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Hydrology of Lake Amadeus, a groundwater-discharge playa in central 
Australia 

Lake Amadeus, a large playa in central Australia, is part of a 500 
km long groundwater discharge zone, which extends from Lake 
Hopkins, in Western Australia, to the Finke River. In this zone, 
groundwater discharges and evaporates at playa surfaces over a total 
area of 1750 km2. Groundwater flows towards Lake Amadeus in 
Cainozoic sediments which overlie fractured Proterozoic bedrock. 
Sediments beneath the lake bed are saturated with sodium-magnesium 
chloride rich brine, which contains about 250 g/L total dissolved 
solids. The lake bed is generally dry and contains areas of heaved 

gypsum ground and slightly lower, flat, halite-encrusted zones which 
are occasionally flooded. Gypsum is actively precipitating in the 
capillary zone above the water-table, which is generally at a depth 
o f  0.30-0.50 m. In Lake Amadeus and other nearby playas the total 
mass of salt stored is estimated as about 6000 million tonnes and 
this has accumulated in about 12 000 years. Water-budget calculations 
show that groundwater recharge in the catchment of 90 000km2 is 
approximately 1 mm/year, which is only 0.4 per cent of the incident 
rainfall. 

Wn ascending a high sandhill I found we had upon our right 
hand, and stretching away to the west, an enormous salt 
expanse. . . at each succeeding mile we saw more and more 
of this objectionable feature . . . We walked a distance on 
its surface, and to our weight it seemed firm enough, but 
the instant we tried our horses they almost disappeared. The 
surface was dry and encrusted with salt, but brine spurted 
out at every step the horses took. We dug a well under a 
sandhill, but only obtained brine.' 

W.E.P. Giles 
Australia Twice Traversed, 1889 

Introduction 

Lake Amadeus is the largest playa in a chain of playas which 
form a linear system 500 km long in central Australia. 

The chain of playas extends from Lake Hopkins in the west 
to the Finke River in the east (Fig. 1). Topographic data 
indicate a low divide just east of Lake Amadeus (Fig. 2). To 
the west of this divide, the playa bed elevations indicate an 
internal basin with a low point of about 440 m in Lake Neale. 
To the east, numerous small playas occupy a palaeodrainage 
system that once drained to the Finke River, which flowed 
towards Lake Eyre. Only a small part of this paleodrainage 
system, Karinga Creek, now has integrated drainage. Playa 
bed elevations in this system decrease eastwards from 480 m 
to 345 m. 

The catchment area for the chain of playas is 90 000 km2; 
it extends from the Petermann and Musgrave Ranges in the 
south, where the maximum elevation is about 1300 m, to the 
Cleland Hills and George Gill Range in the north, where the 
maximum elevation is about 900 m. Several ephemeral 
streams drain these ranges but all flood out in sand dunes, 
and none reach the playa chain. 

The climate is arid: the mean annual rainfall ranges from 
226 mm (35 years, Curtin Springs) to 333 mm (23 years, Ayers 
Rock), with a long-term mean of 258 mm recorded over 100 
years at Tempe Downs just outside the catchment. Rainfall 
is highly variable: at Tempe Downs annual totals have ranged 
from 41 mm in 1940 to 979 mm in 1974. The mean annual 
pan evaporation is about 2950 mm (13 years, Alice Springs). 
The mean monthly maximum temperature ranges from 33OC 
in July, and the mean monthly minimum temperature ranges 
from 21°C in January to 4OC in July. 

Division of Continental Geology, Bureau of Mineral Resources, 
GPO Box 378, Canberra, ACT 2601 

Lake Amadeus is within Aboriginal land, and forms part of 
the ancestral tribal area of the Luritja people. In prehistoric 
times, the Aboriginals obtained water from widely spaced 
pools in the rock outcrop areas and from wells in calcrete. 
Their traditional life was based on travelling between these 
pools and wells (Layton, 1986). 

The lake was visited in the 1870s by the European explorers, ' 

Ernest Giles and William Gosse. Giles was unable to cross 
the lake with pack-horses on his 1872 expedition and 
described his experiences in graphic terms (above). 
Subsequently, he crossed the lake in 1874 'on a broad streak 
of bushes and boughs laid down by Mr. Gosse'(Giles, 1889). 
Lake Amadeus was also visited and briefly described by the 
Horn Scientific Expedition of 1892 (Spencer, 1896) and was 
crossed with difficulty by Harold Lasseter on his last ill-fated 
journey in 1930. 

A combined expedition by the Bureau of Mineral Resources 
(BMR) and the Australian National University (ANU), in 
1984, had as its objective the study of the hydrology, 
geomorphology and sedimentology of Lake Amadeus and 
its associated landforms. The expedition took place under 
the auspices of the University's SLEADS (Salt Lakes, 
Evaporites and Aeolian Deposits) research program and 
BMR's Amadeus Basin Hydrogeology Project. In this 
investigation, the specially adapted SLEADS drilling rig was 
used to obtain cores from the playa bed, and to construct 
piezometers for groundwater measurements and sampling. 
This paper is a preliminary report on the groundwater 
hydrology of Lake Amadeus. 

Geological setting 

Cainozoic sediments underlie Lake Amadeus and are known 
from company exploration drillholes to be about 60 m thick. 
These sediments consist mainly of clay and sand, of alluvial 
and aeolian origin, with interbedded calcrete and gypcrete, 
which are chemically precipitated from groundwater.. The 
sediments extend over most of the topographic basin between 
the Petermann and Musgrave Ranges to the south and the 
George Gill Range to the north. The maximum known depth 
of Cainozoic is about 100 m, near Ayers Rock. 

Bedrock hills, including Ayers Rock and the Olgas, protrude 
through the Cainozoic sediments; the bedrock consists of 
Proterozoic and Palaeozoic sedimentary rocks of the 
Amadeus Basin sequence (Wells & others, 1970). Rocks of 
this sequence, probably Bitter Springs Formation, underlie 
the Cainozoic sediments at ~ake'Amadeus. The base of the 
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Figure 1. Groundwater discharge playas in central Australia, location map. 

Figure 2. Lake Amadeus and the chain of playas: surface hydrology. 



HYDROLOGY O F  LAKE AMADEUS 303 

Cainozoic sediments has been dated palynologically as 
Middle Palaeocene at Ayers Rock (Twidale & Harris, 1977) 
and the original erosional surface of the basin is probably 
of late Cretaceous age. 

The depression containing the chain of playas is a major 
linear feature on the topographic map of Australia (Fig. 1) 
and is the locus of a regional gravity ridge (Mathur, 1976). 
Wells (1980) postulated that the depression formed by solution 
of evaporites of the Bitter Springs Formation which formerly 
outcropped along an anticlinal axis. Quaternary sand dunes, 
up to 30 m high, cover a large part of the surface of the 
depression; they are stable and vegetated in this region. 
Calcrete deposits within the dunes reflect Quaternary 
groundwater-level fluctuations. The playas are fringed with 
gypsum sand and, in places, bordering gypsum dunes have 
formed; thin gypcrete crusts have developed on the dune 
surfaces. 

Regional hydrogeology 

Topographic and potentiometric information is limited in this 
region. However, interpretation of the available information 
from water bores indicates that the groundwater catchments 
are virtually coincident with the topographic catchments 
(Figs. 2 & 3). 

The groundwater-flow system in the Cainozoic aquifers is 
shown in Figure 3. Recharge to these aquifers is by two 
mechanisms: infiltration by stream flooding from the ranges 
to the north and south; and direct infiltration of rainfall 
through sand dunes and especially calcrete. Streams such as 
Britten Jones Creek flow intermittently off bedrock 
catchments; evidence from water bores indicates that this local 
recharge gives rise to pockets of fresher groundwater. As the 
two basins are closed, discharge from the groundwater system 
is by evaporation in the chain of playas. The total area of 
the evaporative playa surfaces is about 1750 km2. The main 
groundwater-flow system is interrupted by local reversals 
where hills, such as Ayers Rock and the Olgas, protrude 
through the Cainozoic sediment cover. 

The Lake Amadeus basin has been modelled as a two-layer 
aquifer system in which Cainozoic sediments overlie fractured 
bedrock. Recharge to the bedrock aquifer infiltrates through 
fractures in the hilly outcrop areas. A numerical model has 
been used to solve the equation of steady-state groundwater 
flow. The model, developed by Australian Groundwater 
Consultants Pty Ltd, uses known groundwater potentials and 
hydraulic parameters to generate groundwater potentials 
throughout the system. 

The known groundwater potentials.are taken from measured 
water-levels in bores and piezometers. The effect of variable 
density on the potentials is estimated as about 10 per cent 
in piezometric measurements, but this has not been taken 
into account in the regional scale model. 

The hydraulic parameters assumed for this study are: 
transmissivity 200 m2d, permeability 9 m/d for the 
Cainozoic sediments; and transmissivity 30 m/d, permeability 
3 m/d for the bedrock aquifer. These parameters are based 
on pump test results reported for the Ayers Rock borefield 
(Knott, 1981) 

Figure 4 shows equipotential and groundwater flow lines in 
the aquifer system. The groundwater flow lines are normal 
to the equipotential lines although this is not obvious on the 
diagram owing to its vertical scale exaggeration. The results 
of modelling indicate that most groundwater flows towards, 
and discharges into, Lake Amadeus through the Cainozoic 
sediments. Some groundwater also flows through fractures 
in the underlying Proterozoic bedrock. In fact a small amount 
of discharge from the bedrock aquifers issues from springs 
in the bed of Lake Amadeus. 

Groundwater quality is generally in the range 1.5-8.0 g/L 
total dissolved solids in both the bedrock and the Cainozoic 
aquifers. The fresher water is generally found close to the 
bedrock hills and in surficial calcrete aquifers. Saltier 
groundwaters (30-50 g/L total dissolved solids) occur further 
along the flow paths. In Lake Amadeus, and the other playas, 
intense evaporation has concentrated the groundwater to 
more than 200 g/L total dissolved solids. 

-460- Potentfometrtc surface (rnJ - Groundwater flow dlrect~on - Cross-sectton ltne 

Figure 3. Groundwater flow in the Cainozoic aquifers, recharge and discharge zones. 
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-Avers Rock 
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40 km 
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-480 - Equipotential lines - Groundwater flow 19/NT/1-1 

Figure 4. Hydrogeological section through Lake Amadeus, showing two-layer aquifer system, and conceptual model of groundwater flow. 

Groundwaters at Ayers Rock and Curtin Springs have been is partly covered by surface water after heavy rain. Early in 
dated by the carbon-14 method, and samples from the June 1985 about 5 per cent of the lake bed was covered with 
Cainozoic aquifers range from modern to a few thousand water after 25 mm of rainfall in 24 hours. A rainfall event 
years old (G.E. Calf, personal communication). Tritium of this magnitude occurs twice a year, on the average, 
values of 1.0-2.0 T.U. in the calcrete aquifers indicate some according to the 35-year record available for nearby Curtin 
relatively modern recharge, probably owing to incipient Springs. In July 1986 about 10 per cent of the lake bed was 
karstification of the calcrete. covered with water after 50 mm of rainfall, a once-yearly 

event. 

~~k~ Amadeus: hydrology and hydrochemistry The lake bed has a streaked appearance when viewed from 
the air. Whitish. flat areas of halite encrustation corresuond 

Lake Amadeus is a groundwater-discharge playa and has the with the annually inundated surface. Extensive brown ireas 
characteristically irregular shoreline of this type of playa of heaved gypsum ground form a rougher, 'ploughed field' 
(Bowler, 1986). The lake bed is generally completely dry, but topography. The lake bed contains numerous islands (Fig. 

Flat playa bed with halite 
efflorescence 

Heaved gypsum ground 

Vegetated sand dunes 

a Sandstone, shale 

Figure 5. Geomorphology of Lake Amadeus. 
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Figure 6. Cross-section through cored holes, Lake Amadeus. 

5), many of which have sand dune cover, and are vegetated 
with trees, shrubs, and spinifex grasses. The lake is surrounded 
by a narrow 'bench' or terrace of gypsum sand, generally a 
few tens of metres wide, which is about 1 m above the lake 
bed. The terrace has a characteristic vegetation of halophytic 
shrubs, including samphire, with its succulent jointed stems. 

Figure 6 shows sections of some of the cored holes drilled 
to depths of 15 m in Lake Amadeus. In general 1-2 m of 

gypsum sand underlies the lake bed, above and just below 
the water-table. The gypsum is precipitated by evaporation 
in the capillary zone. Deeper in the section, reddish-brown 
clay (representing lacustrine or alluvial conditions) alternates 
with gypsum (representing arid zone groundwater-discharge 
conditions similar to those of the present day), and aeolian 
sand (representing hyper-arid, windy conditions). The section 
is not yet dated but the drillcore probably represents 
fluctuating climatic and hydrological regimes over several 
million years. 

'"1 Lake bed 
Open-hole piezometers have been set in 20 drillholes in the 

0.20 lake bed and its surrounds, to depths of 10 m. The water- 
table beneath Lake Amadeus is generally within 0.4 m of the 

0.40 surface in the flatter, halite-encrusted areas, and within 0.6 
0.80 m of the surface in the heaved gypsum ground. Groundwater 
0.80 1 1 1 levels show diurnal fluctuations (Fig. 7) of several centimetres. 

2400 1200 2400 1200 2400 1200 2400 1200 2400 1200 2400 Water levels are generally higher in the evening and lower in 
1 1 November 1 2 November1 3 November 1 4 November 1 5 November / 

19INTlR 
the morning, and the diurnal fluctuations are due to  

Figure 7. Diurnal fluctuations in groundwater level, Lake Amadeus barometric pressure changes. Rainfall events typically cause 

observation bore, November 1984. a rise in water-level; the water-level then falls over the dry 
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N 

Cainozoic aquifer 

1 - - - 
Proterozoic fractured-rock aquifer 

Figure 8. The Lake Amadeus brine pool: cross-section showing brine density. 

period of several months. Water-level measurements in Lake 
Amadeus and another smaller playa near Curtin Springs 
indicate evaporative water-losses of about 300/mm year, of 
which 250 mm can be accounted for by annual rainfall on 
the playa surface, and 50 mm are derived from groundwater 
flowing upwards. 

The lake-bed sediments are saturated with brine to a depth 
of at least 10 m (Fig. 8). The density of the brine, measured 
by hydrometer, is 1.18 to 1.19 beneath the flatter, halite 
encrusted zones, equivalent to 240-250 g/L total dissolved 
solids. The brine is relatively fresher, with a density of 1.12 
to 1.13, beneath the heaved gypsum ground, owing to dilution 
by rainwater. Beneath the sand dunes bordering the lake, the 
groundwater has a density of 1.09 (120 g/L total dissolved 
solids) and there is a transition zone between these waters 
and the heavier brines at depth. Little information is presently 
available on the configuration of the brine pool at depths 
greater than 10 m; one sample obtained from a company 

Table 1. Chemical analyses of Lake Amadeus playa brines 

drillhole at a depth of 110 m had a density of about 1.13 (180 
g/L total dissolved solids). 

Table 1 shows typical analyses of the Lake Amadeus brines 
and Figure 9 shows evolutionary trends of major elements 
in the brines compared with relatively fresh regional 
groundwaters at Ayers Rock. With increasing salinity the 
brines tend towards sodium-magnesium chloride in their 
composition. Bicarbonate and silica are removed from 
solution at low concentrations owing to the precipitation of 
siliceous calcrete. At concentrations greater than 100 g/L total 
dissolved solids, gypsum crystallises in the capillary zone just 
above the water-table, resulting in a loss of calcium from 
solution, and a slight loss of sulphate. Sodium, potassium 
and magnesium become concentrated in the residual brine 
which has nearly, but not quite, evolved to the halite 
saturation stage. The sodium/chloride ratio is about 0.10 over 
a wide range of salinities. These ratios are close to those of 
seawater and suggest dissolution of pre-existing halite in the 
brine. The origin of the playa salts might be the underlying 
evaporite sequence of the Bitter Springs Formation, much 
of which is marine. 

Locatron Sprrng Sand dune Gypsum Halrte 
aquljer freld encrusled Figure 10 shows the relationship of stable-isotope content in 

~ e p t h  0.5 m 1.5 m 0 5  m zone the brines to salinity. The brines become enriched in the 
heavier isotopes, deuterium and oxygen-18, with increasing 

TDS 90900 116900 1 6 ~ ~ 0 0  246000 evaporation, approaching delta-values of about + 17 %o for 
Na 31350 39100 
K 695 I200 

57300 deuterium and + 7  %o for oxygen-18 for brines of 250 g/L 2360 
Ca 1420 1080 754 406 total dissolved solids. The sulphur-34 content of the brines 
Mg 
HCO, 

3 
SiOz 

pH 
Density 

Molar ratios 
Na/CI. 
Ca/Mg 
SO./CI 

Sloble rsolopes 
Deuterium -27.7 - 14.3 + 18.7 
Oxygen- I8 -1.96 +1.25 + 7.00 
Sulphur + 14.8 + 14.2 + 14.0 

Elemental analyses in mg/L. 
Deuterium and oxygen-I8 in %o V-SMOW. 
Sulphur-34 in %o Relative Canyon Diablo Troilite. 

is constant at about + 14 %o. 

Figure 11 is a plot of deuterium versus oxygen-18 for Lake 
Amadeus brines, rainwaters, and regional groundwaters. The 
slope of the evaporation line on this diagram is less than that 
of the meteoric water line, and the waters evidently originate 
in heavy rainfall events which provide groundwater recharge. 
With evaporation there is enrichment in heavy isotopes, 
enrichment being greater for oxygen-18 than for deuterium. 

Several springs in the lake bed (Fig. 6) discharge bedrock 
waters under pressure, through the brine pool. An analysis 
(Table 1) shows that the spring water is less saline (91 g/L 
total dissolved solids) than the brine, and that it is a sodium- 
calcium chloride water. One carbonate mound spring with 
an elevation of 2 m above the lake bed has been observed 
at the eastern end of Lake Amadeus. 
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Figure 9. Evolutionary trends of major elements in Lake Amadeus brines and Ayers Rock groundwaters. 

Si Ca K 

Lakes Amadeus, Neale, and Hopkins: water and 
salt balance 
The water-balance for a groundwater-discharge playa is of 
the form: 

G +  R =  E k A S  

where G is groundwater inflow to the playa; R is rainfall on 
the playa; E  is evaporative discharge from the playa bed; and 
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A  S is change in storage. For long-term balance assuming 
steady-state conditions: 

E  = G + R 
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For playas in this region the water balance is approximately: 
Evaporative discharge(300 mm) = Groundwater inflow (50 
mm) + Rainfall (250 mm). The Lake Amadeus brine pool 
has been explored to a depth of 10 m but possibly extends 
to 100 m or more, and similar conditions are likely at Lake 
Neale and Lake Hopkins. The volume of salt stored in the 
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brines of Lakes Amadeus, Neale and Hopkins can be 
estimated as the product of groundwater discharge area, 
aquifer thickness, porosity, and salinity. Assuming . . 
evaporative discharge over the surface area of the three large 
playas of 1500 km2, average aquifer thickness of 100 m, 
porosity 0.2 and average salinity 200 g/L total dissolved 
solids, then the mass of salt stored as brine is about 6000 
million tonnes. 

The annual salt inflow to the three playas can be estimated as 
the product of groundwater inflow, and the average salt 
concentration in the inflowing groundwater. Groundwater 
inflow of 50 mm/year integrated over the playa surface of 
1500 km2 gives rise to  a total groundwater inflow of about 
75 million m3/year. Assuming average groundwater salinity 
of 5 g/L total dissolved solids, then the annual salt inflow 
is about 375 000 tonnes/year. The time during which the salt 
accumulated can be estimated as the volume of salt stored, 
divided by annual salt inflow, i.e. 12 000 years. This is a short 
time considering the  probable longevity of  t h e  
palaeohydrological record, and suggests sinking of brine 
beneath the regional groundwater system (cf. Macumber, 
1980), and/or the loss of salts from the playa floor by wind 
action. In fact there is some evidence in the region that salinity 
gradients and brine densities in the vicinity of the playas 
increase downwards (Fig. 8); there is also abundant evidence 
of wind-blown gypsum in the surrounding landscape. 

A water budget for the whole catchment can be derived by 
equating the groundwater component of evaporative 
discharge from the playa surfaces to groundwater recharge 
over the catchment area, assuming steady-state climatic 
conditions. The discharge area for the entire playa chain is 
1750 km2 and the catchment area is 90 000 km2. Assuming 
an evaporative discharge rate of 50 mm/year then the total 
discharge is about 87 x lo6 m3/year which is equivalent to 
1 mm/year of recharge over the catchment area. 

Groundwater recharge is thus estimated as about 0.4 per cent 
of incident rainfall, which is a low proportion compared with 
other arid parts of the world. This is probably due to the 
extreme efficiency of Australian arid zone vegetation in using 
nearly all the incident rainfall in transpiration. 

Conclusions 

Lake Amadeus and its associated playas are groundwater 
landforms. Crystallisation of gypsum, precipitated by 
evaporation in the capillary zone just above the water-table, 
causes heaving of the ground; the heaved areas are raised 
above the water table to form a 'ploughed field'topography. 
Rainwater infiltrates the heaved ground and dilutes the brine; 
low islands form, which are then colonised by halophytic 
vegetation. The higher islands with stabilised sand dunes are 
relicts of a previous hyper-arid phase. The ubiquitous gypsum 
sand bench has probably been formed by a drop in 
groundwater head of about one metre, since the dunes 
stabilised a few thousand years ago. The gypsum dunes, which 
border the playa in places, are formed by deflation of the 
playa floor and the sand bench. The infiltration of rainwater 
through the gypsum dunes forms thin crusts of gypcrete. 

This chain of playas is the locus of groundwater discharge 
from a catchment of 90 000 km2. Groundwater flow is 
mainly through Cainozoic sediments, although there is a 
some flow through the underlying fractured Proterozoic 
bedrock. In the playas the regional groundwater has been 
concentrated by evaporation to more\ than 200 g/L total 

dissolved solids. Following the precipitation of gypsum, the 
residual brine is sodium chloride rich. 

The brine pool shows chemical zonation, but is not yet fully 
explored. The total volume of salt stored in the three largest 
playas, Lakes Amadeus, Neale and Hopkins, is of the order 
of 6000 million tonnes, which could have accumulated in 
about 12 000 years. Major questions remaining to be answered 
include the possibility and mechanism of brine reflux given 
the apparently short time span of brine accumulation, and 
the time scale for palaeohydrological change and landscape 
evolution. 

A simple water budget equates groundwater discharge from 
the playas to groundwater recharge over the catchment area. 
Recharge averages 1 mm/year, which is a remarkably low 
proportion of incident rainfall. 
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Aspects of landscape history and regolith in the Kalgoorlie region, 
Western Australia 

C.D. O l l i e r l ,  R.A. chan2,  M.A. Cra ig3 ,  & D.L. Gibson4 

The regolith of the Kalgoorlie region includes saprolite in deep 
weathering profiles, and a range of surficial deposits, including 
colluvium, alluvium, and duricrusts, the distribution of which is the 
result of a long geological and geomorphic evolution. The generally 
accepted model of landscape evolution, with an old lateritised plateau 
being replaced by a younger plateau, is shown to be oversimplified. 
Features in the saprolite indicate changes in the former position o f  
water tables. Sandplains are essentially confined to areas o f  granite; 

and red earths, to greenstone belts. Neither of these appears to have 
any significant aeolian component. Ferricrete is generally 
unconformable over various substrates: it originally formed on lower 
slopes, and occupies high sites in the present landscape because o f  
repeated inversion o f  relief. Silcrete appears to have the same 
landscape relationships. In a new geomorphic chronology of the 
region regolith formation is treated as an integral part of the 
geological history since the Permian. 

Introduction 

The Kalgoorlie area discussed here is part of the Yilgarn 
Block, bounded by Norseman to the south, Weebo to the 
north, Jaurdi to the west and Karonie to the east (Fig. 1). 

The landscape in the Kalgoorlie area is gently undulating, 
subdued relief being broken by low breakways, granite tors 
and greenstone strike ridges. Altitude ranges from 270 m to 
580 m a.s.1. - most of the terrain being 350 to 450 m a.s.1. 
- and generally decreases southwards and eastwards; 
numerous large playa lakes occupy the lower areas. 

Landforms largely reflect the underlying north-  
northwest-south-southeast-trending greenstone belts and 
intervening granites of the Archaean Yilgarn Block. Two 
predominantly greenstone belts occur in the northeast and 
southeast of the Kalgoorlie region and give rise to ranges of 
low hills, strike ridges and broken slopes. Extensive regolith- 
covered plains separate the ranges. 

Granite terrain in the northwest and centre of the area consists 
of sinuous ridges with extensive debris fans. In contrast, 
granite terrain in the southwest consists of undulating sandy 
plateaus with rims of exposed ferricrete, straddling a principal 
palaeodrainage divide between the Swan-Avon basin and 
country in the Kalgoorlie area draining to the east. Valleys 
have been incised into this plateau, and plains occupy the 
surrounding areas. Numerous granite hills occur in the south, 
especially around Cave Hill. 

Breakaways are associated with both greenstone and granite 
terrains where duricrusting has preserved the underlying deep 
weathering profile. 

The most notable account of the geomorphology of the 
Yilgarn Block is by Jutson (1914, 1934). He started his 
observations of the region in 1911, at a time when the science 
of geomorphology was new. Even the concept of the 
peneplain had only been introduced in 1899, and in using 
it Jutson was amongst the pioneers. His major work, The 
Physiography of Western Australia was published in 1914, 
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which means that he must have collected his information very 
rapidly. It was reprinted, with some modifications, in 1934. 
A valuable assessment of Jutson's contribution, the place of 
his work in relation to that of his contemporaries, and a 
discussion of how his ideas relate to those of modern 
geomorphology has been provided by Brock & Twidale (1984). 
They did not attempt to assess his field evidence. 

To the present day there have been few critical comments 
about Jutson's work, and his model is still widely accepted 
(but note Bettenay & Hingston, 1964; Bettenay, 1984). We 
suggest that the model now stands in need of revision. Jutson 
would probably have thought so too, if he had the ease of 
access, modern maps and imagery, and the wealth of exposure 
that is available today. 

Jutson's model is extremely simple. A peneplain, the 'Old 
Plateau', is taken as the starting point. This is deeply 
weathered and capped by laterite. Then a phase of erosion 
starts. Jutson's figure is not clearly labelled, but seems to 
suggest that valleys first cut down to fresh bedrock, and then 
become wider, exposing a lower plain of fresh rock. This is 
the 'New Plateau'. 

Quite remarkably for his time, Jutson appeared to be 
espousing the development of young land surfaces by parallel 
slope retreat. He did not comment on this major difference 
from the Davisian model, but in fact it was not until the work 
of King (1953) that such ideas became widely accepted in the 
English-speaking world. (In Germany, Albrecht Penck had 
enunciated ideas of parallel slope retreat much earlier). Jutson 
also anticipated the 'etchplain' concept, in which a second 
surface is supposed to develop largely by stripping of 
weathered material (regolith) from beneath an older erosion 
surface (Fig. 2). 

Jutson's model is very close to that of Linton (1955), who 
also envisaged a mainly horizontal contact between weathered 
rock (regolith) and fresh rock, which he called the 'basal 
platform' of weathering. Linton also thought, like Jutson, 
that the regolith is entirely removed in the erosion phase. Later 
workers have generally conceived of a much more irregular 
contact between regolith and fresh rock, which is now called 
the 'weathering front', and stripping of regolith is generally 
thought to be only partial. 

In the Kalgoorlie region we found both partial and complete 
stripping. For example, flat to low domed granite outcrops 
stripped completely of their regolith are scattered over a large 
area to the west of Widgiemooltha. Unloading sheets on 
Bullabulling Dome may result from stripping of the regolith 
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Sand King Mine 

Saltlake = Highway = Minor road ==== Vehicle track Homestead 425 Elevation(m) 

Figure 1. Location of places mentioned in the text. 
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old ~ l a t e a u  km north-northwest of Coolgardie is a fine example, and 
dominates the local s c e n e r y .  more subdued example is 
Mount Leonora (450 m) 1.5 km northeast of the Sons of 
Gwalia Mine, Leonora. Another is Mount Malcolm (456 m), 
12 km ENE of Leonora. In fact Jutson was aware of these 

------------------- 'monadnocks' rising above the Old Plateau (Jutson, 1934, 
pp. 96, 196; Brock & Twidale, 1984, p. 116), but this has tended 
to be overlooked with time and a simpler model has often 
been accepted. 

Beginning of new plateau 

Sloping ferricrete 

Jutson's figures suggest that the ferricrete on the Old Plateau 
is close to horizontal. In reality, some ferricretes have a 

- - - - - - - - - considerable initial slope. At the Sons of Gwalia mine, near 
Leonora, a massive ferricrete has a 4" slope. 8 km north of  
Jaurdi Homestead there is a gentle dome of ferricrete which 

plateau 

New ~ l a t e a u  

Old plateau entirely removed 
_________7- ---- ---- 

New plateau 281H5112 

Figure 2. Jutson's diagrammatic explanation of the formation of the 
New Plateau from the Old Plateau. This involves (1) formation of 
the Old Plateau; (2) deep weathering beneath the Old Plateau, with 
the formation of a bard  cap' (ferricrete); (3) incision of valley - 
Jutson did not label the dashed line that the river cuts to, but it is 
probably meant to be the basal surface of weathering, the contact 
between fresh and weathered rock; (4)valley widening, with parallel 
retreat of the valley sides and exposure of fresh rock on the New 
Plateau, which in reality is not yet a plateau, but a stripped plain 
or etchplain. 

here. 37 km SW of Widgiemooltha, Cave Hill is an outcrop 
of hard granite that rises 60 m above the surrounding country 
and may be considered an inselberg. Partly stripped weathered 
granite in situ often forms aprons around these exposures. 
However, in most other parts of the Kalgoorlie area, other 
than some greenstone strike ridges and basic dykes, the 
regolith is only partly stripped. 

The only real advance in explanation of the geomorphology 
of the Yilgarn in recent years has been the use of the etchplain 
concept to  integrate deep weathering and stripping into the 
supposed geomorphic history of two plateaus (e.g. Mulcahy, 
1967, 1973; Finkl, 1979). Finkl's map shows various degrees 
of stripping, giving different sorts of etchplains (incipient, 
partial, etc.), which relate to the amount of exposed bedrock. 
The Soils Atlas of Australia (Northcote & others, 1968) has 
some similar boundaries and may be based on the same 
concept. We suggest that the geomorphic history of the 
Yilgarn is more complex, in both landform and weathering, 
than has previously been supposed. 

Landform features 

- 
has been extensively breached by erosion. The ferricrete on 
the remains of the dome has slopes of over 5O. Sloping 
ferricrete has been illustrated by previous writers including 
Playford (1954) and Bettenay & Hingston (1964), (Fig. 3). 

Tertiary drainage, lakes and tectonics 

Jutson (1934, part X) discussed many hypotheses of 
formation of salt lakes in the area, and he favoured the 'main 
contention as to the wind origin of the lakes'. Gibson (1909) 
and Gregory (1914) regarded the lakes as the remains of large 
rivers, and this view is seen to be correct today. Aerial 
photographs, space imagery, and digital terrain models all 
show an integrated dendritic drainage pattern of major, wide 
valleys, described in some detail by Van de Graaff & others 
(1977). Valley fill includes Eocene sediments with plant 
remains, and spongolite resulting from a marine incursion 
(Fig. 4). The valleys are older than the tectonic movement 
along the Jarrahwood axis, which has warped them, and a 
case has been made for them pre-dating the break-up of 
Australia and Antarctica (Ollier, 1979). The ancient valleys 
in the Kalgoorlie area drained towards the Nullarbor Plain. 

Weathering features 

Ferricrete 

In 1915 Walther gave an account of the weathering profiles 
and laterites' of Western Australia. He provided one of the 
classic descriptions of the lateritic profile, with a ferricrete, 
a mottled zone, and a bleached zone overlying fresh rock. 
A fine example can be seen at Niagara Dam. He was aware 
of the great depth of weathering, and of the importance of 
'breakaways'in the landscape. His figure is reproduced (Fig. 
5) with English descriptions. It is notable that Walther 
included in his figure some surficial material, looking like 
a valley filled with alluvium, which is also subject to the 
effects of lateritisation, and also a quartz vein extending into 
the ferricrete, showing ferricrete formed from saprolite. 

The Jutson model implies that the laterite is related to the 
Old Plateau, and that its dissection led to the formation of 
the New Plateau. In this case the New Plateau would be free 
of laterite'. This concept was pressed most fervently by 
Woolnough (1927), who made a case for a Great Australian 
Peneplain. This was thought to be of Miocene age, and to 
be distinguished by a duricrust. A duricrust was conceived 
as a hard layer o r  crust within or on top of a weathering Hills above the Old Plateau 
profile, and might consist of laterite (ferricrete), silcrete, or 

jutson's figures suggest that the Old Plateau is very flat, but some other material. Some duricrust is the indurated upper 
in fact hills rise above it. Mount Burges (554 m), about 15 part o f  the saprolite, which is frequently mottled. 
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@ Altered h e s r o n e  Limestone 

0 Yellow sands Collovial sediments Aeolian deposits .. .......; Riverine sediments 

Duricrust Deep Tertiav weathering Basement rock 

Figure 3. Diagrammatic sections showing dipping ferricrete: a (upper) - near Geraldton, after Playford (1954); b flower) - Yilgarn Platmu, 
after Bettenay & Hingston (1964). 

Figure 4. Eocene valley revealed in cross section at Princess Royal mine, Norseman. 

Indiscriminate use of the word laterite' to refer to both Multiple ferricretes. Although hard ferricrete and breakaways 
indurated saprolite and to other sorts of ferricrete appears are confined to what appears locally to be the 'Old Plateau', 
to have caused much confusion. Woolnough thought that the ferruginous nodules, ferricrete, and incipient laterite' appear 
formation of duricrust was restricted to peneplains of great to be present on many lower surfaces too. Honman (1917) 
perfection. and Jutson (1934, p. 191) also recorded 'several levels of 

breakaways'. 
Some significant points arise from our own investigation of 
ferricretes. Location of ferricrete. Much modern work on ferricretes 
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Ferricrete 
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Mottled zone 

Pallid zone 

20-315 

Figure 5. The lateritic profile o f  Western Australia as described by Walther (1915). 
Deep weathering affects both saprolite, as evidenced by presence of  quartz veins, and transported material. 

suggests that it is formed on lower surfaces, along drainage 
lines, and only becomes exposed as breakaways on the edge 
of upper surfaces after incision and inversion of relief (e.g. 
Moss, 1965; Young, 1976). On this hypothesis, ferricrete 
would be confined to ridges and plateau edges; that is, there 
would not be continuous hard ferricrete underlying broad 
plateaus. Our own observations appear to confirm this. The 
location of other ferricretes is still something of a mystery. 
For example, we cannot explain the situation 8 km north of 
Jaurdi Homestead, where a breached dome-shaped hill 
appears to be completely encased in ferricrete. Such ferricrete 
could not have formed at seepage sites on lower slopes. 

Thickness of ferricrete. Ferricrete ranges in thickness from 
a few centimetres to several metres. Southwest of Kalgooflie, 
near Seven Mile Hill, a 10-60 cm thick ferricrete has 
developed on surficial sediments with gravel at the basal 
unconformity, grading up into fine sand. In some places the 
ferricrete is reduced to a few centimetres resting directly on 
fresh Archaean bedrock. The relief along the unconformity 
reaches 40 cm. In contrast, pits at Sand King open-cut mine 
in the Ora Banda area northwest of Kalgoorlie, reveal 5-10 
m thick ferricrete, consisting of boulders up to 2 m across 
in ferruginous sand-to-pebble matrix. The boulders are 
thought to be transported, and the undulating base of the 
ferricrete is an unconformity. About 8 km north of Jaurdi 
Homestead a steep semi-circular breakaway is eroded into 
a dome-like hill. The ferricrete thickness increases from 0.5 
m in the north to  4 m towards the south, together with a 
general increase in surface elevation from north to south. The 
thickest parts consist of indurated mottled zone material with 
an irregular base. 

Unconformities beneath ferricrete. Unconformities can be 
detected beneath many ferricretes. They are most clearly 
demonstrated where a line of quartz gravel separates a thin 
surficial cover, now converted to some form of ferricrete, from 
underlying weathered bedrock. Examples are shown in Figure 
6. In the absence of a basal conglomerate, it is difficult to 
detect a surficial layer, especially after it has been ferruginised. 
We therefore consider that the process may be much more 
common than we can prove. 

The formation of ferricrete is frequently restricted to surficial 
material, probably because of contrast in texture between the 

porous upper sediment and the underlying saprolite at the 
time of conversion to ferricrete. With such thin, intensely 
weathered layers correlation is almost impossible. All we 

A 

know is that time and again a weathering profile has been 
partly stripped, covered with a thin veneer of surficial 
materials, and then the whole weathering profile has changed 
again, often forming a ferricrete in the surficial material. If 
an upper layer was irregular in thickness, like a gully fill, then 
the ferricrete that replaces it will also be of variable thickness. 
(see thickness of ferricrete for examples). 

When ferricrete is separated from the underlying weathered 
bedrock by an unconformity, there is not necessarily a direct 
genetic connection between the ferricrete and the lower part 
of the weathering profile. Elementary geochemical studies 
of weathering profiles that assume simple vertical profile 
relationships are likely to be very much in error. 

Unconformable ferricretes appear to be widespread. 
Churchward & Bettenay (1973) recorded complex profiles 
elsewhere in Western Australia. Milnes & Bourman (1985) 
have written that, although there may be laterites in South 
Australia that are simple profiles, they have never found one 
during their extensive studies: unconformities prevail. Milnes 
& others (1985a) wrote of the situation in South Australia 
(which appears to be like that in Western Australia) 
'. . .examination of field relationships . . . points . . . to 
complex reworking and continuous weathering of relic 
landscapes since early Mesozoic times, leading to the intricate 
patterns of sediments and soils forming the present regolith. 
Ferricrete crusts sporadically distributed on the highland 
surfaces are interpreted dominantly as remnants of iron- 
impregnated sediments of ancient valleys or depressions'. 
Further details have been given by Bourman & others (1986) 
and Milnes & others (1985b). & R.W. Galloway (personal 
communication) found a similar situation in Queensland. 

Silcrete 

Evidence of silicification is scattered over a wide area within 
the Kalgoorlie region, and ranges from small silcrete 
concretions (e.g. just north of Lake Cowan) to small areas 
of silcrete capping (e.g. at Dover Cliffs). Silicification affects 
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Figure 6. a and b - Ferricrete unconforrnably overlying weathered bedrock, showing irregular base, 'Gulch Pit'. near Sand King mine. 

c - Ferricrete with basal gravel marking unconformity, Lake Brown. 

a range of regolith materials derived from various parent 
rocks, and varies both in degree and depth of occurrence. 

At Niagara Dam the classical Walther profile includes a 
breakaway with silicified iron pisoliths capping a mottled, 
deeply weathered granite. Nearby is a classical silcrete profile 
that grades from a pseudo-conglomerate at the base to fine 
siliceous material at the top, with columnar jointing forming 
pillars in the nodular silcrete. 

At Sand King mine silicification extends deeper into the 
regolith profile. Some possibly silica-cemented pebbles occur 
at the base of a transported layer about 5 m thick. The 
mottled zone changes laterally into a siliceous zone (tens of 
metres below the surface). Pallid material is also partly 
silicified. The parent rock for this weathering profile is basalt, 
exposed in the pit floor over 100 m below the surface. 
Silicification in the form of silica-filled vugs is evident at 
depth in nearby 'Patch', 'Gulch' and 'SM7' pits. 

d - Ferricrete with basal gravel, Seven Mile Hill. 

Silicification of transported material can be seen near Seven 
Mile Hill, southwest of Kalgoorlie. The silicified, slightly 
ferruginised, and mottled transported gravels and fines pinch 
out against the underlying truncated pallid zone, which is 
only slightly silicified, in weathered Archaean fine 
sedimentary rock. The silcrete is about 2 m thick. 

Silicification is also evident in 'fresh' rock, as seen in the 
silicified cleaved schists which stand above the so-called 'Old 
Plateau' Ikm south of Tower Hill, near Leonora. 

The Wiluna Hardpan (Bettenay & Churchward, 1974) is a 
siliceous, indurated layer in red-brown soil, possibly related 
to silcrete. The hardpan is red-brown, vesicular, massive or 
laminated, and may contain gravels. It looks like a red-brown 
soil, but is hard enough to be an obstacle to digging or 
drilling. Its presence in very young alluvium suggests it is still 
being formed (Mabbutt &others, 1958). The Wiluna Hardpan 
extends northwards from about Menzies, where there is a 
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marked change in vegetation, to  beyond the northern (Liesegang rings), which resembles the grain in wood, with 
boundary of our study area. individual bands about a millimetre thick. The bands are 

abruptly truncated by pallid material, although faint 
Our observations shed little light on the origin of silcrete. remnants of banding may be retained in the pallid material 
What is significant is that in the formation of landscapes, (Figs. 7, 8) 
silcrete appears to have a role very similar to that of ferricrete. 

Features within the weathering profiles 

The mottled zone of deep weathering profiles usually has 
mottles of reddish brown material a few centimetres across. 
Some weathering profiles display mega-mottles, dark brown 
patches up to a metre across. They sometimes have an abrupt 
boundary with the surrounding pallid material: sometimes 
there is a transition through a few centimetres of yellowish 
material. Some of the mega-mottles display colour banding 

The bleaching extends down cracks in some instances, and 
also down root channels, accounting for vertical cylindrical 
bodies of pallid material. Evidently, the whole material was 
once oxidised and brown, sometimes with colour banding, 
and the bleaching is a later event. This indicates a change 
from oxidising to reducing conditions, and therefore a change 
in groundwater conditions. 

Rock structures such as joints or bedding planes usually have 
no bearing on the position or orientation of mega-mottles. 

Effect of parent rock on mottles 

Mega-mottles and complex profiles are largely restricted to  
the greenstones. On granites the mottles are generally more 
even, sometimes becoming distinct ferruginous nodules, 
which may be cemented together to form a ferricrete. On a 
rhyodacite at Lake Brown the mottles are orange with diffuse 
boundaries and about 10 cm across - larger than usual, but 
not mega-mottles. 

Deep weathering profiles 

Figure 7. Mega-mottle (dark area) with bleached pipes, Lake Brown. 

Figure 8. Detail of a mega-mottle, showing colour banding that has 
been truncated by later bleaching. 

Jutson (1934, p. 230) wrote that the plateau 'was covered by 
a hard lateritic cap, beneath which the rocks were apparently, 
as now, much decomposed for a moderate depth'. From other 
statements, it appears that he probably thought of tens of 
metres as 'moderate depth'. We now know from many 
boreholes and several deep open-cut mines that the regolith 
can be over a hundred metres thick. The mines provide the 
best evidence, for there the regolith can be observed in three 
dimensions. 

Princess Royal, Sand King, and Teutonic Bore mines display 
excellent sections of very deep weathering profiles, which are 
all complex. There appears to be a change in the lower levels 
to unoxidised regolith, but the intermediate zones appear to 
be complicated by changes in the position of the groundwater 
table within the profile. At Princess Royal mine the top of 
the reduced saprolite has an irregular 'cauliflower' surface, 
which might result from an irregular wetting front rather than 
a simple, horizontal water table (Fig. 9). Some oxidised 
material is fairly uniform in colour at depth, but the mottling 
of the lateritic' profiles comes in higher up. Almost 
everywhere, the uppermost materials are complicated 
transported matter that ranges widely in age and composition. 

Surficial materials 

Calcareous clay 

Clay-rich red calcareous soil is especially common on the 
greenstones. It has often been regarded as a wind blown 
addition to the landscape (sometimes thought to come from 
the Nullarbor, but this seems to require an improbable reversal 
of wind direction). If it is wind blown, it is hard to see why 
it should be restricted to the greenstones, but, on the other 
hand, it does not seem likely that it could be derived from 
the underlying rock. 

Chartres (1983) has examined known wind blown clays in New 
South Wales, which can be distinguished to some extent by 
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Figure 9. Effects of ancient water tab14 resulting in 'cauliflower' 
surface at top of reduced saprolite in Princess Royal Mine, Norseman. 

pelletal structure. He has examined the micromorphology of 
the calcareous clays from the Kalgoorlie area and finds no 
peletal evidence for an aeolian origin. He reports (personal 
communication) that the material contains some large quartz 
grains, angular haematite grains, and fragments of sandstone 
and silcrete. There is evidence of considerable reworking by - - 
soil fauna, and the material is heavily iron-stained. It is 
possible that there is some wind blown component to the red 
clay, but it seems to be dominantly of fairly local origin, but 
probably reworked by colluvial processes and organic sorting, 
and affected by chemical leaching and precipitation. 

The carbonate is generally redistributed into nodular, laminar 
o r  massive calcrete. A pipe structure in a quarry about 2 km 
northwest of Golden Ridge was filled with nodular calcrete 
and overlain by about 0.5 m of red soil packed with iron 
pisoliths. In some places, as at Sand King, several 
superimposed calcretes suggest that there have been several 
periods of addition of calcareous clay, and subsequent 
mobilisation of the carbonate. 

Cover sands 

On the granites a layer of yellow non-calcareous sand is 
common. Some writers have thought the sand to be wind 

blown, though why it should be restricted to the granite if 
windblown is not clear. Others have explained them as 
remnants of ancient podzol soils. Carroll (1939) concluded 
that there were essentially two different sand-plain soils in 
the Yilgarn: those with a metamorphic heavy-mineral suite 
and those with a granitic heavy-mineral suite. She further 
concluded that the sandplain soils are mostly sedentary rather 
than transported. Milcahy (1959) and Mulcahy & Hingston 
(1961) favoured a depositional origin for the sandplains in 
the York-Quairading area. They suggested that the materials 
were released by weathering from lateritic ferruginous or  
mottled zones. Brewer & Bettenay (1973) held that at least 
the upper zone of the sand plains is transported material. 
This view is contrasted by the earlier opinion of Prider (1966), 
who suggested the sand plains formed in place and represent 
the upper part of a lateritic profile. Bettenay (1984) has also 
provided an account of the nature and origin of the sand 
plains and has suggested they are linked with erosion of 
extensive lateritic mottled and pallid zones. 

Brewer & Bettenay (1973) described the morphology of the 
sands in detail. Samples of Yilgarn sand plains from the 
Boorabbin-Merredin region were examined by M.A. Craig. 
The granulometric data do not support a wind blown origin 
for the cover sands, and a sedentary origin for the lower 
portion seems probable, with reworking in the upper layers. 
Similar conclusions were reached by Butt (1985). 

Alluvium 

Alluvium along modern channels is very variable in colour, 
composition, and thickness, as might be expected. In the 
greenstone areas it is mainly a red calcareous material. 

Playa lake materials 

Evaporitic, aeolian, colluvial, and alluvial surficial materials 
have been deposited in and near wind-eroded plains, playa 
lakes, and associated flats, which are remnants of ancient 
drainage lines. Bettenay (1962) described the main features. 
Lacustrine deposits of gypsum, halite, clay, silt, and sand, 
along with solonchak soils occur in the salt lakes and clay 
pans. Kopi dunes and lunettes form peripheral aeolian 
deposits, mainly on the southern and eastern margins of the 
playas. Gilgai containing carbonate and with a wavelength 
of a few metres were evident in lunettes 19 km north of 
Menzies. The soils have been reworked, especially by wind, 
during recent arid periods (Bowler, 1976). 

Evolution of the landforms 

A typical catena of a Yilgarn slope is shown in Figure 10. 
It suggests that the laterite' is on the Old Plateau, and that 
the salt lakes, dunes, etc are on the Young Plateau. The figure 
could be repeated symmetrically to indicate the relationship 
of the catena to a simple landscape with an Old Plateau and 
a New Plateau (Fig. Ila). But the same catena diagram can 
also be drawn as a recurring sequence (Fig. Ilb). In this case 
the landscape is essentially saw-toothed, breakaways are not 
necessarily the edges of plateaus, and they do not correlate 
into a single planation surface or peneplain. This figure is 
also too stylised: there is no reason why the catenas should 
not occasionally appear in mirror image (Fig. Ilc). This gives 
a complex surface, with a large degree of random variation. 

In brief, there may be no Old Plateau and no New Plateau! 
There has been a history of repeated incision, alluviation, 
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Alluvial and colluvial valley f i l l  

Ferricrete a n d o r  silcrete 

Figure 10. Typical catena in the Yilgarn region. 
This is a composite diagram, not an actual measured profile. 

and the formation of weathering profiles and duricrusts. At 
any particular spot a duricrust outlier, bounded by 
breakaways, may dominate the local landscape. Because the 
vertical dimensions of the landscape are so small compared 
with the great widths, the duricrust may appear to be the 
remnant of a former plateau. 

As this idea may be hard to comprehend, an analogy might 
be useful. In areas of lava flows in eastern Australia, inversion 
of relief eventually causes lava flows that were originally in 
valleys to be located on hills, often ridges with steep basalt 
bluffs equivalent to breakaways. In an area where relief 
inversion has happened many times, as around Armidale, 
NSW, for instance, there is a broad plain with numerous 
basalt caps rising above it. It is tempting to correlate the 
basalts, and attempts have been made to draw the sub-basaltic 
surface. But we now know that the basalts range in age from 
at least 40 Ma to 20 Ma, and relief inversion has happened 
several times. It would be quite incorrect to link the tops of 
the basalt plateau remnants as parts of an old plateau, as 
they were never all there at the same time. 

The duricrusted plateaus in the Kalgoorlie region all have 
a similar origin, but there is no reason to suppose they are 
all contemporary, and there is no justification for casting a 
phantom erosion surface over numbers of outliers to 
reconstruct an 'Old Plateau'. 

The old idea that laterite is formed on peneplains of great 
perfection (e.g. Woolnough, 1927) is no longer generally 
accepted. A common modern view is that iron accumulates 
on lower slopes and on valley plains, eventually forming 
ferricrete (Fig. 12). Detailed expositions of this view have been 
given by Folster (1964), Maignien (1966), and Rohdenburg 
(1970). Milnes & others (1985a) have provided the most 
detailed Australian evidence (from South Australia) to 
indicate that ferricretes are remnants of iron-impregnated 
sediments of former valleys or depressions. Our own 
observations described earlier suggest that the ferricretes form 
in sediments that unconformably overlie either bedrock or 
saprolite. Iron solutions pass through the relatively porous 
and permeable sediments and cement them. The sediments 
themselves occur mainly on footslopes and along drainage 
lines. 

Upwards movement of iron through weathering profiles is 
possible (e.g. Mann & Ollier, 1985), but nevertheless, as 
groundwater geologists have long known, the dominant 
movement of groundwater is lateral, to discharge sites on 
lower slopes, and such groundwater would carry iron in 
solution. 

Three important conclusions follow from this idea. Firstly, 
if iron is moving in solution through a hillside and forming 
ferricrete only,where it oxidises on lower slopes, then hard 
ferricrete is only an edge effect. An excavation located 10 or 
2 m in from a ferricrete breakaway may encounter relatively 
soft mottled-zone material. but no hard ferricrete. 

Secondly, if ferricrete is formed on lower slopes, why is it 
found on plateaus and at the tops of breakaways. The 
explanation lies in the inversion of relief. Many examples of 
relief inversion may be found in the literature (Maignien, 
1966, p. 72; Goudie, 1973, p. 45; McFarlane, 1976, pp. 97-100, 
Van Kerchaver, 1985). The basic idea is illustrated in Figure 
13. The lower slopes are the most indurated, and as they are 
then resistent to erosion, rivers tend to erode the softer 
material around, leaving the former lower slopes as the edges 
of mesas or cuestas. 

Thirdly, if induration occurs on lower slopes it is not 
surprising that the ferricretes can have a noticeable initial 
dip. This explanation also accounts for the otherwise 
mysterious observation that the ferricrete often slopes away 
from the breakaway rather than towards it (Fig. 3; Bettenay 
& Hingston, 1964). The ferricrete would have formed with 
an initial dip towards a valley, but with inversion of relief 
it appears to dip into the ridge of the present day. The more 
complicated attitudes of ferricrete figured by Playford (1954) 
can be explained in similar fashion. 

For simplicity, this account of possible landscape evolution 
has been confined to ferricrete, but silcrete appears to behave 
in the same way, capping ridges after inversion of relief. 

Geomorphic history of the Kalgoorlie region of 
the Yilgarn 

The area may well have been a land area, and well planated 
even in Precambrian times, but there is little record of any 
landforms before the Permian, which will, therefore, be 
adopted as a starting point. 

I. Permian glaciation 

2. Mesozoic deep weathering, with minor planation. This is 
indicated by the fact that major valleys of at least early 
Tertiary age are incised into what was already a remarkably 
level surface, and into rock that was already deeply weathered. 

3. Establishment of a drainage pattern with major valleys 
several kilometres wide. The modern lines of salt lakes follow 
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Figure I I. a (upper) - Repetition of the typical Yilgarn catena, giving rise to apparent Old Plateau and New Plateau. b (middle) - Repetition of the typical Yilgarn catena to form a saw-tooth landscape 
of low amplitude. It is not valid to connect the various breakaways to produce a hypothetical 'Old Plateau'. c (lower) - Irregular repetition of the typical Yilgarn catena, with breakaways at several 
levels. Again, it is not valid to connect the various breakaways to produce a hypothetical 'Old Plateau'. 
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FRESH BEDROCK 

Figure 12. The formation of ferricrete on lower slopes and valley floors by cementation of hillwash and alluvium. 

Figure 13. Inversion of relief. 
a - An old valley is eroded, and the floor and lower slopes of the 
valley are partly covered with alluvium and colluvium, which is then 
cemented to form a ferricrete. Ferricrete is especially prevalent on 
footslopes. 
b - Later erosion attacks neighbouring weathered rock, and the 
resistant ferricrete comes to occupy the edge of a plateau. 

these old valleys. There was a major divide between the 
Swan-Avon catchment and the Kalgoorlie area draining to 
the east (Fig. 14). The latter covers most of the Kalgoorlie 
region (Fig. I), but the drainage to the west gives most clues 
to the geomorphic history. 

4. The break-up of Gondwanaland. The break-up probably 
started in the Jurassic, with a rift valley stage and limited 
drift about 100 million years ago (Crook &Taylor, 1985), but 
sea-floor spreading became more important after about 54 
Ma. The broad valleys of the Swan-Avon catchments are 
many kilometres wide at their start. Such wide valleys require 
catchments extending beyond their present limits. The most 
likely place for such extension is Antarctica, before drift 
brought about the loss of the headwaters. This is the basis 
for supposing that the major valleys pre-date the break-up 
of Gondwanaland. 

5. Incision of valleys. By the Eocene, rivers had cut a system 
of valleys into the deeply weathered bedrock. Some major 
valleys were several kilometres wide, but the system of 
tributaries included very minor valleys. In the Eocene the 
valleys started to aggrade with valley-fill sediments, including 
some organic horizons. 

6. Upper Eocene marine incursion. This marine transgression 
was probably the result of a eustatic rise, but the region was 
already so flat that marine deposits extended for great 
distances along valleys, and yet did not overtop the divides. 
Remnants of the marine sediments are found as valley fills, 
as at Norseman and near Lake Cowan. T h e  Eocene 
transgression extended up to 270 km inland from the present 
coast. Marine deposits consist of spongolite and minor 
limestone and dolomite, and they are associated with non- 
marine to parallic sandstone, siltstone, and shale.' (Playford 
& others, 1975). 

7. Tectonic activity. Tectonic uplift brought the valleys above 
sea level. This was largely epeirogenic uplift of about 300 m. 
Deposits a t  several places are at about this height, including 
localities near Lake Cowan, and a marine erosional bench 
in the Stirling Range area (Johnstone & others, 1973). The 
Stirling Range stands about 1000 m above the plain to the 
north, and is thought to be a fault block uplifted not long 
before the Upper Eocene transgression. However, although 
inland Eocene deposits may presently be at around 300 m 
a.s.l., near the south coast the Eocene deposits are only a 
few metres above present sea level, so there was evidently 
differential movement. with a bend down towards the coast. 
The axis of differential uplift was identified by Cope (1975) 
and is known as the Jarrahwood Axis (Fig. 14). Some of the 
Eocene rivers cross the axis, as near Norseman, and the slope 
of major rivers south of the axis is reversed. 

8. Cenozoic landscape evolution. After the filling of valleys 
with Eocene sediments, weathering continued throughout the 
Cenozoic, and duricrusts formed. Ferricretes are essentially 
formed in surficial sediments, as are silcretes. Landscape 
evolution probably entailed many inversions of relief, and 
a sequence of cut and fill alternating with weathering and 
crust formation that is too complex to trace in detail. The 
formation of ferricrete and silcrete (at least hardpan) probably 
continues to the present day. 

9. Climatic change. In the Mesozoic and Cenozoic the 
climate was probably warm and moist for most of the time. 
Quite late in geological history, aridity set in, with the 
complications of salt weathering, and aeolian deposition of 
sands and calcareous clays. Drainage became limited, and 
groundwaters became saline, with great geochemical effects 
as chloride came to dominate chemical reactions. The major 
valleys became the sites of chains of salt lakes. Vegetation 
started to take on its modern aspect, and would in turn have 
affected the nature of weathering and effectiveness of erosion. 
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Sal? M e  chain --- Palaeodrainage divide - Edge of palaeoplain - - Major fault 

Figure 14. Major physiographic and tectonic features of southwestern Western Australia (modified after Mulcahy, 1973). 

Discussion 

The idea that the Kalgoorlie region and neighbouring parts 
of Western Australia are part of a single Great Australian 
Plateau is far too simple. So too is the two-surface model 
of an Old Plateau and a New Plateau. Even the multi-level 
modern model of etchplanation appears to be too simple. 

The region has had many periods of planation, weathering, 
and duricrust formation. There have also been several 
episo'des of cut and fill, not easily correlated from one place 
to another. There is no validity in the process of casting an 
imaginary plateau surface through remnants of duricrust, as 
these may have formed at several quite different times. 
Furthermore, there may be no geochemical connection 
between ferricretes and the underlying weathered rock (Milnes 
& others, 1985a). The ferricretes are mainly iron impregnated 
sediments of diverse age: the saprolite beneath the ferricretes 
(often regarded as the mottled and pallid zones of a laterite' 
profile) is the product of weathering and related processes 
throughout Mesozoic and Cenozoic times. The zones within 
the deep weathering profiles relate to former water tables, 
but are complex: they d o  not fit the oversimplified 
generalisation of pallid and mottled zones. 

The model of landscape evolution that best fits the area is 
perhaps that of the cratonic regime of Fairbridge & Finkl 
(1979). In this model the erosion-sedimentation history is one 
of repeated exhumation and reburial. The reduction of  the 
cratonic surface is ascribed to an alternation of etchplanation 
and pediplanation, leading to the formation of a polygenetic 
surface of low relief. 

Landscape evolution cannot yet be described in detail, and 
must await description of the landscape in empirical terms, 
not in relation to oversimplified models. BMR has started 
by compiling a regolith map of the Kalgoorlie 1:l 000 000 
sheet area, which will provide a basis for geomorphic 
interpretation. Further studies are required at larger scales 
to provide detailed ground truth to test the present 
hypothetical model, and a further need is to enlarge the area 
of investigation and so relate the Kalgoorlie region to a wider 
part of Western Australia. 
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Early Proterozoic migmatitic basement in the Kalkadoon-Leichhardt Belt of - 

the Mount Isa Inlier, northwestern Queensland 
D.H. ~ l a k e l  & R.W. Page1 
Tightly folded migmatitic rocks, intruded by 1860 Ma granite and 
younger felsic and mafic dykes, are exposed in a band 95km long 
and up to lOkm wide along the western .part of the 
Kalkadoon-Leichhardt Belt. The migmatites are considered to 
represent the basement underlying Proterozoic cover rocks, the oldest 
of which are Ma felsic extrusives (Leichhardt Volcanics) about 1860 
Ma old. The migmatites include thinly banded gneiss with mainly 
concordant leucosomes (metasediments), non-banded gneiss with 
wispy leucosomes (metavolcanics), and nebulitic granitic gneiss (meta- 

intrusives). Metamorphism and deformation of the migmatites took 
place before the intrusion of a cross-cutting granite dyke dated at 
1860+32 Ma by U-Pb zircon. Another U-Pb zircon age, 1850k16 
Ma, obtained for a migmatitic metadacite, is anomalously young, 
although within experimental error of a preferred migmatisation age 
of 1860-1870 Ma. Uplift rates of 2-5 mm a year are implied, to 
account for the inferred brief interval between migmatite formation 
and ensuing felsic volcanism. 

Introduction 

Migmatitic metasedimentary and meta-igneous rocks, 
extensively exposed in t h e  western par t  of the 
Kalkadoon-Leichhardt Belt, are considered to represent part 
of the basement underlying Proterozoic cover formations of 
the Mount Isa Inlier (Blake, 1987). The basement comprises 
rocks which were deformed and metamorphosed before 
emplacement of granites of the Kalkadoon Batholith and 
extrusion of comagmatic Leichhardt Volcanics, the oldest 
cover rocks, at around 1860 Ma. 

Figure 1. Generalised geology and locality map of the Kalkadoon- 
Leichhardt Belt of the Mount Isa Inlier. 

Division of Petrology & Geochemistry, Bureau of Mineral 
Resources, GPO Box 378, Canberra, ACT 2601 

The Kalkadoon-Leichhardt Belt is the northerly trending 
tectonic unit separating the Western and Eastern Fold Belts 
of the Mount Isa Inlier (Fig. 1). Each of these three tectonic 
units contains some basement or probable basement outcrops, 
but consists predominantly of Proterozoic cover and granite 
(Blake, 1987). The cover comprises of sediments and bimodal 
volcanics which can be assigned to three major sequences 
(Fig. 2). The oldest, cover sequence 1, is represented by the 
Leichhardt Volcanics of the Kalkadoon-Leichhardt Belt. 
Cover sequence 2, unconformable on basement and cover 
sequence 1, ranges in age from about 1790 Ma to about 1750 
Ma or possibly younger; it includes the Bottletree Formation 
(1790k9 Ma) and overlying Haslingden Group of the Western 
Fold belt; the Magna Lynn Metabasalt, Argylla Formation 
(1783k5 Ma), and Mary Kathleen Group exposed in the 
eastern part of the Kalkadoon-Leichhardt Belt; and most or 
all of the stratigraphic units in the Eastern Fold Belt. Cover 
sequence 3 overlies cover sequence 2 and older rocks 
disconformably or with an angular unconformity; it includes 
the Carters Bore Rhyolite (1678k3 Ma) and the Mount Isa 
Group (1670k20 Ma) of the Western Fold Belt. The cover 
sequences have been intruded by granites ranging in age from 
about 1860 Ma to about 1500 Ma and by mafic dykes of 
various ages, and together with intrusives and previously 
deformed basement rocks, were extensively deformed and 
regionally metamorphosed to greenschist and amphibolite 
facies between about 1620 Ma and 1550 Ma. The dating of 
the igneous and metamorphic events in the region is based 
on extensive U-Pb zircon and Rb-Sr geochronology (e.g., 
Page, 1978, 1983; Page & others, 1984; Page & Bell, 1986). 

Outcrops of basement migmatite and nebulitic granitic gneiss 
extend for about 95km along the west side of the 
Kalkadoon-Leichhardt Belt, in a band up to lOkm wide 
(Fig. 1). Those in the south, in the Duchess region 1:100 000 
geological sheet, were mapped as undivided Tewinga Group 
by Bultitude & others (1982), whereas those to the north, in 
the Mary Kathleen 1: 100 000 geological sheet, were included 
within the Leichhardt Metamorphics and Kalkadoon Granite 
by Derrick &others (1977). On the 1:500 000 geological map 
of the Mount Isa lnlier and environs and in the accompanying 
Bulletin (Blake, 1987), the migmatitic metasediments and 
metavolcanics are assigned to a new unit, the Kurbayia 
Migmatite, but the nebulitic gneiss, which appears to be 
confined to the Mary Kathleen Sheet, has not been 
distinguished from Kalkadoon Granite. 

Along its western boundary the migmatite band is generally 
strongly deformed, but in several p!aces the Kurbayia 
Migmatite and cross-cutting Kalkadoon Granite can be seen 
overlain unconformably by the Bottletree Formation of cover 
sequence 2. This formation of 1790 Ma-old felsic and mafic 
volcanics, and interlayered conglomeratic, arkosic, and 
greywacke-type sedimentary rocks, underlies the Haslingden 
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1 WESTERN FOLD BELT I KALKADOON - LEICHHARDT BELT I EASTERN FOLD BELT 

P major deformation - 1600 Ma 

McNamara Group 
Cover sequence 3 

- unconformity - 
Quilalar Formation 

1780 Ma Argylla Formation Malbon Group Soldiers 

Magna Lynn Metabasalt Formation 

- unconformity Y 

Cover sequence 1 - 1860 Ma 

W- 1890 Ma Ihr\r\r\ major deformation 

Nebulitic gneiss 

Yaringa Metamorphics Kurbayia Migmatite 

16/0/152 

Figure 2. Generalised stratigraphic scheme for the Mount Isa Inlier. 

Group conformably (e.g., Blake & others, 1984) or individual bands along strike and the presence of texturally 
disconformably (e.g., Derrick & Wilson, 1981). It clearly and compositionally distinctive marker bands indicate that, 
postdates the migmatite-forming event affecting the in the main, the banding represents primary sedimentary 
basement. layering (i.e., bedding). This banded micaceous gneiss, 

therefore, is considered to be metasediments. Variations in 
In the east the migmatite band is bounded for most or all composition, from richly micaceous t o  largely 
of its length by a major fault or shear zone which separates 
it from the Leichhardt Volcanics of cover sequence 1: no 
migmatitic rocks occur farther east and no Leichhardt 
Volcanics, a formation consisting solely of felsic extrusives, 
have been recognised within the migmatite band. The 
migmatitic basement and adjacent Leichhardt Volcanics are 
intruded by identical phases of Kalkadoon Granite, and were 
probably at similar depths in the crust when the Kalkadoon 
Granite was emplaced. Hence, migmatitic basement may 
underlie the Leichhardt Volcanics, the base of which is not 
exposed. Farther east the Leichhardt Volcanics are overlain 
disconformably by the Magna Lynn Metabasalt and Argylla 
Formation of cover sequence 2. 

The migmatite band is cut by numerous faults and shear 
zones, mainly with northerly trends, and, in places, the 
migmatitic rocks and younger intrusives have been rendered 
schistose. 

Kurbayia Migmatite 

The Kurbayia Migmatite (defined by Blake, 1987) is made 
up largely of thinly banded grey gneiss with mostly 
concordant leucosomes (Fig. 3). Then gneiss is fine to . -  , - 
medium-grained and consist8 predominantly of biotite, Figure 3. Disharmonic folding in thinly banded migmatitic gneiss 
muscovite, quartz, microcline, and sodic plagioclase, with (metadiment), Kurbayia Migmatite. Exposure 2 km north northwest 
abundant myrmekite. The banding is commonly folded in of U-Pb zircon dating site, in the Duchess region 1:100 000 
complex disharmonic style (Fig.3). The persistence of geological sheet area. 
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quarLzoIeluspatnlc, and the local association with 
metavolcanics, suggest that the protoliths ranged from pelitic 
and greywacke-type sediments to  volcaniclastic and 
tuffaceous deposits. 

Other rock types present include: grey non-banded gneiss with 
wispy leucosomes (Fig. 4) and overall dacitic composition 
(e.g., about 65% SOz), pink quartzofeldspathic gneiss 
which in some cases has contorted flow-banding vaguely 
preserved; and amphibolite intricately veined by leucosome 
material. The main foliation in these rocks, that marked by 
the leucosomes, is commonly complexly folded and also 
crenulated, like the migmatitic foliation in the banded 
metasediments. The non-banded felsic gneiss is finer grained 
than nebulitic granitic gneiss in the eastern part of the 
migmatitic zone, and is regarded as metavolcanics, although 
the felsic gneiss may include some high-level intrusions. The 
agmatitic amphibolite may represent either or both mafic 
lavas and mafic minor intrusions. 

Figure 4. Granite dyke cutting migmatitic metadacite (metavolcanic), 
Kurbayia Migmatite. Exposure near the U-Pb zircon dating site, in 
the Duchess region 1:100 000 geological sheet area. 

One sample of dacitic migmatitic gneiss (metadacite), from 
northwest of Duchess (Fig. l), has been chemically analysed; 
it plots within the field of the Leichhardt Volcanics on 
variation diagrams for Ti02, P2O5, Zr, Nb, and Y against 
SO2.  This metadacite, which has also been isotopically 
dated (see below), contains aggregates of actinolitic 
amphibole, possibly pseudomorphing pyroxene, scattered 
anhedral megacrysts of andesine, which may be remnant 
phenocrysts (Bultitude & others, 1982), together with biotite, 
quartz, microcline, and minor calcite, epidote, muscovite, 
tourmaline and zircon; some myrmekite is present. 

The early folds in the Kurbayia Migmatite, those that are cut 
by, and hence predate, veins of Kalkadoon Granite, are 
somewhat irregular in orientation, but have overall east-west 
trends except where they have been tightly refolded about 
northerly trending axes during a deformation postdating 
granite intrusion. 

I Nebulitic gneiss 

In the Mary Kathleen Sheet area the eastern part of the 
migmatite band is a complex of mainly nebulitic granitic 

gneiss and Kalkadoon Granite; migmatitic metasediments of 
Kurbayia-type are largely restricted to xenoliths, some more 
than lm across, in Kalkadoon Granite. The nebulitic gneiss 
is medium-grained, and shows streaky banding, (Fig.5). It 
consists essentially of quartz, microcline, sodic plagioclase, 
and variable amounts of biotite, and contains abundant 
myrmekite. Small angular fine-grained mafic xenoliths are 
commonly present. The banding, which results from 
variations in colour index, but not in texture, ranges from 
well-marked to barely discernible, and in places is tightly 
folded (Fig. 5). Contacts between bands are gradational. 

The nebulitic gneiss is cut by, and also occurs as inclusions 
within, phases of Kalkadoon Granite similar to those 
intruding Kurbayia Migmatite to the west. It is considered 
to represent heterogeneous, xenolithic granite which was 
deformed and in places partially melted at  the same time as 
the Kurbayia Migmatite, prior to  intrusion of Kalkadoon 
Granite. 

Conditions of migmatite formation 

The presence of leucosomes consisting of quartz, microcline, 
and plagioclase, the abundance of myrmekite, and the 
complete recrystallisation of the protoliths of the Kurbayia 
Migmatite and nebulitic gneiss, indicate anatexis/ partial 
melting during regional metamorphism to middle or upper 
amphibolite facies. This implies pressures of probably at least 
4 kb and temperatures of 600-700°C during migmatite 
formation. However, mineral assemblages now present in the 
basement rocks are indicative of upper greenschist and lower 
amphibolite facies, as is also the case for adjacent Kalkadoon 
Granite and mafic dykes. These assemblages are attributed 
to subsequent regional metamorphism during 1550-1620 Ma 
tectonism. 

Correlatives of the Kurbayia Migmatite 

Several other units exposed in the Mount Isa Inlier and nearby 
are regarded as either basement or possible basement 
predating the Proterozoic cover sequences (Blake, in 1987), 
and hence are possibly similar in age to the Kurbayia 
Migmatite. One such unit, the partly migmatitic Yaringa 
Metamorphics in the west of the Inlier (Fig. l) ,  was 
metamorphosed and deformed at  around 1890 Ma (Page, in 
Blake & others, 1983; Page &Williams, in press); it is overlain 
unconformably by much less deformed and metamorphosed 
sedimentary rocks of the McNamara Group of cover sequence 
3. Other possible correlatives are: the Murphy Metamorphics 
to the northwest, which were deformed and metamorphosed 
before being intruded by granite (Nicholson Granite), 
probably similar in age to the Kalkadoon Granite (Page & 
others, 1984); the Sulieman Gneiss, Kallala Quartzite, and 
Saint Ronans Metamorphics, exposed in the far southwest 
of the Mount Isa Inlier; the May Downs Gneiss, which crops 
out between the Yaringa Metamorphics and Mount Isa; the 
Plum Mountain Gneiss in the  southeast of  the 
Kalkadoon-Leichhardt Belt; and the Double Crossing 
Metamorphics in the south of the Eastern Fold Belt. 

Igneous rocks intruding migmatitic basement 

The basement migmatites in the  west of the 
Kalkadoon-Leichhardt Belt are intruded by phases of 
Kalkadoon Granite and by northerly trending felsic and mafic 
dykes. These intrusions postdate the migmatite-forming event 
and associated deformation; however, they have been foliated 
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and recrystallised to varying degrees as a result of subsequent 
deformation and metamorphism. The foliation in the 
intrusions, like the late foliation evident in the migmatites, 
is typically subvertical and northerly-trending. 

Phases of Kalkadoon Granite intruding the migmatites 
include medium-grained diorite, fine to medium-grained 
tonalite, porphyritic and non-porphyritic granodiorite, and 
granite and leucogranite (Fig. 4) which are mainly medium- 
grained. These form veins and larger irregular bodies that 
cut across the complex folds and early foliation developed 
in the migmatites. The dominant mafic mineral present in 
all phases is biotite, which occurs as recrystallised aggregates, 
in some cases pseudomorphing amphibole (Wyborn & Page, 
1983). At most localities where different ~ h a s e s  of Kalkadoon 
Granite are juxtaposed, the more maficAphase appears to be 
the older; leucogranite, for example, very commonly occurs 
as veins cutting the other granite phases. However, this may 
not always be the case, as in places the granitic rocks intruding 
the migmatites form net-veined complexes in which pillow- 
like inclusions of tonalite or eranodiorite are enclosed in and - 
veined by leucocratic granite: either the two contrasting 
phases were emplaced together or the more mafic phase is 
younger (e.g., Blake, 1981). 

Thirty kilometres northwest of Duchess (Fig. 1) the Kurbayia 
Migmatite and adjacent Kalkadoon Granite are cut by dykes 
of grey fine-grained felsic porphyry. These dykes are identical 
in chemical composition (both major and trace elements) to 
nearby porphyritic felsic volcanics in the overlying Bottletree 
Formation, and are probably comparable in age (1790 Ma). 

Many mafic dykes intrude both the Kalkadoon Granite and 
the migmatitic basement rocks. They range from amphibolite 
consisting largely of green hornblende and either oligoclase 
or andesine, indicative of amphibolite facies metamorphism, 
to retrograde biotite or chlorite schist. 

Geochronology 

Two samples from within the band of migmatites in the 
Duchess region 1:100 000 geological sheet (at GR 558510, 
Fig. 1) have been the subject of a U-Pb zircon geochrono- 
logical study. One of the samples is of migmatitic metadacite 
assigned to the Kurbayia Migmatite. The metadacite has wispy 
quartzofeldspathic segregations (leucosomes) which are 
generally parallel to a strongly aligned east-west fabric 
(foliation) and represent an anatectic/ metamorphic product. 
The other sample is of medium-grained granite from a dyke, 
one of several up to lm wide, cutting the metadacite (Fig. 
4). These granite dykes postdate the east-west fabric, but show 
a weak north-south foliation. 

Zircons from the migmatitic metadacite were isotopically 
measured initially using conventional U-Pb techniques (Page, 
1983). A somewhat scattered grouping of the 7 reported data 
points was considered to reflect a complex crystallisation 
history for the zircons. As 4 of the 7 data points formed a 
perfect discordia line, the preferred interpretation was that 
the metadacite had an igneous crystallisation age indicated 
by the upper concordia intercept - 1866 + 5 Ma. This 
interpretation was influenced by the close correspondence of 
this age to igneous crystallisation ages of 1850 to 1870 Ma 
determined for the Leichhardt Volcanics exposed east of the 
migmatite band. 

Recent ion-probe studies of this same zircon population 
confirm that the 7 conventionally analysed data points d o  
not form part of a simple discordia Pb-loss array (Page & 

Figure 5. Fold in streakily handed nebulitic granitic gneiss in the 
Mary Kathleen 1:100 000 geological sheet area. A fine-grained mafic 
xenolith can be seen near the hammer handle. 

Williams, in press). Indeed, there is now evidence of a 
pronounced and complex pattern of multiple crystallisation 
ages. The great majority of zircon grains are in the range 
1850-1870 Ma old, a few per cent are inherited grains with 
2 0 7 ~ b / 2 0 6 ~ b  ages ranging from 2.1 to  2.9 Ga, and a few per 
cent have concordant U-Pb ages indicating crystallisation 
in latest Proterozoic/earliest Paleozoic times. Given this new 
evidence, the initial age interpretation from the conventional 
zircon data of 1866+5 Ma, based on the linearity of 4 of 
the 7 conventional data points, is not justified. A better 
interpretation of the conventional analyses, based on all 7 
data points, is an age of 1850+16 Ma (Fig. 6). This is unlikely 
to be the igneous crystallisation age for the metadacite, 
though, because: 

(1) metamorphic overgrowths of about this age have been 
measured by ion-probe analysis on zircon grains from 
the same sample of metadacite; 

(2) the 1850k16 Ma date conflicts with new zircon data 
presented below for the intrusive granite dyke. 

The granite dyke studied (sample no. 8320.5012) postdates 
the dominant east-west anatectic fabric in the metadacite 
(Fig. 4). Zircons from the dyke are clear stubby euhedral 
crystals, colourless to pale brown and commonly with a 
pronounced corehim structure. The zircon population is high 
in U (1136 - 2286 ppm, Table l), and contains a high 
proportion of common Pb (10-60% of total Pb). The 
analytical uncertainties are thus larger than usual (0.8% in 
Pb/U). The Pb-U data are variably discordant in proportion 
to the amount of common Pb, and d o  not fit a simple Pb- 
loss pattern (MSWD = 11.5). The best-fit discordia line 
through the 8 data points has upper and lower concordia 
intercepts at 1860+32 Ma and 250+75 Ma, respectively (Fig. 
6). All except one of the points lie to the right of the 
1850216Ma discordia line for the metadacite, although the 
two fitted chords and upper intercept ages are within 
analytical error. 

As the granite dyke cuts the main fabric in the metadacite, 
the dyke's age of 1860+32 Ma is regarded as a minimum for 
the migmatisation and associated deformation event 
(providing there is no significant inherited component of 
zircon in the granite dyke), and the 1850k16 Ma age measured 
on the metadacite is no longer considered to date igneous - - 
crystallisation. 
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Kalkadoon Granite from the southern part of the Belt has 
been dated at 1856.+i1Ma (Wyborn & Page, 1983) and from 
the northern part at 18621:: Ma (Page, 1978). For the field 
and geochronological interpretations to be in agreement, the 
precover migmatite-forming e<ent should be older than these 
indicated ages. This is possible when the 2-sigma uncertainties 
on the ages are considered, but it implies that the operative 
tectonic processes took place over a short time interval - 
an interpreted maximum age of 1870 Ma for migmatite 
formation and a minimum possible age of 1862 Ma (from 
the 1865 + 3 Ma determination) for commencement of 
Leichhardt volcanism allow no more than eight million years 
for cessation of migmatisation and subsequent uplift and 
erosion sufficient to bring the migmatites from a depth of 
around 12 km (4 kb) to within a few kilometres of the surface. 
This would imply uplift rates in the order of 2-5 mm a 

0 13 
2 3 4 5 year (= lo  km in 2-5 million years). 

16lW153 

Figure 6. Concordia plot of u -pb  data for mipatit ic metadacite The rapidity of tectonic processes such as envisaged here is 
(Kurbayia Migmatite) and cross-cutting granite dyke (Kalkadoon comparable to that of  the present day in tectonically active 
Granite) in the Duchess region 1:100 000 geological sheet, showing regions; for example, in the South Island of New Zealand, 
20 error envelopes for the zircon points. uplift rates of up to 17 mm a year have been calculated 

(Wellman, 1979), and in the Himalayas, some parts have 
The ion-probe analytical data show that the conventionally probably been uplifted more than 10 km in less than 10 M~ 
determined 1850 Ma result for the metadacite is a mixture (e.g., windley, 1985). Similar rates of uplift in the period 
of at least 3 zircon age components, of  which the dominant 1850-1900 Ma are indicated from the latest geochronological 
One, l850- Ig70 M a y  is the evidence in other Proterozoic terranes of Australia (Page & 
migmatisation event. The preferred age for the migmatisation, others, 1984; Needham & others, in press). 
based on the current analytical data, is 1860-1870Ma. 

Although the stratigraphic age of the basement sequence 
The offset of most of the metadacite zircon points to the left ( ~ ~ ~ b ~ ~ i ~  ~ i ~ ~ ~ ~ i ~ ~  protoliths) could not be directly 
of the chord defining the geologically younger granite dyke determined from this study, the youngest inherited zircon 
zircon data on the concordia plot (Fig. 6) may be due to recent components, from ion-probe data, indicate that the 
Pb loss from more discordant fractions, and/or to a migmatitic metadacite has a maximum age of about 2100 M ~ .  
disproportionate presence of the very young zircon recognised 
in the ion-probe study. Such factors can explain why the 
'averaging' represented by the 1850+ 16Ma conventional result, 
although within experimental error of a migmatisation age Geological history of migmatitic basement 
o f  1850-1870 Ma, is graphically m ~ m a l o u s  and marginally The following sequence of events can be interpreted for the 
Younger than given by the ~ost-migmatite granite dyke age. migmatitic basement in the western Dart of the 

An age of 1860-1870 Ma for the migmatisation and 
associated deformation of the basement conflicts, if taken 
at face value, with field evidence, which suggests that this 
major tectonic event took place before the eruption of the 
Leichhardt Volcanics, the oldest cover sequence unit. The 
Leichhardt Volcanics, extensively exposed to the east of the 
migmatites, are intruded by phases of Kalkadoon Granite 
identical to those cutting the rnigmatites, but neither the 
volcanics nor the granite appear to have been deformed or 
metamorphosed to any significant extent until the 1620-1550 
Ma period of tectonism that affected all three cover sequences 
of the Mount Isa Inlier. U-Pb zircon ages of 1875::; Ma 
and 1865+3 Ma have been obtained for the Leichhardt 
Volcanics in the Kalkadoon-Leichhardt belt (Page, 1983). 

 arka ado on-Leichhardt Belt. 

1. Sedimentation and penecontemporaneous? felsic (and 
mafic?) volcanism, forming the protoliths of the Kurbayia 
Migmatite. 

2. Burial of the protoliths to a depth of several kilometres. 
3. Intrusion of inclusion-rich granite; possibly also of some 

mafic dykes. 
4. Major tectonism, resulting in metamorphism, partial 

melting and formation of migmatite, and complex folding 
of protoliths of the Kurbayia Migmatite. At the same time 
the inclusion-rich granite was recrystallised and deformed 
to form nebulitic gneiss. Medium-grained gneissic 
textures, presence of leucosomes, and abundance of 

Table 1. U-Pb analytical data for zircons from a granite dyke (sample 8320.5012) intruding the Kurbayia Migmatite 

Size (microns) Weight Concenlralion (ppm) 2 M ~ b / 2 " ~ b  Radiogenic rutios 
and magnetic (mg) (measured) 
susceptibiliry Radiogenic Common 207pb/206pb 206pb/238~ 207pb/23ju 

Pb Pb U 

-350 MI 
-215 NMI 
-150 N M O  
-150 M O  
-100 NMO 
-100 M O  
- 80 N M O  
- 45 N M  
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myrmekite indicate that metamorphism reached upper 
amphibolite facies, implying probable pressures of 4 kb 
or more. U-Pb zircon data reported in this paper and 
preliminary ion-probe U-Pb data suggest that the 
metamorphism probably took place about 1860-1870 Ma 
ago. Uplift and erosion associated with the tectonism 
brought the migmatitic basement to  within a few 
kilometres of the surface. This appears to  have happened 
within a period of less than 10 Ma, implying uplift rates 
of 2-5 mm a year. The tectonism may correlate with 1890 
* 8 Ma high-grade metamorphism in the Yaringa 
Metamorphics in the western part of the Mount Isa Inlier 
(Page & Williams, in press), and provide further support 
for the existence of the continent-wide early Proterozoic 
event -the 1850-1880 Ma-old Barramundi orogeny - 
put forward by Etheridge & others (1987). 

5. Leichhardt volc'anism and intrusion into the basement 
of the comagmatic Kalkadoon Granite at around 
1860 Ma. 

6. Subaerial erosion, leading to exposure of Kurbayia 
Migmatite and Kalkadoon Granite. 

7. Deposition of the 1790 Ma-old Bottletree Formation 
(oldest unit of cover sequence 2 in the Western Fold Belt) 
unconformably on Kurbayia Migrnatite and Kalkadoon 
Granite in the west. Intrusion into the migmatite and 
granite of high-level dykes related to felsic volcanics 
within the Bottletree Formation. 

8. Deposition of younger units of cover sequence 2, 
including the Haslingden Group and Quilalar Formation 
in the Western Fold Belt, and the Magna Lynn 
Metabasalt, Argylla Formation, and Mary Kathleen 
Group in the eastern part of the Kalkadoon-Leichhardt 
Belt. 

9. Period of nondeposition, erosion, and local, mainly mild, 
tectonism. 

10. Deposition in the Western Fold Belt, and perhaps also 
in the Kalkadoon-Leichhardt Belt, of cover sequence 3 
(1680-1670 Ma). 

11. Major tectonism between 1620 Ma and 1550 Ma (Page 
& Bell, 1986), resulting in region-wide deformation and 
metamorphism of the three cover sequences, 1670-1860 
Ma-old granites, and the previously deformed and 
metamorphosed Kurbayia Migmatite and nebulitic gneiss 
o f  the basement. The metamorphism reached 
amphibolite facies, and was of low-pressure high- 
temperature type (e.g., Jaques & others, 1982). 

12. Some faulting occurred later in the Proterozoic and 
during the Phanerozoic; however, since about 1500 Ma 
the Mount Isa Inlier appears to have been a relatively 
stable part of the north Australian craton (e.g., Blake, 
1987). 

Conclusions 

1. The protoliths of the Kurbayia Migmatite and nebulitic 
gneiss exposed in the  western par t  of  the 
Kalkadoon-Leichhardt Belt were metamorphosed to 
migmatite and deformed before the Kalkadoon Granite 
was intruded at around 1860 Ma and probably before the 
comagmatic Leichhardt Volcanics were erupted. They can 
therefore be regarded as forming part of the basement 
underlying the Proterozoic cover rocks (which are taken 
to include the Leichhardt Volcanics) of the Mount Isa 
Inlier. This  basement is seen to be overlain 
unconformably by the 1790 Ma-old Bottletree Formation, 
but no stratigraphic (non-faulted) contacts with the 
Leichhardt Volcanics are known. 

2. The migmatite-forming event took place between 1860 
Ma and 1870 Ma, according to constraints imposed by 

U-Pb zircon data, or, as suggested by region-wide 
geological considerations, somewhat earlier - perhaps 
at around 1890 Ma, when the Yaringa Metamorphics in 
the west of the Isa Inlier were metamorphosed to 
rnigmatite. 
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Planktonic foraminifera, age of sediments and polarity reversals, New Britain, 
Papua New Guinea 
D.J. Belfordl 

Samples from the Rudiger Point-Cape Ruge area, New Britain, are Pliocene-middle Pleistocene, Zone N.21-Zone N.22, age; this is the 
not from a conformable late Miocene-earliest Pliocene sequence, as youngest marine sediment yet recognised in New Britain. Planktonic 
was presumed by previous workers, but rather are of two age groups, Zone N.18 is correlated, at least in part, with a normally magnetised 
one of general middle Miocene age, and a younger group of late interval. 
Miocene age. A sample of volcanolithic sandstone, NG34B. is of late 

Introduction 

The samples discussed in this paper were collected during 
the course of a palaeomagnetic project in the Bismarck 
Archipelago, by the Department of Geology and Geophysics, 
University of Sydney. They are from the Rudiger Point-Cape 
Ruge area, New Britain (Fig. 1). Preliminary results of the 
project have been reported by Falvey & Pritchard (1984). The 
purpose of the present study was to check the polarity reversal 
sequence recognised in the samples against the Tertiary 
biostratigraphic zonal scheme based on planktonic 
foraminifera (Blow, 1969). In addition, ages previously given 
to samples (Binnekamp, 1971) have been revised, and the 
present samples show that beds in this area are younger than 
previously recorded; the fauna recorded from each sample 
is shown in Table 1. The biostratigraphic results indicate that 
the samples may be divided into two groups, and do not 
represent a continuous sequence. Some revision of the 
palaeomagnetic results is necessary. 

This paper was completed in 1984, though submitted for 
publication in August 1986, just prior to the author's 
retirement. It, therefore, does not take account of any works 
published since 1984. 

Age of sediments 
Sediments in the Rudiger Point and Cape Ruge areas are 
shown on the Cape Raoult-Arawe 1:250 000 map sheet 
(Ryburn, 1976) as Yalam Limestone, of Miocene upper Te 
to Tf age, with an estimated maximum thickness of 500 m. 
Two distinct facies of this formation have been mapped: (1) 
reef limestones in the Whiteman Range and southern half 
of the Lamogai Plateau, and (2) soft calcareous sediments, 
some containing volcanic detritus and interbedded limestone, 
to the north. The present samples are from the northern 
sediments. Ryburn (1976) noted that, although the two facies 
are at least partly contemporaneous, the fauna suggests that 

Figure 1. Sample locations (adapted from Falvey & Pritchard, 1984). deposition continued longer in the marly facies, into the early 
Pliocene. 

Five samples were listed by Ryburn (1976) from the general 
'45 Village Road, South Durras, NSW 2536; formerly Division of Rudiger Point area; one of these, 49NG0019, is a limestone 
Marine Geosciences & Petroleum Geology, BMR containing Lepidocyclina (Nephrolepidina) sp. and 
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Miogypsina (M.) sp. and is of early to middle Miocene age. 
Two other samples, 49NG0015 and 49NG0017, were given a 
middle Miocene Zone N.lO-Zone N.12? age. Of the two 
remaining samples, 49NG0010A was given as not older than 
middle Miocene, ranging to Pliocene; and 49NG0018 as not 
older than top of middle Miocene to Pliocene. 

Magnetic 
polarity 

Declination 

0 Reversed polarity Normal polarity 
201855-812 

Figure 2. Polarity reversal sequence (from Falvey & Pritchard, 1984) 

Re-examination of these samples has resulted in revision of 
the ages originally given (Binnekamp, 1971). Samples 
49NG0015 and 49NG0017 are now regarded as late Miocene 
(Zone N.16-Zone N.18). They contain abundant planktonic 
foraminifera, including Globigerinoides obliquus extremus 
and Sphaeroidinellopsis without Sphaeroidinella. Sample 
49NG0015 is from almost the same locality as NG41A, here 
given a mid-Zone N.17-Zone N.18 age; 49NG0017 is very close 
to NG38A, which is given a Zone N.18 age. The two 
remaining samples, 49NG0018 and 49NG0010A can be given 
only a wide stratigraphic range; 49NG0018 is early to middle 
Miocene (Zone N.6-Zone N.14), and 49NG0010A, which is 

from the same area as samples NG29A, NG30A and NG31A, 
is middle Miocene (Zone N.9-Zone N.14). 

Revision of these ages, and the ages determined for the 
present samples (Appendix 2) enable two groups of samples 
to be recognised. One is of general middle Miocene age and 
the other of late Miocene age; these two groups occur on 
either side of an almost north-south line through the Rudiger 
Point area (Fig. I), with the older group to the east of the 
line and the younger to the west. This distribution may have 
resulted from tectonic movement, but no observational data 
on this point are available. This line also separates deep-water 
sediments to the east, with a high proportion of planktonic 
specimens, from shallower, probably shelf, sediments to the 
west, with a significant proportion of benthonic specimens. 
The only exception to this is sample NG26A, to the east of 
the line, which contains numerous benthonic species. 

Sediments of the marly facies of the Yalam Limestone in the 
Rudiger Point-Cape Ruge area are regarded as equivalent to 
those to the west, near the mouth of the Pua River. These 
beds were given a Zone N.16-Zone N.19 age (Ryburn, 1976), 
but in the absence of the genus Sphaeroidinella and the 
occurrence of Sphaeroidinellopsis are here referred to Zone 
N.16-Zone N.18, late Miocene. 

One sample of volcanolithic sandstone, NG34B, is the 
youngest sample examined, of Zone N.21-Zone N.22, late 
Pliocene-middle Pleistocene, age. Although this area was 
mapped as Yalam Limestone (Ryburn, 1976), it probably is 
part of the Pliocene Aria Beds. These sediments, which are 
well-developed in the western part of the Cape Raoult-Arawe 
sheet area, consist mainly of massive to well-bedded, semi- 
consolidated, volcanolithic sandstone, siltstone, and 
conglomerate overlying the Yalam Limestone. The fauna of 
sample NG34B is similar to that of samples such as 
49NG2645 and 49NG2647, about 45 km to the southeast at 
the western end of the Lamogai Plateau, but because of the 
occurrences of the Globorotalia (Truncorotalia) tosaensis 
group in the fauna of sample NG34B, it is thought to be from 
the youngest marine sediments yet recorded from New 
Britain. 

Correlation with palaeomagnetic results from the 
Yalam Limestone 

Falvey & Pritchard (1984) assigned tentative ages to the 
palaeomagnetic samples on the basis of radiometric age, 
micropalaeontologicaI age, polarity, and/or stratigraphic 
position. However, the samples from the Rudiger Point-Cape 
Ruge area were not collected in a measured sequence, and 
the faunal determinations, in most cases, are not sufficiently 
fine to confidently assign their remanence to a specific 
polarity interval in the Cainozoic reversal column. 

The biostratigraphic results obtained from the present study 
of the foraminifera1 faunas show that, rather than being 
distributed continuously in time, the samples are divided into 
two age groups: an older group of general middle Miocene 
age and a younger group of late Miocene age. These results 
do not support the polarity sequence in the Yalam Limestone 
shown by Falvey & Pritchard (1984, figure 4; reproduced here, 
enlarged, as Fig. 2); they also show that some samples are 
older than originally indicated. The revised positions of the 
samples relative to the biostratigraphic and radiometric scales 
are shown in Figure 3. In that figure the relative stratigraphic 
positions of the samples within each of the two groups are 
not definitely established. 
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It should be noted that most samples assigned here a Zone interval. Further investigation is required, preferably on 
N.18 age have normal polarity, whereas Berggren (1971, 1972, samples collected over a measured sequence, in which 
1973, 1978), Berggren & van Couvering (1974), Ryan & others biostratigraphic criteria delineating the zone can be applied. 
(1974), and Hsu & others (1984), show planktonic Zone N.18 
to be correlated with the reversed basal part of the Gilbert 
Epoch. Berggren (1972, 1973), Saito & others (1975), and 
Poore & Berggren (1978) noted that Zone N.18 is short, with 
a duration of about 100,000 years; the lower and upper limits 
being given as 4.9 Ma and 4.8 Ma, respectively. 

The normal polarities of Zone N.18 may belong to the normal 
polarity Thvera Event, which was reported by McDougall & 
others (1977) in a lava sequence in western Iceland. The age 
of the event was estimated originally as 4.81-4.60 Ma, but 
Mankinen & Dalrymple (1979) revised it as 5.00-4.85 Ma on 
the basis of new K-Ar constants. The revised age is broadly 
consistent with Zone N.18. 

Several of the present samples suggest that Zone N.18 is to 
be correlated, at least in part, with a normal polarity interval. 
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Appendix 1. Annotated check list of planktonic 
foraminifera 

All figured specimens are deposited in the Commonwealth 
Palaeontological Collection, Bureau of Mineral Resources, Canberra. 

However, the evidence is not yet sufficient to justify any Genus Candeina d 'Orbigny, 1839 
modification of the oresentlv acce~ted  relations hi^ between 
planktonic Zone ~ . i 8  and the polarity reversal scale, and in Type species: Candeina niiida dOrbigny; original designation 
Figure 3 Zone N.18 is shown against a reversed polarity (monotypy). 

Candeina niiida niiida dOrbigny, 1839, p. 108, pl. 2, figs. 27-28. 
Occurs rarely in one sample. 

Anomaly Planktonic 
numbers I Polarity 1 zones I 

NG348 
,[no palaeomag 

results)  

NG26A (N) 
NG33A (N) 

NG31 A (N) 
NG39A(R) 
NG40A (N) I 

NG24A (N) 

0 Reversed polarity Normal polarity 
201855-813 

Genus Dentoglobigerina Blow, 1979 

Type species: Globigerina galavisi Bermudez; original designation. 

Denioglobigerina aliispira altispira (Cushman & Jarvis, 1936): 
Globigerina altispira Cushman & Jarvis, 1936, p. 5, pl. 1, figs. 13a-c, 
14. Occurs rarely to frequently in numerous samples. 

Denioglobigerina venezuelana (Hedberg, 1937): Globigerina 
venezuelana Hedberg, 1937, p. 681, pl. 92, figs. 7a-b. A rare to 
frequent species in numerous samples. 

Genus Globigerina d'Orbigny, 1826 
Subgenus Globigerina dQrbigny, 1826 

Type species: Globigerina bulloides dOrbigny; subsequent 
designation by Parker, Jones & Brady, 1865. 

Globigerina (Globigerina) bulloides dOrbigny, 1826, p. 277. (PI. I, 
figs 1-3). Recorded rarely from three samples. 

Globigerina (Globigerina) falconensis Blow, 1959, p. 177, pl. 9, figs 
40a-c, 41. (PI. 1, figs 15-17). Rare specimens of G. falconensis occur 
in one sample. The test is in a low trochospiral coil, with 4 chambers 
in the last whorl, and a strongly developed lip over a low aperture. 

Globigerina (Globigerina) praebulloides Blow, 1959, p. 180, pl. 8, 
figs 47a-c; pl. 9, fig. 48. (PI. I, figs 18-20). Rare specimens occur 
in one sample. They have 4 chambers in the last whorl, increasing 
rapidly in size, with radial depressed dorsal and ventral sutures, and 
a small low aperture without any lip or thickened rim. 

Subgenus Zeaglobigerina Kennett & Srinivasan, 1983 

Type species: Globigerina wood; Jenkins; original designation. 

Kennett & Srinivasan (1983) noted that the lineages recognised by 
them in the subgenus Zeaglobigerina include Globigerina rubescens 
Hofker, designated by Hofker (1977) as the type species of the genus 
Globoturborotaliia, which may therefore have priority over 
Zeaglobigerina. However, they stated that the phylogeny of G. 
rubescens is not clearly known, and that detailed study of its 
evolution and wall structure is required. 

Figure 3. Samples plotted against planktonic foraminifera1 zones, Globigerina (Zeaglobigerina) decoraperia Takayanagi & Saito, 1962: 
and polarity reversal and radiometric scales. Globigerina druryi Akers decoraperia Takayanagi & Saito, 1962, p. 
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20/855.8/4 
Table 1. Foraminifera1 distribution chart. . 

Plate 1 (All figures x80) 
Figs. 1-3: Globigerina (Globigerina) bulloides d'orbigny; CPC 25206; sample NG43A; I, ventral view; 2, dorsal view; 3, edge view. Figs. 4-7: Globigerino 
(Zeaglobigerina) decoroperra Takayanagi & Saito; 4-6, CPC 25207, sample NG26A; 4, ventral view; 5, dorsal view; 6, edge view; 7, CPC 25208, same 
sample, ventral view. Figs. 8-14: Globigerina (Zeoglobigerina) druryi Akers; 8-10, CPC 25209, sample NG26.4; 8, ventral view; 9 dorsal view: 10, edge 
view; 11-12. C P C  25210, same sample; 11, ventral view; 12, edge view; 13-14, CPC. 2521 1, same sample; 13, ventral view; 14, edge view. Figs. 15-17: 
Globigerino (Globigerina) falconensis Blow, sample NG26A; 15, ventral view; 16, dorsal view; 17, edge view. Figs. 18-20: Globigerina (Globigerina) 
praebuNoides Blow, CPC 25213, sample NG26A; 18, ventral view; 19, dorsal view; 20, edge view. Figs. 21-25: Globigerino (Zeoglobigerino) woodi woodi 
Jenkins; 21-23, CPC 25214, sample NG46A; 21, ventral view; 22, dorsal view; 23, edge view; 24-25, CPC 25215, sample NG44A; 24, ventral view; 25, 
edge view. Figs. 26-28: Globigerinira glurinoro (Egger), CPC 25216, sample NG43A; 26, ventral view; 27, dorsal view; 28, edge view. Figs. 29-33: 
Globoquodrina dehiscensdehiscens (Chapman, Parr &Collins); 29-31 CPC 25217, sample NG26A; 29, ventral view; 30, dorsal view; 31, edge view; 32-33, 
CPC 25218, sample NG38A; 32, ventral view; 33, edge view. Figs. 34-38: Globororolio (Fohsella) peripheroronda Blow & Banner; 34-36. CPC 25219, 
sample NG26A; 34, ventral view; 35, dorsal view; 36, edge view; 37-38, CPC. 25220, sample NG31A; 37, ventral view; 38, edge view. 
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85, pl. 28, figs IOa-c. (PI. I, figs 4-7).Specimens of G. decoraperta 
occur rarely in several samples. The test has a high trochospiral coil 
with 4 chambers in the last whorl, and a high arched almost circular 
aperture with a thickened lip. 

Globigerina (Zeaglobigerina) druryi Akers, 1955, p. 654, pl. 65, figs 
la-c. (PI. I, figs 8-14). Specimens of G. druryi range in coiling from 
low to very high trochospiral. Most specimens have 4 chambers in 
the last whorl, with a high arched aperture, larger than that of the 
holotype; all specimens have a strongly developed apertural lip. The 
specimens agree well with the holotype, and with other illustrated 
specimens of the species, for example, those of Bronnimann & Resig 
(1971). 

Globigerina (Zeaglobigerina) woodi woodi Jenkins, 1960: 
Globigerina woodi Jenkins, 1960, p. 325, pl. 2, figs 2a-c. (PI. 1, figs 
21-25). Specimens referred to G. (Z). woodi woodi occur in two 
samples. The specimens have 4 chambers in the last whorl, with radial 
depressed dorsal and ventral sutures, an arched umbilical aperture 
with a slightly thickened lip, and a reticulate test surface. 

Genus Globigerinita Bronnimann, 1951 

Type species: Globigerinila naparimaensis Bronnimann; original 
designation. 

Globigerinita glutinata (Egger, 1893): Globigerina glutinala Egger, 
1893, p. 371, pl. 13, figs 19-21. (PI. I, figs. 26-28). Recorded from 
two samples. Most specimens are non-bullate, but all have four 
chambers in the last whorl, a low umbilical aperture and a finely 
perforate and finely pustulose test wall. 

Genus Globigerinoides Cushman, 1927 

Type species: Globigerina rubra d'Orbigny; original designation. 

Globigerinoides bolli Blow, 1959, p. 189, pl. 10, figs 65a-c. Recorded 
rarely from only one sample. 

Globigerinoides conglobarus conglobatus (Brady, 1879): Globigerina 
conglobata Brady, 1879, p. 286 (figured Brady, 1884, pl. 80, figs 1-5; 
pl. 82, fig. 5). Recorded rarely from two samples. 

Globigerinoides obliquus extremus Bolli & Bermudez, 1965, p. 139, 
pl. 1, figs 10-12. Recorded rarely from five samples. 

Globigerinoides obliquus obliquus Bolli, 1957: Globigerinoi.des 
obliqua Bolli, 1957, p. 113, pl. 25, figs 9a-c, 10a-c; text-fig. 21, 5. 
A more common element amongst species of Globigerinoides in the 
present samples. 

Globigerinoides quad (Brady) var. immatura Le Roy, 1939, p. 263, 
pl. 3, figs 19-21. A rare element in the G. quadrilobatus group, being 
recorded from only two samples. 

Globigerinoides quadrilobatus quadrilobatus (darbigny), 1846: 
Globigerina quodrilobata dorbigny, 1846, p. 164, pl. 9, figs 7-10. 
Recorded from most samples. 

Globigerinoides quadriloborus sacculifer (Brady, 1877): Globigerina 
sacculifera Brady, 1877, p. 535 (illustrated Brady, 1884, pl. 80, figs 
11-17). Recorded rarely from several samples. 

Globigerinoides quadrilobarus rriloba (Reuss, 1850): Globigerina 
triloba Reuss, 1850, p. 374, pl. 47, figs Ila-e. Recorded rarely from 
only one sample. 

Globigerinoides ruber (dorbigny, 1839): Globigerina rubra 
dvrbigny, 1839, p. 82, pl. 4, figs 12-14. Occurs frequently in one 
sample. 

Genus Globoquadrina Finlay, 1947 

Type species: Globororalia dehiscens Chapman, Parr & Collins; 
original designation. 

Globoquadrina dehiscens dehiscens (Chapman, Parr & Collins, 
1934): Globororolia dehiscens Chapman, Parr & Collins, 1934, p. 
569, pl. 11, figs 36a-c. (PI. 1, figs 29-33). Occurs rarely to frequently 
in numerous samples. Stainforth & others (1975) referred to  the 
intergrading forms within the dehiscens plexus and noted that 
numerous names have been applied to variants. The present forms 
range from those with a flattened dorsal surface and narrowly 
rounded test margin to those with a convex dorsal surface and broadly 
rounded periphery. 

Genus Globorotalia Cushman, 1927 

Type species: Pulvinulina menardii (dorbigny) var. tumida Brady; 
original designation. .. 
1 .. Subgenus Fohsella Bandy, 1972 

Type species: Globorotalia (Globororalia) praefohsi Blow & 
Banner; original designation. 

Globorolalia (Fohsella) peripheroronda Blow & Banner, 1966: 
Globorotalia (Turborotalia) peripheroronda Blow & Banner, 1966, 
p. 294, pl. 1, figs la-c; pl. 2, figs 1-33. (PI. 1, figs 34-38). Recorded 
rarely from two samples. The specimens are mostly poorly preserved, 
with the tests worn and the chambers often broken. Six chambers 
form each whorl, gradually enlarging, with slightly curved ventral 
sutures and strongly recurved dorsal sutures. The peripheral margin 
is broadly rounded, and the aperture is an elongate narrow opening 
with a distinct thin lip. Globorofalia (Fohsella) praefohsi Blow & 
Banner, 1966, p. 295, pl. 1, figs 3a-c, 4a-c; pl. 2, figs 6, 7, 10a-b, 
11. (PI. 2, figs 1-8). Poorly preserved specimens occurring frequently 
in one sample are referred to G. (E) praefohsi. They have a more 
strongly convex dorsal surface than either the holotype or paratype, 
but thin sections figured by Blow & Banner (1966, particularly plate 
2, figure 7) show specimens with a distinctly convex dorsal surface. 
The maximum diametedheight ratio of the holotype is 1:2.5 and 
of the paratype 1:1.9; in the present specimens this ratio ranges from 
1:1.85 to 1:2.07. The periphery of the New Britain specimens is broadly 
rounded on the early chambers of the last whorl, with an imperforate 
keel developed over the last 2 or 3 chambers. The specimens show 
the concave profile of the ventral surface in the later chambers of 
the last whorl. The dorsal sutures are recurved, narrow and depressed; 
no specimens show the limbate sutures of the last two chambers of 
the holotype. The ventral sutures are curved, narrow and depressed. 
The aperture is low and elongate, with a distinct lip, resembling that 
of the holotype rather than the more arched aperture of the paratype. 

Subgenus Globorotalia Cushman, 1927 

Type species: As for genus. 

GIoborotalia (G.) culrrata cultrata (dorbigny, 1839): Rotalina 
(Rotalina) culrrata dvrbigny, in de la Sagra, 1839, p. 76. Occurs 
commonly in several samples. 

Plate 2 (All figures x 80 unless otherwise indicated) 
Figs. 1-8: Globororalia (Fohsella) praefohsi Blow & Banner; 1-3, C P C  25221, sample NG33A; I, ventral view; 2, dorsal view; 3, edge view; 4-6, CPC, 
25222, same sample; 4, ventral view; 5, dorsal view; 6, edge view; 7-8, C P C  25223, same sample; 6, ventral view; 7, edge view. Figs. 9-15: Globororalia 
IG.1 merorumida Blow & Banner; 9-1 1, CPC 25224, sample NG37A; 9, ventral view; 10, dorsal view; 11, edge view; 12-13, CPC 25225, sample NG41A; 
12, ventral view; 13, edge view; 14-15, CPC 25226, sample NG42A; 14. ventral view; IS, edge view. Figs. 16-17: Globorolalia (G.) mulricarnerara Cushman 
& Jarvis, C P C  25227, sample NG38A; 16, ventral view; 17, edge view; X65. Figs. 18-23: Globororalia (G.) praemenardii archeomenardii Bolli; 18-20, 
C P C  25228, sample NG3IA; 18, ventral view; 19, dorsal view; 20, edge view; 21-23, CPC 25229, same sample; 21, ventral view; 22, dorsal view; 23, edgeview. 
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Globorotalia (G.) merotumida Blow & Banner, 1965, in Banner & 
Blow, 1965, p. 1352, figs la-c. (PI. 2, figs 9-15). A common species 
in several samples. The ratio between the maximum diameter and 
the dorsal/ventral height of the test ranges from 1:2 to 1:2.2. Blow 
(1969) gave a value of 1:2.2 for this ratio, but for the holotype it is 
almost exactly 1:2.0. Published figures range from that of 
Bronnimann & Resig (1971, pl. 29, figs 10, 11) with a ratio of 1:2.4 
to that of Jenkins & Orr (1972, pl. 26, figs 7-9) with a ratio of 1:2.0. 

Globorotalia (G.) multicamerafa Cushman & Jarvis, 1930: 
Globorotalia menardii (durbigny) var. mulricamerata Cushman & 
Jarvis, 1930, p. 367, pl. 34, figs 8a-c. (PI. 2, figs 16-17). Specimens 
referred to G. (G.) multicamerata occur in three samples. They have 
8 chambers in the last whorl, with a compressed strongly carinate 
test and wide, open umbilicus. 

Globorotalia (G.) praemenardii archeomenardii Bolli, 1957: 
Globorotalia archeomenardii Bolli, 1957, p. 119, pl. 28, figs lla-c. 
(PI. 2, figs 18-23). Specimens referred to G. (G.) praemenardii 
archeomenardii occur in three samples. Bolli (1957) gave as the 
distinctions from praemenardiipraemenardii the more convex spiral 
side and less lobate periphery of archeomenardii. Blow (1969) noted 
that the ratio of the dorsal/ventral height to the maximum diameter 
is about 1:2.5 in archeomenardii and about 1:3 in praemenardii (s.s.). 
The holotype of archeomenardii, from the original illustration, has 
a ratio of 1:2.08, and the holotype of praemenardii (s.s.), from Blow's 
reillustration (1969), a ratio of 1:2.77. A specimen of praemenardii 
figured by Bolli (1957, pl. 29, figs 4a-c) has a ratio of 1:2.23. The 
present specimens have a ratio ranging from 1:2.05 to 1:2.30. Another 
criterion given by Blow (1969), the ratio between the test diameter 
through the mid-point of the final chamber and that at right angles 
to it, is not supported by figures of the holotypes of archeomenardii 
and praemenardii. Blow (1969) stated that in praemenardii these two 
diameters are almost of the same length, while in archeomenardii 
the first diameter is considerably greater. The ratio for the holotype 
of praemenardii is 1:1.31 and for the holotype of archeomenardii 
is 1:1.23, indicating that the diameters are more nearly equal in 
archeomenardii. In the present specimens the ratio ranges from 1:1.15 
to 1:1.27. A third distinction given by Blow is that the umbilicus in 
praemenardii is open, though small, and in archeomenardii is 
virtually closed. 

The specimens from New Britain are almost equally biconvex and 
are strongly carinate; the dorsal intercameral sutures are limbate, if 
at  all, only in the last whorl, and the umbilicus is virtually closed. 
The ratios between maximum diameter and height, and between test 
diameters at right angles are closer to those for archeomenardii than 
for praemenardii. Because of all these features the specimens are 
referred to G. (G.) praemenardii archeomenardii. Some specimens 
approach the cultrata morphotype, but have limbate dorsal 
intercameral sutures only on the final whorl, and on  Blow's (1969) 
criterion are excluded from the cultrata group. 

Globorotalia (G.) tumida flexuosa (Koch, 1923): Pulvinulina tumida 
Brady var. flexuosa Koch, 1923, p. 251, text-figs 9a-b, 10a-b. (PI. 
3, figs 1-3). Recorded rarely from only one sample. 

Globorotalia (G.) tumida tumida (Brady, 1877): Pulvinulina menardii 
(d'orbigny) var. tumida Brady, 1877, p. 535. (PI. 3, figs 4-6). A 
distinctive species occurring commonly in two samples. 

Subgenus Obandyella Haman, Huddleston & Donahue, 1980 

Type species: Globororalia (Hirsurtella) hirsuta (d'orbigny); 
original designation. Haman, Huddleston & Donahue (1980) have 
shown that Hirsutella Brady, 1972 is preoccupied by Hirsutella 

Cooper & Muir-Wood, 1951, and proposed the new name Obandyella. 

Globororalia (Obandyella) margaritae Bolli & Bermudez, 1965: 

Globorotalra margaritae Bolli & Bermudez, 1965, p. 139, pl. 1, figs 
16-18. (PI. 3, figs 7-9). Only one specimen referred to G. (0.) 
margarrtae has been found. It has a more strongly convex surface 
than the holotype, which is almost equally b~convex, and also has 
a narrower peripheral edge on the last chambers, which have a thin 
keel. The periphery of G. (0.) margaritae was descr~bed as acute, 
with a thin keel, but this IS not evident from the illustration of the 
holotype. The present specimen also has a d~stinctly pustulose surface, 
except for the last two chambers, whereas the surface of margorrtae 
was described as smooth to very finely pitted. It agrees very closely 
w ~ t h  those figured by Blow (1969) both in the profile of the test and 
the nature of the test surface. One specimen figured by Jenkins & 
Orr (1972) also has a pustulose test surface, but the edge view shows 
an almost equally biconvex test with a more rounded periphery than 
that of the present specimen. 

Globorotalia (Obandyella) scitulaplanaria Belford, 1984, p. 17, pl. 
37, figs 10-17. (PI. 3, figs 10-12). This subspecies was described as 
G. (Hirsutella) scitula planaria from the upper part of the Kindan 
section, Wabag 1:250 000 sheet area, Papua New Guinea, from beds 
known only to be not older than late Miocene, Zone N. 17. It occurs 
rarely in one sample from New Britain given a Zone N. 18 age, the 
specimens agreeing very closely with those of the original type series. 

Globorotalia (Obandyella) scitula scitula (Brady, 1882): Pulvinulina 
scitula Brady, 1882, p. 716 (figured Brady, 1884, pl. 103, figs 7a-c, 
as Pulvinulino pafagonica (d'orbigny). (PI. 3, figs 13-15). Found 
rarely in several samples. 

Subgenus Truncorotalia Cushman & Bermudez, 1949 

Type species: Rotalina truncatulinoides d'orbigny; original 
designation. 

Globorotalia (Truncorotalia) crassaformis crassaformis (Galloway 
& Wissler, 1927): Globigerina crassaformis Galloway & Wissler, 1927, 
p. 41, pl. 7, figs 12a-c. (PI. 3, figs 16-18). Recorded rarely from two 
samples. The specimens have a quadrate outline, four chambers in 
the last whorl, a high conical test and a narrowly rounded peripheral 
margin. 

Globorotalia (Truncorotalia) tosaensis tosaensis Takayanagi & Saito, 
1962; Globorotalia tosaensis Takayanagi & Saito, p. 81, pl. 28, figs 
Ila-c, 12a-c. (PI. 3, figs 19-22). Recorded from only one sample. 
The specimens have 5 chambers in the last whorl, with a rounded 
to quadrate test outline, a low conical test, and a narrowly rounded 
periphery on early chambers of the last whorl. 

Subgenus Turborotalia Cushman & Bermudez, 1949 

Type species: Globorotalia centrulk Cushman & ~ermudez;  original 
designation. Kennett & Srinivasan (1983) proposed a subgenus 
Jenkinsella, with Globorotalia siakensis LeRoy as type species, and 
stated that species referred to this taxon are totally unrelated to species 
of the subgenus Turborotalia, which form a Paleogene lineage. 
Jenkinsella has a cancellate surface ultrastructure. Earlier, Cifelli 
(1982) proposed the genus Paragloborotalia with Globorotalia opima 
oprma Bolli as type species; this taxon includes honeycomb-walled 
turborotaliid species of Oligocene and later age, regarded as 
incompatible with the type species of either Globorotalia or 
Turborotalia. It seems that both Paragloborotalia and Jenkinsella 

Plate 3 (All figures x80, unless otherwise indicated) 
Figs. 1-3: Globororolio{G.) rumido flexuoso(Koch), CPC 25230, sample NG37A; 1, ventral view; 2, dorsal view; 3, edge view; x60. Figs. 4-6: Globororolio 
(G.) rumido tumida (Brady), CPC 25231, sample NG37A; 4, ventral view; 5, dorsal view; 6, edge view; x60. Figs. 7-9: Globororolio (Obandyella) margoriroe 
Bolli & Bermudez, CPC 25232, sample NG37A; 7, ventral view; 8, dorsal view; 9, edge view; ~100. Figs. 10-12: Globororolia (Obondyello) scirulaplonaria 
Belford, CPC 25233, sample NG37A; 10, ventral view; 11, dorsal view; 12, edge view. Figs. 13-15: Globororolio (Obandyella) scirulo scirulo (Brady). CPC 
25234, sample NG37A. 13, ventral view; 14, dorsal view; 15, edge view. Figs. 16-18: Globororalia (Truncororalia) crossaformis crossoformis (Galloway 
& Wissler), CPC 25235, sample NG34B; 16, ventral viw; 17, dorsal view; 18, edge view. Figs. 19-22: Globorolalia (Tnmcororalia) rosoensis rosoensis Takayanagi 
& Saito; 19-21, CPC 25236, sample NG34B; 19, ventral view; 20 dorsal view; 21. edge view; 22. CPC 25237, same sample. ventral view. Figs. 23-25: Globororalio 
(Turbororolio) ocosraensis Blow, CPC 25238, sample NG38A; 23, ventral view; 24, dorsal view; 25, edge view. 
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refer to the same lineage, and if this is the case, Paragloborotalia 
has priority over Jenkinsella. 

Cifelli (1982), following the synonymy proposed by Toumarkine & 
Bolli (1970), regarded Globorotalia cerroazulensis (Cole) as the type 
species of Turborotalia. However, Blow (1969; 1979), from 
examination of paratypes of G. centralis (the holotype is lost), noted 
a difference in wall texture between centralis and cerroazulensis, and 
did not recognise the synonymy of these two species. Blow's figures 
of G. (T.) centralis (1969; 1979) show fine pore-pits and inter-pore 
ridges, not as strongly developed as those of Globorotalia opima 
opima, but not, in my view, sufficiently different to regard these two 
groups as wholly unrelated. Chaproniere (1981) recognised two main 
lineages within a group of very similar turborotaliid species, one 
originating from Globorotalia centralis Cushman & Bermudez and 
the other from G. increbescens (Bandy), and suggested G. 
praecentralis Blow as the ancestral form for both lineages. If these 
are to be separated, that leading through G. centralis would form 
the subgenus Turborotalia, and the other lineage through 
increbescens, leading to opima nana and opima opima could be 
referred to Paragloborotalia. However, until more is known about 
the development of wall texture in this group of planktonic 
foraminifera, particularly within the Paleogene forms, and the 
evolutionary significance of this feature, I continue to use the 
subgenus Turborotalia for Neogene forms. 

Globorotalia (Turborotalia) acostaensis Blow, 1959: Globorotalia 
acostaensis Blow, 1959, p. 65, pl. 17, figs 106a-c, 107. (PI. 3, figs 
23-25). G. ( T )  acostaensis has been recorded from four samples. 
The specimens generally have 5 chambers in the last whorl, and are 
closely coiled, the last chamber in many specimens having a broad 
lip which largely obscures the umbilicus. 

Globorotalia (Turborofalia) humerosa Takayanagi & Saito, 1962: 
Globorotalia humerosa Takayanagi & Saito, 1962, p. 78, pl. 28, figs 
la-c, 2a-b. (PI. 4, figs 1-2). G. ( T )  humerosa occurs only in two 
samples. It is distinguished from 6-chambered specimens of G. ( T )  
mayeri by the more open umbilicus and the more inflated test. The 
dorsal sutures are also more curved, particularly between later 
chambers of the last whorl. 

Globorotalia (Turborotalia) mayeri Cushman & Ellisor, 1939: 
Globorotalia mayeri Cushman & Ellisor, 1939, p. 11, pl. 2, figs 4a-c. 
(PI. 4, figs 3-7): Included here are morphotypes that have been 
referred in published papers to the species siakensis LeRoy; mayeri 
and siakensis are two morphotypes in a plexus of closely related forms 
occurring in the early and middle Miocene. Blow (1969) separated 
mayeri and siakensis on the curved dorsal sutures and closely 
appressed chambers of mayeri as against the radial sutures and well 
separated chambers of siakensis. Stainforth & others (1975) could 
not see any practical purpose in recognising the subtle distinctions 
made between the species siakensis and mayeri, and believed siakensis 
to have priority. Chaproniere, in Shafik & Chaproniere (1978), noted 
that populations of siakensis in samples from the Ashmore Reef No. 
I Well contain morphotypes referable to opima opima Bolli and 
mayeri Cushman & Ellisor, and later (1981) referred to these as 
subspecies of siakensis, adding also the subspecies acrostoma Wezel. 
Keller (1981) recognised both mayeri and siakensis and considered 
siakensis to intergrade with Globorotalia bella Jenkins. Belford (1974; 
1984) used the name siakensis for specimens of this type. 

Bolli & Saunders (1982) considered in detail the relationship between 
mayeri and siakensis and refigured the holotype of mayeri, 
comparing their figures to the original figures of Cushman & Ellisor 
(1939) and to the redrawing in Blow (1969). They noted that the 

original figures with only very slightly curved dorsal sutures compared 
much more closely with the holotype than does the figure given by 
Blow (1969), which had distinctly curved dorsal sutures. The 
redrawing given by Bolli & Saunders (1982) shows much straighter 
dorsal sutures; they noted that curved sutures occur more frequently 
in six-chambered forms, as compared with five-chambered, and are 
virtually non-existent in four-chambered forms. Bolli & Saunders 
concluded that neither on  morphologic nor stratigraphic criteria can 
a clear distinction between mayeri and siakensrs be maintained, and 
they noted that mayeri has priority. 

The New Britain specimens here referred to G. (T)  mayeri are mainly 
five- or six-chambered, with straight or only very slightly curved and 
essentially radial dorsal sutures. Rare four-chambered forms of the 
continuoso type also occur; these were placed by Bolli & Saunders 
(1982) in mayeri. 

Globorotalia (Turborotalia) obesa Bolli, 1957: Globorotalia obesa 
Bolli, 1957, p. 119, pl. 29, figs 2a-c, 3. Rare specimens occur in one 
sample. They are similar in gross test morphology to the specimens 
referred to ?Tenuitella sp., but are larger and more loosely coiled, 
with a more coarsely perforate and reticulate test wall. 

Globorotalra (TurborotaIra) pseudoprma Blow, 1969: Globorotalia 
(Turborotalia) acostaensis subsp. pseudopima Blow, 1969, p. 387, 
pl. 35, figs 1-7. (PI. 4, figs 8-14). G. (T)pseudopima is a distinctive 
species occurring in four samples. The specimens are closely coiled, 
with 4 chambers visible from the ventral side, the umbilicus small 
and almost closed. The dorsal and ventral intercameral sutures are 
broad, depressed and radial, and the aperture a broad arch with a 
thickened lip. One specimen (pl. 4, fig. 13) has a distinct triangular 
apertural tooth on the final chamber; because of the rarity of 
occurrence of this feature it can not be given any significance as 
indicating a posible relationship between the pseudopima group and 
species of the genus Neogloboquadrina. 

Genus Globorotaloides Bolli, 1957 

Type species: Globorotaloides variabilis Bolli; original designation. 

Globorotaloides hexagona (Natland, 1938): Globigerina hexagona 
Natland, 1938, p. 49, pl. 7, figs la-c. (PI. 4, figs 15-19). Specimens 
included here occur rarely in three samples. They have a lobate oval 
outline with 5 chambers in the last whorl, increasing slowly in size, 
with a flat or only very slightly convex dorsal surface and a convex 
ventral surface. Dorsal and ventral sutures are depressed, radial or 
reflexed on the dorsal side and radial on the ventral side. The 
umbilicus is wide and open, and the aperture an elongate low 
interiomarginal umbilical- extraumbilical opening. The test surface 
is coarsely reticulate. 

The present specimens fall within the range of variation shown for 
G. hexagona in such papers as Parker (1967), Bronnimann & Resig 
(1971) and Jenkins & Orr (1972). They are not as compressed as the 
specimen figured by Bronnimann & Resig (1977, plate 2, figures 4, 
5 ) ,  and do not show the variation in size of test reticulation of the 
specimens figured by Jenkins & Orr (1972). Bronnimann & Resig 
(1977) also referred to different apertural morphologies in their 
specimens, and Parker (1967) considered it desirable to investigate 
the species for possible evolutionary changes. It is possible that 
derailed examination would result in finer taxonomic subdivision. 

Plate 4 (All figures x80, unless otherwise indicated) 
Figs. 1-2: Globoro~alia (Turborolalia) humerosa Takayanagi & Saito, CPC 25239, sample NC31A; I, ventral view; 2, edge view. Figs. 3-7: Globoro~alia 
(Turbororalia) mayeri Cushman & Ellisor; 3-5, CPC 25240, sample NG26A; 3, ventral view; 4. dorsal view; 5. edge view; 6. CPC 25241. same sample, ventral 
view; 7, CPC 25242, same sample, ventral view. Figs. 8-14: Globororalia (Turbororalia) pseudopima Blow; 8-10, CPC 25243, sample NG37A; 8, ventral 
view; 9, dorsal view; 10, edge view; 11-12, CPC. 25244, same sample; 11, ventral view; 12, edge view; 13, CPC 25245, same sample, ventral view; 14, CPC 
25246, same sample, ventral view. Figs. 15-19: Globororaloides hexagona (Natland); 15-17, CPC. 25247, sample NG42A; 15, ventral view; 16, dorsal view; 
17, edge view; 18-19, CPC 25248, same sample; 18, ventral view; 19, edge view. Fig. 20: Sphaeroidinella dehiscens dehiscens (Parker & Jones), CPC 25249, 
sample NG34B, side view, x70. Figs. 21-24: Sphaeroidinellopsispaenedehiscens Blow; 21-22, CPC 25250, sample NG37A; 21, ventral view; 22, dorsal view; 
both x70; 23-24, CPC. 25251, same sample; 23, ventral view; 24, dorsal view; both x 70. Figs. 25-26: Sphaeroidinellopsisseminulina seminulina (Schwager); 
25, CPC 25252, sample NG31A, decorticated specimen, ventral view; 26, CPC 25253, sample NG38A, ventral view. Figs. 27-29: ?Tenuirella sp. C P C  25254, 
sample NC26A; 27, ventral view; 28, dorsal view; 29, edge view. 
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Genus Hastigerina Thomson, 1876 

Type species: Hastigerina murrayiThomson = Nonioninapelagica 
d'orbigny; original designation (monotypy). 

Hastigerina siphonifera (d'orbigny, 1839), s.1: Globigerina 
siphonifera dlOrbigny, 1839, p. 83, pl. 4, figs 15-18. Specimens of 
the H. siphonifera group occur frequently in four samples. They are 
not well-preserved, and no attempt has been made to recognise the 
subspecies proposed within the group. 

Genus Orbulina d'orbigny, 1839 

Type species: Orbulina universa d'orbigny; original designation 
(monotypy). 

Orbulinasufuralis Bronnimann, 1951, p. 135, text-figs 2-4. Recorded 
rarely from four samples. 

Orbulina universa dlOrbigny, 1839, p. 2, pl. 1, fig. 1. Recorded from 
almost all samples. 

Genus Pulleniatina Cushman, 1927 

Type species: Pullenia obliquiloculata Parker & Jones; original 
designation. 

Pulleniatina obliquiloculata obliquiloculata (Parker & Jones, 1865): 
Pullenia sphaeroides (d'orbigny) var. obliquiloculata Parker & Jones, 
1865, p. 365, pl. 19, figs 4a-b. Recorded rarely from only one sample. 

Pulleniatinaprimalis Banner & Blow, 1967, p. 142, pl. 1, figs 3a-c, 
4a-c, 5a-c, 6a-c, 8a-c, 8; pl. 3, figs 2a-c. Also recorded rarely from 
only one sample. 

Genus Sphaeroidinella Cushman, 1927 

Type species: Sphaeroidina dehiscens Parker & Jones; original 
designation. 

Sphaeroidinella dehiscens dehiscens (Parker & Jones, 1865): 
Sphaeroidina bulloides d'orbigny var. dehiscens Parker & Jones, 
1865, p. 369, pl. 19, figs 5a-c. (PI. 4, fig. 20). Rare, poorly preserved 
specimens occur in one sample. 

Genus Sphaeroidinellopsis Banner & Blow, 1959 

Type species: Sphaeroidinella dehiscens subdehiscens Blow; original 
designation. 

Sphaeroidinellopsis paenedehiscens Blow, 1969: Sphaeroidinellopsis 
subdehiscens paenedehiscens Blow, 1969, p. 386, pl. 30, figures 4, 
5 , 9 .  (PI. 4, figs 21-24). Recorded from only one sample. Only one 
specimen has been found with three chambers in the final whorl. 
The remainder have four chambers, with the last chamber being, 
as described by Stainforth & others (1975), 'aberrant and protrusive'. 
The aperture has flange-like lips, and extends from the umbilicus 
almost on lo  the dorsal surface. One specimen (pl. 4, fig. 24) has 
what may be a very small secondary dorsal aperture, as in 'forma 
immatura'of Cushman (1919); however, it does not have an elevated 
border and is most probably merely a break in the test wall. 
Srinivasan & Kennett (1981a) considered that populations of 
S. paenedehiscens d o  not contain any four-chambered forms, but 
Stainforth & others (1975) stated that variants of this species with 
4 (rarely 5) chambers in the last whorl are found frequently in 
Pliocene sediments. 

The species S. sphaeroides Lamb is regarded as a synonym of S. 
paenedehiscens, following Stainforth & others (1975). Lamb & Beard 
(1972) stated that these species were not synonymous, but noted that 
no type material had been examined. The present specimens are 
indistinguishable from four-chambered forms of sphaeroides figured 
by Lamb & Beard (1972). 

Sphaeroidinellopsis seminulina seminulina (Schwager, 1866): 
Globigerina seminulina Schwager, 1866, p. 256, pl. 7, fig. 112 (PI. 

4, figs 25-26). A frequent component of the fauna in numerous 
samples. Many specimens are decorticated to some degree, resulting 
in a coarsely reticulate test. 

Genus Tenuitella Fleisher, 1974 

Type species: Globorotalia gemma Jenkins; original designation. 

?Tenuifella sp. (PI. 4, figs 27-29). Rare specimens from one sample 
are placed tentatively in Tenuitella. The specimens are not well- 
preserved, but show the finely perforate and pustulose wall of the 
trochoid test. The dorsal surface is flat or only slightly convex, and 
the ventral surface convex, with a small open umbilicus and a low 
umbilical-extraumbilical aperture. 

Appendix 2. Age of the samples 

NG23A (83640001). With a very limited fauna of only Orbulina 
universa and Globigerinoides quadrilobafus quadrilobatus, this 
sample can be given only a middle Miocene (Zone N.9) or younger 
age. 

NG24A (83640002). Only a general middle Miocene age can be 
given to this sample, from Zone N.9 to Zone N.14. This is based on  
the occurrence of Orbulina universa and Globorofalia (Turborofalia) 
mayeri. 

NG25A (83640003). No definite age can be given to this sample. 
The limited fauna indicates a range from early Miocene to Pleistocene. 

NG25B (83640004). This sample has been examined only in thin 
section. Planktonic foraminifera are abundant, including Orbulina, 
and the sample can be given only a middle Miocene (Zone N.9) or 
younger age. 

NG26A (83640005). This sample is given a middle Miocene, early 
Zone N.12 age. Species occurring include Globigerina (G.) 
falconensis, G. (Z.) druryi, G. (Z.) decoraperta and Globorofalia 
(Fohsella) peripheroronda. One poorly preserved specimen of 
Globorotalia (G.) sp. comparable to G. (G.) praemenardii 
praemenardii has also been found, but definite identification is not 
possible. The co-occurrence of Globigerina (2.) decoraperfa and 
Globorotalia (Fohsella) peripheroronda conflicts with the ranges for 
these species given by Blow (1969), with decoraperfa ranging from 
Zone N.14 (?late N.13) to Zone N.21, andperipheroronda from Zone 
N.6 to Zone N.ll (?N.12). However, Srinivasan & Kennett (1981a) 
showed G. (Z.) decoraperta appearing within zone N.12 at tropical 
DSDP Site 289 on the Ontong Java Plateau, but also showed the 
last appearance of G. (E)peripheroronda within Zone N.11. For warm 
tropical Site 208 on the northern part of the Lord Howe Rise, 
Srinivasan & Kennett (1981a) recorded an overlap between these two 
species, with decoraperta appearing at the base of the G. fohsi (s.1.) 
Zone and peripheroronda disappearing at the top of the Zone. 
Srinivasan & Kennett (1981b) broadly equated this zone with the 
interval Zone N.11-early Zone N.13 of Blow (1969). It is noticeable 
from Srinivasan & Kennett (1981a) that G. (Z.) decoraperta first 
appears at progressively lower levels as the climate becomes cooler, 
and at subantarctic Site 281 it is first recorded from the Globorofalia 
miozea Zone, equated to  Zones N.7 and early N.8 of Blow (1969). 

On the basis of the earlier first appearance given by Srinivasan & 
Kennett (1981a) for Globigerina (Z.) decoraperta, NG26A is given 
a middle Miocene (early Zone N.12 age). No tropical occurrence of 
G. (Z.) decoraperfa below this level is known, and it is considered 
preferable to use this level rather than extend the range down to Zone 
N.11. The upper limit of G. (E) peripheroronda is uncertain, and 
first rather than last appearance of species is preferred as a 
biostratigraphic criterion. 

NG27A (83640006), which has a limited fauna, is given only a 
general early-middle Miocene, Zone N.6-Zone N. 14, age on the 
basis of the occurrence of Globorotalia (Turborofalia) mayeri and 
Sphaeroidinellopsis seminulina seminulina. 

NG28A (83640007) contains a poorly preserved fauna and is given 
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the same age as the previous sample, on the same basis. For 
palaeomagnetic purposes this sample has been discarded as it was 
not collected in situ. 

NG29A (83640008) contains a more varied but poorly preserved 
fauna, and is given a middle Miocene, Zone N. 11-Zone N. 14 age, 
on the occurrence of Globigerinoides bollii and Globorotalia 
(Turborotalia) mayeri. 

NG30A (83640009). No definite age can be given to this sample, 
which has a limited fauna indicating only a general middle Miocene- 
early Pliocene, Zone N.9-Zone N.19, age. 

NG31A (83640010) contains an abundant but poorly preserved 
fauna and is given an early middle Miocene, Zone N.9-early Zone 
N.10, age, based on the occurrence of Globorotalia (G.) 
praemenardii archaeomenardii and Orbulina suiuralis. 

NG32A (83640011) contains a very limited and long-ranging 
fauna, indicating only a general early Miocene-early Pliocene, Zone 
N.4-Zone N. 19, age. 

NG33A (83640012). The fauna is small, but reasonably well- 
preserved, and the sample is given a middle Miocene, Zone 
N.ll-Zone N.12, age, which is the range given by Blow (1969) for 
the species Globorotalia (Fohsella) praefohsi. 

NG34A (83640013). No age can be given to this sample, which 
contains very rare, small and poorly preserved globigerinids, and 
also very rare Elphidium sp. 

NG34B (83640014) contains an abundant and well-preserved 
fauna, including Globorotalia (Truncorotalia) iosaensis iosaensis, 
G .  (T.) crassaformis crassaformis, G .  (Turborotalia) humerosa and 
Pulleniatina obliquiloculafa obliquiloculata. It is given a late 
Pliocene-middle Pleistocene, Zone N.21-Zone N.22, age, which is 
the total range given by Blow (1969) for G.  (T.) tosaensis iosaensis. 
This sample also contains an abundant smaller benthonic fauna. 
No palaeomagnetic results have been obtained. In the absence of 
the G. (T.) truncaiulinoides group, this sample could be regarded 
as Zone N.21, late Pliocene, in age. 

NG35A (83640015). No age can be given to this sample; it contains 
only rare small Elphidium sp. 

NG36A (83640016) contains only long-ranging species, and is 
given a general early Miocene-middle Miocene, Zone N.6-Zone 
N.14, age on the occurrence of species such as Globorotalia 
(Turborotalia) rnayeri and Sphaeroidinellopsis seminulina 
seminulina. 

NG37A (83640017) contains an abundant and well-preserved 
planktonic and smaller benthonic foraminiferal fauna, and is given 
a late Miocene, Zone N.18, age based on the occurrence of 
Globororalia (G.) meroiumida and also G.  (G.) iumida tumida, G .  
(G.) tumida flexuosa, Pulleniatina primalis and Globoroialia 
(Turborotalia) pseudopima. Species of Sphaeroidinellopsis are 
present, but Sphaeroidinella is absent; this suggests that the sample 
is older than Zone N. 19. Globorotalia (Turboroialia) pseudopima 
was given a range of Zone N.20 to Zone N.23 by Blow (1969), but 
it has been recorded from Zone N. 18 by Bronniman & Resig (197 1). 

NG38A (83640018) also contains an abundant and well-preserved 
planktonic and smaller benthonic foraminiferal fauna. Globorotalia 
(G.) merotumida occurs, and also G. (G.) multicamerata, G .  
(Turborotalia) pseudopima and Sphaeroidinellopsis seminulino 
seminulina. It is also given a late Miocene, Zone N.18, age. 

NG39A (83640019). The planktonic fauna is limited; one specimen 
of the nucleoconch of Lepidocyclina (Trybliolepidina) sp. also 
occurs. The two planktonic species of significance for age 
determination are Orbulino universa and Globoroialia (G.) 
praemenardii archeomenardii, which indicate a middle Miocene, 
Zone N.9-early Zone N.10, age. 

NG40A (83640020) contains a fauna similar to that of NG39A, 
with one small specimen of Orbulina suturalis, and is also given a 
middle Miocene, Zone N.9-early Zone N. 10, age. 

NG41A (83640021) contains mainly long-ranging species, the only 
two with a limited stratigraphic range being Globorotalia (G.) 
merotumida and G. (G.) multicamerata. Sphaeroidinellopsis 
seminulina seminulina occurs, but Sphaeroidinella is absent. The 
sample is given a late Miocene, mid-Zone N.17-Zone N.18, age. 

NG42A (83640022) has an abundant planktonic foraminiferal 
fauna, including Globorotalia (G.) merotumida, G .  (G.) tumida 
tumida, G .  (Turborotalia) pseudopima and Globorotaloides 
hexagona. It is given a late Miocene, Zone N.18, age. 

Globorotaloides hexagona was given a range of Zone N. 18 to Zone 
N.23 by Blow (1969), but Parker (1967) stated that it occurs in core 
sections from Zone N.17 to Quaternary, and ranges lower in land 
sections. Bronnimann & Resig (1971) recorded the species from Zone 
N.6 to Zone N.23, but referred to different apertural morphologies 
and the possibility of homeomorphic specimens. Jenkins & Orr 
(1972) recorded hexagona from a level equated to Zone N.8 of Blow 
(1969). It is apparent that further data are required before any 
biostratigraphic value can be given to this species. 

According to S. Shafik (personal communication), the nannofossils 
in this sample indicate a possibly slightly younger, Zone N.19, age. 

NG43A (83640023) is also given a late Miocene, Zone N.18, age, 
on the basis of the occurrence of Globorotalia (G.) merotumida and 
G. (Turboroialia) pseudopima. The genus Sphaeroidinellopsis is also 
present, without Sphaeroidinella, and this suggests that the sample 
is older than Zone N.19. The nannofossils in this sample indicate 
a Zone N.17 or early Zone N.18 age (S. Shafik, personal 
communication). 

NG44A (83640024). An abundant and well-preserved planktonic 
foraminiferal fauna is present, including Globorotalia (G.) 
multicameraia, Globorofaloides hexagono and Sphaeroidinellopsis 
without Sphaeroidinella. It is given a late Miocene, mid-Zone 
N.17-Zone N.18, age. 

NG45A (83640025) is given a general late Miocene, Zone 
N.16-Zone N.18, age. The fauna is limited, but includes 
Globigerinoides obliquus exiremus and Sphaeroidinellopsis without 
Sphaeroidinella. 

NG46A (83640026) contains Globorotalia (G.) multicarnerata, G. 
(Turborotalia) pseudopima and Sphaeroidinellopsis without 
Sphaeroidinella and is given a late Miocene, Zone N.18, age. The 
nannofossils indicate a Zone N.17 or early Zone N.18 age (S. Shafik, 
personal communication). 
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The South Australian seismic network 
R.T. Parhaml, S.A. Greenhalgh2 & K M C C U ~ ~  

The South Australian seismic network comprises 12 short-period, 
permanent stations distributed over a large area of the State. The 
network provides earthquake monitoring down to magnitude ML - 
2 for most of the State, with an improved location capability of 
ML - 1 for the seismically active Adelaide Geosyncline zone. At any 
time the permanent network can be augmented by 13 sets of portable 
equipment, which include 6 microprocessor controlled, battery- 
powered digital event recorders built in-house. The earthquake data 
are analysed on a dedicated Data General computer system and 
graphics unit. The software is an integrated, interactive system of 

seismic analysis routines, covering all the data processing needs of 
the network, from station calibrations and updating of station data, 
through the determination of locations and magnitudes of local 
earthquakes and the needs of microearthquake survey data 
processing, to the retrieval and display of earthquake statistics from 
an archived data base. The computerised seismic data processing 
system has been used in the routine analysis of all local earthquakes 
and microearthquake surveys in South Australia since the beginning 
of 1978. 

Introduction Seismological bulletins were issued by the Observatory for 

The South Australian seismic network, operated by the 
Physics Department of the University of Adelaide, has grown 
steadily from its original three stations in 1963 to twelve in 
1979. It has enabled the overall pattern of seismicity of South 
Australia, certainly with respect to the Adelaide Geosyncline, 
to be determined (Sutton & White, 1968; Doyle & others, 
1968; Stewart &others, 1973; McCue, 1975; Sutton &others, 
1977). Tectonic interpretations of the seismicity have also been 
undertaken, primarily by Stewart (1972, 1976a, 1976b; Stewart 
& Mount, 1972, for example) and to a lesser extent, more 
recently, by McCue & Sutton (1979) and Singh (1985). 

The recent expansion of the network, accompanied by the 
deployment of portable equipment for microearthquake 
surveys in the seismically active areas, has resulted in a greatly 
increased volume of data (from 38 microearthquakes in 1964 
to 233 in 1985). This has prompted the development of a 
computerised seismic data system for South Australia, which 
extends to the acquisition of digital data in the field. 

The purpose of this paper is to review the network 
instrumentation and operations and to provide a brief 
description of the dedicated hardware/ software system for 
the determination of earthquake parameters. 

Historical development 

The first seismograph to be operated in South Australia was 
a Milne horizontal pendulum, installed at the Adelaide 
Astronomical Observatory in 1908. It was acquired on the 
recommendation of the British Association for the 
Advancement of Science, which had encouraged the 
establishment of similar seismic observatories elsewhere in 
Australia to monitor world-wide seismicity. The Milne 
instrument was of long period and low sensitivity and not 
well suited to the study of local earthquakes. Information 
on large distant earthquakes was forwarded to Britain, but 
data on local earthquakes were never published. 

the period 1922-1941, and copies of the Milne-Shaw 
seismograms are still available in the event archives at Flinders 
University. However, the present whereabouts of the two early 
instruments is unknown and details of their operation after 
1948 are incomplete. 

Interest in seismology declined until 1956, when the 
University of Adelaide temporarily established a 3-component 
Benioff short-period seismograph at Mount Bonython to 
record the Maralinga nuclear explosions (Bolt & others, 1958). 
In 1958 this station was made permanent to commemorate 
the International Geophysical Year. This era saw a dramatic 
increase in the number of seismic stations throughout 
Australia, from five to over fifty (Doyle & Underwood, 1965). 
When the Mount Bonython station was re-equipped to 
become a World Wide Standard Seismograph Network 
station (ADE) in 1962, two further stations were set up by 
the late Dr. D. Sutton at Hallett (HTT) in the mid-north of 
the State, and at Cleve (CLV) on Eyre Peninsula. Thus, 1963 
marked the first seismic network in the State and was the 
beginning of serious recording of earthquakes in South 
Australia. 

The network was subsequently expanded to seven stations 
by 1969 to provide monitoring of the active Flinders Ranges 
seismic zone in the populated northern area of the State. The 
additional stations were at Island Lagoon (ILN), Seven Hill 
(SNL), Partacoona (PNA) and Umberatana (UMB). Some 
of these stations were later closed or relocated (see Table 1). 
Since 1977 five new stations have been opened in the South 
Australian seismic network. Three, at Endilloe (EDO), 
Roopena (RPA) and Nectar Brook (NBK), increase the 
density of stations across the northern tip of Spencer Gulf, 
for study of the microseismicity of the seismically active 
Adelaide Geosyncline adjacent to this important industrial 
area. The other two, at Willalooka (WKA) and Mount 
Gambier (MGR), extend the network into the southeast of 
the State, to monitor seismic activity possibly associated with 
the recent volcanism in the region (Sutton & others, 1977). 

In 1924 the Milne seismograph was supplemented with a 
higher gain Milne-Shaw horizontal N-S seismograph, from 
which magnitude estimates of early events could be made. Station distribution and location capability 
Both instruments operated side by side until the Observatory 
was closed down in 1948 (Doyle & Underwood, 1965). Table 1 provides a summary of geographic and other 

information on stations that have at some stage been Dart 
of the network. The locations of the twelie currentlv 

' ~ e p a r t m e n t  of Physics, South Australian College of Advanced 
operating stations are shown in Figure 1. This figure also 

Education, Salisbury, S.A. 5109 shows the locations of the Bureau of Mineral Resources 
2 ~ c h o o l  of Earth Sciences, Flinders University of south Australia, stations at Bellfield (BFD) in the Victorian Gram~ians  and 
Bedford Park, S.A., 5042 Sevens Creek (STK) near Broken Hill in New South Wales, 
3~us t ra l ian  Seismological Centre, Bureau of Mineral Resources, which are frequently of benefit in locating South Australian 
GPO Box 378, Canberra, ACT, 2601 earthquakes. 
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The location capability of the seismic network is dependent 
on station distribution and the various station magnifications. 
Only those earthquakes that occur within the detection limit 
of at least three stations can be located. For reliable 
hypocentral determination the station spacing should be o f  
the order of the focal depth (Lee & Stewart, 1981), but this 
is impractical in a regional context. The location limits for 
Richter magnitude 1.5 and 2.0 are shown in Figure 1. They 
are based on detectability radii computed from the South 
Australian magnitude formula ML(SA) (Greenhalgh & 
Singh, 1986), using the station gains as the predominant signal 
periods and a trace deflection threshold of 3 mm peak-to- 
peak. A magnitude ML(SA) - 1.5 earthquake is potentially 
able to be located for most of the Adelaide Geosyncline and 
adjacent areas. Nearly all events of M L > 2  in the known 

seismic regions can be mapped. The main limitations in the 
present coverage are in the far north and west of the State. 

Network instrumentation 

Sites 

The vast area covered by the South Australian seismic network 
makes central, telemetered recording prohibitively expensive 
at the present time. Rather, the majority of stations record 
on site and local volunteers change the records each day. 
Seismograms are despatched weekly, and are collated and 
analysed centrally in Adelaide. 

Figure 1. Location map, showing stations o f  the South Australian seismic network and B M R  s t a c o n s  a t  Bellfield (BFD) and Steven's 
Creek (STK). 
Seismicity is concentrated along the western margin of  the Adelaide Geosyncline. The contours ML(SA) 2.0 and ML(SA) 1.5 denote [he location limits for 
earthquakes of  Richter magnitude 2 and 1.5, respectively. Only earthquakes lying within the detectability radii of 3 or more stations are potentially able 
to be located. 
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Table 1. South Australian seismograph stations as at December 1985 

Sfofion Code Laf Long Elev. Foundofion Instr Comp Nominal Nominal Nominal Dares of operation Sfarus 
(m) To(S) Tg(S) gain @ To max gain @ T 

Adelaide I - 34.93 138.63 - 
Adelaide 11 - 34.93 138.63 - 
Adelaide Ill ADE 34.9670 138.7136 655 

Adelaide* 
Cleve 
Endilloe 
Hawks Nest 
Hallett 
Island Lagoon 
Mt. Gambier 
Mirikata 
Nectar Brook* 
Oodnadatta 
Partacoona 
Roopena 
Seven Hill 
Umberatana 
Willalooka 
Woomera 
Hawks Nest* 

ADT 34.9670 138.7136 655 
CLV 33.6911 136.4955 238 
E D 0  32.3216 138.0483 300 
HKN 30.0120 135.1860 209 
HTT 33.4305 138.9217 708 
ILN 31.396 136.870 137 
MGR 37.7283 140.5710 190 
MTA 29.869 135.243 209 
NBK 32.7010 137.9830 180 
OOD 27.562 135.449 130 
PNA 32.0057 138.1647 180 
RPA 32.7250 137.4033 95 
SNL 33.887 138.639 480 
UMB 30.2400 139.1280 610 
WKA 36.4170 140.3210 40 
WSA 31.1444 136.8047 180 
HWK 29.9578 135.2035 180 

- M N - 
- MS E - 
Quartzitic W W  S P  Z, N. E I 
sandstone LP Z, N, E 15 
Sandstone WII Z I 
Mica schist B Z I 
Quartzite K Z 0.6 
Clay K Z I 
Quartzite B Z I 
Clay , G T  Z I 
Volcanic K Z I 
Clay K Z I 
Slate K Z I 
Alluvium WII Z 1 
Sandstone WII Z I 
Sandstone K Z 0.5 
Sandstone WII Z 1 
Siltstone WII Z 1 
Granite K Z 1 
Clay G T  Z 1 
Clay K Z 1 

- - 
0.78 25K 
100 750 
- 39K 
- 59K 
- 125K 
- 23K 
- 69K 
- undet. 
- 17K 
- undet. 
- 49K 
- undet. 
- 66K 
- 270K 
- undet. 
- 92K 
- 48K 
- 2.9K 
- 19K 

6 1909- 1924? 
250 1924- 1954? 

37K @ 0.66 Jul 1958 (WWSSN 
- 1962)- 

83 @ 0.4 May 1974- 
390K@ 0.13 Jan 1963- 
410K @ 0.17 Nov 1977- 
140K @ 0.17 Aug 1975-Jun 1981 
560K @ 0.5 Jan 1962- 

undet. Mar 1970-Apr 1973 
250K @ 0 Apr 1980- 

undet. Jun 1973-Aug 1975 
400K @ 0.17 May 1979- 

undet. Aug 1972-Nov 1972 
I.IM @ O,.l Sep 1969- 
570K @ 0.17 Sep 1977- 

undet. Jan 1966-Dec 1971 
650K @ 0.13 Jun 1967- 
2.4M @ 0.13 Mar 1979- 
170K @ 0.17 Apr 1973-0ct 1981 
208K @I 0.2 Jun 1981- 

Woomera* WRG 3 1.1046 136.7634 168 Clay GT Z I - 28K 325K 6 0.13 Oct 1981- 0 

B - Benioff; C - closed; G T  - Geotech 18300; K - Kinemerrics Ranger; M - Milne; MS - Milne-Shaw; undet. - undetermined; WII - Willmore 
MK.11; W W  - world-wide; * telemetered 

Figure 2 is a schematic illustration of the recording 
arrangements at each site. Only three stations, ADE, CLV, 
and HTT use the conventional concrete vaults. At ADE and 
HTT the vaults house the complete system, the seismometer 
being placed on a concrete pier decoupled from the vault 
floor. At CLV the seismometer is located in a separate vault 
40 m from the main recorder vault. At the remaining stations 
the seismometers are placed below surface on concrete slabs 
at the base of small waterproof housings. The recording 
systems are installed in buildings or huts close to homesteads 
or offices where there is access to mains power supply. 

Radio telemetry between seismometer and recorder was used 
for the first time (May 1979) in South Australia at NBK, with 
the seismometer at Nectar Brook in the Flinders Rangesand 
the recorder at  the Environmental Research Station at 
Chinaman's Creek on the coast near Redcliff Point, 13 km 
away. Radio telemetry was again employed at MGR in April 
1980, with the recorder at the Mines Department office in 
Mt Gambier and the seismometer at The Bluff, 19km away. 

Telemetry by leased telephone line is used at ADT, the parallel 
station to ADE. Data are telemetered from a seismometer 
separate from the WWSSN instruments at  Mt Bonython to 
a pen recorder at Flinders University. (Time and calibration 
pulses derive from the WWSSN facilities.) This arrangement 
gives an immediate visual indication at the University of any 
seismic activity near the population centre of Adelaide. 

In 1975 the seismometer installed at the Mirikata tracking 
station on the Woomera rocket range two years previously 
was moved to a quieter site at Hawks Nest, 10 km away. Land- 
line telemetry was again used to transmit the data to the 
recorder at Mirikata. In 1980, with the closure of the tracking 
station, the data were re-routed 240 km to Woomera. A 3 
km telephone line also formed part of the telemetry link at  
WKA when it was installed in 1979. 

seismometers is used, namely Benioff SP-Z, Geotech Model 
18300, Kinemetric's Ranger Model SS-1, and Willmore MkII 
(see Table 1). The Willmore seismometers have been modified 
by fitting impedance-matched 5000Q calibration coils 
(Stewart & Sutton, 1968). 

Photographic recording is confined to ADE; all other stations 
use pen and ink recording on conventional drum recorders. 
The recorders include Kinemetrics VR-IA, Geotech Model 
RV301, as well as units designed and built at the University 
of  Adelaide. Each station incorporates electronic 
amplification and bandpass filtering. Amplifier gains and 
filter settings have been carefully adjusted with respect to 
background noise conditions at each site. Details are given 
in Table 2. 

Timing is provided by Labtronics chronometers, or by digital 
clocks specially made at the University. Absolute reference 
time is obtained from VNG radio time signals. Clock drift 
is monitored each day and corrections are made if necessary. 
The University-built clocks are self compensating, being 
synchronised with radio time pulses. 

In order to monitor the overall operation of each station, 
a step function calibration pulse is applied daily to each 
seismometer. The polarity convention adopted is that positive 
pen deflection on the seismogram represents ground 
compression (upward movement). 

Response curves 

Most seismographs are located remotely in low-noise 
environments and can be operated at relatively high gains 
(Table 1). 

All stations are regularly calibrated, using a whole-system 
harmonic-drive method, involving a constant current, variable 
frequency, sinusoidal-signal generator and seismometer- 
calibration coil (Willmore, 1979). 

Equipment 
Figure 3 shows the present network displacement 

With the exception of the WWSSN station (ADE) at magnifications. Most stations have peak response at 
Adelaide, all network stations are equipped with a single, frequencies above 3 Hz. CLV, HTT, HWK, RPA, and UMB 
short-period ( -  1 s) vertical seismometer. A range of have a fairly flat response over the range 1-10 Hz. At WKA 
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and PNA the peak response occurs at 8 and 10 Hz, Kinemetrics Ranger seismometers and PS-IA portable 
respectively. recorders. The other six sets are microprocessor-controlled 

digital seismic event recorders, designed and built a t  the 
University of Adelaide. The event recorders are battery 
powered, recording data on digital cassette tapes. They are 

Portable stations described in detail in a later section. 

The permanent network described above is augmented by 
thirteen sets of portable equipment. Seven sets comprise Spare battery packs and drums, digital cassettes, battery 

(a) Seismic field station - land line or radio telemetry 

uhf TX 

L 

(b) Seismic recording system 

Solar 
panel 

VCO 
pre-amp 4 core cable 

2 4  DC Power 1 

M a ~ n s  
SUPP~Y 

Mains supply 

24/SA/22 

Figure 2. Schematic diagram of earthquake recording arrangements at each site: (a) field station layout; (b) instrumentation. 
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Figure 3. Seismograph frequency response curves for all stations of the network. 
The quantity graphed is displacement magnification. 

chargers, portable radios, and time-pulse amplifiers provide 
support facilities to enable a complete portable network to 
be set up in a region. The equipment has been used for the 
investigation of local earthquake swarms, for microrthquake 
surveys, and for crustal refraction and reflection studies using 
quarry blasts. 

A typical response curve for the Kinemetrics PS-IA recorder 
at Filter setting #5 (all-pass) with Ranger SS-I seismometer 
is shown in Figure 4. The response is nearly flat from 1 to 

10 Hz. The low frequency roll-off is due to the effect of the 
seismometer. The units normally operated in South Australia 
have peak gains between 400 K and 800 K. The calibration 
curve of Figure 4 was obtained at  12 dB lower gain than 
normal operation, in order to suppress noise. 

The event recorders are presently calibrated by the same 
method as the network stations, with a software peak detector 
and digital readout taking the place of the chart record. Figure 
4 shows a typical response curve for instrument Q1, coupled 
to a Ranger SS-I seismometer. The calibration was performed 
at 24 dB attentuation (78 dB gain). The peak magnification 
at 10 Hz is 654 K. 

Computerised seismic analysis system 
A PS-IA \ 

Earthquake data analysis 

Period (s) 
24/SA/15 

Figure 4. Response curves for the portable seismograph stations. 

The PS-IA curve is for the PSlA recorder at filter setting # 5 (all-pass) coupled 
to a Ranger SS-I seismometer (gain for calibration - 12 dB below normal 
operation). The DER curve is for the digital seismic event recorder a1 gain 
78 dB (also coupled to a Ranger SS-I seismometer). 

The South Australian seismic data processing system was 
developed to provide fast, reliable, interactive analysis of 
conventional seismograms and digital cassettes from 
permanent and porta6le stations. The basic operations are 
summarised in Figure 5. Travel-times, amplitudes, durations, 
and first motions are read from the seismograms and 
submitted for interactive phase selection and computer 
processing. The principal analysis involves location and 
magnitude determinations for all South Australian local 
earthquakes. The final results are sent via magnetic tape to 
the Australian Seismological Centre at the Bureau of Mineral 
Resources (BMR) in Canberra, which maintains the national 
catalogue of earthquakes. Teleseismic data from the Mt 
Bonython station are sent to the World Data Centre in 
Boulder, Colorado. Information on local earthquakes is 
provided upon request to the general public and the local 
insurance industry. 
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Dedicated hardwarehoftware system 

The hardware is based on a Data General Nova-3 
minicomputer, utilising dual 8-inch floppy disks and a fast 
printing terminal. Additional custom-designed peripherals, 
developed at  the University of Adelaide, include a digital 
cassette reader for the event recorders, a micro~rocessor 
controlled graphics unit with screen aniplotter o;tput and 
interactive light pen, and an EPROM programmer (Fig. 6) .  

The software is an interactive seismic analysis system (ISAS), 
which manages a data base of information, including 
calibrations; determines provisional earthquake locations and 
subsequently revises them; determines magnitudes (duration 
and amplitude); and maintains an archival data base of 
results. It is a modular disk-based system of interrelated 
programs. Related commands are grouped into five 
subsystems, only one of which resides in the memory at  a 
given time, the remainder being swapped out to disk. The 
subsystems and their functions are given in Table 3. 

Each subsystem is command structured and consists of a root 
portion and a set of overlays (Fig. 7). The root portion 
identifies the valid commands in the subsystem and contains 
help text describing the commands, a set of subroutines 
common to the commands, error processing and initialisation 
code for the subsystem, and the means for swapping overlays 
and subsystems. The overlays contain the command code 
itself, with generally, several commands in each overlay. A 
command is a single identifiable independent action, and may 
be as simple as the calibration of a station or determination 
of a provisional location. 

All commands are fully interactive and independent of order, 
giving the seismologist considerable flexibility of operation. 
Data are passed between commands by a series of disk-based 
data files, which may be written to, read from, and displayed 
in a variety of ways. Results are calculated and stored off- 
line for subsequent compilation of earthquake statistics. 

Local earthquake subsystem 

The local earthquake subsystem is able to analyse five events 
simultaneously, with intermediate results being held in 
temporary files. The command that determines the 
provisional location uses the first P and S arrivals from each 
station, where known, and performs a three-dimensional 
binary search over a region covering the State to the depth 
of Mohorovicic discontinuity (Moho) by default. The result 
may be written to a temporary file along with the arrival 
times. This information may be used by the revision 
command to display the arrival times of the direct, Moho 
reflected, and Moho refracted P and S waves at each station, 
in order to assist in interpreting and entering remaining phase 
data from seismograms or digital cassettes. Once all arrival 
times have been received, a standard iterative least-squares 
procedure determines the revised coordinates and optionally 
adds the new data and results to those already present in the 
temporary file. The now determined distances to each station 
may be accessed by the magnitude (duration or amplitude) 
commands in order to determine the magnitude of the event. 
First-motion data can also be added witkanother command, 
but fault-plane solutions have not yet been implemented. All 

MICRO/LOCAL EARTHQUAKES TELESEISMS 

Figure 5. Flow chart for earthquake data analysis. 

BMR: Bureau of Mineral Resources, Canberra 

NEIS: National Earthquake Information Service, Denver 

WDC-A: World Data Centre A, Boulder 
24lSN16 
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Table 2. Details of instrumentation for stations of the South Australian seismic network 1985 

Station Recorder Amplifier Bandpass Clock/ Recording Site 
code filter (Hz) Chronometer 

A M  RV-301 AR-311 0.5 - 12.0 UAC Remote (LL) 
C LV Modified AS-330 0.75 - 12.5 UAC On site 
E D 0  VR-I AF-3A 1.0 - 12.0 Labtronics 676 On site 
HTT Modified AS-330 0.1 - 12.5 Labtronics 746 On site 
HWK VR-I AF-3A 1.0 - 12.0 Labtronics 746 Remote (LL) decoupled telephone, 6kHz carrier 
MGR VR-I AF-3A 2.5 - 8.0 UAC Remote (UHF) 
NBK VR-I AF-3A 0.25 - 12.0 Labtronics 746C Remote (UHF) 
PNA UAR AS-330 0.10 - 12.5 Labtronics 676 On site 
R PA VR-I AF-3A 1.0 - 12.0 Labtronics 746 On site 
UMB UAR AF-1 2.0 - 12.5 Labtronics 746 On site 
WKA VR-I UAA 2.0 - 12.5 Labtronics 746 Remote (LL) 
W RG VR-I AF-3A 0.75 - 10.0 Labtronics 746 Remote (LL) 

RV-301 = Geotech Helicorder 
Modified = Geotech photographic 3-drum recorder 

modified for ink/pen writing 
VR-I = Kinemetrics model VR-I drum recorder 
UAR = Designed and built at Univ. of Adelaide 
UAA = Designed and built at Univ. of Adelaide 
AR-311 = Geotech model AR-311 amplifier 

AS-330 = Sprengnether model AS-330 amplifier 
AF-I = Kinemetrics model AF-I amplifier 
AF-3A = Kinemetrics model AF-3A amplifier 
UCA = Designed and built at Univ. of Adelaide 
LL = Land line, using telephone line. Telemetry 

system built by Univ. of Adelaide 
U H F  = UHF Radio telemetry built by Univ. of Adelaide 

Figure 6. The South Australian seismic data system. 
Hardware is based on a Data General Nova-3 minicomputer, including dual floppy disk subsystem, cassette reader, and graphics unit. 

earthquake parameters and input data (including first 
motions) are normally transferred from the temporary file 
to the system archives. 

All earthquakes located in South Australia since the beginning 
of 1978 have been analysed and archived by ISAS in the above 
manner. In addition, results only have been added in ISAS- 
format archive files back to the earliest historical events, so 
as to complete the data base. 

The model assumed for the above is a homogeneous isotropic 
crust (Vp = 6.23 km/s, Vs = 3.58 km/s) of thickness 38 km 
above a uniform mantle (Vp = 8.05 km/s, Vs = 4.6 km/s), 
although the actual values of the constant crustal and upper 
mantle P and S wave velocities and the depth to the Moho 
can be varied. 

The microearthquake subsystem 

assumed, spherical geometry, and ellipticity corrections are 
dispensed with, and the calculations are performed using 
rectangular coordinates. Further, taking into account the 
assumed model, the first arrivals at each station are taken 
to be direct waves having travelled in a straight line from 
source to station, simplifying the analysis still further. An 
over-determined system of equations is obtained which is 
solved for the latitude and longitude of the epicentre and 
the crustal P-wave velocity. The depth and crustal S-wave 
velocity are determined subsequently. The subsystem has been 
used for three intensive microearthquake surveys in South 
Australia - two in the Flinders Ranges and one in the 
Adelaide Hills - and is used on occasions with small events 
in the centre of the permanent network. The data and results 
are ultimately added to the archives in a format compatible 
with, but distinguishable from, events recorded on the local 
earthquake subsystem. 

The ISAS microearthquake subsystem uses a more direct 
location algorithm. Because a limited geographic extent is 
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Table 3. ISAS subsvsterns and their functions 

Subsvsrem 

-- - -  

Name Function 

Network data management NETWK Maintains data files containing a 
chronological history of all 
permanent and portable stations, 
including all relevant parameters 
associated with each station. Also 
performs station calibration. 

Cassette data management CASET Provides for interactive reading 
and buffer storage of digital event 
recorder cassettes. 

Local earthquake 

Microearthquake 

Earthquake statistics 

LOCAL Merges seismogram and event 
recorder data to determine 
provisional and revised 
hypocentres and earthquake 
magnitudes. Provides for the 
archiving of pertinent data and 
results. 

MICRO Provides a direct location for 
events recorded by a network of 
limited aperture. Also maintains a 
holding file of all events in a 
microearthquake survey, enabling 
crustal velocity determinations to 
be made. Provides for the archiving 
of individual events or of the 
entire holding file. 

STAT3 Manages the archived data base 
and enables the selection and 
display of events satisfying any 
combination of several input 
criteria. 

The earthquake statistics subsystem 

The earthquake statistics subsystem enables the archives to 
be searched in order to tabulate and/or display on a map (with 
or without error bars) events within prescribed limits of any 
(or all of) time interval, epicentral region, depth, and 
magnitude, as well as being able to select felt events only, 
reject quarry blasts (assuming each was tagged on entry) and 
selected events archived from one subsystem only. 
Alternatively, only the numbers of events may be displayed. 
Additional commands scan the data to update magnitude 
station corrections or determine duration magnitude 
coefficients. The subsystem has been used for a variety of 
purposes from the production of detailed epicentral maps 
to an examination of earthquake recurrence relations. 

There are still many ways in which the system can be 
expanded: a regional earthquake subsystem was always 
planned, for instance, and the incorporation of fault-plane 
solutions has already been mentioned. The most exciting 
extensions, however, are in relation to the handling of digital 
data from the event recorders. These are dealt with below. 

Digital seismic event recording 

Hardware 

As part of the seismic analysis system outlined above, a digital 
seismic event recorder was designed from the outset to 
interface with the central-site computer as an alternative data 
source to conventional seismograms. The hardware of the 
event recorder (Fig. 8) uses an Intersil IM6100 CMOS 
microprocessor with 4 kb of 12-bit RAM, the upper 2 kb of 
which is software switchable with 2 kb of ROM, the ROM 
being selected on power up. A software loader in the ROM 
transfers the remainder of the software from ROM to the 
lower 2 kb of RAM and then transfers control to it. At this 

point the ROM is switched out in favour of RAM, which 
becomes the data storage area. This method of operation, 
and an inbuilt maintenance mode of operation, whereby any 
memory location can be examined and modified, breakup 
points inserted, etc., has greatly facilitated system 
development and debugging, which can easily be performed 
in the field with no additional equipment. (RAM execution 
also overcomes the well-known 'subroutine return address' 
problem inherent in the lntersil PDP8 instruction set). 

The event-recorder amplifiers provide for a fixed gain of 54 
dB and an additional gain of 0-48 dB, which is software- 
controllable in 6 dB steps. The software adjusts the gain 
dynamically so as to maintain the background noise level 
between predefined limits. This auto-ranging facility ensures 
that the dynamic range of the recorder is not compromised 
by too large a noise level in the data, and has enabled 8-bit 
resolution to be used with very satisfactory results. Sampling 
rate was fixed at 50 samples per second, which was considered 
the optimum balance between bandwidth and tape 
consumption. The digital cassette drive is a CMOS Digideck 
P171W, which records nine bits serially on two tracks 
occupying the whole width of the tape. The software uses 
eight bits for the data and the ninth for a parity bit. User 
interaction is via a 16-key keypad and a set of 7-segment 
displays, with three auxiliary LEDs and a recessed 
'maintenance mode' button. Power consumption of the unit 
is approximately 300 mW, enabling its two internal 6 V, 8 
Ah batteries to power it for approximately 36 days, although 
tape capacity is generally the limiting factor in the latter case. 

Software 

The seismic-event recorder operating software (SEROS) (Fig. 
9), enables the recorder to be started by a synchronising 
minute pulse from a separate radio after the day, hour, and 
minute have been entered in response to prompts. Data 
subsequently enter a 256 word (2 page) circular data buffer, 
which ensures that the previous 5.12 seconds of data are 
preserved. The mean absolute value of the data in the data 
buffer is computed each time the buffer wraps around, and 
the previous 32 means are stored in a 'mean pool'. A running 
average of these means provides the noise level, effectively 
computed over 2.73 minutes of data. This noise level controls 
the gain of the amplifier. During normal running of the 
recorder, many parameters can be displayed on request: 
current second, minute, hour, day, amplifier gain, noise level, 
number of events on tape, tape status, etc. A digital readout 
of the clock error can be obtained by again connecting the 
radio, and re-synchronisation can be applied if necessary. In 
the event of a tape fault (including tape full), the recorder 
stores the day and hour of the fault, in addition to the status 
reflecting the fault, and thereafter keeps a total of events that 
would otherwise have been recorded. 

When a datum exceeds sixteen times the current noise level, 
a tentative event is flagged. Thereafter, the noise level 
computations are frozen and the data buffer is saved in a 
14 page (35 second) event buffer along with the first 30 
seconds of data following the trigger while the event is 
occurring. Confirmatory tests check that the waveform lies 
within set lower and upper principal frequency limits and 
lower and upper duration limits (the duration being taken 
as the time interval between the trigger and the point at which 
the signal remains below four times the computed noise level 
for 256 contiguous samples). These confirmatory tests 
establish whether or not the signal is oscillatory and 
prolonged, and are designed to reduce false triggers due to 
electrical transients, animal disturbances, and teleseisms. 
After the event is deemed to be over, provided it passes the 
confirmatory tests, the event buffer is written to tape along 
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with the amplifier gain, trigger time, and computed total The entering, assembling, and programming into ROMs of 
duration. The recorder then resumes noise determinations the event recorder software was performed on the central- 
and event detection. site Data General computer with the aid of a serial EPROM 

programmer, designed and built in-house, and a PDP8 cross- 
All the normal input and output functions of the assembler, purchased and modified for the purpose. The went 
microprocessor in the event recorder are serviced adequately recorder cassettes are read into the central-site machine, using 
by software polling. The interrupt system is used, however, the cassette data management subsystem of ISAS, via a 
to branch to a separate set of  routines activated by the cassette device driver written in-house. The digital waveform 
'maintenance mode' button. This transfers control in the first is displayed on a graphics monitor and a light pen is used 
instance to a debugger to permit examination and to point to phases. The arrival times corresponding to the 
modification of memory, as previously stated. Jumps to the phases are computed and stored for later use in the analyses 
debugger can be deposited in memory to achieve controlled subsystems of ISAS, as explained above. 
execution of the software and, in addition, a number of 
diagnostic or auxiliary routines can be executed from the 
debugger. One such routine is the system calibrator, which Conclusions 
enables a complete D.C. and A.C. calibration of the 
seismometer/event recorder system to be performed and also The South Australian seismic network has grown steadily 
the direction of ground motion to be checked. Another from its original three stations in 1963 to twelve in 1985. The 
routine is a raw data display, while yet another deposits network provides information on the location, magnitude, 
known data in the event buffer as a preliminary to checking and frequency of occurrence of earthquakes in South 
the cassette recorder. Maintenance mode gives complete Australia, as well as data on teleseisms. Additional portable 
control of the recorder to  the user, but the recorder was stations are used for the investigation of local earthquake 
designed so that in the absence of entering this mode, it is swarms and for microearthquake surveys of well-defined and 
as simple as possible to use. possibly active geological faults. 
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Figure 8. Schematic diagram of event recorder hardware. 
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Earthquake parameters are determined using an interactive 
seismic analysis system (ISAS) running on a dedicated Data 
General Nova-3 minicomputer and associated graphics 
system. Information relating to each station in the network, 
including its characteristics, is stored on diskettes and accessed 
as required. All data relevant to each located earthquake are 
archived on diskette. All software commands are independent 
of order, giving the seismologist almost unlimited flexibility 
of operation. 

The computerised data processing system extends to  the 
acquisition of digital data in the field, using microprocessor- 
controlled digital event recorders, designed as part of the 
system. The computerised system (with the exception of the 
event recorders) has been used in the routine analysis of all 
local earthquakes in South Australia since the beginning of 
1978. 
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Major geomorphic features of the Kosciusko-Bega region 
C.D. Ol l ie r l  & D. ~ a y l o r ~  

Radial drainage centred on Brown Mountain suggests that the were reversed by tectonic uplift (possibly 1 km vertical) of the Snowy 
Monaro basalts are remains of a former shield volcano, here called Mountains post-22 Ma. The reversed rivers were deflected by the 
the Monaro volcano. At the time of the volcano's eruption the Great Monaro volcano, one to the Murrumbidgee, the other to the Snowy 
Escarpment did not exist and relief was probably low about 50 Ma River. Uplift was therefore in two phases: the first, post-50 Ma; the 
ago. The volcano diverted original north-flowing drainage to the west, second, post-22 Ma. 
via the Snowy River. Rivers near Jindabyne and Adaminaby 
(indicated by the Kiandra basalts) that originally flowed northwest 

Introduction 
The Kosciusko-Bega area has long been of interest to 
geomorphologists, and presents many problems. It is the 
highest land in Australia, but the highest parts are essentially 
remnants of a plateau. There are some very steep slopes - 
some partly tectonic, some purely erosional. Drainage 
patterns, especially those connected with the Snowy River 
are very complex. In recent years there has been much debate 
about the age of uplift of the region and rates of erosion. 

Sussmilch (1909) and [Griffith] Taylor (1910, fig. 17; 1911, 
p. 15) thought an ancient divide - the Mount Tennant- 
Tindery divide - separated northerly drainage from that 
going south, which included an ancient Snowy-Upper 
Murrumbidgee system (Fig. I), and Taylor maintained this 
view through later publications (e.g. Taylor, 1970). This 
hypothesis is apparently refuted by the finding that pre-basalt 
and post-basalt drainage north of Cooma both flowed north 
([Graham] Taylor & others, 1985). 

Tectonic features were postulated in the Kosciusko area by 
[Griffith] Taylor &others (1925) and Browne & others (1944), 
who envisaged a series of fault-bounded steps on the 
southeast side of Kosciusko. Early ideas of a Plio-Pleistocene 
Kosciusko uplift dominated concepts of the Eastern 
Highlands up to the 1960s (e.g. Browne, 1969), but 
geomorphic studies (Young, 1974; Ollier, 1978) and K-Ar 
dating (Wellman & McDougall, 1974) ushered in modern 
views of a long time scale. 

While there is now general agreement that the highlands had 
attained much of their present elevation before the late 
Tertiary, there are still many differences of opinion about the 
uplift history and about the relative importance of erosion 
and tectonics in shaping the land surface. Wellman (1979) 
considered that uplift has been constant for the past 45 Ma 
and possibly started 90 30 Ma ago. Jones & Veevers (1982) 
considered that the Eastern Highlands had late Mesozoic 
precursors, attained their highest elevation in the early 
Cainozoic, and have since undergone several phases of uplift 
and subsidence. The same authors in 1983 wrote T h e  Eastern 
Highlands were initiated around 90 Ma ago, and the crestline 
subsequently migrated west from an initial location at the 
present coastline' (Jones & Veevers, 1983). [Graham] Taylor 
&others (1985) suggested that no significant uplift occurred 
during most of the Cainozoic. Lambeck & Stephenson (1986) 
suggested that the present highlands may be an eroded relic 
of an originally higher ancestral late Palaeozoic mountain 
range, and that the major landforms are the result of an 
interplay between erosional lowering and isostatic rebound. 

' ~ e p a r t m e n t  of Geography, University of New England, Armidale, 
NSW 2351. 
'c.R.A. Exploration Pty Ltd., Fyshwick, ACT 
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Figure 1. Evolution of the drainage pattern and divide in the 
Cooma-Kosciusko area, according to [Griffith] Taylor (1911). 

It is important to realise that much of the highlands has 
relatively low relief; but the term 'plateau' often suggests 
extreme flatness, so the undulating high country is here 
referred to as a 'palaeoplain'. The high palaeoplain of the 
Eastern Highlands is separated from the coastal lowlands by 
an escarpment or zone of rugged country. Several workers 
have postulated warping between the highland palaeoplain 
and the coast (e.g. Browne, 1969; Ollier, 1982).',~oung & 
McDougall(1982) concluded that the difference in'elevation 
between the coastal lowlands and the upland surface in the 
Ulladulla area, northeast of the Kosciusko-Bega area, is 
entirely due to erosion pre-dating late Oligocene basalts, and 
that there has been no differential uplift involved. Brown 
(1983) pointed out that the regional tilt may be only 2 O  in 
the Ulladulla area and claimed that a substantial tectonic 
component cannot be ruled out as a cause of the difference 
in elevation between the highlands and the coast. 

The Great Escarpment is a very obvious feature, but its unity 
along much of eastern Australia was only stressed fairly 
recently (Ollier, 1982a). It is certainly obvious between the 
Monaro Plateau and the surrounding lowlands (Fig. 2) and 
can be readily mapped on contour maps at 1:100 000 scale. 
However, the Great Escarpment has not previously been built 
into the geomorphic history of the region. 

The existence of the Great Escarpment is especially relevant 
to discussions on the concept of river grade and its relevance 
to uplift of the highlands. Wellman (1979) argued that 
downcutting by rivers can be equated with uplift because the 
rivers 'can easily erode their beds, so that these river beds 
quickly reach an equilibrium outside the highlands'. [Gordon] 
Taylor (1983) concluded 'No regional uplift has occurred since 



358 C.D. OLLIER & D. TAYLOR 

- - - Great Divide 

Figure 2. Location of the Great Divide, Great Escarpment, Bega 
basin, and river names referred to in the text. 

the close of the [Bathurst uplift] in the early Oligocene, as 
indicated by the valleys being re-cut into the basalt to the 
same base level as the pre-basalt valleys'. [Graham] Taylor 
& others (1985) wrote T h e  coincidence of the present and 
pre-basaltic bed levels of streams over the whole Northern 
Monaro implies that either this region has not been uplifted 
substantially since the Eocene, or that these rivers are 
independent of external base level control'. 

But Ollier (1986) pointed out that the coincidence of pre- and 
post-basalt incision on the palaeoplain does not tell us about 
the amount or timing of uplift. Just a few kilometres from 
localities where post-basalt incision is slight, the Great 
Escarpment indicates erosion of hundreds of metres. The 
Monaro Plateau is at an elevation of about 2000 m. It had 
to be uplifted 2000 m to give rise to the downcutting that 
led to the formation of the Great Escarpment on its southern 
and eastern sides, and the fact that the north-flowing valleys 
are little incised does not indicate that uplift was slight or 
that no further uplift occurred after the basalt was erupted 
(Fig. 3). The Great Escarpment can be thought of as a sort 
of knick point or 'knick line' between two major levels in 
the landscape, with knick points in river thalwegs where rivers 
descent the escarpment, as at Tuross Falls or where the Cann 
and Genoa headwaters leave the plateau. 

Mere elevation is not enough to determine how a river will 
behave. The distance to the sea is an important factor, and 
rivers with a short course to the sea (those on the escarpment) 
will have greater erosive power than those with a long journey 
to the sea and gentle gradients (the north-flowing rivers of 
the palaeoplain). 

The present hypothesis 

This paper presents a hypothesis of the geomorphic 
evolution of the Kosciusko-Bega region and neighbouring 
areas of relevant tectonics. 

It attempts to synthesise: 
1. the position of the Great Divide; 
2. the evolution of the Great Escarpment; 
3. the distribution of the basalt; 
4. evolution of the drainage pattern, including the complex 

upper Murrumbidgee and the upper Snowy River; 
5. the age of uplift. 

It has been suggested that many of the lava plains of eastern 
Australia have a radial drainage pattern related to specific 
centres of eruption (Ollier, 1985). The best example is the 
Ebor Volcano, which has extremely well-preserved radial 
drainage, even though more than half the volcano has been 
destroyed by the erosive retreat of the Great Escarpment 
(Ollier, 1982b). In the area between Cooma and Bombala 
there appears to be a radial drainage pattern centred on 
Brown Mountain (Fig. 4), suggesting the former existence 
of a volcano, here called Monaro volcano. The western half 
of this volcano is still preserved, but the eastern half of the 
volcano has been consumed by the retreat of the Great 
Escarpment. Where the radial pattern persists it is in places 
at right angles to  the northerly drainage along the grain of 
the bedrock. K-Ar determinations on nine volcanic rocks 
from between Adaminaby and Bombala gave ages of 53-36 
Ma (Wellman & McDougall, 1974), indicating the time of 
eruption of the Monaro volcano. 

South of the Monaro volcano the drainage is from south to 
north, and it is thought that this was also the pre-volcano 
drainage direction. The ancestral, pre-basalt drainage pattern 
was to the northwest, with many northerly stretches following 
the grain of the bedrock. This is consistent with the style of 
drainage that covers much of southeast Australia, with 
drainage to the northwest modified by the north-south strike 
of the bedrock ([Griffith] Taylor, 1911, fig. 21; Ollier, 1978, 
fig. 1.5). At present, the north-flowing streams appear to rise 
out of nowhere (e.g. Saucy Creek, Figs. 4,5), their original 
headwaters having been lost by retreat of the Great 
Escarpment. Drainage patterns are complicated further by 
obvious river captures, such as those at the head of the Cann 
and Genoa Rivers (Fig. 4). The original northerly drainage 
was diverted by the Monaro volcano, and flowed to the west 
along the Bombala and Snowy Rivers. The lower Snowy, with 
augmented water supply, cut down its valley, along which the 
Gelantipy Basalts erupted 42-36 Ma ago (Wellman, 1974). 

North of the volcano the old northerly drainage (Fig. 2) 
includes the main Murrumbidgee course, along which the 
Tertiary Lake Bunyan was formed ([Graham] Taylor & Walker, 
1986). The river that passes Adaminaby (herein called the 
'Adaminaby') at that time flowed northwest, but is now the 
upper Murrumbidgee. The upper Snowy near Jindabyne 
(herein called the 'Jindabyne') also flowed northwest at that 
time. 

The northwesterly drainage of the 'Adaminaby' and 
'Jindabyne' rivers persisted until the Lower Miocene, when 
the Kiandra basalt (22 Ma, Wellman & McDougall, 1974) 
flowed north to the Tumut Valley. The basalt at Shannon Flat 
(Fig. 5) and the alluvials in the Adaminaby and Yaouk basins 
belong to this system. 

The 'Adaminaby' and 'Jindabyne' rivers were reversed not by 
volcanic activity, but by tectonic uplift along the fault zone 
west of  the Snowy Mountains. The plain in the 
Adaminaby-Jindabyne region was uplifted about lkm above 
the downthrown block to the west of the fault zone, with 
reversal of drainage. The elevated Kiandra-Kosciusko plateau 
level, ranging from 1.5 to 2 km above sea level, is separated 
from the Bago plateau, at 0.8 to 1.2 km above sea level, by 
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a dissected zone about 8 km wide, which appears to be a 
faulted monocline. Basalts of the same 18-22 Ma age occur 
in an identical stage of dissection on both levels, and cap 
spurs and locally fill shallow valleys on the monocline itself 
near Cabramurra and Yarrangobilly Caves. The limited 
erosion of this very strong west-facing topographic feature 
argues strongly for a young age, certainly younger than the 
basalt flows. 

Upon reversal, the 'Adaminaby' river could not continue to 
flow south, for it was blocked by the Monaro volcano near 
Cooma. It therefore found a new, short, west-to-east course 
to join the north-flowing Murrumbidgee. 

The reversed 'Jindabyne' river flowed south and then around 
the volcano to join the Snowy-Bombala River, becoming the 
upper Snowy and augmenting the flow in the lower Snowy 
River still further, causing increased erosion in the 
downstream reaches. 

Since the volcano eruption, scarp retreat has eroded about 
half the volcano and a great deal of bedrock. This is especially 
so on granodiorite of the Bega area, which is very weathered 
and eroded. Extensive erosion has given rise to the lowlands 
around Bega itself, and also to the rapid erosion (with 
associated river captures) along the Cann, Genoa, and other 
rivers. The Great Escarpment transects the Bega Batholith 
obliquely and is not controlled by it, though the piracy of 
the Genoa and Tuross Rivers may owe much to its easy 
erodibility. 

Non-granitic Palaeozoic rocks form rugged highlands beyond 
the Great Escarpment. The way in which drainage flows from 
highlands, across granodiorite-floored lowlands, and then 
through further highlands (Fig. 6) indicates that the drainage 
is superimposed from a former higher surface. Murrah Creek, 
for instance, rises in rugged country, flows across low plains 
on the granodiorite, and then, instead of taking the 
apparently easy route through lowlands to the south, flows 
through 1Skm of rugged country to the coast. Similar routes 

- Great Escarpment 

Figure 4. Radial drainage centred on Brown Mountain. 

Figure 3. Diagrammatic representation of concepts of 'grade' in the Kosciusko-Cooma region. 
If only the plateau is considered (upper part), then i t  may be argued that since the basalt-filled valleys were cut to the same level as modern valleys, both 
sets of valleys were at 'grade', and there has been no uplift between the two valley-cutting events. But if the entire area is considered, i t  is evident that the 
streams on the escarpment are graded to a base level, the effects of  which have not reached the plateau streams, which therefore have not reached 'grade.' 
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Figure 5. Details of basalt and alluvium distribution relevant to drainage modifications in the Kosciusko-Bega region. 
Basalt distribution from Bega geological map (Geological Survey of New South Wales, 1967). 

are taken by Narira Creek and Coolagolite Creek. Illawarnbra lowlands, and then flows north through rugged country to 
Creek rises in rugged country, crosses the granodiorite join the Tuross River. 
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0 .ugged counrry 0 Bega Plain --- Major divide - Top edge of Great Escarpment 

Figure 6. Drainage in and around the Bega Basin. 

The fact that the superimposed rivers are also part of  the 
radial drainage pattern suggests that they were initiated on 
the flanks of a volcano, exactly like the rivers on the eastern 
side of the Ebor volcano (Ollier, 1982a). 

River captures are evident on the Bega lowlands, where the 
Lower Brogo River appears to have formed from successive 
river captures. Before capture, the Upper Brogo flowed into 
the Murrah River; Alsops Creek flowed into Mumbullah 
Creek; and Double Creek flowed into the Wapengo. As would 
be expected, erosion was easier along the edge of the 
weathered granodiorite than across the metamorphic rim. 

Assuming, for the sake of argument, that the Monaro volcano 
is about 50 Ma old (actual ages range from 53 to 36 Ma), 
then, in this area, scarp retreat must be younger than 50 Ma, 
for it has removed half the volcano. This is the same argu- 
ment that was used on the 18.5 Ma Ebor Volcano (Ollier, 
1982b). The volcano was not erupted onto a flat surface, 
but onto a surface with relief probably like that of the palaeo- 
plain today. If the Great Escarpment existed near its present 
position at the time of eruption, basalt would have flowed 
over it and been banked against it. Such a post-escarpment 
flow can be seen in the Innisfail district in Queensiand (de 
Keyser, 1964). As this did not happen near the Monaro 
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volcano, we conclude that the Great Escarpment did not exist 
at this place 50 Ma ago. The Great Escarpment would have 
started to develop as soon as there was sufficient relief. As 
it had not developed by 50 Ma, we conclude there was 
insufficient relief at that time, and relative uplift of the 
highlands was slight at 50 Ma. There was, therefore, broad 
uplift post-50 Ma ago, giving the relief on which the 
escarpment could form. We d o  not know whether this uplift 
was rapid or slow, uniform or pulsed. 

If it is assumed that scarp retreat was initiated by the start 
of seafloor spreading and the formation of the Tasman Sea, 
it would have started about 80 Ma ago. There is only a short 
distance - a few tens of kilometres - between the edge of 
the postulated volcano and the present coast, and the 
continental shelf is narrow, so it is unlikely that the Great 
Escarpment had come into existence but not yet reached the 
area of the volcano by 50 Ma ago. We cannot assume very 
slow retreat of the escarpment in the early stages, especially 
across the easily erodible granodiorite. We therefore conclude 
that relative uplift did not coincide with continental breakup, 
but that between 80 and 50 Ma ago relief remained too low 
for the initiation and development of a Great Escarpment. 

The uplift with tilting that reversed the 'Jindabyne' and 
'Adaminaby' rivers is post-22 Ma, and could have involved 
as much as 1 km of vertical movement. This localised uplift 
is clearly different from the earlier broad, regional uplift. 

On the highland side, above the Great Escarpment, erosion 
has dissected the volcano considerably, stripping the volcanic 
rocks completely in some places to reveal the old sub-basaltic 
erosion surface. Elsewhere, it has cut well below the sub- 
basaltic erosion surface. The basalt edge has generally 
retreated from the edge of the Great Escarpment, forming 
'benches' similar to those described from Barrington Tops 
(Pain, 1983). Elsewhere, as at the head of the Tawamba valley, 
basalt is part of the escarpment, and major flows are revealed 
in cross section. With stripping of much of the volcano, it 
is best preserved where it filled old valleys, and the present 
basalt outcrop reflects the old northerly, pre-basalt drainage 
(Fig. 5). 

Prior to the tilting, the Great Divide was probably a 
north-south line somewhere east of the present Great Divide 
north of Brown Mountain. Retreat of the Great Escarpment 
and successive river captures (like the Tuross, Fig. 5) have 
caused it to move west. In places, the Great Escarpment and 
Great Divide coincide and scarp retreat is slow. River capture 
or diversion, as on the Tuross, causes a new catchment to 
be added to the lowlands, with an accompanying leap' of 
the Great Divide to the western boundary of the catchment. 
When this happens the Great Divide is located well west of 
the Great Escarpment. 

The tilting of  the Snowy Mountains block, with reversal and 
diversion of the 'Adaminaby' and 'Jindabyne' rivers, caused 
the great dog-leg in the Great Divide (Fig. 2), which now 
swings between the reversed 'Adaminaby' and 'Jindabyne' 
rivers in a northwest direction, and then south along the edge 
of the uplifted block. 

Acknowledgement 

The figures were drafted by Janet Kovacs. 

References 

Brown, M.C., 1983 - Discussion: Origin of coastal lowlands near 
Ulladulla, N.S.W. Journal of the Geological Society of Australia, 
30, 247-249. 

Browne, W.R., 1969 - Geomorphology. Journal of the Geological 
Society of Australia, 16, 559-580. 

Brown, W.R., Dulhunty, J.A., & Maze, W.H., 1944 - Physiography 
and glaciology of the Kosciusko area and the country north of 
it. Proceedings of the Linnaean Society of New South Wales, 69, 
238-252. 

De Keyser, F., 1964 - Innisfail, Queensland. 1:250 000 geological 
series. Bureau of Mineral Resources, Australia, Explanatory Notes. 

Geological Survey of New South Wales, 1967 - Bega. Geological 
Survey of New South Wales, 1:250 000 Geological Series Sheet 
SJ/55-4.' 

Jones, J.G., & Veevers, J.J., 1982 - A Cainozoic history of Australia's 
Southeast Highlands. Journal of the Geological Society of 
Australia, 29, 1-12. 

Jones, J.G., & Veevers, J.J., 1983 - Mesozoic origins and antecedents 
of Australia's Eastern Highlands. Journal of the Geological Society 
of Australia, 30, 305-322. 

Lambeck, K., & Stephenson, R., 1986 - The post-Palaeozoic uplift 
history of southstern Australia. Australian Journal of Earth 
Sciences, 253-270. 

Ollier, C.D., 1978 - Tectonics and geomorphology of the eastern 
highlands. In Davies, J.L., &Williams, M.A.J., (editors), Landform 
evolution in Australasia. Australian National University Press, 
Canberra, 5-47. 

Ollier, C.D., 1982a - The Great Escarpment of eastern Australia: 
tectonic and geomorphic significance. Journal of the Geological 
Society of Australia, 29, 13-24. 

Ollier, C.D., 1982b - Geomorphology and tectonics of the Dorrigo 
Plateau, N.S.W. Journal of the Geological Society of Australia, 
29, 431-435. 

Ollier, C.D., 1985 - Geomorphology and volcanism in Eastern 
Australia. In Sutherland. F.L.. Franklin, E.J., & Waltho, A.E., 
(editors), Volcanism in Eastern Australia. Geological Society of 
Australia, New South Wales Division, Publication, 1, 1-13. 

Ollier, C.D., 1986 - The origin of alpine landforms in Australasia. 
In Barlow, B.A., (editor) Origin and evolution of Australasian 
alpine biota. Australian Systematic Botany Society, 3-26. 

Pain, C.F., 1983 - Geomorphology of the Barrington Tops area, 
New South Wales. Journal of the Geological Society of Australia, 
30, 187-194. 

Sussmilch, C.A., 1909 - Notes on the physiography of the southern 
tablelands of New South Wales. Journal and Proceedings of the 
Royal Society of New South Wales, 43, 331-354. 

Taylor, G., 1910 - The physiography of the proposed Federal 
Territorv at Canberra. Commonwealth Bureau o f  Meteorology, -. 

Bulletin, 6. 
Taylor, G., 1911 - Physiography of Eastern Australia. 

Commonwealth Bureau of Meteorology, Bulletin 8. 
Taylor, G., 1970 - Sydneyside scenery. Angus and Robertson, 

Sydney. 
Taylor, G., Browne, W.R., & Jardine, F., 1925 - The Kosciusko 

Plateau. A topographic reconnaissance. Journal of the Royal 
Society of New South Wales, 59, 200-205. 

Taylor, G., Taylor, G.R., Bink, M., Foudoulis, C., Gordon, I., 
Hedstrom, J., Minello, J., & Whippy, F., 1985 - Pre-basaltic 
topography of the Northern Monaro and its implications. 
Australian Journal of Earth Sciences, 32, 65-71. 

Taylor, G., &Walker, P.H., 1986 -Tertiary Lake Bunyan, Northern 
Monaro, NSW, Part 1: geological setting and landscape history. 
Alrstralian Journal of Earth Sciences, 33, 219-229. 

Taylor, G.R., 1983 - Landscape evolution of the northern Monaro, 
NSW, and its implications for the uplift history of the southstern 
Australian highlands. Geological Society of Australia, Abstracts, 
9, 114. 

Wellman, P., 1974 - Potassium-argon ages on the Cainozoic volcanic 
rocks of eastern Victoria, Australia. Journal of the Geological 
Society of Australia, 21, 359-76. 

Wellman, P., 1979 - On the Cainozoic uplift of the southeastern 
Australian highland. Journal of the Geological Society oJ 
Australia, 26, 1-9. 

Wellman, P., & McDougall, I., 1974 - Potassium-argon ages on the 
Cainozoic volcanic rocks of New South Wales. Journal of the 
Geological Society of Australia, 21, 247-272. 

Young, R.W., 1974 -A major error in south-east Australian landform 
studies. Proceedings of the International Geographical Union 
Regional Conference, Palmerston North, 382-288. 

Young, R.W., & McDougall, I . ,  1982 - Basalt and silcrete near 
Ulladulla, N.S.W. Journal of the Geological Society of Australia, 
29, 425-430. 



BMR Journal of Austral~an Geology & Geophysics. 10. 363-376 O Commonwealth o f  Australia 1988 

New occurrences of phyllolepid placoderms from the Devonian of central 
Australia 
G.C. young1 

The first well-preserved bones of phyllolepid placoderms from the 
Devonian of central Australia are described from the Deering Hills 
and Waterhouse Range in the Amadeus Basin, and are compared 
with fragmentary remains from the Dulcie Range in the Georgina 
Basin. The fossil horizon in the Deering Hills occurs in strata 
previously mapped as part of the Mereenie Sandstone, but which 
clearly belongs to the Harajica Sandstone Member of the Parke 
Siltstone (Pertnjara Group). At this locality in the Deering Hills the 
entire Harajica Sandstone and underlying Deering Siltstone Members 
disappear along strike against the top of the Mereenie Sandstone, 
indicating that the formation boundary is not a simple angular 
unconformity as had been previously assumed. Two phyllolepid 
species of uncertain generic assignment appear to be represented in 
the Pertnjara Group. The Waterhouse Range occurrence may be a 

younger fossil horizon than that in the Deering Hills. A t h ~ r d  
indeterminate genus and species occurs in the upper Dulcie Sandstone 
in the Georgina Basin, and is associated with remains referable to 
Austrophyllolepis Long, 1984 and Placolepis Ritchie, 1984. These 
genera are otherwise only known from Frasnian strata in southeastern 
Australia. A provisional zonal scheme, with a suggested age range 
of late Givetian to late Famennian, is proposed for phyllolepid 
assemblages from Australia and Antarctica. Vertebrate and 
microfloral horizons in the Pertnjara Group are summarised, and 
an illustrated spine of Wuftagoonaspis sp. from basal Pertnjara 
Group sediments in the western Amadeus provides further evidence 
of correlation with the Mulga Downs Group of western New South 
Wales. 

Introduction 

PhyNolepis is a genus of placoderm fish well known in Late 
Devonian (Famennian) strata of Europe and Greenland 
because of its highly distinctive dermal ornament of sinuous 
ridges. The type species was named by Agassiz in 1844, and 
before the work of Stensio (1934) and Gross (1934), 
Phyllolepis was regarded as an agnathan cawless) fish closely 
allied to the psammosteid heterostracan Drepanaspis. Its 
placoderm affinities are now well established, and eight valid 
named species were listed by Denison (1978) from Europe, 
Greenland, and North America, where Phyllolepsis has been 
regarded as an index fossil for the non-marine Famennian 
(e.g. Westoll, 1979). Phyllolepis has also been known from 
Australia since the work of Hills (1929, 1931) on the fossil 
fish faunas of the Cerberean Volcanics in Victoria. The 
assumption that these beds were also of late Late Devonian 
(Famennian) age, based on the European stratigraphic range 
of Phyllolepis, led to an erroneous but subsequently widely 
quoted isotopic date for the Devonian-Carboniferous 
boundary, derived from radiometric work on the Snobs Creek 
Volcanics by Evernden & Richards (1962) and McDougall & 
others (1966; for more recent isotopic work on Victorian 
Devonian rocks see Richards & Singleton, 1981; Williams & 
others, 1982). Other workers suggested that Phyllolepis may 
have appeared earlier in Australian sequences than in Europe 
(Gilbert-Tomlinson, 1968; Young, 1974). This suggestion was 
confirmed when phyllolepid remains were identified in strata 
underlying a marine intercalation of Frasnian age on the 
south coast of New South Wales (Young, in Fergusson & 
others, 1979). The demonstration that phyllolepids first 
appeared earlier in Australia than in Europe led to the 
suggestion that they may have originated in the Gondwana 
region, and may only have gained access to  Euramerica as 
a result of palaeogeographic change at or near the Frasnian- 
Famennian boundary (Young, 1981, 1984, 1987). Elsewhere 
in the world phyllolepid remains are known from northern 
Timan, USSR (Obruchev, 1967); from southern Victoria 
Land, Antarctica (Ritchie, 1972; Young, in press); and from 
Turkey (Janvier, 1983). 

Two recent papers represent major contributions to the study 
of phyllolepid placoderms in Australia. Long (1984) described 
excellently preserved articulated specimens from Victoria as 
two new species in a new genus, Austrophyllolepis, and 
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Ritchie (1984) described another new genus and species, 
Placolepis budawangensis, from near Braidwood in 
southeastern NSW. Prior to these works the family 
Phyllolepididae contained only one valid genus, PhyNolepis 
Agassiz. These detailed morphological descriptions of species 
of Austrophyllolepis and Placolepis have provided a 
framework for assessment of the biostratigraphic and 
biogeographic significance of fragmentary phyllolepid 
remains from other Australian localities. 

In central Australia phyllolepid remains were identified by 
Hills (1959) from the Dulcie Sandstone in the Georgina Basin; 
this was the first unequivocal demonstration of the existence 
of Devonian rocks in central Australia. More recently 
fragmentary remains ascribed to Phyllolepis were figured by 
Young (1985); these fragments from the Harajica Sandstone 
of the Pertnjara Group in the Amadeus basin represent the 
most westerly known occurrence of the group on the 
Australian continent. In this paper new specimens from the 
Deering Hills, about 42 km to the west of the Harajica 
locality, and from the central part of the Amadeus Basin in 
the Waterhouse Range, about 165 km to the southeast (1, 2, 
Fig. I), are described. These specimens are sufficiently well 
preserved for their position in the skeleton to be determined, 
thereby permitting detailed comparison with species already 
described or figured from southeastern Australia (mainly of 
Frasnian age) and Europe (Famennian). The specimens 
described by Hills (1959) have been re-examined, and 
additional fragmentary material collected by the author in 
1974 from the Dulcie Sandstone of the Georgina Basin is also 
described and figured. The known distribution of phyllolepid 
placoderms in the Australian Devonian is summarised in 
Figure 1. In addition to the central Australian localities (1-3, 
Fig. I), fragmentary phyllolepids occur in the fish 
assemblages from the Burdekin Basin (Upper Devonian 
Dotswood Group) (Wyatt & Jell, 1968, 1980), in the Upper 
Devonian of central eastern New South Wales (Hills, 1932; 
Ritchie, 1984) and the far south coast of New South Wales 
(Fergusson & others, 1979), and in eastern Victoria (Hills, 
1931, 1936; Long, 1984). 

Geological occurrence 
Deering Hills. This fish locality was first recorded by Jones 
(1972), and Young (1985) referred four fragmentary remains 
to the placoderm Bothriolepis. Much new material was 
collected by the author in 1984 from an outcrop previously 
shown (on the Mount Liebig 1:250 000 geological sheet) as 
Mereenie Sandstone. At this locality, as at the Harajica 
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Sandstone fish locality at  Stokes Pass (Young, 1985), 
phyllolepids are very rare. Only one phyllolepid specimen 
(CPC 26534 described below) has been identified from a large 
collection mainly comprising remains of the antiarch 
Bothriolepis. Jones (1972) noted that the lowermost Deering 
Siltstone Member of the Parke Siltstone was poorly exposed 
on the southern flank of the Deering Hills, where it was 
conformably overlain by the Harajica Sandstone Member. 
A detailed map of the area (Fig. 2) shows that the lower two 
members of the Parke Siltstone pinch out to the east against 
the underlying Mereenie Sandstone. Jones (1972, p. 234) 
regarded this as the only locality where the Deering Siltstone 
was not conformable on the underlying Mereenie Sandstone. 
Previously, Wells & others (1965, p.30) had identified a 
marked angular unconformity between the Pertnjara Group 
and the Mereenie Sandstone in the Deering Hills, as evidenced 
by significant variation in thickness of the Mereenie 
Sandstone in two adjacent measured sections (MLW2 in the 
east, Mereenie 224 m thick; MLW3 about 3 km to the west, 
Mereenie 717 m thick). However, it is now clear (Fig. 2) that 
these sections included as putative Mereenie Sandstone the 
Deering Siltstone and Harajica Sandstone members of the 
Parke Siltstone as subsequently defined by Jones (1972), and 
that the pinching out of these members against the Mereenie 
Sandstone to the east largely accounts for this thickness 
variation. Section MLW3 measured by Wells &others (1962), 
through what was mapped as Mereenie Sandstone in the 
vicinity of the fish collecting sites, records a lower 287 m of 
sandstone, regarded here as Mereenie Sandstone (and 

presumably including Carmichael Sandstone), followed by 
130 m of non-outcrop, clearly the Deering Siltstone, which 
is a recessive unit forming a narrow valley along strike at the 
western end of the fossiliferous outcrop. Above this, in section 
MLW3, is another 330 m of sandstone, which corresponds 
to the Harajica Sandstone as identified by Jones (1972) and 
from which fish remains were previously recorded at about 
239-244 m above the top of the Mereenie Sandstone and at 
180 m above the base of the member. The new collections 
of 1984 also come from about 240 m above the Mereenie 
Sandstone (assuming an average dip of 50°), and occur in 
a zone about 40 m thick representing the upper third of the 
north-facing rubble-covered slope of Harajica outcrop. 
Exposure here is mainly of small pieces of fine red sandstone 
or siltstone, with occasional coarser beds containing rounded 
quartz pebbles and gravel horizons. Most of the fossiliferous 
material came from exposures at the top of two gullies 
towards the western end of the outcrop (the two western 
collecting sites of Fig. 2). 

It is evident that the relationship of the Pertnjara Group to 
the underlying Mereenie-Sandstone in this area is not one 
of simple angular unconformity as was previously assumed. 
Aerial photographs show that some 460 m of section (Deering 
Siltstone and Harajica Sandstone) above the Mereenie 
disappear from the sequence over a distance along strike of 
about 4.4 km. Jones (1972) noted a difference in strike of 
5 to lo0 between the Deering Siltstone and Mereenie 
Sandstone, and this is confirmed by fossil evidence; fish 

Phanerozoic basins 

Precambrian basins 

Basement or foldbelts 

Figure 1. Distribution of phyllolepid placoderms in the Devonian of Australia, including new localities from central Australia described here. 
Numbered localities are: I, Deering Hills, and 2, Waterhouse Range, in the Arnadeus Basin; 3, Dulcie Range, Georgina Basin; 4, Townsville Hinterland, northern 
Queensland; 5 ,  east-central New South Wales; 6, Braidwood area, southeastern New South Wales; 7. Eden-Pambula area, south coast of New South Wales; 
8, Freestone Creek, eastern Gippsland; 9, Mansfield-Taggerty-MI. Howitt area, east-central Victoria. 



DEVONIAN PHYLLOLEPIDS, CENTRAL AUSTRALIA 365 

Sand and afluvium 
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Figure 2. Local geology in  the hills south o f  Deering Creek, central Amadeus Basin, showing fish collection sites. 
Stratigraphy beneath the Mereenie Sandstone based on the Mount Liebig 1:250 000 geological sheet. 

remains were collected along strike almost to the eastern end 
of the Harajica outcrop, where it disappears against the top 
of the Mereenie (Fig. 2). Some form of strike slip faulting 
along the formation boundary could have caused successively 
younger strata to  pinch out against the top of the Mereenie 
towards the east. Alternatively, the pinching out of beds could 
be a depositional feature involving onlap of basal beds of 
the Parke Siltstone up a palaeoslope formed by the uppermost 
Mereenie Sandstone. This would have required local uplift 
during the time of deposition of the upper Mereenie and basal 
Pertnjara sediments; in that case the Pertnjara Group would 
be essentially conformable on Mereenie at the western end 
of the outcrop, but its lower members would be absent due 
to non-deposition towards the east. Aerial photographs also 
suggest that an erosional surface cuts down through the upper 
beds of the Mereenie at the eastern end of the outcrop. The 
Mereenie Sandstone sensu stricto also appears to thin to the 
east, as does the underlying Stokes Formation (see Wells & 
others, 1965, p. 28), which suggests that continuous or 
intermittent uplift took place in this region for a considerable 
period of time (Late Ordovician to Early-Middle Devonian). 
New measured sections through the Mereenie Sandstone 
sensu srricro are required to determine the nature of this 
apparent thinning within the formation, and to identify the 
underlying Carmichael Sandstone, which was not recognised 
as a separate formation at the time o f  the original mapping 
(see Wells & others, 1970, p. 61). 

Sand and alluvium 

0 Pertnjara Group 
(undifferentiated) 

Ooraminna Sandstone 
Member of Hermannsburg Sandstone 

Mereenie Sandstone 

-.... ,: .:,, Larapinta and Pertaoorrta Groups 0 (undifferentiated) 

m Fish locality 201~~15 

Figure 3. Local geology and Devonian fish locality in the Waterhouse 
Range area (geology after Wells & others, 1970). 
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Figure 4. Localities for phyllolepid placoderms in the Dulcie 
Sandstone, Georgina Basin (geology after Freeman, 1986) 

Waterhouse Range. The specimens from the Waterhouse 
Range were collected, in 1986, by Dr M. Owen from the 
Pertnjara Group in the southeastern flank of the Waterhouse 
Range (Fig. 3), from a horizon some 10-20 m above the top 
of the Mereenie Sandstone. The lowest Pertnjara formation 
mapped here (Rodinga 1:250 000 geological sheet) is the 
Hermannsburg Sandstone, within which Jones (1972, p. 239) 
defined a lower Ooraminna Sandstone Member in the 
Waterhouse-Ooraminna area; the type section of the 
Ooraminna Sandstone is about 13 km along strike to the 
northeast of the fossil fish locality. The Ooraminna Sandstone 
near the fossil locality appears to be conformable on the 
Mereenie Sandstone (M. Owen, personal communication). 
Jones (1972) regarded the basal contact as disconformable 
in most areas, and cited the occurrence of siliceous white 
sandstone pebbles, presumed to be from the Mereenie 
Sandstone, in the basal part of the Ooraminna Member as 
evidence of contemporaneous erosion of the underlying 
formation. Jones (1972, fig. 7) interpreted the Ooraminna 
Sandstone and Harajica Sandstone to be geographically 
separate, and they are readily distinguished lithologically (M. 
Owen, personal communication). 

Dulcie Range. At the southeastern end of the Dulcie Syncline 
in the Georgina Basin (3, Fig. 1) the uppermost part of the 
Dulcie Sandstone is preserved as separate outcrops in the 
cores of two subsidiary synclines (Fig. 4); the outcrops form 
prominent sandstone bluffs within the Dulcie Range. Beneath 
the bluff-forming sandstone is a poorly exposed sequence 
of grey to white calcareous sandstone and red mudstone, 
which weathers recessively to form alluvial valleys and narrow 
plains within the range. These valleys are flanked in turn by 
the outcrop of the lower part of the Dulcie Sandstone, which 
at its base forms another prominent scarp defining the outer 
limit of the range. The measured type section for the Dulcie 
Sandstone (section 128 of Smith, 1972) is about 13 km 
southeast of Huckitta Homestead, and terminates in the 

Figure 5. Phyllolepid gen. et sp. indet. 1. CPC 26534 from the Deering Hills, a right posterior ventrolateral plate (~1.5). 
A, external view; B, internal view (latex casts whitened with ammonium chloride). 
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southeastern outcrop of the upper Dulcie. The Dulcie 
Sandstone is about 620 m thick in this section, and two fish 
horizons were recorded, one about 487 m above the base, and 
the other about 120 m higher in the uppermost few metres 
of the section. The lower and upper fossil horizons were 
described by Gilbert-Tomlinson (1968; localities H80 and 
JW30 respectively), and both contain bothriolepid and 
phyllolepid remains (Young, 1985, p.251). Another measured 

1 section north of Point Spring (section 93 of Smith, 1972) 
I terminates in the northeastern outcrop of the upper Dulcie, 

where the upper fish horizon is also exposed (locality H183 
of Gilbert-Tomlinson, 1968). Additional localities where 

I collections were made in 1974, from the lower (GY1,2,5) and 
! upper (GY4,6,7) horizons, are shown in Figure 4. Phyllolepid 

remains are most common in the upper horizon, where they 
are scattered on an extensive dip slope of ferruginised and 
silicified quartz sandstone with occasional pebble bands. 

Systematic descriptions 

Class Placodermi 

Order Phyllolepida 

phyllolepid gen. et sp. indet. 1 
(Figs. 5, 7A) 

Description. CPC 26534 is the first relatively complete 
phyllolepid bone to be described from the Amadeus Basin. 
Its posterior corner is missing but the bone margins are 
otherwise well preserved on the impression of the visceral 
surface (Fig. 5B). The mesial margin has a preserved length 
of 56 mm, and a restored length of about 72 mm. As restored 
(Fig. 7A) the posterior ventrolateral has a broad triangular 
shape, as in other phyllolepids, with distinct anterior, lateral, 
and posterior corners. Its three margins are slightly convex, 
but it may be inferred from other species that the mesial 
margin was straight externally. The anterior corner is sharp 
rather than rounded, and since there is no evidence of an 
extra overlap area or contact face for the posterior median 
ventral (cf. Long, 1984), it is fairly certain that this example 
came from a species which lacked a posterior median ventral 
plate. 

Remarks. The only generically diagnostic character displayed 
by the phyllolepid posterior ventrolateral plate is the evidence 
it provides regarding the posterior median ventral. According 
to Long (1984) this plate is present only in species of the genus 
Austrophyllolepis. CPC 26534 clearly lacked a posterior 
median ventral but there is insufficient knowledge of the 
species to determine whether it belongs to Placolepis Ritchie 
or Phyllolepis Agassiz, and it is therefore left in open 
nomenclature. 

Material. CPC 26534, a right posterior ventrolateral plate phyllolepid gen. et sp. indet. 2 
from the trunk armour, preserved in part and counterpart. (Figs. 6A, 7B) 

locality. Deering Hills, Amadeus Basin (locality 1, Fig. l), Material- CPC 26535, a n  incomplete left posterior 
at the top of  a gully about 600 m west of section MLW3 (Fig. ventrolateral in external view, with an associated 

2). indeterminate plate. 

I 
Horizon. Harajica Sandstone Member of the Parke Siltstone, h ~ a l i t y -  Southern flank of Waterhouse Range (Fig. 3), 
Pertnjara Group, about 240 m above the top of the Mereenie central Amadeus Basin (locality 2, Fig. 1). 
Sandstone. 

Figure 6. Left posterior ventrolateral plates in external view. 
A, phyllolepid gen. et sp. indet. 2. CPC 26535 from the Waterhouse Range (x1.5). B, Austrophyllolepis sp. indet. CPC 26542 from the Dulcie Range (~1.5). 
C, detail of the anteromesiai corner of CPC 26542 showing overlap areas. (A, B, are latex casts whitened with ammonium chloride.) oo.AVL, overlap area 
for anterior ventrolateral plate; oa.PMY, overlap area for posterior median ventral plate. 
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Table 1. Proportions of the PVL plate in various phyllolepid species. 

B/L index Level of lateral 
corner 

CPC 26534 
CPC 26535 

Placolepis budawangensis 
Ritchie, 1984, fig. 13A 

fig. 138 
fig. 13C 
fig. 13D 
fig. 13E 
fig. 13F 

Ausrrophyllolepis rirchiei 
Long, 1984, p. 273 

Austrophyllolepis young; 
Long, 1984, p. 275 

Phyllolepis orvini 
Stensio, 1934, fig. 26A 

fig. 268 
fig. 26C 

Phyllolepis nielseni 
Stensio', 1939, fig. I1 

Phyllolepis roll; 
Vasiliauskas, 1963,fig. 6 

Breadth/length (B/L) index (left column) is based on the following 
measurements: length of plate (L) is length of mesial margin; breadth of plate 
(B) is maximum breadth measured normal to mesial margin at level of lateral 
corner. Level of lateral corner (right column) is the ratio, expressed as a 
percentage, of distance from posterior corner to line normal to mesial margin 
passing through lateral corner, to total length (of mesial margin). 

Horizon. Ooraminna Sandstone Member of  the 
Hermannsburg Sandstone, Pertnjara Group, about 10-20 m 
above the top of the Mereenie Sandstone. 

Description. This plate (Fig. 6A) is smaller than the previous 
specimen. Its anterior corner is broken off, and the 
posterolateral margin is indistinct, but sufficient is preserved 
for a reasonable restoration of overall shape (Fig. 7B). The 
preserved length of the mesial margin is 45 mrn, with a 
restored length of about 50 mm. It has broader proportions 
than the previous specimen (Table I), with a more posterior 
level for the lateral corner (just in the anterior half of the 
plate). Even though it is smaller, the ornamental ridges are 
slightly coarser than in CPC 26534. The inflection in the 
ridges adjacent to the overlap area for the anterior 
ventrolateral plate (oa.AVL) is a feature apparently not 
developed in CPC 26534 (Fig. 7A), although it occurs widely 
in other species (e.g. Ritchie, 1984, fig. 13; Stensio, 1934, 
1939). The associated plate is too incomplete for 
determination, but shows a similar inflection in the ornament, 
and might possibly be the adjacent part of the anterior 
ventrolateral plate from the same individual, where these 
inflections are generally developed (e.g. Fig. 8C). 

Remarks. There is no evidence to show whether the posterior 
median ventral was present or absent in this specimen; it could 
therefore belong to any one of the three genera currently 
recognised. There is some indication, however, that it is not 
conspecific with phyllolepid gen. et sp. indet. 1 described 
above. In Table 1, proportions of both plates are compared 
with each other, and with the posterior ventrolateral in other 
phyllolepid species where known. Proportions may vary 

Figure 7. Restorations in external view of two phyllolepid posterior ventrolateral plates from the Amadeus Basin. 
A. CPC 26534 from the Deering Hills (cf. Fig. 5). B, CPC 26535 from the Waterhouse Range (cf. Fig. 6A). For abbreviations see Fig. 6 
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considerably in other species, but taking into account the size recorded in other species (Table 1). Together with differences 
difference between CPC 26534 and CPC 26535, the in the coarseness of the ornamental ridges noted above, these 
differences in both B/L index, and the position of the lateral features are tentatively interpreted as indicating that two 
corner of the plate, are close to the extremes of variation species are represented. 

phyllolepid gen. et sp. indet. 3 
(Fin. 8) 

Figure 8. Phyllolepid gen. et sp. indet. 3. Remains of the trunk- 
armour from the top of the Dulcie Sandstone, Georgina Basin 
(x.1.5). 
A, an incomplete median dorsal plate probably from the trunk, CPC 26538; 
B, possible posterior part of a left anterior lateral plate, CPC 26539; C, 
incomplete left anterior ventrolateral plate, CPC 26540. (All latex casts 
whitened with ammonium chloride in external view). 

1959 Phyllolepis. Hills, p.175. 
1968 Phyllolepis. Gilbert-Tomlinson, pp.200, 201. 
1985 Phyllolepis. Young, p.251. 

Material. CPC 26536, 26537 previously figured by Hills 
(1959), and CPC 26538-26541. 

Localities. Southeast Dulcie Range, Georgina Basin (Huckitta 
1:250 000 geological sheet, Northern Territory). Locality 3, 
Figure 1, collecting sites JW3 (CPC 26536, 537), H80 (CPC 
26541), GY6 (CPC 26538, 539), and GY7 (CPC 26540) of 
Figure 4. 

Horizon. Uppermost few metres of the Dulcie Sandstone 
(CPC 26536-540), and about 120 m below the top of the 
formation (CPC 26541). 

Description. The 'posterior lateral angle of an anterior ventro- 
lateral' previously figured by Hills (1959, pl. 8D) is regarded 
here as indeterminate (CPC 26536). A second figured 
s~ecimen (Hills 1959, u1. 8E) was described as possibly the . - 
akeromesial corner of a ventrolateral. Its lower 
margin as oriented by Hills appears to be natural, as is the 
straight anterolateral margin, and if correctly identified the 
overlap area for the anterior ventrolateral must have been 
broken off. The preserved margin suggests a relatively broad 
plate, but its identification as a posterior ventrolateral cannot 
be confirmed on this limited evidence. 

The new material is also very fragmentary, and only a few 
specimens can be identified as specific bones. These indicate 
a large species probably attaining a mid-dorsal armour length 
of at least 200 mm. CPC 26538 (Fig. 8A) is a portion of an 
unpaired dorsal plate showing highly sinuous ornament as 
is seen on the nuchal plate of the skull in Phyllolepis. 
However, only one sensory groove is evident, so this bone 
is tentatively identified as the anterolateral corner of the 
median dorsal plate of the trunk armour. CPC 26539 (Fig. 
8B) is possibly the posterior part of a left anterior lateral plate 
from the trunk armour in external view, although the 
distinctive anterior margin which would confirm this 
identification is missing. It may be compared with the an- 
terior lateral in Phyllolepis orvini as figured by Stensio (1936, 
fig. 19), but has a more pronounced dorsal corner. CPC 26540 
(Fig. 8C) is the posterolateral corner of a large left anterior 
ventrolateral plate (total length estimated at 95 mm) which 
is identified with confidence by its deep pectoral embayment, 
and the posterolaterally directed sensory groove on its external 
surface. A corresponding groove is known in other phyllolepid 
species belonging to Phyllolepis (eg. Ph. woodwardi; Stensio, 
1936, fig. 5), Austrophyllolepis (e.g. A. ritchiei; Long, 1984), 
and Placolepis budawangensis (Ritchie, 1984). The pectoral 
embayment in CPC 26540 appears much deeper than in a 
plate of comparable size belonging to Ph. orvini (cf. Stensio, 
1934, fig. 25). 

The same species is apparently represented in the lower fish 
horizon of the upper Dulcie Sandstone, where as  previously 
reported (Young, 1985, p.251), a few phyllolepid fragments 
have been found associated with Bothriolepis (the H80 
horizon of Gilbert-Tomlinson, 1968, p 201). One of these 
(CPC 26541) shows a similar wide spacing between the ridges 
to  the material from the higher horizon. 
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Remarks. The ornament in the specimens figured by Hills 
(1959) is more widely spaced than in either specimen from 
the Amadeus Basin, a feature confirmed in all but one of 
the new specimens examined by the author from both 
outcrops of the upper Dulcie Sandstone. Since species of both 
Austrophyllolepis and Placolepis are also identified in the 
Dulcie Range collection (see below), it is likely that the 
fragmentary material dealt with here belongs to one or both 
of these species. However, in the absence of better material 
it is appropriate, for the present, to retain these fragmentary 
remains as a separate indeterminate genus and species, a 
species that was evidently a much larger species than the two 
indeterminate species described above. 

Austrophyllolepis sp. indet. 
(Fig. 6B, C) 

Material. CPC 26542, an incomplete left posterior 
ventrolateral in external view. 

Locality. Southeast Dulcie Range, Georgina Basin (Huckitta 
1:250 000 geological sheet, Northern Territory). Locality 3 
(Fig. I), collecting site H183 (Fig. 4). 

Horizon. Uppermost few metres of the Dulcie Sandstone. 

to the ornament in the Amadeus specimens. It is of 
comparable size (estimated total length about 55 mm) to the 
Amadeus specimens, with the important difference that its 
anterior corner carries a small extra overlap area which must 
have been for a posterior median ventral plate (oa.PMV, Fig. 
6C). The lateral corner is missing, so proportions could not 
be determined, but the orientation of posterior ridges in the 
ornament (Fig. 6B) suggests a narrower bone than CPC 26535 
(Fig. 6A). 

Remarks. As diagnosed by Long (1984, p. 266), the genus 
Austrophyllolepis possessed 'a posterior median ventral plate 
which is overlapped by the anterior and posterior ventrolateral 
plates'. In this example, however, the posterior median ventral 
overlapped the posterior ventrolateral, but this condition is 
approached in the Victorian material (Long, 1984, fig. 11D). 
For the moment it is assumed that the presence of a posterior 
median ventral is sufficient to refer this specimen to the genus, 
since this bone is clearly absent in well known species of 
Phyllolepis (Stensio, 1934, 1936) and Placolepis (Ritchie, 
1984). 

Placolepis sp. indet. 
(Fig. 9A, B) 

Description. CPC 26542 is the only specimen from the higher Material. CPC 26543, an incomplete left paranuchal plate 
horizon with an ornament of closely spaced ridges similar from the skull preserved in external view. 

ZO/NT/ll 

Figure 9. l e f t  paranuchal plates from the skull. 
A, B, Placolepis sp. indet. from the Dulcie Sandstone. CPC 26543 in external view (A), with a sketch restoration (B). C, Phyllolepis orvini, after Stensio 
(1934, fig. 19). Placolepis budawangensis, after Rirchie (1984, fig. 8). (A, B, xl .5:  C, x0.75; D, x2). Ic, lateral line sensory groove; oa.Nu, overlap area 
for nuchal plate. 
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Locality. Southeast Dulcie Range, Georgina Basin (Huckitta Discussion 
1:250000 geological sheet, Northern Territory). Locality 3 
(Fig. I ) ,  collecting site GY7 (Fig. 4). 

Comparative morphology. The central Australian phyllolepid 
Horizon. Uppermost few metres of the Dulcie Sandstone. material is very fragmentary, but it is now clear that several 

Description. This specimen is relatively incomplete (Fig. 9A), 
but the combination of ornament pattern, the sensory groove 
(Ic), and the,overlap area for an adjacent bone, leaves little 
doubt that it is a left paranuchal plate from the skull of 
Placolepis (Fig. 9B). The only other bone in the phyllolepid 
dermal skeleton which carries a sensory groove immediately 
adjacent and parallel to the edge of an overlap area is the 
posterior part of the postorbital plate of Placolepis, but the 
ornamented part of CPC 26543 is proportionately too broad 
for it to belong to this plate, and the overlap area is the wrong 
shape. It thickens posteriorly in a very similar manner to the 
paranuchal in Placolepis budawangensis (Fig. 9D). A 
tentative restoration (Fig. 9B) suggests a bone some 33 mm 
in length, and therefore a bone from a larger individual than 
the material described by Ritchie (1984). 

Remarks. The short broad paranuchal plate, with the main 
lateral line groove running immediately adjacent to the 
overlap area for the nuchal plate, is one of the most distinctive 
features of Placolepis budawangensis, and was used by 
Ritchie (1984) as a generic character. In both Phyllolepis (Fig. 
9C) and Austrophyllolepis (Long, 1984, fig. 2A), the 
paranuchal is a more elongate bone, the mesial ornamented 
edge of the bone is oriented rostrocaudally, and the sensory 
groove passes diagonally across the plate. 

genera were present, and that some new species are probably 
represented. As noted above the only generically diagnostic 
character displayed by the posterior ventrolateral plate is the 
evidence it provides on the presence or absence of a posterior 
median ventral plate, and on this basis one of the 
indeterminate species described above can be referred to the 
genus Ausfrophyllolepis, and another (phyllolepid gen. et sp. 
indet. I) can be excluded. Another generically distinctive 
feature is the shape of the nuchal and paranuchal plates of 
the skull, which in Placolepis are different to both 
Austrophyllolepis and Phyllolepis. The features of the 
paranuchal plate (Fig. 9) permit the recognition of a species 
of Placolepis for the first time in central Australia. Previously 
it has been assumed that the shape of these skull bones in 
Placolepis is the primitive condition for phyllolepids (Long, 
1984; Ritchie, 1984; Young, 1987), but the evidence on this 
point is equivocal, since in many dolichothoracid arthrodires 
the nuchal plate is parallel-sided, and the lateral line groove 
on the paranuchal is some distance from it. However, the 
appropriate outgroup for such comparisons with phyllolepids 
is still uncertain (e.g. Young, 1986). 

Of previously described examples of the posterior 
ventrolateral from elsewhere in Australia, Hills (1936, pl. 12, 
fig. 1) illustrated a right plate (erroneously described as a left 
posterior ventrolateral), which in its high B/L index (90) and 

Figure 10. Examples of phyllolepid posterior ventrolateral plates of Frasnian age or older from southeastern Australia. 
External view. A, right plate of Ausrrophyllolepis sp. from Taggerty, eastern Victoria (after Hills. 1936, pl. 12, fig. 1); B-G, Placolepis budawangensis Ritchie. 
Right and left (C only) plates showing intraspecific variation (modified after Ritchie, 1984, fig. 13). For abbreviations see Fig. 6. 
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the posterior level of the lateral corner (just in the posterior 
half of the plate), closely resembles A.  ritchiei (Long, 1984, 
fig. 7). This assignment is supported by the short anteromesial 
margin indicating the presence of a posterior median ventral 
plate (oa.PMV, Fig. 10A). Long (in press) has recently 
assigned other material from the same locality to both species 
of Austrophyllolepis. As described by Long (1984), the B/L 
index of the posterior ventrolateral varies between 124 and 
78 in A. ritchiei, with the broadest values for small 
individuals, and CPC 26534 thus lies outside this range. Long 
(1984) cited a maximum armour length of about 200 mm for 

i 
this species, so maximum posterior ventrolateral length can 
be estimated at about 65 mm (based on Long, 1984, fig. 7), 
which is exceeded by CPC 26534. A. youngi is a smaller 
species (maximum armour length 150 mm), but its posterior 
ventrolateral has comparable proportions (B/L index 60-72). 
In Placolepis budawangensis the maximum posterior 

ventrolateral size was again somewhat smaller than in this 
species (maximum posterior ventrolateral length about 62 
mm), and there is considerable variation in posterior 
ventrolateral proportions and ornament (Fig. IOB-C). Of the 
various European species of Phyllolepis (Fig. I]), the 
posterior ventrolateral is not known in Ph. concentrica, Ph. 
delicatula, Ph. konincki, or Ph. undulata, and is poorly 
preserved in Ph. woodwardi. In the latter species according 
to Stensio (1939, p. 8), it is similarly developed to Ph. orvini 
(Fig. 1IA-C), which as figured by Stensio (1934, fig. 26) is 
probably slightly broader (B/L index 58-60) than in CPC 
26534. The level of the lateral corner is variable in this species 
(Table 1). In Ph. nielseni the posterior ventrolateral is much 
more elongate (Stensio, 1939), and the level of the lateral 
corner is in the posterior half of the plate (Fig. 11E). The 
posterior ventrolateral of Ph. tolli (Fig. 11D) is similar to  that 
of Ph. orvini (Vasiliauskas, 1963). 

Figure 11. Examples of phyllolepid posterior ventrolateral plates from the Famennian of Europe. 
A-C. PhyNolepis orvini from the Late Devonian (Famennian) Phyllolepis Series of east Greenland (modified after Stensio, 1934, fig. 26). D, Ph. roll; from 
the Famennian Svete and Zagare suites of the Baltic Province (after Vasiliauskas. 1963, pl. 3, fig. 4). E, Ph. nielseni from the lower part of the Remigolepis 
Series of east Greenland (after Stensio, 1939, fig. I I). 
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Table 2. Five provisional zones for phyllolepid species in the 
Middle-Late Devonian of southeastern Australia. 

Famennian 5 .  Phyllolepids with Bofhriolepis, Remigolepis, in 
the Khan Yunis Formation (e.g. Wyborn & 
Owen, 1986). 

4. Ausrrophyllolepis with B. cullodenensis, B. 
middle-late bindareei, B. warreni, at Bindaree Road and 

Freestone Creek (Long, 1983, 1984, in press). 
Frasnian 3. Ausfrophyllolepis with B. gippslandiensis at 

Taggerty and Mount Howitt (Long, 1984, in 
oress). 

2 .  Ausrrophyllolepis with B. tarongensis at 
late Givetian South Blue Range and Tatong (Long & 
-early Werdelin, 1986; Long, in press). 
Frasnian 1. Phyllolepid with Borhriolepis spp., Victoria 

Land, Antarctica (Young, in press). 

Table 3. Four provisional zones for phyllolepid species in the 
Middle-Late Devonian of central Australia. 

4. Phyllolepid gen. et sp. indet. 3, Austrophyllolepis sp., Placolepis 
sp., with asterolepid antiarchs in uppermost Dulcie Sandstone. 

3. Phyllolepid gen. et sp. indet. 3 with Bothriolepis sp. in upper 
Dulcie Sandstone. 

- - 

2. Phvllole~id aen. et so. indet. 2 in Ooraminna Sandstone. 

1. Rare phyllolepid (gen. et sp. indet. 1) with abundant Bothriolepis 
in Harajica Sandstone. 

Biostratigraphy. In Europe Phyllolepis is regarded as an index 
fossil for Famennian non-marine strata. West011 (1979) stated 
that wherever it occurs in a dated context, Phyllolepis is of 
late Famennian age. In the Baltic sequence Lyarskaya (1978) 
recorded Ph. toNi in the 'Joniikis'regional stage of the lower 
Famennian, but Sorokin & others (1981) record Phyllolepis 
sp. first appearing somewhat higher, in the 'Akinenskis' 
horizon at the base of the upper Famennian, with Ph. tolli 
in the Svete stage, and Phyllolepis sp. occurring above this 
in the Zagare stage. In the original description Vasiliauskas 
(1963) recorded Ph. tolli from the 'Svete and Zagare Suites'. 
In the Greenland succession (e.g. Jarvik, 1961), Ph. orvini 
occurs id the 'Phyllolepis Series', associated with 
bothriolepids, holoptychiids, and a dipnoan (Nielsenia 
Lehman). Ph. nielseni is higher in the succession in the basal 
beds of the 'Remigolepis Series', again associated with 
antiarchs (Bothriolepis, Remigolepis), ichthyostegids, 
holoptychiids, and several dipnoans including the genus 
Soederberghia (see below). Some workers (e.g. Westoll, 1951) 
have regarded the youngest vertebrate horizons in the 
Greenland sequence (Phyllolepis and Remigolepis Series) as 
possibly extending into the Tournaisian. 

In Scotland the Dura Den Beds (with Ph. woodwardi) and 
the Rosebrae Beds (with Ph. concentrica) have been correlated 
with the upper part of the PhyNolepis Series of Greenland 
by Miles (1968, table 2). Although Denison (1978) regarded 
none of the North American species as valid, I agree with 
Stensio's (1939) determination of Ph. delicatula Newberry as 
an incomplete median dorsal plate. This specimen is probably 
from the Upper Frasnian Wellsburg Sandstone (Denison, 
1978). In Belgium the two known species (Ph. konincki, and 
Ph. undulata; see Stensio, 1939) come from the Schistes 
d'Evieux (Leriche, 1930) which correspond approximately 
with the styriacus conodont zone of the late Famennian (e.g. 
Bouckaert & others, 1969, 1970). Phyllolepis is listed from 
the Famennian of  northern Timan, USSR, by Obruchev 

(1967), and the fragments from Turkey (Janvier, 1983) are 
dated as Late Devonian. 

In Australia, phyllolepid remains occur in east central NSW 
in a Famennian vertebrate assemblage which in its dipnoans, 
groenlandaspids, amphibians, and antiarchs shows a 
remarkable overall similarity to that of East Greenland (e.g. 
Ritchie, 1975; Campbell & Bell, 1977, 1982; Young, 1981). 
However, the fact that in southeastern Australia phyllolepids 
are also widely represented in Frasnian or older strata means 
that biostratigraphic comparisons with European sequences 
are unlikely to be reliable. For detailed zonation a local 
scheme must be developed, and this will depend on 
description of material from many different localities, to 
which the above account of central Australian material is a 
contribution. As discussed by Young (1985), there is evidence 
that the Harajica Sandstone fish fauna in the Pertnjara Group 
of the Amadeus Basin is of Givetian-Frasnian age, and that 
the horizons from the upper Dulcie Sandstone in the 
Georgina Basin are somewhat younger. It is therefore of 
interest that in the most recent discussion of the Victorian 
fish faunas, Long & Werdelin (1986) do not exclude a Givetian 
age for what they interpret as the oldest fish horizon, which 
contains the antiarch Bothriolepis tatongensis, as well as 
indeterminate phyllolepid remains (Long, in press). Young 
(in press) has suggested that the phyllolepid horizon at the 
top of the Aztec Siltstone sequence in Victoria Land, 
Antarctica, is probably slightly older than the Victorian 
succession, and a Givetian age has been proposed. On the 
far south coast of NSW two phyllolepid zones were suggested 
(Young, in Fergusson & others, 1979). These are beneath the 
marine Bellbird Creek Formation (Young, 1983, fig. 2), and 
therefore of probable Frasnian age. In Queensland the 
Dotswood Formation has been assigned a Frasnian age on 
associated plants (e.g. Wyatt & Jell, 1980), so this extends 
considerably the geographic range of pre-Famennian 
phyllolepids in eastern Australia. 

On current information five provisional zones may be 
proposed for phyllolepids from southeastern Australia and 
Antarctica (Table 2), with a possible age range of late Givetian 
to late Famennian. Precise correlations between middle-late 
Frasnian assemblages of Victoria and southeastern New 
South Wales are not yet established, but the two phyllolepid 
zones in the Boyd Volcanic Complex and Twofold Bay 
Formation in the Eden-Pambula area (Young, 1983, fig. 2), 
and the Placolepis locality near Braidwood (Ritchie, 1984) 
are presumed to correlate broadly with faunas 3 and 4 of 
Table 2. 

The central Australian evidence is preliminary, but a 
provisional scheme may be proposed (Table 3), in which the 
earliest phyllolepid (possibly a species of Placolepis or 
Phyllolepis) is associated with abundant Bothriolepis in the 
Harajica Sandstone fauna. A different phyllolepid species 
(phyllolepid gen. et sp. indet. 2) is represented in the overlying 
Hermannsburg Sandstone. Palynological evidence (Hodgson, 
1968; Playford & others, 1976) suggests a Givetian-Frasnian 
age for the lower horizon, and a Frasnian age for the upper 
horizon, in which phyllolepids may be more common. These 
zones may thus broadly correspond to zones 1-4 of Table 2. 
There is some indication that the two horizons in the upper 
Dulcie Sandstone are younger than those represented in the 
Amadeus Basin (Young, 1985). Again two phyllolepid zones 
can be tentatively identified. A lower zone, in which 
phyllolepids are associated with Bothriolepis, contains a large 
phyllolepid with an ornament of widely spaced ridges, and 
an upper zone where it is associated with asterolepid 
antiarchs, as yet undescribed (see Young, 1985). Two 
additional phyllolepid species referable to the genera 
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Austrophyllolepis Long and Placolepis Ritchie may also occur 
in this upper zone. These species are evidently younger 
occurrences than the species of these genera of Frasnian age 
known from southeastern Australia. The presence of 
asterolepid antiarchs suggests that a t  least the upper zone 
of the Dulcie Sandstone may be broadly equivalent to the 
Remigolepis association in the southeast (zone 5, Table 2). 

In view of the demonstrated presence of Austrophyllolepis 
and Placolepis in central Australia it is now clear that 
fragmentary phyllolepid remains should not be automatically 
assigned to the genus Phyllolepis (cf. Young, 1985). Long (in 
press) has predicted that species of this genus d o  not occur 
in Frasnian deposits in Australia, and may not even occur 
in Famennian strata, and the evidence from the Dulcie 
Sandstone fauna is consistent with this. 
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Figure 12. Composite section for the Pertnjara Group, showing all 
formations and members recognised by Jones (1972), and the 
stratigraphic distribution of vertebrate taxa. 
Superposition of some members uncertain, due to lateral facies variation (see 
Jones, 1972, fig. 13). A, arthrodires; a, acanthodians; B, Bothriolepis; d, 
dipnoans; p, phyllolepids; r, rhipidistians; t, turiniid scales; W, 
Wuttagoonaspis. 

Pertnjara Group stratigraphy and correlation. Because the 
Pertnjara Group in the Amadeus Basin is entirely non-marine, 
and has few datable fossil horizons, the stratigraphy as 
summarised by Wells & others (1970) and Jones (1972) has 
been largely based on lithological criteria. Consequently the 
time-equivalence of correlated units across the basin is 
uncertain, and there is scope for using palaeontological data 
to test the model of complex lateral facies variation outlined 
by Jones (1972, fig. 12). Considering the thickness of the 
Pertnjara Group, and the area of the Amadeus Basin, 
palaeontological control is still very sparse (Fig. 12). 

-Nevertheless, that lithological criteria alone can be misleading 
has been demonstrated in the Ross River Syncline sequence 
in the northeastern part of the basin, where the recent 
discovery of a Devonian microvertebrate assemblage has 
necessitated a major revision of the stratigraphy. A sandstone 
previously mapped as Mereenie Sandstone has been referred 
to the Pertnjara Group by Young & others (1987), who 
suggested a correlation between this microvertebrate 
assemblage and the Wuttagoonaspis fauna from the lower 
Dulcie Sandstone and Cravens Peak Beds in the Georgina 
Basin, and the Mulga Downs Group in western New South 
Wales. This has been extended to other less well known 
assemblages from the Canning and Officer Basins (Long & 
others, in press). Previously, Young (1985) suggested that fish 
remains from an uncertain horizon at Gosses Bluff in the 
central Amadeus Basin may also belong t o  the  
Wuttagoonaspis assemblage. The presence of this fauna in 
the Amadeus is now confirmed with the collection by Dr M. 
Owen of a single spine (Fig. 13) from the basal beds of the 
Pertnjara Group at Mount Winter, in the western Amadeus, 
which may be referred with some confidence t o  
Wuttagoonaspis sp. Associated are turiniid thelodont and 
acanthodian scales, as in the Wuttagoonaspis assemblages 
from the Georgina and Darling Basins (e.g. Turner &others, 
1981). The occurrence of this assemblage at  three widely 
separated localities in the eastern, central, and western parts 
of the Amadeus Basin suggests that it is a basin-wide 
palaeontological datum for the lowermost beds of the 
Pertnjara Group. 

Younger assemblages are so far known only from the central 
part of the basin, and provide no conclusive evidence for 
defining isochrons through the Pertnjara Group, although 
the available evidence is consistent with the scheme of Jones 
(1972). In the sequence in the Waterhouse Range, Jones 
considered the Parke Siltstone to  be absent, and identified 
the formation lying directly on the Mereenie Sandstone as 
the Ooraminna Sandstone Member of the Hermannsburg 
Sandstone. As such the new fossil horizon reported above 
occurs within 20 m of the top of the Mereenie Sandstone, 
and by extrapolation a similar stratigraphic position relative 
to the top of the Mereenie could be inferred for the 
fossiliferous horizon in the Deering Hills (Fig. 2), which 
occurs in the Harajica Sandstone Member of the Parke 
Siltstone. Jones (1972, figs. 7, 12) interpreted the Harajica 
and Ooraminna Sandstones as both geographically and 
stratigraphically separate on sedimentological grounds. The 
fact that the phyllolepid remains from these two formations 
are provisionally regarded as separate species is consistent 
with that interpretation. It is also possible that phyllolepids 
are relatively more common in the upper horizon, even 
though only two associated fossils have been found. In 
contrast, the antiarch Bothriolepis is abundantly represented 
at  all known fossil localities in the Harajica Sandstone, but 
phyllolepids are very rare. In this respect the Ooraminna 

ZO/NT/14 

Figure 13. CPC 26544, a pectoral spine of Wuttagoonaspissp. from 
the basal Pertnjara Group at Mount Winter, western Amadeus Basin. 
(x2) 
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Sandstone assemblage may resemble those from the upper 48, 161-171. 
Dulcie Sandstone, where phyllolepids are much more Hills, E.S., 1959 - Record of Phyllolepis and Bothriolepis (Upper 
common than but further collecting is needed to Devonian) from the Northern Territory of Australia. Journal and 

establish this. Proceedings of the Royal Society of New South Wales, 92, 
172-173. 

The four vertebrate and two microfloral horizons so far 
known from the Pertnjara Group are summarised in Figure 
12. Considering the diversity of vertebrate groups represented, 
it is to be expected that a more refined zonation will be 
possible as additional localities are discovered. 
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A pygmy cassowary (Casuarius lydekkerl) from late Pleistocene bog deposits 
at Pureni, Papua New Guinea 
PY. R i c h ,  l Michael Plane,2 & Natalie ~ c h r o e d e r 3  

Bones of a tiny cassowary from late Pleistocene bog deposits in the sediments in the Bulolo area of New Guinea is unknown. All the 
Southern Highlands of New Guinea are indistinguishable from bones fossil cassowary ma!erial is distinct from corresponding bones of 
of Casuarius lydekkeri of unknown provenance. The relationship extant cassowaries. Until more material is found it will be impossible 
of these fossils to another small fossil cassowary from Pliocene to determine the relationship between the extinct and extant forms. 

Introduction 
Although the present-day bird fauna of New Guinea is one 
of the richest in the world, its palaeo-history is almost 
unknown. Fossilised phalanges of a small cassowary have 
been collected from Pliocene sediments near Awe in eastern 
New Guinea (Plane, 1967), but no other extinct forms are 
known. A few extant taxa have been reported from 
archaeological sites, but these offer no real insight into the 
origins or evolutionary patterns of New Guinea birds. 

A small cassowary has been known for some time from the 
late Pleistocene swamp deposits at Pureni, Southern 
Highlands Province, Papua New Guinea. It appears to 
represent a pygmy cassowary that is conspecific with the type 
and only specimen of Casuarius lydekkeri, whose provenance 
is unknown (Miller, 1962). The New Guinea fossils are 
associated with another extinct form, a diprotodontid 
marsupial, Hulitherium tomasetti, recently described by 
Flannery & Plane (1986). A murid rodent and Phalanger 
carmelitae also occur at the site. 

Abbreviations cited in this paper are: AM, the Australian 
Museum, Sydney; CPC, Commonwealth Palaeontological 
Collections, Bureau of Mineral Resources, Canberra; TPVR, 
Monash University, Earth Sciences Department, Clayton, 
(Melbourne). 

siltstones, and calcareous sandstones (Williams & others, 
1972). Lavas intruded these sediments in the middle 
Pleistocene and dammed as well as partially filled the valley 
of the Tagari River. A determination on these lavas carried 
out by McDougall (Williams & others, 1972) gave an age of 
approximately 850 000 years B.P. (Flannery & Plane, 1986). 
Vulcanism thought to have come from Mount Rentoul and 
Mount Sisa continued after this, and local legends suggest 
that these centres may not be extinct. Swamp deposition was 
concurrent with the volcanic activity, not only at Pureni, but 
also at Tarifuga and Mogorofuga, to the northwest, and 
Wabafuga, to the west. Sediments in all these organically rich 
sites include peat and clay, interbedded with ash. 

The sediments at Pureni and in the surrounding Haibuga 
Basin have been mapped in detail (Williams & others, 1972), 
and good pollen collections have been obtained from 
sediments containing the vertebrates (Williams & others 
1972). The swamp sediments in which the fossil cassowary 
bones were buried indicate a bog with bog forest on site, 
before which the area had been covered with open water. 
Regionally this change in conditions marked a transition from 
a cool, mixed forest with nearby subalpine grassland to a 
milder beech (Nothofagus) - dominated forest with mixed 
forest and subalpine grassland farther away, and finally to 
a relatively warm oak (Lithocarpus) and oak-beech forest. 
At all times during this change, mean annual temperatures 
were colder than at present. 

Geographic and geological setting 

Pureni lies in the montane centre of western Papua, 
Systematic palaeontology 

immediately south of the border with New Guinea (Figs. 1 
& 3) at about 5"501S, 142O50'E. Its district, the Tari-Koroba 
district, encompasses approximately 850 km2 and lies 
between 1150 and 2744 m above sea level, with a local relief 
spanning some 600 m (P. Williams, personal communication). 
The area is drained by the River Tagari, which flows close 
to  the Pureni fossil site, and eventually empties into the Gulf 
of Papua. To the west and east of Pureni are the Doma Peaks 
(3962 m) and Mount Sisa (2450 m), both volcanic in origin, 
which dominate the skyline and have influenced the 
geomorphology of the area considerably (P. Williams, MS.). 

The geology of the Pureni site (Figs. 1 & 2) has been discussed 
by Williams & others (1972) and Flannery & Plane (1986). 
In summary, the late Quaternary swamp deposits, dated at 
38000 years before present by I4C analysis, overlie a thick 
sequence of late Oligocene to Pliocene marine limestones, 

Casuariidae Brisson ,  1760 

Casuarius Brisson, 1760 

Preacetabular part of synsacrum elongate and narrow, not 
noticeably shorter than postacetabular part: synsacrum lacks 
prominent dorsal extension of dorsal margin anterior to 
acetabulum that is characteristic of Dromaius. Femur without 
pneumatic foramina proximally and posteriorly; in anterior 
view, internal and external condyles of nearly equal proximal 
extension; in medial view border of internal condyle angular, 
triangular in shape, not smoothly rounded; in distal view, 
condyles of nearly equal depth, external not noticeably deeper 
than internal; shaft elongate, slender and nearly parallel- 
sided; in side view shaft curved, decidedly concave posteriorly, 
not straight. Tibiotarsus with cranial crests not as 
mediolaterally compressed as in Dromaius; in proximal view, 
area between articular surfaces and cranial crests not flattened 
but tilting distolaterally; in lateral view, external condyle 

'Earth Sciences and Zoology Departments, Monash University, rounded, not distally flattened. nrsometatarsus, in anterior Clayton, Victoria 3168 and Museum of Victoria, Melbourne, Victoria 
3000 view, with intercotylar prominence arched dorsally, not flat; 
2 ~ i v i s l o n  of Continental Geology, Bureau of Mineral Resources, c O t ~ l a  and sharply 
GPO Box 378, Canberra, ACT 2601 laterally posterior to its anteroposterior midpoint, not tending 
3 ~ a r t h  Sciences Department, Monash University, Clayton, Victoria to flatten as in Dromaius; hypotarsus somewhat recurved 
3168 medially, not straight; distally trochlea 11 and IV very nearly 
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Figure 1. Geology of Pureni area, Papua New Guinea. 

equal in size, not as in Dromaius where 11 decidedly smaller CPC26605d, distal tibiotarsus; CPC26605e, proximal 
than IV; in distal view, trochlea 11 decidedly deeper than wide. tibiotarsus; CPC26605f, CPC26605g, right and left proximal 

tarsometatarsi; CPC26605h, left distal tarsometatarsi. 

Locality of referred material. Bank on southwestern side of  
Casuarius lydekkeri Rothschild, 191 1 Pureni Mission airstrip, Wabag 1:250 000 sheet area 5"50'S., 

149"49'E., Southern Highlands Province, Papua New Guinea 
Holotype. AM F50094, right distal tibiotarsus. (Flannery & Plane, 1986) (Fig.1). 

T Y P ~  locality. unknown. Originally reported as Wellington of referred material. Late Pleistocene; I4c date on a log 
valley, NSW, but later inspection by Drs J. Mahoney and L. in sediments containing the cassowary remains was 38 600 + 
~ a w s o n  (~ersona l  communicati~n) casts Some doubt on 2500 years B.P. (sample ANU-231 reported by Williams & 
provenance because of the type of preservation. others, 1972). 

Age. Unknown; age of Wellington Caves deposits is 
Quaternary. Specific diagnosis. Smaller than any of the extant cassowaries 

(C. bennetti, C. casuarius, C. unappendiculatus); pelvis 
Referred material. Partial skeleton: CPC26605a, synsacrum shallower than any species of Casuarius, even more so than 
and partial pelvis; CPC26605b, 2 6 6 0 5 ~  right and left femora; C. bennetti, the smallest of the extant forms; synsacrum does 
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. not expand much anteriorly, with lateral borders nearly 

parallel, unlike in other cassowaries; pelvis proportionally 
narrower across acetabular area than in other cassowaries; 
femur more gracile than in any of the living cassowaries, and 
although about the same length as in C. bennetti, decidedly 
narrower; tibiotarsus, with condyles (in distal view) that may 
be proportionally deeper than in extant cassowaries; 
tarsometatarsus, in proximal view, with medial margin 

Orange clay (weathered ash) 

Medium grey clay 
Semi- organic fossil layes containing 
diprotodontid. Well-preserved floral and fauna 
remains crudely bedded in grey-black sandy 
silt matrix 
c14age of wood 3 8  6 0 0  f fi:: yr B. t 
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Figure 2. Detailed stratigraphic sections of fossil-producing sites 
(from Flannery & Plane, 1986). 

smoothly rounded, lacking tendency to be flattened and with 
internal-most point near anterior margin; lateral margin, 
likewise, smoothly rounded, not flattened as in C. bennetti 
or notched posteriorly as in C. casuarius and C. 
unappendiculatus; depression on posterior half of intercotylar 
area deep, not shallow; in side view, hypotarsus not rising 
sharply proximally, nor protruding far proximally; in 
posterior view, proximal end only slightly splayed, not broadly 
splayed as in extant forms; trochleae I1 and IV shallower 
relative to width than in C. bennetti or C. unappendiculatus, 
more resembling their condition in C. casuarius; in anterior 
view, muscle depression at base of trochlea IV deep, not 
shallow; distal foramen present, contrasting with a tendency 
to lose it in C. bennetti and C. unappendiculatus. 

Discussion 
As implied by the generic diagnosis and subsequent 
description, the fossil bird material from Pureni is of a 
cassowary that is smaller and more gracile than any extant 
cassowary (Figs. 4-11 and Tables 1-4). 

The Pureni material is similar in size and morphology to the 
pygmy cassowary, Casuarius lydekkeri, first reported by 
Lydekker (1891). The Pureni fossils are adult, as articular ends 
are fully fused to shafts, and bones are thoroughly ossified, 
lacking in the spongy surface texture of juvenile bone. Miller 
(1962) most recently reviewed this taxon and its type (now 
AMF50094). It is based on a right distal tibiotarsus reported 
to have come from the Pleistocene of New South Wales. In 
later publications this form was recorded from or referred 
to  the Queensland Pleistocene (Rothschild, 1911), the 
diatomaceous deposits of Cooma, possibly Bingara, and the 
Wellington Caves (Miller, 1962). Cooma was ruled out as a 
possible source when a thorough examination of the specimen 
revealed no evidence of diatoms or diatomaceous sediments 
(Miller, 1962). But even though Miller (1962) concluded that 
the Wellington Valley was the most likely source, several 
experts on the preservation of bone in the Wellington Caves 
(J. Mahoney and L. Dawson, personal communication) were 
not convinced that the original material of C. lydekkeri could 
have been fossilised there. We agree with this conclusion and 
suggest that the source of C. lydekkeri is not yet established 
and may never be. It is even possible that it was collected 
in New Guinea. 

We can find no significant differences between the Pureni 
material and the type specimen of Casuarius lydekkeri 
(AMF50094). Both are in the same size range and the 
configuration of their tendinal grooves and depths are similar, 
features which Miller (1962) thought distinctive of C. 
lydekkeri. The only possible difference that we can observe 
is that the condyles of the type tibiotarsus of C. lydekkeri 
may be deeper with respect to width than in the Pureni 
material (CPC26605d). Unfortunately, neither AMF50094 or 

Table 1. Measurements (mm) of the synsacra of fossil and Recent cassowaries (Aves: Casuariidae) 

C. lydekkeri C. bennerti C. cosuorius C. unoppendiculatus 

CPC26605a AM 51415 R M S.D. n AMNH 1553 
(iuv.-semiadult) 

Length 253.4 31.7 313-407 372 35.2 5 366 

Width across antitrochanter 72.9 84.2 99-159 121 63.6 5 97.4 

Depth at level o f  antitrochanter 54.3 
from top of  fenestra to dorsal 
surface 

Depth at ant. of acetabulum 57.4 77.6 85-112 101 11.8 5 90.8 
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CPC26605d is complete, and eroded parts make compari- 
sons in certain areas impossible. 

We choose then to use the name Casuarius lydekkeri for the 
pygmy cassowary found in late Pleistocene sediments at  
Pureni. Although few differences were originally noted 
between the type specimen of this species and living forms, 
given that it was an incomplete distal tibiotarsus, the 
additional material from Pureni shows it to be quite distinct. 
The greatest differences are in the synsacrum and pelvis, 
which are narrower and shallower than in any other known 
species. The femur is decidedly more gracile than that of any 
known species, and the shape and conformation of the 
proximal articular surface as well as the shallowness of the 

trochleae of the tarsometatarsus are distinctive for the Pureni 
material. 

Although C. lydekkeri is small and has a pelvic conformation 
similar to that in C. bennetti, it does share some features with 
C. casuarius. It is, thus, not clear to which living species C. 
lydekkeri is more closely allied. Until more material comes 
to hand, the phylogenetic relationships of this tiny cassowary 
will not be clearly understood. 

The only other fossil cassowary bones reported in the 
literature (Plane, 1967) are the distal end of a left phalanx 
1, digit I1 and a complete phalanx 2, digit 11, which articulate 
with each other; and a right phalanx 2, digit 11. These come 

Figure 3. Ranges of extant and extinct cassowaries (after Flannery & Plane, 1986; Grzimek, 1972; Peters, 1979; Plane, 1967). 

Tahle 2. Measurements (mm) of the femora of fossil and Recent cassowaries (Aves: Casuariidae) 

C. lydekkeri C. bennetri TPVR C. casuarius C. unappendicularus 

CPC26605b CPC26605c AM 51415 633 AMNH 1553 
R M S.D. n (iuv.-semiadult) 

Length 201 202 221 228 212-251 232 15.6 7 235.7 

Proximal width 37.8 - 45.1 52.8 43-58 52 6.5 7 47.5 

Proximal depth - 32.8 48.0 53.5 48-63 56 6.2 7 58.2 
(across trochanter) 

Distal width 46.4 45.8 55.0 63.7 59-74 67 6.1 7 62.9 

Depth of internal condyle 34.3 38.0 48.6 53.2 47-58 51 3.1 7 52.6 

Depth of external condyle 41.8 41.1 50.6 56.3 53-66 60 5.2 7 60.9 

Minimum shaft width 20.9 20.8 22.8 23.6 23-30 26 3.0 7 26.3 

Minimum shaft depth - 20.5 23.7 23.1 23-30 27 2.8 7 28.4 



Figure 4. Casuarius Iydekkeri from Pureni, PNG. 
Pelvis and synsacrum: CPC26605a - A, lateral view; B, dorsal view. Femora: right, CPC26605b - C, posterior view; E, distal view; G, anterior view; left, 
CPC26605c - D, posterior view; F, distal view; H, anterior view. Scale bar = Icm. 
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from the Pliocene Awe fauna of southeastern New Guinea 
near Bulolo. As Plane (1967) pointed out 'these bones come 
closest to the living C. bennetti Gould, 1857, but the fossils 
do  not correspond precisely enough to warrant their being 
assigned to that species. The second phalanx of digit I1 is 
longer than its equivalent in C. bennetti, but is much smaller 
than those bones in the large Recent species C. casuarius 
Linnaeus, 1758 or C. unappendiculatus Blyth, 1860. Nor does 
it match the configuration of the phalanx from a young C. 
casuarius which is the same size as the fossils'. 

The Awe fossils most closely resemble C. bennetti in 
morphology, being deep and mediolaterally compressed, 
especially in proximal and distal views. Differences exist, 
however, in the shape of the distal articular surface (Fig.5) 
and the relative depths of the internal and external condyles 
of phalanx 1, digit 11. In the Awe fossil, the internal condyle 
is markedly deeper than the external. Phalanx 2, digit I1 in 
the Awe fossils is also relatively longer with respect to its width 
than in other cassowaries, including C. bennetti, and is not 
nearly so mediolaterally compressed. 

Unfortunately, no pedal phalanges of the Pureni fossil are 
preserved. Thus, comparison between the Pureni and Awe 

forms is not possible. Both fossil cassowaries were small and 
were distinct from extant species. But they are of markedly 
different ages, one being Pliocene and the other late 
Pleistocene. Their relationships to one another will remain 
a mystery until more material is found. 

Summary and conclusions 

Bones of a tiny cassowary from late Pleistocene bog deposits 
in the Southern Highlands of  New Guinea are  
indistinguishable from bones of Casuarius lydekkeri of 
unknown provenance. The relationship of these fossils to 
another small fossil cassowary from Pliocene sediments in 
the Bulolo area of New Guinea is unknown because of the 
lack of correspondence of elements. All of the fossil 
cassowary material known is clearly distinct from 
corresponding bones of extant cassowaries, and because so 
few bones are known, it is impossible at present to determine 
the relationship between the extinct and extant forms. 
Casuarius lydekkeri from Pureni occurs within the geographic 
range of the extant Casuarius bennetti as does the Awe fossil 
material. 

Table 3. Measurements (in mm) of the tibiotarsi of fossil and Recent cassowaries (Aves: Casuariidae) 

C lydekkerr C benneflr TPVR C casuar~us C unappendrculatus 

CPC26605d CPC26605e AM 50094 AM 51515 633 R M S.D. n AMNH 1553 
OUV -sem~adult) 

Total length - - - 365 377 377-392 384 7.6 5 388 

Maximum proximal depth - 57.3 - 79.1 91.7 92-110 104 7.5 5 79.0 

Proximal width - 28.6 44.8 49.8 50-57 53 3.0 5 50.7 

Length of fibular crest - 50.0 - 66.4 97.6 98 - - I 74.3 

Depth of internal condyle ' - - - 40.6 43.2 43-50 47 2.7 5 47.5 

Depth of external condyle 30.6 - 34.1 38.2 40.5 41-47 44 2.6 5 45.7 

Distal width 32.6 - 35.0 40.6 46.7 47-55 52 3.1 5 53.4 

Table 4. Measurements (in mm) of the tarsometatarsi of fossil and Recent cassowaries (Aves: Casuariidae) 
- - - - - 

C. lydekken C. bennettr C casuar~us C. unappendrculalus 

CPC26605f CPC26605g CPC26605h R M S.D. n R M S.D. n R M S.D. n 

Total length - - - 194-266 229 36.0 4 255-341 300 25.2 19 196-333 269 68.4 3 

Proxtmal width 36.2 36.0 - 32.0-43.1 36.7 5.4 4 41.0-57.4 49.2 4.0 19 38.8-56.6 48.4 9.0 3 

Depth of internal cotlya 

Depth of external cotyla 

Depth of internal 
prominence to hypotarsus 

Minimum shaft width 

Minimum shaft depth 

Distal width 

Width of trochlea 11 

Width of trochlea I11 

Width of trochlea IV 

Max. depth of trochlea 11 

Max. depth of trochlea Ill 

Max depth of trochlea IV 
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Figure 5. Casuarius lydekkeri. 
Femora: right, CPC26605b - A, internal view; D, proximal view; left, CPC26605c - & internal view; C, proximal view. Tibiotarsi: right, AMF50094 - 
E, posterior view; G, distal view; I, anterior view; M, internal view; right. CPC2660Sd - F, posterior view; H, distal view; J, anterior view; N, internal view; 
left, CPC26605e - K, internal view; L, proximal view. Scale bar = lcm. 
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Tibiotarsi: right. AMF50094 - A, external view; right, CPC26605d - external view. Tarsometatarsi: right, CPC26605f - C, anterior view; E, proximal 
view; left, CPC26605g - D, proximal view; left, CPC26605h - F, anterior view; G, distal view. Phalanges: Casuarius phalanx 2 digit 11: C. bennelli. left 
- H, proximal view; L, distal view; 0, lateral view; C. casuarius, right - I, proximal view; M, distal view; P, internal view; C. sp. from Awe, PNG: UCMP 
70129, left - J, proximal view; N, distal view; Q, lateral view; UCMP 70129, right - K, proximal view; R, internal view. Scale bar = Icm. 
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Figure 7. Pelves and synsacra of living cassowaries, Casuarius, and the Emu, Dromaius, in side view. 
A, D. novaehollandiae; B, C. bennetti; C, C. casuorius; D, C. unappendiculatus (juv.). Scale bar = lcm. 
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Figure 8. Pelves and synsacra of living cassowaries, Cssuarius, and the Emu, Dromaius, in dorsal view. 
A, D. novaehollandiae; B, C. bennetti; C ,  C. casuarius; D, C. unappendiculatus (juv.). Scale bar = Icm. 



Figure 9. Pelves, synsacra, and femora of living cassowaries, Casuarius, and the Emu, Dromaius. 
A,E,I, D. novaehollandia; B,F,J, C. bennetfi; C,G,K, C. casuarius; D,H,L, C. unappendiculafus (juv.). A-D, pelves and synsacra, ventral view; E-H, femora, 
anterior view; I-L, femora, distal view. Scale bar = 1 cm. 
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Figure 10. Tibiotarsi of living cassowaries, Cssuarius, and the Emu, Dromaius. 
A.E.1. D. novaehollandiae; B,F,J, C. bennetti; C,G,K, C. casuarius; D,H,L, C. unappendiculatus Uuv.). A-D, proximal view; E-H, anterior view; I-L, distal 
view. Scale bar = Icm. 
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Figure 11. Tanometatarsi of living cassowaries, Casuarius, and the Emu, Dromaius. 
A.E.1, D. novoehollandiae; B.F,J, C. bennerri; C,G,K, C. casuarius; D,H,L, C. unappendicularus. A-D, proximal view; E-K, anterior view: I-L, distal view. 
Scale bar = Icrn. 
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Acid mine drainage at Captains Flat, New South Wales 
G. ~ a c o b s o n l  & G.F. S p a r k s m a n l  

Acid drainage from the abandoned base-metals mine at Captains in the river for 50 km downstream of Captains Flat. Rehabilitation 
Flat, New South Wales, is the main contributor of zinc to the works at the mine site have effectively stabilised tailings dumps, and 
Molonglo River in low flow conditions. In 1982, zinc was detectable neutralised them as a source of major pollution. 

Introduction 
The zinc-lead-copper mine at Captains Flat, New South 
Wales, was worked between 1882 and 1962, producing about 
4 million tonnes of ore. The orebodies, of massive and 
disseminated sulphide, occurred in a north-south trending 
belt of Silurian shale and volcanics. Mining took place to 
depths of 600 m over a strike length of about one kilometre 
(Glasson & Paine, 1965; Oldershaw, 1965). 

The closure of the mine antedated environmental legislation 
by several years. During the life of the mine, mill waste water 
and mine drainage water was discharged into the Molonglo 
River, and there were three serious pollution incidents when 
tailings dams collapsed during floods, resulting in damage 
to pastures downstream. After closure of the mine, the 
underground workings filled with water, which overflowed 
into the river. In the late 1960s public concern was aroused 
because of obvious instability of the tailings dumps and the 
well-documented pollution of the Molonglo River water and 
sediments upstream of Canberra, where the river had been 
dammed to form Lake Burley Griffin (Weatherley & others, Samp~~ng star/ 
1967). Various possible remedial measures were canvassed by 
the Joint Government Technical Committee on Mine Waste 
Pollution of the Molonglo River (1974). Eventually, the - .- 191155 1611 13 

tailings dumps were stabilised and vegetated at a cost of Figure 1. The Molonglo River, showing sample locations in New 
several million dollars (Ash, 1976; Craze, 1979). , South Wales and the Australian Capital Territory. 

The effectiveness of the remedial works on water quality in 
the Molonglo River was investigated in 1977-8 by the NSW 
State Pollution Control Commission, in the New South Wales 
section of the river, and by BMR in the ACT section of the 
river. It was concluded that the water quality of the NSW 
section had improved during median flow conditions and that 
zinc concentration was a small fraction of what it had been 
before rehabilitation (Brown & Train, 1983). 

From an ACT point of view, the improvement was reflected 
by reduced salinity, pH, and zinc concentration (Haldane, 
1977). 

Water quality in the Molonglo River - the low- 
flow condition, 1982 

The year 1982 was one of the driest years on record in this 
region, and flows in the Molonglo River were low throughout 
the year. During this year, water and sediment samples were 
taken by BMR at about 20 sites along the river (Figs. 1, 2), 
a t  approximately two-monthly intervals. The samples were 
analysed for zinc, lead and copper, as well as other elements 
(Sparksman, 1982). It was found that during low-flow 
conditions, the major source of zinc pollution was springs 
that discharge mine water directly into a 150 m section of 
the river, next to a rehabilitated tailings dump. The springs 
result from the high-pressure head of groundwater in the mine 

(Fig. 2). The mine drainage water is acid, with a minimum 
recorded pH of 2.8; it has high salinity, with total dissolved 
solids up to 6000 mg/L; and contains up to 220 mg/L zinc 
and less than 2 mg/L copper and lead. 

In 1982, the North Spring (Fig. 2) was the main source of  
zinc pollution, supplying 25-100% of the zinc load in the 
Molonglo River. In the period 1973 to 1982 the zinc level of 
the North Spring water decreased from a constant level of  
230 mg/L to about 160 mg/L, indicating a slowing down of 
the oxidation and leaching process in the mine. 

Analyses of Molonglo River samples above the mine showed 
'natural' zinc levels ranging from 1 to 3 mg/L. A sudden 
increase in zinc level and decrease in pH occurred in the river 
where the springs discharge, resulting in zinc levels of up to 
30 mg/L and zinc loads of up to 60 kg/day. The low pH and 
high zinc levels persisted for about 0.5 km downstream to 
the Copper Creek junction. The addition of polluted waters 
from the Copper Creek catchment resulted in river waters 
containing 6-30 mg/L zinc at pH 4.1-5.7, and from 4 to 62 
kg/day. Water quality improved over the next 10 km 
downstream, with a decrease in zinc levels to about 4 mg/L 
and a rise in pH to near neutral (Table I). Zinc levels gradually 
decreased further downstream, though zinc persisted in 
solution as far downstream as the NSWIACT border (Fig. 
1). Zinc loads at the border ranged from 0 to 5.3 kg/day, and 
increased with greater river flow. 

Figure 3 compares the 1982 zinc and pH levels in the 
' Division of Continental Geology, Bureau of Mineral Resources, Molonglo River with those recorded in previous 
GPO Box 378, Canberra, ACT 2601 investigations. In the median-flow conditions of 1977-8 the 
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Table 1. Chemical analyses of water samples, July 1982 

Norrh Spring, Molonglo River Molonglo River 
Caprains Flat 250 m downsrream 10 km downsrreom 

PH 2.9 4.9 6.5 
Electrical 

conductivity 3300 535 400 
Calcium 412 46 30 
Magnesium 720 32 21 
Sodium 28 ... 15 - . I8 
Potassium 3 I 1 
Bicarbonate N.D. 7 35 
Chloride I 4 10 
Sulphate 428 304 150 
Dissolved zinc N.S. 15.7 5.9 
Total zinc 160 16.7 5.9 

River bed sediments was observed in a 2 km stretch of the 
river below the mine. The highest level of copper was 850 
mg/L at Station 1, and copper levels decreased rapidly to 
20-40 mg/L further downstream. The highest lead content 
was 5400 mg/L at Station 4, and lead levels decreased 
downstream from that point. Copper and lead levels were 
lowest at the head of Lake Burley Griffin, but then increased 
slightly within the lake. The highest concentration of zinc 
was 7000 mg/L at Station 2; zinc levels decreased 
downstream, then increased again to about 4000 mg/L at 
40 km downstream. Continuing high levels of zinc in 
sediments of  the Molonglo River remain a source of metal 
pollution to Lake Burley Griffin, especially during high river 
flow conditions when the sediments are mobilised. 

Analyses in  mg/L; electrical conductivity in microsiemens/cm. 

zinc levels were lower than those recorded before 1961 and 40- 

in the period 1970-73, indicating an improvement in water 
quality since rehabilitation of the tailings dumps. However, - 
in the low-flow conditions of 1982, polluted discharge from 5 30- \, 
the mine springs had a considerable effect on pH and zinc 
levels in the upper Molonglo River. On the other hand, low < 20- 

\ 
\ 

river flow meant that river bed sediments were undisturbed, - 
resulting in decreased zinc levels with increasing pH further B 
downstream. 

Figure 4 shows the content of copper, lead and zinc in 
sediments of the Molonglo River and Lake Burley Griffin O o I\ 20 I 30 I 40 I 50 I 60 I 70 I 80 

I 

in July, 1982. The highest content of metals in the Molonglo 

Central shaft 

7 Water sampling site 21 
Reformed a n d  
revegetated waste 
dump 

0 500 in 
I I 

ADDr~ximate extent 
Forsterr Keatings o f  a'bandoned mine Molonglo A' 
Creek I /Co l la~se  / Springs ,River - 

Figure 2. The abandoned mine at Captains Flat, New South Wales. 
The diagrammatic cross-seclion shows groundwater flow directions. 
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Figure 3. Variations in mean zinc and p H  levels of the Molonglo 
River water (pre-1982 levels after National Capital Developmenl 
Commission, 1981). 

Conclusions 

The mine rehabilitation works of the mid-1970s have reduced 
the likelihood of a catastrophic pollution event such as the 
collapse of another tailings dump, and have reduced pollution 
levels in the Molonglo River in median-flow conditions. 
However, pollution of the Molonglo River is apparent in low- 
flow conditions from the discharge of acid mine drainage. 
Maintenance of the existing rehabilitation works at Captains 
Flat will be necessary for some time to come, and reduction 
of the pollution caused by acid mine drainage could require 
the construction of additional treatment works. 

The Molonglo River is one of several Australian rivers that 
are polluted by heavy metals as a result of a century of 
unconstrained mining prior to the introduction of 
environmental controls in the 1970s. Even with large scale 
rehabilitation works, the effects of pollution persist for many 
decades. 
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