
Sc 25 34 35 27 37 34 38 32 25 
V 184 223 237 236 267 264 277 267 233 
Cr 875 685 520 209 565 282 173 179 54 
Ni 420 340 184 147 152 110 32 94 40 
Cu 67 45 79 45 90 58 68 56 32 
Zn 97 102 98 111 93 94 116 105 113 
Ba 51b 28b 30 50 20 20 70 40 195b 
Rb 2.2 0.5 0.2 8.8 0.3 2.8 3.8 1.6 2.6 
Sr 119 229 139 150 133 104 277 217 361 
Y 19 20 23 36 22 32 35 21 26 
Z,. 80 97 106 154 102 158 173 106 209 
HI 2.68 2.8 5.9 
Nb 6 6 6 9 10 11 10 28 
Th 1.18 0.9 2.69 
U 0.27 0.2 0.81 
La 7 5 9 5 10 11 9 20 
Ce 19 20 27 16 31 31 27 51 
Nd 10 10 15 10 17 19 14 24 
LaN I Y N 2.34 1.59 1.59 1.44 1.98 2.0 2.72 4.88 
Zrl Nb 13 16 18 17 20 16 16 11 8 
KIRb 905 1990 2350 780 1660 680 655 1190 990 

10 11 12 13 14 15 16 17 18 
566 563 465 035 508 080 539 468 561 

Si02 49.92 47.63 49.26 49.93 49.04 48.22 47.13 47.81 49.09 
Ti0 2 1.99 2.21 1.49 1.62 1.93 2 .79 3.39 3.90 3.85 
AI:Pa 14.17 14.88 17.66 13.42 15.03 13.30 13.56 12.45 12.75 
Fet03" 1.57 1.60 1.16 1.37 1.63 1.91 1.96 2.09 2.14 
FeO 10.48 10.70 7.72 9.16 10.90 12.72 13.02 13.90 14.26 
MilO 0.20 0.25 0.17 0.20 0.23 0.27 0.25 0.23 0.21 
MgO 7.40 7.27 5.18 6.00 6.79 7.46 5.94 5.87 5.57 
CaO 9.77 11.56 13.12 13.03 10.51 8.81 9.41 9.05 7.52 
Ncu.O 3.99 3.07 4.07 4.31 3.97 4.19 4.17 4.41 4.32 
K.;O 0.54 1.04 0.27 0.28 0.11 0.28 0.32 0.05 0.17 
P;O, 0.22 0.23 0 .18 0.15 0.16 0.30 0.45 0.50 0.40 

Mg·value 55.7 54.8 54.5 ·53.9 52.6 51.1 44.8 42.9 41.0 

LOI 4.35 5.66 5.61 6.04 4.36 4.18 4.88 3.85 3.97 

FeZ0 3 
Origillal-- 0.40 0.51 0.35 0.63 0.41 0.52 0.49 0.44 0.57 

FeO 

p.p .ln . 
Sc 35 34 32 35 51 35 43 44 43 
V 264 275 208 263 347 419 364 437 413 
Cr 128 116 246 246 161 78 99 84 63 
Ni 42 45 41 75 60 63 34 33 30 
Cu 65 66 58 53 77 194 37 58 37 
Zn 105 118 82 91 113 137 141 159 145 
Ba 160 20 40 40 32b 70 60 20 40 
Rb 5.6 19.5 3.2 6.6 0.8 3.2 4.2 0.8 1.2 
Sr 174 80 226 152 108 311 191 88 117 
Y 28 31 24 32 38 29 59 65 63 
Zr 137 151 115 117 119 172 256 283 257 
HI 2.7 
Nb 9 9 6 5 5 20 13 16 13 
Th 0.36 
U 0.13 
La 9 9 6 7 6 18 13 16 12 
Ce 24 27 20 17 21 50 45 48 43 
Nd 14 16 13 12 12 22 28 28 26 
LaNIYN 2.0 1.73 1.59 1.39 1.05 3.94 1.40 1.56 1.21 
ZrlNb 15 17 19 23 24 9 20 18 20 
K I Rb 800 440 700 350 1140 725 650 520 1180 

Table 1. Chemical analyses of Tumu River basalts. 
Analyses 29·35 are of lower Ti-group. Analyses 29, 33, 34 are for dolerites from Marum gabbros. All trace elements except Th, U, 
Hf by XRF; Th, U, Hf by spark source mass spectrometry (Taylor, 1965, 1970; Taylor & Gorton, 1977) . 

Fez0 3 
" Standardised to --=0.15. b Ba by spark-source mass spectrometry. 

FeO 
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19 20 21 22 23 24 25 26 27 
550 438 558 562 083 565 540 560 435 

Si09 48.54 48.68 50.46 47.31 53.82 48.80 49.52 51.06 48.34 
TiO:' 3.48 3.60 3.70 3.75 3.00 3.55 3.34 2.72 2.71 
Al203 14.12 12.71 12.51 12.45 11.74 12.32 13.38 13.57 13.72 
Fe203a 2.01 1.92 1.89 2.38 1.88 2.20 2.09 2.00 1.98 
FeO 13.37 12.78 12.57 15.85 12.54 14.64 13.94 13.37 13.21 
MnO 0.20 0.28 0.28 0.28 0.20 0.28 0.30 0.31 0.29 
MgO 5.04 4.82 4.74 5.78 4.22 4.55 4.31 3.66 3.15 
CaO 7.50 10.21 8.30 7.59 8.07 7.88 7.15 7.05 10.95 
Na-,O 4.80 4.60 4.67 4.36 2.31 4.66 5.23 5.54 4.50 
Ki) 0.34 0.16 0.26 0.08 1.76 0.07 0.32 0.08 0.09 
P20 5 0.87 0.38 0 .48 0.45 0.75 0.55 0.69 0.89 1.32 

Mg-value 40.2 40.2 40.2 39.4 . 37.5 35.6 35.5 32.8 29.8 

LOI 5.28 3.69 3.05 4.12 2.67 3.31 3.30 3.18 3.68 

F~03 
Original-- 0.56 0.64 0.63 0.53 0.52 0.56 0.49 0.44 0.65 

FeO 

p.p .m. 
Sc 30 39 45 41 29 37 39 32 31 
V 274 395 408 378 236 330 196 94 59 
Cr 27 65 76 30 60 33 41 35 19 
Ni 46 22 21 10 17 10 2 3 2 
Cu 26 39 40 32 28 17 18 14 13 
Zn 156 163 159 171 200 164 195 192 212 
Ba 80 10 40 20 900 26b 80 <10 <10 
Rb 3.4 0.7 1.6 0.3 27 0.3 2.4 0.3 0.4 
Sr 136 118 132 91 254 53 152 58 75 
Y 42 66 71 77 49 77 99 111 116 
Zr 279 282 299 276 313 293 429 438 467 
HI 6.8 
Nb 21 14 15 14 20 16 21 19 22 
Th 1.10 
U 0.36 
La 21 13 15 17 24 18 21 24 25 
Ce 61 45 47 52 65 52 70 79 83 
Nd 31 28 30 30 32 32 42 47 53 
LaS/YN 3.17 1.25 1.34 1.40 3.11 1.60 1.35 1.37 1.37 
Zr/ Nb 13 20 20 20 16 18 20 23 21 
KIRb 830 1355 1350 2210 540 1720 1100 2210 1870 

28 29 30 31 32 33 34 35 
1030 545 034 553 434 576 169 1053 

SiO? 51.54 50.08 52.22 49.57 52.87 53.55 54.55 53.92 
TiO:' 1.23 2.04 1.11 0.99 1.40 1.12 1.25 1.93 
AI20a 14.01 14.19 16.50 15.73 15.32 15.70 15.76 .15.60 
Fe20 aa 1.49 1.37 1.12 1.28 1.67 1.58 1.50 1.68 
FeO 9.94 9.18 7.48 9.33 11.14 10.56 10.01 11.17 
MnO 0.20 0.19 0.17 0.20 0.21 0.24 0.21 0.25 
MgO 7.67 7.72 6.19 6.01 4.62 4.34 4.08 3.74 
CaO 9.76 12.08 9.77 11.10 6.59 9.67 7.87 7.96 
Na-,O 3.85 2.63 5.36 4.59 5.43 2.31 3.87 3.01 
Kl) 0.43 0.32 0.15 0.09 0.72 0.53 0.85 0.21 
P';!°5 0.11 0.12 0.10 0.48 0.27 0.23 0.28 0.37 

Mg-value 62.8 60.0 59.6 53.4 42.5 42.3 42.1 37.4 

Lor 3.35 2.62 5.20 4.15 3.85 5.57 4.57 3.43 

Fe203 
Original-- 0.44 0.36 0.58 0.53 0.36 0.48 0.49 0.50 

FeO 

p.p .m. 
Sc 47 38 34 26 30 27 29 32 
V 325 268 224 336 333 304 280 202 
Cr 248 477 311 86 39 53 54 59 
Ni 89 43 72 32 13 6 12 10 
Cu 135 30 54 159 110 30 65 21 
Zn 87 64 74 92 114 96 86 83 
Ba 50 40 70 515 250 190b 240 60 
Rb 5.6 4.6 1.2 0.8 9.8 10.5 15.5 1.6 
Sr 303 202 246 402 670 259 240 222 
Y 21 19 20 16 28 21 26 41 
Zr 63 73 74 78 118 56 98 149 
HI 1.50 
Nb 3 5 3.5 2 2 4 7 
Th 2.07 
U 0.45 
La 3 6 5 9 8 8 10 
Ce 12 19 12 29 24 25 28 
Nd 7 11 8 15 11 13 18 
Las/YN 0.91 2.01 1.59 2.04 2.42 1.95 1.55 
Zr/Nb 21 15 15 22 10 28 25 21 
KIRb 640 580 1040 930 610 420 460 1090 

TABLE 1-continued 
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Trace elements contents plotted against Mg-value 
for the Tumu River basalts (dots) and dolerites 
(squares). 

andesites. Ferrobasalts also occur at aseismic ridges, 
e.g. Ninety East Ridge (Hekinian, 1973), and at some 
mid-ocean ridges, e.g. Juan de Fuca Ridge (Kay & 
others, 1970; Vogt & Byerley, 1976), the East Pacific 
Rise (Clague & Bunch, 1976) and the Galapagos 
Spreading Centre (Byerley & others, 1976) . 

Classification of tholeiites 
Tholeiites of similar major-element composition show 

a considerable range in abundance of incompatible ele
ments (e.g. LREE, Ba, Rb, K, P, Th, U) ranging from 
the LREE depleted mid-ocean ridge basalts, -MORB-, 
(Group I basalts of Bryan & others, 1976) with 
Lal'/SmN ratios of 0.6-0.8 (e.g. Schilling, 1971 , 1975; 
Kay & others, 1970; Bryan & others, 1976) to the 
LREE-enriched tholeiites of oceanic islands, e.g. 
Hawaii, Azores, Iceland, with La j\"/Sm l\' ratios of 2-3 
e.g. Schilling, 1973, 1975). Continental tholeiites are 
generally even more enriched in LIL elements. Another 

group of tholeiites, with transitional LREE enrichment 
(Group II basalts of Bryan & others, 1976) have been 
found in a variety of localities in the ocean basins; in 
the vicinity of oceanic islands, at seamounts, fracture 
zones, aseismic ridges, at several Deep Sea Drilling Pro
ject (DSDP) sites on the ocean floor, at the Mid
Atlantic ridge in the FAMOUS (French-American-Mid
Ocean Undersea Study) area (e.g. White & Bryan, 
1977; Langmuir & others, 1977), and in some marginal 
basins (Gill, 1976; Tarney & others, 1977) . 

These and other studies show the fractionation among 
REE in tholeiites; it is clear that source regions with 
different REE abundances exist in the Earth's mantle 
(e.g. Gast, 1968; Schilling, 1973, 1975; Frey & others, 
1978) . 

We refer simply to the various tholeiites on the basis 
of the level of enrichment of LREE (La) relative to 
HREE (Yb). Depleted tholeiites have LaN/YbN 0.8 and 
low abundances of LlL elements; most MORB fall into 
this group. Chondritic tholeiites have flat, chondritic or 
near-chondritic REE patterns with LaN/YbN of 0.8-2. 
Basalts with 'transitional' LREE enrichment as found 
at 37°_45 °N, and many of the Group II basalts of 
Bryan & others (1976) fall in this group. Enriched 
tholeiites have LaN/YbN greater than 2, and include 
the oceanic island tholeiites of Hawaii, Azores, Iceland, 
and continental tholeiites (e.g., southeast Australia, 
Deccan Plateau, Ferrar Dolerite). 

K, Rb, Cs, Ba, Sr, U, Th 
The abundances of these LIL elements have provided 

a useful discrimination among magma types (e.g. Gast, 
1968; Hart, 1969; Kay & others, 1970) . However, as 
already noted, these elements are very susceptible to 
alteration; altered samples commonly show increased 
abundances of Rb, Ba, etc., and decreased KI Rb, KI Ba 
etc., ratios (Hart, 1970) . Although the alteration of 
the Tumu River basalts precludes confident use of 
these elements as petrogenetic indicators it is notable 
that the bulk of the basalts (excluding those recognised 
as very chemically altered) have low KzO contents 
(~0.4%) , low Rb (~2.5 ppm), and low Ba (~50 
ppm) . K / Rb and K/Ba ratios in least altered rocks are 
moderate to high, 500-1500 and 20-50 respectively. 
Sr contents are variable, but most lie in the 75-225 ppm 
range. These abundances are similar to or higher than 
those commonly found in depleted tholeiites, MORB 
(e.g. Hart, 1969; Kay & others, 1970). U and Th 
abundances are low, and Th/U ratios are in the range 
3-4, which is higher than MORB (1.5-2) and similar 
to ocean .island tholeiites. Sample 549 (judged to be 
chemically altered) has significantly higher abundances. 

Ti, Zr, Y, Nb, P, Ht 
Several schemes for discriminating among magma 

types have been proposed using these elements, which 
are widely regarded as insensitive to alteration (e.g. 
Cann, 1970, 1971 ; Pearce & Cann, 1973; Smith & 
Smith, 1976). 

Y I Nb ratios for the Tumu River basalts are mostly 
in the range 4-7, typical of tholeiitic rather than alkalic 
basalts; this range is somewhat lower than that exhibited 
by most MORB, which commonly have ratios greater 
than 8 (Erlank & Kable, 1976) . Zr/ Nb ratios are inter
mediate between those of depleted tholeiites (- 37), 
and alkali basalts (- 6.5) (Erlank & Kable, 1976) 
suggesting a transitional nature. On a Ti-Zr diagram 
(Fig. 5) the basalts form a strongly linear trend which 
extends through and well beyond the field specified for 
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Figure 5. 
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Ti-Zr diagram for the Tumu River basalts (dots) 
and doIerites (squares). B,D = fields of 'ocean 
Hoor tholeiites' (Pearce & Caon, 1973). 

ocean-floor basalts by Pearce & Cann (1973). The trend 
defined is typically tholeiitic: Ti, like Zr, is strongly 
partitioned into the liquid during the early and middle 
stages of differentiation, but late-stage liquids become 
depleted in Ti due to the formation of Fe-Ti oxide. 

The overall abundances of Ti, Zr, Hf, Y, and Nb 
are significantly higher than for average depleted 
tholeiites of comparable Mg value and Ni content. Frac
tionated DSDP basalts showing LIL element depletion 
described by Ayuso & others (1975), Frey & others 
(1974), and Thompson & others (1975) with compar
able Mg-values, commonly have about half the TiO:!, 
Zr, Nb, and Hf contents of the Tumu River basalts. 

The higher abundances of Ti, P, Zr, Nb, and Hf of 
the Tumu River basalts are similar to those of ocean 
island tholeiites of Hawaii (McDonald & Katsura, 
1964; Murali & others, in press), Iceland (Sigvaldson, 
1974; Bailey & Noe-Nygaard, 1976; Wood, 1976), and 
Galapagos (McBirney & Williams, 1969). Relatively 
unfractionated tholeiites of these localities (Mg value 
;;: 68, Ni ;;: 200 ppm) contain Ti02 ,...., 1-2 wt%, 
P 2 0 5 ,...., 0.1-0.15 wt%, Zr > 75 ppm and Hf > 2 ppm, 
all higher than depleted tholeiites. The abundances of 
Ti, P, Zr, Nb, and Hf in analyses 29-35 in Table 1 are 
considerably lower than in the 'oceanic island' series 
and more closely resemble depleted tholeiites, but 
abundance ratios Zr/Nb, Y INb, etc. are more similar 
to the enriched tholeiites of oceanic islands. 

REE 
REE are commonly regarded as the most insensitive 

of LIL elements to lmy-temperature alteration, and have 
been widely used as a petrogenetic indicator even for 
altered rocks. Frey & others (1974) suggested from 
studies of DSDP basalts that glass may decrease in 
REE abundance (except for Ce) following alteration, 
and crystalline samples may increase in LREE (and 
Sr, Ba) and decrease in HREE (and Y, Sc, Nb, Ni) 
following alteration. Hellman & Henderson (1977) 
have shown that progressive spilitisation of a tholeiitic 
basalt can result in both an increase in absolute REE 
abundance and La/Sm and La/Yb ratios. Wood & 
others (1976) suggest that zeolite-facies metamorphism 
can result in mobility of LREE, with the degree of 
mobility increasing with ionic radius. Data from the 
Cliefden Outcrop (Hellman & others, 1977), however, 
show little fractionation among REE although the abso
lute level of abundance of REE varies considerably. 

The effect of alteration of REE in the Tumu River 
basalts has been examined in Figure 6, where LREE 
(1 La, Ce, Nd) are plotted against Zr. The excellent 
correlation (r = 0.97) obtained suggests that most 
LREE abundances have not changed. However, those 

basalts judged, on the basis of their poor Zr-Y correla
tion, to be altered also show a poor LREE-Zr correla
tion and have higher LaxlY x ratios and lower Y INb 
ratios than the bulk of the samples which have LaxlY x 
ratios of about 1.2-1.6 (Fig. 7). The REE pattern for 
sample 549 (Fig. 8) shows a smooth curve with no 
significant relative fractionation among REE, except Ce 
which has a marked negative anomaly. Ce anomalies 
are also apparent in markedly altered DSDP basalts 
(Frey & others, 1974) and the spilitised Bhoiwada 
basalt (Hellmann & Henderson, 1977). It appears 
therefore that marked alteration, spilitisation especially, 
can produce an increase--both in absolute REE abun
dance and in degree of LREE enrichment. Total REE 
abundances of the Tumu River basalts, shown by the 
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~ LREE (La + Ce + Nd) versus Zr. All data 
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Figure 7. Chondrite-normalised Lax/YN versus YN plot 
showing increasing absolute level of REE (10-60 
times), and variation in LREE enrichment. Sym
bols as for Figure 2. Altered samples (triangles) 
show significantly higher LREE enrichment. 
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Figure 8. Chondrite-normalised REE abundances of Tumu River basalts (143, 524, 508, 549, 565) and dolerite 576 
from the Marum gabbro. Sample 549 is considered to be markedly altered. Sample 143 is the most primitive 
member of the Tumu River basalts. See text for discussion of crossing REE pattern of 508. 

143 
p.p.m. 

La 8.43 
Ce 19.80 
Pr 2.51 
Nd 11.83 
Sm 3.21 
Eu 1.16 
Gd 
Tb 0.75 
Dy 4.55 
Ho 0.91 
Er 2.52 
Tm 
Yb 2.05 
LaN/SmN 1.60 
LaN/ Yb .. 2.72 

524 549 508 

7.27 21.38 6.27 
20.0 42.99 18.65 

2.65 6.24 2.61 
14.25 29.31 12.22 
3.93 6.78 3.45 
1.42 2.28 1.33 

0.79 1.17 0.92 
4.74 6.70 6.24 
0.95 1.23 1.43 
2.72 3.24 3.98 

0.41 
2.13 2.56 3.84 
1.13 1.92 1.11 
2.25 5.51 1.08 

Table 2. REE data. 

565 

20.96 
50.42 
7.56 

34.65 
9.89 
3.31 

11.42 
1.97 

13.26 
2.94 
8.56 
1.18 
8.76 
1.29 
1.58 

576 

7.76 
19.95 
2.56 

11.36 
2.70 
0.90 
3.05 
0.52 

10.34 
0.74 
2.12 

2.05 
1.75 
2.50 

range in Y contents in Figure 7 and the six REE pat
terns in Figure 8, range from IOta 60 times chondri tic. 
REE data for six samples are given in Table 2. Profiles 
are all characterised by slight LREE enrichment. 
Markedly fractionated ferrobasalt 565 (Mg-value 36) 
has a generally similar pattern (although a slightly 
flatter profile) and similar LaN/SmN ratio to relatively 
unfractionated samples 143 and 524 (Mg values 71 and 
68) and dolerite 576, but the absolute level of REE 
is nearly four times higher. LREE and Y data for the 
most evolved ferrobasalt (Mg value 30) show a similar 
pattern with HREE at 60 times chondritic. Significantly 
ferrobasalt 565 has no apparent negative Eu anomaly, 
unlike other highly fractionated ferrobasalts (e.g. Vogt 
& Byerly, 1976). Lack of a negative Eu anomaly does 
not preclude plagioclase fractionation. Since only a 
small Eu anomaly results from extensive plagioclase 
removal (10% increase in Sml Eu if 50% of the system 
is removed as plagioclase: Frey & others, 1974). 
Dolerite 576 from the Marum gabbros has a flat pattern 
of HREE with LREE enrichment (LaN/SmN = 2.5) 
similar to the Tumu River basalts. However, the abso
lute level of REE is lower than the most Mg-rich 

basalt indicating that the parent liquid for dolerite 576 
(Mg-value = 42) had a very low level of REE. Sample 
508 has a flat pattern, with very slight depletion in 
MREE and slight LREE enrichment. Thl U ratios are 
slightly lower but Zr/Hf, La/Ce, and Zr/Nb ratios are 
similar to the other analysed samples (except the 
altered sample 549). 

The Tumu River basalts have LaN/ SmN ratios inter
mediate between the depleted tholeiites with LaNI SmN 
ratios of 0.6-0.8 and the enriched tholeiites of oceanic 
islands with La;.//SmN ratios of 2-3. LaN/YbN ratios 
are mostly greater than 2, except for 508 and 565 
which have near chondritic ratios, indicating affinities 
with the enriched tholeiites. 

Petrogenesis 
Fractionation 

The differentiation trends shown by both major and 
trace elements, and the similarity in incompatible ele
ment ratios suggest that the bulk of the Tumu River 
basalts may be related by fractional crystallisation from 
a common parent magma. Quantitative modelling of 
possible fractionation processes by least squares mixing 
involving major elements is precluded by the chemical 
changes of spilitisation. However, trace elements permit 
evaluation of fractionation processes if crystal frac
tionation follows the Rayleigh Law. Allegre & others 
(1977) have demonstrated that in practice the bulk 
distribution coefficient, 0, for many trace elements in 
a fractionation sequence (or parts of a sequence) is 
more or less constant, and that D values may, on the 
basis of a re-written form of the standard Rayleigh 
fractionation equation, be obtained by plotting on log
log scales the concentrations of a trace element in a 
sequence of rocks against the concentrations of an ele
ment, such as Zr, which has solid-liquid distribution 
coefficients substantially less than unity. A line of best 
fit is drawn through the data points, and the slope of 
this line is 1-0 (if 0 is less than 1) or 0-1 (if 0 is 
greater than 1). 
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Figure 9. Logarithmic plot of NI, Cr, Se, V, Ti, P205, Hf, La, Sm, Eu, Y, and Vb against Zr for Tumu River basalts 
(dots) and dolerltes from the Marum gabbro sequence (squares). Lines of best fit define bulk partition co
efficients. Dashed lines outline the lower Ti group. Note change in bulk partition coefficients for V, Ti, Sc 
at about 270 ppm Zr marking titanomagnetite and ilmenite fractionation. 

Trace elements for the Tumu River basalts are plot
ted in log form against Zr in Figure 9. The bulk parti
tion coefficients obtained by least squares treatment 
for these elements are presented in Table 3, and are 
constant except for V, Ti, and Sc. The bulk partition 
coefficients for these elements change markedly from 
less than 1 to significantly more than 1 at a point late 
in the differentiation sequence equivalent to 260-280 
ppm Zr, as a result of crystallisation of Fe-Ti oxide. 

An initial Zr concentration of 71 ± 5 ppm was esti
mated, assuming a Ni concentration of 300-450 ppm 
in the primary magma (Allegre & others, 1971). Initial 
concentrations for all other trace elements were then 
calculated using the rewritten Rayleigh equation of 
Allegre & others (1971): these are presented in Table 
3. The DNi obtained for the Tumu River basalts (3.6) 
is slightly lower than that suggested by Allegre & others 
(1971) as typical of primitive sequences (i.e. >4), 
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ppm 
Ni 
Cr 
Sc 
Ti 
V 
Y 
Zr 
Nb 
HI 
P205 (wt%) 
La 
Sm 
Eu 
Yb 

Sequence 1 
3.6 
3 
0.6 
0.15 
0.56 
o 
o 
o 
o 
o 
o 
o 
0.23 
0.09 

Sequence 2 lnitial composition 
450 
900 

1.65 24 
1.75 7750 
4.3 180 

18 
77±5 

4.8 
2.4 
0.12 
5.8 
3 
1.1 
1.9 

Table 3. Bulk partition coefficients and initial composition 
for Tumu River basalts. 

and it is possible that the initial concentrations obtained 
may not be the most primitive; on the other hand the 
high Ni and Cr contents of the calculated initial com
position imply little fractionation. The calculated abun
dances (Table 3) closely match high Mg basalt 143, 
which is the least fractionated of the sequence. Rayleigh 
fractionation calculations using the D values in Table 
3 indicate that 4-6 percent fractional crystallisation is 
required to derive sample 143 from the calculated 
initial liquid composition, whereas the most evolved 
ferrotholeiites require extremely high degrees, about 
85 percent, of crystallisation. A major break in the 
differentiation sequence occurs at about f= 0.3 caused 
by the formation of Fe-Ti oxide as a fractionating phase. 
The extremely high degree of fractionation invoked is 
not unique: Clague & Bunch (1976), using both major 
element mixing models and phosphorus calculations, 
estimate that the ferrobasalts of the East Pacific mid
ocean spreading centres result from up to 74 percent 
fractional crystallisation. 

An estimate of the mineralogical composition and 
proportions of the cumulate phases involved in the 
fractionation can also be derived from the trace-element 
abundances. The rapid depletion of Ni indicates frac
tionation of olivine: a similar depletion of Cr probably 
indicates fractionation of a very small amount of 
chrome spinel. The phenocryst assemblage, and beha
viour of Ti and V, suggest that the additional fractiona
ting phases in the first sequence were plagioclase and 
clinopyroxene. Phases involved in the second sequence 
are likely to have been plagioclase, clinopyroxene, 
ilmenite and titanomagnetite. 

Insertion of published mineral! liquid distribution 
coefficients (Allegre & others, 1977; Frey & others, 
1978; Irving, 1977) into equations defining the bulk 
distribution coefficient in terms of proportions of phases 
fractionating for trace elements Ni, Cr, V, and Ti yields 
a set of simultaneous equations, e.g. DNi = 13Xo) + 
4Xcpx · Solution of the equations suggests fractionation 
in the appropriate proportions olivine 0.15, clino
pyroxene 0.4, and plagioclase 0.45. Fractionation of 
a small percentage (-----I %) of chrome spinel is also 
likely. Sc appears anomalous; published Sc distribution 
coefficients for clinopyroxene are high (3 according to 
Frey & others, 1978) and a sequence in which clino
pyroxene is a significant fractionating phase should 
show marked decreases in Sc abundances. However, the 
available Sc data for MORB in the literature do not 
appear to show a correlation with decreasing Mg-value, 
yet significant clinopyroxene fractionation is commonly 
invoked in mixing models. The DSc for the Tumu River 
basalts requires a D~~x if less than 1.5-if the frac-

tionation model is correct. The decrease in Sc abun
dances in sequence 2 suggests that clinopyroxene frac
tionation is more important, and I or that Sc distribution 
coefficients for Fe-Ti oxides are appreciably higher than 
1. Quantitative modelling for sequence 2 is not possible 
because the distribution coefficients of Ti and V for 
Fe-Ti oxides are poorly known. 

The associated layered peridotites and gabbros of the 
Marum ophiolite complex are of cumulate origin and 
the possibility of a direct relationship, i.e. cumulate
liquid between them and the Tumu River basalts, such 
as commonly involved in other ophiolites, will be exa
mined later. 

Not all the Tumu River basalts can be related by 
crystal fractionation: the lower Ti group, particularly 
dolerites 576 and 169, are chemically distinct. Simi
larly the REE pattern of basalt 508 precludes a simple 
relationship with the other basalts. The low degree of 
LREE enrichment of this basalt may be explained by 
derivation from an increasingly depleted source, or by 
a process of 'dynamic melting' as suggested by Lang
muir & others (1977). In this model partial melting is 
a continuous process in which some of the melt always 
remains in the residue. Continuous incremental melting 
can result in highly variable trace-element abundances, 
and this model can explain the variable LREE enrich
ment and lack of correlation between LREE enrich
ment and HREE abundance (i .e. crossing REE patterns 
such as in Fig. 9) exhibited by basalts from the 
FAMOUS area (Langmuir & others, 1977). 

Comparison of initial magma composition with other 
primitive basalts 

The calculated initial abundances and abundance 
ratios for the Tumu River basalt sequence are com
pared with values for relatively unfractionated sea-floor 
and oceanic island tholeiites in Table 4. Most MORB 
have undergone some degree of crystal fractionation, 
at least of olivine and commonly of pyroxene and 
plagioclase (e.g. Miyashiro & others, 1969; Frey & 
others, 1974; Hekinian & others, 1976; Bryan & others, 
1976; Bryan & Moore, 1977). Relatively primitive 
basalts have been found at DSDP sites 3-14 and 3-18 
(Frey & others, 1974). and more recently in the rift 
valley of MAR in the FAMOUS area (Bryan & Moore, 
1977; Hekinian & others, 1976; Langmuir & others, 
1977) and at several Leg 37 DSDP sites (Bence & 
Taylor, 1977; Blanchard & others, 1976). The Tumu 
River basalt initial composition has about twice the Ti, 
Zr, Nb, Hf (P20 5 ) contents of these 'primitive' 
depleted tholeiites, and has higher Ti/Y, Ti/Sc, TilV, 
and Zr/Y ratios than most LREE depleted MORB, but 
comparable, i.e. close to chondritic, TilZr, Zr/Hf, 
Ti02 /P2 0 5 , and Zr/Nb ratios. LREE-enriched basalts 
are commonly markedly differentiated, some to Fe-Ti
rich basalts with high levels of LIL elements. However. 
not all LREE enriched basalts are characterised by high 
levels of Ti. Zr, Hf, etc. The relatively primitive. 
slightly LREE-enriched leg 37-332 basalts (Bence & 
Taylor. 1977) have similar LaN/ Sm N ratios. but much 
lower Ti, Zr, Hf abundances (about half) of the Tumu 
River basalts. 

Abundances of Ti. Zr, Hf. and P in the Tumu River 
basalts therefore most closely resemble the Icelandic 
tholeiites. REE and major-element chemistry also sug
gests affinitie§ with basalts from oceanic islands and 
aseismic ridges. which range to highly fractionated 
ferrobasalts. 
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Chondritic Enriched Depleted 
1 2 3 4 5 6 7 8 9 10 11 12 

Sc 24 28 28 39 40 
Ti 7750 6480 5935 8940 9240 6540 1810 13900 11750 4200 9000 620 
V 180 190 270 350 292 190 64 
Cr 900 560 355 760 505 480 445 770 900 250 
Ni 450 239 199 190 213 211 320 
Y 18 28 17.5 23 26 15 34 23 20 30 2 
Zr 77 58 49 77 115 76 182 113 148 35 90 6 
HI 2.4 1.71 1.26 2.3 3.1 1.16 
Nb 4.5 7.9 7.5 10 22 11 2.5 0.39 
P205 0.12 0.19 0.12 0.09 0.25 
La/SmEF 1.2 1.23 1.37 1.04 1.48 0.4 0.4-0.7 1 
Ti/V 43 34 34 19 48 22 22-29 9 
Ti/Y 450 230 340 389 355 436 532 510 210 285 256 
Ti/Zr 100 112 121 116 80 86 100 123 79 120 100 102 
Zr/HI 34 34 39 33 36.5 30 44 
Zr/Nb 16 7 6.5 7.7 8.3 13.5 30-40 16 
Zr/Y 4.5 2.1 2.8 3.35 4.4 5.06 6.4 1.75 2.5 
Ti02/P205 11 7.8 12.8 11.4 9.3 11 10 
V/Zr 2.3 3.3 2.4 4.6 5 11.5 
Y/Nb 3.75 3.5 2.3 2.3 5 
Ti/Sc 320 230 500 110 225 

1. Tumu River basalt-caIculated parental magma composition. 2. FAMOUS basalt 529-4 (Langmuir & others, 1977). 3. Leg 37-
332 A (Bence & Taylor, 1977). 4. Iceland basalt (Wood, 1976). 5. Iceland basalt NAL 19 (Sigvaldson, 1974). 6. Iceland basalt 
NAL 13 (Sigvaldson, 1974). 7. Galapagos basalt (Pearce, 1975). 8. Hawaii, 1840 Kilauea (Murali & others, in press). 9. Hawaii 
(Pearce, 1975). 10. Leg 3-14 (Frey & others, 1974). 11. 'Average' MORB (Smewing & others, 1975). 12. Chondritic (Nesbitt & 
Sun, 1976; Sun & Nesbitt, 1977). 

Table 4. Comparison of calculated parent magma with least fractionated lavas from oceanic islands and average MORB •. 

20%; 01, opxl 
30%; o/,opx 

La 
1.16 
1.74 

Sm 
0.61 
0.90 

1=80% olivine,20% orthopyroxene 

Eu 
0.22 
0.33 

Yb 
0.39 
0.58 

Y 
3.65 
5.5 

Zr 
16 
24 

Ti02 
0.27 
0.40 

HI 
0.5 
0.75 

Nb 
0.96 
1.44 

V 
55 
70 

Sc 
13 
14 

Table S. Calculated model source abundances. 

A bundances in the source region 
Experimental studies of model mantle composition 

(Green & Ringwood, 1967; Green, 1971) indicate that 
olivine tholeiite liquids may be produced by large 
degrees, 20-30 percent, of partial melting leaving a 
harzburgite residue. Green & others (in press) also 
invoke large degrees, approximately 25 percent, of 
melting to leave an olivine, enstatite, ±spinel residue 
in an experimental study of DSDP basalt 3-18. 

During equilibrium melting of a mantle source the 
enrichment of a trace element in the melt relative to 
the original source concentration can be expressed by 
the partial melting equation. 

C1 1 

Co D + F(1-D) 
where D = bulk distribution coefficient, 

F = fraction of melt (Shaw, 1970). 
If the degree of partial melting and nature of the resi
due is specified, source abundances can be calculated 
using appropriate partition coefficients. The partition 
coefficiences of Frey & others (1978) were used in the 
following calculations. 

For 20-30 percent melting, leaving olivine (80%) 
and orthopyroxene (20%) as residual phases the model 
mantle source for the parent Tumu River basalt has 
LREE = 3.5-5.5 times chondrites (x), HREE, Y, Zr, 
Nb = 1.8-2.8 x, Hf = 2-4 x, Ti = 2-3 x, Sc = 
2-2.5 x, V = 1 x, and P2 0 5 = 2 - 3 x. These values 
are similar to those obtained by Frey & others (1978) 
for continental tholeiites from southeast Australia, and 
suggest that the source for the Tumu River basalts had 
not experienced a previous melting event, unlike the 
source regions for depleted tholeiites. The level of 

HREE (1.5-3 x chondrites) is in agreement with other 
conclusions that the upper mantle has HREE abun
dances equal to 2-4 x . times chondrites (e.g. Gast, 
1968; Kay & Gast, 1973; Frey &. others, 1978). The 
LREE, at 3-5 times chondrites, are slightly enriched 
relative to HREE. The abundances of REE, and Nb, 
Hf, Zr, Y, Ti, P2 0 5 in the source region are therefore 
similar to abundances in the source regions for both 
oceanic island basalts and continental tholeiites. These 
data accord with the detailed integrated modelling of 
Frey & others (1978) who show that the source for 
continental and oceanic-island basalts has been enriched 
in the markedly incompatible elements (Ba, Sr, Th, U, 
LREE) at 6-9 times chondrites. This they infer to be 
the result of migration of a LIL-element-enriched melt 
or fluid depleting some mantle regions and enriching 
others, an interpretation consistent with the concept of 
a chemically zoned upper mantle (Green, 1971; Green 
& Lieberman, 1976). 

Tectonic implications 
The LIL-element-enriched Tumu River basalts differ 

from basalts previously described from ophiolites which 
are generally characterised by LREE depletion and 
low abundances of LIL elements similar to most MORB 
(Montigny & others, 1973; Kay & Senechal, 1975; 
Smewing & others, 1975; Smewing & Potts, 1976; 
Menzies & others, 1977). However, basalts with slight 
LREE enrichment similar to the Tumu River basalts 
occur in the Sarmiento ophiolite (Saunders & others, 
1978), and in the Smartville (Menzies & Blanchard, 
1977) and Belts Cove ophiolites (G. A. Jenner, pers. 
comm. 1977) where they overlie LREE-depleted 
tholeiites. 
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LIL-enriched tholeiites are commonly interpreted as 
the result of mantle plumes or hot spots (e.g. Schil
ling, 1973, 1975). However, as noted by Bryan & 
others (1976) LREE-enriched basalts occur in several 
areas where there is no evidence of structural, batQY
metric, or geophysical anomalies associated with a 
'plume'. Moreover basalts with LREE enrichment have 
also been recently described from marginal basins 
(Gill, 1976; Tarney & others, 1977) . Basalts with 
transitional LREE enrichment do not therefore appear 
to be characteristic of any particular geologic setting in 
the ocean. Rather it seems that although different levels 
of abundance and different degrees of enrichment of 
LIL elements in olivine tholeiites may in some cases 
arise by the process of dynamic melting, as outlined 
by Langmuir & others (1977), and by variations in the 
degree of partial melting, the most important factor is 
mantle heterogeneity. Basalts in various tectonic en
vironments may tap different source regions in a 
chemically zoned upper mantle (Green, 1971). 
Apparent geochemical-tectonic correlations (e.g. Pearce 
& Cann, 1971, 1973) may be a consequence of such a 
vertically zoned upper mantle: pre-rifting basalts may 
tap a shallow enriched source, while basalts associated 
with deep rifting tap a deeper depleted source region 
(Green, 1971; Green & Lieberman, 1976). Similarly 
olivine tholeiites erupted in marginal basins, with a 
long history of extension well-removed from a volcanic 
arc and any influence of subducting lithosphere, may 
be expected to show depleted source characteristics. 

The Tumu River basalt volcanism therefore cannot 
be confidently ascribed to any particular tectonic setting 
within the ocean basin (such as anomalous ridge seg
ment, fracture zone or marginal sea) which the 
regional geology suggests lay to the north of the Aus
tralian continent in Cretaceous to Eocene times. 
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APPENDIX 

Major elements (except MnO and P205) were deter
mined by TPD electron microprobe (Reed & Ware, 1975) 
using a 40.u beam after fusion on an iridium strip (Nicholls, 
1974). Glasses were prepared in duplicate, and at least five 
analyses made of each. Glasses were homogeneous and pre
cision is estimated to be better than 5 %, mostly 2 %. Good 
agreement was obtained in analyses of standard rocks IB-I 
and BCR-l and for XRF analysis of selected samples. MnO 
and P205 were determined by XRF on pressed powder 
pellets with a precision of 5-7%. Na20 and K20 were 
determined for selected samples by atomic absorption 

spectroscopy; agreement obtained with probe data indicates 
no loss of alkalis on fusion. Loss was determined by heating 
at 1050°C with corrections made for oxidation of iron. 
FeO was determined by potentiometric titration (Kiss, 
1977). 

Trace elements Sc, V, Cr, Ni, Cu, Zn, Ba, Rb, Sr, Y, 
Zr, Nb, La, Ce, Nd were determined by XRF on pressed 
powder pellets (Norrish & Chappell, in press) using directly 
measured abSOrPtion coefficients for the heavier elements. 
Corrections were made for non-linear backgrounds and 
inter-element interferences. Limits of detection for each 
element are outlined by Norrish & Chappell (1977) and 
precision for most elements is estimated to be better than 
5%. Accuracy, as judged by comparison with standard 
rocks, was generally 5-10%. 

REE and trace elements Th, U, Hf, Zr, Y, Nb, and Ba 
were determined by spark-source mass spectrometry (Taylor, 
1965, 1971) using the improved data reduction of Taylor 
& Gorton (1977). Precision and accuracy of the improved 
technique are discussed in detail by Taylor & Gorton 
(1977) and are estimated to be REE (±5%), Th, U, Hf 
(±3%) , Ba (±5%) and Nb, Zr (±10%). Agreement 
between XRF and MS7 data was generally better than 15%, 
and commonly better than 10% except for Ba for which 
good agreement was obtained only at levels above 200 
p.p.m., and for REE, Nb at low levels «10 p.p.m.). 
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Involvement of government organisations in geochemical 
surveys in Australia 

K. R. Walker 

A Workshop was held at the end of the 7th BMR Symposium in May 1978 on what the 
involvement of government organisations in Australia should be in geochemical surveys. 
This report summarises the proceedings and discussions, and presents the results of the Work
shop. 

Introduction 
At the Workshop on the Involvement of Government 

Organisations in Geochemical Surveys held in Canberra 
on 4th May 1978 at the end of the 7th BMR Sym
posium, about 90 geologists. and geochemists from State 
Surveys, BMR, CSIRO, mining companies and the 
Association of Exploration Geochemists (AEG) dis
cussed current problems facing geochemical survey and 
exploration work in Australia. 

Geochemistry has been shown by the dramatic 
growth in its use in the last two decades to be a direct, 
effective and relatively cheap exploration tool well 
suited to the Australian environment, but developments 
in the science have not kept pace with this growth, and 
there is now an urgent need to identify and tackle 
problems impeding its further development in Australia. 

The objective of the Workshop was to take stock of 
current geochemical thought in Australia-to improve' 
communications, identify areas of responsibility, can· 
sider future directions, and initiate any necessary action. 

The first part of the Workshop was devoted to hear
ing what the current activities are of each government 
organisation, their present role and their future expec
tations in geochemistry, whereas each participating 
company indicated what it regarded government acti
vity should be from the user's point of view. Following 
the statements and examination of viewpoints, and those 
of the AEG, some of the more pressing problems con
fronting the future of exploration geochemistry in Aus
tralia were discussed. 

The topics discussed included such. wide-ranging 
matters as: the need for uniform presentation of geo
chemical information, particularly for use in data banks 
and sample repositories; geochemical problems requir
ing study in Australia; and what constitutes survey work 
and how can it best serve exploration needs, or what 
are the objectives of survey work as distinct from those 
of prospecting? 

This report summarises the main views expressed and 
the results of the discussions. 

Views of the AEG on government 
involvement in geochemical surveys 

The Association of Exploration Geochemists pre
sented the views on government involvement in geo
chemical surveys held by individual and corporate mem
bers in a submission to the recent internal BMR Review. 
Dr A. S. Joyce summarised these views for the Work
shop, and on request made some additional remarks of 
his own. Some of his views are given below, and others 
are incorporated elsewhere in this article. The con
sensus views of the Association are as follows: 

There is general agreement that provision of geo
chemical maps and data is a service as fundamental to 
earth scientists as the provision of regional geological 

and geophysical data. The service should be provided, 
or at least coordinated, by a national body, preferably 
BMR. 

A primary goal must be to determine the geochemical 
character of lithostratigraphic units of the type por
trayed on regional geological maps. Opinion varies on 
how best to achieve this goal; some consider only fresh 
rock should be sampled, whereas others indicate that 
only drainage sampling can produce adequate coverge 
within realistic time and cost constraints. (As an aside, 
Joyce commented that the ideal sample is fresh rock 
and the realistic one is stream sediment, in that obtain
ing fresh rock in much of Australia would involve 
drilling-which is slow and costly-to below the 
weathered crust and much denser sampling than is 
necessary with stream sediments. Stream sediments are 
the only practical samples when covering large areas, 
and though they give a blurred compositional image, 
they still highlight anomalies. Moreover, most users 
wish to apply data to their own particular applications, 
such as for example exploration or soil fertility; and, 
fresh rock data may not be directly applicable to such 
weathered rock interpretation needs. ) 

Both types of data are needed and are complementary 
in their use. Ideally, data should be obtained on the 
fresh rock chemistry of lithostratigraphic units, and 
realistically the most pressing needs can be achieved 
by seeking maximum areal coverage using stream 
sediments where these are applicable (perhaps 20-50 
percent of the continent); sampling should be within 
the range of 1 sample per 2 to 40 km2• There is no 
reason why both types of sampling should not be under
taken, the fresh rock sampling being 'carried out selec
tively in conjunction with geological mapping, or in 
areas where previous drilling has given rise to suitable 
samples. Attention drawn recently to the importance 
of basin studies in stratiform ore search highlights 
investigation of lithostratigraphic units, which may in 
some cases be sampled from core of existing bore holes. 

The opinion of geochemists experienced in relevant 
overseas projects is that regardless of what sample 
attracts primary interest, other sample types should be 
collected for subsidiary purposes during the one 
sampling operation. Moreover, though the main interest 
centres on applications to mineral exploration, most 
geochemists recognise that there are emerging roles in 
relation to agriculture, forestry, health, environmental 
monitoring, and land-use planning, which ought to be 
taken into account. Indeed, urgent use of geochemical 
maps in land-use planning may prove to be essential 
for conservation of prospective terrain for mineral 
exploration. It should be noted that each of the State 
Surveys also made this point in their general remarks. 

There is general agreement that a large number of 
elements should be analysed for in each sample, using 
techniques which detect 'total' abundance, and that 
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samples should be filed indefinitely for future selective 
analysis as need arises. The main requirement of com
panies is factual, unprocessed data that are released 
quickly, but it is appreciated that Surveys should also 
interpret the data; preferably, this should only be done 
after the release of the raw data. Data produced should 
be handled by computer and made available in 
I : 100 000 or possibly 1: 250 OOO-scale map areas, as 
well as in the form of reports, microfiche, and computer 
lists or tapes. 

The mining industry view of the government 
survey role 

The views of the mining industry were put in formal 
contributions from CRA Exploration Pty Ltd (CRAE), 
The Broken Hill Pty Co. Ltd (BHP), Western Mining 
Corp. Ltd (WMC), Urangesellschaft Australia Pty Ltd 
and Mines Administration Pty Ltd; discussion also 
included comments from other company representatives 
present. 

The companies are mostly in agreement on the role 
government should play in geochemistry. They are also 
in agreement on the problems facing geochemistry in 
Australia today; there is a willingness to tackle these 
co-operatively. 

As noted by the CRAE spokesman and endorsed by 
other industry spokesmen, the integration of the roles 
of government and industry in the ways they suggest 
below could provide industry with timely, relevant data 
to assist in finding ore deposits. It was observed that 
industry has conducted most geochemical surveys in 
Australia to date, but the coverage is far from sys
tematic and the results are seldom consistent. Ground 
rules for the interpretation of such surveys are largely 
empirical. Good case histories are few, and fundamental 
geochemical theory is not well advanced. 

It was generally agreed that government organisations 
should undertake regional geochemical surveys, though 
completion of geological and aeromagnetic surveys 
should take priority. One company regarded such geo
chemical surveys as an important means of government 
acting as a catalyst for mining exploration. Others saw 
them as a logical part of geological province studies. 

However, difficulty is being experienced in reaching 
agreement on what constitutes a regional geochemical 
survey, because companies see an apparent conflict 
between some types of regional surveys government 
organisations conduct and the prospecting objectives 
of company surveys. CRAE defined an exploration sur
vey as that carried out on the scale of an exploration 
tenement, but this did not seem to overcome the prob
lem of distinguishing between the two types of survey. 
Resolution of the matter really depends on reaching an 
understanding on an appropriate sampling density
but even this probably cannot be defined precisely, as 
orientation surveys show sampling needs differ from 
area to area. 

In general companies acknowledge that it is unrealis
tic to expect government surveys to fiII gaps in company 
survey coverage; this must wait until it is economically 
justified or until systematic re-surveying to set standards 
of reporting has a priority. 

The smaller companies confirmed the usefulness to 
them of orientation surveys of prospective areas com
pleted by BMR, and noted that they regarded this 
aspect of BMR's geochemical work as more important 

than systematic geochemical mapping, though this, too, 
is useful from their point of view. 

Because geochemistry is a direct exploration tool and 
the companies are the mineral explorers, they are con
cerned that government organisations should not carry 
out similar exploration surveys to theirs, but rather 
should be involved in selected aspects of geochemistry 
to complement the work of industry. This approach will 
best satisfy real needs, and is most likely to be cost 
effective. 

Industry recognises that there are some aspects of 
geochemistry which government organisations can do 
better than mining industry, and these should be iden
tified and pursued (see company proposals below). 
There are other aspects better left to industry, such as 
prospecting and identifying anomalies; it is the com
panies who have the expertise to move in and test 
them, and to develop good exploration philosophy. 
Only in special circumstances should government sur
veys get involved in testing anomalies, perhaps only 
where this is necessary to scientifically evaluate the geo
chemistry of an area properly. However, in Victoria 
testing of anomalies is considered necessary to stimulate 
company activity. 

Achieving complementary co-operation again points 
to the need for guidelines; all the companies drew atten
tion to the need for more uniform presentation of data 
in the future, so data can be more easily accessed, and 
re-used if necessary. These matters are discussed more 
fully in a later section. 

There is remarkably close agreement in the proposals 
companies put forward individually on the appropriate 
activities for government organisations. The key to the 
company proposals lies in the recognition of wide but 
incomplete existing geochemical coverage of variable 
quality, and of the fact that theories of geochemical 
processes have not kept abreast of growth in the use 
of geochemistry. The company proposals for govern
ment organisations are: 

I . Compilation of index maps giving details of geo
chemical surveys conducted in map-sheet areas. 

2. In-depth orientation studies aimed at defining the 
geochemical parameters in different areas, including 
information on pathfinder elements and analytical tech
niques. 

3. Case-history studies of mineral prospects before 
contamination from development work destroys their 
original geochemical characteristics. 

4. Regional geochemical investigations (in particular 
lithochemical) of rock units favourable to ore forma
tion throughout a mineral province. 

5. Studies to define geochemical background charac
teristics of rock units in geological maps. 

6. Regional geochemical surveys based on low den
sity sampling, including stream and lake sediments, 
ground water, heavy minerals, soils, weathered bedrock, 
and fresh rock of selected areas; the actual method 
used depending on the type of terrain being sampled. 
Economic potential should be the main guiding prin
ciple, though coverage of national parks, reserves, etc., 
is important. 

7. Geochemical examination of stratigraphic 
sequences in sedimentary basins; study water samples 
and existing bore core. 

8. Monitor technical developments; and develop geo
chemical method applications for use in various Aus
tralian conditions. 
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9. Foster guidelines for general use in the presenta
tion of geochemical data, and encourage standardisa
tion of procedures. Help enforce uniform and thorough 
standards of reporting geochemical results from 
exploration tenements. 

10. Geochemical study of known large occurrences 
of mineralisation throughout Australia. 

11. Investigate fundamental geochemical processes 
to improve the theories of dispersion and fixation of 
elements in the geochemical cycle. 

12. Develop new geochemical techniques and ana
lytical methods. 

The last two items are more within the province of 
CSIRO. 

Company representatives appreciate many of the 
problems facing government organisations in geo
chemical work. They see that there is scope to improve 
co-operation by releasing more data, though confiden
tiality will continue to be a problem in some cases. They 
acknowledge that delays in releasing data can frustrate 
finalisation of some surveys, and ask : should there be 
a time limit? There is a great deal of so-called con
fidential information held (in all aspects of earth 
science), which in isolation is relatively useless, but 
combined with other information may take on new 
meaning. 

Companies indicate they are willing to assist with 
case-history studies, as suggested by one company in 
collecting suitable samples at an early stage, and mak
ing them available for study later if the prospect justi
fies this after development, and by another in suggesting 
enforced early notification of prospects, so that steps 
can be taken, if necessary, to initiate geochemical case
history studies where companies are unable to do so 
themselves. It was even suggested that government 
organisations should be empowered to come in at an 
early stage if necessary to obtain the appropriate geo
chemical record. 

Some companies suggest that it should be compulsory 
on abandoning tenements to supply all data, samples, 
cores, etc . to the proper authority for further study and 
analytical work. These data and samples should be 
available to all government organisations, including 
BMR and CSIRO. 

Companies indicate that they appreciate government 
survey data being released early (and emphasise they 
are used to working with incomplete or imperfect data) 
rather than waiting for scientifically satisfying results. 
They would like greater access to data in survey files 
through improved filing facilities, and a central access 
point to avoid travelling throughout Australia to gather 
the available data together. They would appreciate the 
quick release of short scientific communications report
ing orientation surveys, new results, and scientific 
developments such as results of geochemical method 
applications. 

Geochemical work In the State Surveys 
The involvement of State Surveys in geochemical 

survey work has varied considerably. The Surveys par
ticipating in the Workshop were South Australia, Vic
toria, New South Wales. and Queensland. Western Aus
tralia and Tasmania were unable to attend. The 
Northern Territory Geological Survey was represented 
at the Workshop, but there were no formal submissions 
from this Survey, or from Western Australia or Tas
mania . The following comments on activities are only 
from those Surveys represented at the Workshop. 

These Surveys acknowledge the important role of 
data collecting and indexing, and their responsibilities 
in relation to the various mining acts. South Australia 
and the Northern Territory maintain sample reposi
tories and welcome material, particularly cores, but 
Northern Territory currently has a shortage of storage 
space. 

Most of the State Surveys prepare index maps show
ing the type, extent, and other details of geochemical 
coverage in the map sheet areas. These are popular and 
useful compilations, and are in continuous demand by 
companies, who would like to see all the States give 
them a high priority. 

Attempts have been made by all the State Surveys 
to use company data held in their open-file systems to 
compile composite geochemical maps at 1: 100000 and 
1 : 250000 scales; in some cases further work is under
taken to augment the data. But there is general agree
ment that, because of the incompatibility of much 
of the data, the resulting maps do not justify the 
effort in compiling them, and it would be simpler, 
cheaper, and more effective to ignore previous results 
and re-survey sheet areas. 

With regard to geochemical surveys, Queensland pre
fers to rely on company activity in Authorities to Pros
pect, for stream sediment, soil and rock chip survey 
information, but has joined BMR in current geo
chemical survey programs in Georgetown and North
western Queensland. New South Wales has abandoned 
independent geochemical surveys for the time being 
because of staff cuts, but geochemistry will be involved 
indirectly in other survey programs. In the immediate 
future it proposes to place emphasis on whole-rock geo
chemistry in association with regional mapping. In addi
tion, water and stream-sediment sampling is proceeding 
to monitor trace-element levels, mainly for environ
mental purposes. 

Recently the Mineral Resources Section in the Vic
torian Survey has started a number of projects in
volving geochemical surveys, to stimulate company acti
vity and so develop the State's mineral potential; these 
projects include undertaking orientation and regional 
geochemical surveys in economically prospective areas, 
and in relinquished leases where it is considered that this 
will regenerate company interest. Surveys are also used 
as an aid in the search for new ore bodies and exten
sions to existing ones. 

The South Australian survey carries out orientation 
soil and stream sediment surveys in areas of different 
climatic, topographic, and mineralisation environments, 
to provide basic information on optimum sampling and 
analytical parameters. It is testing the feasibility of pro
ducing regional geochemical stream sediment maps on 
a low-density sampling basis at 1: 250 000 scale over 
areas of the State which are suitably drained and have 
reasonable potential for ore deposits. The results of 
two test areas in the Adelaide Geosyncline will be com
pared with maps compiled from results of various pre
vious government and company surveys, whose com
bined sample coverage is 75 times denser. In addition, 
some limited regional rock and residual soil samplings 
of specific stratigraphic horizons in the Geosyncline 
have been made, and have established that, of the two, 
soils are the most efficient and effective to survey. 

Apart from evaluating low-density stream sampling 
in areas where detailed results are available the South 
Australian Survey has a program of selecting cores and 
cuttings in covered sedimentary basins from suitable 
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boreholes not previously analysed. This program still 
has to be evaluated. 

All the Surveys see merit in whole-rock geochemistry 
in association with regional mapping and field research: 
in particular, the regional appraisal of specific rock 
units or formations which appear favourable to 
mineralisation. 

Geochemical role for BMR 
BMR believes that it should take the role of a 

National Geological Survey and be responsible for pro
viding the geochemical framework upon which geo
science workers can base their exploration and research 
programs; that is, it should provide basic geochemical 
data, define the geochemical parameters that pertain in 
areas, and develop suitable geochemical method appli
cations for use in these areas. 

BMR's contribution should increase the Australia
wide effort in geochemical survey work to a level com
mensurate with the size of the country and the import
ance of the mineral industry in the Australian economy, 
and cover those aspects of applied geochemistry for 
which the Federal Government is responsible in the 
national and international spheres. Included in these 
responsibilities would be continuing support and co
operation in surveys where appropriate with the States, 
and in particular where these affect the national interest. 
Probably this should include a co-ordinating role in 
some regards, and, if appropriate for example, include 
providing central laboratory and index facilities as a 
national focal point supporting national guidelines in 
analytical procedures and data presentation. At present 
BMR operates in the States only at their concurrence, 
and usually this is on a joint project basis in geology 
and geochemistry. 

BMR has recently developed competence to under
take geochemical surveys using modern sampling pro
cedures and helicopters, and automated analytical and 
map-production techniques-all controlled according to 
properly designed orientation surveys-so as to maxi
mise the geochemical results obtained, and to identify 
all the stream sediment, heavy mineral, soil, and rock 
geochemical signatures in mineral provinces. 

BMR considers that in the short and medium term 
systematic geochemical mapping of Australia should 
not be attempted (a view that is also held by the State 
Surveys and the mineral industry). There is merit, how
ever, in mapping selected areas of mineral provinces 
as, for example, in support of BMR's province study 
program ; and, for long-term needs, it is desirable that 
this mapping be in accord with accepted guidelines for 
the presentation of geochemical data, in a form that is 
compatible for general and future use. 

The present program of surveys constitutes the geo
chemical contribution to BMR's multidisciplinary 
regional province studies, the field research for which 
is based on 1: 100 000 scale mapping; in this regard 
the geochemistry is regional in perspective. 

The geochemical work is designed as a back-up tool 
for the geology, and is an aid both in identifying subtle 
signs of mineralisation, and in indicating the economic 
potential and the most prospective parts of an area. 
It certainly provides the regional mineralisation pat
terns. Moreover, the sampling density chosen is the 
optimum to show the geochemical signatures of the 
various stratigraphic and structural units, and also to 
pick up any associated anomalous geochemical features. 

The selection of a fairly dense sample coverage has 
provided the opportunity to test the relative yields of 
geochemical information by experimenting with lesser 
sampling density models. 

Results of such surveys also provide some useful 
information on geochemical parameters in an area, in 
addition to those obtained during the orientation survey 
which is conducted preparatory to the main survey. 

As shown by the State surveys in their attempts to 
utilise the range of company data now held in open 
files, some data are so incomplete and incompatible 
that satisfactory geochemical maps cannot be made 
from them without considerable difficulty. They have 
found that it is more efficient to conduct fresh, properly 
controlled surveys. Since the need for re-surveying 
exists, further development of the BMR geochemical 
survey system seems warranted. 

In any survey work it is necessary to undertake 
research in support of survey programs; and work in 
BMR is no exception. There is a continuing need in 
survey work for such problems as understanding ele
ment dispersion and migration in media-primary and 
secondary-to be researched in areas where dispersion 
patterns associated with mineralisation processes are 
not sufficiently understood to interpret the survey data 
properly. In particular, better understanding of the 
effect that climate and topography have on secondary 
element dispersion processes in different parts of Aus
tralia needs to be established. Finally, there is a need 
to adapt geochemical technology and methodology 
developed overseas for use in local applications and 
conditions. 

BMR recognises the need for some form of guide
lines. It considers that the States should remain the 
centres of data referral, and that data banks and sample 
repositories should be located there, and that BMR and 
others should have access to them. Present statutory 
arrangements do not make BMR privy to company 
data supplied to the State Surveys-access is only by 
negotiation. Perhaps, as meiltioned, BMR should set 
up a national or central reference index, or possibly 
more use should be made of the AESIS* system for this 
purpose. Whatever is decided, it is clear that, if guide
lines are to succeed, they must be acceptable to users 
and be supported by them. 

The outcome of discussions indicate that there is 
general support for BMR concentrating its efforts on 
the following applied geochemical work: 

(i) Regional geochemical surveys in support of pro
vince studies including: 

a. orientation surveys for major geological, physio
graphic and climatic environments, and covering 
major ore types of mineral provinces. 

b. rock geochemistry, particularly including the study 
of economically important rock units and forma
tions. 

c. providing geochemical information needed to assist 
the assessment of mineral resources. 

d. developing conceptual models for Australian geo-
chemistry. 

(ii) Detailed geochemical studies, including: 
a. case histories of mineral prospects. 
b. developing geochemical method applications. 
c. research where necessary to maintain a program 

in the above areas of activity. 
d. helping develop and support guidelines for the 

presentation of geochemical data. 

* Australian Earth Science Infonnation System. 
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Geochemical studies in CSIRO 
CSIRO does not undertake regional geochemical sur

vey work as such, but the results of its research pro
grams are relevant; CSIRO's main aim is to develop 
geochemical methods of locating ore deposits in the 
Australian environment. It is dir~cting increasing 
resources into this work. 

The CSIRO program is only a few years old; to date 
it has worked mainly in areas of known mineralisation 
in co-operation with the companies concerned with 
these areas. Is recognises two phases, empirical and 
fundamental research, and to date has concentrated 
mainly on the empirical. 

The key to CSIRO thinking is strategic mlsslon
oriented research, and though investigations have con
centrated so far on the surface expression of deposits, 
these studies are the lead-in to reaching its objective of 
studying deeply buried mineral deposits in order to 
understand the processes in their formation, and the 
associated geochemical dispersions which will be used 
to recognise such mineralisation. 

However, CSIRO will continue studies of primary 
geochemical haloes of deposits and their weathered 
expression; the surface expression of these, that is the 
secondary element dispersion patterns, will be the main 
means of identifying ore bodies for some time to come. 
Studies to date have concentrated on lateritic profiles 
and gossans, and on developing geochemical methods 
for use in terrains with such characteristics. 

CSIRO recognises the need to co-operate and col
laborate with mining companies and other government 
organisations, if it is to fulfil its objectives effectively. 

Case-history studies 
Company representatives sought support in urging 

that geochemical case-history studies of mineral pro
spects in Australia be made before the surface expres
sion of element distribution patterns around them was 
destroyed by development during the proving-up stage. 
They consider this should not be left entirely to the 
companies, whose resources are stretched to the limit 
in the early development stages. They argue that govern
ment organisations are better placed to undertake this 
type of work and produce a more complete record. 

Though the first point of contact in meeting statutory 
requirements for the companies is the State organisa
tions, and the State Surveys have responsibility, they 
realise that these Surveys also may have difficulty in 
providing resources to collect and study samples in the 
short time available. Thus, it is a matter of involving 
other organisations such as BMR or CSIRO. 

Possibly, significant geochemical samples should be 
lodged with a government organisation, in the same 
way that samples of coal seams and core in oil explora
tion are; this might be achieved by subsidising the sub
mission of samples-the cost being justified in that the 
samples are a vital part of the total geochemical 
information available to the nation. 

As a result of the discussion and the universal 
encouragement of the companies, it is proposed that 
BMR explore with the State Surveys and companies 
the possibility of undertaking geochemical case-history 
studies of prospects before the original geochemical 
features are destroyed. Such a proposal would most 
probably only be practical if the companies were pre
pared to do the sampling and submit the samples to be 
held for investigation at such time as the significance 

of the prospect had been shown by further development 
to justify study. 

Such case-history studies would provide invaluable 
data when assessing the mineral potential of provinces, 
and would build up a library of geochemical informa
tion; this would enable the proper geochemical under
standing of areas, and the development of geochemistry 
as an effective and reliable exploration tool in a wide 
variety of Australian mineral province situations. 

Stratigraphic rock geochemistry 
Rock geochemistry attracted much attention at the 

Workshop because of its possible future potential in 
mineral search. Whereas stream geochemistry is aimed 
at mineralisation that crops out in suitably drained 
areas, stratigraphic geochemistry is aimed mainly at 
concealed mineralisation in areas whose surface geo
chemistry is probably fairly featureless, and where there 
is a lack of surface geology and samples for study. 
Interest in it has been stimulated by the prospect that 
certain basin studies have a role to play in mineral 
exploration because of the stratiform mineralisation 
they contain. 

The present potential to explore in this way is limited, 
however, as existing holes would have been drilled for 
water, oil, or stratigraphic information, and cores 
available are probably far from ideal for geochemical 
purposes. They are probably worth studying just the 
same, in the hope of turning up something worthwhile. 
However, where cores are not available, the cost of 
drilling probably does not justify using the method, in 
that it is a poor method from a sample coverage view
point: a single drill hole may yield about 50 samples, 
but many holes would be needed to cover a large sedi
mentary basin. This situation compares very unfavour
ably with the sampling requirements for the same 
coverage by regional stream sediment geochemistry. 

It is desirable before starting stratigraphic geo
chemistry to have adequate knowledge of primary ele
ment dispersions around the types of ore bodies likely 
to occur in stratigraphic sequences in sedimentary 
basins, in order to know geochemically what should be 
looked for in exploration. However, gaps in this know
ledge can be countered somewhat by employing scrape 
sampling or rock-chip sampling; both these procedures 
provide a bulk sample that should include any fine 
mineralised bands if these occur in the stratigraphic 
sequence. 

Problems 111 data quality, presentation, 
and storage 

The most important problem inhibiting the develop
ment of geochemistry in Australia today is the present 
unsatisfactory state existing in the presentation of geo
chemical data. Most participants in the Workshop,' 
regardless of affiliation, drew attention to the problem, 
and indicated that they would like to see action directed 
towards solving it. 

All users of data in open files, whether company or 
government, find that much of the data held do not 
meet their needs, and that access to data is difficult 
other than from the centre at which they are held. 
Major applications of the data include compiling com
posite maps and re-interpretation, but attempts at these 
have normally been unsuccessful, because no correla
tion factors can be derived to transform the various 
sets of data into a uniform set needed to make a 
reliable geochemical map. 
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Uniformity of data is a key parameter in any success
ful geochemical survey, and in many cases the data 
held in the various survey files are incomplete, or 
incompatible because sampling variance and analytical 
variance are not known. 

Various imponderables (mainly seasonal or human 
factors) in sampling and chemical analysis may result 
in problems in reproducibility between different organi
sations doing the geochemistry of the same area. The 
only precaution that can be taken, in order to reduce 
this problem to a minimum, is to include control 
samples (standards) to signal when inconsistencies 
arise. It was suggested that orientation surveys indi
cate that sampling error is often not great in Australian 
conditions, but it was agreed that this error is signifi
cant and should be checked and reported. Variance can 
be determined in surveys without a great deal of effort, 
but is often overlooked. Indeed, the willingness to show 
how much confidence should be put on any absolute 
given number is often lacking. When two numbers differ 
unexpectedly, what confidence can be attached to 
either? Failure to show the confidence intervals for 
numbers put into a map or used in an interpretation 
can only result in future users downgrading the data 
or regarding them as unusable. 

There is a need for standardising the presentation of 
some data, particularly material that is lodged with 
State Surveys, so that they can be re-used and re-inter
preted. It was generally agreed that standardisation in 
procedures and in the presentation of data is desirable 
and should be aimed at by promulgating guidelines, but 
various spokesmen cautioned against the imposition of 
rigid rules, and stressed that care must be exercised in 
devising the guidelines so that geochemical innovation 
and experimentation are in no way inhibited through 
the introduction of inflexible rules. 

A realistic proposal was endorsed by those present: 
that there should be a check list in which as many items 
as appropriate are reported . This list will guide those 
presenting data to cover all aspects required for good 
reporting, and indirectly encourage a uniform format. 
Most significant on the check list would be information 
on sample collection and variance, accuracy, and the 
analytical method used . 

The States already have various systems in operation, 
which include check lists to be completed when present
ing data in Queenland and South Australia. It was 
observed that if the good points in the various sub
mission procedures of the State Suryeys were combined 
a satisfactory data presentation scheme could result. 
This requires examination by the States. 

Companies drew attention to the difficulty at present 
in accessing data in open-file systems because of the 
need to travel to the centres where data are held. They 
need a facility to access data quickly and conveniently 
from one or more centres, and it would be preferable 
that data be stored in such a way that it can be retrieved 
in any format according to user specification. In addi
tion, they expressed the hope that whatever system is 
advocated to replace the present one, it should not 
impose a greater work load than that required at present 
in meeting statutory requirements in presenting data. 

A suggestion was made that all company reports be 
microfiched and copies sent to each Survey for filing. 
This would be cheap and distribute the information 
more widely than' at present. but it would not make 
data readily accessible from any centre or in any par
ticular format required. The South Australian and 
West Australian Surveys already microfilm all reports, 

including company data, and South Australia has a 
computer-based bibliographic index for all their in
formation. The Geological Survey of Queensland main
tains an index of company surveys, and the Geological 
Surveys of Victoria and New South Wales have priori
ties for developing computer-based index systems for 
data. The BMR has a computer-based system that 
enables geochemical data to be retrieved in any format 
requested. 

There was considerable discussion as to whether the 
filing system should cover only geochemical data or 
encompass all earth science data, and include in par
ticular geological and geophysical information which 
are also needed in interpreting geochemical data 
properly. The scope of such a nationally-oriented data
storage system was not resolved, but perhaps the AESIS 
system provides a base from which to start. 

Other spokesmen drew attention to the need for 
statistical purposes of having much more geochemical 
data on Australian rocks available, particularly for use 
in conceptual modelling and in the design of exploration 
programs, but also for comparing rock compositions 
and evaluating background numbers. 

The format of the geochemical maps that BMR 
released prior to the Workshop received favourable 
comment in general on their composition and visual 
impact. It was suggested that consideration be given to 
showing class intervals of data in the maps, even though 
the information is covered in the accompanying report. 

As an outcome of the above discussions it was sug
gested that because the AEG membership encompasses 
geochemists in government and industry it should 
explore the views of potential users and contributors 
of geochemical data, and determine what kind of guide
lines would be both functional and acceptable to the 
profession and organisations concerned. It was hoped 
that at the same time the AEG would discover what 
are the requirements for data banks and sample reposi
tories. Those people who have suggestions should sub
mit them to the Association. After the AEG reports . 
moves can be made to determine the most appropriate 
organisation to act on the proposals and provide advice 
on practices and procedures. 

Sampling density 
This topic received a great deal of discussion as 

opinion differed significantly on what is an appropriate 
sampling density for a regional geochemical survey, and 
many people appeared unclear on the objectives of such 
surveys. 

The prevailing view amongst company personnel is 
that low density sampling should be conducted as a 
geochemical screening technique, presumably to reveal 
the prospectivity of areas. However, some company 
and most government organisations submitted that 
regional surveys should be more comprehensive, and 
argued that sampling coverage, including that for 
orientation surveys, should be sufficient to define all the 
geochemical parameters of an area, as an aid to thosc 
wishing to design and undertake geochemical prospect
ing programs. 

It was pointed out that if proper account is taken of 
the variables involved in a survey, the correct choice 
for sampling density can be made. This can be done 
during the orientation studies. If there is good control 
On sampling variance and analytical variance, then data 
can be correlated between surveys; and it is possible 
to sample at a low density and still obtain an anoma
lous understandable signal. Indeed. the signal can be 



GOVERNMENT INVOLVEMENT IN GEOCHEMISTRY 317 

allowed to drop to a low level if controls of the survey 
are such that it can be confidently recognised above 
background levels plus the error expected for the back
ground number. 

There was a word of caution from a company who 
had found that not all the parameters established from 
an orientation survey over a particular area were 
directly applicable to an adjacent area of similar rock 
types and climate. A check should be made. 

Various sampling schemes were described and In

cluded: 
1. Dr S. Joyce recommends a scheme based on 

sampling 5, 10, 20 and 40 km!! size drainage basins to 
achieve a gross sampling of 200-300 samples per 
1: 100000 sheet area. The system involves sampling 
10 km2 catchments first, and then moving downstream 
to cover 20 and 40 km~ catchments. Finally some 5 
km2 catchment areas are sampled, mainly where not 
already covered by the 10 to 40 km~ areas. Sampling 
is not necessarily even, is a function of the drainage 
characteristics, and gives an average distribution of 
about 1 sample per 10 km2 • 

2. The main sampling recommendation from the 
companies suggested that regional sampling should be 
in the range of 1 sample per 10 to 40 km2 , and that 
I sample in 15 to 20 km2 is probably the most useful. 
The recommendations seemed to be based mainly on 
company experience for adequate coverage to expose 
the most promising of mineral prospects. Economic 
reality, drainage catchment expression (geomorpho
logical features), and size of anomalies of existing 
prospects at catchment outlets are other determining 
factors. 

3. BMR has sampled on the basis of 1 sample per 
2.5 km 2• Coverage is determined by the drainage pat
tern, samples being taken from 'streams representing 
individual catchment areas, the sample site being just 
upstream from the confluence with the adjacent stream. 
The fairly even distribution of samples collected avoids 
any bias towards rock type, but may include a pro
bably insignificant decay factor where some decay trains 
persist downstream sufficiently to be re-sampled. How
ever, sampling density is determined in part by the 
length of dec~y trains which are established at the time 
of the orientation surveys. Gross sampling of a 
I : 100 000 sheet area is about .1200 samples. 

4. The South Australian Survey proposes to stream 
sample at a density of about 1000 samples per 
1: 250000 sheet area, or 1 sample per 15 km!!. Instead 
of sampling only small tributaries, as past surveys have 
done, streams with much larger catchments, and where 
possible of roughly equal area, will be sampled in an 
attempt to obtain regional values. 

Conclusions 
The main results of the discussion at the Workshop 

are: 
A clear picture has emerged on the division of 

responsibilities between organisations for the various 
aspects of geochemical work in Australia. There is 
already considerable agreement on many important 
issues, and the way is open for improved communica
tions and co-operation between organisations. 

There is general agreement that provision of geo
chemical maps and data is a fundamental service to 
earth scientists, and the AEG suggests this should be 
provided, or at least co-ordinated by a national body, 
preferably BMR. 

State Surveys, BMR, and companies are not in favour 
of starting on an Australia-wide systematic geochemical 
mapping program at this stage, but, in general, agree 
that regional geochemical survey work is a legitimate 
activity for government organisations, especially as part 
of province studies. Agreement has not been reached 
on what is an appropriate sampling density, but there 
is general agreement that both rock and stream sedi
ments should be collected as they have complementary 
applications in regional work. Orientation surveys con
ducted by Surveys are of considerable assistance to 
industry. Experience has shown that compiling maps 
from open-file data cannot be justified at present 
because of the variable quality of the data held. 

The mining companies have many common views on 
what government organisations should be doing, and 
recognise that there are many essential geochemical 
functions that such organisations can do best. They 
consider that the production of geochemical index maps 
should have a high priority for State Surveys. They 
endorse the role of basic data collecting, and studies 
to determine the geochemical character of lithostrati
graphic units, including both those with economic 
potential and those providing background characteris
tics. They would like to see case-history studies of pro
spects made, technical developments monitored and 
method applications developed. Research is supported 
in the investigation of fundamental geochemical pro
cesses and the development of new methods. Companies 
prefer that data be released quickly, handled by com
puter, and made available in I: 100 000 or possibly 
1 :250 ODD-scale map areas, as well as in the form of 
reports, microfiche, and computer lists and tapes. 

If drilling is required in conducting stratigraphic 
rock geochemistry of sedimentary basins, it is probably 
uneconomic to pursue this type of geochemistry' in 
prospecting for the time being. 

It was proposed that some of the most pressing 
problems affecting the future of geochemical work 
should be investigated. BMR should explore with State 
Surveys and companies the possibility of undertaking 
case-history studies of prospects before original geo
chemical features are destroyed. 

There is general approval that guidelines be estab
lished for presenting data, and that some standardisation 
in procedures be introdu<;ed. There is recognition of the 
need to improve facilities for readily accessing geo
chemical data in a usable form. The AEG has been 
requested to look into and advise on the best ways of 
standardising some geochemical procedures and some 
aspects of data presentation, and to examine ways of 
improving the access to data held in files, by canvassing 
the views of potential users and contributors of data. 
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Geoscientific investigations from the Scott Plateau 
off northwest Australia to the Java Trench 
K. Hinl, H. Beiersdort, N. F. Exon, H. A. Roeser!, 

H. M. J. Stagg, & U. von Stackelberl 
In 1977 the R.V. Valdivia carried out a survey between Scott Plateau and the Java 

Treuch, during which 1700 km of 24-chanuel seismic data, and 2550 km of bathymetric, 
gravity and magnetic data, were recorded; aud 31 bottom samples were obtained, in water 
depths rauging from 2000 m to 5800 m. 

The Scott Plateau trends NNE and is bounded to the west by the Argo Abyssal Plain and 
to the north by the Roti Basin. The plateau is a foundered continental block, and lies at an 
average depth of 2000-3000 m. On the plateau the dominant fault direction is NW to WNW, 
an ancient strike direction on the Australian continent. The western margin probably formed 
as a series of NE-trending rifts and NW-trending transforms during Late Jurassic breakup. 
Canyons cut the western margin, and some of these appear to be fault·bounded. One such 
fault forms the northern margin of a major NW-trending feature, the Wilson Spur. This 
appears to be a transform fault and perhaps extends across the abyssal plain as far as the 
eastern end of the Java Trench. Valdivia seismic profiles suggest that, at the trench, it 
separates thrust-faulted continental crust to the east from oceanic crust to the west. This 
could explain the easteru termination of the deep part of the trench. The bathymetric depres
sion of the Roti Basin, which lies southeast of the Java Trench, links the trench to the Timor 
Trough. 

The Argo Abyssal Plain slopes gently southward, with water depths ranging from 5000 m 
near the Java Trench to 5730 m in the south. Oceanic basement varies from smooth to 
hummocky and irregular, and is overlain by about 400 m of acoustically semi·transparent 
Late Jurassic and Cretaceous sediments, that is in tum unconformably overlain by 200 m 
of layered Tertiary sediment. 

Bottom samples taken by R.V. Valdivia from the outer Scott Plateau have provided 
new information about seismic sequences. They show that Callovian breakup was preceded 
by a period of basic voJocanism and shallow marine sedimentation, that restricted shallow 
marine conditions followed in the Late Jurassic, and that bathyal carbonate sedimentation 
prevailed by the Late Cretaceous (Campanian). Quaternary marls cored on the northern 
Scott Plateau straddled the Pleistocene-Holocene boundary, and siliceous oozes cored on the 
southern slope of the Java Trench contain nannofossils which, below a few decimetres, are 
older than late Pleistocene. The Java Trench cores indicate that the calcite compensation 
depth was apparently between 5420 and 5700 m in the early or middle Pleistocene, and is 
above 4950 m now. The Scott Plateau cores indicate that the present calcite compensation 
depth in the region lies below 3290 m. On the Scott Plateau Holocene sedimentation rates are 
about 5 cm/l000 years, but in the Java Trench they are much lower. . 

Manganese oxide crusts and nodules were recovered from the Scott Plateau, but their 
content of valuable metals was low. 
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Introduction 
This report presents the results of a month-long 

geophysical and geological survey off northwestern 
Australia by the West German research vessel R.V. 
Valdivia in early 1977. The work took place under the 
auspices of a United Nations body, the Committee for 
Co-ordination of Joint Prospecting for Mineral 
Resources in Asian Offshore Areas (CCOP), Bangkok, 
and was part of a four-cruise program in Southeast 
Asian waters. The northwest Australian survey was 
arranged under the terms of the Australian-German 
Scientific Agreement and was controlled by the Bunde
sanstalt fUr Geowissenschaften und Rohstoffe (BGR), 
Hannover; other participants came from the Bureau of 
Mineral Resources (BMR), Canberra, and CCOP. 

The survey was divided into two cruises: VA/16-1A 
during which about 2550 km of bathymetric, magnetic 
and gravity profiles, 1700 km of digital seismic profiles, 
and seven refraction profiles were recorded, and 
VA/16-1B during which 41 stations were occupied, 
and 31 samples were recovered by dredging and coring. 
Both cruises started and ended in Darwin, Australia: 
both were hampered by cyclones. 

The area studied lies between Scott Reef and the 
eastern Java Trench, and includes parts of the Scott 
Plateau on Australia's continental margin, the Argo 
Abyssal Plain and the Java Trench, a total area of about 
400 000 km2 (Fig. 1). Water depths range from 2000 
m on the crest of the plateau, to an average of 5500 m 
on the abyssal plain, and up to 6500 m in the trench. 

The refraction work utilised airguns and Select Inter
national short-range sonobuoys. Some preliminary sedi
ment velocities were determined, but data were generally 
poor owing to rough seas. 

The geophysical part of the interpretation presented 
here is based on single-fold seismic reflection records 
obtained by the Valdivia, but also makes use of reflec
tion profiles (Fig. 2) recorded by BMR (CGG, 1975). 
Shell Development Australia Pty Ltd (Shell, 1972) and 
Gulf Research and Development Co. (Gulf, 1973). 

1. Bundesanstalt fiir Geowissenschaften nnd Rohstolfe, Post
fach 510153, 3000 Hannover 51, Federal Republic of 
Germany. 
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and a Woods Hole Oceanographic Institute survey using 
Atlantis II reported by Heirtzler & others (1978). 

Previous knowledge 
The most recent review of the geology of the north

west Australian margin was by Powell (1976), of the 
Browse Basin by Allen, Pearce & Gardner (1978), of 
the Scott Plateau (the outer margin of the Browse 
Basin) by Stagg (1978), and of the Exmouth Plateau 
to the south by Exon & Willcox (1978) (see Fig. 1 
for localities). The most recent papers on the Argo 
Abyssal Plain and Java Trench are by Heirtzler & 
others ( 1978) , and Cook, Veevers, Heirtzler & 
Cameron (1978). 

The Browse Basin originated as an intracratonic basin 
overlying continental crust, with an elongate northeast
trending depocentre lying between the Kimberley Block 
and Scott Reef (Allen & others, 1978). Within this 
basin a thick sequence of Late Carboniferous to Middle 
Jurassic paralic and fluvio-deltaic sediment accumulated 
during the rift-valley stage of Gondwanaland breakup. 
At this time the Scott Plateau was probably a relatively 
high, largely erosional area (Stagg, 1978). In the Cal
lovian, northwestern Australia separated from western 
Gondwanaland, and oceanic crust started to form west 
of the Scott Plateau. The sea covered the Browse Basin 
and restricted shallow marine sediments were laid down. 
Only in the Late Cretaceous was the Scott Plateau 
deep enough to allow open marine conditions in the 
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Browse Basin, and from then on carbonate sedimenta
tion predominated. On the Scott Plateau a breakup 
unconformity (Falvey, 1974) separates pre-Callovian 
rocks (in some cases probably as old as Precambrian) 
from about 1 km of post-breakup marine sediments 
(Stagg, 1978). 

On the Argo Abyssal Plain about 400 m of Late 
Jurassic and Cretaceous clays and marls, and 200 m 
of Cainozoic carbonates overlie oceanic basalts 
(Veevers, Heirtzler, & others, 1974). 

Valdivia program 
The geophysical program of the Valdivia cruise was 

designed to examine the transition from continental 
crust on the Scott Plateau to oceanic crust on the Argo 
Abyssal Plain, and the nature of the Java Trench sub
duction zone, that is, to examine a passive and an active 
continental margin in juxtaposition. The geological pro
gram was mainly designed to sample the Mesozoic and 
Cainozoic strata mapped by seismic correlation (Stagg, 
1977), in order to better understand the geological 
development of the Scott Plateau. 

The primary geophysical tool was a 24-channel digi
tal seismic system using three airguns with a total capa
city of 18 litres as the energy source. In addition, single
channel analogue data were recorded from a short 
streamer. Single-fold digital records (both shipboard 
monitor records, and processed near-trace gathers) 
were used in this interpretation. Interpretation of the 
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Figure 2. Map of seismic traverse lines. 

seismic reflection data was carried out by Stagg, with 
assistance from Exon and Hinz. 

Magnetic data were recorded in analogue and digital 
form from a Geometries G.801 proton precession mag
netometer towed 200 m astern of the ship, and inter
preted aboard Valdivia by Roeser. Gravity data from 
two Graf-Askania GSS-3 sea gravity meters were also 
recorded in analogue and digital form. Bathymetric 
profiles were recorded in analogue form only, from 12 
and 30 KHz Elac echo-sounders. 

The navigation made use of satellite fixes, and sonar
doppler dead reckoning between fixes. Recording and 
processing of these data were the responsibility of 
Prakla-Seismos Gmbh. A detailed account of the navi
gational system used (INDAS or Integrated Navigation 
Data Acquisition System) is given in Edelman & Sender 
(1975). 

11 Ptltrolsum uploration well 
® Valdivia profiltl numbtlr 

During the cruise 41 geological stations were occu
pied in 5 areas, and 30 were successful. Full station 
data are provided in Table 2, and locations in Figure 3. 
All stations were selected with the aid of seismic pro
files, and the relationships of many stations to profiles 
are shown in Figures 4, 5, and 7. All samples were 
taken in water depths exceeding 2000 m. 

Lithological and sedimentological examinations were 
carried out by Beiersdorf, Exon, and Stackelberg (see 
also Stackelberg & others, 1978). Manganese nodules 
and crusts dredged from Stations 3, 4 and 13 on the 
outer Scott Plateau were studied by Stackelberg and 
Exon; Stackelberg (1978) has written a detailed report 
on one polygenetic nodule. 

Chemical analyses using the atomic absorption 
method were provided by BMR, BGR, and the Austra
lian Mineral Development Laboratories, Adelaide. 
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Figure 3. Bathymetry. North of 12° mainly after Falvey & Veevers (1974). 

A cknowledgements and responsibilities Quaternary foraminifera is reported in Zobel (1978), 

Captain Bruns and his crew provided cheerful and 
expert assistance throughout the cruise. Scientists who 
provided valuable assistance aboard ship, but did not 
contribute to this paper, were G. Wissman and U. 
Ranke (BGR), R. Whitworth (BMR), and L. Hawkins 
(CCOP). 

Most of the palaeontological studies are reported by 
Stackelberg & others (1978): shelly macrofossils 
from Stations 7 and 11 were examined by Dr S. 
Skwarko (BMR) and Dr T. Matsumoto (Kyushu Uni
versity), large burrows from both stations by J. G. 
Tomlinson (BMR), and wood from Station 7 by Dr 
R. Gould (University of New England, Australia). 
Poorly preserved foraminifera from Stations 7 and 11 
were examined by Dr B. Zobel (BGR). Sediment 
samples were taken from the top and bottom of each 
core aboard ship, and these samples were examined by 
BMR palaeontologists Dr D. Belford (foraminifera), 
S. Shafik (nannoplankton), and Dr D. Burger (paly
nology). A detailed study of certain aspects of the 
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Physiography 
The area considered here (Fig. 1) lies between Aus

tralia's Northwest Shelf and eastern Indonesia. 
The roughly triangular Scott Plateau (Figs. 1 & 3) 

is generally bounded by-·the 2000 and 3000 m isobaths, 
and has an area of about 80 000 km2 • Its major cul
mination is the Scott Plateau Dome, although Wilson 
Spur in the extreme west is its shallowest part. 

The plateau is flanked by the Argo Abyssal Plain in 
the west, and the Roti Basin in the north. Its western 
margin has an average slope of 3-4°, with local slopes 
of up to 8°. The arcuate NNE-trending Scott Plateau 
Saddle separates the outer plateau from the upper slope 
and the Ashmore Terrace to the northeast. It has a 
minimum axial water depth of 2180 m, and descends 
northward into the Roti Basin and southwestward into 
the Bowers Canyon. 

Three large canyons cut the western margin of the 
plateau. The northernmost, Oates Canyon, has formed 
between horsts, and slopes reach 20 ° on its northern 
side and 30° on its southern side. The. canyon, which 
is flanked by the Scott Plateau Dome and Wilson Spur, 
originates at 2500 m and debouches onto the abyssal 
plain at 5000 m. South of Wilson Spur is Bowers Can
yon, which originates in water depths less than 1000 m. 
and debouches onto the abyssal plain at more than 
5500 m. The southern plateau margin is bisected by 
Evans Canyon, which starts on the plateau at 3000 m, 
and debouches onto the abyssal plain at more than 
5500 m. 

The lower continental slope lies between 3000 and 
5000 m, and is confined to the west. It ranges from 
35 km wide in the south (average slope 4°) to 90 km 
wide in the north (slope 2 ° ). The continental rise 
extends from 5000 to 5500 m. It varies from ] 5 km in 
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width in the south (average slope 2 0) to 70 km in 
width in the north (slope 0.4 0

). 

Water depths over the Argo Abyssal Plain range 
from 5000 m near the Java Trench to 5730 m in the 

south. Small topographic highs, with relief of less than 
100 m, generally correspond to basement highs. 

The Java Trench trends east-west and forms the 
northern margin of the Argo Abyssal Plain. Maximum 
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water depths in the trench exceed 7000 m; slopes aver
age 3-40 in the south, and 6 0 in the north. Major 
irregularities on both slopes are caused by slumping. 
South of Sumba its trend changes to southeast, and 
it shallows steadily southeastward into the Roti Basin, 
where water depths are still generally more than 3500 
m. There is a sill south of Roti at about 2000 m, which 
can be regarded as separating the Roti Basin and the 
ENE-trending Timor Trough. 

Seismic interpretation 
Scott Plateau 

The northwest Scott Plateau has previously been 
described by Stagg (1978) . A more detailed interpreta
tion follows . 

Valdivia seismic lines on the Scott Plateau (location 
shown in Fig. 2) are illustrated in Figures 4A, 5A, and 
6A. Tentative ties of seismic horizons were made with 
Ashmore Reef No.1, Scott Reef No.1, and Lynher 
No. 1 exploration wells (located on Figs. 2 & 3) on 
the Northwest Shelf by Stagg (1977). Despite the diffi
culties inherent in tying these horizons to deep water, 
we believe that our dating of horizons is broadly 
correct. The seismic horizon nomenclature used here 
is based on that of Exon & Willcox (1978) ; Table 1 is 
a simplified summary of reflector nomenclature, charac
teristics, and ages. 

For convenience in description of seismic character 
the northern Scott Plateau is subdivided into two units: 
the Scott Plateau Dome (Fig. 3), and the outer plateau 
margin . Faulting on the plateau is described separately. 

Scott Plateau Dome 
In this area up to 2.5s two-way reflection time (3-4 

km) of stratified section is visible, of which about Is 
(ca 1 km) is of post-breakup (post-Callovian) age 
(Fig. 6A) . The pre-breakup sequence generally shows 
little seismic coherence, and from its character and 
correlation from the Northwest Shelf we believe it is 
probably Palaeozoic in age. Short wavelength magnetic 
anomalies indicate that magnetic basement (?Precam
brian) is probably only a little below the limit of seis
mic penetration (Stagg & Exon, in prep.). 

The breakup unconformity (horizon E) on and to 
the west of the Scott Plateau Dome is frequently rugged 
in appearance (e.g. Stagg, 1978, fig. 8) and is displaced 
up to 200 m by normal faulting. We interpret the 
rugged appearance as being due either to the presence 

Horizon Characteristics 
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of volcanics extruded at or prior to break-up, or to ero
sion and channelling during the pre-breakup period, 
when the plateau was probably at or above sea level 
and shedding sediment into the Browse Basin. The local 
presence of comparatively thick pre-breakup stratified 
section (Figs. 4A, 6A) indicates that some parts of the 
Scott Plateau were probably subsiding and receiving 
sediment prior to breakup. 

In the post-breakup section, four distinct units can 
be recognised from the seismic character and uncon
formity surfaces. 

The lowermost sequence (lying between horizons E 
and C) is equated with the Upper Jurassic to Upper 
Cretaceous sequence of the Northwest Shelf and 
southern and eastern Scott Plateau. The correlation of 
this sequence is based largely on its weakly stratified 
character. The sequence is frequently absent from the 
tops of low relief structural highs in the pre-breakup 
section, and is thin in comparison to the overlying 
Upper Cretaceous to Recent sequence. We feel this 
indicates that some parts of the Scott Plateau may have 
remained at or near sea level until at least the Late 
Cretaceous. This agrees with the findings of Allen & 
others (1978) that fully marine conditions were not 
established in the Browse Basin until the Late Creta
ceous. 

Horizon C correlates with the major margin-wide 
hiatus in the Turonian to Coniacian, since when car
bonate sedimentation has dominated. The post-horizon 
C section can be divided into a thin (ca 100-200 m) 
sequence of Upper Cretaceous sediments typically con
taining widespread small-scale slumping; a thicker 
(400 m) well-layered sequence of likely Late Paleo
cene to Eocene age; and a similar thickness of weakly
stratified Oligocene to Holocene sediments. All post
horizon C sediments show characteristic draping over 
structural highs, indicating their probable pelagic origin . 

Outer plateau margin 
In contrast to the Scott Plateau Dome, the western 

margin of the plateau has a very variable amount of 
pre-breakup, and very little post-breakup sediments. It 
is dominated by fault-bounded spurs and canyons (Figs. 
4A, SA, 6A). Well-layered, apparently upthrown fault 
blocks underlie Wilson Spur and other lesser spurs 
(Fig. 4A). These blocks are remarkably similar to 
blocks on the northeast Exmouth Plateau described by 
Exon & others (1975), in that they incorporate breakup 
unconformities that are very smooth and essential hori-

Proposed Age 

A Marked unconformity lying near or at the top of 
a well-stratified sequence, underlying an acoustically 
semi-transparent sequence 

Oligocene 

B 

c 

E 
Breakup 
(equivalent in age to 
basement, below, in 
some places) 
Basement 

Marked reflector at base of well-stratified sequence 
overlying a . thin band of beds showing small-scale 
though widespread slumping 
Marked continuous reflector overlying acoustically 
semi-transparent or poorly stratified sequence 
Marked angular unconformity separating post-break
up, poorly stratified sediments above, from sediments 
or basement of varying age below 

Envelope of diffraction patterns 

Paleocene 

Late Cretaceous (probably Turonian on Scott 
Plateau, younger on Abyssal Plain) 
Hiatus centred in the Callovian; rocks below and 
above unconformity may be as old as Palaeozoic 
or Precambrian and as young as Paleocene respec
tively 

Possible Kimberley Block equivalents (p6) beneath 
plateau; Jurassic igneous rocks beneath plateau mar
gin. Top of Jurassic oceanic basalt on Argo Abyssal 
Plain 

Table 1. .Characteristics of seismic reflectors on Scott Plateau and Argo Abyssal Plain. 
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zontal. Exon & others interpret the unconformity on 
the Exmouth Plateau as being caused by shallow-water 
erosion, which probably terminated in the Miocene. 
The marked similarity between the two areas (both the 
seismic character and the present depth below sea level) 
point to similar origins. 

The two major canyons of this margin present con
trasting pictures. In the northwest, the broad (20 Ian 
wid.e) Oates Canyon has formed between the large fault 
blocks of Wilson Spur and the adjacent northern Scott 
Plateau. The canyon starts on the Scott Plateau Dome, 
and is presently inactive and largely filled with sedi
ment. The Bowers Canyon further south is a narrow 
'V' bounded to the south by a single large fault, and 
to the north by a series of down-to-the-south step faults. 

Southern limit of sediment deformation 
associated with cantinent /trench collision 

The canyon probably originates on the upper con
tinental slope in the vicinity of Scott Reef, and is 
presently active, with the distal end sediment-free. 

Faulting 

The structure of the western margin of the Scott 
Plateau is complex and fault directions are difficult to 
determine. Unlike many marginal plateaus in which 
fault directions parallel the margin, the dominant fault 
trend on the outer Scott Plateau is northwest, normal to 
the margin (Fig. 8). Only south of 14°20'S is .there 
evidence of northeast-trending faults. This northwest 
trend may reflect the structure of the pre-breakup 
sequence, which has been dated as Palaeozoic by Allen 
& others (1978) , and Stagg (1978) . Onshore, north-
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west trends are found, for example, in the Kimberley 
Block and Fitzroy Graben. It seems likely that Palaeo
zoic faults have been rejuvenated during later tectonic 
episodes. Most faults terminate at the breakup uncon
formity; some, however, extend into the Upper Creta
ceous and Tertiary sediments, indicating movements a 
considerable time after breakup. 

The most prominent fault on the northwest Scott 
Plateau forms the southwest flank of Oates Canyon, 
and corresponds roughly to the location of a left-lateral 
transform fault of Veevers & Heirtzler (1974). If this 
fault is a transform (North Wilson Transform on Fig. 
8) then" it could explain the possible existence of con
tinental crust as far north as the Java Trench on line 
VAI6/00S. The fault is also visible on line A76/001 
of Atlantis II cruise 93/14 over the lower continental 
slope. 

Argo Abyssal Plain 
Basement 

Oceanic basement on the northeast Argo Abyssal 
Plain is typically smooth, with occasional rugged base
ment highs, most of which pre-date the earliest sedi
mentation, as indicated by obvious draping of undis
turbed sediments. In places, however, intrusions may 
have been emplaced much later. For example, a base
ment high on line VA16/002 (Fig. 6B, left~hand end of 
profile) shows strong magnetic expression and some 
disturbance of surrounding sediments. 

Along the northern margin of the Argo Abyssal 
Plain (Fig. SB), acoustic basement is underlain by 
faint seismic events, that dip about 5° northwest to
wards the original spreading centre. We believe that 
these events may result from basalt flows within layer 2, 
extruded on the southeast flank of the ridge. Subsidence 
and flattening of the ridge crest may then have produced 
the anomalous northwesterly dip. 

Stratigraphic sequence 
A good tie was obtained with DSDP Site 261 at the 

western end of Profile VA 16/002 (Figs. 6B, 9). Site 

261 was drilled on a slight basement rise; unfortunately 
the middle part of the sedimentary column elsewhere 
on the Argo Abyssal Plain pinches out a few km from 
the site. 

At Site 261, acoustic basement is about 0.6s below 
sea bed. The overlying sediments thus have an average 
reflection velocity of about 1700 m/ s; this is in fair 
agreement with reflection velocities calculated froin a 
Woods Hole sonobuoy deployed in the area. These 
velocities are broadly representative of pelagic oozes. 

Veevers, Heirtzler & others (1974) stated that the 
lower two-thirds of the sedimentary section consists of 
a draped semi-transparent sequence of pelagic sediments 
dated as Oxfordian to Coniacian. They described this 
sequence as a major transparent layer. The high power 
of the Valdivia's airguns reveals a number of distinct 
and continuous reflectors within the sequence, some of 
which are minor unconformities. Elsewhere on the Argo 
Abyssal Plain, differential compaction of this sequence 
over basement highs may have caused diapirism (Cook 
& others, 1978); however, there is little or no evidence 
of diapirism in the Valdivia's seismic data. 

In DSDP 261 the lowest unit consists of brown, inter
mittently calcareous claystone (Veevers, Heirtzler & 
others, 1974). The calcareous component decreases up
wards, implying deposition in a gradually deepening 
environment. Above this unit is a Radiolarian-bearing 
grey claystone unit and a zeolite-bearing brown clay 
unit; minor calcareous beds in both units probably 
represent turbidite intercalations. 

The upper third of the sedimentary section is a band 
of finely layered reflectors averaging 200 m in thick
ness. At Site 261 this section consists of a Late Miocene 
or younger stiff 'grey-green nanno ooze and nanno-rich 
clay with some detrital foram ooze which Veevers. 
Heirtzler & others (1974) describe as a predominantly 
pelagic sequence, with a few calcareous turbidite layers. 
Above this is a Quaternary green-grey clay containing 
radiolaria and other siliceous fossils with calcareous 
nan no-fossils in trace amounts. These sediments show 
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little draping but obvious onlap over even minor irregu
larities (relief less than 2S metres) in the Late Creta
ceous unconformity. This is probably indicative of a 
change from exclusively pelagic sedimentation in the 
Cretaceous to more frequent turbidites in the Tertiary. 
Along the eastern margin of the Argo Abyssal Plain the 
top of the semi-transparent layers parallels the shallow
ing basement; onlapping post-Cretaceous sediments thin 
to zero near the base of the lower slope, and the 
Jurassic-Cretaceous sequence probably crops out at the 
sea-bed. 

Java Trench 
Valdivia profiles VA16/00S (Figs. 4B, 4C, 7A) and 

VA16/006 (Figs. SC, 7B) both cross the eastern end 
of the Java Trench (Fig. 3) and extend to just north 
of the Java Ridge, the outer-arc ridge on the Indo
nesian side of the trench. Although these two lines 
cross the Java Trench only 40 km apart, they appear in 
seismic records to have radical differences. 

On line VA16/006 (Figs. SC, 7B), the westerly of 
the two lines, there is a scarp at the northern margin 
of the Argo Abyssal Plain. North of this scarp, Upper 
Jurassic to Recent sediments (tied from DSDP Site 
261) have slumped into the trench and the smooth base
ment of the abyssal plain becomes highly fractured 
and faulted. Consequently, the section below sea bed 
on this side of the trench shows little seismic coherency. 

The base of the trench contains a pocket of highly 
transparent sediments about 1 km in thickness, piled 
against the northern flank of the trench. This flank is 
steep (up to 14 0

) and sediment-free, except for a thin 
(lS0-200 m) cover on the northern slope of the Java 
Ridge. 

The wedge on the northern side of the trench is 
thick and, with minor exceptions, seismically feature
less. Traces of reflectors can be seen near the northern 
slope of the trench, but there are very few traces of 
diffractions. Evidence from elsewhere in the region 
(Hamilton, 1977) suggests that it is probably a 
melange. 

The most noticeable difference between the two 
traverses is in the apparent nature of the material being 
subducted at the trench. On line V A161 006 it is unmis
take ably oceanic in character; on line VA16/00S (Fig. 
7 A) it bears some resemblance to the crust on the 
southern flank of the Timor Trough. On this basis, and 
because we cannot distinguish a definite oceanl con
tinent transition on line VA 161 OOS between the Java 
Trench and the Scott Plateau, we suggest that the crust 
south of the trench on this line may be of contin~ntal 
origin. We consider it probable that the southwest flank 
of Oates Canyon is formed by a transform fault (North 
Wilson Transform in Fig. 8), the possible extension of 
which may separate an oceanicl continental contact at 
the Java Trench on line V A161 006 from a continental! 
continental contact on line VA16/00S. An alternative 
explanation is that the area between the northwest Scott 
Plateau and the Java Trench is an oceanic epilith, of 
the type described by Veevers & Cotterill (1978). Only 
additional data will solve the problem. 

The melange zone north of the trench on line V A161 
OOS is less steep and about 40 percent wider than it is 
on line V A161 006. If the contact on the eastern line is 
continent to continent, then the increased width may 
be a consequence of a greater supply of sediment from 
the continental crust. Line V A16/00S shows more 
coherence of reflected events within the melange. 
although mostly it is again featureless. A number of 
single-limbed diffractions, immediately to the north of 
the trench in the melange, may be the expression of 
thrust-fault planes. 

Geology 
Volcanics and volcanogenic sediments of probable 

Jurassic age 
Six dredge stations (Tables 2 and 3: Stations 2, 3, 4, 

12, 13, 40) were sited to sample below the main E 
unconformity (Callovian) on the Scott Plateau. 

Five of these stations are on the southern wall of 
Oates Canyon (Figs. 4A, 6A), the sixth on the northern 
Scott Plateau. All yielded similar material: various 
combinations of altered aphanitic basalt* and vesicular 
and amygdaloidal basalt, volcanic breccia, and tuff 
(Table 3). The rocks from Stations 2, 3, 4 and 13 are 

* 'Basalt' is used throughout this paper for weathered fine
grained volcanic rocks; some may be andesites. 
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Figure 14. X-ray positive of thin vertical tubes in slice of 
Quaternary sediments in Core BL 17 from Java 
Trench. Depth in core = 48 cm to 60 cm; 
natural size. White areas are desiccation cracks. 

frequently crusted with manganese oxide, and man
ganese nodules were recovered from Station 13. A 
little oolitic ironstone came from Station 12, and oolitic 
limestone from Station 13. 

The seismic profiles show that the samples from 
Stations 2, 3, and 4 come from a thick well-bedded 
sequence, whereas those from Stations 12, 13, and 40 
come from seismically opaque material. Strata which 
are fairly transparent acoustically make up a large 
part of the section from the former three stations. The 
acoustically transparent strata could consist of fine
grained tuff, but we tend to believe that a large propor
tion of them consists of normal detrital sediment, which 
was soft and recessive, and hence not sampled. 

The seismic correlations suggest that this sequence 
is early Late Jurassic or older in age, and this is con
firmed by the fact that Upper Jurassic sediments were 
dredged from above the volcanogenic sequence at Sta
tion 11. Basic volcanic rocks occur within otherwise 
sedimentary Jurassic sequences in several wells in and 
near the adjacent Browse Basin: Middle Jurassic in 
Yampi No. 1 and Lombardina No. 1, and Late Jurassic 
in Ashmore Reef No. 1 and Scott Reef No. 1. Deep 
sea drilling information from Site 261 (Veevers, 
Heirtzler, & others, 1974) and magnetic correlations 
(Larson, 1975) indicate that oceanic basalts started to 
form to the west in the Late Jurassic . Veevers & 
Cotterill (1978) have proposed that the Scott Plateau 
is a Late Jurassic epilith, an excrescence of oceanic 
basalt, but we believe that the volcanics we dredged 
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are of normal rift-valley origin, and comparable to the 
Browse Basin volcanics. 

As could be expected with the zone of breakup 
immediately to the west (Larson, 1975), there are 
apparently more volcanics in the Scott Plateau sequence 
than in the Browse Basin. Seismic data show variable 
acoustic penetration and variable layering, suggesting 
that the volcanic: sediment ratio changes considerably 
from place to place. The presence of oolites in two 
volcanogenic dredge hauls suggests deposition of at 
least some of the volcanic sequence in shallow water . 
The age of the volcanics is uncertain, but they cannot 
be younger than Late Jurassic, and regional evidence 
suggests they are not older than Late Triassic. They are 
too weathered to be suitable for isotopic age dating. 

Late Jurassic detrital sediments 
Two dredge stations (Tables 2 and 3 : Stations 7, 

11) yielded similar material from the sequence betwee;l 
Horizons E and C on the Scott Plateau. 

KD7 came from a well-bedded sequence in the steep 
northern wall of Oates Canyon (Fig. 4A) . It consisted 
of much altered, bioturbated soft yellowish-brown silt
stone, silty sandstone, and sandstone. The siltstone con
tained rare pelecypod impressions, silicified gymno
spermous wood, and abundant open burrows of two 
types (Stackelberg & others, 1978). The sandstone was 
commonly phosphatic, and frequently contained phos
phorite grains, some of which are probably ooids. Thin 
manganese coatings and impregnations were common. 

KD 11 came from a gentle, southwestern slope just 
south of Oates Canyon (Fig. 6A) and its sediments 
are somewhat finer grained than those of KD7. 
Greenish-gray bioturbated siltstone predominates, the 
other major component being weathered calcareous 
sandstone containing angular phosphorite grains. Man
ganese oxide coatings and veins are common. 

The siltstone contains a sparse fauna: impressions of 
ammonites, pelecypods, scaphopods, and Lingula 
(Stackelberg & others, 1978). Also present are small 
pieces of wood, the same two types of burrows, and 
some pyritised radiolaria. 

The macrofauna gives KDll a Late Jurassic (Titho
nian) age, and KD7 a Middle Triassic to Late Creta
ceous age. D. Burger recognised a Late Jurassic assem
blage of marine dinoflagellates and hystrichospheres in 
KDl1 , but KD7 was palynologically barren (Stackel
berg & others, 1978) . Seismic and sedimentological evi
dence suggest that the sequences at both stations are 
roughly equivalent. so a Late Jurassic age fo r both 
seems likely. . 

These sediments seem to be coarser grained variants 
of the Middle and Upper Jurassic sediments of the 
Browse Basin described by Powell (1976, p. 21) as 
'thick restricted marine claystones' which 'were initially 
deposited in the troughs, passing laterally into marginal 
marine to deltaic facies in the more topographically ele
vated areas' . 

The occurrence of ammonites and radiolaria shows 
that the depositional area was connected to the open 
sea, and the presence of wood, phosphate, and ooids 
points to shallow marine deposition. The paucity of 
the pelecypod fauna, and the solution of shelly car
bonate, both point to restricted conditions. Thus an 
estuarine origin for these sediments seems probable. 
The topography of the plateau in the Late Jurassic, 
shortly after continental breakup, was quite irregular, 
and the transgressive sea would have formed a great 
variety of embayments and estuaries. 
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Table 2. Geological stations. .... 

Bollom contact begins Water Bollom 0 
Decimal degrees Depth Slope ::z: 

Area Station Apparatus Lat.(S) Long.(E) (m) (degrees) Recovery Age Seismic sequence Short description Z 
N 

KL 13.2084 120.0660 2000 1° 101 cm Late Cretaceous C-B White chalk > 
2 KD 13.1150 120.0994 2947- 20° 6kg ?Jurassic preE Amygdaloidal basalt 80% Z 

2242 Early Pleistocene Silicified chalk tl 
Mn crusts 20% 0 

SOUTHERN >-l 
KD 13.1057 120.0801 2587- 20° 80kg ?Jurassic pre E Basalt, some amygdaloidal 90% ::z: 

OATES tTl 
CANYON 2040 Volcanic breccia 10% :;tI 

Mn crusts C/l 

4 KD 13.14387 120.0887 2318- 20° 50 kg ?Jurassic pre E Amygdaloidal basalt 100% 
1933 Mn crusts 

5 BL 13.2382 120.0679 1905 1° 

6 KD 12.91356 120.21988 2728- 20° 
2392 

NORTHERN 7 KD 12.9091 120.2290 2480- 20° 65 kg ?Late Jurassic E-C Soft brown bioturbated sandy silt-
OATES 2421 stone with rare shelly fossil 
CANYON impressions, fossil wood 

8 KD 12.7775 120.2243 2753- 20° 
2550 

9 KD 12.885 119.902 2563- 30° 
2265 

10 KD 12.8380 119.8779 2900- 30° 
3290 

11 KD 12.8115 119.8687 3090- 5° 200 kg Late Jurassic E-C Soft brown bioturbated siltstone 
SOUTHWEST 3058 with rare shelly fossil impressions. 
OATES Minor calcareous sandstone 
CANYON 12 KD 12.8956 119.9224 3178- 30° 6kg ?Jurassic pre E Basalt, fine tuff, very minor oolitic 

3195 ironstone 
13 KD 12.9064 119.8761 2380- 30° 200 kg ?Jurassic pre E Basalt, som~ amygdaloidal 70% 

2050 Breccia 5% 
Tuff 20% 
Limestone, some oolitic 2% 
Mn nodules 3% 

14 KL 11.3990 118.5056 5420 25° 4m Quaternary Olive gray mud with Globorotalia 
throughout 

15 BL 11.4216 118.5202 4950 10° 95cm Quaternary Gray mud with Globorotalia 
throughout 

JAVA 16 BL 11.4566 118.5112 5000 10° 105 cm Quaternary Gray mud with Globorotalia 
TRENCH throughout 

17 BL 11.4552 118.5126 5090 5° 114 cm Quaternary Gray mud with Globorotalia 
throughout 

18 BL 11.4505 118".5088 5080 1° 98cm Quaternary Gray mud with Globorotalia 
throughout 

KL=Piston corer, KD=Chain dredge, BL=Boomerang corer 



Table Z. Geological stations (contd .) 

Bollom contact begins Water Bollom 
Decimal degrees Depth Slope 

Area Sialioll A pparaills Lat.(S) LOllg.(E) (m) (degrees) Recovery Age Seismic seqllence Short description 

19 BL 11.4440 11 8.5025 5090 I · 

20 BL 11.4358 118.4952 5110 25· 99 cm Quaternary Gray mud with Globorotalia 
throughout 

21 BL 11.4277 11 8.4886 5290 25· 97 cm Quaternary Gray mud without forams 
throughout 

22 BL 11.4245 118.4925 5250 25· 1I0cm Quaternary Gray mud with Globorotalia 
throughout 

JAVA 23 BL 11.4178 118.4873 5610 I · 
TRENCH 24 BL 11.4113 118.4827 5660 I · 

25 BL 11.4036 118.4771 5720 .. 96cm Quaternary Gray mud without forams 
throughout 

26 BL 11.3963 118.4732 5770 2· 102 cm Quaternary Gray mud without forams 
throughout 

27 BL 11.3892 118.4696 5790 2· 98 cm Quaternary Gray mud without forams 
throughout 

28 BL 12.3682 ' 121.1686 3230 O· 
29 BL 12.3676 121.1 599 3250 O· 100 em Quaternary Light gray calcareous silty Illud 

with forams 
30 BL 12.3687 121.1558 3290 O· 103 cm Quaternary Light gray calcareous silty mud 

with forams 
NORTHERN 31 BL 12.3691 121.1493 3290 O· 104cm Quaternary Light gray calcareous silty mud 
SCOTT with fomms 
PLATEAU 32 BL 12.3692 121.1376 3260 O· 100cm Quaternary Light gray calcareous silty mud 

with forams 
33 BL 12.3681 121.1290 3240 O· 103 cm Qua ternary Light gray calcareous silty mud 'Jl 

with forams C") 
0 

34 BL 12.3658 121.0665 3270 O· 95 cm Quaternary Light gray calcareous silty mud ~ with forams 
35 BL 12.3651 121.0544 3290 O· 103 em Quaternary Light gray calcareous silty mud '"C 

t""' 
with forams > 

36 BL 12.3656 121.0411 3280 O· 103 cm Quaternary Light gray calcareous silty mud -l 
tr1 

with forams > 
37 BL 12.3660 121.0291 3210 O· 100 cm Quaternary Light gray calcareous silty mud c: 

with forams I .... 
38 BL 12.3661 121.0186 3180 O· 101 cm Quaternary Light gray calcareous silty mud > 

with forams < > 
39 BL 12.3668 121.0652 3130 O· 

-l 
40 KD 12.3639 120.9619 3039- O· 5 kg ?Jurassic preE Basalt, calcareous breccia, fine tuft ~ 

tr1 
2900 Z 

41 KD 12.3456 120.9886 3340- O· C") 

3430 ::z: 

KL=Piston corer, KD=Chain dredge, BL=Boomerang corer t..> 
t..> 
VI 
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KD2 
(a) Arnygdaloidal basalt crusted with manganese oxide with 

?feldspathic streaks. Cut by light veins, and heavily altered. 
(b) Light-coloured, Globigerina-rich consolidated sediment. It 

appears to be altered chalk, which has no reaction to HCI, 
and which chemical results show to be silicified, clayey, and 
slightly phosphatic. Dr H. Rosch carried out an X-ray 
analysis of this material. It consisted largely of roentgeno
graphically amorphous material (probably Opal A?). Paly
gorskite (=Attapulgite) is more abundant than montmoril
lonite in the other important minerals. Accessories (each 
<10%) include feldspar, quartz, sepiolite, kaolinite and 
opal-CT (?). Apatite and other phosphate is not apparent 
«3%). 

KD3 
(a) Dark, very hard basalt coated with manganese. 
(b) Light yellowish green heavily altered amygdaloidal basalt. 
(c) Reddish amygdaloidal basalt or ignimbrite, amygdules 

aligned, in part brecciated. 
(d) Darker amygdaloidal basalt, amygdules aligned in outer 

part, irregular in cores. 
(e) Volcanic breccia consisting of red and green fragments, 

variably cemented, manganese coated. 
(f) Manganese crusts. 

KD4 
Manganese·coated amygdaloidal basalt, heavily altered and cut 
by light veins. 

KD7 
(a) Yellowish, more-or-Iess muddy fine·grained sandstone, and 

coarser sandstone with some phosphorite grains. Partly 
lightly impregnated with manganese, or coated by it. 

(b) Gray-brown fine-grained sandstone with abundant phos
phorite grains, partly angular, partly rounded (ooids?). 

(c) Layered to wavy-bedded sandstone. Alternating black, 
brown, and white layers. Brown layers consist of dense 
phosphorite; in some layers yellow angular ?phosphate grains 
are present. 

(d) Light yellowish green medium to coarse-grained sandstone, 
graded in part. 

(e) Greenish yellow sandstone. much bored by organisms. 
(f) Silicified wood. 

KDIl 
(a) Greenish to brownish siltstone with a few ammonites and 

pelecypods and wood fragments, and many finger-thick open 
borings. 

(b ) Yellowish gray calcareous. strongly weathered sandstone, 
consisting largely of angular phosphorite grains. Cut by 
brown manganese veins. 

KD12 
(a) Dense dark violet basalt with black spots, partly 

amygdaloidal. Much altered. 
(b) Red fine-grained tuff, with aligned inclusions. 
(c) YelJowish oolitic ironstone. 

KD13 
(a) Green very fine-grained soft tuff with a few rounded vol-

canic inclusions. 
(b) Red consolidated tuff with manganese coatings. 
(c) Dark gray fine-grained basalt. 
(d) Dark gray amygdaloidal basalt. 
(e) Dark red fine-grained volcanic rock with abundant light 

gray inclusions. 
(f) Very dense light gray limestone consisting of well-rounded 

to angular and partly dissolved fragments. A few pyrite
filled foraminifera. 

(g) Dark gray calcareous oolite. 
(h) Breccia consisting of volcanic and limestone fragments, 

mostly rounded and 0.5-2 cm in size. Matrix white and cal
careous. 

(i) Manganese nodules and manganese crusts. 

KD14 
(a) Dark brown amygdaloidal basalt. 
(b) Dense dark gray basalt with gray-green flecks. 

KD40 
(a) Dark gray amygdaloidal basalt. 
(b) Dark gray fine grained basalt. 
(c) White calcareous tuffaceous breccia. 
(d) Gray sandy tuff with dark. white and red mineral grains, 

and calcareous cement. 

Table 3. Macroscopic descriptions of rock samples from 
dredge hauls. 

Late Cretaceous marl 

Core KLI consists of tough white calcareous marl 
with a CaC03 content of 50% (Fig. 10), which came 
from a well-bedded sequence above Horizon C south of 
Oates Canyon (Table 2). The sand content depends on 
the abundance of intact foraminifera, and it is highest 
near the surface. 

The only sedimentary structures visible to the naked 
eye are irregular dark traces of bioturbation. However, 
examination of X-ray positives reveals that the upper 
half of the core contains isolated irregular burrows and 
the lower half shows more horizontal bioturbation in 
the forms of lenses and layers about 3 mm thick. 

The coarse fraction consists almost entirely of plank
tonic foraminifera, with a few calcispheres, and smear 
slides reveal an abundance of coccoliths. The nanno
fossils are slightly etched but foraminifera are excel
lently preserved, suggesting deposition above the lyso
cline (Stackelberg & others, 1978). The foraminifera 
indicate a Campanian age, and the nannofossils an early 
Campanian age (Shafik, 1978). The foraminiferal 
assemblage varies little from top to bottom and will be 
fully described by D. Belford. 

Carbonates are the dominant sediments on the margin 
of Western Australia in the Late Cretaceous (Veevers 
& Johnstone, 1974), so the presence of this marl on 
the Scott Plateau is not surprising. The overwhelming 
predominance of planktonic foraminifera suggests that 
deposition was in bathyal depths. 

Quaternary sediments 

Very different Quaternary sediments were cored in 
the Java Trench and the northern Scott Plateau. 

Java Trench 
A piston core (KL14) and a series of metre-long 

boomerang cores (BL15 to 27) were taken on the 
southern slope of the Java Trench in water depths 
ranging from 4950 m to 5790 m (Table 2, and Stackel
berg & others, 1978). 

The features of the various cores are summarised in 
Figures 11 & 12. All of them are olive-gray siliceous 
oozes topped by a brownish oxidation zone. The only 
longer core (KL14) has dark olive-gray areas between 
160 and 195 cm, and occasional very dark gray bio
turbation structures. Differences in colour and com
position reveal horizontal lensoid structures. 

The sand content of the cores is normally <5 per
cent and is usually related to foraminifera content, but 
the high sand content of surface samples is caused by 
volcanic glass. Carbonate contents vary up to 19 per
cent, and higher values correspond to enrichment in 
foraminifera and! or coccoliths. Average values decrease 
with increasing water depth and with increasing depth 
in the cores. 

The long core KU4 best illustrates the variation in 
the typical sedimentary structures revealed by X-ray 
positives (Fig. 1 J ). These include indistinct lensoid 
horizontal layering, pyrite-filled fine «0.5 mm <f;) 
wavy vertical tubes (Fig. J 4), and nests of pyritised 
foraminifera and radiolaria. They are discussed in 
detail in Stackelberg & others (1978) . 

Common to all X-rayed cores is the occurrence of 
pyrite-filled tubes (Fig. J 4) and organisms below a 
certain depth in the cores (22 cm in KL14 to 45 cm 
in BU8), I'ndicating reducing conditions within the 
sediments. 



Figure 15. X-ray positives showing foraminifera in slices 
of Quaternary sediment from northern Scott 
Plateau (dO enlargement). A, core BL 31, 48 
cm deep in core, showing oval thick-walled 
bodies--multichambered planktonic foramini
fera (Globorotalia). B, core BL 36, 87 cm deep 
in core, showing oval thick-walled bodies as in 
A, but in addition white thin-walled spherical 
bodies--single-chambered planktonic foramini
fera (Orbulina)_ The two assemblages occur in 
most cores, with A above B, and probably 
represent differences in solution of carbonate. 

The coarse fraction analyses (Figs. 11 & 12; Stackel
berg & others, 1978, fig. 5) allow the cores to be cor
related, showing that slumping is not important. Vol
canic glass is a major constituent in the upper 10 cm 
of all cores, and recurs between 80 and 100 cm in 
boomerang cores from water depths of 5090 to 5290 m. 
This lower glass-rich horizon is probably missing in 
KL14, although it may correlate with glass at 190 cm. 
There is a further glass-bearing horizon at 400 cm. 
The glass ranges from colourless through brown to 
almost black in colour, and presumably came from 
three or four separate explosions. The cores lie within 
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a region, extending about 500 km southward from 
southeast Java and the volcanic islands as far east as 
Flores, in which Ninkovich & Donn (1977) found that 
Pleistocene cores contained abundant andesitic ash 
layers whose composition is similar to ash on the 
islands. 

Radiolaria dominate the coarse fractions of all cores 
except KL14 and BL16, in which diatoms are pre
dominant at some levels, and corroded planktonic fora
minifera, sponge spiCUles, burrow fillings and faecal 
pellets are common minor constituents. 

Calcareous foraminifera occur only in the lower part 
of boomerang cores at 5290 m and above, and are 
entirely absent in cores at 5720 m and below. Cocco
lith distributions are similar to foraminiferal distribu
tions, although coccoliths are somewhat more persistent. 
These changes in calcareous content are due to changes 
in the degree of dissolution (which is always high), and 
a comparison of the distribution of the easily dissolved 
calcareous components and siliceous diatoms in KL14 
from 5420 m suggests recurrence with time (Fig. 11) . 
Manganese micro-nodules are confined to the carbonate
poor surface layers. All these factors suggest that varia
tions in the chemistry of the bottom waters have been · 
of considerable importance in determining the com
position of the preserved sediments. Using KL14 as a 
standard it is apparent that solution was strongest while 
the sediments between 320 and 220 cm, and 40 cm and 
the surface, were laid down. 

Micropalaeontological examination (Stackelberg & 
others, 1978) showed that Quaternary planktonic fora
minifera and Quaternary coccoliths are either both 
present or both absent in all samples. Reworked nanno
fossils represent most Late Cretaceous and Tertiary 
stages (Shafik, 1978); three samples contain the older 
Quaternary foraminifera Pulleniatina obliquiloculata 
praecursor which is also probably reworked. The nanno
fossil assemblages from the lower part of all cores 
(below the top few decimetres where all calcareous 
fossils are absent), contain Gephyrocapsa oceanica, 
regarded as early or middle Pleistocene, and do not 
contain Emiliania huxleyi, regarded as latest Pleistocene 
and Recent (Shafik, 1978). Thus the lower parts of 
the core are older than late Pleistocene. A study of the 
benthonic foraminifera (Zobel, 1978) showed that all 
were abyssal types. 

The distribution of calcareous microfossils in the 
cores (Figs. 11 & 12) suggests that the calcite com
pensation depth now lies above 4950 m, but that earlier 
in the Quaternary it lay between 5420 and 5720 m, or 
the seabed was higher relative to sea level. Core KL14 
(Fig. 11) indicates that earlier still it was around its 
present level. 

Northern Scott Plateau 
Ten one-metre-Iong boomerang cores were taken on 

the northern Scott Plateau on an essentially level sur
face with water depths of 3180 to 3290 m (Table 2, 
and Stacketberg & others, 1978). 

The features of the cores are illustrated in Figure 13 
and in Stackelberg & others (1978, fig. 7). All are 
marls (32-48 % CaC03 ) in which light olive-gray tones 
predominate, apart from a reddish surface oxidation 
zone and a few darker burrows. The cores are sandier 
than those in the Java Trench, essentially because they 
contain more foraminifera. Sand generally makes up 
only 5 to 10 percent of the sediment, but there is a 
thin bed of foram sand in two beds. 
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The cores contain numerous horizontal bedding 
structures and are characterised by high foraminiferal 
contents and lack of pyrite. They lie in considerably 
shallower water (3290-3180 m) than the Java Trench 
series, i.e., well above the CCD. X-ray photographs 
(Fig. 15) allowed two different faunal communities to 
be separated, with the boundary lying between 60 and 
70 cm. In the upper parts of the cores only oval, thick 
shelled, multichambered foraminifera are found (Fig. 
15A). In the lower parts spherical thin-shelled fora
minifera predominate (Fig. 15B) . 

The coarse fraction (Fig. 13; Stackelberg & others, 
1978, fig. 2) of all the cores is similar, consisting almost 
entirely of planktonic foraminifera, with some radio
laria and a few calcareous benthonic foraminifera 
throughout, and a concentration of well-preserved 
arenaceous foraminifera near the surface. Manganese 
micronodules are always present near the surface, 
where numerous foraminifera and radiolaria are coated 
with manganese oxide. Further down the cores there 
are occasional pyrite-altered foraminifera and radiolaria . 

Examination of the fine fraction «32 p.m) showed 
that glass and opaque minerals make up to 10 percent 
of the fine fraction near the surface, but are virtually 
absent deeper in the cores, and calcareous organisms 
are more abundant downward. In general clay minerals 
are more abundant than coccoliths. Siliceous organisms 
(dominantly radiolaria) make up less than 10 percent 
of the sediment. 

Examination of calcareous microfossils from top and 
bottom of all cores (Stackelberg & others, 1978) has 
shown that they are no older than Quaternary. Plank
tonic foraminifera are abundant and indicate an age 
no older than Zone N.22. There appears to be some 
reworking of Late Tertiary forms . The coccolith 
assemblages are of latest Pleistocene to Holocene age, 
and reworked coccoliths represent most Late Creta
ceous and Tertiary stages (Shafik, 1978). 

A more detailed study of foraminifera, by Zobel 
(1978) showed that the base of the Holocene lay at 
about 60 cm in the cores. Solution was better developed 
and water temperatures were higher in the Holocene 
than the latest Pleistocene. The sedimentation rate 
derived from this data is more than 6 cm/ 1000 years. 

D. Burger (in Stackelberg & others, 1978) recovered 
poorly preserved possibly Pleistocene to Recent paly
nomorphs from BL29-32, and reworked Jurassic to 
Early Cretaceous spores and pollen grains from BL29, 
34, 36, and 38. 

Comparison of Java Trench and Scott Plateau cores 
The differences in the Java Trench and Scott Plateau 

cores reflect the fact that the former were laid down 
near the calcite compensation depth, and the latter well 
above it. Although the living plankton assemblage in 
both areas is probably very similar, the Java Trench 
material is generally dominated by siliceous plankton 
and clay minerals, and the Scott Plateau material by 
calcareous plankton and clay minerals. Glass dominates 
the Java Trench cores at some levels, but it occurs only 
in the fine fraction of the Scott Plateau cores, and never 
in major proportions. This supports the suggestion of 
Ninkovich & Donn (1977) that the glass was carried 
from Indonesian volcanoes by tropospheric trade winds. 

In both areas a reddish-brown oxidised layer about 
10 cm thick tops the cores, whereas olive-gray tones 
predominate deeper. signifying reducing conditions. 
The i1on-calcareous Java Trench sediments are darker 

than the calcareous Scott Plateau sediments. In the 
Java Trench cores the appearance of pyrite tubes and 
pyritised organisms below about 30 cm indicates 
strongly reducing conditions. 

In both areas calcareous organisms are more strongly 
dissolved near the surface than deeper in the cores 
(Figs. 12 & 13). In the Java Trench calcareous 
organisms are never present at the surface (with the 
possible exception of coccoliths at 4950 m, but these 
may be contaminants) and appear at ever increasing 
depths in cores as the water deepens. Their final occur
rence is below 90 cm in a water depth of 5420 m. In 
the Scott Plateau cores solution is variable and thin
shelled Orbulina is more abundant below about 60 cm. 
The data show that the calcite compensation depth in 
the region now lies above the shallowest Java Trench 
core (4950 m) and below the deepest Scott Plateau 
core (3290 m). 

Berger (1977) has reviewed fluctuations in the car
bonate compensation depth (CCD) and the general 
preservation of calcareous organisms in the last 20 000 
years. He states that preservation late in the last glacial 
was better than in the Holocene, and that there is a 
worldwide preservation spike which ended 13000 years 
ago. The CCD fluctuated correspondingly: in the 
western equatorial Pacific Ocean the compensation 
depth for Globigerilla rubescens varied from about 
3000 m at the glacial maximum, to 4000 m some 13 000 
years ago, and 2800 m in the Holocene. 

Zobel (1978) has indicated that the solution boun
dary in the Scott Plateau cores corresponds to the 
Holocene-Pleistocene boundary. It is possible that it 
actually corresponds to Berger's 13000 BP boundary 
(i.e., it falls within the latest Pleistocene). In this case 
the Holocene sedimentation rate on the Scott Plateau 
would be about 5 cm/ 1000 years. 

Manganese nodules and crusts 

Manganese crusts up to 1 cm thick were found 
coating a variety of rocks at all dredge stations on the 
Scott Plateau. Ten manganese nodules were recovered 
with a haul of volcanic rocks at Station 13, on the 
southwestern side of Oates Canyon (Fig. 3). The vol
canic rocks came from a 25° slope, but we assume 
that the round nodules are unlikely to have come from 
this steep slope and probably came from the top of the 
slope, where it levels off and then falls at an angle of 
5° to the southwest. The top of the slope lies at a water 
depth of about 2050 m. 

The nodules generally range from 3 cm to 8 cm in 
maximum dimension, and have poorly developed con
centric layering. The larger ones are potato-shaped, and 
the smaller ones are discoid. In general, nuclei are small 
or absent. A very large polygenetic nodule is illus
trated and described in detail in Stackelberg (1978). 

Duplicate samples of three nodules with small or 
absent nuclei from Station 13, and a further two 
samples of crusts from Station 3 (water depths 2040-
2590 m) and Station 4 (water depths 1930-2320 m) 
further southeast on the same canyon wall, were ana
lysed at the Australian Mineral Development Labora
tories in Adelaide (AMDEL) and at the Bureau of 
Mineral Resources in Canberra. Bulk chemical analyses 
using the atomic absorption method were employed by 
both laboratories, and the results, on a dry-weight basis, 
are listed below (Table 4) . 

The analyses show that the composition of crusts 
and nodules is essentially similar, with moderate con-
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Station 3 4 13 Overall average 

BMR Registered No. 7763003 7763004 7763013A 77630138 7763013C 

Position 13.106°S 13.144°S 12.906°S 
(decimal degrees) 120.080°£ 120.089°£ 119.876°£ 

Water depth (m) 2040-2587 1933-2318 2050-2100 

Sample type crust crust nodules 

Average values Fe (Amdel) 19.4 18.1 18.0 17.9 19.0 18.5 
for major Mn(Amdel) 17.5 21.2 21.2 14.5 16.7 18.2 
metals(%) Ni(Amdel) 0.30 0.47 0.53 0.29 0.32 0.38 

Ni(BMR) 0.31 0.48 0.55 0.30 0.33 0.39 
Cu (Amdel) 0.038 0.028 0.070 0.076 0.047 0.052 
Cu(BMR) 0.040 0.026 0.072 0.075 0.045 0.052 
Co (Amdel) 0.26 0.32 0.39 0.27 0.39 0.33 
Co (BMR) 0.26 0.31 0.39 0.27 0.37 0.32 

Table 4. Chemical analyses (duplicate samples) 

tents of nickel and cobalt, but very low contents of 
copper. These metal contents are similar to those from 
the shallower Blake Plateau in the North Atlantic 
Ocean, and quite similar to those from the 2400 to 
3000 m deep Manihiki Plateau and the Californian 
Borderland Seamounts in the Pacific Ocean (Granville, 
1975; Cronan, 1972). The contents of nickel and 
copper are lower than those of abyssal Indian Ocean 
provinces such as the Cape Leeuwin Deposit (Frakes, 
Exon & Granath, 1977a & b), or those from two 
samples in the northern Wharton Basin (Noakes & 
Jones, 1976). Similar nickel and copper contents were 
found in nodules from the Kerguelen-Gaussberg Ridge 
(Granville, 1975), but cobalt values are much lower 
there than on the Scott Plateau. 

Major results 
The dominant fault direction within the northern 

Scott Plateau is probably northwest or WNW, and 
hence related to ancient faults on the Australian main
land, rather than the northeast or NNE directions 
related to the Permian to Jurassic phases of rifting, 
which allowed this part of Gondwanaland to disperse. 

Structural information indicates that a major trans
form fault trending northwest forms the northern flank 
of the Wilson Spur (the southern flank of Oates Can
yon), and we name this the North Wilson Transform. 

The nature of the basement rock south of the eastern 
Java Trench changes at about 119°30'E, south of 
western Sumba. On VA 16/ 005 the basement consists 
of thrust-faulted dipping strata and may be continental; 
on VA 16/ 006 further west basement appears to be typi
cally oceanic. This change corresponds with the trend 
of the North Wilson Transform, and we suspect that 
the transform terminates the subducting part of the 
Java Trench. 

On our records features on the Argo Abyssal Plain 
similar to those described as possible diapirs by Cook 
& others (1978) mostly appear to be drapes over base
ment highs. 

Amydaloidal basalt, volcanic breccia and tuff, and 
very minor oolitic limestone and oolitic ironstone were 
dredged from just below the breakup unconformity 
(Horizon E) on the outer plateau. This suggests that 
volcanics were interbedded with shallow marine sedi
ments just before this part of Gondwanaland broke up 
in the Late Jurassic. 

Latc Jurassic siltstones and some sandstones were 
dredged from between the breakup unconformity 
(Horizon E) and the overlying C horizon on the outer 

plateau. Their characteristics suggest that they were 
laid down in restricted shallow marine conditions, as 
were their correlates in the eastern Browse Basin. 

Late Cretaceous marl, cored above the C horizon on 
the outer plateau, is rich in planktonic foraminifera 
and nannoplankton and was laid down in bathyal 
depths. 

Quaternary cores from the northern plateau are deep
water marls rich in typical tropical planktonic fora
minifera and coccoliths. Sedimentation rates are 5-6 
cm/ 1000 years. Very fine ash in these cores was carried 
more than 500 km from eastern Indonesia by tropo
spheric winds. 

The Pleistocene-Holocene boundary was also pene
trated on the southern slope of the Java Trench, where 
carbonate solution is prevalent and the sediments are 
siliceous oozes. The calcite compensation depth 
apparently lay between 5420 and 5720 m in the early 
or middle Pleistocene, and is now above 4950 m. Sedi
mentation rates are much slower than those on the 
Scott Plateau. These cores contain several layers of 
volcanic ash. 

Manganese oxide crusts are widespread on the 
northern Scott Plateau, and nodules were recovered in 
one dredge haul. Their contents of the valuable metals 
nickel, copper and cobalt were too low to give the 
discovery any commercial significance. 
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The near-surface sediments of the Scott plateau and Java 
Trench: nannofossil assessment and implications 

Samir Shafik 

Quaternary sediments are apparently more widespread and better represented in tbe northern 
Scott Plateau and Java Trench than in parts of the central Scott Plateau, where older rocks 
are exposed on the sea floor. Nevertheless, wherever Quaternary calcareous nannofossils are 
recovered from tbese areas, they are associated with reworked Upper Cretaceous and Tertiary 
forms. This may have been caused by bottom currents actively eroding parts of tbe central 
Scott Plateau and redistribnting tbe fine fraction elsewhere on tbe platean, Java Trench and 
nearby areas. These currents may have been active from the middle Miocene. 

Late Pleistocene to Holocene calcareous nannofossils occur throughout tbe near-surface 
(ca 1 m thick) sediments in the northern Scott Plateau, but are absent from such sediments 
in the Java Trench. However, Pleistocene nannofossil assemblages, older tban those from 
the Scott Plateau, occur intermittently at lower levels in the near-surface {ca 1 m thick} 
sediments in tbe Java Trench. This difference is explained by suggesting that tbe present 
Nanno Solution Deptb lies between 3290 m and 4950 m water deptb in the Scott Plateau 
and Java Trench areas, but in earlier Quaternary times it fluctuated between 5090 m and 
5424 m in the same areas. 
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Introduction 
Early in 1977, a German-Australian team aboard the 

R.V. Valdivia, sampled the Scott Plateau and Java 
Trench areas in the north of Western Australia. The 
aim of the present paper is to date the near-surface 
sediment layer (average thickness 1 m) of these areas 
(Fig. 1) by using calcareous nannofossils, and to 
attempt to evaluate the distribution of these fossils in 
the context of carbonate dissolution in the oceanic 
realm; overall results of the cruise are given by Hinz & 
others (1978), and further detailed in Stackelberg & 
others (1978). 

Calcareous nannofossils have been widely used for 
dating oceanic sediments, even though assemblages of 
these fossils often include reworked elements (see e.g., 
Andrews, Packham, & others, 1975). However, detec
tion of reworking may allow recognition of possible 
provenance areas (see e.g., Shafik, 1978b). 

DSDP Site 261e 

o 100"'" 
L' __ --' __ ----', 

Calcareous nannofossil distribution in sediments is 
principally controlled by depth of deposition. Selective 
solution of nannofossils in the oceanic realm is well 
documented (e.g. Bukry, 1971), and marginal-marine 
nannofossil species-indicative· of shallow-water deposi
tion-are being increasingly reported. 

12° 

Figure 1. Locality map {modified after Hinz & others, 1978}. 
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Total dissolution of calcareous nannofossils occurs 
at a greater depth than planktic foraminiferids (see 
Hay, 1970). Andrews, Packham, & others (1975, p. 
17) used the terms Foram Solution Depth and Nanno 
Solution Depth (NSD) to describe 'depths at which all 
forams and nannofossils, respectively, are removed from 
the sediments'-in preference to the terms compensa
tion depth and lysocline, because of ambiguities sur
rounding the latter terms. The NSD may, however, be 
considered as an approximation of the carbonate com
pensation depth. 

Samples from twenty-two cores, as well as three 
dredge samples, representing the near-surface sediments 
of the Scott Plateau and Java Trench, were analysed by 
means of light microscopy; critical samples were also 
studied under the scanning electron microscope. All the 
cores examined are Boomerang cores (each is about 1 m 
long) except for one core (KLl4) which is a piston 
core (about 4 m long); their descriptions, and also 
details of the calcareous nannofossil assemblages, are 
given in Stackelberg & others (1978). 

Nannofossils from the Scott Plateau 
Calcareous nannofossils are abundant throughout the 

Scott Plateau cores, and can be separated into Upper 
Cretaceous and Quaternary assemblages; the latter, 
however, include reworked forms as old as the Late 
Cretaceous. In contrast, most of the dredge samples 
lack nannofossils. However, relics of sediments (paler 
in colour) adhering to these samples contain abundant 
to sparse Quaternary calcareous nannofossils. 

Central Scott Plateau 
Core KLI consists of fine chalk, rich in nannofossils. 

Preservation of these fossils is fair to good. Most species 
are easily identifiable, even though those from the top 
of the core show signs of dissolution. Assemblages from 
the top and bottom of the core are similar, and include 
abundant Bro;nsonia parca (Stradner) and EilJeliithus 
eximius (Stover); Tetralithus aculeus (Stradner) is 
absent. The co-occurrence of these species-in the 
absence of T. aculeus (Stradner)-signifies an early 
Campanian age (Shafik, 1978a) . Nannofossil diversity 
is limited in comparison with coeval marginal-marine 
assemblages: species such as Kamptnerius magnificus 
Deflandre, Lucianorhabdus cayeuxi Deflandre, Tetra
iithus obscurus Deflandre, and T. ovalis Stradner-com
mon to lower Campanian hemipelagic sediments-are 
absent. These species are susceptible to solution in deep 
water, and the overalI composition of the nannofossil 
assemblages of Core KL 1 suggests deep-oceanic sedi
mentation well above the NSD. 

Traces of pale, calcareous nannofossil-bearing sedi
ments, adhering to the dredge samples (KDll, KD7, 
& KD2) contain Gephy,.ocapsa oceanica Kamptner, 
and questionable Emiliania huxleyi (Lohmann), which 
indicate a Pleistocene-Holocene age. In addition, these 
adherent sediments contain other Quaternary calcareous 
nannofossil species associated with reworked Cretaceous 
and Tertiary taxa. (The older material of both dredge 
samples KDll and KD7 consists of dark grey mud
stone, barren of nannofossils. The mudstone of sample 
KDll contains evidence suggesting a late Jurassic age 
(see Stackelberg & others, 1918).) 

Northern Scott Plateau 
The near-surface sediment layer of the northern Scott 

Plateau consists mainly of grey silty marl, with abun
dant calcareous nannofossils throughout. The nanno-

fossils include Quaternary taxa as well as older species. 
The latter represent most of the stages of the Late Cre
taceous and Tertiary, and are presumed to be reworked. 
Reworked taxa are common to all samples examined, 
and most occur in abundance; individual reworked 
species are randomly distributed among the samples. 
Elements indicative of marginal-marine deposition are 
absent among the reworked taxa, suggesting that the 
associated sediments are oceanic. 

Emiliania huxleyi (Lohmann) is the youngest age
diagnostic species amongst the autochthonous taxa. This 
species is difficult to identify with light microscopy; its 
presence-throughout the cores-was confirmed using 
electron microscopy. The warm, cold, and intermediate 
morphotypes of E. huxleyi (Lohmann) distinguished 
by McIntyre & Be (1967) were recognised in the cores 
(Fig. 2), indicating mixing of water masses; the warm
water morphotype is, however, predominant. 

The abundant occurrence of Emiliania huxleyi 
(Lohmann) has been widely used as evidence for the 
Holocene by several workers (e.g. Gartner, 1977), but 
the relative abundance of this species in the northern 
Scott Plateau cores could not be established with cer
tainty; dilution by reworking is difficult to assess. How
ever, the earliest appearance of E . huxley; (Lohmann) 
has been widely accepted as a reliable datum within 
the uppermost Pleistocene (at 0.27 m.y.; Gartner, 
1977). The presence of E . huxley; (Lohmann) through
out the near-surface sediment layer of the northern 
Scott Plateau can be taken to indicate that this layer 
is latest Pleistocene to Holocene in age; the occurrence 
of species such as Certoiithus cristatus Kamptner, 
Gephyrocapsa oceanica Kamptner, Umbilicosphaera 
mirabilis Lohmann is consistent with this age assign
ment. 

Nannofossils from the Java Trench 
The near-surface sediment layer of the Java Trench 

consists largely of grey mud. Calcareous nannofossil 
distribution is related to depth in the cores (see also 
Hinz & others, 1978): whereas the tops are all barren, 
most lower parts are rich in nannofossils; a few cores 
lack nannofossils entirely. Water depths at the stations 
sampled in the Java Trench area range from 4590 m 
to 5790 m. Barren cores are all below 5720 m water 
depth, whereas cores above 5425 m water depth are 
fossiliferous; samples from intermediate depths were 
not available. 

The bottoms of all Boomerang cores from 5251 m 
water depth and above are rich in calcareous nanno
fossils. The nannofossil record in these cores is con
tinuous upwards over an average of 70 cm, and the 
upper 30 cm (in average) of the cores lack nanno
fossils. An exception is Core BL 1 7 (5090 m water 
depth), in which the nannofossil record (114 to 15 cm 
levels) is interrupted by a barren interval from 62 to 
30 cm. 

Cores between 5290 m and 5424 m water depths 
contain calcareous nannofossils even though their bot
toms and tops are barren. The lower part of Core BL21 
(5290 m water depth) lacks nannofossils, but they do 
occur between 75 and 30 em levels. Only the bottom 
part of Core KLl4 (5240 m water depth) is barren, 
but the nannofossil record in this core is discontinuous. 
Hinz & others (1978, fig. 11) interpret these variations 
as representing periods of greater and lesser solution. 

The assemblages recovered are similar. They 
resemble those from the northern Scott Plateau in con
taining Upper Cretaceous and Tertiary taxa co-occur-
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Figure 2. Emiliania huxleyi (Lobmann) from tbe nortbern Scott Plateau. 
A-X26000 from Core BL29 (100 cm); B-X24000, C-D-X26000 (B-D from Core BL34 (94 cm»; E-X30 000 from 
Core BL33 (103 cm); F-X24000 from Core BL32 (100 cm). Elements counts of distal shields, plus observations on 
central areas and proximal shields suggest that specimens A, B, & D are warm-water variants, whereas other speci
mens are either cold-water variant (E) or probable gradations (C & F). Negatives of these specimens are deposited 
in the Commonwealth Palaeontological Collection: A = CPC 18686, B = CPC 18687, C = CPC 18688, D = CPC 
18689, E = CPC 18690, F = CPC 18691. 
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ring with Quaternary species. However, the composition 
of the Quaternary species differs notably with the 
absence of Emiliania huxleyi (Lohmann) from the Java 
Trench cores. 

Forms referable to Gephyrocapsa oceanica Kamptner 
are ubiquitous among the assemblages recovered from 
the cores. This species has been widely accepted as 
indicating a Pleistocene age (Bukry, 1973; Gartner, 
1977; Haq & others, 1977), even though its earliest 
appearance has not been consistently placed on the 
time scale : Bukry (1973) places this datum at 0.9 m.y. 
(mid Pleistocene), Gartner (1977, fig. 5) regards it as 
between 1.65 and 1.51 m.y. (within the early Pleis
tocene), and Haq & others (1977) assign it a mean 
age of 1.57 m.y. (earliest Pleistocene); the age of the 
Pliocene/Pleistocene boundary at 1.6 m.y. (Haq & 
others, 1977) is accepted here. Based on this evidence, 
the nannofossil-bearing parts of the Java Trench cores 
are Pleistocene in age; the absence of Emiliania huxleyi 
(Lohmann) suggests that they are older than the near
surface sediment layer of the northern Scott Plateau. 
The ages of the nannofossil-free parts of the Java 
Trench (essentially the tops of all cores), as well as 
those cores below and including 5720 m water depth 
could possibly be determined from their abundant 
Radiolaria. 

Reworked Cretaceous and Tertiary calcareous nanno
fossil species from the Java Trench cores are mostly 
the same as those from the northern Scott Plateau; both 
share almost all the same reworked species. However, 
among the Scott Plateau species regarded as possibly 
having been reworked from Neogene source sediment, 
Cyclococcolithina macintyrei Bukry & Bramlette, Heli
copontosphaera seWi Bukry & Bramlette, and Pseudo
emiliania lacunosa (Kamptner) may be in situ in the 
Java Trench cores. These species are known to range 
through the greater part of the Quaternary, and their 
extinction levels have been used to subdivide Pleistocene 
sediments (Gartner, 1977). The order of the sequential 
disappearance of these species (Gartner, 1977) in the 
Java Trench cores can only be described as erratic. 

Discussion 
Bottom currents 

Bottom-currents data in the Scott Plateau and Java 
Trench areas are lacking, but it is considered that 
nannofossil distribution in the near-surface sediments 
cannot be explained fully without invoking such cur
rents. 

In the studied parts of the central Scott Plateau, 
Quaternary sediments are either absent or preserved as 
relics, and instead older rocks are exposed on the sea 
floor. The chalk unit (KLl), which is made up pri
marily of calcareous remains of the early Campanian 
plankton, lacks younger nannofossils. This unit con
trasts with the older barren mudstone unit (KDll , 
KD7) which has nannofossil-rich relics of Quaternary 
sediments adhering to it. Quaternary sedimentation in 
parts of the central Scott Plateau was either insignificant 
or non-existent, whereas in the northern parts of the 
plateau and the Java Trench, such sediment is well 
represented. Nevertheless, wherever Quaternary cal
careous nannofossils are recovered from the Scott 
Plateau and Java Trench, they are associated with 
Upper Cretaceous and Tertiary forms. 

That the top part of the lower Campanian chalk, out
cropping in the central Scott Plateau, lacks younger 
nannofossils suggests that strong bottom currents 

actively removed younger sediments and probably 
eroded the chalk itself; Late Cretaceous nannofossil 
species identified among the Quaternary assemblages 
of the younger parts of the central Scott Plateau dredge 
samples, and in the Quaternary cores of the northern 
Scott Plateau and the Java Trench, may have been 
transported by such currents. The poor preservation of 
the nannofossils in the upper part of the chalk suggests 
some dissolution, probably the result of corrosive action 
of cold, bottom currents. 

The absence of Cretaceous and Tertiary calcareous 
nannofossil species indicative of marginal-marine sedi
mentation among the reworked forms of the Quaternary 
sediments of the northern Scott Plateau and the Java 
Trench suggests that the provenance sediments are 
oceanic; the lower Campanian chalk unit of the central 
Scott Plateau lacks marginal-marine nannofossil species. 
Thus, it seems that the central Scott Plateau outcrops 
have acted (and probably still do) as the source of the 
reworked nannofossils which occur in the Quaternary 
sediments of the plateau and Java Trench. 

The abundance of the reworked taxa among the 
Quaternary assemblages of the northern Scott Plateau 
and Java Trench suggests that bottom currents are very 
actively stripping and redistributing old sediments 
exposed on the sea floor. These currents have 
apparently also been involved in the sedimentation of 
the younger sequences (containing reworked com
ponents) recovered at the nearby DSDP Sites 260 and 
261. If this is so, these currents may have been acting 
since at least the middle Miocene: sediments with 
reworked species at the top of the Site 260 sequence, 
extend downwards to levels that are middle Miocene in 
age (Veevers, Heirtzler, & others, 1974). 

Nanno Solution Depth 

The sediment/water interface in the Java Trench is 
below the current NSD, as shown by the lack of cal
careous nannoplankton remains in surface samples. In 
the Scott Plateau, the same interface is above the cur
rent NSD, as indicated by the occurrence of Quater
nary calcareous nannofossils in all surface samples (i.e., 
where Quaternary sediments are not removed by bottom 
currents) . The shallowest depth sampled from the Java 
Trench is 4950 m, whereas the deepest surface sample 
from the Scott Plateau came from 3290 m water depth. 
Thus the current NSD in the areas of the Scott Plateau 
and Java Trench lies between 3290 m and 4950 m 
water depths; refinement is not possible because of lack 
of surface samples from interim depths. 

During the Pleistocene, the NSD apparently fluc
tuated between 5090 m and 5424 m water depths. This 
is shown by the occurrence of Quaternary calcareous 
nannofossils, older than those from the Quaternary 
near-surface sediments of the Scott Plateau, in the lower 
parts of the Java Trench cores taken from between 
these depths, and also by the occurrence of nannofossil
free intervals within the same parts of some of these 
cores. 
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Deep-water Quaternary Foraminifera from short cores 
taken between Australia and southeast Indonesia 

B. ZobeF 

Twenty short cores were recovered from the northern Scott Plateau (water depths ca 
3200 m) and the sout~ern slope of the Java Trench (water depths 4950-5790 m) by R.V. 
Valdivia in 1977; selected cores have been studied in detail. 

About 55 species of benthonic foraminifera were identified on the plateau, but only half 
as many in the trench. Only deep-water forms occur in the trench, suggesting an absence of 
transport from shallower depthS. Fragile agglutinating forms are confined to the surface 
sediments, or are totally absent. 

The planktonic foraminifera from the plateau generally belong to tropical associations. 
The assemblages show that the Holocene-Pleistocene boundary lies at about 60 cm in the 
cores, and that carbonate solution is more marked above than below the boundary. 

Introduction 
During a recent cruise by R.V. Valdivia two series 

of one-metre long boomerang cores were taken: one 
on an almost flat surface on the northern Scott Plateau, 
the other on the southern slope of the Java Trench. 
The station data are listed and some cores are described 
in Hinz & others (1978); all cores are described in 
Stackelberg & others (1978). The Scott Plateau samples 
lie along an east-west line from 12°22.0'S, 121 °01.1'£ 
to 1Z022.1'S, 121 °10.1'£ in water depths ranging from 
3180 m to 3290 m. The Java Trench samples lie along 
a north-south line from 11 °23.4'S, 118°28.2'£ to 
11°25.2'S, 118°31.2'£ in water depths ranging from 
5790 m to 4950 m. The Scott Plateau area lies down 
a gentle slope from the Scott Plateau Dome which has 
its crest at 2000 m; the Java Trench area is completely 
isolated from areas of seabed shallower than 4900 m. 

Samples from the tops and bottoms of all 20 of these· 
cores were examined for Foraminifera and nannoplank-

ton by D. Belford & S. Shafik (in Stackelberg & others, 
1978) who showed that all the faunas were Quaternary 
(no older than Zone N22), and that the calcite com
pensation depth had moved upward with time, from 
more than 5420 m to less than 4950 m. A more detailed 
study of the nannoplankton by Shafik (1978) shows 
that the lower, calcareous, parts of the Java Trench 
cores are early or middle Pleistocene in age. 

Selected cores from the Java Trench and the Scott 
Plateau were examined in detail to document the local 
faunas; to see whether vertical variations in faunas and 
dissolution existed, and if so whether they could be 
correlated from core to core; and to try to locate the 
Pleistocene-Holocene boundary. 

1. BundesanstaIt fur Geowissenschaften und Rohstoffe, Post
fach 510153, 3000 Hannover 51, Federal Republic of 
Germany. 
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AMMODISCACEA (agglutinating) 
* agglutinating tubes 

Ammolagena clavata 
Glomospira charoides 
1nvolutina sp. 
Reophax dentaliniformis 
Reophax difJllIgiformis 
Reophax scorpiurius 
Rhizammina sp. indo 

LlTUOLACEA (agglutinating) 
Clavulina? sp. indo 

* Eggerella bradyi 
Haplophragmoides? trllllissatus 
Karreriella bradYi 
? Karrerialla (Karrerulina) apicularis 

* Textlliaria spp. 
Trochammina sp. indo 

MILIOLACEA 
* Pyrgo murrhyna 
* * QuinquelocuZina venusta 

SigmoiZina sp. indo 
Sigmoilopsis schlumbergeri 

* * Spir%cuZina sp. indo 

NODOSARIACEA 
* Dentalina sp. 

Fissllrina lagenoides 
* Fissurina spp. 
• Lagena spp. 

Lenticulina sp. indo 
* OoZina spp. 

Parafissurina sp. 
Pyrulina extensa + sp. indo 

BULIMINACEA 
Bulimina aculeata 
Bulimina inflata 
Sphaeroidina bulloides 

D1SCORBACEA 
* Epistominella exiglla 
* Epistominella cf. umboni/era 

Laticarinina pauperata 

ORBITOIDACEA 

* Cibicides aff. dutemplei 
Cibicides aff. robertsonianus 

* Cibicides wuellerstorfi 

CASSIDULINACEA 

Chilostomella oolina 
* Fursenkoina sp. indo 

Globocassidulina moluccensis 
* G/obocassidulina sllbglobosa 
* Gyroidinoides alti/ormis s.l. 
* Gyroidinoides spp. 
* M elonis afJinis 

Melonis barleeanus 
**Melonis pompilio ides 

Nonion? sp. ind.l. 
* Oridorsalis tener s.l. 
* Pullenia bulloides 
* Pullenia spp. 

ROBERTINACEA 
Hoeglundina sp. indo 

Table 1. Benthonic Foraminifera from Scott Plateau and the Java Trench. (* in both areas; ** only in the Java Trench.) 

Benthonic Foraminifera 
The recent and young Pleistocene benthonic Fora

minifera associations of this region show slight regional 
differences, in that the Java Trench association is much 
poorer in individuals and species than the Scott Plateau 
association. Only about half of the 55 observed species 
are present in both the Java Trench and Scott Plateau 
sediments (shown with * in Table 1). The list of ben
thonic Foraminifera has been subdivided into Super
families to allow an oversight of the situation. The 
absence of Rotaliacea and Spirillinacea, and the mini
mal species diversity of the Buliminacea, Discorbacea, 
Orbitoidacea and Robertinacea, is itself enough evi
dence of the absence of slope and shelf-dwelling species. 
The remaining species, mostly Cassidulinacea and 
agglutinating Foraminifera, are all deep-water forms. 

The species missing from the Java Trench samples 
are mainly the fragile agglutinating forms which are 
normally found only in the surface sediments, dis
integrating once they are buried under a few centimetres 
of sediment. The coarse fraction studies of Hinz & 
others (1978) showed that the more fragile agglu
tinating Foraminifera were absent even from the surface 
sediments of the Java Trench. Nodosarids, Bulimina 
aculeata. B. infiata. Sphaeroidina bulloides. Chilosto
mella oolina, Globocassidulina moluccensis. Melonis 
barleeanus, Nonion? sp. indet., and Hoeglundina sp., 
are all species which have been described from medium 
and deep bathyal zones, but not from abyssal depths 
(BoItovsky & Wright, 1975; Pflum & Frerichs, 1976) . 
These species are present in the Scott Plateau samples, 
but not the Java Trench samples, suggesting that there 
has been no reworking of sediment from shallower 
water depths. The benthonic Foraminifera in this 
material are of little use for biostratigraphic purposes. 

Planktonic Foraminifera 
The boomerang cores from stations 29-38 of the 

Scott Plateau (maximum length 1 m) contain plank
tonic foraminiferal communities which are very similar 
in terms of species composition (see Tables 1 and 2; 
also list of planktonic Foraminifera determined by D. 
Belford in Stackelberg & others, 1978) and indeed 
quantitatively (Fig. 1 and Table 2). With the exception 
of the variably dissolved surface samples the cores con
tain well-formed, and predominantly well-preserved, 
tropical foraminiferal associations. 

Using the definition of Lamb & Beard (1972), the 
presence of typical Globorotalia tumida tumida (Brady) 
places the upper part of the cores in the Holocene. In 
all cores a change in the faunal composition is visible 
in the area between 30 and 60 cm. This is ' partly the 
result of better preservation of Foraminifera in the 
lower part of the core, so that the proportion of easily 
dissolved species (e.g. Globigerinoides ruber, G. saccu
lifer, Orbulina universa) to solution-resistant species 
(e.g. Globorotalia cu/trata, G.tumida) increases. A 
more important reason is that there is a genuine change 
in fauna, as is shown for example by the abundance of 
Globorotalia tumida. This species ··mak'es up5 percent 
or more of the planktonic foraminiferal association in 
well preserved carbonate-rich core samples from below 
20 em, but is absent or rare in samples from below 60 
em. 

Thus one tan assume that the Holocene-Pleistocene 
boundary lies at about 60 cm in these cores, making 
the sedimentation rate more than 6 cm/ 1000 years. 
Increased carbonate solution during the Holocene, and 
warm periods in the Pleistocene, have been observed 
in other open tropical seas in water depths .of 2000 m 
or more (Arabian Sea, Zobel, 1973; Carribbean Sea, 



Core: BL34 BL36 BL31 BL33 
Depth in core (em): 0-2 10 40 87 0-2 10 40 60 80 91 0-2 10 20 40 60 80 98 0-2 10 20 40 60 80 94 

Number of foraminifera counted: 311 464 541 509 257 373 185 537 552 529 438 377 427 457 608 304 645 415 387 395 541 491 497 525 

% benthonic foraminifera: 7 8 6 2 <I 2 10 3 2 0 2 <1 2 12 4 4 2 2 

% planktonic species: 
Globigeril/a (Beella) digilala 1 <I <1 <1 <1 <1 1 <1 <1 2 <1 <1 <1 <1 <I 
Globigerilla buJ/oides <1 I <I I <1 1 1 2 I I <1 <1 1 <1 <1 <1 1 1 2 <1 1 

calida 1 <1 <I <1 <1 1 1 <1 <1 <1 <I 1 <1 <1 1 <1 1 <I 
rubescells <I <1 1 <1 <1 2 1 <1 <1 1 1 <1 1 <1 I <1 2 <1 <1 3 
vellezuelalla <1 <1 <1 <1 
spp. 4 4 7 3 3 1 2 4 3 5 7 5 4 3 4 4 5 3 5 7 4 4 7 

Globigerilla? dlllerlrei forma b 6 5 7 4 2 4 5 7 10 8 6 4 3 3 7 5 2 5 5 1 4 2 <1 4 
forma eggeri <1 3 2 7 3 1 <1 3 6 11 1 2 2 6 3 2 3 2 3 3 1 4 2 3 

Globigerillella adamsl <1 <1 <1 <1 <1 <I <1 
siphol/ifera <1 5 6 6 2 5 7 7 5 4 3 5 5 4 7 • 6 4 2 5 3 6 10 6 5 

Globigeril/ila gllllillata <1 9 9 6 3 4 2 4 5 7 13 9 7 4 6 4 8 10 9 7 11 5 8 14 
Globigerilloides cOllgiobalus <1 3 3 I 2 2 3 5 1 <1 <1 <1 1 3 2 4 1 I 2 2 I 3 3 1 

rube, <1 16 14 17 1 9 12 15 24 18 24 20 19 13 19 18 20 13 16 10 25 23 22 25 
sacculifer 1 7 19 15 1 8 14 16 10 11 7 7 6 11 14 14 10 6 5 5 18 15 14 9 
lelleJ/us 1 <1 <1 <1 <1 1 1 1 <1 <1 <1 <1 <1 <1 1 <I 1 I:) 

tTl 
Globorolalia acoslael/sis <1 1 <1 1 <1 <1 1 2 1 tTl 

crassaformis <1 <1 <1 "tI 

cllilrala s.l. 50 29 16 14 43 36 27 23 18 17 21 26 30 26 16 24 25 29 24 28 11 18 19 15 :e: 
hirsllla <1 <1 <1 <1 <1 <1 :> 
scitula <1 <1 <1 <1 <1 1 <1 1 <1 <I <1 <1 <1 >-l 

tTl 
Irllllcallllilloides 1 1 ;:0 
tWllida (+ {lexllosa) 30 5 2 <1 27 8 5 <1 5 4 6 8 1 3 9 7 16 '<1 <1 10 

Globorolalia? hllmerosa 1 3 <1 1 1 2 1 1 1 <1. 2 C 
Globorotalia? aD. G. pachyderllla <1 4 2 2 <1 <1 <1 1 1 2 4 2 2 2 3 1 :> 
Globorolaloides hexagolllis <1 <1 <1 <1 <1 <1 >-l 
Orblllillalllliversa <1 2 <1 2 2 2 2 <1 2 2 1 1 <1 1 <1 <1 tTl 

;:0 
Sll III ralis <1 <1 <1 Z 

PIIJ/el/ialil/a obliqlliloclliala {il/alis <1 2 2 1 2 1 5 2 1 1 1 <1 1 3 2 2 2 1 3 1 <1 2 <I <1 :> 
obliqlliloclliala 8 4 8 9 3 4 7 6 6 7 5 5 4 6 6 7 7 7 7 8 3 5 6 6 ~ praecllrsor 1 <1 1 2 1 1 1 <1 3 2 1 2 2 1 <1 <1 <1 I 1 2 1 1 

Sphaeroidillella dehiscells dehiscells <1 1 <1 <1 1 <1 <1 <1 <1 3 2 2 <1 <1 'T1 

immalllrlls 3 1 <1 <1 3 2 2 <1 2 2 2 <1 <1 2 2 2 <1 <1 0 

~ 
Table 2. Details of foraminiferal distribution in four Scott Plateau cores. ~ 
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Figure 1. Percentage of important groups of species in the total population of planktonic foraminifera in sediment cores 
from tbe Scott Plateau. *'Globigerina' includes Globorotalia? aff. pachyderma. 

Emiliani, 1977; tropical North Atlantic Ocean, Zobel 
& Ranke, 1978), but not in areas of cold upwelling 
deep water (Charnley & others, 1976; Thiede, 1977) . 

Carbonate solution is the cause of the clear difference 
in X-ray prints from higher and lower parts of cores 
BL 29-38, described by U. von Stackelberg in Hinz & 
others (1978), and Stackelberg & others (1978). The 
marked solution in the upper core sequences leads to 
the predominance of large thick-walled Globorotalia 
in the coarse fraction and the prints. They make up 
40 percent or more of the Foraminifera larger than 160 
/Lm, and 100 percent of the Foraminifera larger than 
400 /Lm , whereas the characteristic spherical Orbulinas 
are almost all dissolved and make up 2 percent or less 
of the coarse fraction. In deeper core sequences with 
well-preserved and more complete foraminiferal com
munities, Orbulina makes up 2 percent of the frac
tion larger than 160 !-lm as well. However, Orbulina 
and the large Globigerinoides saeeuli/er and Pullenia
tina obliquiloeulata make up an important part of the 
larger Foraminifera ( > 400 !-lm) and are very obvious 
on the X-ray prints (Hinz & others, 1978, figure 15) , 

while the bulk of the Foraminifera larger than 160 !-lffi 
are globigerinids. S. Shafik & D. Belford (in Stackel
berg & others, 1978) have shown that the CCD today 
lies at about 4950 m in the Java Trench, but was deeper 
earlier in the Quaternary. When one considers the 
strong carbonate solution evident in the Scott Plateau 
cores (water depth ca. 3250 m), it is apparent that 
carbonate solution extends over a zone more than 1500 
m thick in this region. 

The boomerang cores from the Scott Plateau form 
two groups, whose foraminiferal contents show slight 
but clear differences. In BL 34-38 the surface sediment 
has been very markedly dissolved, and the foraminiferal 
association consists predominantly of Globorotalia eul
trata and G. tumida. The faunas from deeper in the 
cores contain a considerably higher proportion of 
species from a somewhat cooler milieu, such as 
Globorotalia truneatulinoides, somewhat smaller and 
compacter variants of Neogloboquadrina dutertrei 
(Zobel , 1968; Srinavasan & Kennett, 1976), species 
related to Globorotalia? paehyderma. 



In cores BL 29-33 the proportion of solution-prone 
species is already considerable in the surface sediments. 
This is well illustrated by Figure 1, which shows that 
values are higher for Globigerinoides spp. and lower 
for Globorotalia cultrata sensu lato, as compared to 
BL 34 and BL 35. Stratigraphically older forms are 
relatively more abundant, e.g. Pulleniatina obliquilo
culata praecursor, pre Holocene species and sub-species 
of Globorotalia menardii forms (in the sense of Stain
forth & others, 1975) such as Globorotalia xi/is, and 
also Globigerina venezuelana, Globorotalia acostaensis. 
Sphaeroidine/la dehiscens immatura. In even the deepest 
samples from these approximately metre-long core~ 
cool-water Foraminifera are generally absent. Taken 
together these results suggest that cores BL 29-33 were 
taken in an area whose youngest sediments contained a 
reworked fraction from adjacent areas (the faunas are 
very similar in character, although somewhat older). 
The sedimentation rate was thereby increased compared 
to that of cores BL 34-38, and the Pleistocene cool
water fauna was not reached. 

The planktonic foraminiferal communities of the 
cores from the Java Trench, insofar as they are pre
served at all in the water depths prevalent there, are 
qualitatively similar to those of the Scott Plateau. Only 
BL 22 is different in that in its deepest part Globoro
talia truncatulinoides (partly tending to the subspecies 
tosaensis) is the predominant species, along with Glo
borotalia inflata. 
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A polygene tic manganese nodule from the Scott Plateau 
off northwest Australia 

U. von Stackelberg' 

A large manganese nodule was dredged from 2100 m on the Scott Plateau by R.V. Valdivia 
in 1977. It is an irregular ellipsoid, with a maximum dimension of 28 cm, parallel to the sea 
floor. Chemical analyses show that Mn and Fe proportions are comparable, and total Ni + 
Cu + Co content averages 0.7 percent. The nodule has a complex growth history which started 
with radial upward growth leading to coalescing into a continuous crust. The crust was 
coated with horizontal layers. After fracturing and infilling of cracks with calcareous sediment, 
further layers encased the nodule. 

During a recent cruise of R.V. Valdivia off northwest 
Australia manganese crusts were found coating rocks 
at all dredge stations on the Scott Plateau, and 10 man
ganese nodules were dredged from Station KD 13 

1. Bundesanstalt fUr Geowissenschaften und Rohstoffe, Post· 
fach 510153, 3000 Hannover 51, Federal Republic of 
Germany. 
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(Hinz & others, 1978) . This latter station lay in about 
2100 m of water and its location (in decimal degrees) 
was 12.906°S by 119.876°E. 

I 

Among. the abundant volcanic rocks of the dredge 
haul was a large block consisting of manganese crust 
built up in stages, and a special study was made of this 
specimen. It has the form of an irregular ellipsoid with 
dimensions of 28 x 21 x 13 cm. The surface of the 
block varies from uneven, scarred and rough to smooth. 
One of the two surfaces which lies approximately per
pendicular to the ellipsoid's short axis is markedly 
smoother than the other, and was uppermost on the sea 
bottom (see below). On one of the sides perpendicular 
to the shorter horizontal axis is a large complex frac
ture, which was later covered with manganese oxide. 
There are numerous sessile organisms on the surface of 
the crust. 

A photograph of a section through the nodule 
parallel to the long axis shows that a variably thick 
outer shell discordantly encloses a core which makes 
up the majority of the crust (Fig. 1) . Similar internal 
structures are reported by Sorem (1973), and Heye 
(1975). The lower part of the core has grown radially 
outward, essentially from a point. The radial growth 
structures are elongate, and columnar to branching. The 
proportion of light brown calcareous intervening filling 
is relatively high, as compared to the blackish brown 
Mn oxide. The fillings are frequently cut by lamellae 
which are concave upward, thus confirming that the 
crust grew in this direction. Fine horizontal lamination 
predominates in the upper third of the core, which 
appears very dark because of the paucity of light
coloured filling. By comparison of the structures with 
those investigated by Heye (1978), the growth-rate 
should have been higher in the lower part of the crust's 
core than in the upper. 

The core is cut by cracks which are filled with 
whitish to yellowish calcareous and phosphatic material. 
The filled cracks run both parallel and normal to the 
layering, but the latter are confined to the lower half 

of the crust and open downward. Particularly in the 
lower half the filling includes foraminifera, radiolaria, 
thick-walled shell fragments, and sharks' teeth. 

The light-coloured fillings of the cracks also contain 
fragments of darker manganese oxide crust, and in 
places dendritic manganese oxide has built out into 
them. 

That the core is a fragment of a larger crust is par
ticularly well-shown by the upper right side of the 
photo (Fig. 1), where a step-like fracture is visible. At 
this place irregular to chaotic porous growth structures 
overlie the fracture, and these are only covered by the 
very last layers of the dense outer shell. 

The outer shell is up to 15 mm thick beneath the 
core, and up to 6 mm thick above the core. The outer 
shell is clearly built up of fine laminae, especially on 
the lower side of the nodule, but also on the upper side. 
The internal structure is less obvious on the edges of 
the disc. On the upper side of the specimen, between 
the core and the outer shell, there is material displaying 
a variety of light brown tones. 

The entire nodule appears to have developed as 
follows: firstly a patchy manganese oxide crust formed 
on an unknown substrate, probably solid rock. As the 
patches grew upward and coalesced the growth rate 
declined steadily. Then the crust fractured into many 
pieces, perhaps the result of shrinking. The resulting 
vertical and horizontal fractures were filled with sedi
ment which was altered in the course of time, and 
partly impregnated with Mn oxide. The fragments of 
the original crust were gradually covered with layers 
of manganese oxide which formed the outer shell. The 
organisms entrapped in the fractures are younger than 
the core, but older than the outer shell. 

Four samples were taken to investigate the chemistry 
of the crust (Fig. 1): 1. Outer shell, top; 2. Outermost 
outer shell, bottom; 3. Core, upper third, finely layered 
area ; 4. Core, inner part, columnar and branching 
growth. The analyses, using an atomic absorption spec
trometer, gave the results shown below. 

Figure 1. The manganese nodule, showing the positions of the four samples analysed (Table 1); X = X-ray analysis. 



Sample 1 2 3 4 

Si02 9.13 8.47 10.31 5.36 
Mn 18.58 17.01 17.25 3.66 
Fe 16.56 18.75 18.37 10.17 
Al 0.069 0.079 0.075 0.067 
Cu 0.052 0.042 0.067 0.047 
Ni 0.42 0.31 0.32 0.12 
Co 0.24 0.31 0.33 0.083 
Cr 0.0063 0.0075 0.0073 0.0089 
Zn 0.076 0.072 0.081 0.046 
Pb 0.18 0.24 0.16 0.072 
Mg 0.98 0.90 0.99 0.49 
Ca 3.19 2.43 2.49 25.34 
%Ni+ ClI+CO 0.71 0.66 0.71 0.25 

Table 1. Chemical analyses (%) of selected parts of poly
genetic manganese nodule. 

A comparison of Table 1 with Table 4 of Hinz & others 
(1978) shows that there is general agreement among 
the analyses of all nodules and crusts from KD13. The 
outer layer (Samples 1 & 2 in Table 1) and the upper 
third of the core (Sample 3) are also chemically very 
similar to one another. However, Sample 4, from the 
centre of the core, gives very different results. The high 
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Ca value (25.34%) can be related to included car
bonate·rich sedimentary material. An X-ray analysis of 
lighter coloured material from a fissure filling (see 
Fig. 1) showed that a major component, along with 
calcite, was apatite. This phosphatisation appears to be 
the cause of the relative strength of the fissure fillings. 
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Clavohamulus primitus - A key North American conodont found 

in the Georgina Basin 
E. C. Druce 

The enigmatic conodont Clavohamulus primitus Miller is described from the Tremadocian 
part of the Ninmaroo Formation, Georgina Basin. This key subzone species for North 
American sequences in Oklahoma, Texas and Utah has been discovered in two samples, one 
from Western Queensland and the other from the Northern Territory. The discovery enables 
a firmer correlation of the Lower Tremadocian part of the Georgina sequence with sequences 
in North America. 

The microstructure of C. primitus is discussed and illustrated. 

Introduction 
Tremadocian conodonts have been known from the 

Georgina Basin since Druce & Jones (1968) published 
a brief note which was followed (1971) by a mono
graph on material from the Burke River' Structural 
Belt in which six conodont assemblage zones were 
erected. This information, together with additional 
knowledge of conodont distribution throughout the 
Tremadocian of the Basin, formed the basis for both 
the recognition of the Datsonian and Warendian stages 
(Jones, Shergold, & Druce, 1971) and the correlation 
of the rock sequences with those of North America and 
Europe. 

In 1974 BMR began a detailed study of the Georgina 
Basin in order to improve the understanding of its 
geological history: studies include a detailed petrological 
study of the Ninmaroo Formation, a varied carbonate 
unit which straddles the Cambrian-Tremadocian boun
dary and extends at least to the Tremadocian-Arenigian 
boundary (Druce, Shergold, & Radke, in prep.). To 
get biostratigraphic control on the rock sequences 
measured and analysed by Radke, samples were col
lected at various intervals for micropalaeontological 
examination. Two of these samples have yielded a 
species of conodont, Clavohamllilis primitlls Miller, 

which previously had not been recorded from the Basin, 
but which is known from North America (Miller, 
1969). 

Location and geology 
The species was recovered from two samples, GEO 

228/2 and GEO 269/3 (Fig. 1). Sample GEO 228/2 is 
from Mount Ninmaroo (140° 18'E, 2Z037'S) in the 
Burke River Structural Belt, Queensland (BOULIA 

. 1 :250 000 Sheet area) 87.5 m above the base of the 
Ninmaroo Formation, corresponding approximately to 
sample BOU 2/ 43 or 44 of Druce & Jones (1971) (Fig. 
2). 

It is a peloidal skeletal grainstone with non-skeletal 
algae and trilobites. The grainstone forms the basal bed 
of the Jiggamore Member of the Ninmaroo Formation, 
immediately overlying the lowest member, the Unbun
maroo Member. The conodont sample yielded only 

ClavohamlllllS primitlls. 

Sample GEO 269/3 (137°49'E, 22° 58'S) is from the 
Toko Syncline area, 5 km WSW of Burnt Well in the 
TOBERMORY 1 :250 000 Sheet area, in the Northern Ter
ritory, 85 m above the base of the exposed sequence 
of the Ninmaroo Formation (Fig. 3). 
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Figure 2. Detailed locality map, sample GEO 228/2. 

Sample 269/3 is a stromatolite boundstone, and the 
bed is composed of small 15 cm diameter domes, with 
interstitial skeletal detritus including trilobites, nauti
loids and conodonts. The sample has yielded abundant 
conodonts, which include: 

Clavohamulus primitus 
Cordylodus proavus Muller 
Cordylodus d. C. proavus sensu Druce & Jones 
Oneotodus gracilis (Furnish) 
One%dus nakamurai Nogami 
Proconodontus notchpeakensis Miller 
This fauna is indicative of the Cordylodus proavus 

Assemblage Zone, the zone recognised in the Mount 
Ninmaroo sequence from which the other Clavo
hamulus primitus specimens came. 
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~ Coolibah Formation 
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Figure 3. Detailed locality map, sample GEO 269/3. 

In the Burke River Structural Belt the Ninmaroo 
Formation conformably overlies the Chatsworth For
mation, a sequence of calcareous siltstones and grain
stones whereas in the Tobermory area it disconform
ably overlies the Arrinthrunga Formation, an algal 
dolomite unit. 

Correlation 
Clavohamulus primitus has previously been described 

from Utah, USA (Mi\1er, 1969) where it was origina\1y 
reported from Member 6 of the Notch Peak Limestone 
in the House Range. Recently Miller (pers. comm.) 
has found it in the Llano Uplift area of Texas and in 
the Wichita Mountains, Oklahoma. Its first appearance 
marks the base of the Acodus housensis-Clavohamulus 
primitus Subzone within the Cordylodus proavus
Cyrtoniodus oklahomensis Zone of Miller (pers. 
comm.). Stitt (1977) has divided the North American 
Trilobite Zone of Missisquoia into two; the incoming 
of the upper subzone (Missisquoia /ypicalis) fauna 
coincides with the first occurrence of Clavohamulus 
primitus (Miller fide Stitt, 1977). Druce (1978) has 
already correlated the incoming of Cordylodus proavus 
with the base of the Corbinia apopsis Zone in North 
America, and this was considered to be equivalent to 
the Cambrian-Tremadocian boundary. Recently, how
ever, Landing & Taylor (1977) have shown that C. 
proavus occurs with trilobites of the Acerocare Zone, 
the uppermost Cambrian zone of the Acado-Baltic 
Faunal Province. When the stages were erected for 
the Australian shelf carbonate sequences the conodont 
fauna from the lower part of the Tremadocian in North 
America was less well known and the correlation with 
the trilobite zones recognised in Oklahoma was tenta
tive (Jones & others, 1971). The presently known dis
tribution of conodonts in North America and Aus
tralia suggests that the Oklahoma zones were originalIy 
placed slightly too high with respect to the Aus
tralian sequence: for example the Symphysurina 
Zone was considered to be equivalent to the early 
Warendian although beginning in the latest part of the 
Datsonian (Jones & others, 1971) whereas it probably 
overlaps the late Datsonian and early Warendian (Fig. 
4). Both the Missisquoia and Saukia Zones are also 
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Figure 4. Ranges of Clavohamulus pnml1us in North America (after Miller, pers. comm.) and Australia, and a possible 
correlation of stages and zones. 

considered to correlate with slightly older parts of the 
Australian shelly sequence, although the Saukia Zone 
still overlaps the earliest Datsonian which is thus equi
valent to the latest Trempealeauian. 

Shergold (1975, p. 27) notes that the Mictosaukia 
perplexa Trilobite Zone precedes the first occurrence 
of Cordylodus proavus, but that the relevant intervals 
are sparsely fossiliferous. It is probable that the C. 
proavus Zone overlaps rather than succeeds the M. 
perplexa Zone. 

Systematic palaeontology 

Clavohamulus primitus Miller, 1969 
(Fig. 5A-Y) 

1969 Clavohamulus primitus Miller, 1. Paleont., 43, 
423, pI. 64, figs. 7-12. 

Material. 12 specimens; CPC 18419-18421 from 
sample GEO 228/2, and CPC 18422-18426 from sample 
GEO 269/3 figured. 
Range and occurrence. The specimens are from the 
Unbunmaroo Member and the basal bed of the over
lying Jiggamore Member within the Ninmaroo Forma
tion : locations are given above. 
Description. Small rotund cones shaped like a boxing 
glove: curved towards the posterior and compressed 
antero-posteriorly. The surface, apart from a collar 
around the aboral margin and the lower part of the 
posterior face, is covered with ornament. This varies 
from rounded nodes (Fig. 5J) to short spines (5D) 
but always gives a pustulose appearance. The ornament 
is arranged in diagonal rows which wrap around the 
crown of the unit, the nodes becoming slightly more 
elongate and posteriorly inclined towards the posterior
oral margin. The diagonal pattern is sometimes dis
rupted by the incipient development of a hexagonal 
pattern (Fig. 51). The basal cavity is variable: it is 

well developed in specimens from Mount Ninmaroo 
whereas in Burnt Well specimens the cavity is not as 
open. The aboral opening is generally circular, although 
in some specimens it is elongate laterally (Fig. 5S). 

Remarks 
There is some difference between the specimens from 

the Northern Territory and those from Queensland, par
ticularly in the basal cavity which is much more open 
in the Queensland specimens, displaying the intersection 
of the circular growth laminae with the conical surface 
of the cavity. This difference in the basal cavity means 
that the Queensland specimens may be closer to the 
genus Hirsutodontus than the Northern Territory speci
mens. Miller (1969, p. 422) redefines Clavohamulus 
and notes that the basal cavity is 'greatly reduced or 
nearly absent, in which case the basal side is merely 
flattened and marked by faint concentric ridges; a basal 
cone is absent'. Although the basal cavity appears to be 
greatly reduced in the Northern Territory specimens, 
the cross-section (Fig. 5W) shows that it is reasonably 
developed. 

All the Queensland specimens show the development 
of secondary apatite on the cusp, masking the orna
ment to some extent. 

Microstructure 
One specimen (cPc 18426) fractured during photo

graphy with the specimen separating along a horizontal 
fracture into an upper crown part and a lower basal 
part . This latter part then fractured vertically to give a 
cross section of the basal cavity area. 

C. primitus is a cancellate conodont (in the sense 
that Barnes, Sass, & Monroe, 1973 : 12 use the term) 
with virtually all the cusp composed of white matter 
characteristically containing small holes (Fig. 5W). 
The white matter is arranged as rods radiating and 
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gently spiralling from the apex of the basal cavity and 
terminating in nodes on the outer surface. These rods 
are stacked so that each is superimposed in the hollow 
of two adjoining rods, thus giving the diagonal rows of 
nodes on the surface. Each rod appears to be separate 
from its neighbour and in Fig. 5Y the inter-rod areas 
appear as deep valleys. 

The base of C. primitus is built up of concentric 
lamellae from the basal cavity (Fig. 5A-C, E, W). The 
lamellae are cone shaped around the basal cavity but 
in the crown part they are inflated into a global shape. 
Production of white matter at the expense of the ori
ginal lamellae has tended to obscure the lamellae, but 
the intersection of the lamellae and inter-lamellar spaces 
with the rods and inter-rod spaces .gives a knotted 
appearance to the rods: they are fatter in the lamellar 
area than in the interlamellar area (Fig. 5X, Y). 

In Figure 5X the upper right quadrant of the photo
graph shows a broken transverse surface of the basal 
part of the unit. This lacks the rods of the crown part, 
but shows radial striations and lack of obvious lamellar 
structure, suggesting that it is white matter which is not 
rod-like, analogous to the material to the left of the 
upper part of the cavity in Fig. 5W. 

Summary 
The discovery of the stratigraphically restricted cono

dont Clavohamulus primitus in Australia, together with 
Cordylodus proavus, enables a more precise correla
tion to be made with North America. 

Study of the structure of C. primitus shows that it is 
composed of a large number of radiating denticles, 
fused over their whole length apart from the tips which 
appear as nodes. These fused denticles form rods which 
have a knotted appearance due to the intersection of 
the growth lamellae. 
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b. aboral view (mag. 220X); c. close-up view of basal cavity (mag. 500X); sample GEO 228/2. CPC 18420: 
d. elongate nodose oa;nament on crown (mag. 800X); e. latero-oral liew sbowing nodose ornament (mag. 
200X; sample GEO 228/2. CPC 18421: f. latero-posterior views showing lack of ornament on basal collar and 
postero-aboral face (mag. 160X); g. abor3I view' showing keybole shaped cavity (mag. 180X); sample GEO 
228/2. CPC 18422: b. lateral view showing wrap-around of ornament (mag. 220X); i. aboral view showing 
shallow cavity (mag. 220X); j. close up of ornament sbowing incipient development of bexagonal pattern 
(mag. 800X); specimen GEO 269/3. CPC 18423: k. latenll view sbowing Battened nodose ornament, (mag. 
200X); I. aboro-posterior view sbowing shallow cavity and lack of ornameut on lower part of crown (mag. 
180X); m. anterior view sbowing nodose ornament (mag. 200X); sample GEO 269/3. CPC 18424: n. 
lateral view (mag. 180X); o. aboral view sbowing shallow cavity witb lamellae (mag. 220X); p. posterior 
view (mag. 180X); sample GEO 269/3. CPC 18425: q. lateral view (mag. 180X); r. posterior view (mag. 
180X); s. aboral view sbowing flariug of sbaDow basal cavity (mag. 200X); t. close up of ornament (mag. 
1000X); sample GEO 269/3. CPC 18426: u. oral view sbowing diagonal arrangemeut of nodes (mag. 220X); 
v. aboral-lateral view (mag. 200X); w. lateral view of vertical cross sectiou of basal part and borizontal 
cross section of crown (mag. 200X); x. aboral view of cross section of crown sbowing radiating rods with 
'knots' (mag. 240X); y. close up of rods and 'knots' (mag. 1500X); sample GEO 269/3. 
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Early Australian gravity observations 

1. C. Dooley & B. C. Barlow 

Since the publication of 'Gravimetry in Australia 
1819-1976' (Dooley & Barlow, 1976), our attention 
has been drawn to the paper by Day (1966) on early 
Australian geophysical history. We apologise for our 
ignorance of this interesting paper, which refers to 
many of the nineteenth-century gravity measurements 
listed in our Table I, and gives further details of the 
observers and the background to the measurements. 

In Table 1, we had compared the results of the older 
measurements with currently accepted values of gravity. 
For completeness, we analyse below a notable series 
of measurements at Parramatta between 1821 and 1828, 
which we omitted from our history. The initiative was 
taken by Sir Thomas Brisbane, Governor of New South 
Wales from 1821-25, who set up an astronomical and 
geophysical observatory at his own expense. Pendulum 
observations were made in London by Kater, Brisbane, 
and Rumker before departure in April 1821, and at 
Parramatta by Brisbane and Dunlop in August-Septem
ber 1821 (Kater, 1823). The units used were far 
removed from the uniform SI system we know today, 
the results being recorded in 'vibrations in 24 hours', 
and then converted to 'length of the pendulum vibrating 
seconds' in inches. 

The results were as follows, corrected to 60°F and 
in a vacuum: 

London, first series (Kater) 

London, second series (Bris
bane & Rumker) 

Parramatta, first series (Bris
bane) 

Parramatta, second series 
(Dunlop) 

Length of second pendulum at 
London 

Length of second pendulum at 
Parramatta (1 ) 

Length of second pendulum at 
Parramatta (2) 

86 090.17 vibrations 
in 24 hr 

86 090.17 vibrations 
in 24 hr 

86021.59 

86022.21 

39.13929 in. 

39.07696 

39.07751 

These figures, with other observations, were used to 
estimate the Earth's polar flattening, giving values 
ranging from 11291.83 to 1!303.95-compared with 
the currently accepted value of 11298.247 (lAG, 
1971) . 

Using the formula for gravitational acceleration g = 
41C2 LlT2 (L = length of pendulum, T= period), with 
T = 2s and the SI factor .0254 for converting inches 
to metres, we get for 

London, g=981.175 I LlO= 1556Gal 
Parramatta, g=979.619 \ 0 • 

The London station was at the house of a Mr Browne 
in Portland Place, at a height of 83 ft above low 
water; latitude 51 ° 31 '08.4"N (longitude not stated). 
The Parramatta station was in the grounds of Govern
ment House, height 77 ft above high water, latitude 
33°48'43"S and longitude 151°00'15"E. Estimates of 
Bouguer anomaly from modern maps are -10 mGal 
for London (density 2.67 Um3 ) and +12mGal for 
Parramatta (density 2.2 t! m3 ). By working back from 

the Bouguer anomalies, the modern 'observed' values 
should be approximately (Potsdam system) : 

London 981.198 l Ll = 1 546 Gal 
Parramatta 979.652 S g . 
Thus the difference was measured with an error of 

only about 10 mGal. 
We were incorrect in stating (Dooley & Barlow, 

1976, p. 266) that 'The first and, to date, only absolute 
determination of the acceleration due to gravity in Aus
tralia was made by Bell & others (1973) at the 
National Standards Laboratory (NSL) Sydney'. Day 
(1966) records that, following Brisbane's return to 
England, Rumker swung a Fortin pendulum in an 
attempt to measure absolute gravity at Parramatta 
(Rumker, 1828). This result for 'the length of the 
pendulum vibrating seconds of mean solar time in 
vacuo on the level of the sea at Parramatta' is 
992.412801 mm; this figure includes a correction of 
0.007313 mm to sea level. Thus the figure at Parramatta 
is 992.405488 mm, corresponding to observed gravity 
of 979.464 Gal-0.188 Gal too low. 

Rumker discusses various comparisons of the metric 
and English standards for comparison of the 'absolute' 
result with the previous pendulum determination; in a 
footnote, Baily points out that the correct factor, taking 
into account different standard temperatures, is 1 m = 
39.37079 English inches (ct. modern value of 
39.3700787 in). However, Rumker later had his 
Lenoir brass metre standard compared with a British 
scale giving 1 m = 39.387988 English inches (Rumker, 
1829). If we use this conversion factor and assume 
that the Lenoir metre was incorrect. we get 979.910 
Gal, or 0.258 Gal too high. 

Thus, either way his determination is in error by 
about 200 mGal. In view of the difficulties and un
detected systematic errors which occurred in absolute 
gravity determinations for about 100 years after 
Rumker's observations, this is hardly surprising. 
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