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Climatic corrections to Australian heat-flow data 

J. P. Cull 

Surface heating subsequent to Pleistocene glaciation in Australia has resulted in a decrease 
in near-surface thermal gradients. Heat flow in shallow holes therefore appears to increase with 
the depths of determination. Some data obtained at depths less than 300 m may require 
positive correct!ons up to 25 percent, depending on the rate of glacier retreat and the amount 
of warming. Climatic models formulated for periglacial regions have been generalised for 
regional use. Surface temperatures are assumed to have Increased by 5°C at 15000 BP. The 
primary features of this model have been confirmed, using data previously published for deep 
holes remote from regions of glaciation near Kalgoorlie and Broken Hill. 

Introduction 
In regions of recent glaciation it is observed that 

surface heat-flow values increase with the depths of 
determination (Crain, 1968) . This trend results from 
perturbations in the geothermal gradient, caused by 
surface warming subsequent to the retreat of the Pleis
tocene sheet ice .. 

Complex climatic models have been proposed for the 
northern hemisphere-including Holocene temperature 
fluctuations, but the magnitude of the perturbation 
remains contentious. Beck (1977) has reviewed the 
principal facts of climatic history, and concludes that 
corrections in excess of 20 percent may be required 
for some heat-flow data in Europe and North America. 

However, the significance of climatic history earlier 
than the Pleistocene is yet to be demonstrated. For a 
single borehole in Canada no convincing trends were 
detected in data obtained at depths approaching 3000 
m (Sass, Lachenbruch, & Jessop, 1971) . It can be con
cluded that sequential climatic events in the Pleistocene 
have been partly cancelled during sub-surface propa
gation, and only the most recent event remains to be 
considered. 

I n Australia glacial perturbations have always been 
considered negligible, and average values of thermal 
conductivity have been used together with linear tem
perature gradients for calculating heat flow. Systematic 
changes in thermal gradient have been noted in some 
areas (Howard & Sass, 1964), and a pronounced near
surface curvature in gradient has been attributed to 
rapid clearing of vegetation with increased insolation 
subsequent to settlement (Hyndman & Everett, 1968). 
However, similar perturbations have also been noted 
in undeveloped desert regions which have little signi
ficant ground cover (Cull & Denham, 1979). Further
more, well-determined linear geothermal gradients 
appear to be accompanied by unexplained systematic 
increases in thermal conductivity (Hyndman & Everett, 
1968) . All of these observations suggest secular changes 
in climate consistent with the models of glacier retreat 
proposed for the northern hemisphere. 

New data have now been obtained in two boreholes 
close to regions of recent glaciation (Fig. 1) . The first, 
designated CANBERRA, is a stratigraphic borehole 
located near the Bureau of Mineral Resources in the 
ACT (BMR 145, 35.30S, 149.15E); it penetrates 
Silurian limestone to a depth of 260 m. The second 
hole, WOODLAWN, was drilled during mineral ex
ploration 15 km NW of Tarago in NSW (Jododex CE 
12. 34.98S, 149.52E): it penetrates Silurian rhyolite to 
a depth of 250 m. In both holes heat flow appears to 
increase with the depth of determination ; conductivity 

sampling errors are small, and climatic models for the 
Australian continent must therefore be considered 
before corrections can be suggested . 

Measurements of surface heat flow 
Temperatures were measured at 10m intervals, using 

a thermistor probe attached to a 300 m cable. Changes 
in resistance were monitored at the surface with a 
Wheatstone bridge giving a resolution" better than 
0.01·C. Thermal conductivities were measured on core 
samples from each hole, using divided bar techniques. 
Ratcliffe's (1959) values for quartz, were adopted for 
calibration, and core sample conductivities are con
sidered accurate to 1.5% (Cull & Sparksman, 1977). 

Data for each hole are plotted in Figure 2. Consistent 
with the observations of Howard & Sass (1964) , surface 
temperatures in both holes exceed the mean annual air 
temperature by approximately 3 ·C. However, surface 
boundary conditions' are not readily specified from 
meteorological data, because of local variations in 
ground albedo and air coupling. For CANBERRA 
there is pronounced curvature in the temperature pro
file . reflecting a systematic decrease in thermal conduc
tivity. However, four linear segments can be defined 
for the intervals 70-120 m, 130-180 m, 190-220 m, 

WESTERN \ 
HEAT FLOW 
PROVINCE 

o SOOkm 
~ 

A/910-79A 

Figure 1. Location of boreholes used to examine the effects 
of Pleistocene glaciation. 
Heat flow provinces of Sass & others (1976) super
imposed. 
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Figure 2. Borehole temperatures, conductivities, and heat 
flow as a function of depth at (a) Canberra, (b) 
Woodlawn. 
Inset: climatic models used to generate solid line 
giving approximate fit to observed temperatures. 

230-260 m. Separate determinations of heat flow 
were made for each interval, giving 48.6, 70.2, 73.8 
and 74.2 mW m~2 respectively. A systematic variation 
of this type may be fortuitous in view of the possible 
sampling errors resulting from fluctuations in thermal 
conductivity. However, as shown below, the results are 
con~istent with a secular change in surface temperature. 

For WOODLAWN there is only slight curvature in 
the temperature profile; two linear segments can be 
used to approximate data in the intervals 40-160 m 
and 160-260 m. Thermal conductivity is reasonably 
uniform, and average values can be adopted, giving 
heat flows of 55.5 and 62.7 mW m-2, respectively. If 
individual determinations of thermal conductivity are 
combined with apparent gradients in corresponding 10 
m depth intervals, there is again some suggestion of an 
increase in heat flow with the depth of determination 
(Table 2). A similar trend can be observed with the 
CANBERRA data (Table 1). 

Secular changes in surface temperature 
Climatic models for Australia during the Quaternary 

have been reviewed by Bowler & others (1976), and 
the principal facts summarised here are extracted from 
that work. Models for southern Australia are based 
primarily on changes in vegetation growth patterns, but 
there is good geological control with numerous glacial/ 
periglacial features found in highland regions. 

Depth A {3 Q 
(III ) WIIl-1K-l (IIIK 1Il-1) (IIlW 1Il-2) 

60 3.11 20.0 62.2 
70 3.10 19.0 58.9 
80 2.82 17.0 47.9 
90 2.88 15.0 43.2 

100 2.92 16.0 46.7 
110 3.76 13.0 48.9 
120 3.20 17.0 54.4 

130 3.17 19.0 60.2 
140 3.12 20.0 62.4 
150 3.38 24.0 81.1 
170 3.52 22.0 77.4 
180 3.07 21.0 64.5 
190 2.99 32.0 95.7 
200 2.80 28.0 78.4 
210 2.77 26.0 72.0 
220 2.37 27.0 64.0 
230 2.57 25.0 64.3 
240 2.43 28.0 68.0 
250 2.62 29.0 76.0 
260 2.72 29.0 78.9 

average (13) 72.5 
standard deviation 9.6 

standard error 2.7 
Q - 72.5 + 2.7 mW m-2 

Table 1. Determinations of heat flow as a function 
depth at Canberra (BMR 145). 

Depth A 
(m) WIIl-1K-l 

78 3.16 
94 3.13 

113 2.89 
132 2.93 
152 2.73 
170 2.99 
190 2.96 
205 2.94 
225 3.03 
243 3.11 
253 2.99 
262 3.07 

Q = 59.6 + 1.5 mW m-2 

{3 Q 
(mK 1Il-1) (mW 1Il-2) 

17.24 54.48 
16.28 50.96 
21.43 61.93 
18.29 53.59 
20.00 54.60 
18.51 55.32 
21.79 64.50 
20.51 60.30 
21.79 66.02 
21.05 65.47 
21.05 62.94 

(21.0) (64.5 ) 

average (12) 59.55 
standard deviation 5.18 

standard error 1.49 

of 

Table 2. Determinations of heat flow as a function of 
depth at Woodlawn (CE 12). 

The evidence for glacier action in the Snowy Moun
tains is confined to an area of less than 50 km2 near 
Mount Kosciusko, but periglacial features are more 
widespread, suggesting periods of low temperature for 
larger areas. Dating of organic moraine sediments indi
cates a glacier maximum at about 20200 BP. Dates 
obtained from basal peats suggest a retreat prior to 
14500 BP, but the possibility is not discounted that 
small glaciers survived to 9000 BP. 

Pollen analyses indicate that alpine herbfields were 
established at altitudes of 1800 m as early as 16 500 
BP, with tall alpine herbfields and bog communities 
appearing at about 13 000 BP. A significant surge in 
growth is noted after 9000 BP, with a rise in treeline to 
present levels. Subsequent temperatures are considered 
similar to present values except for the period 3800-
1700 BP, when a decrease of 3°C is indicated. 

At Lake George near WOODLAWN pollen studies 
confirm the major trends noted for the Snowy Moun
tains. A cold period is provisionally dated between 
22000 and 14000 BP. By 6000 BP, temperatures had 
increased to within 3°C of present values. Further evi
dence is derived from geomorphic studies of abandoned 
shorelines. High water levels, corresponding to reduced 
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evaporation rates at low temperature, are indicated be
tween 26000 and 19000 BP. Subsequent retreat may 
correspond to generally increasing temperatures, with 
temporary reversions to cooling at 15 000, 5000, and 
3000 BP. 

Ground temperatures in periglacial regions were at 
least 6°C and possibly 10°C less than the present sum
mer mean (Bowler & others, 1976, p. 370). For CAN
BERRA and WOODLAWN, Pleistocene mean tem
peratures of about 4°C can be inferred, similar to 
present-day values of about 6°C at Kiandra and Kos
ciusko, where isolated snow banks occasionally persist 
through summer, causing near-periglacial conditions. 

The above data suggest that glacier retreat, com
mencing about 15 000 BP, was substantially complete 
by 10 000 BP. A rapid increase in surface temperatures 
is indicated together with a subsequent period of 
general stability, which persists to the present. 

Variations in geothermal gradient 
Climatic models derived from the above data can be 

tested by matching observed and predicted temperature 
profiles at WOODLAWN and CANBERRA. Exact 
numerical solutions can be obtained for heat flow in 
uniform media, but highly complex integral equations 
are generated for more complex models. Consequently, 
finite difference techniques were adopted with summa
tions by digital computer. A Schmidt slab was assumed 
for this purpose (Ingersoll & others, 1948, p. 209), so 
that thermal parameters could be varied with depth. 
Intervals having constant thermal characteristics were 
chosen to correspond with the location of core samples 
extracted at successively greater depths for measure
ments of thermal conductivity. Heat capacity was 
assumed to be constant with depth (880 J kg-1 K -1), 
and thermal diffusivities were calculated for each inter
val from measurements of density and thermal conduc
tivity (Beck, 1977, p. 25). Heat flow remains the only 
physical parameter to be specified. For both WOOD
LA WN and CAN HER RA, the observed values of heat 
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Figure 3. (a) Borehole temperature at Woodlawn related 
to arbitrary linear gradient; (b) Temperature 
excursions calculated from inset climatic model. 
Heat flow adjusted to obtain approximate fit to 
observed gradient (solid line) . 
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Figure 4. Increasing heat flow at Woodlawn to maintain 
approximate fit between calculated and observed 
temperatures for (a) intermediate and (b) slow 
rates of glacier retreat, corresponding to inset 
climatic models. 

flow increase with depth. Consequently, temperature 
profiles have been computed for several values of heat 
flow with surface temperatures constrained according 
to the above data. 

Calculated and observed profiles are compared in 
Figure 2 for a single step function increase in surface 
temperature of 10°C at 15000 BP. To emphasise dis
crepancies the data in Figure 3 and Figure 4 are 
reduced in terms of departures from an arbitrary tem
perature gradient : 

T z = 14.0 + 0.016 (z) .. 1 
For WOOD LA WN best agreement is obtained with 
heat flow of 75 mW m-2 , but a range from 70 to 80 
m W m-2 is possible if the time of glacier retreat is 
varied by ± 3000 years. For CANBERRA, heat flow 
must be increased to give a range from 80 to 90 m W 
m-2. In view of the large distance between sites, differ
ences of this magnitude can be expected. In both cases 
corrections greater than 20 percent need to be made 
to the values previously obtained by fitting linear seg
ments to the temperature gradient. 

Rate of glacier retreat 
With the single step model of glacier retreat, it has 

not been possible to remove all discrepancies between 
computed and observed temperature profiles. Depar
tures are most noticeable for CANBERRA, but thermal 
parameters are more variable and sampling errors are 
expected to be greater than for WOODLAWN. Further 
attempts to match curvature are therefore related pri
marily to WOODLAWN data . 

An obvious modification to the initial model is the 
insertion of a ramp function to approximate a more 
gradual glacier retreat. This is achieved with a series 
of smaller steps in surface temperature. Results are 
given in Figure 4 together with a description of the 
models for two rates of retreat. To maintain close fits 
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Snowy Mountains is indicated by (E), favouring 
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to the data it is necessary to increase heat flow in the 
computer models according to rate of glacier retreat. 
An extreme of 90 mW m-2 is possible for a slow con
tinuous increase of surface temperature, but if tempera
tures are assumed constant from 9000 BP a value of 
80 mW m~2 is more appropriate (Figure 5). 

To select the most appropriate rate of retreat, it is 
necessary to obtain data at depths where thermal per
turbations are negligible. However, there are no deep 
boreholes in the region of CANBERRA or WOOD
LA WN. The only heat flow data which may be suitable 
were obtained using tunnels in the Snowy Mountains 
(Sass & others, 1967), where a value of 84 mW m-2 

was obtained at depths near 850 m, consistent with the 
range of values calculated above. Because of the sug
gested glacial perturbation, this result may be inter
preted as a minimum value requiring a small positive 
correction « 5 % at depths of 850 m). This would then 
give a value close to the maximum in the above models, 
indicating a slow increase in surface temperature 
(Figure 5). However, if there are significant lateral 
variations in regional heat flow, the preceding argument 
is not valid. Furthermore, the magnitude of the climatic 
perturbation in the Snowy Mountains may be difficult to 
establish. Some of that region was subject to full glacia
tion, whereas WOODLAWN and CANBERRA were 
situated in strictly periglacial regions. 

If ground temperatures in the Snowy Mountains were 
generally near O°C during glaciation, the subsequent 
warming must be less than 5°C (present mean annual 
air temperature) compared to 10°C possible at lower 
altitudes. With this smaller surface perturbation, the 
measured value of 84 mW m-2 at 850 m may need little 
correction «5%). However, it can be argued that at 
the base of the glacier, surface temperatures may have 
been substantially less than O°C (or the pressure melt
ing point of ice, Beck 1977), causing a regional heat 
sink, affecting sub-surface temperatures over an area 
much greater than indicated by glacier cover. In these 
circumstances the amount of warming near the gla
ciated region may be almost the same as for WOOD
LA WN and CANBERRA ; consequently, similar large 
corrections (> 20%) may need to be made to heat-flow 
data. 

An unambiguous result must await the drilling of a 
1000 m hole in periglacial regions, but present variance 
data (Figure 5) indicate slow continuous warming. 

Lateral modifications 
Although glaciation was confined to southeast Aus

tralia, it is probable that contemporary surface tempera
tures were lowered throughout the continent. Any deep 
hole with uniform lithology (giving constant thermal 
conductivity) may therefore be used to confirm major 
aspects of glacial history. Suitable data have been 
obtained in the Precambrian shield near Kalgoorlie, 
where a 2770 m diamond-drill hole was logged to a 
depth of 1250 m (Hyndman & Everett, 1968). The 
measured portion was near vertical, penetrating dolo
mite to a depth of 340 m and basalt thereafter. A linear 
gradient of 9.26 mK m-1 was reported, but systematic 
increases in thermal conductivity were noted (Figure 
6) . Using the harmonic mean , a value of 34.3 ± 1.3 
mW m-2 was calculated for heat flow. However, be
cause thermal conductivities increase with depth, actual 
heat flow appears to exceed 40 m W m-2 in deep sec
tions of the hole, which are assumed to be unaffected 
by climatic perturbations. 

Climatic models for this area were formulated only 
for the postulated primary climatic event correspond
ing to glacier retreat in the Snowy Mountains. The deep 
section value of 40 mW m-2 was adopted for actual 
heat flow at Kalgoorlie, allowing more rigid modelling 
constraints than was possible with the Snowy Moun
tains data. A step function increase in the surface tem
perature was postulated at 15000 BP, and thermal 
parameters were again assumed constant in the interval 
between core samples. The observed temperatures are 
most closely matched for models having an initial sur
face temperature of 18.5°C with a subsequent increase 
to 22.3°C at the present time. This result is consistent 
with the suggestion of general cooling of the continent 
during glaciation in the southeast. However, there was 
no ice in the area of Western Australia, and there 
appears to be a corresponding decrease in the ampli
tude of the step function. 
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Temperature perturbations associated with repre
sentative climatic model causing increases in heat 
flow consistent with data from Broken Hill. 

Corrections to regional data 
In Australia most values of heat flow have been 

determined using temperature gradients obtained at 
depths less than 300 m (Hyndman & Everett, 1968, 
Howard & Sass, 1964, Sass & others, 1976). Most of 
these data will therefore require corrections for climatic 
perturbation similar to those indicated in the models 
presented above. However, the magnitude of the cor
rection is variable; it depends on gradient reduction 
techniques, the depth of determination, and the site 
location with respect to the region of glaciation. Con
sequently, a representative model is suggested, to allow 
bulk correction of existing data. 

Rates of warming are not well determined from pre
sent data; consequently, a step function increase in sur
face temperature is adopted, representing the primary 
climatic event. Furthermore, since regional variations 
occur in the magnitude of the temperature change, it is 
necessary to adopt a mid-range value of 5°C. Perturba
tions resulting from this model are shown as a function 
of depth in Figure 7, assuming average heat flow values 
of 60 mW m-2 in rock of uniform thermal conductivity 
(3 W m-1 K -1) and diffusivity (10-6 m2 S-I). Correc
tions to apparent heat flow were calculated using the 
nominal thermal gradient at each depth, IlT / Ilz. Con
sequently, where actual interval gradients (~T / ~z) 
have been calculated from borehole data using least 
squares techniques, mid-point depths should be adopted 
to determine the relevant corrections to heat flow. 

Data obtained at Broken Hill (31.95S, 141.47E) can 
be used to demonstrate that this model gives an ade
quate result. This region has been extensively surveyed 
and heat flow values have been obtained for 18 closely 
spaced holes (Sass & Le Marne, 1963). Unlike WOOD
LAWN and KALGOORLIE, the lithology is complex, 

and, as a result, thermal conductivities are highly vari
able; sampling errors are expected to be large and, 
consequently, climatic models can not be formulated 
for individual holes. However, when the results are 
plotted as a function of the depth of determination 
(assumed to be the mid-point of linear gradient) a 
trend emerges consistent with the general model of cli
matic change (Figure 7) . 

Since most of the published heat-flow data in Aus
tralia have been obtained at depths less than 300 m, 
corrections will generally be in the range 10-25 percent . 
For the West Australian Shield these corrections are 
similar in magnitude to those proposed by Beck (1977) 
for the Canadian Shield; consequently, there remains 
a near equivalence in mean values of heat flow, and 
similar tectonic histories can therefore be inferred. In 
other parts of Australia, climatic corrections may result 
in major changes within the heat-flow provinces sug
gested by Sass & others (1976) with the result that pre
vious estimates of lateral temperature variations in the 
mantle may need revision. 

References 
. BECK, A. E., 1977-Climatically perturbed temperature 

gradients and their effect on regional and continental 
heat flow means. Tectonophysics, 41, 17-39. 

BOWLER, J. M., HOPE, G . S., JENNINGS, J. N., SINGH, G ., 
& WALKER, D., 1976-Late Quaternary climates of Aus
tralia and New Guinea. Quaternary Research, 6, 359-94. 

CRAIN, I. K., 1968-The glacial effect and the significance 
of continental terrestrial heat flow measurements. Earth 
alld Planetary Science Letters, 4, 69-72. 

CULL, J. P., & DENHAM, D., 1979-Regional variations in 
Australian heat flow. BMR Journal of Australian Geology 
& Geophysics, 4, 1-13. 

CULL, 1. P., & SPARKSMAN, G. F., 1977-Measurements of 
surface heat flow. Bureau Of Mineral Resources, Australia, 
Record 1977/39 (unpublished). 

HOWARD, L. E., & SASS, J . H., 1964-Terrestrial heat flow 
in Australia. JOllrnal of Geophysical Research, 69, 1617-
26. 

HYNDMAN, R. D., & EVERETT, J. E., 1968-Heat flow 
measurements in a low radioactivity area of the Western 
Australia Precambrian shield. Geophysical Journal, 14, 
479-86. 

INGERSOLL, L. R., ZOBELL, D. J., & INGERSOLL, A. c., 1948 
-HEAT CONDUCTION (lst ed). McGraw Hill, New York. 

RATCLIFFE, E. H., 1959-Thermal conductivities of fused 
and crystalline quartz. British Journal of Applied Physics, 
10, 22-5. 

SASS, J. H., & LE MARNE, A. E., 1963-Heat' flow at Broken 
Hill, New South Wales. Geophysical Journal, 7, 477-89. 

SASS, J. H., CLARK, S. P., & JAEGER, J. C., 1967-Heat now 
in the Snowy Mountains of Australia. JOllrnal of Geo
physical Research, 72, 2635-47. 

SASS, J. H., LACHENBRUCH, A. H., & JESSOP, A. M., 1971-
Uniform heat flow in a deep hole in the Canadian Shield 
and its Palaeoclimatic implications. Journal of Geo
physical Research, 76, 8586-96. 

SASS, J. H., JAEGER, J. C., & MUNROE, R. J., 1976-Heat 
flow and near surface radioactivity in the Australian 
Continental crust. United States Geological Survey, Open 
File Report, 76-250. . 





BMR lournal 01 Australian Geology &: Geophysics, 4, 1979,309·321 

Crustal structure of north Queensland 
from gravity anomalies 

I. E.. Shirley 1 

The interpretation of a reconnaissance gravity survey of north Queensland has shown that 
the area is composed of normal continental crust approximately 40 km thick, and is consistent 
with relief at the Moho of approximately 7 km. The parameters required for three-dimensional 
crustal gravity modelling, crustal thickness and density contrast across the Moho, were derived 
from available crustal seismic refraction experiments, together with analyses of correlations 
of crustal parameters on a worldwide basis. There are no large departures from isostatic 
equilibrium in the area. The southeastern part of the area is isostatically compensated and the 
cmstal thickness reaches 43 km. The Mount Isa Block is not isostatically compensated and 
coincides with an area of thin (38 km) crust. This area is stable and, because of its size, is 
unlikely to achieve local isostatic equilibrium. The Cape York area has not reached isostatic 
equillbrium. The gravity anomaly pattern suggests that this area may have approached equi
librium progressively, with those parts of the area farthest from the centre of the Tasman 
Geosync~ine having the smallest departure from isostatic equilibrium. This agrees with the 
history of development of the northern part of the Tasman Geosyncline, which youngs to the 
north and east. The PalmerviIIe Fault is a major surface structure, but has no gravity effect 
originating at Moho depths, and hence may be only an upper cmstal feature. The Coen Inlier 
also has li>ttle or no inftuence on the regional Bouguer anomalies, and is therefore probably 
a shallow crustal feature, of less significance than its surface outcrop suggests. The Cape York· 
Oriomo Ridge, however, has little surface expression, hut is shown by the gravity data to he 
a major feature of the crust. 

Introduction 
A gravity survey was designed to investigate the deep 

crustal structure of north Queensland. The area is 
generally recognised as a stable continental block which 
continues north into southwest Papua New Guinea and 
is terminated on its eastern margin by the Tasman Geo
syncline. The stable block has three major exposures of 
Precambrian rocks; the subsurface extent of these is 
unknown. 

Figure 1. Location diagram. 
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The gravity data were obtained in 1966 as part of 
the program for reconnaissance gravity coverage of 
Australia conducted by the Bureau of Mineral 
Resources, Geology and Geophysics (BMR). The ana
lysis and interpretation of the gravity and other data 
were carried out at the University of Tasmania. 

This gravity survey of north Queensland (Fig. 1) 
is the first geophysical survey carried out over the 
entire area . Earlier gravity data which are suitable, 
both with regard to survey accuracy and availability of 
primary data, have been incorporated into the 1966 
survey. A review of previous investigations, including 
drilling and a complete bibliography are detailed in 
Shirley (1976). 

tinent. The coverage of the Australian continent, includ
ing most of the continental shelf, is now complete 
(Anfiloff & others, 1976). Some of the early geological 
concepts established and extended as a result of the 
early parts of the program have been reported by Vale 
(1965). The gravity survey of Cape York and north 
Queensland, the 1966 segment of this program, was 
planned by the author, who also carried out field super
vision and quality control of the data. 

A summary of the geology of the area was published 
by Hill & Denmead (1960). Since that time most of 
the area has been mapped in greater detail at 1 : 250 000 
by the BMR and the Queensland Geological Survey. 

The geology has recently been summarised by 
Henderson (1979) and Plumb & others (1979); Bell 
(1979) has outlined the deformational history. Figure 
2 shows the main structural features together with the 
generalised geology. 

Reconnaissance gravity survey 
The reconnaissance gravity survey in 1966 was part 

of a larger program undertaken by the BMR to provide 
gravity reconnaissance coverage of the Australian con-

1. Department of Geology, University of Tasmania, G.P.O. 
Box 252C, Hobart, Tas. 7001. 

The technique of helicopter gravity operations used 
in this survey has been developed by the BMR since 
1959; > the basic method has been described by Hastie 
& Walker (1962); and Vale (1962). 

Data were reduced using the BMR GRAVHTS pro
grams on a CDC 3600 computer> (Bellamy & others 
1971 ) . At the time of running these programs utilised 
the International Gravity Formula, 1930: 

g", = 978 049.0 (l + 0.0052884 sin2.p 
-0.0000059 sin22.p) mGal 

and this has now been altered to 
g", = 978 031.8 (1 + 0.0053024 sin2.p 

-0.0000059 sin22.p) mGal, 
the 1967 International Gravity Formula adopted in 
Australia in 1972. 

Had the 1972 Gravity Formula been used for the 
data reduction it would have resulted in a datum change 
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Figure 2. Structural elements and generalised geology. 

of 16.8 mGal in the gravity anomalies at latitude 15°S 
which, if applied over the entire area, would give rise 
to errors of ± 0.6 mGal at the northern and southern 
boundaries of the area due to the sin2.p term of the 
formula. The variation from +0.6 to -0.6 mGal from 
north to south is not considered significant when com
pared to the reconnaissance nature of the survey and 
its accuracy. All references to average anomaly values 
in later sections are to data obtained from the literature 
for which the 1930 Gravity Formula was utilised in 
the data reductions. The density used in the Bouguer 
anomaly reductions was 2.2 tm-3; as this was represen
tative of the surface rocks over most of the area. The 
surface rocks in the Mount Isa area, Coen Inlier, and 
Georgetown area have densities in the range 2.5-2.6 
tm-3 ; because of the regional nature of the interpreta
tion the use of 2.2 tm-3 will cause only small variations 
in the anomaly size in areas where the elevation is sig
nificant, and these anomalies will be removed in the 
regional-residual separation. Woollard (1969) also 
notes that the density used in the Bouguer anomaly cal
culation is not critical for evaluation of isostasy. 

Gravity control (Fig. 3) has already been established 
in the survey area by the Isogal Survey, and the stations 
used are part of the Australian National Gravity Net
work (Barlow, 1970). New Isogal stations were also 
established at Daru and Thursday Island for this survey 
(Barlow, 1970). 

Elevation control was provided by a network of 
third-order level control traverses (Fig. 3). Mean sea 
level was also considered the equivalent of a level con
trol traverse and used as elevation control. However, 
owing to the lack of tide gauges and detailed informa-

and, in retrospect, the use of sea level without sufficient 
control was an error. 

Horizontal control was provided by aerial photo
graphs which were available for the entire area, with the 
exception of part of one I: 250 000 map sheet. In this 
area dead reckoning was used. 

The gravity data were compiled on maps at a scale 
of 1: 250 000, and then reduced to 40 miles to 1 inch. 
Bouguer anomalies and free-air anomalies are shown 
on Figures 4 and 5 respectively. 

Bouguer anomaly accuracy 
The accuracy of the Bouguer anomalies is dependent 

mainly on the accuracy of the elevation measurements. 
It is not possible to assess directly the accuracy of 

elevation or gravity from this type of survey operation. 
To obtain an estimate of the accuracy it is necessary to 
compare the field values statistically with known values 
before the least-squares adjustment is carried out. 
Darby (1970) has investigated elevation data from four 
major surveys (including this one) involving some 
25 000 observations. He concluded that the mean error 
of the field data was approximately 1.8 metres, or 
approximately twice the standard deviation of the least
squares adjustments. This figure also agrees with the 
mean observed difference of 1.8 metres found for sta
tions occupied twice (on different survey loops). Darby 
(1970) also found that the barometers showed differ
ences of up to 3 metres when read simultaneously at 
field stations, i.e. within the accuracy of the instru
ments. Consequently I consider that the field data, least
squares adjusted to fixed stations (comprising approxi
mately 20% of the total number of stations) could 
reliably be expected to have an error of 3-4.5 metres. 
As the data for this survey had a standard deviation of 
the elevation adjustments of 0.8 metres, with a maxi-
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tion on tides in the area, corrections were hard to apply, Figure 3. Gravity and elevation control. 



---.. Bouguer anomaly 
(mG,1l 

Bouguer anomaly 
(high) 

10 m Gal contours 

200km 
) 

Figure 4. Bouguer anomalies. 

Free air anomaly 
(mG,I) 

Free air anomaly 
(high) 

10 m Gal contou", 

200km 
I 

Figure 5. Free air anomalies. 

CRUSTAL STRUCTURE OF NORTH QUEENSLAND 311 

II' 

", 

0/610-23 

II' 

", 

0/610/24 

mum adjustment of 9.2 metres, it is conservative to 
assign an error to the elevations equivalent to 2 mOal 
(approximately 6 metres)-in most cases the error will 
be less than 1 mOal. Vale (1962) considers that the 
latitudes are determined to at least better than 300 
metres: this is equivalent to ± 0.25 mOal. 

The gravity loops all closed to better than 0.25 mOal 
and most to better than 0.1 mOal. Tidal gravity correc
tions (Ooguel, 1965) were not applied. The maximum 
tidal correction in the survey period is 0.135 mOal and 
this is included in the observed gravity misclosures. The 
application of tidal gravity corrections (see below) 
would have been insignificant in terms of the total error. 
The standard deviation of the gravity adjustments was 
0.14 mOal with a maximum of 0.22 mOal. Conse
quently the error caused by the gravity measurements is 
less than 0.2 mOal. 

The total error in the Bouguer anomalies is then 
EllA = [(EG)2 + (EL)2 + (Ed 2] t 

when EG' EL' EE are the individual errors assigned to the 
determinations of gravity, latitude and elevation. Hence 
EBA = 2.03 mOal. 

Using Hammer's (1939) procedure, terrain correc
tions out to zone 0 were calculated for seven stations in 
this area where terrain effects were likely to be most 
marked. The maximum correction calculated was 0.7 
mOal, well within the survey accuracy of 2 mOal and 
consequently terrain corrections were not applied. 

Regional Bouguer anomalies 
The regional Bouguer anomalies (Fig. 6) were ob

tained using a four-fold application of a 20-minute 
band-pass filter. The data obtained from this process 
(regional gravity anomalies) were subtracted from the 
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Figure 6. Regional Bouguer anomalies--80-minute aver
ages. 
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initial data (total gravity anomalies) giving the residual 
gravity anomalies. Spectral analyses of these three ano
malies confirmed that the regional contained all the 
long wavelengths, the residual all the short wavelengths 
and that the sum of the regional and residual spectra 
was identical to the spectrum of the total field, thus 
confirming that the separation had been performed 
effectively (Shirley, 1976). 

Interpretation 
The interpretation has been carried out using crustal 

models initially derived from seismic surveys. To derive 
a unique result from indirect gravity interpretation 
requires more information from other sources than 
is ever available in practice. Crustal mass deficiencies 
calculated by Dooley (1976) show that isostatic com
pensation is not complete at the Moho, and that some 
compensation must occur in the mantle. Dooley (1977) 
has also drawn attention to the variations in density in 
the upper mantle. Using seismic velocity-density rela
tionships he showed that there are variations in crustal 
mass, and that the small free-air anomalies associated 
with these areas suggest that there are compensating 
mass variations in the upper mantle. However, for this 
regional interpretation, it is assumed that the mantle, 
except for the upper portion, consists of homogeneous 
isotropic concentric shells, the actual parameters of 
which need not be known. The interpretation of the 
gravity anomalies then consisted of determining the 
crustal thickness and the crust-mantle density contrast. 

In the analysis no correction has been made to the 
regional field for the global anomalies and they have 
hence been treated as caused by crustal rather than 
sub-crustal causes. The global gravity anomalies deter
mined from satellite observations are largely attributed 
to sub-crustal density variations. Kaula (1972) shows a 
free-air anomaly gradient across this region which 
ranges from a high of +30 mGal in the northeast to 
+5 mGal in the southwest corner; this is partly owing 
to sub-crustal causes, although part may imply crustal 
density variations. 

To define a crustal model for gravity interpretation 
it is useful to determine a standard crust for which 
the Bouguer anomaly will be zero and then, by varia
tion of density contrast and crust size and shape, inter
pret the regional Bouguer anomalies. However, an in
finite number of solutions is permitted, because both 
density contrast and size can be varied. To constrain 
the number of possible solutions, a crust-mantle density 
contrast was derived from consideration of local seismic 
investigations and world average relationships of den
sity and seismic velocity. 

Other investigations 
Relevant geophysical and drilling investigations have 

been outlined elsewhere (Shirley, 1976). The majority 
of the geophysical surveys were part of oil exploration 
programs, and hence were concerned with the sedi
mentary section (Mesozoic or Upper Palaeozoic)
which does not exceed 1 km in the onshore Carpentaria 
Basin, but is up to 2.5 km thick in the Laura Basin. In 
the adjoining offshore areas, the Carpentaria Basin 
reaches a depth of approximately 2.1 km and the 
deepest sedimentary section is in eastern Torres Strait, 
where seismic investigations indicate at least 4.2 km of 
sediment above the basement. 

In several reports (e.g. Mid-Eastern, 1963; Marathon, 
] 963) there was brief mention of deep (sub-basement) 
reflections. In no cases were velocity-depth relationships 

available, but estimations showed that the deep reflec
tions were far too shallow to have originated from the 
intermediate crustal layer, and hence would not pro
vide depth control for this layer. No Moho reflections 
were recorded. Most of the drilling was shallow, and 
several of the holes did not penetrate to basement. Con
sequently only the CRUMP data (Finlayson, 1968), 
and the crustal seismic data of Cleary (1973), were of 
use for this interpretation. Near-surface density data is 
detailed in Shirley (1976). 

Isostatic compensation in north Queensland 
The regional gravity anomalies in north Queensland 

are not large (-15 mGal to +40 mGal), and with the 
global trend removed become still smaller. This sug
gests that any departures from isostasy in the area are 
small. If isostatic effects are present, they will mostly 
be contained in the regional gravity anomaly maps, 
because any crustal blocks likely to be in isostatic equi
librium will be 250 km across, at least, and will there
fore give rise to gravity effects of long wavelength. Geo
logic features smaller than this are more likely to be 
supported by the strength of the crust and so not be in 
local isostatic equilibrium, even though they may well 
be regionally compensated. The eastern boundary of the 
survey area approximately parallels the Great Barrier 
Reef, a short distance to the east, and the crustal thin
ning at a normal continental margin is reflected in the 
total Bouguer anomalies, which range up to +70 mGal. 

Grushinsky (1963), and Heiskanen & Vening 
Meinesz (1958) have shown that there is a relationship 
between free-air and Bouguer anomalies, and isostatic 
anomalies. A free-air anomaly is equivalent to the iso
static anomaly calculated for a zero depth of compen
sation, whereas a Bouguer anomaly is equivalent to the 
isostatic anomaly when the depth of compensation is 
assumed to be infinite. The free-air anomalies conse
quently provide a better approximation to the isostatic 
anomalies than do the Bouguer anomalies. The simi
larity of both sign and magnitude of free-air and iso
static anomalies for stable areas of low surface relief 
is well known (Heiskanen & Vening Meinesz, 1958). 
Lyustikh (1960), and Woollard (1962), have con
firmed the equivalence in an analysis of observed free
air and isostatic anomalies. The isostatic anomaly will 
then be in the range defined by the Bouguer anomaly 
and the free-air anomaly and, as Grushinsky has noted, 
positive free-air anomalies and negative Bouguer ano
malies imply isostatic compensation. However, if both 
anomalies are either positive or negative, then some 
isostatic imbalance is implied. 

In areas of significant topographic relief the free-air 
anomalies are generally positive on the mountains and 
negative in the valleys, and local free-air and isostatic 
anomalies can be related principally to local topography 
and geology. Regional isostatic compensation occurs 
with structures of the order of 250 km in lateral extent; 
the more local anomalies result from under or over
compensation of topographic and geologic features 
which are too small to be individually compensated. 
Woollard (1962 ) has shown that if the regional free-air 
anomalies over distances greater than 250 km are not 
zero then an isostatic imbalance is implied, the sign of 
the anomaly indicating the direction of vertical move
ment necessary for compensation to be achieved. A 
positive free-air anomaly suggests, in this case, a crust 
that is thinner than normal (Lyustikh, 1960), and a 
downward movement of the crust is required for it to 
be isostatically compensated. The downward crustal 
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Figure 7. Comparison of regional Bouguer and free·air 
anomalies. 

movement will displace the excess mass at the base of 
the crust which gives rise to the positive Bouguer and 
free-air anomalies. 

However, as most of the north Queensland area is of 
low relief and is presently tectonically stable, the free
air anomalies may be regarded as giving a close 
approximation to the isostatic anomalies. 

From this discussion and a comparison of the regional 
free-air anomalies and the regional Bouguer anomalies 
(Fig. 7) it can be seen that only part of northern 
Queensland is isostatically compensated. 

Mount Isa Block 
In the western part, essentially the Mount Isa Block 

(Fig. 2), the Bouguer anomalies have a maximum of 
+20 mGal, and the free-air anomalies are also positive 
with a maximum of +35 mGal, suggesting a thinner 
than.normal crust which has not quite reached isostatic 
equilibrium. The area is approximately 250 km in cross
section, and hence is of a marginal size to achieve local 
equilibrium ; it is probably compensated on a larger 
scale, with the strength of the crust being sufficient to 
inhibit local compensation by local crustal movement. 
The southern central part of the area corresponds to the 
Euroka Arch, a basement high separating the George
town Inlier and the Mount Isa Block. The Bouguer ano
malies and free-air anomalies are both smaIL and nega
tive, indicating that on a local scale the area is over
compensated. 

Cape York 
The whole of Cape York (north of 14.5°S latitude) 

shows much similarity in the form of the Bouguer and 
free-air anomalies, both of which are positive and of 
equal magnitude (+40 mGal). This also suggests a 

thinner than ilOrmal crust which has not reached local 
isostatic compensation. After a detailed study of 
selected profiles across the coastal-Great Barrier Reef 
area from latitude 15°S to latitude 19°5 Dooley (1965) 
concluded that this coastal section was not isostatically 
compensated. His investigations suggested a Moho at a 
depth of 30 km at the coast line. Along the eastern 
coastal margin of Cape York the Bouguer anomaly gra
dient is typical of a fairly well adjusted continental 
margin, here delineated by the Great Barrier Reef. 

Georgetown Inlier 
The southeastern sector of the area comprises the 

Georgetown Inlier, and part of the Tasman Geosyn
cline. The Bouguer anomaly and free-air anomaly pat
terns are generally similar, though not as markedly so 
as in the Cape York area; however, the "anomalies are 
of opposite sign. The Bouguer anomalies reach a mini
mum of -15 mGal, whereas the free-air anomalies 
range up to +40 mGal. This area also has significant 
topographic relief with a maximum elevation of 1600 
metres, although on a regional scale, the maximum 
average elevation for a 20-minute tessera is 840 metres. 

The gravity data were reduced using a density of 
2.2 tm-3 for the Bouguer anomaly computation. As this 
section of the area has significant relief and the rocks 
above sea level have a density nearer to 2.5 tm-3 than 
2.2-3 tm, the former value would have been a better 
density for the Bouguer anomaly calculation in the area. 
Bouguer anomalies have recently been calculated using 
a density of 2.67 tm-3 by Anfiloff & others (1976), who 
present regional Bouguer anomalies in this area that 
have the same form, but reach a minimum of approxi
mately -25 mGal. Thus the Bouguer and free-air ano
malies are small and of opposite sign, indicating that 
the area is generally isostatically compensated. The 
small anomalies occur over both the Georgetown Inlier 
and the Tasman Geosyncline, the most recent mobile 
area in the surveyed region. The geosyncline is up to 
300 km wide onshore at these latitudes, and certainly 
extends eastward for a considerable distance offshore. 
As the principal tectonism had ceased by the early 
Mesozoic, and during its active phase moved east from 
the stable shield, the shelf area of this study would be 
expected to have gradually approached isostatic equi
librium and stabilized since the Palaeozoic. 

The area of the Mesozoic deposition in the onshore 
section of the Laura Basin, although it is part of the 
Tasman Geosyncline, appears to be uncompensated. It 
is generally of low relief and has free-air anomalies up 
to +40 mGal and Bouguer anomalies of similar magni
tude. Consequently, the area is under-compensated and 
requires a lowering of the crustal rocks to reach local 
isostatic equilibrium. The area of the Laura Basin is 
small (250 km x 200 km), situated between the Palaeo
zoic basement highs of the Chillagoe Shelf and North 
Coast Structural High (see Fig. 2). This suggests that 
this small part of the Tasman Geosyncline, " although 
locally under-compensated, may be supported by the 
strength of the older (Palaeozoic) basement rocks. 

Crustal density 
A knowledge of the density variation within the crust, 

and of the density of the upper mantle material beneath 
the Moho, is necessary for a crustal interpretation of 
gravity measurements. Surface and near-surface den
sity determinations from boreholes provide density in
formation directly for the near-surface rocks. The den
sity measurements that have been made, apart from 
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having a restricted distribution throughout the area, are 
representative of only the top kilometre or so of the 
crust and, as has been pointed out by Woollard (1962), 
the measured densities always tend to be too low. 

Density measurements of subsurface rocks can rarely 
be obtained directly; even when available (usually from 
deep drilling associated with oil exploration) the results 
can only be applied to the upper 5 km or so of the 
crustal rocks. The deepest stratigraphic hole in the area 
is 3.6 km (Anchor Cay No. I-see Tenneco, 1969), 
and the greatest depth for which density information is 
available is 901 metres In Mornington No. 2 (Delhi
Santos, 1961). 

The measurement of in situ density must therefore 
be carried out indirectly for the deeper rocks, either by 
high-pressure experimental methods, e.g. Birch, 1960, 
1961 ), or by studies of the propagation velocity of 
seismic P waves, e.g. Nafe & Drake (1957). 

Density and seismic P wave velocity are related by 
V P = [( k + 4",/3) / pJ!. Investigations such as those of 
Drake (Grant & West, 1965), in which over 500 
measurements have been recorded, have been used to 
determine crustal densities. Woollard (1962) reviewed 
and synthesised the work of Birch and Nafe & Drake, 
and his own investigations and the work of Faust 
(1951), Parasnis (1960), and others. 

Woollard's density data are mainly for North 
American rocks, although the seismic data are world
wide. On a worldwide basis the crustal velocity profile 
has significant variations. However, the Pn velocity, that 
of the upper mantle directly below the Moho, is reason
ably constant, and usually has a value in the range 8.0 
to 8.2 km sec-I .. Vogel (1971) and Kosminskaya 
(1971) both report Pn velocities as high as 8.4 km sec-I 
in northern Europe and Russia respectively; however, 
Woollard (1962), using available data from all coun
tries, finds that 8.15 km sec-I is the mean value. Wool
lard has compiled a velocity-density relationship for 
sedimentary and crystalline rocks which is generalised, 
and may be substantially in error in an individual area, 
but should have general applicability. The relationship 
between the seismic P wave velocity, V P' and rock den
sity, p, is, to a first approximation, reasonably linear. 
This result is not suggested by the form of the relation
ship as given above between V p and p. However, the 
bulk modulus, k, and the shear modulus, "', increase 
rapidly with increasing depth in the crust, whereas p 
increases more slowly resulting in the approximation 
to a linear relationship for V p and p in the crust. 
Meissner & Vetter (1976) have compared the velocity
density relationships of Woollard (1962) and of Dort
man & Magid (1968). Both relationships coincide for 
velocities greater than about 6.7 km sec-I (equivalent to 
3.05 tm-3); below this the Dortman & Magid relation
ship gives greater densities for a particular seismic velo
city than does Woollard. Woollard's Vp ,....., p relation
ship (identical to that of Dortman & Magid (1968) at 
the depth of interest) with local seismic velocity data 
has been used to estimate possible densities for the 
lower crustal rocks in the north Queensland area. 

Finlayson (1968) has measured Pn velocities ranging 
from 7.84 to 8.09 km sec-I, with a mean of 8.0 km 
sec-I, in northern Queensland, while Underwood 
(Cleary, 1973) recorded Pn velocities of 8.15 and 8.17 
km sec-I in the Northern Territory just west of the area 
under consideration. 

Cleary (1973), in his review of the Australian data, 
has noted a similar, systematic Pn velocity variation 
from 7.84 km sec-Ion the eastern Australian coast to 

8.17 km sec-I in central Australia. Woollard (1962) 
indicates that the average density contrast at the Moho 
is 0.4 to 0.5 tm-3, corresponding to a Pn velocity of 
8.15 km sec-I and a density of 3.45 tm-3 below the 
Moho. Finlayson (1968) derived PI and P2 velocities 
within the crust in the ranges 5.9 to 6.0 km sec-I, and 
6.5 to 7.0 km sec-I, respectively. On this basis, and 
using the Woollard relationship between velocity and 
density, the upper mantle density probably varies from 
3.25 to 3.45 tm-3 from the east coast to the western 
margin of the area, with intermediate layers having 
densities of 2.9 tm-3 and 2.7 tm-3, corresponding to the 
P 2 and PI layers respectively, of Finlayson (1968). 
The crustal density model is shown in Figure 8. 

The upper crustal density of 2.7 tm-3 is intermediate 
between the value of 2.74 tm-3 suggested by Woollard 
(1962) and the more generally used value of 2.67 tm-3 
(see for example Heiskanen & Vening Meinesz, 1958, 
p. 6). 

The density contrast across the Moho then ranges 
from 0.55 tm-3 in the western part of the area to 0.35 
tm-3 in the southeastern sector and 0.45 tm-3 in the 
Cape York area. If a horizontal (or strictly an equi
potential) base is assumed for the upper crustal layer, 
then any gravity anomaly caused by a density contrast 
across it will be of infinite wavelength, and hence will 
not be apparent in the relative anomalies in the survey 
area. Finlayson (1968), however, has shown in a seis
mic study the existence of an upper crustal layer with 
a form similar to the Moho. The entire regional 
Bouguer anomaly could have been assumed to be 
related to the density contrast across this interface (0.2 
tm-3 ), the modelling carried out and the shape of the 
base of the upper crustal layer determined. The result 
would be the same as an upward continuation from the 
Moho. As the depth constraints which can be placed 
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Figure 8. Crustal velocity and density-north Queensland. 
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on the base of the upper crustal layer are very localised, 
as indeed they are also for the Moho, it was decided to 
assume this interface to be horizontal and to assume 
that the gravity anomalies result from a density varia
tion at Moho depth. As Finlayson (1968) has shown 
an intermediate layer to exist, the interpretation put 
forward in the following sections must represent an 
extreme situation. The Moho relief must actually be 
smaller than that obtained from the modelling, but may 
reasonably be assumed to be of similar form. 

The standard crust 
To provide a basis for interpretation in an area, a 

'standard crust' (for which the Bouguer anomaly is 
zero) can be selected. This concept, while not neces
sary, is useful, in that it fixes the depth about which 
anomalous masses may be located to provide a model 
solution to the potential field. It does not matter 
whether a standard crustal thickness is selected from 
the seismic and gravity data, as discussed in this sec
tion, or arbitrarily assigned where no geophysical data 
are available. In either case it has the effect of reducing 
the number of parameters to be varied while attempting 
to construct a viable model and hence simplifies the 
modelling process. If the standard crustal thickness is 
incorrect, then the general form of the crustal model 
will still be retained and it requires only upward or 
downward continuation to meet the correct crustal con
ditions. As the Moho depth is rarely known precisely, 
this concept of a standard crust permits the construc
tion of a crustal model with the appropriate form, even 
though the depths may not be exact. The solution still 
remains one of an infinite family of solutions, but must 
be considered to be more probable than the remainder, 
because it is constructed making use of, and consistent 
with, other relevant available geophysical data. To 
refine the model requires accurate depths to the Moho 
defined by other methods, e.g. deep seismic reflection. 

Steinhart & Meyer (1961) concluded from analysis 
of data from 72 Moho refraction-seismic projects 
throughout the world that there is no correlation be
tween Pn velocity and crustal thickness. However, after 
excluding some Russian experiments about which they 
had reservations, they showed a statistically significant 
relationship between mean crustal velocity and crustal 
thickness. As the mean crustal velocity is approximately 
proportional to density, a crustal section with a higher 
than 'normal' density will be thicker than a 'normal' 
crust. After an investigation of the possible correlation 
between crustal thickness and any, or all,. of Pn velo
city, mean crustal velocity, elevation, regional isostatic 
anomalies, Bouguer anomalies, and local isostatic ano
malies, Steinhart & Meyer concluded that the only para
meters which can be used in a predictor for crustal 
thickness are Bouguer anomaly and mean crustal velo
city. They derived a relationship 
Crustal Depth (km) = -61.0 - 0.0390 X Bouguer 

anomaly (mOal) + 15.39 X 
mean crustal velocity (km g-l) 

as a 'linear predictor' for the crustal depth from regres
sion calculations using the parameters previously listed. 
The average Bouguer anomaly in the area of north 
Queensland is approximately +22 mOal and the mean 
crustal velocity is 6.33 km s-1, yielding a crustal depth 
of 36 km. 

Woollard (1962), in a study of the relationship of 
regional Bouguer anomalies and various parameters of 
the crust, concluded that a linear relationship exists 

between Bouguer anomaly and crustal thickness. This 
empirical relationship 

Crustal thickness (km) = 33.4 - 0.85 X Bouguer 
anomaly (mOal) 

exhibits a wide variation in crustal thickness for any 
Bouguer anomaly and hence can only be applied to 
indicate the order of the unknown parameter. As Wool
lard noted, the average relationship may be consider
ably in error in any area because of geologic conditions. 
Demenitskaya & Belyaevsky (\969) have summarised 
the relationships between crustal thickness and Bouguer 
anomaly, and indicate that they only apply in average 
conditions, e.g. when no active tectonic forces are 
operating. 

Wellman (1976a) predicted a crustal thickness in 
this area of 35 km to 40 km, assuming complete iso
static equilibrium. In studies of Rayleigh wave disper
sion Thomas (1969) showed that the crust exhibited 
considerable uniformity; in north Queensland a satis
factory Rayleigh wave-dispersion model had a crustal 
thickness of 40 ± 1 km. Brooks (1969), from Rayleigh 
wave-dispersion studies found the probable Moho depth 
in southern Papua New Guinea (north of this area) to 
be 33 km ± 1 km. 

In the area studied the regional Bouguer anomalies 
range from -15 mGal to +40 mGal, which would indi
cate an average crustal thickness of 33 km within a 
probable range from 25 km to 40 km. The seismic 
refraction studies in north Queensland indicate a crustal 
thickness of 35 km near the coastal margins, and 45 
km in the central part of the area. A thickness of 40 km 
has been selected as the standard crustal thickness for 
the gravity modelling. This value is the upper limit of 
the range predicted by Woollard (1962) from his world
wide gravity analysis, is only 11 percent greater than 
the value given by the linear predictor derived trom 
gravity and seismic data of Steinhart & Meyer (1961), 
and is in the mid range of the thicknesses measured by 
Finlayson (1968). 

Kosminskaya (1971) also suggests from deep seismic 
sounding that 40 km is an average depth for continental 
crust. The value chosen is thus consistent both with 
worldwide studies, seismic refraction profiles carried out 
in the actual area, and Rayleigh wave dispersion 
studies. 

Modelling method 
There are few anomalies in north Queensland which 

meet the accepted criteria for .modelling in two dimen
sions without the application of significant corrections 
for end effects; three-dimensional models have therefore 
been used. Three-dimensional models may be calculated 
by various methods, such as comparison to standard 
curves for simple geometric bodies, summation of the 
attraction of vertical prisms, e.g. Nagy (1966), or a 
mass line approximation. In this study the body was 
approximated by a series of polygonal laminae and the 
effects of these were summed. The method has been 
described by Talwani & Ewing (1960), and Talwani 
(1965), and a computer program, in Elliott 503 Algol., 
utilising this method has been written in the Geophysics 
Division of the Department of Scientific and Industrial 
Research New Zealand. This three-dimensional body
attractio~ program (Woodward, pers. comm., 1970) 
was modified to run on the University of Tasmania 
Elliott 503 computer. 

The closeness of fit between the observed and cal
culated gravity anomalies can be evaluated in two ways. 
In this analysis both methods of evaluation were used. 
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Firstly a subjective, but rapid, assessment of the fit of 
the anomalies was used during the modelling process. 
It becomes readily apparent when small changes in 
body parameters produce changes in the computed ano
malies such that the computed anomaly contours oscil
late about the Bouguer anomaly contours for successive 
models. At this stage, body changes are of the order of 
0.1 km in contour depth, and of 1 km to 2 km in con
tour position. Changes of these magnitudes at the Moho 
are insignificant having regard to the values of depth, 
and the precision of lateral position, of the anomalous 
masses. 

The second method of assessment of the fit of the 
anomalies is objective, and was used in the final selec
tion of the model. Because the accuracy of the Bouguer 
anomalies and their gradient is known, the horizontal 
variation in position of each observed contour could be 
assigned a range within which the calculated contour 
must lie. Once within this range it becomes pointless to 
adjust the body parameters, as the fit is within the accu
racy of the observed data. This would be an extremely 
tedious process to perform manually, and is performed 
by a digital computer with sufficient storage. For the 
volume of data under consideration, it is outside the 
capability of the El1iott 503 available. However, this 
range may be assessed in another way. The Bouguer 
anomaly accuracy is ± 2 mGal, hence, as the contour 
interval is 5 mGal, the pt required is to within 40 per
cent of the horizontal contour separation. This assumes 
that the gravity gradient between adjacent contours is 
linear, which it rarely is. However, for these purposes, 
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the assumption of linearity is considered reasonable. 
The accuracy of the fit can then be assessed visually. Figure 9. Crustal model-north Queensland. 

The crustal model 
The Moho structure contours determined seismically 

by Finlayson (1968) were used to define the first 
crustal model. The -35 km, -40 km and -45 km 
structure contours were digitised, and the gravitational 
attraction of the body thus defined was computed, using 
a density contrast of -0.4 tm~~. 

Following this preliminary computation the basic 
crustal model was defined in three segments to simplify 
the c·omputations. The first segment, A, corresponds to 
a zone of positive regional Bouguer anomalies west of 
longitude 141°E. The area of negative regional Bouguer 
anomalies from longitude 141 °E to 146°E and generally 
south of latitude 16°S, is designated segment B, while 
segment C includes the positive regional Bouguer ano
malies north of latitude 16 ° S. These three basic seg
ments are subdivided, both for computational purposes 
and for discussion (Fig. 9). The density contrasts used 
for all computations were +0.55 tm-3 for segment A, 
-0.35 tm-.'l for segment B, and +0.45 tm-3 for segment 
C. After a series of model adjustments a final crustal 
model was adopted and its gravitational attraction was 
obtained (Figs. 9, 10 respectively). 

The Moho has been structure-contoured as three 
separate segments with respect to mean sea level (Fig. 
11), using the model of Figure 9. The contour interval 
of the structure contours within each segment is 1 km. 
Broken form lines have been added at smaller intervals, 
where necessary, to show the Moho form and relief 
adequately. Areas of 40 km thick crust between the 
structure-contoured segments are stippled. 

The relief shown by the Moho across the area is 6.5 
km, with the crustal thickness varying from 36 km to 
a maximum of 42.5 km. The structure of the Moho 
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Figure 10. Gravitational attraction of the crustal model. 
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reveals a close correlation with major surface structures 
in some areas, and little or none, in others. 

A number of the residual gravity anomalies were 
modelled; they all appear consistent with the known 
surface geology and can be attributed to local variations 
of basement depth or to near-surface rocks. A more 
detailed discussion of this aspect is given in Shirley 
(1976). 

Crustal Segment A 
The segment A2 corresponds closely with the outcrop 

of the Mount Isa Block. This is a major crustal upwarp, 
which was part of the final orogeny at the end of the 
Lower Proterozoic. The Mount Isa Block has since been 
a structurally high area and forms the divide between 
the Palaeozoic sediments to the east, and the Cambrian 
and Ordovician sediments of the Georgina Basin to the 
west. The north-northwest extension of A2 (segment 
A I) is clearly a continuation of the Block beneath the 
Mesozoic cover into the Gulf of Carpentaria. Pinchin 
(1973) suggested that this zone of positive anomalies 
extends across the southern part of the Gulf of Car
pentaria into Arnhem Land, but the recently published 
Gravity Map of Australia (Anfiloff & others, 1976) 
shows this positive anomaly zone to terminate west of 
Mornington Island. This extension of the present Mount 
Isa Block was probably the eastern margin of the Pro
terozoic deposition in the McArthur Basin. The exist
ence of Mesozoic outliers on parts of the Mount Isa 
Block (Doutch & others, 1972) shows that the block 
has been uplifted since the early Mesozoic, but this 
movement seems to have been small. The Mesozoic and 
younger sedimentation in the Carpentaria. Basin has 
been mainly controlled by the sagging of the basement 
which left local highs, e.g. the Fort Bowen Ridge. 

0/810-29 

Figure ll. Moho structure-north Queensland. 

The A segment is thus an elongate zone of thin crust, 
varying in thickness from 38 to 38.5 km, occupied by 
metamorphosed Proterozoic sediments and intrusive 
rocks, and which stabilised at the end of the Lower 
Palaeozoic. It has not yet reached local isostatic equi
librium and owing to its narrow width, it is unlikely to 
do so. The surface expression of this crustal unit is the 
Mount Isa Block, the northern end of which is con
cealed by a thin Mesozoic sedimentary cover and the 
waters of the Gulf of Carpentaria. 

Crustal Segment B 
The B segment defined by the gravity model consists 

of three discrete sections. Segment B 1 coincides with the 
uplifted basement area of the Euroka Arch. Segments 
B2 and B3 are in isostatic equilibrium and BI is slightly 
overcompensated. Local compensation for an area as 
small as BI is unlikely. On a broad scale, segments A 
and B I together appear regionally compensated but 
locally they are under-compensated, and over-compen
sated respectively, by small amounts. 

The north-tapering crustal segment Bl does not close 
to the south, and represents a depressed section of crust 
that reaches its maximum depth of 42.6 km at the 
southern boundary of the area. Here the basement rocks 
are folded and eroded Palaeozoic sediments, which 
appear as small outcrops through thin Mesozoic cover 
on the Fort Bowen Ridge, a north-trending line in the 
central section of the Euroka Arch. The Euroka Arch 
has been rising owing to isostatic adjustment, at least 
since the Mesozoic, when it first formed the depositional 
barrier between the Carpentaria Basin to the north, 
and the Eromanga Basin to the south. Doutch & others 
(1972)' consider that this barrier moved south during 
the Mesozoic into its present position, implying that the 
uplift was more extensive in the southern part of seg
ment B 1 than in the northern end. At present the 
thickest part of the crust in this segment is at 20o S, and 
it now appears to be in regional isostatic equilibrium. 
The gradual emergence of other basement areas of the 
Carpentaria Basin, north of the Euroka Arch, is also 
suggested by the structures in the Mesozoic sediments. 
These movements appear to have been minor compared 
with that of the Euroka Arch, and only the lobate area 
C4 is reflected by the regional gravity field. The Euroka 
Arch is, then, the basement expression of the crustal 
feature BI. 

The segments B2 and B3 correspond to the general 
surface expression of the Georgetown Inlier and the 
southern part, in this area, of the western portion of the 
Tasman Geosyncline. No expression of the Palmerville 
Fault or the Broken River Embayment is apparent. The 
Lolworth Block, an extensive Middle Ordovician and 
lower Devonian granite mass emplaced across the 
Tasman Geosyncline, is also not evident in the regional 
gravity interpretation. The thick crust of segments B2 
and B3 is isostatically compensated and reaches its 
maximum thickness of 42.6 km in segment B2. The area 
covered by segments B2 and B3 corresponds with the 
maximum topographic relief; the apparent crustal high 
between B2 and B3 corresponds to a relative topo
graphic low in which the relief is approximately 250 
metres. If the data in this area were corrected for 
terrain it would result in a partial coalescence of seg
ments B2 and B3. Hence, these two segments are 
regarded as the crustal expression of the Georgetown 
Inlier, and the area of thick crust in isostatic equili
brium corresponds to the area of significant topographic 
relief. After a history of Proterozoic and early Palaeo-
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zoic sedimentation it emerged and stabilised by the 
Mid- to Late Devonian. The eastern margin has been 
faulted and would have undoubtedly been affected iso
statically by the orogenic movements in the Tasman 
Geosyncline. However, the Georgetown Inlier appears 
to have stabilised rapidly, with the Tasman Geosyn
cline, by the Mesozoic, with only small movement since. 
Voluminous intrusive and extrusive rocks of the area 
(other than the granites) do not appear to be directly 
related to the regional gravity anomalies and major 
crustal structures. 

Crustal Segment C 
Segment C forms an elongate meridional zone of thin 

crust with a minimum thickness of 36 km. Segment CI 
corresponds with the Cape York-Oriomo Ridge, evident 
on the surface as granite outcrops from the northern 
extremity of Cape York to Mabaduan in southwest 
Papua New Guinea. If the gravity anomaly of this 
crustal segment corresponds solely to a granite body, 
or bodies, it is the only one in the area to exhibit this 
correlation on a crustal scale. It is, however, noted that 
two of the wells in southwest Papua New Guinea 
(lamara No.1 and Wuroi No. 1) bottomed in acid vol
canics on the northerly extension of the Oriomo Ridge; 
Mutare No.1, however, bottomed in granite. Possibly 
the crustal feature CI reflects uplifted basement rocks 
in which granite is intruded, rather than being an enor
mous mass deficiency solely related to a granite body. 
It is evident that this crustal feature is much more 
extensive than suggested by the actual granite outcrops 
in the Torres Strait area. 

The C2 segment coincides with a Moho gradient with 
the crust thinning to the east. This is the area of the 
Coen Inlier. In contrast with the Cape York-Oriomo 
Ridge, there is extensive surface outcrop of upwarped 
Precambrian metamorphics and granites, but the Inlier 
does not correspond with a closed crustal thickness ano
maly. This suggests that vertical displacement may have 
been less than in the northern Cl area, and that the 
extensive Precambrian outcrop does not imply major 
vertical movement. Indeed, the basement relief across 
Cape York in this area, say along the parallel of 14 oS 
latitude, is small , with shallow Mesozoic cover in the 
western part. The lobate areas C4 and CS show small 
variations in crustal thickness, of the order of 1 km. 
The area covered by segments C4 and CS is near to iso
static adjustment, whereas segment C2, although its 
location at the edge of the survey area causes it to be 
poorly defined, requires more downward movement to 
become isostatically adjusted. This is consistent with 
the concept of the younging, to the north and east, of 
the tectonic activity associated with the Tasman Geosyn
cline. The process of isostatic adjustment would be 
exper ted to respond to this progressive stabilisation of 
the Tasman Geosyncline. Figure II illustrates the areas 
(marked by broken lines) for which contemporaneous 
isostatic adjustment is proposed. In an analysis of 
gravity trends in Australia Wellman (1976b) shows a 
general correlation of gravity trends, the trends being 
younger to the east in north Queensland; but he could 
not define the relative ages of the Mount Isa and 
Georgetown areas because of an intervening area of 
complex gravity trends. 

Eastern continental margin 
The eastern border of the area, essentially the eastern 

Queensland coast, cannot be reliably interpreted from 
this study owing to its proximity to the edge of the 
continental shelf and to the lack of data in the shelf 

area. [These data have recently become available (An
filoff & others, 1976) but are not used in this investiga
tion .] As mentioned earlier, the strong positive gradient, 
normally exhibited by gravity anomalies near isostati
cally-compensated continental margins, is readily appa
rent on the plotted data for this area. Here the con
tinental slope is, in general, at least SO km east of the 
coastline. Its closest approach to the coast is 30 km 
northeast of Cape Melville; it reaches 140 km from the 
coast near Torres Strait. 

East of the continental margin in the southern part 
of the area is a down faulted block of continental rock, 
the submerged Queensland Plateau (Ewing & others, 
1970) , separated from the continental margin by the 
Queensland Trough. The seismic-refraction profiles over 
the Queensland Plateau suggest a depth of at least IS 
km to a layer with a velocity of 7.3-7.6 km sec-I. The 
Moho, although not recorded under the Plateau, was 
detected further east and had a velocity of 8.3 km sec-I. 
Ewing & others (1970) consider the Queensland 
Plateau to be downfaulted continental crust rather than 
uplifted oceanic crust. Pinchin & Hudspeth (197S) esti
mate from marine gravity observations that its crustal 
thickness is approximately 25 km. 

The critical problem in the interpretation of the near
coastal information is the lack of knowledge concerning 
the crustal thinning from continental crust of 40 km to 
oceanic crust of 10 km. Flavelle & Yoshimura (1974) 
have shown that significant crustal thinning generally 
commences approximately 50-70 km towards the con
tinent from the edge of the continental slope. Because 
the extensive continental block of the Queensland 
Plateau is submerged adjacent to the continental slope 
in the southern part of the area, where the continental 
slope is narrowest, it is reasonable to assume that the 
crustal thinning here will be less than if oceanic crust 
had been adjacent to the area. Consequently the model 
data are considered valid for the area to within 20 km 
or 30 km of the coast, because the continental shelf is 
wide in the north of the area; and where it is narrower 
in the southern part, the crustal thinning is probably 
minimised by the presence of the Queensland Plateau. 

East of segments B2 and B3 the southern part of the 
coastal area appears to be a normal isostatically ad
justed continental margin. North of this (from IS.5°S) 
the continental margin exhibits positive Bouguer ano
malies, but is not compensated. It is therefore suggested 
that, regionally, this area still needs to sink to reach iso
static equilibrium. Isotopic dating (Richards & others, 
1966; Cooper & others, 1975) indicates that the Tas
man Geosyncline is younger to the east and the north, 
and this is consistent with the development of the Geo
syncline as determined from a study of the mineral 
deposits (Solomon & others, 1972) . Consequently it is 
suggested that the northern region, downwarped and 
overlain by up to 3.7 km of Mesozoic to recent sedi
ments, still needs to sink to reach isostatic equilibrium. 
Mutter (1973) has calculated that the Queensland 
Plateau, with regional free-air anomalies up to +50 
mGal, needs to sink 450 metres to reach isostatic equi
librium. Because the Tasman Geosyncline becomes 
younger to the east and north it is suggested that the 
Queensland Plateau and the northern section of Cape 
York (segments Cl , C2, and C3) are at a similar stage 
of isostatic development. 

This suggestion that there is a correlation between 
the degrees of isostatic compensation of the various 
areas (see Fig. 11) does not imply that the areas are 
still undergoing active adjustment. Rather it is thought 
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that the areas have stabilised at similar stages of com
pensation , apparently paralleling the growth of the Tas
man Geosyncline. Earthquakes would be expected if 
isostatic adjustment were currently progressing at a sig
nificant rate, but the area appears aseismic. Although 
the only stations near the area are those of the World 
Wide Seismic System at Charters Towers (CT A) and 
Port Moresby (PMG), together with some portable 
stations operated from time to time in Papua New 
Guinea, these stations could be expected to detect 
events of magnitude 3.5 or greater over the area of this 
study (cf. Denham, 1976) . In the period 1960-1972 
only four earthquakes with a magnitude (M) greater 
than three were recorded in the area (McEwin & others, 
1976) and since 1900 only 8 earthquakes with M >4.5 
have been recorded (data supplied from BMR earth
quake data file. 1976) with four more events nearby, 
in the Gulf of Carpentaria. This low seismicity indicates 
that the area is relatively stable. Falvey & Taylor 
(1974) have shown from seismic studies over the 
Queensland Plateau that basement (Palaeozoic?) faults 
were still active in the Eocene, but the Late Oligocene 
to recent sediments are not faulted . It seems then that 
this area was stable by the Late Oligocene, although as 
noted earlier. Mutter (1973) has calculated that the 
Queensland Plateau should sink 450 metres to reach 
local isostatic equilibrium. 

Segment C3 coincides with the Laura Basin. The 
Mesozoic sediments in this basin are thin « 1.5 km) 
and rest unconformably on Palaeozoic basement which 
outcrops as the basin edge to the east (North Coast 
Structural High). This area is of marginal size for iso
static adjustment , and consequently will lag behind the 
larger area crustal units in which isostatic compensation 
will be approached more quickly. The stage of adjust
ment appears consistent with the concept of the iso
static adjustment following the pattern of the orogeny. 
i.e . younger to the north and east, because segment C3 
appears to have reached a similar isostatic state to that 
of segment CI. 

Conclusions 
The departures from isostatic equilibrium that occur 

are not large. The western part of the area, the Mount 
Isa Block and its inferred northern continuation, is an 
area of thin crust which has not quite reached isostatic 
eouilibrium and, because of its dimensions, will prob
ably not do so. The southern part of the Carpentaria 
Basin across the Euroka Arch south into the northern 
Eromanga Basin is near isostatic adjustment. This area, 
with the Mount Isa Block, appears to be regionally 
compensated with local isostatic anomalies over each 
area but in the opposite sense (Fig. 8) . East of this, the 
Georgetown Inlier and the Tasman Geosyncline are iso
statically adjusted. The northern part of the Tasman 
Geosyncline, northern Carpentaria Basin, Coen Inlier 
and the Cape York-Oriomo Ridge still need to sink to 
reach isostatic equilibrium, but now appear to have 
achieved a stable condition. The isochrons of the iso
static movement (Fig.' 12) parallel the stages of deve
lopment of the Tasman Geosyncline in this area, i.e. 
they are younger to the north and east. 

The deep crustal structure is not generally amenable 
to two-dimensional analysis; a three-dimensional crustal 
model has been computed, assuming that the regional 
Bouguer anomalies are due to density variations at 
Moho depth. Having regard to the restrictions imposed 
in the interpretation, the crust appears to vary in thick-

ness from 35.9 km to 42.6 km with the thickest crust 
being in the isostatically adjusted region in the south
east part of the survey area. The structure contours of 
the Moho show a good correlation between deep crustal 
structure and surface structure in some areas, e.g. 
Mount Isa Block, Euroka ridge, but little correlation in 
others, e.g. Coen Inlier. As may be expected, the 
smaller surface geological features, e.g. Broken River 
Embayment, have no deep crustal structural expression 
in terms of density variation. The Palmerville Fault has 
no expression in the regional gravity field , and is prob
ably an upper crustal feature. 
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Gravity investigations of the Gosses Bluff impact 
structure, central Australia 

B_ C Barlow 

Detailed gravity study gives significant evidence about the size, sbape and nature of the 
Gosses Bluff structure and contributes to the conclusion of a multi-disciplinary study tbat the 
circular disturbance was produced by meteorite impact. 

Assessment of regional and residual gravity fields confirms the symmetrical circular gravity 
low of amplitude 4.4 mGal and radius 10.8 km centred at the focus of energy release deter
mined from sbatter cone orientations. Interpretation of tbe residual gravity field shows that 
tbe low is caused by near-surface low-density material consistent with the astrobleme bypo
thesis. Tbe lack of a significant net mass excess or deficit thousands of metres deep under the 
Bluff, is evidence against igneous intrusion or salt diapirism. The extent of arcuate troughs of 
low-density breccia covered by superficial deposits is shown in the gravity field. 

Re-interpretation of an accurately compiled regional gravity field suggests that tbe gravity 
gradient parallel to the northern margin of tbe Amadeus Basin should be re-appraised. The 
residual field of the region around the Bluff provides new data on structures of significance in 
the exploration for oil and gas. Gravity data do not support the existence of a deep-seated 
Gardiner-Tyler Anticline passing uoder the Bluff, as has been suggested from seismic data. in 
a coincidence pointed out by opponents of the impact hypothesis. 

Introduction 
Gosses Bluff is a ring of hills with an outer diameter 

of 4.5 km, rising some 200 m above the Missionary 
Plain about 160 km west of Alice Springs (Fig. 1). The 
hills enclose a pound about 2.5 km in diameter which 
is level with the surrounding plain. The Bluff is the 
inner part of a much larger structure, as may be seen in 
a satellite photograph taken from the Gemini V space
craft in 1965 (Fig. 2). 

Prichard & Quinlan (1962) first recognised Gasses 
Bluff as an uplifted geological feature in 1956 during 
regional mapping. Further geological and geophysical 
surveys by the Bureau of Mineral Resources (BMR) 
and petroleum exploration companies followed·, and a 
number of conflicting theories as to the origin of the 
Bluff were put forward: that it was produced by intru
sion of an igneous plug or salt diapir or was a crypto
explosive structure. such as a mud volcano, crypto-vol
cano or astrobleme (impact structure). 

In 1967 a comprehensive program of detailed geo
logic and geophysical mapping was started as a co
operative effort by BMR and the United States Geo
logical Survey (USGS), the latter's participation being 
funded by the National Aeronautical and Space . Ad
ministration (NASA). Preliminary results (Milton & 
others, 1972) confirmed that the structure is crypto
explosive and was caused by impact of an extra-ter
restrial bolide. 

This paper presents the major results of interpretation 
of the gravity field associated with the Bluff. 

Structural setting 
Gosses Bluff is located near the northern margin of 

the Amadeus Basin, the geology of which is described 
by Wells & others (1970) . The stratigraphy near the 
Bluff, modified after Brown (1973), is shown in Table 
l. 

Extensive seismic surveys have shown that the 
sequence of about 9000 m of sediments is predomin
antly flat-lying near the Bluff. However, those units 
which crop out at the Bluff have circular strike and are 
of increasing age towards the centre, where the Stair
way Sandstone has been uplifted to the surface from a 

depth of more than 3000 m. The following geological 
factors are of particular relevance to the gravity inves
tigation: 
1. Basement under the Bluff is presumably igneous and 

metamorphic rocks of the Arunta Block, which 
bounds the northern margin of the Amadeus Basin. 

2. The Adelaidean Bitter Springs Formation has been 
found to contain salt in areas not far from the Bluff. 

3. Strong north-south compression has deformed the 
northern basin succession mainly during the Car
boniferous Alice Springs Orogeny. 

4. The structural pattern in the basin is mainly of 
broad, flat-bottomed, asymmetric synclines with 
narrow anticlines and uplifts complicated by thrust 
faults and diapirism. 

5. An ancestral anticlinal ridge, the Gardiner-Tyler 
Anticline, has been postulated on seismic evidence 
to extend southwest-northeast with three local dome 
features, one of which lies under the Bluff (Froelich 
& Krieg, 1969). 

Previous investigations and development of 
theories 

Gosses Bluff was discovered and named by Giles in 
1872, but presumably neither he nor other early ex
plorers and geologists visited the inner pound, of which 
they make no mention. 

Prichard & Quinlan (1962) suggested a diapiric 
origin caused by mobilisation of the Bitter Springs For
mation, which they knew contained salt elsewhere. 

Petroleum exploration work by Brunnschweiler. 
Leslie & Richards (1959) included gravity and magnetic 
surveys as well as geological investigations. Leslie and 
Richards supported the salt dome hypothesis with evi-. 
dence of a broad, probably circular, gravity low and 
small central gravity high. These features are charac
teristic of salt domes and are caused by the low density 
salt in the core and high density anhydrite in the cap 
rock. Brunnschweiler argued for igneous intrusion, be
cause of fused rock found a few kilometres south of 
the Bluff at Mount Pyroclast. 

Further geological and geophysical work, including 
gravity, by BMR and by exploration companies led to 
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Figure 1. Aerial view of Gosses Bluff from the north. (Photograph by J. E. Zawartko.) 

Figure 2. Gosses Bluff hills (dark circle in centre) and 
surrounding structure, indicated by concentric 
circles of various shades of grey. 
The MacDonnell Ranges in the top of the photo 
separate the Missionary Plain (Amadeus Basin ) from 
the outcropping rocks of the Arunta Block to the 
north. The Gardiner Range is seen at the bottom of 
the photo. The survey area is indicated. (Photo
graphed by G . Cooper and C. Conrad Jr , Gemini V 
Spacecraft. ) 

general acceptance of the salt diapir hypothesis 
(McNaughton & others, 1968). Good quality seismic 
reflections were obtained throughout the Missionary 
Plain except under and in the vicinity of Gosses Bluff; 
reflection quality was poor at all levels in the strati
graphic column under the Bluff, and this was not incon
sistent with deep-seated diapiric disturbance of the 
reflecting horizons (Moss, 1964). The additional gravity 
data enhanced the picture of a circular gravity low. 
Exoil (NT) Pty Ltd drilled Gosses Bluff No.1 Well in 
the centre of the Bluff, hoping to penetrate the top of 
the supposed salt dome (Pemberton & Planalp, 1965). 
The well was abandoned at 1383 m after remaining in 
steeply dipping Stairway Sandstone over its entire depth 
without encountering salt. 

Nettleton (1964: cited in Froelich & Krieg, 1969) 
had warned that the circular gravity low was indicative 
of a shallow disc of low density material rather than a 
salt dome. 

The discovery of shatter cones at the Bluff led Crook 
& Cook (1966) to identify it as a crypto-explosive 
structure (Dietz, 1959). The origin of crypto-explosive 
structures is much debated. Cook initially argued for 
an intra-terrestrial (crypto-volcanic) origin, but, after 
further geological mapping and some shallow drilling, 
joined Crook in supporting an extra-terrestrial (astro
bleme) origin (Cook, 1968). Ranneft (1970) describes 
the Bluff as a fossil mud volcano, in which salt dia
pirism at depth was followed by piercement 'of the 
upper sedimentary section by mud and rock carried by 
escaping gas. 

Aims of the detailed investigations 
The comprehensive multi-disciplinary investigations 

of Gosses Bluff by BMR and USGS during 1967-69 
were a imed at a better understanding of its size, shape, 
and other distinctive features, and its origin. 

It was known that the Bluff exhibited many of the 
features characteristic of crypto-explosive structures, 
including severe deformation with circular symmetry, 
structural uplift in the centre, brecciation , fusion of 
near-surface materiaL and a circular gravity low. 

Compared with crypto-explosive structures in other 
parts of the world , the Bluff is particularly amenable to 
investigation. Reconstruction of its structural develop
ment is possible because it occurs in well-defined sedi
ments, which are known to be flat-lying in the surround-



Age Group 

DEVONIAN 

Brewer Conglomerate 
Hermannsburg Sandstone 
Parke Siltstone 
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Approximate 
thickness 

(m) 

1500 
900 

:E Dare Siltstone Member 225 
Harajica Sandstone Member 735 

UNCONFORMITY 

Upper 

ORDOVICIAN 
Middle 

Lower 

Upper 
~ 

CAMBRIAN Middle 0 
0 

~ 
" Lower "-

ADELAIDEAN 

Mereenie Sandstone 

DISCONFORMITY 

Carmichael Sandstone 
Stokes Siltstone 

Stairway Sandstone 

Horn Valley Siltstone 

Pacoota Sandstone 

Goyder Formation 

Jay Creek Limestone 

Hugh River Shale 

Arumbera Sandstone 

Pertatataka Formation 

Areyonga Formation 

Bitter Springs Formation 

Heavitree Quartzite 

285 

215 
375 

450 

400 

600 

500 

100 

500 

250 

650 

400 

750 

450 

f 
UNCONFORMITY 

PROTEROZOIC Arunta Block , 
Table 1. Gtneralised stratigraphy, western MacDonnell Ranges (modified after Brown, 1973). 

Stairway Sandstone and younger formations crop out at Gosses Bluff (Fig. 9). Unconformities are shown. 
I 

ing area,J1and the central uplift is well exposed by dif
ferential! erosion. 

Specific objectives for the detailed gravity investiga
tion wtfre: 
1. T,6 establish the degree of symmetry exhibited by 

the gravity effects of the Bluff, to seek evidence for 
/point' release of the energy which created the dis

/ turbance, and to locate the focus, if any. 
1'. To determine the overall diameter of the Bluff dis
{ turbance. 

; 3. To determine mass excesses or deficiencies at 
;' various depths under the Bluff. Continuation of the 

/ disturbance to salt-bearing layers would admit 
! theories of salt diapirism. Continuation to the base-

j ment would admit igneous or other emplacement of 
} basement material. Extra-terrestrial origin would be 

I indicated if the disturbance was limited to the near-
( surface layers. 

I 4. To establish the relation between the Bluff and other 
regional structures in the area, in particular the pos
tulated Gardiner-Tyler Anticline. 

Observational techniques and compilation of 
data 

By 1967, gravity traverses along roads and seismic 
lines had shown that the gravity effect of the Bluff was 
a roughly circular gravity low about 25 km in diameter 
with a maximum amplitude of only a few milligals.1 
The following sections summarise the techniques used 

1. The unit milligal (mGal) is used throughout this paper 
which refers back to earlier reports on the joint investiga
tion. 1 mGal = 10 .um.s-2• 

to obtain detailed coverage with an internal accuracy 
approaching 0.2 mGal over the survey area (see Figs~ 
I & 7) and regional coverage of the surrounding area 
(see Fig. 5). 

Observational techniques, 1967-69 detailed survey 
1482 gravity stations were observed. A regular 0.8 

x 0.8 km grid2 of stations over an area of 24 x 24 km 
centred on the Bluff was planned, with the station inter
val reduced to 0.4 km over the inner 6.4 x 6.4 km, and 
with stations every 80 m along 4 radial profiles between 
distances of 7.2 and 12.0 km from the centre to deter
mine the outer gravity gradient. Parts of the grid were 
extended 1.6 km to the east and to the south to com
plete coverage of that gradient; some stations were 
omitted in the northern part of the grid, where dissected 
foothills of the MacDonnell Ranges caused operational 
problems; and station locations on and close to the 
central hills were individually selected to minimise ter
rain corrections. Gravity observations were also made 
at shotpoints of the BMR seismic traverses GBI A and 
GBI B (Brown, 1973). 

Internal accuracies in anomaly values arising from 
topographic surveying were held below 0.05 mGal for 
grid stations, surveyed using theodolite and chain and 
third order levelling, and 0.1 mGal for hill-top stations, 
surveyed using stereo-photogrammetry. Observed gravity 
values were determined with an internal standard devia
tion of about 0.03 mGal. 

2. Imperial units were used during the survey. Distances and 
elevations have been converted to metric units and 
rounded off as appropriate. 
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Figure 3. Distribution of gravity data within the limits of the regional Bonguer anomaly map. 

Terrain corrections 
Terrain corrections out to Hammer Zone M (r2 = 

22 km) are necessary for stations on and close to the 
Gosses Bluff hills; they are negligible for stations more 
than 6 km from the centre of the Bluff. Outer zone con
tributions are small for all stations and are removed as 
part of the regional field. 

The largest terrain correction is 3.78 mGal for a 
station on an isolated ridge. Corrections of 1 to 3 mGal 
are common for stations on the hills, 0.5 to 1 mGal for 
stations at the base of the hills, and only 0.15 mGal m 
the centre of the pound. 

Integration of earlier data 
In order to obtain the regional gravity field in the 

surrounding area and to supplement the 1967-69 
detailed data, pre-existing gravity data were recomputed 
to standards approaching those of the detailed survey. 

The internal accuracies of observed gravity and most 
elevation data were adequate for compilation using ties 
made during and after the various surveys. Elevations 
observed by barometer are of lower accuracy, but are 
used only in outer parts of the regional map. Mapping 
errors of up to I km were removed to construct a 
reliable base map, replot all station locations, and 
digitise new co-ordinates. 

The positions of all stations within the area of the 
regional map are shown in Figure 3. 

Gravity maps 
The principal facts of all gravity stations were com

piled on magnetic tape as a basic data bank. Total 
Bouguer anomaly contour maps at various scales were 

, 
produced from the data bank by automated cai\tography 
(Murray, 1977; Briggs, 1974)_ \ 

A Bouguer and terrain correction density bf 2.42 
g.cm--3 (= t. m-3 ) was used. This density appears satis
factory on the basis of Nettleton profiles and densities 
of hand samples and shallow drill cores. Apart froci\ the 
central hills, the elevation of the 'survey' area decreases 
smoothly from 850 m along the northern and westei\n 
margins to 550 m in the southeast. A change of O. ~ 
g.cm-3 in Bouguer density alters all Bouguer anomalies', 
by an amount ranging from 3.6 mGal in the north and \, 
west to 2.3 mGal in the southeast. Any error in Bouguer 
density is effectively removed with the regional gravity 
field, except for stations on the central hills, which are 
considered during geological modelling. 

Anomaly values were produced on a grid with 
spacing at about one-third of the normal station spacing 
appropriate for each map (Table 2). The grid values 
were used to generate contours and also for calculation 
of residual anomalies. The grids extend beyond the map 
borders as shown in Table 2 to avoid spurious edge 
effects. 

Determination of the regional field 
To interpret the gravity field caused by the Bluff dis

turbance, it is first desirable to consider the total gravity 
field and explain and remove the regional component of 
that field. 

Regional gravity map 
Total Bouguer anomaly contours of the region were 

mapped at a scale of 1: 250000 (see Fig. 4). Major 
features on that map are: 

\ 



I 

/ 

1. A relatively smooth gravity field across the central 
portion of the map; this area corresponds to the 
Missionary Plain. Gravity values within this field 
are low, the lowest values occurring west-northwest 
of Gosses Bluff, whose associated gravity low is 
one of a number of local closures. 

2. A very strong east-west-trending gravity gradient in 
the northern part of the map, parallel to the 
northern margin of the Amadeus Basin, but with the 
maximum of this gradient some 40 km north of the 
margin, at which the sediments of the Amadeus 
Basin crop out with near vertical dips. 

3. A moderately strong east-west-trending gradient in 
the southern portion of the map, corresponding with 
the east-west rise which separates the northern and 
southern halves of the Amadeus Basin. A large nose 
in the contours south of the Bluff is significant. 

Regional field near the Bluff 
The contours near the Bluff are horseshoe-shaped, 

open to the west-northwest and symmetrical about an 
axis passing west-northwest to east-southeast through 
the Bluff. The regional field is a typical effect of a broad 
'syncline' of low density material pitching gently 
west-northwest on the above-mentioned axis. Depths to 
magnetic basement (Wells & others, 1970, Plate 41) 
support seismic data which show that contours of base
ment depth have a similar shape (McNaughton & 
others, 1968). Thus it appears reasonable to correlate 
the regional gravity field with depth to crystalline base
ment. 

The caushtive density contrast (.~p) can be calcu
lated by the regional relation between variation in 
Bouguer anomaly (.~B) and basement depth change 
(~D): / 

~B = 2 7rG ~p ~D 
where G is the universal constant of gravitation. 

~B;fi.D for this region can be determined from the 
conto,ur maps of gravity and depth to be about 8 X 10-:1 

mG~l/m. 
r 

{ 

.Hence ~p = -- X 8 X 10-3 = 0.2 g.cm-3. 

27rG 
This is not necessarily the density contrast between 

basement and the lowermost sediments, but between 
basement and the mean of those sediments whose thick
ness is varying. The value of 0.2 g.cm-:l is in agreement 
with that used by earlier workers (e.g. Wells & others, 
1970). 

Implications of the northern gravity gradient 
Although the strong east-west-trending gradient across 

the northern part of the map is clearly isolated from the 
gravity effect of the Bluff, its location well to the north 
of the sediments, as seen in outcrop, must be considered 

Parameter 
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in view of the above interpretation of the regional field 
near Gosses Bluff. Part, perhaps most, of this gradient 
is undoubtedly caused by deep-seated crustal effects, as 
has been pointed out by several authors (e.g. Wells & 
others, 1970; Mathur, 1976). Nevertheless, if the den
sity contrast between the Amadeus Basin sediments and 
rocks of the Arunta Block is 0.2 g.cm-3, then, using the 
above formula, the Bouguer anomaly must change by 
75 mGal in passing from a sedimentary area containing 
9000 m of sediments to outcropping basement. 

The regional map shows that there is no change in 
Bouguer anomaly on crossing the outcrop margin of 
the basin. The maximum of the gravity gradient is 40 
km to the north and the main density contrast must lie 
beneath it. Furthermore the 'knee', where the fiat ano
maly field commences to rise, is comparatively sharp 
and must be caused by a density contrast at shallow 
depth. This knee is about 15 km north of the outcrop, 
and the density contrast must be located even further 
north, perhaps at about 25 km. 

There are only two possible solutions to this seeming 
paradox. 

I. The sediments of the Amadeus Basin continue north 
under the outcropping basement for at least 25 km 
and perhaps as much as 40 km. 

2. The rocks comprising the Ormiston Nappe Com
plex and other structural members abutting the 
northern margin of the Basin differ in density from 
those of the more northerly parts of the Arunta 
Block by 0.2 g.cm-:l and have the same mean den
sity, to within 0.02 g.cm-3, as the sediments of the 
Amadeus Basin. 

Solution I is considered to be correct. Basement 
material overthrusting to the south is not unlikely, par
ticularly in view of the overthrusting known at the 
northern margin of the Ngalia Basin to the north (Wells 
& others, 1972) and suspected at the northern margin 
of the Officer Basin to the south (Milton & Parker, 
1973). Overthrusting is also strongly supported by 
depths to magnetic and seismic basements, which 
remain unchanged close to the vertically outcropping 
sediments. 

The calculated anomaly curve in Fig. 59 of Wells & 
others (1970) is not compatible with the density model 
shown, nor is it a reasonable fit to the Bouguer anomaly 
curve shown in that figure. When corrected, the fit IS 

much worse, particularly in the regions of 'knees'. 

Mathematical formulation of the regional field 
Several techniques for determining the regional field 

(Nettleton, 1954) were tested and all gave similar 
results. They included averaging values around circles 
centred on the data point, comparison of north-south 
and east-west profiles through and passing outside the 
Bluff structure, and manual smoothing. Manually 

Original Map Scale 

1 :250 000 1:50 000 1:7500 

Latitude limits of map (South) 23°15'-24°15' 23°42'-23°58' 23°47'-23°51' 

Longitude limits of map (East) 131 °30'-133°00' 132°10'-132°28' 132° 16'-132°20' 

No. of stations in map area 4621 2325 370 

No. of stations in map and border 5695 2604 503 

Grid spacing (min. x min.) 1.5 x 1.5 0.3 x 0.3 0.1 x 0.1 

Border (min.) 10.5 2.1 2.1 

Note: The unit min. under parameter refers to minute of arc. 

Table 2. Parameters of grids for maps of various scales. 
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Figure 4. Bouguer anomaly map of survey area and surrounding region. 
Original scale 1 :250 000, contour interval 1 mGal. 

24°00' 

1--"'""=:"--110 

o 30km F5J/B2-90A 

Figure 5. Regional and total anomaly map of survey area and surrounding region. 
The six representative points shown were used to generate the second degree surface 
whose axis of symmetry and contours are shown relative to total anomaly contours. 
Original scale 1: 50 000, contour interval 5 mGal. 
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smoothed contours clearly defined a horseshoe pattern 
with an obvious axis of symmetry passing very nearly 
through the centre of the Bluff. A second degree poly
nomial based on 6 representative data points (see Fig. 
5) was fitted to the smoothed contours and used to 
generate grid values. 

The polynomial selected was: 
g = -135.04 + 0.4189 x - 0.1674 Y - 0.01979 

xy + 0.00005 x!! + 0.03754 y~ 
where g = regional anomaly value 

x = relative longitude measured east from 
132°15' in minutes 

y = relative latitude measured south from 
23°45'S in minutes . 

The selected regional field varies almost linearly in 
the direction of the axis of the 'syncline' by only 6 
mGal across the area. It is parabolic in the perpendi
cular direction, the values at the edges of the map 
being only 2.5 mGal higher than that at the centre. 

Residual anomalies 
The residual anomalies were calculated by subtract

ing the selected regional field from the total Bouguer 
anomaly value and were plotted as contour maps (Figs . 
6,7, & 8). 

Residual anomaly map, original scale 1 :250 000 
The circular gravity low centred on Gosses Bluff is 

seen as an isolated feature (A) near the centre of the 
map (see F;ig. 6). Other closed features of a similar 
size occur in the surrounding area . 

Gravity Ihighs C, E and G are interpreted as the 
expressionk of anticlinal structures which have high
density mhterial (uplifted basement and lowermost sedi
ments) in their cores. Feature G is associated with the 
Gardinet Range Anticline. Tyler No. 1 Well is located 
near th~ centre of feature E, but the exploration target 
was ~~ east-west structure deduced from seismic data. 
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Gravity lows B, D, F and H are interpreted as the 
expressions of structures which have low-density 
material, presumably including salt, in their cores. 
Feature B is associated with the Deering Anticline, and 
the asymmetric gravity expression suggests thrusting 
from the north. The Goyder Pass Diapir is at the 
eastern end of feature D. Two hypotheses have been 
postulated for the formation of the Goyder Pass struc
ture; one is that it is diapiric, the other is thrusting in 
a zone in front of the nappe at the northern margin of 
the basin. Feature H is seen as a saddle which breaks 
the continuity of the gravity high G , with a saddle value 
of 6 mGal below the ambient values on the crest of G. 
Halite was encountered in the Bitter Springs Formation 
in a BMR stratigraphic bore in this area. 

Residual anomaly map, original scale 1:50 000 
The remarkably circular shape of the outer gravity 

gradient (Milton & others, 1972) is confirmed by the 
improved residual anomaly map of the survey area 
(Fig. 7) . 

Residual gravity values bounded by that gradient are 
almost uniform, with the exception of the innermost 
area . The predominantly flat-bottomed shape of the low 
is confirmed. Arcuate gravity highs and lows of short 
wavelength disturb the uniform field only in local areas. 

The annular gravity low mainly over the Gosses Bluff 
hills in the central uplift area has the same shape as the 
hills and is roughly circular, tending towards penta
gonal. 

Residual gravity values over the inner pound are 
about the same level as those outside the hills. The 
average of these residual anomalies is -3.6 mGal, but 
residual values at large distances from the Bluff tail off 
to a mean value of +0.8 mGal ; therefore, the amplitude 
of the gravity low is 4.4 mGal. This would remain 
unchanged if the magnitude of the regional field was 
altered to make residual values tail off to zero . Inter
ference from three neighbouring gravity highs (features 

Figure 6. Residual anomaly map of survey area and surrounding region. 
Gravity features A-H are discussed in the text. Original scale 1:250000, contour interval 
I mGal. 
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23 0 50' 

~~~~--~-L~~~~~~~ ______ -L ____ ~~~-L-L~~-L-L __ ~-l~~~~~~ __ ~ __ ~~~23°58' 
o 6km F53/B2·92A \ 

I ~ Figure 7. Residual anomaly map of survey area. 
The Gasses Bluff Hills lie under the annular gravity low (diameter 3 km). The outer gravity gradient (diameter 22 , 
km) and its circular symmetry are clearly shown on this map, but have no topographic expression (see Fig. 1). The \ 
centre of the circle of best fit to the outer gradient is shown. The area covered by Figure 8 is indicated by corner 
ticks. Original scale 1: 50000, contour interval 0.2 mGal. ' 

C, E & G of Fig. 6) contributes little to the positive 
residual outside the gradient (see later, Fig. lOa). 

Residual anomaly map, original scale 1 :7500 
A well-defined annular gravity low occurs over the 

Gosses Bluff hills (Fig. 8). It is bounded by a steep gra
dient at the inner edge of the hills along the nearly ver
tical lower unit of the Carmichael Sandstone, and by a 
less steep gradient at the outer edge along the steep 
contact between the Dare Siltstone and Harajica Sand
stone (Fig. 9). The hills are composed mainly of sand
stones (Harajica, Mereenie and upper Carmichael) 
which clearly continue in a nearly vertical attitude 
below the level of the Missionary Plain. The gravity 
low shows that they are comparatively low in density. 

The Gardiner-Tyler Anticline 
There is no evidence from gravity for the so-called 

Gardiner-Tyler Anticline. Based on seismic data, this 
anticline has been postulated as an arcuate ancestral 
uplift extending northeast from the Gardiner Range, 

passing under Gosses Bluff, through the Tyler No. 1 
Well on the crest of the seismically defined Tyler Anti
cline, and, possibly, under the MacDonnell Ranges 
(Brown, 1973). A northwest-trending saddle through 
Tyler No. I Well is more evident on the gravity pat
tern. Critics of the astrobleme origin for Gosses Bluff 
had pointed to the improbability of a bolide impacting 
on the crest of a pre-existing anticline, and furthermore 
apparently on one of three local domes on that crest. 

Mass deficiency 
The mass deficiency which causes the gravity low can 

be calculated, without regard to the size and shape of 
the causative body, using Gauss's Theorem: 

2;rG.llM = f llg.ds 
s 

G = universal constant of gravitation 
~M = mass deficiency 

llg = residual gravity anomaly 
ds = element of surface area 

\ 
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8. Residual anomaly map of inner area. 
The Gasses Bluff hiIls underlie the annular gravity low (diameter 3 km). Section lines ABC and BD are modelled in 
Figure 12. The centre determined from the annular low and the innermost gradient (I) is shown with the centre trans
ferred from Figure 7 (2), hypocentres of foci determined by shatter cone re-orientation studies (3 & 4) and the centre 
(5) used for scaling of eight radial profiles (Fig. 10). All these points fall within 240 m, and are about 250 m northeast 
of Gosses Bluff No. I Well (6). Original scale 1 :7500, contour interval 0.1 mGal. 

The integral may be evaluated by summation out to 
distances at which ~g effectively approaches zero. The 
sum ~s ~g. ~s has been calculated as about -1700 
mGal.km2. The mass deficiency in the Bluff structure 
is therefore about 3.6 X 1011) tonne. This figure could 
be used to estimate the probable energy released during 
the crypto-explosive event. 

Determination of focus and structure 
The Gasses Bluff hills are roughly circular (Fig. I), 

and circula r symmetry is seen to extend over consider
able distances in the satellite photograph (Fig. 2) and 
in geological maps. 

Many of the hypotheses regarding the origin of the 
Bluff explain the circular symmetry of the disturbance, 
but only the astrobleme theory calls for a sharply 
defined focus of energy release . Gravity and shatter 
cone studies supply evidence of such a focus at Gasses 
Bluff. 

The outer gravity gradient (Fig. 7) is the best evi
dence available for the overall size of the Bluff dis
turbance. The density contrast causing that gradient will 
be centred approximately under the maximum gradient, 

which closely follows the -1.4 mGal residual anomaly 
contour around most of the perimeter of the low. The 
line of that maximum gradient does not deviate more 
than 0.3 km from a circle of best fit of radius 10.8 km. 
The centre of that circle can be determined with an 
accuracy of 100 m (0.05 min .) . Its location is shown in 
Figures 7 and 8. 

The axis of the annular low and the maximum of the 
inner gradient, which closely follows the -4.2 mGal 
residual anomaly contour, are almost circular, but, fol
lowing the hills and geological outcrops, have a ten
dency towards a pentagon with east-west symmetry. 
Best fit circles have radii of 1.6 and 1.2 km, and the 
deviations are less than 200 m. The circles have a com
mon centre (see Fig. 8) which can be determined with 
an accuracy of 60 m (0.03 min. ). 

The near coincidence of the centres of circles of best 
fit to the inner gravity features and the outer gradient 
(Fig . 8) shows that circular symmetry extends to at 
least 11 km radius. This large area of symmetry is diffi
cult to explain assuming the mud volcano hypothesis 
(Ranneh, 197~ p.425). 

Shatter cones are indicative of crypto-explosive struc
tures and their axes point towards the source of the 
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Figure 9. Simplified geological map of the central uplift area with section lines ABC and BD. 

shock wave which causes them. Milton's shatter cone 
re-orientation study at the Bluff (Milton & others, 1976; 
Milton, 1977) gives clear evidence of a focu s. He 
measured the apical angles and orientation of 82 shatter 
cones located in various sandstones throughout the 
inner area of the Bluff. By restoring the host rocks to 
their original horizontal attitude, depth and radial dis
tance from the centre of the Bluff, Milton re-oriented 
the cones to their positions at the instant of explosion. 
Although this reconstruction presupposes a crypto
explosive event in previously undisturbed sediments, 
the fact that a well-defined focus is then obtained can
not be a coincidence. Two methods of rotating the beds 
back to horizontal gave slightly different foci a few 
hundred metres above the hypocentres shown in Fig. 8. 

The near coincidence of hypocentres of foci from 
the shatter cone re-orientation study and estimates of 
the centre from the symmetry of the gravity is strong 
evidence that Gosses Bluff is an astrobleme. 

Interpretation of symmetrical gravity field 
To aid interpretation the circularly symmetrical part 

of the residual gravity field was determined for model
ling. 

Determination of representative radial profile 
A point mid-way between the two gravity centres on 

Fig. 8 was selected as a centre of symmetry. Eight 
radial profiles were scaled from that point (N, NE, E, 
SE, S, SW, W, NW) using the 1:50000 residual ano
maly map (see Fig. 8) . These are plotted on a common 
axis in Fig. 1 O(a). 

In Figure I O(b) , the inner portions of the profiles 
have been individually shifted horizontally to bring 
them into coincidence at the mean radial distance (1 .2 
km) for a residual value of -4.2 mGal, the outer por-

tions into coincidence at the mean radial distance (10.8 
km) for a residual value of -1.4 mGal, and each pro
file 'stretched' or 'contracted' in flat parts of 'the curve 
at radial distances of about 7 km. These shifts remove 
the small radial asymmetry of the major part of the 
residual anomaly field . 

The slope and amplitude of the innermost and outer 
gradients are similar on all profiles and obviously each 
gradient is caused by the same structure. The grayity 
low over the Bluff hills is present in all profiles, but with 
a varying amplitude. The gradient at the outer edge tlf 

hills is also present in all profiles with a range of ampli·· 
tudes, but is similar in slope close to the gravity low. 
This suggests the same causative structure with inter
ference from other structures on individual profiles. The 
profiles vary considerably in the region between the 
gravity low and the outer gravity gradient, reflecting 
short wavelength features associated with shallow local 
structures . 

The vertical mean of the eight adjusted profiles was 
then used to obtain the representative radial profile 
shown in Figure 1O( c) . This profile retains the essential 
characteristics of the symmetrical gravity field: 

1. The predominantly flat-bottomed main circular low 
of amplitude 4.4 mGal. 

2. The comparatively steep outermost gravity gradient 
with maximum value (l mGal/km) at a mean 
radial distance of 10.8 km. 

3. The narrow annular gravity low of mean amplitude 
1.7 mGal. whose axis is at a mean radial distance 
of 1.6 k~ and which is superimposed on the main 
circular low. 

4. The steep gradients which bound the annular low 
and have their maximum values (5 mGal! km inner, 
3 mG al! km outer) at mean radial distances of 1.2 
and 2.2 km. 

\ 
\ 

\ 
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Figure 10. Determination of representative radial profile. 
The eight radial profiles in (a) were scaled from the 1 :50 000 map. The inner and outer por
tions have been separately merged horizontally in (b). The representative radial profile in (c) 
is the vertical mean of those shown in (b) . 

Maximum depth of body causing main circular 
gravity low 

Skeels (1963) gives an approximate solution of the 
problem of maximum depth, which, in the case of a 
circular anomaly, is the depth (°1 ) to the top of a 
vertical-sided cylinder whose density contrast (Ilp) is 
the maximum permitted by geological considerations. 
His solution also gives the depth (°2 ) to the bottom 
of the cylinder and its radius (R). 

For the main circular Gasses Bluff gravity low, the 
parameters used by Skeels have the following values: 
Amplitude Ilgma, = 4.4 mGal 
Half-width at half-amplitude xt = 10.8 km 
Half-width at i-amplitude Xt = 9.7 km 
Probably maximum density contrast IIp = 0.2 g.cm--3 

Skeels' intermediate parameters have the values F 
Xt/Xt = 0.90, M = Ilgma,/xt . IIp = 2.0, 01/02 

0.5, R/02 = 7.0, N = 01/Xt = 0.07. 
The solution is 01 = 0.8 km, 02 = 1.6 km, R = 10.2 
km. 

Varying the chosen maximum density contrast (Ilp) 
has little effect on 02 and R, but the thickness 
(02 - °1 ) is inversely proportional to IIp . Skeels' 
solution tends to over-estimate (02 - °1 ) but clearly 
gives a shallow disc of low-density material. 

Maximum depth of body causing annular low 
Skeels' solution for the annular low can be found by 

approximating an infinitely long (2-dimensional) ver
tically-sided prism for a tangential portion of the hill 
structure. As the width of the anomaly is about the 
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same as the radius, this is only a rough approximation, 
but should give an estimate of the right order of mag
nitude. 

For the annular low, approximated in cross section 
as a prism, the unknowns are as above, except that the 
width of the prism (W) replaces R; the parameters in 
this case are: 

Aglllnx 

Xt 
xi 

Ap 

1.7 mGal 
0.5 km 
0.35 km 
0.2 g.cm-3 

Skeels' intermediate parameters have the values F c= 

xfx f = 0.7, M = AgmnJXt.Ap = 17, 0 1 / 0 2 = 0.28, 
W/0 2 = 1.8, N = O)/x,- = 0.26. 

2 

The solution is 0 1 = 0.13 km, O2 = 0.5 km, W = 
0.9 km. 

This is the solution for maximum depth, and there
fore the effect is caused by a very shallow annulus of 
low density material, which is clearly the outcropping 
sandstones of which the hills are composed. 

Elevation corrections jar annular low 
The elevation corrections used for the stations which 

reveal the annular low require special consideration 
because of the correlation between the extent of the low 
and the Gosses Bluff hills . The amplitude of that low 
will be affected by incorrect choice .of Bouguer density 
and by upward continuation effects. The correlation 
between Bouguer anomaly and elevation will be inves
tigated . 

The conventional technique of testing Bouguer 
density along a Nettleton profile (Nettleton, 1939) , per
pendicular to the line of the hills, cannot be used, 
because of gravity effects associated with density con
trasts between the rocks of the plain and those which 
comprise and underlie the hills. The hills are composed 
mainly of sandstone which, though competent, is low 
density, whereas the rocks seen in outcrop in the plain 
and in the pound are siltstone and less-competent sand
stones of higher density. It is believed that the hills 
have been left standing high by differential erosion. 
Similar situations are not uncommon elsewhere. Nettle
ton profiles must always be used with care. 

Because of the various elevations of the sandstones in 
the hills, it is possible to use Nettleton's technique or 
the alternative correlation technique for stations located 
at about the same rad ial distance from the centre of the 
Bluff. Forty stations were sampled in the annulus 
between radial distances of 1.3 and 1.9 km. The set 
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Figure 11. Regression plot showing lack of significant cor
relation of Bouguer anomaly against height for 
stations in annular gravity low over the Gosses 
Bluff hills. 

includes stations on the hilltops at elevations of about 
900 m, others at elevations comparable with the plain 
at about 750 m, and stations at intermediate elevations. 
The terrain-corrected Bouguer anomaly calculated for 
a Bouguer (and terrain) density of 2.42 g.cm-=l was 
plotted against elevation for each station of the set (see 
Fig. II). There is no significant correlation (coefficient 
= 0.0003) . 

Upward continuation effects must cause a decrease in 
amplitude, because a station on the hills is further from 
the causative bodies than a station at the level of the 
plain. An error in the assumed Bouguer density will 
produce either an increase or decrease in amplitude, 
depending on the sign of that error. 

Let g(h) be the gravity field which would be ob
served on a level surface at height (h) above the level 
of the plain, complete Bouguer and terrain corrections 
being applied for the true density of the hills. 

We have : 
g(h) = g(O) - F.h + 0.0418 (P. + Ap) h -

c.h.g(O) 

F 

p" 
pa + Ap 

where: 
free air correction factor (0.3086 
mGal/m) 
assumed Bouguer density (= 2.42 g.cm-3) 
true Bouguer density (= true density of 
rocks in hills) 

c = upward continuation factor (assumed con
stant to sufficient accuracy for the present 
purpose) 

g(O) = gravity field at height (h) = 0 represent
ing anomalous masses below the plain. 

Adding the free air, Bouguer and terrain correction 
(F.h - 0.0418pnh), we obtain: \\ 

g'(h) = g(O) + 0.0418 Ap.h - c.h.g(O) 
= g(O) + h [0.0418 Ap - c.g(O)] 

No correlation between g'(h) and h, as shown by the 
regression plot, implies (i) that g'(h) = g(O) for all 
values of h and, further, (ii) that 0.0418 Ap = c.g(O). 

Hence from (i), the mean amplitude of the annular 
low has been correctly calculated as g( 0) = -I .'? 
mGal from the eight radial profiles without taking intO\ 
account of the varying height (h) of the gravity 
stations. 

From model studies along section lines ABC and BO 
(Fig. 12), where g(O) = -2.25 mGal, we can calculate 
that for h = 200 m, g'(200) = -1.71 mGal. \ 

-0.54 
Hence c = = +0.0012 m-l . \ 

-2.25 X 200 

Using the mean amplitude of the annular gravity low, 
it follows from (ii) that: 

0.0418 Ap = c.g(O) = 0.0012 X (-1.6) 
Hence Ap = -0.05 g.cm-3 

It follows that 2.37 g.cm-3 is the correct bulk density 
for the Gosses Bluff hills in the area of the gravity low. 
This area is underlain mainly by Mereenie and upper 
Carmichael Sandstones, and, as there is no gravity evi
dence of a density contrast between these units, both 
are assigned a density of 2.37 g.cm-3. The error result
ing from this determination is ± 0.2 mGal over the 
range of 200 m in the above regression plot. 

Two-dimensional modelling-inner area 
Model shapes and the density contrasts between suc

cessive formations which crop out in the inner area 
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can be determined unusually reliably, because of the 
steep dip of the beds. 

Although the gravity effects are small in amplitude 
(maximum 3 mGal), gradients as steep as 7 mGal/km 
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Figure 12. 2-dimensional modelling of sections ABC and 
BD (see Figs. 8 & 9). 
Sharp and steep density interfaces continuing to the 
surface are needed to model the steep gravity gra
dients. The small amplitude of the anomalies limits 
the depth of the density contrasts (460 m in these 
models) . Original scale 1:7500, contour interval 0.1 
mGal. 
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are reliably measured by stations at 67 m intervals 
along radial seismic lines. 

Sections ABC and BD (see Figs. 8 & 9), across the 
annular low, and the gradients on its inner and outer 
edges were modelled by a 2-dimensional program deve
loped by Barlow (1978). These sections are drawn 
through the creek outlet from the inner pound and 
there is no significant variation in elevation along them. 
The gravity models and geological cross-sections are 
shown in Fig. 12. 

Well-defined density contrasts and steep dips at the 
surface are needed in the models. A density contrast of 
0.25 g.cm--3 and a dip of 75° are needed to model the 
steep innermost gradient. The density interfaces do not 
correspond exactly with the formation boundaries as 
mapped, but they and the dips are in reasonable agree
ment. 

The modelling does not admit significant density con
trasts at depths greater than 0.5 km, because of the 
amplitudes and shapes of the anomalies. This is surpris
ing in view of the density contrasts near the surface. 
The beds must retain their steep dip for depths in excess 
of 0.5 km to agree with sub-surface data from seismic 
retlection surveys close to the Bluff (see Fig. 14). Gosses 
Bluff No. I Well remained in steeply· dipping sediments 
throughout its entire depth of 1383 m (Pemberton & 
Planalp, 1965). The lack of lateral density contrasts 
below 0.5 km is presumably due to re-cementation of 
crushed and fractured material uplifted from various 
depths. 

Based on the density of 2.37 g.cm~1 determined pre
viously for the Mereenie and upper Carmichael Sand
stones, the following in situ densities are determined 
from the gravity profiles: 

Hermannsburg Sandstone 
Dare Siltstone 
Harajica Sandstone 
Mereenie Sandstone 
Carmichael Sandstone (Upper unit) 
Carmichael Sandstone (Lower unit) 
Stokes Siltstone (Upper unit) 
Stokes Siltstone (Lower unit) 
Stairway Sandstone 

2.50 g.cm-3 

2.57 
2.47 
2.37 
2.37 
2.37 
2.62 
2.62 
2.54(?) 

Note that these are in situ densities for the rocks 
after fracturing and uplift by the crypto-explosive event. 
Rocks of the same formations may be expected to be 
higher in density in an undisturbed section. In situ den
sities determIned from gravity data at the Bluff are 
about the same as measured densities for mQst forma
tions elsewhere, in spite of their fractured state, except 
for the Mereenie and Carmichael Sandstones which 
have a density of 2.37 g.cm--3 at the Bluff and 2.52 
g.cm--3 elsewhere. 

Two-dimensional modelling-outer gravity gradient 
The diameter of the circular low. is sufficiently large 

compared with the width of the anomaly that the outer 
gradient can be interpreted by 2-dimensional techniques 
without significant error. 

The outer gravity gradient can then be treated as the 
expression of a lateral density contrast or 'step-fault' 
whose general parameters are: 

Depth to top Dl km 
Depth to bottom D2 km 
Lateral density contrast D..p g.cm-3 
Dip angle (t 
Radial distance to centre of fault face R km 
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The essential characteristics of the gravity profile are: 
Maximum change in gravity 

~gmax 

Maximum slope 
dg 
-max 
dr 

4.4 mGal 

1.0 mGallkm 

Distance to t ~gmax Rt 10.8 km 
Distance to t ~gllH" R! 12.0 km 
Distance to i ~gmllx Ri 9.7 km 
The total shape of the profile confirms the near

symmetry of the curve shown by the near-equality of 
(R! - R!) = 1.2 km and (Rt - Rot) = 1.1 km. 

Unambiguously, we know that 

~p(D:! - D 1 ) = ~glllllj41.85 = 4.4/41.85 = 0.11 
from the Bouguer plate formula. 

Furthermore, because the curve is near-symmetrical, 
() = 90°. It is not possible to obtain an unambiguous 
interpretation, but definite limits can be determined, e.g. 
the Ideal Body approach of Parker (1975), which gives 
the minimum density contrast (0.05 g.cm-3 ) capable of 
producing this gradient. Reasonable assumptions as to 
the maximum density contrast which is geologically 
feasible further restrict the solution, e.g. Skeels' tech
nique, which was used to give a maximum depth esti
mate. 

Nettleton (1942) uses the maximum gradient and 
change in gravity to estimate the mean depth to a 
buried fault. For dgl dxlllll , = 1.0 mGallkm and 
~glll"X = 4.4 mGal mean depth is given as 1.5 km, but 
1.0 km is a better estimate. 

All solutions involving a sharp vertical density inter
face call for a depth of burial of less than 1.0 km and 
(D2 - D 1 ) = 0.111 ~p km. 

Dl and Dz can be found for any chosen value of 
flp, e.g. 
flp = 0.055 cm-:l D1 = 0 km D2 = 2.0 km 
flp = 0.11 D1 = 0.5 D2 = 1.5 
~p = 0.22 D] = 0.8 D2 = 1.3 
~p = 2.2 D1 = 1.0 D z = 1.05 

The assumption that the density interface is sharp is 
unrealistic geologically, because it is more reasonable 
to assume that the shattering and fracturing which 
causes the density contrast will gradually diminish with 
increasing radial distance. All such realistic solutions 
will decrease the depth to the top of the body modelled, 
and, in the limit, the graded density contrast will extend 
to the surface. A solution with D1 = 0, D2 = 1.0, and 
~p = 0.11 graded over the radial interval 8.8 to 12.8 
km is probable. 

Other solutions with a dipping sharp interface are 
less· likely, e.g. one which outcrops at a radial distance 
of 9 km and dips at 15° to a maximum depth of I km, 
and with ~p = 0.11 g.cm-3, fits the observed gradient, 
but is too sharp at the inner knee. 

The essential point about this outer gravity gradient 
is that, if it is caused by a single density interface, then 
it is caused by a disc-shaped near-surface body. 

Cylindrical modelling-representative radial profile 
The above considerations of various parts of the 

representative radial profile show that the main features 
of the residual gravity field can be modelled by a simple 
set of near-surface vertically-sided cylindrical annuli 
(Fig. 13). 

The flatness of the field out to a radial distance of 
8 km rules out the possibility of any significant anoma-

lous mass of radius less than 8 km, centrally located 
under the Bluff, at depths of several kilometres. Any 
such mass would give significant curvature to the resi
dual gravity field. 

Again, the shape of the field shows no evidence of a 
peripheral syncline, which is needed to compensate for 
the central uplift in order that the volume of the sedi
mentary layers be conserved. Brown (1973) reached 
the same conclusion from seismic data. 

It is concluded that there is no net mass excess or 
deficiency at considerable depth under the Bluff. It is 
possible to have compensating volumes of high and low 
density material at much the same depth. For this 
reason, it is difficult to rult: out the possibility of a 
minor dome in the basement surface and overlying 
Bitter Springs Formation, centrally located under the 
Bluff. The gravity effect of such a structure would 
depend on the closure and the relative densities of base
ment, Bitter Springs Formation and overlying sedi
ments. A dome. with a closure of 200 m involving den
sity contrasts of 0.1 g.cm-3 would probably not be 
detectable in the gravity field. On the other hand, a pil
low in the Bitter Springs Formation, as shown in Figure 
14, is only compatible with the gravity data if the den
sity contrast is less than 0.05 g.cm-3. 

Minor residual gravity field 
Removal from the residual gravity field of its sym

metrical portion leaves a minor residual field caused by 
bodies which are not circularly symmetrical about the 
Bluff centre. The minor residual field consists of short
wavelength gravity features caused by near-surface den-
sity contrasts. • 

Contours of the minor residual field (Fig. ·15) were 
hand-drawn from profiles along the eight radial profiles 
and the residual contour map. 

The representative profile (Fig. 10c) was subtracted 
from each of the eight radial profiles shown in Fig. lOb. 
The horizontal shifts of the inner and outer porti~ns of 
the profiles which were used to ge'nerate Fig. I Ob f~om 
Fig. lOa were then reversed to replace the profiles\in 
their correct positions on the map. Minor residual 
values were then manually contoured (Fig. 7). " 

Minor residual values are negative in the north and\ 
positive in the south, again showing east-west symmetry \ 
in the structure. The residual feaures tend to be arcuate, 
reflecting a tendency towards circular strike in the 
causative structures. 

+1 

iti-2 

'" E 

-+<J,07 -0.09 

+ 
+ + RepresentBtive radial gravity profile 

/ Calculated gravity profile 

F53/B2·9BA 

Figure 13. Radial section of cylindrical model and calcu
lated gravity profile to fit symmetrical part of 
the residual anomaly field. 
A graded density change has been fitted to the 
outer gravity gradient. The annular cylinders near 
the centre approximate to the more detailed solu
tions in Figure 12. The Gosses Bluff hills are shown 
schematically in profile. The vertical scale shown 
for mGal is also the scale for depth in km for 
the cylindrical model. 
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Generalised geological cross-section through the Gosses Bluff structure, as given in Milton & others (1972). 
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Figure 15. Minor residual anomaly map constructed by removal of the symmetrical part of the residual field from the 
residual anomaly field of the survey area (Fig. 7). 
Original scale 1: 50000, contour interval 0_2 mGaL 



338 B. C. BARLOW 

The low values within the northern half of the cir
cular structure are thought to be caused by troughs of 
low-density breccia, seen in scattered outcrops and 
encountered in several shallow bores. Breccia probably 
is widespread under cover of superficial alluvium, col
luvium and calcrete. BMR Hermannsburg No. 1 Bore 
proved at least ) 52 m of breccia at a point where the 
minor residual value is -0.5 mGal. The minimum 
value of -1.4 mGal , north of the Bluff, suggests a 
considerable thickness of breccia or at least of severely 
fractured rock. A detailed gravity and shallow refrac
tion seismic traverse aided by shallow bores and located 
about 5 km north of the Bluff centre gave data on near
surface density and seismic velocity variations over a 
distance of 1 160 m. From south to north the traverse 
crosses outcrops of bedrock, megabreccia (a chaotic 
assemblage of blocks, characteristically tens to hun
dreds of metres in size) and ordinary breccias in which 
clasts range from metre size down to fine powder. The 
minor residual value decreases by about 1.2 mGal, in
dicating a decrease in density of 0.5 g.cm-3 in the near
surface material. The measured seIsmIc velocity 
decreases from 4.6 to 2.2 km.s-l. 

The significance of the arcuate high with maximum 
values of 1.8 mGal south of the Bluff is more difficult 
to understand. Normal breccia is rarely seen in outcrop, 
but flow breccia crops out at Mount Pyroclast, and was 
detected by local magnetic anomalies (Young, ) 972) 
at several other restricted localities distributed over the 
area covered by the gravity high . However, cores from 
shallow drilling at the sites of the magnetic anomalies 
show that breccia responsible is even lower in density 
than normal breccia and cannot be the cause of the 
gravity high . 

Conclusion 
These investigations of the gravity field of Gosses 

Bluff give additional information on its structure, and 
strongly support the astrobleme hypothesis for its origin . 

The conclusions published by Milton & others (1972) 
after preliminary interpretation of the gravity field have 
been confirmed , using an enlarged and refined gravity 
data bank. Minor modification of their generalised geo
logical cross-section (Fig. 14) will accommodate the 
results of the detailed modelling. 

Specific conclusions from this investigation of the 
gravity field of the Bluff include : 

I. The main part of the gravity field associated with 
the Bluff is a circular gravity low of amplitude 4.4 
mGal and radius (to the mid-point of the bounding 
gradient) of 10.8 km. The circular sym~etry of the 
outer gradient is remarkably good. The outer limit 
of the near-surface structure is nearly vertical. not 
sloped, as shown in Figure 14. 

2 . An annular gravity low, bounded by steep gradients, 
is associated with the central uplift hills. 

3. The centres determined from the outer grad ient and 
inner circular gravity features are very close to the 
hypocentres of foci of energy release determined by . 
shatter cone re-orientation studies. A single release 
of energy from a point source is supported . 

4. The symmetrical part of the gravity field can be 
modelled successfully only by shallow annuli; these 
are consistent with geological data from outcrops 
and drill holes. Gravity suggests that the most frac
tured rocks are those close to the surface, i.e . those 
likely to be most affected by extra-terrestrial impact. 

5. There is no net mass excess of deficieney several 
thousand metres centrally under the Bluff. This is 
evidence against a diapiric origin, either igneous or 
salt. 

6. The symmetry of the Bluff structure extends to at 
least II km and the area is too large to be explained 
by the mud volcano hypothesis. 

7. There is no gravity evidence of a peripheral syn
cline. 

8. The extent of breccia troughs is indicated in the 
gravity field. 

The investigation of the accurately compiled regional 
gravity map of this part of the Amadeus Basin and its 
northern margin has shown: 
I . The very strong east-west gradient which parallels 

the northern margin of the Basin and the lack of 
any significant gravity expression over the vertically 
outcropping sediments at the margin itself require 
re-appraisal. The data show that either 
(a) the sediments continue to the north under base

ment overthrust to the south, or 
(b) the mean density of the uppermost 9 km of 

complex rocks in the 25 km wide zone between 
the margin and the Redbank Zone is indistin
guishable from the mean density of the sedi
ments of the Amadeus Basin. 

2. Structures in the region around the Bluff are well
defined in the residual anomaly map. Several of 
these structures are known to be anticlines which 
are shown by gravity to have low-density cores. It 
is suggested that local mobilisation of the salt-bear
ing Bitter Springs Formation may be the cause of 
these structures, which should be considered as 
likely targets in the exploration for oil and gas. 

3. There is no gravity evidence for a deep-seated 
Gardiner-Tyler Anticline, hypothesised from reflec
tion seismic data; re-appraisal of the seismic data 
would be desirable. 
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The crustal structure of the Gulf of Papua and 
northwest Coral Sea 

B, j, Drummond, C. D, N. Collins, & G, Gibson l 

Ii': 
Interpretation of seismic refraction data from the southwestern coast of the Papuan 

Peninsula and the northwest Coral Sea gives consistent results using several inversion tech
niques. Sediments over the Papuan Plateau are 5 km thick; to the west and northwest they 
thicken to 10 km along the axes of the Moresby and southern Aure Troughs. Farther out into 
the Coral Sea, over the Eastern Plateau, they are 1 to 2 km thick. Beneath the sediments, a 
layer with a P-wave velocity of 6.07 km S-I was inferred over the region. It is underlain along 
the southern coastline of the peninsula by a lower crustal layer with a velocity of 6.9 km s-J, 
which is probably also present under the Eastern Plateau. \Ve cannot say whether the lower 
crustal layer als.o occurs offshore under the Moresby Trough, but it is not present under the 
Aure Trough in' the north. Intervals where the velocity increases with depth are likely in the 
lower crust (> 17 km) under the peninsula, but we have insufficient data to say if they are 
present offshore. The Moho is 27 to 29 km deep along the southwestern coast of the peninsula. 
It shallows to 19 km under the Moresby Trough and deepens to 25 km under the Eastern 
Plateau. The crust is therefore continental under the .Papuan Peninsula and Eastern Plateau 
and, excluding the sediments, oceanic under the Moresby Trough. 

A" 

We have examined several tectonic models for the region that imply different stress patterns 
at the time of formation of the Moresby Trough. We favour one in which northern Australia, 
the Eastern and Papuan Plateaus and the Papuan Peninsula once formed a continuous, con
tinental crust. With the opening of the Coral Sea Basin, crustal thinning extended northwards 
along the axis of the Moresby Trough, probably into the Aure Trough. This model implies a 
regional tensional stress pattern at the time of formation. 

Introduction 
The East Papuan Peninsula trends southeasterly 

from the New Guinea mainland (Fig. 1). Most geo
logical interest in the peninsula is centred in the 
Papuan Ultramafic Belt, which crops out along most 
of the northern side of the peninsula. The Belt is be
lieved by many workers (e.g. St. John, 1967; Davies 
& Smith, 1971; Milsom, 1971; Falvey & Taylor, 1974) 
to be the surface expression of oceanic crust and mantle 
which was obducted onto the northern margin of the 
Australian litho~pheric plate. This probably occurred 
during interaction of the Australian and Pacific plates 
in the Tertiary. 

Between October and December 1973, the Australian 
Bureau of Mineral Resources, Geology and Geophysics 
(BMR), in conjunction with several Australian and 
overseas institutions, conducted a major crustal survey· 
-the East Papua Crustal Survey-in Papua New 
Guinea. The aim of the survey was to determine the 
crustal structure of the East Papuan Peninsula and 
thereby test the theories for the formation of the Pa
puan Ultramafic Belt. Several papers (Finlayson & 
others, 1976a, 1976b, 1977; Finlayson, 1977) have al
ready reported the results of the interpretation of 
survey data from the north of the survey area where 
the Ultramafic Belt crops out. The results from the 
southwest of the survey area have so far not been re
ported in detail. This paper presents the results of 
several different approaches to seismic interpretation 
that were applied to the data from the southwestern 
part of the survey area. Comments are also made about 
the regional gravity field in the region. 

Geology and tectonic development 
Because of the volume of literature on the geology 

of eastern Papua, only a brief discussion is given here. 

1. Preston Institute of Technology, Bundoora, Vic. 3083. 

The reader is referred to Davies & Smith (1971) for a 
detailed discussion of the'> onshore geology. Mutter 
(I 975) described the results of a marine geophysical 
survey undertaken in 1970 to investigate the offshore 
structure and morphology of the Gulf of Papua and 
northwest Coral Sea. Tallis (1975), and Brown & 
others (1975) discussed the geological development of 
the Gulf of Papua as inferred from the results of pe
troleum exploration. 

The Papuan Peninsula has a core of sialic metamor
phosed sediments, the Owen Stanley Metamorphics, 
thought to be of Mesozoic age. The Owen Stanley Fault 
forms the boundary between the Owen Stanley Meta
morphics and the Papuan Ultramafic Belt to the north
east (Fig. 1). The Belt is overlain in the northeast by 
Quaternary volcanics and sediments, Eocene island-arc 
volcanics and by Oligocene to Recent volcanics and 
sediments (Davies, 1977; Smith & Davies, 1976). The 
Owen Stanley Metamorphics are flanked to the west by 
folded Cretaceous to mid-Eocene sediments, and are 
overlain by late Oligocene to Recent volcanics and 
sediments. Offshore in the Gulf of Papua, and onshore 
to the northwest of the Gulf, over 10 km of the Tertiary 
sediments have been measured in the Aure Trough 
(Thompson, 1967). The sediments thin to the west to
wards the tectonically stable Australian continent. 

The aim of this paper is to discuss the gross struc
tures of the region; it is therefore convenient to discuss 
the geology of the area in terms of its tectonic evolu
tion, as interpreted by various workers. 

Little is known of the pre-Tertiary history of the 
region. In the late Permian, the northern Tasman Geo
syncline ended its history as a marine mobile zone and 
was uplifted into a Cordilleran system (Brown & others, 
1968). Clastic sediments derived from the resulting 
landmass were deposited during the Mesozoic in a basin 
marginal to the then Australian coastline. Davies & 
Smith (1971) suggested that interaction between the 
Australian and Pacific plates during the early Cainozoic 
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Figure 1. Geology and principal tectonic features of the survey area. 

caused deformation of the Mesozoic sediments. They 
suggested that the Australian plate probably entered a 
subduction zone along the line of the present Owen 
Stanley Fault, the Papuan Ultramafic Belt was then em
placed, and the Mesozoic sediments were metamor
phosed. The subduction zone became inactive and 
relative movement between the Australian and Pacific 
plates was taken up elsewhere, presumably along the 
New Britain-Solomon Islands trench. 

Sedimentation in the region continued throughout the 
Paleocene and early Eocene, sediments being derived 
from the Australian mainland and deposited over the 
broad continental shelf. A regional hiatus occurred be
tween the upper Eocene and lower Oligocene, followed 
by marine transgressions over the western shelf. 

The rifting associated with the opening of the Coral 
Sea in the early Eocene (Weissel & Watts, in press) is 
believed (Mutter, 1975) to have caused a thinning of 
the crust to the north and east of the stable continental 
shelf and slope, with the resultant formation of the 
Aure Trough. The Aure Trough became the axis of a 
subsiding eugeosyncline in which large volumes of mud
stones and turbiditic greywackes were deposited. Prolific 
volcanism began along the eastern margins of the 
Trough, and the source of sediments being deposited in 
the Trough shifted from west to east as the New Guinea 
landmass began to rise isostatically in the Oligocene. 

In the reconstruction by Taylor & Falvey (1977) of 
the processes occurring during the opening of the Coral 
Sea, a transcurrent fault is suggested along the south
western coastline of the peninsula, linking with the 
Lagaip (Dow & others, 1972) and Bismarck (Bain & 
others, 1975) fault zones. The fault lies along the 
eastern edges of the Aure Trough, and the Moresby 
Trough, a topographic low offshore. Muttter (1975) 

considers the Moresby Trough to be the surface ex
pression of an offshore extension of the Aure Trough. 

Several other tectonic models have been suggested 
to explain the Moresby Trough. Hamilton (1979) sug
gested that it might be the surface expression of a 
recently active Tertiary subduction zone, and Davies 
(1977) implied, by suggesting that there might be an 
active subduction zone off the south coast of the Papuan 
Peninsula, that it is the surface expression of a present
day subduction zone. Both of these models were pro
posed to explain the presence and nature of Quaternary 
volcanoes on the northeastern side of the Papuan Penin
sula. 

The emergence of the New Guinea mainland 
continued into the Miocene, tilting and exposing the 
Papuan Ultramafic Belt and the core of metamorphosed 
sediments which had rifted from the Australian contin
ent. In the Miocene, reefal limestones formed marginal 
to the stable western block, and an immense prograding 
system of sedimentation developed in the Aure Trough. 
Transportation of large quantities of sediments to the 
Coral Sea Basin, via the offshore Moresby Trough, 
began (Davies & Smith, 1971; Mutter, 1975). 

Sedimentation in the Moresby Trough continues 
today (Mutter, 1975). The region is now tectonically 
inactive and has low seismicity (Denham, 1969). 

Previous geophysical work 
Sediment thicknesses in the Coral Sea and the Gulf 

of Papua have been interpreted from a number of 
geophysical surveys and wells in the area. Tenneco 
Australia J nco (1967) and Phillips Australian Oil Co. 
(1965, 1967, 1968) conducted seismic surveys in the 
Gulf of Papua, and a 1970 BMR marine survey 
(Mutter, 1975; Tilbury, 1975) extended and improved 



these data. Brown & others (1975) reported 10 km of 
sediments in the Aure Trough. Shor (1967) recorded 
reversed seismic refraction data in the Coral Sea Basin, 
and J. J. Ewing & others (1970) presented the results 
of continuous profiling and sonobuoy data across the 
Coral Sea and the eastern part of the Papuan Plateau, 
as well as one sonobuoy sounding over the Eastern 
Plateau. Wiessel & Watts (in press) recorded seismic, 
gravity and magnetic data along profiles which crossed 
the Coral Sea Basin. 

Gravity and magnetics were recorded during the 
1970 BMR marine survey, and a regional aeromagnetic 
survey (CGG, 1969) was flown over the Papuan 
Peninsula and Gulf of Papua. 

Between 1967 and 1969, Phillips and Tenneco drilled 
several wells in the Gulf of Papua. Three Deep Sea 
Drilling Project wells (209, 210, 287) were drilled: two 
in the Coral Sea Basin (Andrews, Packham & others, 
1973) and one on the northeast edge of the Queensland 
Plateau (Burns, Andrews & others, 1973) . 

Crustal structure in the region has been interpreted 
by several workers. St John (1967) and Milsom (1971) 
interpreted regional gravity data and suggested over
thrusting as the mechanism fot the emplacement of the 
Papuan Ultramafic Belt. This mechanism is also sup
ported by magnetic (Finlayson & others, 1976a) and 
seismic data (Finlayson & others, 1976b; 1977). 

To the southwest of the Owen Stanley Fault, gravity 
interpretation suggests a crustal thickness of 35 km. 
Denham (1968), using P-wave spectra of deep earth
quakes recorded at the Port Moresby Geophysical 
Observatory, and assuming an average. P-wave velocity 
in the crust of 6.4 km S-I, derived a crustal thickness 
of about 31 km at Port Moresby. This is in general 
agreement with that interpreted by Finlayson & others 
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(1977) using simple interpretational methods on some 
of the data from the southwestern part of the survey 
area. 

Mutter (1975), using offshore gravity measurements, 
inferred a thinning of the crust to the southwest of 
Port Moresby. There is some evidence of this in the 
seismic data (Finlayson, 1977). In 1966, a seismic 
refraction survey over Cape York Peninsula indicated 
a two-layered crust (excluding sediments) in the region 
of the stable western platform (Finlayson, 1968). Both 
the Moho and the intermediate layer shallow towards 
the Coral Sea and Torres Strait, where the Moho was 
estimated at less than 30 km deep. From surface-wave 
analysis, Brooks (1969) determined an average crustal 
thickness of 33 km in the Gulf of Papua and derived 
crustal and upper mantle P-wave velocities of 6.08 and 
7.90 km S-1 respectively. 

The crust in the Coral Sea Basin is oceanic (Ewing, 
M. & others, 1970; Falvey & Taylor, 1974) . Several 
refraction lines (Ewing, M. & others, 1970) crossed 
the Coral Sea Basin and the eastern end of the Papuan 
Plateau. A refractor with P-wave velocities from 6.2 
to 6.6 km S-1 was interpreted at depths varying between 
5 and 7 km. This velocity is intermediate between Fin
layson's (1968) upper and lower crustal velocities for 
the Australian continent to the west, and the depth of 
the refractor is shallow compared with Finlayson's 
lower crustal layer. 

The survey 
The 1973 East Papua Crustal Survey was described 

in detail by Finlayson (1975). One hundred and eleven 
shots were fired at sea and recorded at 43 recording 
stations on land (Fig. 2). Four of the stations were 
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Figure 2. Shot and recording station distribution for the East Papua Crustal Survey. . 
Shot points 10, 11 and 12 from the CRUMP survey (Finlayson, 1968) and sonobuoy 56 of Ewmg, J. I. & others, 1970 
are also shown. 
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permanent observatories, 29 were remote tape-recording 
systems, and 9 were manned stations. 

Shots were 1 tonne or 180 kg in size. Where the 
water depth permitted, the shots were fired at a depth 
of 100 m. The shots in the Coral Sea can be divided 
into two groups. Twenty-nine shots were fired along 
the southwestern coast of the Papuan Peninsula (line 
CBAE) and a further 21 shots were fired along two 
lines (AD and BD) extending southwesterly from the 
coast for about 300 km (Fig. 2). 

Line CBAE was along the coast from the Gulf of 
Papua in the northwest to the eastern tip of the Papuan 
Peninsula in the southeast. It crossed the eastern edge 
of the Aure and Moresby Troughs and along the slope 
between the mainland of Papua and the Papuan Pla
teau. Most of the seismic profiles from the line CBAE 
were reversed. 

Lines AD and BD crossed the Moresby Trough and 
the Eastern Plateau. The profiles along lines AD and 
BD were not reversed. 

Data reduction and analysis 
Line CBAE 

Large-scale analogue paper records were made of 
all magnetic tape recordings from the survey, and travel 
times were calculated for them. Elevation and water
depth corrections were applied using an uppermost 

8. AA,VE,KB 
15 

crustal velocity of 4.0 km S-I. Time/ distance graphs 
were then plotted. 

To assist in the recognition of the various seismic 
phases, record sections were plotted for several of the 
stations which recorded a high percentage of the shots. 
The time/distance graphs are too numerous for in
clusion here, and the reader is referred to Finlayson 
(1975) for the data. However, two record sections 
along line CBAE are included (Fig. 3). Aroa (AA), 
Kubuna (KB), and Yule Island (YE) had similar time/ 
distance graphs for arri vals from shots to the southeast, 
so their record sections were combined in Figure 3a 
to give a composite record section. Figure 3b is a record 
section of recordings at Kwikila (KW) of shots to the 
northwest along the coast on line CBAE. The trace at 
300 km is the recording of shot 19 (Fig. 2). The time 
scales of the record sections have been reduced by the 
factor (distance/ 8.0). All travel-times referred to below 
are reduced times. 

Unfortunately, no shots were fired within 20 to 30 
km of the stations, so the velocity in the uppermost 
crust could not be measured accurately. An average 
velocity of 4.0 km S-I was assumed in the sediments in 
the Moresby Trough and on the Fapuan Plateau. It 
is based on the velocities from well logs and marine 
seismic surveys, and also fits later arrivals from this 
survey. It is acceptable for the Kwikila (KW) data 
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Figure 3. Record sections of shots along line CBAE recorded at (a) AA, KB and YE and (b) KW. 
The superimposed travel-time curves were derived for the model in Figure 4e. 
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The models were derived by (a) the method of 
Dooley (1952), (b) the Reciprocal Method, (c) non
linear least squares inversion and (d) the Time-Term 
Method. Figure 4e is the adopted model, in which 
the shaded zone represents regions of possible velo
city gradients. 

(Fig. 3 b), but is too high for the Kubuna (KB) data 
(Fig. 3a), because the first arrivals on traces within 
40 km of the origin occur later than expected for this 
velocity. 

The first arrivals recorded between 30 and 100 km 
are interpreted as refractions through the basement. At 
some stations these refractions can be traced as later 
arrivals beyond 100 km. First arrivals beyond 100 km 
are interpreted as refracted energy from below the 
Moho. 

Apparent phase velocities and iptercepts were calcu
lated by linear regression analysis of the travel-time/ 
distance data for each of the phases recorded as first 
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arrivals along line CBAE. Reciprocal sets of data in 
which the reciprocal times for the basement phase 
agreed to within 0.5 s and the sub-Moho phase recipro
cal times agreed to within 1.0 s were then analysed 
using the method of Dooley (1952). and the refractor 
depths, true velocities and dips of the refractors were 
calculated. The model so derived is shown in Figure 
4a. Several values were calculated for the refractor 
depths under each station. The mean of the values for 
each station and shot is plotted in Figure 4 . The stand
ard deviations of the depth of each point were too 
small to illustrate diagrammatically. so the mean 
standard deviations for all points on the refractors are 
shown. Because the method assumes that the refractors 
are planar and continuous between recording points, it 
tends to smooth out the refractor topography in areas 
of considerable relief. 

The means of the refractor velocities determined by 
Dooley's method were then calculated. The basement 
velocity of 6.07 ± 0.16 km S-1 was determined from 29 
reciprocal pairs of data, and the sub-Moho velocity 
of 7.96 ± 0.06 km S-1 was determined from 12 re
ciprocal pairs. These velocities were then used to invert 
the travel-time data along line CBAE, using the 
Reciprocal Method of Hawkins (1961) . The resulting 
two-layered model is shown in Figure 4b. The mean 
standard deviations of the refractor depths are also 
shown. The bifurcation of the basement refractor 
depths at one point on the profile represents the onshore 
(shallower) and offshore (deeper) depths at Aroa 
(AA) and shot 9 respectively. 

One of the authors (GG) has developed a computer 
program for the non-linear least-squares inversion of 
seismic travel-time data . The method was applied firstly 
to the data from along line CBAE, and then the data 
from lines AD and BD were included. Only stations 
which recorded 5 or more arrivals from each refractor 
and shots which had both basement and sub-Moho 
refractions recorded at 5 or more stations were used 
in the inversion. The velocities in Figure 4c are from 
the inversion. The bifurcation in the depths of the 
basement represents the onshore (shallower) and off
shore (deeper) refractor depths at Kubuna (KB) and 
shot 11 respectively. 

The Time-Term Method (Scheidegger & Willmore, 
1975; Willmore & Bancroft, 1960) was also applied to 
the data . Again, two sets of calculations were per
formed : On the data from line CBAE only, and then 
with the data from lines AD and BD included. The 
profile in Figure 4d is from the inversion of the data 
from line CBAE. Time-terms were calculated for the 
Moho at several points where no time~terms could be 
calculated for the basement, and so the Moho time
terms could not be converted to depths. To illustrate 
the complete data set, the time-terms are· also plotted 
in Figure 4d. The mean standard deviations of the 
refractor depths, determined by converting the travel
time residuals for the model into depth terms, are also 
shown. 

The models in Figure 4 are based mainly on first 
arrival data and, consequently, excluding the upper 
sedimentary layer, have a single-layered crust. The 
mean standard deviations of the refractor depths are 
small for all models and are an indication of the in
ternal consistency of the methods used to invert the 
data. The models in Figures 4a, b, and d hav.e similar 
seismic velocities and thicknesses. The model from the 
least squares inversion (Fig. 4c) has a thicker crust, 
but also has the highest seismic velocities in the crust 
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Figure 5. Record sections of shots along line CBAE recorded at (a) AA, KB and YE and (b) KW. 
The superimposed travel-time curves are for plane, horizontal layered models whose velocity/depth functions are shown 
in the insets, and illustrate the effect of velocity gradients in the lower crust. 

and upper mantle. The velocities in Figures 4a and 4b 
were determined from carefully chosen reciprocal pairs 
of data. Those in Figures 4c and 4d were derived from 
the data inversions and as such were not subject to as 
much interpreter control. The velocities in Figures 4a 
and 4b were therefore preferred. 

Ray-tracing techniques were used to adjust the model 
in Figure 4b to fit the observed travel-times. Initially, 
a single-layered crust (excluding sediments) was adopt
ed for the profile, although in Figure 3a the reflections 
from the bottom of the 6.07 km S-l layer, at about 10 s 
and 200 km, were too early for a single-layered crust 
of 6.07 km S-1 velocity, inferred from the first arrival 
data. 

Berry (1971) discussed the pitfalls in using only first 
arrivals to calculate refractor depths. A reliable inter
pretation is possible only if later arrivals can be 
correlated on the record sections, since refractors which 
return only later arrivals can be present; errors in the 
thickness of the section of as much as 20% (calculated 
analytically) may result. 

A lower crustal reflection phase, which does not 
occur as a first arrival, can be interpreted in the 
Kwikila (KW) record section (Fig. 3b), with a retro
grade cusp at about 5.5 sand 65 km, and a forward 
cusp at about 9.5 sand 180 km. The lower crustal 
phase cannot be traced beyond about 190 km. Because 

reflections might be expected to take place about half 
way between the shot and recorder, the reflections at 
190 km probably bottomed between 90 and 100 km 
northwest of Kwikila (KW). This corresponds to a 
point just northwest of Port Moresby (PMG), where 
the traverse enters the region of the Moresby Trough. 
It is therefore reasonable to assume that, in the south
east, the crust is two-layered (excluding sediments), 
with a layer of 6.07 km S-1 material overlying a lower 
crustal layer of about 6.9 km S-l material. The lower 
crustal layer in the southeast then accounts for the 
reflections at lOs and 200 km in Figure 3a being 
earlier than would be expected for a single-layered 
crust. The model adopted is shown in Figure 4e. The 
travel-time curves from ray tracing through the model 
are superimposed on the record sections in Figures 3a 
and 3b. 

The fits to the record sections are generally good. 
The velocities used in the modelling were the average 
values determined along the entire line CBAE, and any 
deviations of the model times from the record sections 
might therefore be caused by departures of these 
record sections from the full data set. 

A zone of velocity gradients has been marked at the 
base of the crust in Figure 4e. In the model, the 
average crustal velocity in the north is less than 6 km 
S-1, and is very low. The 6.07 km S-1 material, rather 



than having a constant velocity throughout the crust, 
is likely to have higher densities and seismic velocities 
in the lower crust (Ringwood, 1975). Vertical velocity 
gradients may therefore be present in the crust without 
causing any extra travel-time branches. If gradients are 
present, the crust in the model may be as much as 20 
percent too thin (Berry, 1971; Bath, 1978). The data 
from the record sections in Figures 3a and 3b were 
therefore further modelled, using ray-tracing tech
niques, to find out if higher velocity material could be 
present at the base of the crust without giving any in
dication in the record sections-other than the charac
teristics already described and used to derive the model 
in Figure 4e. 

Figure 5a is the same record section as Figure 3a, 
but the time-distance plot is for the horizontally layered 
model whose velocity/depth function is shown in the 
inset. The model was derived by using the apparent 
velocities and intercept times from the record section 
to calculate a model with velocity steps, or first-order 
discontinuities, and then adding the velocity gradients 
and adjusting the depth to the base of the crust accord
ingly. For the recordings at Aroa (AA), Yule Island 
(YE) and Kubuna (KB), higher velocities may be 
included at the base of the crust. The deviation of the 
calculated travel-times from the refracted energy from 
the base of the sedimentary layer in the distance range 
30 to 100 km (Figure 5a), results from using a hori
zontal layered model to satisfy data from a geologically 
complex region. 

Figure 5b is the same record section as Figure 3b, 
and the time distance plot is for the velocity/depth 
model shown in the inset. Velocity gradients were used 
to model the features in the record section previously 
used to infer lateral velocity structures. For example, 
the arrivals with a forward cusp at 190 km and 9.5 s 
were interpreted as indicating a lower crustal refractor 
underlain by a velocity gradient, rather than a refractor 
which wedges out to the northwest. Consequently, as 
with the model in Figure 5a, velocity gradients may be 
interpreted in the profile. 

Although the use of horizontal layered models in 
such a geologically complex region is only a first ap
proximation, the travel-time data are well represented 
by the models in Figures 5a and 5b. The velocity/depth 
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profiles in Figures 5a and 5b do not, however, depart 
significantly from the model in Figure 4e. In Figure 5a, 
the crust in the northwest is single-layered (excluding 
sediments), except that the velocity increases with depth 
in the lower crust. Figure 5b indicates that a lower 
crustal refractor is present in the southeast. Below the 
refractor, the velocity increases with depth. The velocity 
at the top of the lower crustal layer in Figure 5b is 
6.5 km S-l. Since the sedimentary layer thickens to the 
northwest and the lower crustal layer wedges out, this 
must be an apparent velocity, and 6.9 km s-1, which 
was derived for the model in Figure 4e, is probably 
reasonable. 

Lines AD and BD 
Profiles AD and BO in the Coral Sea .were unre

versed, and therefore the measured apparent velocities 
could not be corrected for dip. The interpretation was 
therefore based on a composite record section of 
recordings from Owers Corner (OC), Mount Lawes 
(ML), Sirinumu Dam (SO), Aroa (AA) and Oaugo' 
Island (01) (Fig. 6). Because Figure 6 is a composite 
record section of traces from stations up to 100 km 
apart, some deviations from the mean travel-time 
curves do occur, but the general features appear con
sistently in the traces at all of the stations. 

The basement refractions occur as first arrivals to 
about 80 km. The deviation from the average travel
time curve of the first arrival at 30 km is caused by 
the composite nature of the record section. The strong
est arrivals are those between 80 and 180 km, and 6 
to 8 s reduced travel-times. Two sets of arrivals can 
be interpreted: a small-amplitude refracted phase from 
the basement, and later, larger amplitude reflections 
from the bottom of the basement. Moho refractions 
are most evident as first arrivals beyond about 180 km, 
but are very emergent. They are weak between the 
crossover distance (about 100 km) and 180 km. 

Figure 7 is a plot of the mean reduced travel-times 
0'[ the interpreted Moho refracted arrivals at ML, SO, 
OC, Dr, and PMG, with LMG which is on the north
eastern side of the Papuan peninsula. The LMG results 
were included because LMG recorded sub-Moho refrac
tions from shots near the southern coast of the penin
sula. The travel-time means have been corrected for 
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Figure 6. Composite record section of ML, SD, AA, OC and DI recordings of shots along line AD. 
The travel-time curves are for the model in Figure 8a. The arrows indicate sub-Moho refractions 
observed on large-scale analog records. 
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Figure 7. Means of tbe travel-times from the shots along 
line AD to stations onshore, with the station 
residuals relative to station ML removed. 

the residuals of the stations relative to ML. The travel
times, with their station residuals removed, deviate 
from the means by no more than 0.1 s. Between shots 
33 and 29, the first arrivals have an apparent velocity 
of 8.09 ± .05 km S-I. However, between shot 34 and 
the coast, arrival times are delayed by about 0.8 s. This 
is consistent with a thick pile of sediments in the 
Moresby Trough. In the northwest, on profile CBAE, 
11 km of sediments were modelled and the least squares 
and time-term analyses yielded similar depths close to 
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shore along profiles AD and BD, consistent with 
earlier estimates of the sediment thickness (Thompson, 
1967). The least squares and time-term interpretations 
yielded Moho depths offshore that were much less than 
along the coastal profile. This confirms Mutter's (1975) 
interpretation from the observed gravity field, that the 
mantle must rise under the sedimentary trough. 

The time-term and least-squares analyses gave some 
indication of the structures offshore along lines AD and 
BD, but since upper crustal information needed to in
vert the sub-Moho data was available only near the 
coast, complete inversion of the Coral Sea data by 
these methods was not possible. The model along the 
coastal profile CBAE was therefore used as the starting 
point for the interpretation. 

The models adopted along lines AD and BD are 
shown in Figures 8a and 8b respectively. The sediment 
thicknesses and Moho depths from the coast out to 
shot 33, where the reliable estimates ceased, were taken 
from the time-term interpretation. Estimates of the 
water depths were derived from Mutter (1975), and 
Tilbury (1975). The sediment thicknesses of Tilbury 
(1975) were adopted over the Eastern Plateau; they 
are substantiated by the results of so no buoy 56 of 
Ewing, J. I. & others (1970), which indicated about 1 
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Figure 9. Fence diagram of the crustal models along lines CBAE, AD, and BD. 

km of sediments of average velocity 2.2 km S-1 over
lying a layer of 5.9 km S-1 velocity at 2.7 km depth. 

The crust was initially assumed to have a uniform 
velocity of 6.07 km S-1 throughout. This is the velocity 
found in the upper crust along the coast; the measured 
apparent sub-Moho velocity of 8.09 km S-1 was used 
as the true velocity and the Moho was assumed to be 
horizontal. Ray-tracing techniques were then used to 
fit the model to the data. However, to satisfy both the 
seismic travel-times and the gravity profile, a lower 
crustal layer was required. A layer of 6.9 km S-1 

material was included below the Eastern Plateau, 
wedging out below the Moresby Trough. 

The velocity/depth profile adopted at sea in the Gulf 
of Papua is similar to that found to the west by 
Finlayson (1968) from the CRUMP data. A few 
kilometres of sediments overlie a basement of 6.07 
km s-' velocity (5.9 km S-1 in the CRUMP model), 
and a lower crustal layer of 6.9 km S-1 velocity (6.77 
km S- I in the CRUMP model) is present at 15.5 km. 
The Moho is at 25 km depth, and has a velocity of 
8.09 km S-1 (8 .05 km S-1 in the CRUMP model) . If 
velocity gradients similar to those interpreted along 
line CBAE are present at the base of the crust along 
profiles AD and BD, the crust will be 1 to 2 km thicker. 
However, there is no justification, from the present 
data, for including the velocity gradients along AD 
and BD. 

Also plotted in Figures 8a and b are the observed 
free-air gravity profiles, and the theoretical gravity 
profiles calculated from the models . The travel-time 

curve for the model along line AD is superimposed on 
the record section in Figure 6. Arrivals refracted from 
the upper mantle (100 to 330 kms; reduced travel 
times of about 6 s) are very emergent, so the picks 
from large-scale analogue chart records have been 
marked on the traces. The travel-time curves for the 
model fit the ML, DC and SD data well ; DI and AA 
data are late. This is consistent with increasing sediment 
thicknesses to the northwest and southeast of ML. 

Discussion 
Several tectonic processes have been proposed to 

explain the morphology and geology of the Moresby 
Trough. They involve different regional stress patterns, 
and include transform faulting, with shear stresses; 
subduction, suggesting compressional stresses; and 
crustal extension or rifting, implying a tensional en
vironment. It is useful to discuss the tectonic processes 
in terms of the crustal parameters defined by this 
study. Figure 9 is a fence diagram of the models 
derived. 

The model along line CBAE may be described as 
follows . The sediments on the Papuan Plateau have 
been interpreted as 5 km thick. Northwest of KW they 
thicken , and along the northeast margin of the Moresby 
Trough are about 9 km thick onshore. and 11 km thick 
offshore. The bifurcation of the base of the 4.0 km 5-1 

material in the model (see also Fig. 4e) represents the 
onshore (shallower) and offshore (deeper) depths of the 
base of the sediments. The crust has been modelled as 
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27 to 29 km thick along the entire profile, depending 
on the velocity/depth function adopted for the lower 
crust. In the south, a lower crustal layer 9 km thick 
has been interpreted. It wedges out to the northwest as 
the profile crosses the Moresby Trough. The crust 
under the Papuan Peninsula, particularly in the south
east, is therefore continental. 

The crust offshore in the Moresby Trough is about 
19 km thick. Sediments comprise about the top 10 km, 
so that the crust below the sediments is of oceanic-type 
thickness. However, for it to be of true oceanic type, 
it would have to be much denser than that modelled , 
implying steep velocity gradients in the lower crust. 

The northern limits of the thin crust in the Moresby 
Trough are uncertain. Recordings at shot 19, in the 
Gulf of Papua. are consistently about 0.5 to 1.0 slater 
than the recordings of shots to the southeast, as 
illustrated by the trace at 300 km in Figures 3b and 
5b. Shot 19 is on the axis of the Moresby Trough, and 
as its delay is similar to the delays observed for shots 
between shot 34 and the coast along line AD, the thick 
sediments of the Moresby Trough probably extend as 
far as the northern limits of the Gulf of Papua. Brown 
& others (1975) reported 10 km of sediments onshore 
in the now filled Aure Trough, so Mutter's (1975) 
belief that the Moresby and Aure Troughs are a con
tinuous feature seem justified. We have no seismic data 
north of shot 19, and have done no gravity modelling 
across the Aure Trough, so we cannot say how far 
north the crustal thinning extends. 

West of the Moresby Trough, under the Eastern 
Plateau (Fig. 1), the crust has continental-type para
meters similar to those measured by Finlayson (1968) 
to the east of Cape York Peninsula. The crust under 
the Eastern Plateau also seems to be similar to that 
under the Papuan Plateau along the southern end of 
line CBAE, except that thicker sediments have been 
measured on the Papuan Plateau. 

Falvey & Taylor's (1977) model for the formation 
of the Moresby Trough involves a transform fault 
linking the western limit of sea-floor spreading in the 
Coral Sea with the onshore fault systems of Dow & 
others (1972) and Bain & others (1975). Their pro
posed fault coincides with the Moresby Canyon, a 
deep erosional feature linking the southern Moresby 
Trough with the Coral Sea Basin (Mutter, 1975). The 
Canyon also defines the western limit of the P apuan 
Plateau, and lies south of shots 42 to 45. Small travel
time residuals in records of shots 42 to 45 at stations 
along the southwestern coastline are consistent with 
deeper sediments in the west, and imply that the 
Moresby Canyon is structurally controlled. Since trans
form faulting is not usually associated with large-scale 
vertical movements, the thicker sediments in the west 
are more likely to have been laterally transposed from 
a region of thick sediments into a region of thinner 
sedimentary cover. This is consistent with right lateral 
movements on the Lagiap Fault Zone (Dow & others, 
] 972). While we cannot dismiss this model entirelv 
with the present data, it does not explain the equally 
sharp western limit of the Moresby Trough modelled 
in this study. 

To explain the presence and nature of Cainozoic 
volcanoes on the northeaste rn Papuan Peninsula , 
Hamilton (1979) suggested that the Moresby Trough 
was the surface expression of a Cainozoic subduction 
zone which thick crust from the west had entered and 
plugged. The presence of thin crust in the Moresby 
Trough and normal crustal thicknesses in the south-

western Papuan Peninsula (see also Finlayson & others, 
1977) must rule out this theory. Davies (1977) also 
suggested that a subduction zone to the south of the 
peninsula was responsible for the Cainozoic volcanoes, 
but he implied that it was still active. However, the 
a rguments just used against Hamilton's (1979) theory 
can also be applied to Davies' model, and, more 
convincingly, the absence of any seismic activity 
defining a Benioff zone (Denham, 1969) rules out the 
Moresby Trough as the surface expression of an active 
subduction zone. 

Mutter (1975) suggested that the Moresby Trough 
formed as a result of crustal thinning associated with 
the rifting of the Coral Sea Basi n. Certainly the results 
of our study support crustal thinning as the tectonic 
model for the region, although we cannot say if rifting 
was the mechanism in the Moresby Trough. We favour 
a tectonic model in which northern Australia, the 
Eastern Plateau, and the Papuan Peninsula and Papuan 
Plateau once formed a continuous, thin, continental 
crust. With the opening of the Coral Sea Basin, crustal 
thinning extended northwards along the axis of the 
Moresby Trough, probably into the Aure Trough. This 
model implies that a tensional stress regime was 
probably present at the time. 

The Papuan Peninsula, Papuan Plateau and Moresby 
Troughs were depressed relative to the Eastern Plateau 
and the Australian continent because of their proximity 
to the subduction zone to the northeast now represented 
by the Papuan Ultramafic Belt and the Owen Stanley 
Fault. The Papuan Peninsula has risen isostatically, but 
the Papuan Plateau and the Moresby Trough are still 
below the sea. Because they are closer to the Papuan 
New Guinea land mass, and therefore closer to the 
source of sediments than the Eastern Plateau, they now 
have thicker sediments. 
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A geophysical profile across Australia at 29°S 

J. C. Dooley 

Long wave·length components of the gravity and magnetic fields, topography, and heat·How 
data, are examined along a trans·continent profile close to 29°S. The profile crosses from the 
west Australian Archaean shield in the west. to the New England Permian geosyncline in the 
east. The depth to the Moho, the mean crustal density, and temperatures at 40 km depth and 
at the base of the crust are derived from the profiles. Depths obtained from seismic refraction 
and reflection surveys near the profile are shown for comparison. The gravity anomalies show 
that departures from isostasy along the profile must be small, although in the eastern part of 
the Precambrian shield compensation must be either regional or deeper than the base of the 
crust. The Moho is probably at about 35·40 km depth over most of the profile. Average crustal 
density estimates range from 2.82 to .2.96 t/m3• Temperatures at a given deptb increase from 
west to east; the depth to the Curie temperature may be below the base of the crust under the 
west Australian craton, but within the crust in the eastern part of the profile. 

The magnetic profile shows long wave·length features of some hundreds of nanoteslas ' 
amplitude; some of these correlate with gra\'ity anomalies, others show a reverse correlation. 
Anomalies are generally larger in the western part of the traverse. Some anomalies appear to 
be caused by permanently magnetised rocks. The crust beneath the Permian New England 
Geosyncline is similar to that beneath the Archaean shield in Western Australia in average 
crustal density, elevation, and crustal thickness. 

Introduction 
Over a number of years various types of geophysical 

data have been or are being mapped more or less 
systematically over Australia. 

In this paper, published and unpublished data from 
the various geophysical fields have been assembled 
along a profile (Fig. 1) crossing the Australian con
tinent from west to east at latitude approximately 29°S. 
The objective is to examine in a preliminary way the 
long wave-length components of the data for significant 
features and correlations. The shorter wave-lengths 
have been removed by taking averages over to latitude
longitude 'squares', over 50 km length of profiles, or 
by scaling from small-scale contoured maps. 

The data plotted in Figure 2 include the gravity and 
magnetic fields, topography, and heat flow. Deep seis
mic soundings at a few points close to the profile have 
been shown for comparison. The main geological fea
tures crossed by the profile are also shown. 

Features derived from the data include the depth to 
the Mohorovicic discontinuity, mean crustal density, 
temperature at 40 km depth, and temperature at the 
base of the crust. Values for these parameters depend 
on the assumptions made and models used in deriving 
them, and should be regarded as tentative hypotheses 
at present, to be tested as further data or more rigorous 
analyses become available. 

The profile follows a series of magnetic profiles flown 
in 1975/76, crossing the continent from Geraldton
Laverton-Emu-Oodnadatta-Tibooburra - Bourke - Moree
Grafton. Because of logistic and navigational problems, 
the line contains bends (Fig. 1). However, because 
long wave-length magnetic data would have been 
difficult to extract from any other source, it was de
cided to adopt these flight paths as constituting the 
profile for study, and to plot the other more readily 
available data along that profile. For plotting purposes, 
the profile has been projected onto latitude 29°S. 

The averaging process is not necessarily the best for 
extracting long wave-length data, and the gravity, 
magnetic and topographic data will be subjected to 
Fourier analysis in due course. The present study is 

intended as a preliminary examination of the data to 
assess what correlations seem likely to lead to useful 
conclusions. 

Many very interesting anomalies at shorter wave
lengths have been eliminated by the averaging process. 
The relation of some of these to geological features has 
already been studied, ' and there are still many fruitful 
studies of this nature to be made. Occasionally it may 
be advisable to look at the more detailed data in order 
to understand the longer wave-length components. How
ever, detailed comparisons have been avoided in this 
study. 

For further appreciation of the nature of some of 
the anomalies shown on the profiles, reference should 
be made to maps which show the extent and trend of 
the anomalies; by studying the maps, it can be seen 
where the profile crosses features obliquely, where it 
crosses a major feature near its end and does not 
illustrate its full amplitude, and similar instances 
(BMR, 1976c, 1976d; Anfiloff & others, 1976; Well
man, 1976, figs. 2, 7 & 8; Wellman, 1979, fig. 5; Cull 
& Denham, 1979, fig. 1). 

Data 
Magnetics 

During the course of a first-order magnetic survey 
(i.e., reoccupation of about 60 stations over Australia 
for mapping the main field and its secular variation) 
BMR's Aerocommander aircraft was used for transport 
between stations. The opportunity was taken to record 
the total magneiic field on flights between stations at 
an altitude of 3 km, with overflying of end points to 
ensure continuity. 

The records were digitised approximately every 5 km 
(McMullan, pers. comm.). For this paper, successive 
groups of ten values have been averaged; thus the 
means are obtained of about 50 km of traverse, cor
responding approximately to the 0.5° x 0.5° block 
averages of gravity and topography. A component 
representing the Earth's main field has been subtracted, 
and the residual total intensity anomalies have been 
plotted in Figure 2 (a) . 
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Figure 1. Locality map showing profiles, reflection and refraction probe sites, and major geological provinces. 
The legend on the figure should read reflection and refraction shots. 

A third-order regional magnetic survey has been con
ducted to fill the gaps between first-order stations; the 
vector field components of total intensity, horizontal 
intensity, and declination were measured at intervals of 
about 20-\ 00 km along roads or tracks, or by helicopter 
in remote areas. 

The total intensity profile was derived from the 
continuous flying rather than the third-order survey, as 
the former gives a more even representation of the 
field . It is of interest to determine whether the long 
wave-length anomalies result from induced or perma
nent magnetisation. The horizontal component of the 
magnetic field H = F cos I, where F is total intensity 
and I is inclination. I is about 60° along the profile, 
so H should be about half F . If the anomalies reflect 
induced magnetisation over broad zones, approximately 
tlie same ratio should be maintained for the anomalous 
part of the field. A major deviation from this ratio 
would indicate remanent magnetism in a different 
direction from the present field. Remanent magnetism 
could exist in the same direction as the present field, 
which could not then be distinguished from induced 
magnetisation. 

In order to examine this, average horizontal com
ponents were determined over half-degree longtitude 
segments of the profile from the third-order regional 
magnetic observations; observations within about half 
a degree of latitude from the profile were used. These 
were corrected for the main field and secular variation 
of Finlayson (I 973), modified by later measurements 
(van der Linden, unpublished data) which showed 
that Finlayson's maps give values about 190 nT too low 
near Geraldton. 

The average horizontal intensity values have been 
plotted with the total intensity values in Figure 2(a) . 
In comparing the two profiles, it should be remembered 
that they are based on different data sets, one at ground 
level and the other at 3 km elevation. The different 
sampling procedures--averaging point observations at 
irregular spacings in one case, and averaging segments 
of a profile in the other case--could lead to apparent 
local differences, particularly in disturbed areas. An 
example is the sharp negative H anomaly at 11 rE, 
which mainly results from one point with an anomaly 
of -5000 nT. Near 136°E and 137°E is another dis-



turbed area, where the observations near the profile 
range through several hundreds of nanoteslas. 

The separation of the regional field from the residual 
or anomalous part is to some extent arbitrary, and 
removal of very long wave-lengths (10° or more) in 
the regional fields for F and H may not be consistent. 
Between the two extremes, we can expect that major 
variations of direction of magnetisation should be ap
parent for anomalies of horizontal extent of the order 
of 2° to 10° along the profile. The attenuation of such 
anomalies because of upward continuation from ground 
level to 3 km is less than 10% ; this is not significant for 
the present study. 

Geology 
The geological features in Figure I and Figure 2( c) 

have been extracted from the Geological Map of 
Australia at 1: 12 M (BMR, 1971), Geology of Aus
tralia at I: 10M (BMR, 1976a), and the Tectonic Map 
of Australia and New Guinea at 1: 5 M (GSA, 1971). 

Gravity 
The topographic and gravity anomaly profiles have 

been prepared from the 0.5 ° x 0.5 ° area averages used 
by Wellman (1979). Free-air anomalies'- Bouguer 
anomalies using a density of 2.67 tl m3, and isostatic 
anomalies for the Airy hypothesis with standard depth 
30 km, have been plotted in Figure 2(b). Where 
necessary, profile values have been interpolated between 
means of adjacent areas. The topographic profile has a 
vertical exaggeration of 500: I. 

Also shown in Figure 2(b) is a very long wave-length 
gravity field derived by Anderson & others (1973), 
using spherical harmonics to order 16, based on 
satellite data. This is probably related to density 
variations at some depth in the mantle, and should be 
regarded as a base-line for sludying the crust. 

The depth to the base of the crust and the mean 
density of the crust plotted along the profile are based 
on investigations by Wellman (1976), and have been 
plotted in Figures 2 (c) and 2 (d). Depths are shown 
with a vertical exaggeration of 10: 1. 

The absolute levels of these curves cannot be derived 
from gravity data alone. The depths shown were derived 
by Wellman as consistent broadly with seismological 
data. Wellman's density variations were added to an 
assumed standard crustal density of 2.9 t/ m3 to give 
an estimation of actual densities. 

Heat flow 
The heat flow profile (Fig. 2(e» was constructed 

from a contour map of heat flow values (Cull & Den
ham, 1979, fig. 1), based on a 1 ° x 1 ° grid derived 
by interpolation from observations distributed some
what unevenly over the Australian continent. 

The reliability of the contours depends of course on 
the distance from observations. There are several 
observation sites both north and south of the profile 
from the western end to about 123°E; after that there 
is a gap, then some observations to the south of the 
profile from about 13 t °E to 142"E; another at about 
145°E, and several near the eastern coast but not near 
the latitude of the profile. Thus the accuracy of re
presentation of heat-flow data is variable. 

Sass & others (1976), and Lilley & others (1978) 
summarised and reviewed Australian heat flow data 
comprehensively up till that date. Sass & others divided 
Australia into three-western and central shields, and 
eastern province-in each of which the heat production 
characteristics have uniform properties. They con
structed steady-state temperature profiles for the three 
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provinces for various values of observed surface heat
flow (their fig. 7). Using these curves, the temperatures 
at 40 km depth (which Sass & others took as the base 
of the crust) have been calculated using heat flow 
values of Cull & Denham (1979) along the profile, 
and have been plotted on Figure 2(0. 

There is some uncertainty about heat production in 
the eastern province because of the absence of mea
surements of near-surface radioactivity; the temperature 
cannot be estimated reliably, and a range of possible 
teinperatures is shown. Temperatures at the base of the 
crust have been calculated using Wellman's Moho 
depths, and are also plotted on Figure 2 (0. These 
temperature estimates depend on the models adopted, 
both for heat production parameters and crustal thick
ness, and neither of these models can be considered 
definitive at this stage. 

Deep seismic sounding 
Refraction seismic traverses giVIng information on 

crustal thickness and structure have been recorded along 
lines somewhat to the south of the profile (Fig. 1). 

The westernmost of these is the 'Geotraverse' from 
Perth to Coolgardie (approx. 32"S, 116°E, to 31°S, 
121 ° E). Mathur & others (1977) derived a three-layer 
crust thinning from about 42 km to 36 km from west 
to east. 

As part of the Trans-Australia Seismic Survey be
tween Kunanulling (30.7"S, 121.1°E) and Mount 
Fitton (30.0 0 S, 139.6°E), Finlayson & others (1974) 
deduced a crustal thickness of about 36 km near Cool
gardie, deepening to about 48 km at Mount Fitton, 
with some relief on the boundary surface. 

The crustal models and Pn velocities deduced by 
these authors have been plotted on the cross-section 
(Figure 2(c»; they are displaced by between 1 ° and 
3 ° of latitude to the south of the profile. 

Some late events (from 5 to 13 s) have been 
recorded at various sites around Australia in the course 
of seismic reflection surveys; these may represent 
reflections from deep crustal boundaries and the base 
of the crust (Moss & Dooley, 1973). Some of these 
sites are close to the profile (Fig. 1). Dooley & Moss 
(unpublished data) have interpreted these in terms of a 
simple two-layer crust consistent with the gravity field. 
The method was outlined briefly by Dooley (1979). 

The relevant sites, their locations, and depths to 
Conrad (K) and Mohorovicic (M) boundaries are 
given in Table I. The interpretations should be regarded 
as tentative because the nature of the reflections has 
not been fully investigated. Once again, it should be 
borne in mind that some of the reflection sites are offset 
from the profile by I ° or 2° latitude. They have been 
plotted along the cross-section of Figure 2 (c) for 
comparison with the other data. Other reflection events 
not identified as major crustal boundaries have also 
been shown. 

The reflections plotted include an event recorded 
from the Emu atomic explosion of 1953 (Doyle & 
Everingham, 1964) , which was interpreted as an 
oblique reflection ; the depth calculated (23 km) sug
gests an intermediate crustal boundary as the reflec~or . 

Attempts were made to record reflections along the 
Geotraverse (Mathur & others, 1977) at several sites. 
Several events or bands of energy were reported. 
However there appeared to be no simple correlation 
with the refracting boundaries in general, and no clear 
events which could be correlated with the base of the 
crust. They have not been plotted on Figure 2(c). 
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Sire Larilllde Longirude K M 

Lake Throssel 27.1°S 124.7° £ 27.5 km 40.5 km 
Emil 28.6°S 132.2°E 22.7 
Oodlladalla 27.4 oS 135.3° £ 18.8 37.5 
Noccundra 27.8°S 142.6° E 21.4 35.4 
Goolldiwilldi 28.5°S 149.4°£ 15.8 37.6 

Table 1. Deep reflection sites and interpreted depths to 
Conrad (K) and Mohorovicic (M) boundaries. 

Discussion 
Geraldton, at the western end of the profile, is on 

the coast near the northern end of the Perth Basin. 
The coastal strip contains outcropping Jurassic sedi
ments, with a narrow strip of Permian between the 
Urella and Darling Faults. The Da rling Fault extends 
for about 1000 km to the south, and forms the western 
boundary of the Archaean shield. The maximum depth 

of the Perth Basin probably exceeds 10 km; however 
the profile crosses it very close to the northern boundary 
where it abuts against Proterozoic metamorphics. 

The profile passcs over the northern edge of the 
major gravity anomalies associated with the Perth 
Basin and the Darling scarp; with the averaging, these 
anomalies practically vanish. 

From longitude 115.5 ° to 123 .5°E, the profile 
crosses the Archaean Yilgarn block-mainly granite, 
with volcanics and intrusives ranging from acid to 
ultrabasic. Along the profile, ultrabasic intrusives out
crop mainly west of 119 °E, and acidic to intermediate 
cast of this latitude; basic volcanics occur throughout. 
There is no obvious change in the long wave-length 
geophysical parameters at 1 19°E. The average elevation 
is about 400 m over the Yilgarn Block. The isostatic 
anomalies are in general small (i.e., close to the satellite 
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field), which is consistent with the block being broadly 
in isostatic equilibirum. 

The positive F anomaly at 116° to 117"E correlates 
with a small isostatic gravity anomaly, and is associated 
with the edge of the Archaean shield. In more detail 
the profile shows an F anomaly of 800 nT at one place. 

Anomalies such as the positive anomaly centred at 
122.5°E, which appear in all three anomaly curves but 
have no topographic expression, must represent a broad 
excess of crustal (or possibly upper mantle) mass. The 
low anomalies flanking it may reflect compensating 
masses at greater depth, or distributed regionally. A 
negative F anomaly correlates with the gravity high 
feature; here the H anomaly is close to zero, so if base 
levels have been chosen correctly, this would imply 
that the F anomaly is caused by reversed vertical 
magnetisation. 

The (relatively) high anomaly at 125°E is just north 
of the positive gravity anomaly associated with the 
Fraser Fault-a prominent feature on the gravity map 
at the southeastern boundary of the Yilgarn Block. 

The high F anomaly near 126°E appears to be dis
placed eastwards from the gravity high; this may be 
partly because the traverse cuts this feature obliquely. 

From 123.5 ° to about 133 ° E, the profile runs through 
the Palaeozoic Officer Basin, with lower Palaeozoic 
sediments west of 129°E, and upper Palaeozoic east 
of this longitude. The Officer Basin has a probable 
depth of 4 or 5 km in its central portion. The profile 
then deviates northwards towards Oodnadatta, and 
crosses a lobe of the Cretaceous Arckaringa Basin. 
The elevation drops to about 200 m over most of the 
Basin. . 

The very broad low gravity feature from 125 ° to 
131°E, and the high feature from 131 ° to 137"E, are 
expressions of the major negative gravity anomaly 
associated with the Officer Basin and the positive 
anomaly flanking its southeastern margin. The profile 
cuts these features obliquely, so that the wavelengths 
of the anomalies on the profile are much longer than 
the minimum wave-lengths at right angles to the strike. 
Wellman (1978) has shown that it is possible to model 
these anomalies using a regionally compensated isostatic 
model; other authors have regarded them as out of 
isostatic balance, maintained by the strength of the 
crust or lithosphere. 

The high feature in the Moho from about 127° to 
132°E, in Wellman's interpretation, compensates the 
low-density crustal material above it. Because of the 
large north-south gravity variations in this area, it is 
not surprising that it is not reflected in the refraction 
seismic profile to the south. 

Betweeil 125° and 131°E (i.e., over the Officer 
Basin) F is positive. The H anomaly is mostly negative, 
but tends to follow the two main high features in the 
F profile. This could be interpreted as a broad area 
with reversely dipping magnetisation, and two super
imposed more local features magnetised approximately 
in the direction of the present field. 

High F anomalies correlate with low gravity anom
alies over the Offi::er Basin, contrary to what might 
be expect cd from non-magnetic sediments. The negative 
gravity anomaly is larger than can be explained by the 
known thickness of sediments, and has been interpreted 
by Wellman as intra-crustal low-density material, with 
regional compensation at the base of the crust. A 
possible explanation is that the lighter rocks are granitic 
basement with a high magnetic content. The reverse 
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magnetic-gravity anomaly correlation persists over the 
Arckaringa Basin. 

The temperature profiles show that the Curie iso
therm of magnetite (580°C) may well be below the 
base of the crust under Western Australia, and therefore 
magnetic anomalies could be related to the shape of 
the Moho or to magnetisation of deep crustal rocks. In 
central and eastern Australia however, the Curie 
isotherm is probably within the crust. 

The boundary between the western and central 
shields of Sass & others (1976) was not defined pre
cisely, but would be located between 125° and 129°E; 
a gradual transition of the temperature profile from 
the western to central shield profiles has been intro
duced here. 

From Oodnadatta the profile continues east-south
easterly along the Warburton Basin, crossing Lake 
Eyre, which is a few metres below sea-level. This basin 
may be regarded as part of the Eromanga Basin and 
the Great Artesian Basin, in which the profile continues 
to about 150 0 E. At about 146°E it crosses the buried 
basement Eulo Ridge and passes into the Surat Basin. 
Being near the southern margin of the Eromanga Basin, 
the thickness of sediments is not great, probably not 
exceeding I km. From 141 ° to 150° E the average 
elevation is not much above 100 m. 

Between 144.5° and 147"E, the traverse passes just 
to the north of the Lachlan Fold Belt; the Eulo Ridge 
may be in some sense an extension of this. Low gravity 
and magnetics from 137° to 141°E may be the effect 
of sediments in the Warburton Basin. The small high 
gravity features at 141.5° and 143.5°E correlate ap
proximately with topography-even the isostatic 
anomaly; this indicates that these features are not 
locally compensated. Other anomalies occur between 
145° and 149.5°E, where there is no topographic ex
pression; they must represent buried crustal masses. 

The general level of F anomalies east of about 
J3rE is below zero. H is positive to about 142°E, and 
then near zero. This implies a permanent component of 
magnetisation .. It may be that the level of the main field 
for F has not been chosen correctly in this area. 
However there are clear relative lows in F from 145°E 
to 147.5°E, just north of Lachlan Fold Belt, and under 
the eastern highlands. Further, Regan & others (1975), 
in a global magnetic anomaly map based on Pogo 
satellite data at 540 km mean elevation, show a positive 
F anomaly over western Australia with a maximum of 
+8 nT about 128°E, and a negative anomaly over 
eastern Australia 'with a minimum of -6 nT about 
142 ° E. Such an anomaly would be amplified by a 
factor of about 4 or 5 on downward continuation to the 
Earth's surface; hence the very broad variations of F 
along the profile are consistent with the satellite data. 

A lower level for F might be associated with the 
decrease in depth of the Curie isotherm from west to 
east, but such a broad change would be difficult to 
separate from the main field. Larger amplitude and 
longer wave-length anomalies occur in the western part 
of the traverse than in the east; this could be associated 
with the depth to the isotherm, with possible deeper 
magnetic sources and more magnetised rocks at depth 
in the west. The high temperature feature near 1400 E, 
with a maximum of 800°C or 900°C, does not have 
any obvious effect that might be expected in the mag
netic field, and is not shown in Wellman's crustal depths 
or density variations; this is consistent with the 
interpretation of Cull & Denham (1979), that the heat-
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flow measurements are affected by discharge of water 
from the Great Artesian Basin. 

From 150° to about 152.5°E, the profile crosses the 
lower Palaeozoic New England Geosyncline, and then 
the coastal strip near Grafton in the Mesozoic Clarence
Moreton Basin, in which sediments may reach a thick
ness of about 2 km near Grafton. There is a narrow 
zone where average elevation reaches about 1 km over 
the eastern highlands. The free-air anomaly correlates 
positively with topography, and the Bouguer anomaly 
correlates negatively, as would be expected. The iso
static anomaly remains small, which shows that 
compensation is almost complete for 30 km standard 
crust. 

Cull (1979) has recently estimated that a correction 
should be applied to heat flow data for climatic 
variation; this could be more than 20 percent in parts 
of eastern Australia affected by the glaciation of about 
10 000 years B.P. Further, the measured heat flow 
values may be too low because of the recharge zone of 
the Great Artesian Basin near 1500 E. Accurate correc
tion for the discharge and recharge effects cannot be 
made; however allowing for their influence, together 
with the climatic affect, would change the temperature 
profiles to make a more nearly uniform rise from west 
to east. 

The Moho depths on the profile do not obviously 
reflect the major topographic changes, as would be 
expected for isostatic compensation. Apart from the 
eastern highlands, the expected Moho relief would be 
only about 2 km, and is apparently masked by effects 
associated with the crustal density variations. The Moho 
depths agree reasonably well with the seismic reflection 
and refraction depths, considering their geographical 
displacement. 

The decrease in Pn seismic velocity from the Geo
traverse to the Trans-Australia profile is probably 
associated with increased temperature-though this is 
not evident in the temperature at the base of the crust 
until east of 132 °E, because of the high feature in the 
Moho between 127° and 132°E. 

The profile is intersected by two north-south lines 
of refraction recordings-one from a shot at Meeka
tharra (26.6°S, 118.5°E), and a very long line from 
explosions at Ord River Dam (16.1°S, 128.7°E). The 
Meekatharra shot was intended mainly for recording 
to the north in conjunction with a major crustal survey 
in the Pilbara/Hamersley area in 1976. The few 
recordings to the south have not yet been analysed, 
but Drummond (1979) considers that low intercept 
times indicate a much thinner crust than to the north. 
The Ord River line crosses the profile near Oodna
datta. The source is too distant to give details of 
crustal structure, but the intercept times (Denham & 
others, 1974) indicate a thick crust, perhaps 50 km or 
more, in central Australia. Neither of these rather 
general observations appears to be reflected in Well
man's Moho depths. 

The approximate values of the main derived para
meters for each of three main regions: (1) the West 
Australian craton (2) the central region, from 135-
1500 E, and (3) the eastern highlands in New England, 
are shown in Table 2. 

The crust beneath the Permian New England Geo
syncline therefore has some similarities to that beneath 
the Archaean Shield in Western Australia, in spite of 
the large difference in age of the surface rocks. 

Region 

1 
2 
3 

Table 2. 

Temp. at 
Crustal Heat 

Eleva- density flow 
tion(m) 11m3 mWlm2 

305 
90 

400 

2.87 
2.92 
2.86 

50 
80 
50 

base of Depth 
crust to Bouguer 
°C Moho km gravity 

500 
700 

600? 

35 
37 
33 

-500 
-100 
-300 
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Australian magnetic observatories 

P_ M. McGregor 

Magnetic observatories capable of providing long-period results in absolute measures have 
been operated in Australia and its territories on and off since 1840. As the first such observa
tory (tbat at Gottingen, built by Gauss) was erected only eight years earlier, a long tradition 
bas been established in the observational aspects of the science. In 1979 six observatories are 
operating: one in Papua New Guinea (recently transferred to that country's Geological 
Survey), three in Australia, one in the sub-Antarctic, and one in Antarctica. The number and 
disposition of continental observatories is inadequate. The factors which should be considered 
in planning any future network are outlined. 

Introduction 
The function of a geomagnetic observatory is to 

record the short and long period variations of the 
geomagnetic field in such a way that the variations are 
representative of a large area' (Wienert, 1970, p. 15); 
which requires that vector components of the field are 
measured in absolute units. 

Gauss erected the first such 'absolute' observatory 
at Gottingen in 1832 after discovering how to measure 
intensities, and only eight years later the first Australian 
observatory was recording. With only a few small 
breaks there has been one or more observatories 
operating in Australia ever since. 

The main purpose of this paper is to briefly outline 
their histories. At present, all observatories are operated 
by the Federal Government, but this has been the 
situation only since 1947. Several other variation ob
servatories, operated mainly by universllJes, are 
outside the scope of this paper because they cannot 
provide information on the long-term variations. 

Table I gives details of the observatory sites, and 
recomm.endations are made for future developments. 
The localities of past, present and recommended 
observatories are shown in Figure I . 

MAGNETIC 
OBSERVATORIES 

Figure 1. Magnetic observatories, locality map. 

Hobart Observatory, 1840-1854 
The Royal Society of London established four 

'colonial' observatories in the early 1840s. The initial 
objective was to support expeditions to investigate the 
Earth's magnetic field in high southern latitudes (this 
was probably a consequence of von Humboldt's plea to 
the Royal Geographical Society in 1838 : ' ... I invite 
... your Society ... to propagate Gauss's manner of 
observing ... points in high latitudes in the southern 
hemisphere . . . would be most desirable . . . . .' 
(Chapman & Bartels, 1940 p. 931) . The expeditions 
were led by Ross and Crozier in the 'Erebus' and 
Terror' of Antarctic fame, and one observatory was 
built at 'Hobarton' under the direction of Lieutenant 
Kay. 

Self-recording instruments had not been then devised, 
and the observatory was equipped with three eye
reading variometers; and a declinometer, an inclino
meter and a horizontal-intensity magnetometer for 
absolute measurements (Kay, 1842). Variometer 
readings were made hourly except on 'term-days': these 
were days specified by Gauss's 'Magnetic Union' (the 
first international geophysical association) and were 
the forerunners of the present Regular World Days. 
On term-days the variometers were read every 2.5 
minutes throughout the 24 hours-the colony's 
Governor being one of the keenest observers. 

Unfortunately the ' .... Domain site employed by 
Lieutenant Kay is, from a geological point of view, 
by no means a good one .. .' (McAuley & Hogg, 1904 
p. 40), and subsequent re-occupations of the site for 
the determination of secular change were not 
practicable. 

Nevertheless, the program at Hobart yielded the first 
detailed data on geomagnetic variations in the Aus
tralian region. The data were obtained by arduous and 
tedious methods, and their volume and continuity are 
all the more remarkable for this. Amongst other things 
they helped lead to the discovery of the relations 
between magnetic disturbance and the sunspot cycle 
(Sabine, 1857). 

Melbourne/Toolangi Magnetic Observatory, 
1858-

Geomagnetic observations began in Melbourne in 
1858 and have been maintained there, and later at 
Toolangi, more or less continuously ever since (Dooley, 
1958). The work was begun by the Victorian State 
Government which allocated a site on Flagstaff Hill. 
However, it was Dr. George Neumayer's initiative 
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Name Locality Co-ordinates 

Geographic Geomagnetic Dip(a) Duration 
LatOS LongO£ LatO LongO LatO 

Past and present 
Canberra A.C.T. 35.32 149.36 -44.0 224.7 48.6 1978-
Casey Antarctica 66.28 110.53 -77.8 179.1 73.9 (b) 
Cape Denison Antarctica 67.00 142.67 -75.5 235:3 88.0 1912-1913 
Darwin Northern Territory 12.45 130.83 -23.2 201.1 22.8 1957-1959 
Davis Antarctica 68.58 77.97 -76.7 119.9 57.8 (c) 
Gnangara Western Australia 31.78 115.95 -43.2 185.8 48.6 1957-
He,ard Island Indian Ocean 53.03 73.37 -61.4 129.9 53.1 1952-1954 
Hobart Tasmania 42.90 147.50 -51.7 224.6 59.5 1840-1854 
Macquarie Island Southern Ocean 54.50 158.95 -61.1 243.1 68.2 1952-
Mawson Antarctica 67.60 62.88 -73.2 103.1 44.0 1955-
Melbourne Victoria 37.83 144.97 -47.0 220.1 52.5 1858-1919 
Port Moresby Papua New Guinea 9.40 147.15 -18.6 217.9 18.0 1958-(d) 
Toolangi Victoria 37.53 145.47 -46.7 220.8 51.8 1919-
Watheroo Western Australia 30.32 115.88 -41.8 185.6 47.0 1919-1958 
Wilkes Antarctica 66.25 110.58 -77.2 179.2 73.9 1957-1967 

Recommended 
Alice Springs Northern Territory 23.7 133.9 -34.2 205.5 36.5 
Mackay Queensland 21.2 149.2 -30.0 221.8 32.6 
Manton Northern Territory 12.8 131.1 -23.6 201.4 23.5 
Onslow Western Australia 21.6 115.1 -33.1 184.5 35.5 
Woomera South Australia 31.1 136.8 -41.3 209.7 44.5 

(a) Dip latitudes based on 1975.0 values of inclination. 
(b) Regular absolute observations only since 1974. 
(c) Regular absolute observations only since 1972. 
(d) Transferred to Government of Papua New Guinea 1978. 

Table 1. Australian magnetic observatories. 

which. made this happen: a student of Lamont's and 
an observer at Hobarton under Kay, he obtained funds 
for magnetic instruments from the Duke of Bavaria to 
outfit an observatory to replace Hobarton (Day, 1966). 
Neumayer remained in charge of the observatory until 
his return to Germany in 1864. 

Initially, hourly readings of D, H and I were made 
by eye, but these were ended in 1 863 pending receipt 
of photographic recording variometers (the new tech
nique had been introduced at Greenwich in 1847). 
These recording variometers were not installed until 
1867 and only absolute measurements were made 
during the hiatus. The observatory was shifted to the 
Botanical Gardens in 1862-the site originally chosen 
by Neumayer because of its freedom from local mag
netic anomalies. 

Until the move to Toolangi (enforced by the intro
duction of electric tramways and railways) the 
re~ording program was maintained continuously. On 
the other hand absolute measurements were made less 
regularly, at one period (1904 to 1906) being reduced 
for some mysterious reason to 2 sets each November; 
they were suspended completely between 1907 and 
1911. 

In 1919 the observatory was moved to its present 
site at Toolangi, about 50 km northeast of Melbourne 
(Baldwin, 1926). The station differences were measured 
in 1922 by making almost simultaneous absolute 
measurements at both sites; the second observer and 
instruments were provided by the Carnegie Institution 
of Washington's (CIW) magnetic survey party (D. G. 
Coleman in Fisk 1927, p. 131). 

The variometer building and the Eschenhagen mag
netograph were destroyed during the disastrous bush 
fires of January 1939. They were replaced by the 
present underground vault and La Cour magnetograph, 
and recording resumed in January 1940. 

From 1943 to 1946 Toolangi Observatory was ad
ministered by the Commonwealth Solar Observatory 

(Mount Stromlo, ACT), but when the Bureau of 
Mineral Resources, Geology and Geophysics (BMR) 
was created in 1946 the observatory was transferred 
to it. Thus commenced BMR's programs in fundamental 
and regional geophysics. 

Under BMR, operations have stabilised (absolute 
measurements have been made weekly since 1951), 
and some improvements have been made (modern 
absolute and semi-absolute magnetometers introduced, 
and a better observing building constructed). However, 
it is intended to reduce the program to variation 
recordings in 1979 and to close the observatory in the 
mid-1980's. It will be superseded by the modern Can
berra Magnetic Observatory described later. 

The series of recordings obtained at Melbourne/ 
Toolangi since the end of 1857 is one of the longest 
available, and has enabled such extensive studies as 
that of Mayaud (1973). Figure 2 portrays the results 
of the work between 1858 and 1978, in the form of 
the direction of the Earth's field. The observatory has 
of course fulfilled its essential function as defined by 
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Figure 3. Watheroo magnetic observatory, 1920: magneto. 
graph house (top) and absolute house (bottom). 

Wienert, and served as a base for several surveys and 
expeditions; notably, Mawson's Australasian Antarctic 
Expedition of 1911-13, the CIW magnetic survey of 
Australia 1911-1923, and latterly BMR's periodic 
regional magnetic surveys. 

Watheroo Magnetic Observatory, ] 919-1958 
Since 1905 the CIW's Department of Terrestrial 

Magnetism (DTM) had carried out extensive magnetic 
surveys '. . . in the regions where most needed and 
where there (were) no organisations to undertake the 
work' (Bauer, J 912). These surveys provided wide
spread information on the geographical variability of 
the Earth's magnetic field, but to improve knowledge 
of its time-variability an Observatory Division was 
created in 1915. A main objective was to ' ... erect, 
man, and equip at least two magnetic observatories in 

the Southern Hemisphere where they were most needed 
... one observatory (to be established) in the general 
region between 28 ° to 36° south latitude and 114° to 
11 8° east longtitude.' (Fleming & others, 1947). 

Site requirements were stringent because the planned 
observatory was to undertake observations in geoelec
tricity and solar phenomena as well as geomagnetism. 
DTM officers W. F. Wallis (who was to become the 
observatory's inaugural Observer-in-Charge) and W. C. 
Parkinson (who was destined to spend 13 years in 
charge) examined several localities before selecting the 
final site in March 1917. The observatory was com
missioned 21 months later on 1 January 1919. Con
sidering the wartime circumstances and the difficult 
access by horse and cart across 20 km of sand from 
the nearest railroad station, the commissioning of the 
observatory in such a short time is remarkable (present-
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day comparisons would not be favourable). The 
absolute and variometer houses are shown as they 
appeared in 1920 in Figure 3. 

Detailed descriptions of programs, instruments, 
methods, personnel and results are given in the three 
DTM Volumes VII listed in the references. We 
enumerate here simply the equipment which was 
operated by DTM at one time or another between J 9 J 9 
and 1947: normal and rapid-run magnetographs, 
atmospheric potential gradient and conductivity re
corders; telluric-current recorder; fixed-frequency and 
multi-frequency ionosondes; spectrohelioscope; atmo
spherics recorder; and meterological instruments. 

On 1 July 1947 the observatory was transferred by 
gift to the Australian Government and from then until 
its closure in March 1959 it was operated by BMR. 
The Observer-in-Charge at the time of the transfer was 
F. W. Wood who had been at the observatory from 
1926-1932, and who later became an Assistant Chief 
Geophysicist in BMR. 

Under BMR, emphasis in observatory operations was 
to be placed on solid-earth rather than upper-atmo
sphere geophysics and therefore planning in the newly
developing Observatories Section was directed towards 
this end. One of the main decisions of the early 1950s 
was to replace Watheroo Magnetic Observatory by a 
new geophysical observatory capable of and better 
placed to undertake the new role. However, commit
ment to the International Geophysical Year (lGY) 
1957/58 governed the time-table, and Watheroo was 
maintained until early 1959 (McGregor, 1966a). 

Notwithstanding, improvements were made in the 
geomagnetic program by the introduction of modern 
magnetometers and an ionospheric recorder, and two 
new projects were begun: cosmic-noise (ionospheric 
absorption) recording was made during the IGY 
(Kirton & McGregor, 1958) and a seismological pro
gram was begun (Everingham, 1958). 

The Watheroo Magnetic Observatory had a profound 
influence on science in Western Australia, particularly 
in the pre-war years. A close association with the 
University's Physics Department developed through 
Professor A. D. Ross 'who from the beginning, showed 
a keen interest in the work and ...... has given 
freely of his time to consult, confer and advise . . . 
on the many problems concerned with maintenance of 
a high standard of work' (Fleming & others, 1947). 
Ross even provided physical help when he stood in for 
the Observer-in-Charge during the University vacation 
of 1933-34. 

Through this association several physics graduates 
and technicians obtained employment in the difficult 
pre-war years, some of whom were to later form the 
nucleus of BMR's Geophysical Branch. They were 
Messrs N. G. Chamberlain, R. G. Cured ale, E. 
McCarthy, A. Parkes, L. S. Prior and F. W. Wood. 
Under BMR's aegis the observatory was the principal 
training centre in observatory geophysics and many 
of Australia's geophysicists gained their first practical 
experience at Watheroo (and later Mundaring) 
Observatory. 

One name above all is inextricably linked with 
Watheroo, that of Parkinson: W. C. (father) and W. D. 
(son). The former helped in the site-selection surveys 
and spent a total of 15 years at the Observatory, 13 as 
Observer-in-Charge. During the war he and his son 
(part-time) were the only professional staff for almost 
3 years. Later, after a stay as relief Observer-in-Charge, 

W. D. Parkinson began his well-known researches on 
induction effects: changes in declination and vertical 
intensity are strikingly correlated at Watheroo, where 
the 'Parkinson Plane' is tilted westerly at 40° (Parkin
son, 1961). 

Gnangara Observatory, 1957-
The first unit of BMR's new geophysical establish

ment in Western Australia was a magnetic observatory 
erected near Lake Gnangara about 20 km north of 
Perth. Details of the site, buildings and equipment are 
given by McGregor (1966b). 

A La Cour m3gnetograph began regular recording in 
June J 957, in time for the IGY. Records were changed 
by a local resident and weekly absolute and scale value 
observations were made by an observer from Watheroo. 

Although the operations were hampered by the 
distance between the observatories (100 km), sufficient 
parallel recordings were obtained to determine the 
differences between the two localities before Watheroo 
was closed in March J 959. 

Buildings for the other geophysical programs
ionospheric and seismological recordings-and offices 
and workshops were completed during J 958 and the 
new Mundaring Geophysical Observatory was com
missioned on 1 8 March 1959. Gnangara magnetic 
observatory is part of that establishment. 

The Gnangara site is on the Quaternary sands 
covering the Perth Basin, and is free of local magnetic 
anomalies. It is less than 30 minutes drive from Mun
daring so it can be visited conveniently. 

In May 1960 the re-furbished E~chenhagen mag
netograph from Watheroo was brought into operation 
and the La Cour instrument dismantled. BMR-type 
scale valuelorientation coils, temperature-compensating 
magnets, and auto-calibrator were fitted to simplify 
procedures and improve the characteristics. A proton 
vector magnetometer was introduced for absolute 
measurements of Hand Z in 1974. 

It is planned to install an automatic digital magneto
graph during 1979; the equipment will be of the same 
type described under Canberra Magnetic Observatory. 

Darwin, 1957-1959 
An Askania portable variograph recording D, Hand 

Z was operated in the Botanical Gardens throughout 
the IGY and its extension, the International Geophysical 
Cooperation (lGC). Absolute measurements were made 
by a BMR geophysicist from the regional office in 
Darwin. None of the magnetograms have been reduced 
to hourly values. 

Port Moresby Geophysical Observatory, 
1958-

A review of the geomagnetic program at this 
Observatory is included here for completeness, although 
the Observatory was transferred to the Government of 
Papua New Guinea in October 1978. 

The Port Moresby Observatory was the second 
major observatory developed by BMR in the 1950s, 
and was sited specifically to fill a large gap in the 
regional distribution of permanent magnetic observa
tories, as well as to study local seismicity. 

As with Mundaring the requirements were for 
magnetic, ionospheric and seismological recordings. A 
suitable site 15 km from Port Moresby was obtained 



and construction begun in 1956 with the aim of com
pleting the magnetic observatory by the start of the 
IGY; unfortunately construction was delayed and 
recording did not begin until March 1958 (Observatory 
Staff, 1965). 

A normal La Cour magnetograph has operated there 
ever since. It has been fitted with standard BMR 
devices: scale value-orientation coils, auto-calibrator, 
synchronous motor drive, and (in 1978) 20 mm/hr 
recording drum. 

Collaboration with BMR will continue in the pro
duction and distribution of data and standardisation of 
magnetometers. 

Antarctic observatories 
Commonwealth Bay (Cape Denison), 1912-1913 

Mawson's Australasian Antarctic Expedition (AAE) 
had aims which were almost entirely scientific, and the 
site of ' ... the Main Base (was to be) as nearly as 
circumstances would allow directly north of the 
Magnetic Polar Area. Here a magnetic observatory was 
to be established .. .' (Webb, 1925 p. 17). 

The Australasian Association for the Advancement 
of Science (AAAS) provided much of the finance, and 
an Eschenhagen magnetograph was procured (it was 
subsequently returned to AAAS and later installed at 
Toolangi q.v.). The several magnetometers for the 
observatory and for the extensive field work were lent 
by the DTMCIW, which also trained the chief mag
netician, E. N. Webb. 

Owing to heavy pack-ice the base at Cape Denison 
was farther to the west than Mawson had planned, and 
the region turned out to be the " .. kingdom of 
blizzards .. .' (Bickel, 1977, p. 65)-during the two 
years of occupation the wind speed averaged over 80 
km/hr, and the volume of drift snow was ' ... alto-
gether phenomenal ...... Webb laboured under what 
were probably the most difficult conditions ever pre
sented to any magnetician .. .' (Mawson, preface to 
Webb, 1925). 

Regular absolute measurements began in the Absolute 
Hut on 20 February 1912, about six weeks after 
landing; recording started in April and continued until 
August 1913 (Fig. 4). Webb bore the brunt of the 
work until November 1912, when he left on the sledge 
journey to the magnetic polar area. The subsequent 
observatory work was done by Hannam, and later by 
Bage. 

The thoroughness ahd energy of Webb and his 
colleagues is testified to by the fact that an ANARE 
party found the Magnetograph Hut still occupiable in 
1978 (Brookes, 1978), no doubt because of the 
stacking of ' ... some thirty tons of rocks ... round 
the outer walls as a breakwind' (Webb, 1925). 

The magnetograms were reduced at Christchurch 
with funds provided by the Royal Society and by the 
NZ government (through representations of Professor 
C. Coleridge Farr, who had played a leading role from 
the outset in planning the magnetic work). 

Although of short duration by comparison with those 
from present-day permanent Antarctic bases, the AAE 
records were the most comprehensive of their time and 
provided new information on the southern polar mag
netic field. Combined with the observations made bv 
other expeditions in the Ross Sea area, and by Mawso~ 
during Edgeworth David's 190811909 journey to the 
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magnetic polar region, they confirmed and quantified 
the northwesterly motion of the dip pole. 

The variation data were interesting: D daily ranges 
were large-commonly 20_2.5 0 -as would be expected 
from tbe proximity of the magnetic pole. But ranges 
in hourly values of Hand Z were relatively small, only 
once exceeding 500 nT. This was attributed to the 
sunspot minimum current at the time, but is now known 
to be characteristic of polar cap stations: the geomag
netic latitude of Commonwealth Bay is 75.5 0 which 
places it within the auroral oval. 

The station provides important secular change data 
because magnetic measurements were made during visits 
by Mawson's British-Australian-New Zealand Expe
dition in January 1931; by parties from Expeditions 
Polaire Francaise in 1951 and 1959; and by ANARE, 
NZARE and USARP in 1962. Despite other subsequent 
visits no magnetic observations have been made since 
then, and a re-occupation at the next opportunity would 
be valuable. Steps should also be taken to preserve the 
magnetograph house for future re-occupation, and to 
determine the differences between it and the absolute 
house (which has disintegrated). 

A u5tralian National Antarctic Research Expeditions 
The Australian National Antarctic Research Expe

ditions (ANARE) are organised and operated by the 
Antarctic Division, which was established formally in 
January 1949 as part of the then Department of 
External Affairs (Law & Bechervaise, 1957); it is now 
in the Department of Science and the Environment. 
Several governmental agencies and universities provide 
personnel and equipment for the diverse scientific 
programs which are undertaken; BMR is responsible 
for standard magnetic and seismological observatory 
operations. 

ANARE's operations began in 1947 with a recon
naissance cruise in Antarctic waters, and the establish
ment of stations on Heard Island and Macquarie Island. 
Since then ANARE stations have been established at 
Mawson (1954), Davis (1957) and Casey (1969); the 
US IGY station at Wilkes was transferred to ANARE 
in 1959, and subsequently replaced by Casey. The 
Heard Island station was succeeded by Mawson in 
1955. Geomagnetic programs have been carried out 
in varying degrees at all stations. 

Heard Island, 1952-54 
Magnetic observations were first made on the island 

in December 1947 during the first ANARE (Chamber
lain, 1952) but observatory operations did not begin 
until 1952 (Ingall, 1955). In the previous year the 
observatory buildings had been erectoo, installation of 
the magneto graph almost completed, and some absolute 
observations made (Doyle, 1953). 

A normal run La Cour magnetograph was operated 
until the end of October 1954, when the instruments 
and buildings were dismantled for use at Mawson, 
A N ARE's first station on the Antarctic continent 
(Lodwick, 1957). The observing piers and reference 
marks were left undisturbed to enable exact reoccupa
tion for determining secular change. This was wise, 
because the area of the AN ARE station is disturbed 
by local basalt flows. (However, without the surround
ing floor, the pier tops are high above the ground and 
this should be allowed for in future re-occupations). 

Macquarie Island, 1952-
Magnetic observations were made at a station on the 

northern isthmus of the island by members of Mawson's 
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Figure 4. Cape Denison King George V Land, 1912: magnetograph house (top) and Eschenhagen magnetograph (bot
tom). 
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Figure 5. Macquarie Island, 1972: view southwards of magnetograph hut (left foreground) and absolute hut. 

Australasian Antarctic Expedition in 1911 (Webb, 
1925), and his British Australian New Zealand Antarc
tic Expedition in 1930 (Farr, 1944); and by Chamber
lain (1952) during the 1947/ 48 ANARE. This repeat 
'station was finally occupied in 1952 when it was tied 
to the absolute observatory pier (Ervin, 1952) . As a 
result, knowledge of the secular variation extends back 
to 1911. 

The observatory buildings (Fig. 5) were erected in 
1950, and sporadic absolute measurements were made 
from July 1950 to April 1952 when regular recording 
began (McGregor, 1956). A recording H-variometer 
of the Schmidt balance type was operated in 1950, and 
a normal-run La Co.ur magnetograph was installed in 
1951 (Oldham, 1953) , but the recordings were not 
calibrated in absolute terms. 

Subsequently 'the normal magnetograph was improved 
by reducing the sensitivity (Gregson, 1965); at the same 
time (1963) a rapid-run magnetograph, which had been 
in use at Watheroo from 1933-1958, was installed. 

Macquarie Island is an important station mag
netically: the long interval for which secular variation 
data are available has already been noted; although it 
is geographically sub-Antarctic, its high geomagnetic 
latitude (61 °) makes it close to the auroral oval, and 
the series of magnetograms obtained since 1952 is the 
longest available from the southern auroral regions; 
and the island is roughly conjugate to College, Alaska 
(the reason for installing the rapid-run magnetograph 
-but that instrument has now been superseded by 
pulsations equipment provided by the Alaskan Geo
physical Institute). 

Mawson, 1955 
The ANARE station was established in 1954 and 

the magnetic observatory erected in 1955 using the 
buildings from Heard Island (Oldham, 1958; Fig. 6). 
Continuous recordings produced by a normal-run La 
Cour magnetograph date from August 1955. 

A 'storm' (insensitive) magnetograph was added in 
1961, but its sensitivity was increased in 1968, to make 
it the standard instrument (Smith, 1971). The original 
normal magnetograph had been too sensitive for the 
high average level of disturbance-Mawson is very 
close to the auroral electrojet and quiet days are rare. 

From the outset, Mawson has been a base for ex
tensive exploration of MacRobertson and Enderby 
Lands, and regional magnetic observations have been 
made wherever practicable. The magnetic observatory 
has provided the means for calibrating the field instru
ments, but it is of very limited use as a reference for 
field observations because of the highly localised and 
directional character of the auroral electrojet. For ex
ample, an extended series of readings taken by 
McGregor in 1956 (unpublished) at Amundsen Bay 
(in the western part of Enderby Land) showed little 
correspondence with the variations recorded at Mawson. 
The electrojet is orientated somewhat to the north of 
east, and it sometimes passes between Mawson and 
Amundsen Bay. In regions like this, observatories can
not meet Wienert's requirements of providing informa
tion 'representat ive of a large area', and, more so than 
elsewhere, field observations can be reliably reduced 
only by means of local recordings. 
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Wilkes, 1957-1967 
The station was constructed late in 1957 as part of 

the USA's IGY program. A magnetic observatory was 
equipped and manned by the Coast and Geodetic 
Survey which at that time was the US agency re
sponsib le for magnetic observatories. At the end of 
1958 the station was transferred to ANARE's adminis
tration, and BMR provided a geophysicist to man the 
magnetic and seismological observatories (Underwood, 
1960). 

The magnetic observatory was fitted out with modern 
Ruska magnetographs-a normal-run and a rapid-run; 
but the absolute instruments were a theodolite
magnetometer and earth-inductor of the CIW pattern. 
These were not well suited for high latitude measure
ments and were replaced in 1960 by QHMs and a 
BMZ. 

Although these improved absolute results, calibration 
of the magnetograms never reached the standards 
achieved at the other BMR observatories. The va rio
meters were supported on a wooden table which was 
subject to warping, and a pool of melt water under the 
building periodically froze and melted; both these 
caused frequent discontinuities and changes in baseline 
values. Also the Ruska Z variometer performed poorly. 
but this was largely overcome when it was replaced by 
a La Cour variometer in 1964 (Small, 1968). 

The difficulty of providing three observers a year 
for Antarctic observatories, and the imminent abandon-

ment of Wi Ikes station (for Casey) were factors in the 
decision to wind-up magnetic observatory operations 
at the end of 1967; all equipment was subsequently 
returned to the owners in USA (Taylor, 1968). 

Davis and Casey 
Although no full-scale magnetic observatory has been 

operated at these stations, regular absolute measure
ments have been made for BMR by Antarctic Division 
personnel since 1972 (Davis) and 1974 (Casey). These 
resu lts suffice to give a reasonably good idea of the 
main field and secular change, because the rates 
generally are high (~F = 70 - 100 nT/year); if sub
storm times are avoided, transient variations have a 
negligible effect in this context. The Davis station has 
added importance because regional magnetic measure
ments have been made there, a lbeit sporadically, since 
1957. 

Canberra Magnetic Observatory, 1978-
In the early 1970s two decisions were made which 

profoundly affected BMR's magnetic observatory pro
grams. The first was to transfer to Canberra the small 
observatory group which had been left in Melbourne 
when the Geophysical Branch joined the rest of BMR 
in Canberra in 1965; the second was to develop auto
matic recording magnetographs to produce data more 
rapidly and efficiently at more places. 

Figure 6. Mawson, 1972: view southwards of magnetograph hut (foreground) and absolute hut. 



Figure 7. Canberra Magnetic Observatory, 1979: coils and 
sensor of the automatic digital magnetograph. 

The immediate upshot of these two decisions was 
the need to establish a magnetic observatory close to 
BMR's central offices and workshops, where it would 
be practicable to develop and test the new automatic 
digital magnetographs(ADM). The resultant Canberra 
Magnetic Observatory is about 30 km east of the city. 

Observatory buildings were completed in 1977 and 
installation, modification and proving of the first ADM 
proceeded during 1978. Although more-or-less con
tinuous recording began in mid-year, reduced data are 
available only from 1 January 1979. 

The Canberra ADM is a modified Elsec Type 6920. 
It uses a proton precession magnetometer (PPM) to 
measure total intensity and four resultant fields, pro
duced by bias currents in two pairs of helmholtz coils. 
The bias fields are directed so as to give measures of 
changes in declination (D) and inclination (I) (Fig. 
7) . Data are produced once a minute on magnetic 
tape, and displayed on a monitor chart. 

The ADM is calibrated from absolute measurements 
of D and r made by means of a standard declinometer, 
and a proton vector magnetometer. The I measurement 
is obtained by a unified procedure specified by 
McGregor (1976) which yields horizontal intensity (H) 
and vertical intensity (Z) simultaneously- the former 
by Nelson's (1958) method and the latter by Serson's 
(1962) method: this procedure requires only a single 
horizontal vector coil and single-valued bias fields. 

ADM data are converted to mean hourly values of 
the standard elements (D, Hand Z); I-minute values 
of D and H are computer-plotted for displaying tran
sient phenomena, and for deriving indices of distur
bance. Figure 8 shows recordings of H made by the 
La Cour magnetograph at Toolangi and the synthesized 
H record derived from the Canberra ADM. 
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A 'photo-electronic magnetograph' is being developed 
to provide analogue back-up records to cover occasional 
failures of the AMO, and to give faithful recordings of 
rapid variations. This device is a variant of feedback 
magnetographs based on suspended-magnet variometers 
which others have operated successfully. Digital versions 
are planned to replace the traditional magnetographs in 
Antarctica, where the frequent large, rapid variations 
rcnder PPM-based ADM data less reliable. 

An objective is to make the ADM sufficiently stable 
to reduce the need for frequent calibrations. This 
requires principally that the orientations of the coil 
axes remain fixed: particular care was taken to provide 
a stable pier for the ADM ; and allowance has been 
made to thermostat the sensor room if temperature 
changes produce coil movements. 

The almost-continuous cycling of the PPM produced 
very high temperatures in the original sensor. The 
effects were dramatic : firstly the signal-to-noise ratio 
decreased markedly within a few hours: and secondly 
the sensor burst. The eventual solution was to immerse 
a hollow solenoidal sensor in a water bath; this allows 
convective flow through the solenoid and air cooling 
of the water. No problems have subsequently occurred, 
although the water temperature still reaches J SoC above 
ambient, i.e. up to 45 °C, in summer. 

Absolute measurements have been made weekly at 
Canberra since mid-1978 and also were continued 
at Toolangi until mid-1979. This 12-month period of 
parallel operation will suffice to determine the absol utc 
differences between the two observatories. From mid-
1979 Canberra replaced Toolangi as the referencc 
observatory in southeastern Australia, although it is 
planned to continue variations recording at Toolangi 
for several years more, in order to define the variation
differences between the two. 

The future 
Information on the Earth's magnetic field is needed 

for a number of practical reasons (as well as for the 
fundamental investigation of a geologically rapid 
phenomenon), including: 

Thc derivation of magnetic anomaly maps. The 
time-variability of the field requires the produc
tion of accurate charts and ' reference fields' at 
internationally agreed epochs so that surveys 
made at different times can be reduced to a 
common datum. Where surveys join or overlap. 
errors in reference fields may produce artificial 
anomalies, particularly offshore where anomalies 
may be much smaller than over land. 

TOOLANGI (La cour) 
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Figure 8. Horizontal intensity magnetograms from Too
langi (La Cour) and Canberra (ADM). 
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For navigation. The magnetic compass, in its 
simple traditional form or its more elaborate 
modern versions, still has an important place in 
navigation over land, sea and in the air. 
For monitoring of magnetic disturbance and 
changes of field level. Results are applied in 
prospecting surveys; radio communications; in
duced telluric current effects on long, power and 
gas pipe-lines. 

The requisite information can be supplied by a net
work of permanent observatories and supplementary 
magnetic 'stations'-places where repeat measurements 
are made to determine the secular change. In planning 
such a network the basic question to be answered is 
the essential number and spacing of the required ob
servatories and 'first-order' (repeat) stations. By over
seas standards the Australian region is poorly equipped 
with magnetic observatories, e.g. in North America 
there is one observatory for every I OG km~; in Austral
asia, one every 6 x I OG km~ (the disparity is even 
greater with respect to Europe and other places). 

However, the region's small and generally sparse 
population, and large distances between centres limit 
the localities where observatories can be operated. 
Overseas densities will be unachievable until there are 
dramatic advances in the development of highly stable, 
low-powered automatic observatories which will utilise 
satellite data transmission and allow quasi-unmanned 
operation. 

In these circumstances the design of the network 
should take into account: 

• The scale of the features to be described. Isoporic 
cells may have dimensions of only one ore two thousand 
kilometres, so this suggests that measurements are 
needed farther apart than about 500 km. The BMR 
first-order stations have this average spacing. 

• The area over which a station's recordings are re
presentative. This depends mainly on the nature of the 
external (ionospheric and magnetospheric), and the 
internal (induction) components of the more rapid 
transient variations. In the Australian region, the foclls 
of the solar quiet day (Sq) ionospheric current system 
crosses about the middle of the continent (dip latitude 
is a controlling factor in the Sq system, at least in 
middle latitudes, and the average focal path appears 
to follow dip latitude 40 0 S (Matsushita, 1967, fig. 
7a): this runs from Grafton to Carnarvon). Hence 
variations in F and H are reversed in northern and 
southern Australia, and the present (southern) ob
servatories cannot provide information for northern 
Australia. Moreover, the path of the focus is highly 
variable from day to day, e.g. McGregor (I 966b ) 
showed that Watheroo lies to the north of the focus 
about 30 percent of the time. The internal induced 
component of external fields gives significant effects 
near the coasts (Parkinson, 1961). Experience gained 
by BMR during a first-order regional survey in 1973 
underlined the futility of attempting to apply measure
ments made near the coast to data recorded inland. 

• The time-scale of secular changes. Observatory data 
clearly show that rates can alter quite sharply over a 
short time-interval, and ideally data should be produced 
continuously. It is equally clear that it is impracticable 
to operate 40 or more present-day observatories; but 
the re-occupation of 60 first-order stations more 
frequently than every five years is a costly venture in 
terms of money and manpower. 

Taking these factors into account, most of the im
mediate deficiencies in the existing network could be 
overcome by establishing observatories, in order of 
priority, at or near Alice Springs, Mackay, Onslow, 
Woomera, and Darwin; they could reduce the number 
of first-order stations by 30-40 percent. 
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On the isostatic compensation of Australian topography 

Peter Wellman 

The depth of isostatic compensation and the strength of the lithosphere are investigated by 
calculating isostatic anomalies for a range of isostatic models. The models are of three.dimen. 
sional topography on a spherical earth. In all areas compensation of topography appears to be 
complete at the level of the lowest part of the crust. In southeast Australia the preferred 
isostatic model is that of Airy, with a standard sea·level crust of thickness 35-45 km. For this 
model, isostatic anomalies in areas measuring 0.5 0 x 0.5 0 have a low standard deviation of 
90 I'm s-z; equivalent to 80 m in elevation. The crustal thicknesses calculated from this model 
agree well with thicknesses found from recent seismic·refraction work. In the southeastern high. 
lands there is evidence from physiographic studies for uniform uplift of about 1 km during the 
last 90 ± 30 m.y. The preferred model is for this uplift to be an isostatic response to under· 
plating of the crust. The underplating is thought to have taken place at a constant rate since 
90 m.y. ago; the underplated material is the 20 km of abnormally high velocity material that 
forms the basal part of the crust in this area. A way from southeast Australia no isostatic models 
could be found that gave small isostatic anomalies, and the best models are not consistent 
with crustal structure found by seismic methods. In these areas the topography varies gra· 
dually, and the gravity effect of this topography and its compensation seems to be masked 
by the effect of a correlation between altitUde and mean crustal density. This correlation is 
partly the result of the lowlands usually being underlain by thicker, low·density sediments, and 
partly to the crust below sediments having a higher mean density in the high altitude areas. 

Introduction 
An area is in isostatic equilibrium if the pressure at 

some depth in the Earth is everywhere constant. This 
equilibrium arises where there is a layer of low shear 
strength within the Earth that allows the pressure to 
equalise-this is the asthenosphere. 

Isostatic equilibrium is achieved by the material above 
the asthenosphere bending or faulting; this material, the 
lithosphere, is represented by the crust and the upper· 
most mantle. There are two important parameters 
relating to isostasy. The first is the depth of compensa· 
tion: this is the level at which the compensation is com
plete; it may be higher than the base of the lithosphere 
if density changes in the lowest part of the lithosphere 
are small ; it is generally considered that compensation 
is complete at the level of the lowest part of the crust. 
The second is the strength of the lithosphere. This 
strength determines the minimum area that is in com· 
plete, isostatic equilibrium. A knowledge of present 
lithospheric strength is essential to interpret gravity 
maps or to propose realistic geological models of the 
crust. A knowledge of past lithospheric strength is 
necessary to explain the evolution and subsequent his· 
tory of sedimentary basins. 

If the mountains in Australia were not isostatically 
compensated the coefficient of regression of free-air 
anomalies on ground height would be I I'm S·2/ m ; 
because the measured coefficient is much smaller than 
this value there must be some form of isostatic com
pensation. For perfect isostatic compensation the co
efficient of correlation would be zero for large areas. 
An isostatic anomaly is the free-air anomaly corrected 
for the attraction of the topography above sea level, 
and for the masses isostatically compensating this topo. 
graphy. 

The mechanism of isostatic compensation in Austra
lia has in the past been studied by five methOds; the 
methods, and results to date, are listed below. 
Mean anomalies and altitudes. Linear regression of 
mean Bouguer or free-air gravity anomalies on mean 

altitudes can be applied to unit areas of various size; 
the depth of compensation is roughly proportional to 
the regression coefficient, and the crustal strength to the 
smallest unit area which has small residuals from the 
regression relation . The method is simple but rough, 
because the topography is assumed to be of some 
average wavelength. Woollard (1962, 1970) showed 
that the regression coefficients for central and eastern 
Australia differed. Wellman (1976) showed that the 
boundary between the two areas was at l38°E. Isostatic 
compensation was thought to be achieved at a greater 
depth in eastern Australia than in central and western 
Australia, and ' the smallest area in complete compensa
tion was thought to be about l Ox lOin the east, and 
3 0 x 3 0 in the centre and west. 

Seismic velocities. Seismic velocities and a velocity / 
density relation can be used to determine the variation 
in mass per unit area with depth. Dooley (1976, 1977) 
has shown that the crustal variations in mass per unit 
area are only negligible at depths of about 100-150 km. 

Two-dimensional modelling. Two-dimensional iso
static compensation models can be fitted by trial and 
error to gravity profiles. The model found is not neces
sarily the optimum model, although it may be close to 
it. The method is advocated by Falvey (1977) for con
tinental margins. It was used by Wellman (1978) for 
crustal density variations in central Australia ; the pre
ferred model was compensation at the base of the crust, 
with areas of at least 200 km x 200 km in complete 
compensation. It was used on the southern continental 
margin by Konig & Talwani (1977), who show areas 
of 60 km x 60 km in complete compensation. 

Fourier analysis. The gravity response function to 
topography can be determined by using Fourier analysis 
of gravity and topography in profile or grid form; the 
isostatic mechanism must have this response function . 
Karner & Watts (in prep.) have used this method 
successfully on eastern Australian continental margin 
profiles; their results suggest that compensation is above 
a depth of 30 km, and that flexural rigidity of the litho-
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sphere is zero or low. McNutt & Parker (1978) ana
lysed a grid of land data covering most of Australia. 
They infer that compensation is above 42 km depth, 
and that flexural rigidity is low « 5.1020 N m). How
ever, their response function is poorly determined; this 
may be partly because they include areas of different 
flexural rigidity, but is more likely to result from the 
gravity effects of major density variations in the central 
Australian upper crust, which they treat as noise. 

Three-dimensional modelling.lsostatic corrections can 
be calculated in three dimensions for a range of iso
static models (Dooley & others, 1961; Dooley, 1965; 
and this paper) . This method is exact, it can be applied 
to irregularly shaped three-dimensional topography, 
and, in principal, a sediment correction can be applied. 
The present paper, which uses the three-dimensional 
modelling method, has three objectives: to try to deter
mine by direct modelling the isostatic mechanism for 
individual mountain masses; to evaluate the effect of 
low-density sediments on the best-fitting isostatic 
models ; and to produce an isostatic map that shows the 
approximate magnitude and extent of isostatic ano
malies. 

Calculation of topographic-isostatic 
corrections 

Traditionally, topographic-isostatic corrections have 
been calculated by determining the mean heights of 
compartments around each calculation point from an 
inspection of topographic and bathymetric maps, and 
calculating the sum of the effects of the compartments, 
using published isostatic tables. This method has been 
superseded by one based on digitised height information 
and using computers (Heiskanen, 1953) . In this latter 
method the calculation of topographic-isostatic correc
tions is divided into three separate parts, depending on 
the distance of the topography from the calculation 
point. 

1. For distances 8 to 180 ° from the calculation point, 
the attraction of the topography and its compensation 
varies slowly with the position of the calculation point, 
so the effect can be found by interpolating the values 
of Niskanen & Kivioja (1951) . 

2. The attraction of topography from 0 to 21.9 km 
from the calculation point is given by the attraction of 
a c~cular disc of radius 21.9 km and thickness equal 
to the mean height of the 0 .5° x 0.5° square surround
ing the calculation point. Terrain corrections are not 
available, so they could not be applied; isolated gravity 
stations have terrain corrections up to 200 ",m S-2; how
ever, over most of Australia terrain corrections are 
negligible. 

3. The attraction of topography from 21.9 km to 8 0, 
and the attraction of the isostatically compensating 
masses from 0 to 8° are best computed (Reilly, 1970) . 
The cost of the calculations was reduced by making two 
approximations which do, however, decrease the 
accuracy of the isostatic corrections: (i) the ground 
heights used were on a 6' x 6' (Or x 0.1 0) grid 
derived from gravity station ground heights, rather than 
mean heights picked for every 7.5' x 7.5' area. The 
effect of this is negligible over most of Australia, and 
less than 20 ",m S~2 in mountainous areas; (ii) the 
integral that provides the attraction of the square was 
evaluated at one point, at the centre of volume beneath 
the square, rather than at three points on the vertical 
axis of the volume. The effect of this last approximation 

is negligible on land, and gives isostatic anomalies that 
are about 10 fLm S~2 too low over oceans. 

The area up to 8° from the evaluation point was 
divided by the computer into approximately square 
blocks bounded by latitude and longitude lines. The size 
of the blocks increases with distance from the calcula
tion point, so no block of size XO x XO has a centre 
closer than 2Xo from the calculation point (Fig. 1). 
The blocks have the following sizes: 2 x 2°, 1 x 1 0, 
0.5 x OS, 0.2 x 0.2°, and 0.1 x 0.1°. 

The following formulae were used to calculate the 
anomaly caused by each block; their derivation is given 
by Reilly (1970), and they are in computer form. It is 
assumed that the mass of each block is concentrated 
on its linear vertical axis, and that the sea level surface 
is a sphere. Then y is defined as y= (s-S) I S, where 
S is the distance from the centre of the earth to the 
calculation point, and s is the distance from the centre 
of the earth to a point mass on the vertical axis of the 
volume below the square. If the calculation point is at 
latitude CPo and longitude Ao, and the point mass is at a 
latitude cp , longitude A, then direction cosines can be 
defined I = sin cp, m = cos cp cos A, n = cos cp sin A, 
10 = sin CPo, mo = cos CPo cos Ao and no = cos </>0 sin Ao· 
If '" is the distance between these points then a quantity 
u can be defined by 

u = 2sin2(fI2) = 1(1-10 ) + m(m-mo ) + n(n-no) 

The solid angle w subtended at the centre of the earth 
by a block of side a whose centre is at latitude cp is 
given by 

w = 2 sin (aI2) cos cp 
The gravity anomaly due to a block is calculated by 
integrating along its vertical axis using 

dy = -(ka S)f ~2 (I + y) 2 [(3u + y) (1 + y) 
1- -3/ + y2] [2u (I + y) + y2] 2 dy 

--

--
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Figure 1. Example of mean height squares used to calcu
late topographic-isostatic corrections from 0° to 
8 ° from the calculation point. 
Circles have been drawn with radius 1 0, 2°, 4 ° and 
8 0. Points are at the centre of the squares used. The 
pattern of squares varies with the position of the 
calculation point within the 1 ° x 1 ° square. 
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where k is the universal gravitational constant, a is the 
anomalous density of the block, and Yl and y~ are at 
the base and the top of the vertical axis of the block. 

The calculated anomalies are as close as possible to 
the standard Airy-Heiskanen (hereafter called Airy) 
and Vening Meinesz anomalies. Densities were assumed 
to be 2.67 t m-3 for the crust, 1.03 t m-3 for sea water 
and 3.27 t m~~ for the mantle. For Airy anomalies a 
block of altitude h above sea level is compensated by 
a root of thickness h x 2.67/0.6 below the base of the 
standard crust, and in ocean areas a block of water 
depth h' is compensated by an anti-root h' x 
(2.67 - 1.03)/0.6 above the standard crust. The 
assumed density contrasts of 2.67 t m-3 between rock 
above sea level and air, and 0.6 t m-3 between the base 
of the crust and the top of the mantle are thought to 
be close to their average values in the Earth. 

These formulae for the thickness of the roots and 
antiroots ignore the increase in gravity downward, and 
the convergence of the Earth's radii; they give results 
closer to formulae for equal pressure below the deepest 
root than to formulae for equality of topographic and 
compensating masses. For the Vening Meinesz ano
malies (Heiskanen & Vening Meinesz, 1958) the crust 
is assumed to have some strength, and the crustal load 
at any point is a function of the topography out to the 
radius of regionality. The load at each calculation point 
was calculated from the surrounding 0.5 0 x 0.5 0 mean 
altitudes, and the crustal root was calculated from this 
load using the formulae for hand h' given above for 
the Airy ·hypothesis. 

Isostatic corrections were calculated on a 0.5 0 grid 
that covered all Australia and some ocean. Two runs 
were carried out: with and without a sedimentary layer. 
The effect of the following bodies was calculated (Fig. 
2) ; the topographic mass relative to sea level with and 
without the effect of sediment; the compensatory root 
of the Airy hypothesis for a standard thickness for sea 
level crust (d) of 30 to 35, 40, 50, 60 and 150 km, and 
the crustal root for the Vening Meinesz hypothesis with 
a standard sea-level crust of 30 to 35 km and the stan
dard values of radius of regionality (R) of 116.2, 174.3 
and 232.4 km. The run with the sedimentary layer and 
its compensation used mean sediment thicknesses for 
0.5 0 x 0.50 areas from the Tectonic Map of Australia 
and New Guinea (GSA, 1971), and assumed a sedi
ment density of 2.2 t m-3. Each calculation point took 
about 0.06 seconds to evaluate on the Cyber 76 com
puter. 

Airy Airy Vening - Meinesz 

________ ~----~r! ~ ~ 

,,~, 2.67 1m . , t ! .. ,i.bl, rL JO km !. JO km I, , , ------:-----0----- U~·~~-~ 
I ~~ 
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Figure 2. Position of compensation in the isostatic models 
used. The derivation of R is given in Heiskanen 
& Vening Meinesz (1958). 

The computer-calculated isostatic corrections for 
Airy 30-km, standard sea-level crust were compared 
with the hand-calculated corrections for pendulum 
stations listed in Dooley & others (1961); the average 
difference between the hand-calculated and the correc
tions for the same site found by linear interpolation of 
the computer-calculated corrections was -0.4 p'm S-2 

(range + 113 to -66 p'm S-2), with a standard deviation 
around the mean of 33 p'm g-2 for 59 sites. The largest 
differences are at coastal sites near deep ocean, where 
part of the discrepancy may result from the difficulty 
of accurately interpolating the isostatic correction in 
areas of steep gradient, and part from the improved 
bathymetry data now available. At stations over 100 
km inland the hand and computer-calculated differences 
are less than 40 p'm S-2. 

Evaluation of isostatic mechanisms 
Methods 

The isostatic mechanisms of individual mountain 
masses was studied by calculating simplified mean iso
static anomalies for a range of models. These were 
based on mean Bouguer anomalies for 0.50 x 0 .50 areas, 
calculated from the means of 25 values from a 0.10 x 
0.1 0 grid. To each mean Bouguer anomaly was added 
the topographic-isostatic correction for the centre of the 
0.5 0 x 0.5 0 area. Only the correction from 00 to 80 

from the calculation point was used because corrections 
from 80 to 180 0 were not available for some isostatic 
models, and in any case, this part of the correction is 
almost constant over the width of the mountains inves
tigated. The following mean anomalies were calculated 
for each square--Bouguer anomaly, free-air anomaly, 
Airy anomalies with one level of compensation for a 
range of 'd' values, Airy anomalies for a variable pro
portion of compensation at two levels, and Vening 
Meinesz compensation for three value of 'R'. 

The major topographic. highs were investigated 
separately: this allowed an independent assessment of 
the method of isostatic equilibrium in each area, and an 
estimation of the deviation from isostatic equilibrium. 
The areas studied are the land portions of the rectangles 
shown in Figure 3. Note that area H includes areas F 
and G , and area K includes areas I and J. No areas 
were investigated in central Australia, because in this 
region the effects of topography and its compensation 
are much smaller than the effects of major density 
changes in the upper crust and their compensation 
(Wellman, 1978). In the present investigation it is 
assumed that the mean crustal density is constant; 
gradual changes in mean crustal density not correlated 
with height changes would not effect the results. 

The best model for isostatic compensation for' an 
area is taken as the model that produces the flattest iso
static anomaly pattern. Two criteria were used to select 
the best model: the regression coefficient (C) of the 
isostatic anomaly on height (the preferred model has 
zero correlation); and the variance (V) of the ano
malies about their mean (the preferred model has the 
minimum variance). The calculated values of the 
regression coefficients and variances are tabulated in 
Tables 1 and 2. As an example the values of C and V 
for the southeastern highlands (area J of Fig. 3) are 
illustrated in Figure 4. For some areas only a restricted 
number of types of isostatic corrections were calcu
lated; this is because early in the study the 0.10 grid 
was not available for some areas. 
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Figure 3. Distribution of areas used in TabJes 1 and 2. Base map shows contours of 1° x 1° area mean rock altitude in 
metres. 
Areas investigated are the land portions of the rectangles. The bold numbers are the preferred Airy hypothesis values 
of 'd' from Table 2, the upper value is from the regressed coefficient, and the lower value from the variance (km) . 

Results 
The models used in Tables 1 and 2 only differ in that 

the sediment/basement density contrast is 0.47 t m-3 
in Table 1 and zero in Table 2. The variances in Table 2 
are smaller, so the model with zero contrast must be 
pn;ferred (as being closer to reality). However, the 
sediments in general have a lower density than the 
underlying basement rocks, and a model which allows 
for this correctly should have a lower variance. It seems 
likely then that the sedimentary modelling in Table I 
is too simple and the sediment/basement density con
trast is too high. It seems necessary to model with a 
varying and correct sediment/basement density contrast 
to find the effect of sediments and their isostatic com
pensation. 

The type of isostatic equilibrium in Australia can be 
investigated by comparing the models for Airy com
pensation for one and for two depths of compensation, 
and for Vening Meinesz compensation. Airy anomalies 
with one level of compensation are preferred because 

they have lower variances, the variances have well 
defined minimum values, and the regression coefficients 
range from positive to negative values, generally having 
a zero value at the variance minimum. Away from 
southeastern Australia the variances for Airy two-level 
compensation are higher than for Airy one-level com
pensation, and the best values of 'c' are unlikely 
because they are less than 0% or greater than 20%. In 
southeastern Australia the variances for Airy two-level 
compensation are slightly lower than for one-level com
pensation, but the model with the lowest variance differs 
more from the model with zero regression coefficient. 
Hence the Airy model with compensation at two levels 
is less satisfactory than that for one level of compen
sation. In eastern Australia, if isostatic compensation is 
at the base of the crust, it must have a radius of region
ality of much less than 116 km. Everywhere the Vening 
Meinesz model seems less satisfactory than the Airy 
model. Values of regression coefficient and variance for 
Airy compensation at two levels and Vening Meinesz 



r 
Area Area Airy compensatioll (stal/dard) Airy two levels 0/ compensation Vening Meinesz compensation (stal/dard) No. 0/ 
letter name d (km) Ratio (d = 150) / (d = 35) ' R (km) 0.5 0 xO.5° 

o (FAA) 35 40 50 60 150 00 (BA) 0% 5% 10% 20% 0(d=35) 116 174 232 areas 

A C SA C .098 .064 .060 .052 .046 .022 - .014 .064 .062 .060 .056 .064 .052 .044 .038 148 
Y 223 191 179 160 145 107 108 191 184 176 163 191 166 154 144 

E WQld C .086 .070 .066 .059 .052 .018 - .026 .070 .067 .065 .060 .070 .059 .051 .041 99 
Y 229 232 227 217 210 180 190 232 229 225 219 232 221 213 205 

F NEQld C .054 .025 .022 .014 .008 -.026 -.057 .025 .023 020 .015 .025 .017 .011 .005 178 
Y 263 254 238 212 192 142 270 254 243 232 212 254 240 229 219 

G SEQld C .033 -.003 -.005 -.010 -.014 -.034 -.078 -.003 -,-.004 -.006 - .009 -.003 -.005 - .007 -.009 237 . 
Y 284 393 367 324 292 196 360 393 377 361 332 393 374 361 346 

NENSW C .064 ;022 .017 .008 .000 -.038 - .048 .022 .019 .016 .010 .022 .015 .009 .001 97 
Y 392 240 216 183 167 236 272 240 222 206 181 240 249 273 327 

J SENSW C .062 .016 .012 .004 -.003 -.038 - .050 .016 .014 .011 .006 .016 .011 .004 -.005 190 
Y 435 106 95 85 87 259 322 106 99 92 84 106 136 179 261 

K ENSW C .061 .012 .008 -.001 -.008 - .048 -.051 .012 .010 .007 .000 .012 .006 - .002 -.012 286 
Y 384 119 109 102 108 327 300 119 112 106 100 119 144 186 268 

Table 1. Comparison of isostatic models. 
Sediment/basement density contrast assumed is 0.47 t m-3. 'C' is the regression coefficient of isostatic anomaly on altitude (10 x pm c-2m-1), and 'V' is the variance of the isostatic -en 
anomalies (100 x (",m s-2)2). The extent of the individual areas is shown in Figure 3. 0 en 
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Table 2. Comparison of isostatic models. 
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Sediment/basement density contrast assumed to be zero. 'C' is the regression coefficient of isostatic anomaly on altitude (IO x pm s-2m-l), and 'V' is the variance of the isostatic 
IH 

anomalies (100 x ('" s-2)2). The extent of the individual areas is shown in Figure 3 . . ..... ..... 
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compensation will be relatively insensitive to the 
assumed thickness (d) of normal sea level crust, so the 
above conclusions should stand if d is not 30 or 35 km. 

For the Airy model with one depth of compensation, 
two estimates are available for the thickness of standard 
crust; those given by zero regression coefficients, and by 
minimum variance (Fig. 3). 

In New South Wales, Victoria, and Tasmania (areas 
I-L) the estimates of standard crustal thickness are 
reasonable (30-45 km) and the minimum variance is 
small, suggesting a close correlation between the posi
tion of topography and crustal root. These gravity 
results suggest a crustal thickness of about 46 km under 
a I km highland of area J; comparison of the results 
of regions I & J with region K suggest that the lowland 
to the west has thinner crust. To be in isostatic equili
brium the thick standard sea-level crust under the high
lands must be denser than that to the west. Seismic 
studies in southeast Australia give crustal thicknesses 
of 45 to 53 km and mean crustal P-wave velocities of 
6.4-6.8 km S-1 in the southeastern highlands (Finlayson, 
1979), and 35 km and 6.4 km S-1 for the Murray Basin 
to the west (Muirhead & others, 1977). Hence in this 
region seismic results agree well with gravity results, 
and it is likely that isostatic equilibrium is achieved by 
local compensation which is complete at the level of the 
deepest crust. 

Elsewhere (areas A-H) the estimates of standard 
crustal thickness are generally higher or lower than the 
expected values for continents (25-45 km) and the 
minimum variance is much higher, so that there is a 
poor correlation between topography and crustal root. 
The mode of isostatic compensation is therefore not 
determined in this study. Seismic refraction studies give 
crustal thicknesses and mean crustal velocities of 39 km 
and 6.2 km S-1 beneath the Flinders Ranges in South 
Australia (Shackleford & Sutton, 1979), and 36 km and 
6.4 km S-1 in the Bowen Basin in southeast Queensland 
(Collins, 1978). In these areas (A & G) the crustal 
thicknesses inferred from gravity do not agree with the 
seismic thicknesses. The preferred gravity models in all 
the areas A-H are not thought to represent a correlation 
of altitude and crustal thickness, but rather a local cor
relation of altitude and crustal density. The variation 
in crustal density may result from either thicker sedi
ments in lowland areas (areas A, D-G), or a correla
tion of altitude with mean density of the crust below 
the.sedimentary layer (areas B & C). 

Results in this study have some bearing on future 
studies of Australian isostasy carried out either by this 
direct method , or by the more sophisticated Fourier 
analysis method . Use of topography and gravity alone 
will allow calculation of the correct isostatic mechanism 
only if there is no correlation of crustal density and 
surface altitude; if there is no correlation, then isostatic 
anomalies will have a small amplitude (such as 70 f.tm 
S-2 standard deviation for 0.5 0 x 0.5 0 areas). It is likely 
that this situation is unusual, and that the topography 
or gravity used in the analysis should include correc
tions for variations in crustal density, and that the 
derived isostatic mechanisms will be acceptable only if 
the variations in isostatic anomalies are small. In prin
ciple, the sediment correction can be evaluated suffi
ciently accurately using the local correlation of sedi
ment thickness and gravity, or measured sediment 
densities. The effect of variation in the density of the 
crust below the sediment is more difficult to correct 
because the seismic velocity or other properties of these 
rocks are generally not known with sufficient detail. 

The isostatic mechanism in the Australian 
continent 

There is substantial agreement of the results of this 
isostatic study and all earlier isostatic studies, with the 
exception of Dooley (1973a & b) . The studies other 
than those of Dooley (1973a, b) are consistent with 
compensation for local topographic and crustal density 
variation being complete at the level of the base of the 
lowest crust, and for the radius of regionality of com
pensation being 150 kin or less. In central and western 
Australia the low regression coefficient of gravity on 
altitude (Wellman, 1976) is interpreted as being 
because the mountains are broader, and there is little 
systematic increase in mean crustal density under moun
tains. Lithospheric strength is relatively high; and the 
radius of regionality of compensation is about 100-150 
km (Wellman, 1976, 1978). In eastern Australia the 
positive regression coefficient of gravity on altitude is 
interpreted as owing partly to sedimentary effects, and 
partly to an increase in mean crustal density under 
mountains so the crustal thickness under mountains is 
much greater than normal for the topographic height. 
Lithospheric strength is relatively low, the radius of 
regionaJity of compensation being 25-50 km (Wellman, 
1976; this paper). Along the eastern and southern con
tinental margins the radius of regionality of compensa-

+.05 

"~r----- Sediment density +0.47 tm -3 " basemenl density 

v 

RC 0 -------~ ~ 

- .05 

400 

v 

°OL~~~4~O~WL-~OO--I~50~00 

(FAA) d(km) (SA) 

Airy - standard 

Sediment densi ty .. basement density 

L-~I __ ~I ____ ~I , 

5 10 20 0 116 174 132 

x ( 'I(,) R(km) 

Airy - two level! of 
compenS6tion 

Vening -
Meintl$z 

A/B2-178A 

Figure 4. Variation of regression coefficient (RC) and 
variance (V) with isostatic model for the south· 
eastern New South Wales area (Fig. 3, area J). 
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tion is also small (Konig & Talwani, 1977; Karner & 
Watts, in prep.). 

Dooley (1973a & b) suggests that the extensive free
air gravity anomaly low in central Australia (Dooley, 
1973b, fig. 6) may result partly or wholly from bend
ing of the lithosphere, so that the radius of regionality 
of compensation is about 1000 km. This interpretation 
of the anomaly is inconsistent with the isostatic 
mechanism of Wellman (1978) for central Australia. 
This extensive anomaly is interpreted here as being 
entirely caused by density variation below the litho
sphere. 

Dooley (1976, 1977) has used seismic results and the 
relation between seismic velocity and density to deter
mine the variation in crustal and upper mantle mass 
per unit area. At the level of isostatic compensation this 
mass per unit area must be constant. For regional varia
tion of crustal and upper mantle mass he concluded that 
isostasy is complete only at depths of about 100-16'0 
km. This conclusion is consistent with the results of this 
paper. A topographic or density variation of several 
hundred kilometres extent may be completely com
pensated at the base of the crust, but a regional varia
tion of crustal and upper mantle density such as occurs 
between continents and oceans may be completely com
pensated only at the base of the lithosphere. The 
regional variations have only a minor gravity expression 
because of their much longer wavelength. 

Implications for the present uplift of the 
southeastern highlands 

The present study suggests that the southeastern high
lands (area J) are close to isostatic equilibrium-the 
topography is isostatically compensated by a root 
directly below the highlands, so that the standard devia
tion of heights from isostatic equilibrium is 75 m for 
0.5 0 x 0.5 0 areas. Studies of the physiographic position 
of basalt flows within the highland valleys suggest that 
the highland has been uplifted at an approximately con
stant rate during the la~t 45 m.y., the total uplift being 
0.6 to 1.2 km on the highland axis, with uplift probably 
starting 90 ± 30 m.y. ago (Wellman, 1979). The iso
static compensation must therefore be an active equili
brium process. The increase in mass above sea level is 
likely to be caused by an increase in the mass deficiency 
below sea level, rather than both being a response to a 
third factor. The increase in mass deficiency is likely to 
be by an increase in total crustal thickness, rather than 
a decrease.in mean crustal density. 

A seismic refraction survey between Dartmouth Dam 
and Marulan in the southeastern highlands has resulted 
in a very detailed seismic crustal section (Finlayson, 
1979). The section is unusual, in that the crust is 
abnormally thick, and between /33 and 53 km it has an 
abnormally high seismic velocity varying from 7.35 to 
8.08 km S-l. The total uplift along this section is likely 
to be about 1 km, with an effective density contrast of 
upper crust to air of 2.7. t m-3. The amount of crustal 
thickening (t) associated with the uplift depends on the 
density contrast (~a) between the added crust and 
mantle: such that t. ~a = 2.7 t m-3 km. If the crustal 
thickening is near the centre of the crustal section then 
the density contrast is about 0.6 t m-3, and only about 
4.5 km of the crust need be added. However, it seems 
unlikely that granitic material is being added to the 
centre of the crustal section at the present, and there is 

no geophysical evidence for sufficient crustal thickening 
by decrease in the area of continental crust, so it is 
unlikely that the granitic layer is thickened by shorten" 
ing. If the crustal thickening lies near the base of the 
crust then the seismic velocity section would be con
sistent with the ~a varying between 0.0 and 0.15 t m-1, 
and the whole 20 km base of the crust between 33 and 
53 km needs to be added to support the 1 km uplifted 
highland. This model is preferred, although it is 
accepted that this is a large amount of crustal addition; 
underplating of mafic material is thought to be more 
likely than intrusion of felsic material, with this model 
the crustal structure before uplift would be reasonably 
normal, and the upper mantIe and the proposed under
plated lower crustal material are likely to be reasonably 
similar in composition, because their seismic velocities 
are similar, hence the addition of 20 km of crust does 
not pose the problem of mantle differentiation that the 
addition of 4.5 km of granite in the last 90 m.y. would 
do. 

Map of Airy isostatic anomalies 
The isostatic mechanism is likely to vary from place 

to place owing to changes in crustal strength and crustal 
structure. However, isostatic anomalies using the Airy
Heiskanen hypothesis with a standard sea-level crust 
of 30 km are likely to closely approximate more correct 
isostatic anomalies, and this type of anomaly has the 
advantage that it is the international standard. Ano
malies were calculated at a 0.5 0 spacing using the 0.5 0 

x 0.5 0 mean Bouguer anomalies, the computer-calcu
lated topographic/isostatic corrections from 0 0 to 80 

from the calculation point, and the published topo
graphic/isostatic corrections from 80 to 180 0 from the 
calculation point (Niskanen & Kivioja, 1951). 

The main features of the map (Fig. 5) are: 
A gradual increase in the mean anomaly from south

east to northwest reflecting a long wavelength variation 
of gravity caused by density variations below the upper
most mantle (Dziewonski & others, 1977). 

Major paired high and low anomalies in central and 
western Australia, owing to abrupt horizontal density 
changes in the upper crust and their isostatic compen
sation (Wellman, 1978). 

High-amplitude gravity lows along the continental 
margin (Konig & Talwani, 1977) and minor lows over 
sedimentary basins on land. These are likely to reflect 
sediments of relatively low density, the isostatic com
pensation for which is not obvious because of its longer 
wavelength. 

The main advantage of the isostatic map over 
Bouguer and free-air maps is that the topographic/iso
static effects of the mountains and continental edge are 
mostly eliminated, so that the map mainly shows the 
effects of crustal density variation and its compensation. 
The main disadvantage is that the isostatic model is only 
an approximation to the true isostatic mechanism or 
mechanisms. and it is difficult to assess the errors intro
duced by th'is approximation because of the complexity 
of the calculations. 
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Figure 5. Isostatic gravity map of Australia. 
Anomalies are means for 0.5 0 x 0.5° areas calculated on the Airy-Heiskanen system with d = 30 km using the nor 
field of the International Gravity Formulae (1930). Contour interval is 50 /Lm s-2 (= 5 mGal), with 200 /Lm s-2 , 
tours thicker and the area of negative anomaly stippled. Map scale is 1: 15 000 000, on a simple conic projection 1 

standard parallels at 18° and 36°5. 
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Absolute determinations of gravity in Australia 
and Papua New Guinea during 1979 

G. P. Amautov 1 , Yu. D. Boulanger2 , G. D. Kamer3 , & S. N. Shcheglov 2 

A co-operative survey between the Soviet Academy of Sciences and the Australian Bureau 
of Mineral Resources during 1979 successfully measured the acceleration due to gravity using 
an absolute apparatus at Sydney, Hobart, Alice Springs, Darwin, and Perth in Australia, and 
at Port Moresby in Papua New Guinea. The measurements have a precision of about 6 IlGal 
and an accuracy of about 15 IlGal. Gravity ties to earlier stations allow comparisms with 
GAG-2 gravity meters, OVM pendulums and IGSN71 results. Gravity differences between 
cities are generally not significant at tbe 95 percent confidence level. Gravity differences at 
individual cities are also not significantly different from zero. The mean difference for all 
cities 'could be interpreted as having a component of secular variation of +3.3 ± 1.2 IlGal/yr. 

Introduction 
In response to an invitation from BMR to the Soviet 

Academy of Sciences, a team of five Soviet scientists 
visited Australia and Papua New Guinea during April
May 1979. The scientists determined absolute gravity 
at six sites (Fig. 1) using a high-precision Soviet 
absolute gravimeter. 

Absolute determinations of gravity are of great 
importance in the following fields: 

(i) geophysics and geodesy, for defining datum and 
scale for gravity surveys. 

(ii) metrology, for the determination to higher ac
curacy of fundamental physical quantities such 
as force and the volt. 

(iii) geophysics, for measuring any secular variation 
of gravity due to vertical motions of the Earth's 
surface, or relative movement of masses within 
the Earth. 

As a result of precise gravity measurements in 
Europe with Italian absolute gravity meters, it appeared 
that the European gravity net contained systematic 
errors which originated from the IGSN71 system. These 
errors were different for different regions, and incon
sistencies began to develop between repeated measure
ments at a site over a number of years. Owing to this, 
global surveys were carried out to investigate secular 
changes of gravity. The purpose of the Soviet-Australian 
surveys was two-fold: to give suitable gravimetric 
control to the IGSN71 net in Australia, and to establish 
very precise, absolute gravity sites in the southern 
hemisphere for investigations into secular variations of 
gravity. 

In 1972, Soviet-Australian work established a net
work of first order gravimetric sites in Australia and 
New Guinea. This first expedition used OVM pendulum 
gravity meters and established a gravimetric tie from 
Ledova (Moscow) to Sydney, Australia, site 5099.9905 
(Boulanger, 1977). 

During 1973, the gravity calibration line between 
Laigam (Papua New Guinea) and Hobart (Tasmania) 
was established using Soviet GAG-2, LaCoste-Romberg, 
Sharp and Worden gravity meters (Boulanger & others, 

1. Institute of Automation and Electrometry of the Siberian 
Branch of the Soviet Academy of Sciences, Novosibirsk, 
USSR. 

2. Soviet Academy of Sciences, Soviet Geopbysical Com
mittee, Molodezhnaya 3. Moscow B296, USSR. 

3. Bureau of Mineral Resources, P.O. Box 378, Canberra 
City 2601, Australia. 

1973; Wellman & others, 1974). Independent control 
of this line was provided by direct OVM pendulum 
ties from Ledova to Port Moresby and Port Moresby 
to Hobart in 1974. 

During 1979, absolute measurements were made at 
Port Moresby, Hobart, Darwin, and Perth, primarily 
to control datum and scale in the Australian region. 
Measurements were made at Sydney because (i) it is 
the strongest Australian station in international gravity 
network adjustments such as IGSN71 (Morelli & 
others, 1971), (ii) because absolute gravity was mea
sured at the National Measurement Laboratory (NML) 
in 1971 (Bell & others, 1973), and (iii) because an 
accurate gravity value is needed in NML for metro
logical purposes. 

The absolute site established in Sydney, 7999.0105, 
was made in the new NML building at Lindfield. The 
old Australian base station remains Sydney A, 
5099.9905, in the old NML building. 

Measurements were made at Alice Springs for secular 
variation; this is an important site for this purpose, 
both because it is near the centre of a relatively stable 
continent and because Earth tide effects are more pre-

Figure 1. Sites of Soviet absolute determinations in 1979 
(triangles) • 
Determinations at Singapore and Moscow were made 
during the same expedition, but are not reported 
here. The earth tide constants for Sydney were based 
on values from Canberra and Armidale (circles). 
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dictable, as oceanic Earth tide effects are relatively 
large. The determination of secular variation of gravity 
at Perth, D arwin and Port Moresby is important in 
defining any movement of geoid highs and lows relative 
to the lithosphere. 

Operation of the absolute apparatus 
The apparatus was packed for transport in 20 wooden 

boxes, weighing a total of 800 kg. Transport between 
cities was by air, and from the airport to the measure
ment site was by truck. One box conta ining the 
electron ic computer and the rubidium frequency 
standard travelled in the a ircraft cabin; the remainder 
travelled in the a ircraft hold . 

Observations at Sydney were carried out in room 
B245 at the National Measurement Laboratory, Lind
fie ld : at Port Moresby, in the libra ry of the Port 
Moresby Geophysical Observatory Offices, Lawes Road; 
at H obart, in the extension to the seismic vau lt of the 
Geology Depa rtment, University of T asmania ; at Alice 
Springs, in room 22, Alice Springs Community Co ll ege; 
at D arw in , in the Insectary, Building 9, Division of 
Forest Resea rch , CSI RO, Winnellie ; and at Perth, in 
the Western Australian State Astronomical Observatory, 
Bickley. At Perth measurements were made on a mas
sive concrete pill ar; at other sites measurements were 
made directly on the concrete floor. 

Figure 2. The Soviet absolute apparatus. 

The Soviet absolute gravimeter 
The absolute g ravity apparatus used was developed 

at the Institute of Automation and Electrometry of the 
Siberian Branch of the Soviet Academy of Sciences in 
Novosibirsk. A detailed description of the apparatus, 
ca lled GABL, is give n by Nesterichin (1972) and 
Arnautov & others ( 1978), and its accuracy and pre
cision as a transportable absolute gravi ty meter are 
discussed by Boulanger (1979) . 

The apparatus measures gravity by determining the 
acce lera tion of a dropped object in a vacuum. Distances 
are measured by lase r interferometer. A general view 
of the gravimeter and peripheral equipment is shown 
in Figure 2. 

The instrument consists of fo ur separa te parts: 

(i) A vertica l, stain less stee l, non-magnetic cylinder 
which is evacuated to a pressure of I cr:lPa. Inside this 
cylinder is a corne r cube (desc ribed below) , guiding 
rails, and a catching device. The lifting and dropping 
mechani sm is outs ide the cylinder. The rails do not 
touch the corner cube during its I m fall, they only 
ensure that it remains upright when caught. The unit 
and its su pportin g base is approximate ly 2.0 m high. 

(ii) Michelson interferometer using a stabilised 
He- e laser provides the required intensity of coherent 
monochromatic light (= 632.991409 nm wavelength). 
The end mirrors of the interferometer a re two corner 

(Courtesy of National Measurement Laboratory. CSIRO, Sydney.) 
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Figure 3. Comparison between the predicted Earth tide and that given by the ahsolute measurements. 
The continuous line is the predicted solid Earth tide. The data points are the individual measured gravity values and 
their accuracy expressed as the standard deviation. 

cubes. A corner cube is a reflector made by joining 
three flat mirrored surfaces at right angles to each 
other. The corner cube reflects the laser beam anti
parallel to the incident beam, but displaced sideways. 
The sideways displacement avoids energy return to the 
laser which could change the laser wavelength. One of 
the corner cubes is attached to a long period seismo
meter with a natural period of 5 seconds. This cube is 
the interferometer's fixed reference, because the 
seismometer dampens out seismic or man-made vibra
tions in the apparatus. The other corner cube is the free 
fall mass. As this cube falls it reduces the optical path 
relative to the path of the fixed corner cube, and a 
sequence of interference fringes is produced. The fringes 
are a sine-wave modulated light beam with a frequency 
of modulation proportional to the velocity of the falling 
cube. A photo-diode counts these fringes . 

(iii) Time is measured using a rubidium frequency 
standard with a stability of 10-1°. The frequency of 
the fringe modulation varies from 0 to 20 MHz, and 
to obtain a precision of 1 ,...Gal, a resolving time of 
0.5 ns is required for the time counter. 

(iv) A programmable calculator controls the auto
matic operation and data acquisition of the apparatus. 
After each drop the corner cube is automatically 
returned to the dropping position at the top of the 
cylinder by an electromagnetic trolley which runs on 
the outside of the cylinder. After each drop the 
calculator determines the gravitational acceleration for 
that drop, and the statistics for that and previous drops . 

The measured value of acceleration is given by 
2 

go- - -
_ (S:! _ SI) 

t:! tl t2 tl 
where SJ and S:! are distance intervals in the falling 
path of the reflector, and t l , t2 are the time intervals 
taken for the reflector to pass through these distance 
intervals. The distance intervals are calculated from 
SI = N]Al2 and S2 = N 2 A12, where N], N2 are 
the integral number of half wavelengths counted by the 
photo diode. 

At each site a total of about 2500 drops was made. 
Measurements were made in groups of 120 drops 
lasting 30 minutes. Each group was separated in time 
from the next group, and between groups of measure-

ments the apparatus was checked and adjusted where 
necessary. Detai led results are given in Appendices 1 
to 6, and an example of the type of result obtained for 
a set of measurements is shown for Hobart in Figure 3. 

Corrections to raw gravity values 
The raw determinations of gravity (go ±mo ) must 

be corrected for eight systematic effects. The corrections 
for thest effects have been determined either theoretical
ly or empirically, and are discussed below. Uncertainties 
in Table 1 are expressed as standard deviations. 

(i) Correction for time measurement (~gt; m t in 
Table I). Any error in timing results in an error in 
the fringe count. This correction is typically -25 I'-Gal 
with an uncertainty of ± 3 /-<Gal. 

(ii) Correction due to the vertical air resistance act
ing on the motion of the falling corner cube (Agp, mp)' 
The correction is about +20 I'-Gal with an uncertainty 
of ± 71'-Gal. 

(iii) Correction for the non-verticality of the laser 
beam (~g~, m ~ ). This causes the light to travel by a 
longer path than the free falling reflector. The effect 
of increasing divergence of the laser beam after reflec
tion in the corner cube is also included in this correction. 
The total correction is about - 10 I'-Gal with an 
uncertainty of ± 10 I'-Gal. 

(iv) Correction due to variations in the laser wave
length (~g " m,). The correction is zero during the 
survey, with an uncertainty of ± 5 I'-Gal. 

(v) Correction due to the finite velocity of light re
flecting from a falling corner cube (~gc' me)' The 
correction is typically -24 I'-Gal with an uncertainty 
of ± 2 I'-Gal. 

(vi) Correction for the gravity difference between 
the effective point of measurement in space and the 
floor level (Agh, mil)' The gradient at each site was 
measured using two gravity meters, as discussed below. 
The corrections range from + 274 t.o + 343 I'-Gal with 
an uncertainty of ± 2 I'-Gal. 

(vii) Solid Earth tide correction (Ag., m.!). This 
is a very large correction of up to 200 I'-Gal. Earth 
tide recordings had been made previously at all 
absolute sites except Sydney (Ducarme & others, 1976) . 
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Site Error component (/J-Gal) Total error (/J-Gal) 
m, m. m~ m, m, m" Mo -...j'};m,2=M 

Sydney ±3 ±7 ±!O ±5 ±2 ±1.9 ±6.0 ±!5.! 
Port Moresby ±3 ±7 ±10 ±5 ±2 ±2.1 ±3.2 ±14.2 
Hobart ±3 ±7 ±lO ±5 ±2 ±2.0 ±1.4 ±13.9 
Alice Springs ±3 ±7 ±lO ±5 ±2 ±2.5 ±2.3 ±14.1 
Darwin ±3 ±7 ±lO ±5 ±2 ±2.0 ±2.8 ±14.1 
Perth ±3 ±7 ±lO ±5 ±2 ±1.5 ±4.0 ±14.3 

±3 ±7 ±lO ±5 ±2 ±2.0 ±3.3 ±14.3 

Table 1. Composition of the total error in the determination of absolute 
gravity. 
Mo is the standard error of the mean for the corrected values 
reduced to floor level in appendices 1-6. The various symbols are 
defined in the text. Mo is a measure of the precision of the value 
of gravity at each site and V '};ml~ a measure of the overall 
accuracy of that value. 

The Earth tide constants at Sydney were predicted 
from the tides recorded at Canberra and Armidale 
(NSW); these predicted constants have a greater un
certainty, both because they are predicted and because 
Sydney is closer to the ocean and must have a larger 
oceanic effect than that at Canberra and Armidale. The 
Earth tide corrections used' were computer calculated 
predictions made in the Institute of Physics of the 
Earth, Moscow, they differ by less than 2 /LGal. from 
those of the International Centre for Earth Tides 
(Belgium) for the same period and position. 

(viii) The Honkasalo correction (Honkasalo, 1964). 
This is a static correction to the theoretical solid Earth 
tide value, since. the latter inherently contains a 
latitudinal, systematic effect. As it is contained in the 
IGSN71 net, its effect must be considered. Assuming 
the Earth-tide factor to be 1.16 (Ducarme & others, 
1978), the lunisolar tidal correction (or Honkasalo 
correction) is: LlgH = 0.035 (1-3Sin20) mGal, where 
o is the latitude of the site. 

Other corrections are thought to be minor. For ex
ample, electrostatic and electromagnetic effects act on 
the falling mass and alter its velocity. They give a 
retarding force of 10-10 Newton, or 0.0001 /LGal. Table 
1 summarises the individual and overall errors. 

Analysis of errors 
Interaction between the various errors associated 

with the system is complex and, therefore, estimates 
of precision and accuracy are calculated assuming that 
the errors are normally distributed. Precision and 
accuracy, as used in this paper, mean the following: 
precision-a measure of how good the repeatability 
of the observation is; and accuracy-a measure of how 
close the observation is to the 'true', yet unknown, value. 

It has been shown that errors in measurement at a 
given location using GABL are random (Boulanger, 
1979). The total error in an estimate of the value of 
gravity may be derived as the quadratic sum of all 
errors in the system. The results from a group of 
measurements is go ± mo and if n such groups are 
measured, the distribution of the resulting mean will 
be approximately normal with precision ± m! vn, m 
being the standard deviation of the n groups, regardless 
of the population distribution. The accuracy will be 
then given by the quadratic sum of all contributions 
to the error, that is, 

_ + _1r-~2~+--'2~+--~2~+--~2-+----2-+----2-+--~2 
M - - V Mo m t me mp m.. rn, mb 

Measurements of vertical gradient and ties to 
IGSN71 stations 

These measurements were made using La Coste and 
Romberg gravity meters. The calibrations used were 
determined immediately after the survey on the Mount 
Ainslie (Canberra) calibration range of 52.982 ± 
0.004 mGal. Most measurements were made using 
meters G252 and G460. On the Mount Ainslie calibra
tion range G460 gave an average interval for eight 
measurements of 52.5430 ± 0.0019 scale divisions, 
giving a ratio true milligal/ LaCoste table milligal of 
1.00031. G252 gave an average interval for seven 
measurements of 53.2164 ± 0.0022 scale divisions, 
giving a ratio true milligal/LaCoste table milligal of 
1.00057. 

The vertical gradient of gravity was measured at 
each absolute site by measuring the gravity difference 
between two points a known vertical distance apart. 
One point was close to the position in space of the 
absolute determination of gravity, the other was on 
the floor directly below. The point on the floor is now 
marked by a brass disc. The results given in Table 2 
show that the gradients were determined to a precision 
of 2JLGal m-1. 

A gravity tie was made from the point on the floor 
below each absolute measurement, either to an IGSN71 
station in the same town, or in the case of Port Moresby 
and Hobart (where the single IGSN71 station had 
been destroyed), to a gravity station that had previously 
been tied to the IGSN71 station. The measured gravity 
intervals are given in Table 3; they have a precision of 
2-9 /LGal. 

During the period in each town when the absolute 
apparatus was assembled, LaCoste gravity meter G460 
was used in its electronic readout mode to record the 
variation of gravitational acceleration on a chart re
corder. The chart record was a convenient way of 
monitoring microseismic and earthquake activity. 
Relative to the other sites, Sydney and Perth had a 
higher level of microseismic activity during the week 
of the absolute measurements; this resulted in the 
higher mo and Mo values in these towns (Table 1 and 
appendices) . 

Results 
Results of the absolute determinations at the six 

sites are summarised in Table 4, and are believed to 
be the most accurate gravity values in the Australian 
region. On average, the value of gravity at each site 
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Height Gravity interval & Gravity 
Site interval number of measurements gradient 

G252 G460 
(m) ("Gal) ("Gal) ("Gal m-1) 

Sydney 1.200 387.1 ± 2.0(5)* 383.3 ± 0.5 (5) 321.0 ± 1.9 
Port Moresby 1.318 412.2 ± 2.8(5) 312.8 ± 2.1 
Hobart 1.270 348.3 ± 2.6(7) 274.3 ± 2.0 
Alice Springs 1.364 406.7 ± 6.0(7) 416.9 ± 3.5(8) 302.2 ± 2.5 
Darwin 1.282 382.0 ± 3.9(9) 397.4 ± 3.4(9) 304.0 ± 2.0 
Perth 1.322 456.5 ± 3.3(9) 451.3 ± 2.3(9) 343.3 ± 1.5 

'" meter G525 not G252. 

Table 2. Vertical gravity gradient determinations. 

Site S tation interval Gravity interval and nllmber of measllrements in brackets 
BMRand 1GB G252 (JLGal) G460 ("Gal) Mean (JLGal) 

systems 

Sydney 7999.0105 34287 ± 6(4) 34 288 ± 4(2) 34 275 ± 4(21) 
-5099.9905 

GI0l 34253 ± 3(4) 
45331C-45331A GI32 34273 ± 5(4) 

G524 34263 ± 14(3) 
G525 34291 ± 8(4) 

Port Moresby 7090.0576 4210±15(3) 4245 ± 11(3) 4223 ± 9(6) 
-6791.0476 

34697D-34697L 

7090.0576 -4789 ± 8(5) -4779 ± 8(5) -4784 ± 7(10) 
-7090.0176 

34697D-34697Q 

Hobart 7499.0160 16564 ± 6(5) 16538 ± 9(5) 16551 ± 7(10) 
-7390.0260 

49027B-49027Q 

Alice Springs 7999.0135 8605 ± 3(4) 8611 ± 5(5) 8608 ± 3(9) 
-6491.0335 

41933B-41933J 

Darwin 7999.0132 299 ± 3(7) 309 ± 3 (7) 304 ± 2(14) 
-6491.0132 

38320C-38320L 

perth 7999 .0117 17 366 ± 7(5 ) 17342 ± 3(6) 17353 ± 5(11) 
-7391.0317 

45715D-45715P 

Table 3. Gravity ties from absolute stations to the IGSN71 sations. 

Site nllmber Location Measurement Gravity at floor 
Site 1GB BMR lat. S. 10ng.E. date n k iii. m 

CaGal) (JLGal) 

Sydney 45331C 7999.0105 33 ° 52' 151 °12' 23 April, 1979 18 2083 ±23.0 ±25.3 979637616 ± 15 

Port Moresby 34697D 7090.0576 09°24' 147°04' 27-29 ·April,1979 26 3026 ±14.7 ±16:2 978202208 ± 14 

Hobart 49027B 7499.0160 42"55' 147 ° 19' 5-6 May, 1979 17 1961 ±13.0 ±5.9 980417848 ± 14 

Alice Springs 41933B 7999.0135 23°43' 133°50' 1\-13 May, 1979 25 2924 ±10.8 ±11 .5 978630782 ± 14 

Darwin 38320C 7999.0132 12°51' 131 °08' 18-20 May, 1979 21 2391 ±18.1 ±13.0 978300929 ± 14 

Perth 457150 7999.0117 31°43' 116° 12' 25-27 May, 1979 26 3022 ±18.8 ±20A 979 403 688 ± 14 

mean 22 2568 ±16.4 ±15.4 

Table 4. Summary of absolute detenninations-GABL results. 
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Site 
1GB number Gravity interval 1GB number Gravity values at GABL sites (IlGal) Differences 
oj IGSN71 to GABL site (IlGal) oj GABL site lGSN71 GABL (IlGal) 

Sydney 45331A - 34275 ±4 45331C 979637585 ± 21 979637616 ± 15 + 31 ± 26 

Port Moresby 34697J 

{ + 4223 ± 9 34697D 978202312 ± 65 978202208 ± 14 - 104 ± 70 

241 ± 21 

Hobart 49027K 

{ 
- 16551 ± 7 49027B 980 417 707 ± 77 980417848 ± 14 + 141 ± 84 

1262 ± 6 
+ 40 ± 30 

Alice Springs 41933J 8608 ± 3 41933B 978630782 ± 44 978630782 ± 14 o ±46 

Darwin 38320L + 304 ± 2 38320C 978300914 ± 30 978 300929 ± 14 + 15 ± 33 

Perth 45715P +17353±5 45715D 979403 633 ± 24 979403 688 ± 14 + 55 ± 28 

mean + 28.62 
± 14.9 

Table 5. Comparison of 1979 GABL and IGSN71 gravity values. 

Gravity difference 
Year Method oj measurement (IlGal) (Hobart-

Port Moresby) 

1 1973 GAG-2 and LaCoste-Romberg 2215701±73 
2 1974 OYM pendulums 2215685 ± 54 

mean 2215693±45 

4 1979 GABL Absolute instrument 2215640 ± 21 
Difference (4)-(3) -53 ± 49 

5 1969 IGSN71 2215395 ± 108 
Difference (3 )-(5) + 298 ± 117 
Difference (4) -(5) + 245 ± 110 

Table 6. Gravity differences between Hobart and Port 
Moresby. 
As determined by GAG-2, OYM, LaCoste-Romberg, 
and GABL gravity meters. 

is based on 2568 individual drops with an error of 
± 15.4 }LGa!. The mean precision for all the sites is 
± 3.3 p.Gal and mean accuracy ± 14.3 ,uGal. . 

In Table 5 these Soviet absolute values are compared 
with the IGSN71 values of Morelli & others (1971), 
using the gravity ties of Table 3. The estimated standard 
deviations of the differences between the absolute and 
the IGSN71 values are unequal, and, therefore, the 
mean difference is calculated by inversely weighting 
the differences with their respective variances. The 
mean is 28.62 ± 14.9 p.Gal and is not significantly 
different from zero at the 95 percent confidence limit 
(using t-statistics) . Discrepancies greater than 0.1 mGal 
were obtained for Port Moresby and Hobart, and are 
probably the result of unreliable measurements made 
establishing the IGSN71 net at those sites. However, 
because of the large errors associated with the IGSN71 
net, the differences at Port Moresby and Hobart are 
not significantly different from zero. Likewise, the other 
sites, with the exception of Perth, are also not signi
ficant; Perth being significantly different from zero at 
the 95 percent level. 

The gravity differences between Hobart and Port 
Moresby, as measured by various methods, are sum
marised in Table 6. The determinations of GABL values 
were made at the same sites as the 1972, 1974 OVM 
and GAG-2 measurements. The gravity differences be
tween Hobart and Port MoI'esby for the various results 
all agree within experimental error. However, they al\ 
differ significantly from the IGSN71 difference. GAG-

2, OVM and GABL differences with IGSN71 values 
are +306 ± 130 p.Gal, +290 ± 117 }LGAL, and +245 
± 110 p.Gal, respectively, all of which are significant 
at the 95 percent level. 

Since the establishment of the IGSN71 net in 
Australia during 1969, Soviet-Australian surveys have 
strengthened the Australian Isogal network by accu
rately defining the scale and zero of the Australian 
Calibration Line (Boulanger & others, 1973; Gusev, 
1975; Wellman & others, ] 974). This control was made 
possible by direct gravimetric ties between Ledova 
(Moscow), Port Moresby, and Sydney. The accuracies 
of these direct ties are shown by the loop errors in 
Table 7. Table 8 summarises to date all absolute gravity 
determinations made in Australia and New Guinea 
since ]969. 

The absolute value of gravity measured at a site over 
a number of years has varied (Table 8). For example 
Port Moresby shows a variation of 63 p.Gal over a 6 
year period. In Table 9, the variation for each site has 
been determined using only those estimates of gravity 
with a minimum error. The variation for Port Moresby 

Interval-BMR Identification 

LOOP 1. Moscow (Ledova)-Port 
M oresby-Sydney-Moscow. 

1. 5035 (Ledova) -7090.0576D 
2. 7090.0576D-7390.0176T 
3. 7390.0176T-7390.0105X 
4. 7390.0105X-5099.9905A 
5.' 5099.9905A-5035 (Ledova) 

mean 

LOOP 2. Port Moresby-Hobart 
Sydney-Port Moresby. 

1. 7090.0576D-7499.0160B 
2. 7499.0160B-7390.0260Q 
3. 7390.0260Q-7390.0160P 
4. 7390.0160P-7390.0105X 
5. 7390.0105X-7390.0176T 
6. 7390.01 76T-7090.0576D 

Gravity interval (IlGal) 

- 3 349194 ±59 
3609 ± 05 

+ 1 487 628 ± 59 
14313±07 

+ 1 879537 ± 50 

+ 49 ± 98 

+ 2215685 ± 54 
+ 16551 ±08 
+ 1590 ± 07 
- 749826 ± 43 
- I 487 628 ± 59 
+ 3609 ± 05 

19 ± 92 

Table 7. Gravity differences reduced to tbe IGSN71 system. 
Gravimetric control between Ledova (Moscow), Port 
Moresby, and Sydney. 
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appears to be anomalously high and has not been used 
further. The variation at each site can be summarised 
as: 

1. Sydney +6.4 ± 4.7 ",Gal/yr 
2. Hobart +3.2 ± 9.0 
3. Alice Springs +0.0 ± 4 .6 
4. Darwin +1.3 ± 3.3 

5. Perth +5.5 ± 2 .9 

mean 3.3 ± 1.2,uGal/yr 

There are two equally valid interpretations for this 
variation . If the sites are considered collectively, the 
mean variation for the Australian region can be in
terpreted as a secular change in gravity with value 
+3.3 ± 1.2 ",Gal/yr. If the sites are considered in
dividually, the variations at each site are not signifi
cantly different from zero,implying that the variations 
are random in origin. Further surveys over the next 
decade will be needed to determine whether this varia
tion exists and if so, its magnitude. 

Localit}·, site (/G B) Gravitv vallie 
Year and method (/LGal) 

SYDNEY (4533IC) 
1.1 1969 IGSN71 979637585 ± 21 
1.2 1971 Absolute determination by 

Bell and others (1973) 979637 725 ± 67 
1.3 1972 OYM (direct tie to Moscow) 979 637 542 ± 50 
1.4 1974 OYM (Moscow to Pon Moresby) 979637 575 ± 92 
1.5 1979 GABL 979637616 ± 15 

PORT MORESBY (346970) 
2.1 1969 IGSN71 978202312 ± 71 
2.2 1972 OYM (Moscow to Sydney) 978202127 ± 86 
2.3 1974 OYM (direct tie, Moscow) 978202160 ± 59 
2.4 1979 GABL 978202208 ± 15 

HOBART (490278) 
3.1 1969 IGSN71 980417 707 ± 82 
3.2 1972 OYM (Moscow to Sydney) 980417812±67 
3.3 1974 OYM (Moscow to Port Moresby) 980417845 ± 80 
3.4 1979 GABL 980417848 ± 14 

ALICE SPRINGS (41933B) 
4.1 1969 IGSN71 978630782 ± 44 
4.2 1979 GABL 978630782 ± 14 

DARWIN (38320C) 
5.1 1969 IGSN71 978300914 ± 30 
5.2 1979 GABL 978 300929 ± 14 

PERTH (457150) 
6.1 1969 IGSN71 979403633 ± 25 
6.2 1979 CABL 979403688 ± 15 

Table 8. Summary of all absolute determinations of gravity 
since 1969. 

IGSN71 Gravity 
Site 1969 OVM PendululIl 

averaged to 1973 

Sydney 979637585 ± 21 

Sydney 979637 558 ± 52 

Port Moresby 978202 144 ± 52 

Hobart 980417828 ± 52 

Alice Springs 978 630 782 ± 44 

Darwin 978300914 ± 30 

Perth 979403 633 ± 25 
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APPENDIX 1. Results of absolute measurements at Sydney, site 45331C (7999.0105). 

Corrections· Corrected value 
Date & time No. of Measured value .!lg, ~g. ~g6 at floor level 

No. UT+ 10 hours drops (JtGaI) (JtGaI) (JtGal) 

23-04-79 
1 0225-0255 118 979637246 ± 23 -28 + 23 +03 979637611 
2 0525-0555 119 336 ± 25 -28 +19 -94 600 
3 0625-0655 114 329 ± 26 - 28 +18 -88 598 
4 0705-0735 117 340 ± 25 -28 +18 -71 626 
5 0755-0825 117 291 ± 25 -24 +18 -40 612 
6 0635-0905 112 280± 26 -24 +18 -10 631 
7 0925-0955 117 200 ± 23 -24 +18 +29 590 
8 1020-1050 120 232 ± 24 -24 +18 +67 660 
9 11 00-11 30 119 186 ± 24 -24 +18 +86 633 

10 1425-1455 119 154 ± 19 -25 +32 +39 567 
11 1525-1555 118 291 ± 18 -32 +24 -06 644 
12 1615-1645 114 340 ± 22 -25 +22 -42 662 
13 1715-1745 111 314 ± 19 -25 +20 -72 604 
14 1805-1835 115 338 ± 22 -25 +19 -82 617 
15 1855-19 25 111 299 ± 24 -20 +18 -75 589 
16 1945-20 15 115 283 ± 22 -20 +18 -53 595 
17 2025-2055 114 274 ± 24 -23 +18 -28 608 
18 2115-21 45 113 264 ± 23 - 23 +18 +09 635 

Total number of drops 2:k = 2083 mo = ±23.0 g = 979637616 
m= ±25.3 

Mo= ± 6.0 
M= ±15.1 

·Other corrections applied are ~gc = -24 JtGal. llg ~ = -10 JtGal. ~g ~ = 0 JtGal. 
~gb = +404 JtGal. ~gH = - 2 JtGal. 
Effective height (h) = 1260 mm. gravity gradient = 321.0 ± 1.9 II-Gal m-l . 

APPENDIX 2. Results of absolute measurements at Port Moresby, site 34697D (7090.0576). 

Corrections· Corrected value 
Date & time No. of Measured value ~g, ~g. t>g, at floor level 

No. UT + 10 hours drops (JtGal) (II-Gal) (II-Gal) 

27-04-79 
1 1845-1915 113 978 201 880 ± 12 -26 +42 -19 978202201 
2 1925-1955 114 912 ± 11 -26 +38 -56 192 
3 2015-2045 118 932 ± 11 -29 +39 -86 180 
4 2055-2125 117 961 ± 17 -29 +38 -94 200 
5 21 35-2205 110 958 ± 15 -29 +40 -87 206 
6 2310-2340 117 877 ± 10 - 24 +36 - 20 193 

28-04-79 
7 0010-0440 114 824 ± 12 -24 +35 +42 201 
8 0435-0505 117 781 ± 16 -24 +42 +100 223 
9 0525-0555 118 826 ± 16 -24 +43 +54 223 

10 0635-07 05 114 894 ± 21 -26 +34 -17 209 
11 0725-0755 118 960 ± 17 -26 +38 -59 237 
12 1800-1830 114 809 ± 20 -30 +32 +69 204 
13 1840-1910 119 869 ± 22 -30 +32 +27 222 
14 1945-2015 112 832 ± 14 -19 +31 -34 234 
15 2025-2055 111 953 ± 13 -19 +31 -61 228 

29-04-79 
16 11 05-11 35 120 895 ± 13 -21 +30 -36 192 
17 1145-1215 118 855 ± 13 - 21 +29 -04 183 
18 13 35-1405 119 792 ± 18 -22 +27 +97 218 
19 1505-1535 117 753 ± 14 - 26 +25 +150 226 
20 1545-1615 118 736 ± 13 -26 +26 +156 216 
21 1625-1655 119 731 ± 12 -26 +27 +151 207 
22 1725-1755 115 746 ± 13 -21 + 25 +121 195 
23 1805-18 35 119 789 ± 13 -21 +26 +92 210 
24 2025-2055 118 884 ± 19 -25 +22 -25 180 
25 2105-21 35 120 926 ± 14 - 25 +26 -47 204 
26 21 45-22 15 117 961 ± 14 -25 +22 -61 221 

Total number of drops 2:k = 3026. mo = ±14.7 g= 978202208 
m = ±16.2 

Mo= ± 3.2 
M= ±14.2 

·Other corrections applied are t>g. = -24 JtGal. ~g ~ = -10 JtGal. ~g ~ = 0 II-Gal . 
t>g. = 391 JtGal. ~gH = -33 II-Gal. 
Effective height (h) = 1250 mm. gravity gradient = 312.8± 2.1 II-Gal m-l. 
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APPENDIX 3. Results of absolute measurements at Hobart, site 49027B (7499.0160). 

Corrections· Corrected vallie 
Date & time No. of Measured vallie tl.g, tl.g. tl.g! at floor level 

No. UT + 10 hours drops (p.Gal) (/LGal) (/LGal) 

05-05-79 
1 1400-1430 117 980417 523 ± 14 -12 +24 -13 980417 850 
2 1440-15 10 109 523 .± 13 -12 +24 -17 846 
3 1515-1545 116 521 ± 25 -12 +24 - 19 842 
4 17 10-17 40 118 525 ± 11 -9 +22 -13 853 
5 1810-1840 120 513 ± 11 -8 +21 -2 852 
6 1905-1935 116 511 ± 14 - 15 +20 +10 854 
7 1955-2025 117 495 ± 11 -15 +19 +20 847 
8 21 00-21 30 116 478 ± 11 -11 +19 +30 844 
9 2215-2245 116 490 ± 12 -11 +18 +32 857 

10 2355-0025 102 495 ± 13 -14 +18 +13 840 
06-05-79 

11 0045-01 15 120 523 ± 11 -14 +18 -4 851 
12 01 25-01 55 115 526 ± 12 -14 +21 -20 841 
13 0215-0245 114 552 ± 11 -14 +21 -40 847 
14 0335-0405 117 588 ± 13 -14 +21 -66 857 
15 0505-0535 115 599 ± 13 -14 +19 -76 856 
16 0625-0655 116 574 ± 13 -14 +18 -64 842 
17 0705-0735 117 563 ± 13 -14 +17 -52 842 

Total number of drops Ik = 1961 m. = ±13.0 g=980417848 
m= ± 5.9 

Mo= ± 1.4 
M= ±13.9 

·Other corrections applied are Ilge = -24 /LGal , tl.g~ = -10 /LGal, :lg, = 0 /LGal , 
Ilgh = +346 p.Gal, IlgR = +14 /LGal. 
Effective height (h) = 1260 mm, gravity gradent = 274.3 ± 2.0 /LGal m-I . 

APPENDIX 4. Results of absolute measurements at Alice Springs, site 41933B (7999.0135). 

Corrections· Corrected value 
Date & time No. of Measured value tl.g, Ilg. Ilg! at floor level 

No. UT + 10 hours drops (/LGal) (p.Gal) (/LGa\) 

11-05-79 
1 1455-1525 117 978630287 ± 13 -16 +35 +178 978630810 
2 1545-16 15 118 282 ± 09 -16 +34 +158 784 
3 1635-1705 118 318 ± 09 -16 +32 +119 779 
4 17 30-1800 117 396 ± 10 -17 +31 +62 798 
5 1815-1845 118 428 ± 10 -17 +31 +13 781 
6 1900-19 30 120 460 ± 16 -17 +30 -32 767 
'7 1945-20 15 114 502 ± 11 -12 +29 -67 778 
8 21 15-21 45 114 549 ± 10 -12 +26 - 93 796 
9 2205-22 35 119 509 ± 12 -12 +26 -81 768 

10 2245-23 15 116 510 ± 09 -12 +26 -59 791 
11 2325-23 55 116 476 ± 11 -12 +26 -31 785 

12-05-79 
12 0015-0045 118 430 ± 09 -10 +26 +08 780 
13 01 00-01 30 115 415 ± 10 -10 +26 +40 797 
14 0140-0210 117 377 ± 10 -10 +28 +62 783 
15 0225-0255 118 343 ± 10 -10 +28 +76 763 
16 03 05-03 35 111 361 ± 10 -10 +29 +78 784 
17 0445-0515 119 404 ± 10 -11 +27 +36 782 
18 0535-0605 119 444 ± 10 -11 +26 -01 784 
19 0700-0730 115 510 ± 11 -11 +26 -63 788 

13-05-79 
20 08-10-0840 118 517 ± 11 -13 +18 -80 768 
21 0955-10 25 119 533 ± 10 -13 +18 -82 782 
22 1040-1110 119 491 ± 11 -13 +18 -58 764 
23 1125-11 55 118 464 ± 12 -13 +19 -21 775 
24 1215-1245 116 411 ± 14 -13 +18 +30 772 
25 12 55-13 25 115 386 ± 12 -13 +19 +74 792 

Total number of drops ~k = 2924 m. = ± 18.1 If = 978630782 
m= ±11.5 

Mo= ± 2.3 
M= ±14.1 

*Other corrections applied are Age = -24 /LGal , Ilg
f = -10 /LGal, Ilg~ = 0 /LGal, 

Llgh = +378 p.Gal, IlgH = -18 p.Gal. 
Effective height (h) = 1250 mm, gravity gradient = 302.2 ± 2.5 p.Ga1 m-l. 
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APPENDIX 5. Results of absolute measurements at Darwin, site 38320C (7999.0132). 

Correctiolls* Corrected value 
Date & time No. of Measured value ~gt. agp ~g, at {foor level 

No. UT + 10 hours drops (JLGal) (JLGal) (JLGal) 

18-05-79 
I 1405-1435 121 978300591 ± 19 -10 +48 -15 978300930 
2 1445-15 15 117 610 ± 22 -10 +43 -17 942 
3 1535-1605 117 609 ± 19 -10 +40 -10 943 
4 1615-1645 119 587 ± 20 -10 +38 +03 934 
5 1655-1725 119 563 ± 17 -10 +37 +21 927 
6 1735-1805 118 539 ± 21 -10 +35 +42 922 
7 1855-1925 96 518 ± 23 -10 +34 +87 945 
8 1935-2005 120 469 ± 21 -10 +34 +106 915 
9 2015-2045 116 473 ± 25 -10 +34 +118 931 

10 21 35-2205 117 457 ± 21 -10 +35 +121 919 
II 2225-2255 121 468 ± IS -12 +33 +107 912 

19-05-79 
12 0025-0055 114 550 ± 16 -12 +31 +38 923 
13 0235-03 05 119 603 ± 15 -12 +34 -32 909 
14 0345-04 IS 90 659 ± 19 -14 +36 -43 954 
15 0445-05 15 120 613 ± 15 -14 +35 -34 916 
16 0525-0555 116 601 ± 17 -14 +37 -20 920 
17 0655-0725 119 588 ± 16 -13 +35 +25 951 
18 0805-0835 109 518 ± 17 -13 +34 +61 916 

20-05-79 
19 0250-0320 87 606 ± 14 -13 +42 -14 937 
20 0400-04 30 122 630 ± 13 -13 +39 -45 927 
21 0545-06 IS 114 625 ± IS -13 +40 -43 925 

Total number of drops ~k = 2391 mo = ±18.1 g = 978 300 929 
m= ±13.0 

Mo= ± 2.8 
M= ±14.1 

"Other corrections applied are age = -24 JLGal, ~g", = -10 JLGal, ag), _ = 0 ILGal , 
~gh = 380 ILGal, ~gll = -30 ILGal. 
Effective height (h) = 1250 mm, gravity gradent= 304.0 ± 2.0 ILGal m-l. 

APPENDIX 6. Results of absolute measurements at Perth, site 45715D (7999.0117). 

Correctiolls* Corrected value 
Date & time No . of Measured value ~gt agp ag, at floor level 

No. UT + 10 hours drops (JLGal) (;<Gal) (ILGal) 

25-05-79 
1 1625-1655 118 979403 145 ± 20 -12 +32 +170 979403726 
2 1715-1745 118 139 ± 20 -12 +31 +146 695 
3 1805-1835 119 158 ± 19 -12 +29 +106 672 
4 1855-1925 118 242 ± 17 -12 +28 +57 706 
5 1945-2015 117 298 ± 18 -12 +27 +06 710 
6 2040-21 10 118 352 ± 22 -12 +26 -45 712 
7 21 25-21 55 119 361 ± 19 -12 +26 -76 690 
8 2215-2245 III 397 ± 23 -12 +25 -95 706 
9 2305-2335 110 366 ± 20 -12 +24 -97 672 

10 2350-0020 117 367 ± 17 -12 +23 -85 684 
26-05-79 

11 0035-01 OS 114 304 ± 23 -12 +22 -64 641 
12 01 55-0225 112 317 ± 19 -12 +22 -18 700 
13 0455-0525 121 258± 16 -10 +30 +17 686 
14 0535-0605 119 251 ± 17 -10 +30 +03 665 
15 0615-0645 115 279 ± 20 -10 +28 -17 671 
16 0655-0725 1I7 322 ± 20 -10 +27 -41 689 
17 0745-0815 119 319±17 -10 +27 -69 658 
18 0845-09 15 117 392 ::t: 17 -13 +26 -92 704 
19 0925-0955 1I7 390 ± 17 -13 +25 -96 697 
20 1005-1035 1I5 353 ± 22 -13 +24 -91 664 

27-05-79 
21 04-50-0520 120 285 ± 19 -14 +26 +15 703 
22 0525-0555 116 266 ± 16 -14 +26 +11 680 
23 0605-0635 1I8 285 ± 18 -14 +26 -01 687 
24 0645-0715 120 332 ± 16 -14 +25 -19 715 
25 0725-0750 097 297::t: 18 -14 +25 -37 662 
26 0820-0850 120 348 ::t: 18 -14 +24 -67 682 

Total Dumber of drops ~k = 3022 mo = ± 18.8 g = 979403 688 
m= ±20A 

Mo= ± 4.0 
M= ±14.3 

*Other corrections applied are ~ge = -24 ILGal, ~goj. = -10 ;<Gal, ag), = 0 ;<Gal, 
agb = 431 ;<Gal, agu = -6.3 ;<Gal. 
Effective height (h) = 1255 mm, gravity gradient = 343.3 ± 1.5 ILGal m-l. 
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Epoxy relief sediment-peel and latex-replication 
techniques used in the study of Spencer Gulf sediments 

R. V. Burne & M. H. Tratt 

Some modifications to methods of relief peel preparation and latex replication have been 
made for nse in the study of the evaporite and carbonate sediments and algal-mats of the peri
tidal regions of Spencer Gulf, South Australia. The nse of hessian backing material enables 
araldite relief peels to be made of large faces of unconsolidated materials. A technique of 
cutting sediment cores to provide an undisturbed surface for preparing a peel has been deve
loped to overcome problems of core disturbance or contamination caused by conventional 
methods of core sawing or core extrusion. Plaster-of-Paris moulds were taken of algal-mat 
surfaces, including some subject to daily tidal inundation, without extensively damaging the 
mats. Rubberlin latex casts of these moulds provide detailed replicas of the mat topography. 

Introduction 
The Baas Becking Geobiological Research Laboratory 

and BMR are undertaking a study of aspects of the 
modern environments of Spencer Gulf, South Australia, 
that may provide information for the understanding of 
the development of some orebody host rocks. As part of 
this study the evolution and framework of the recent 
depositional environments of the area are being inves
tigated. Particular attention is being devoted to the 
microbial ecology and environmental constraints of 
algal-mat development, and the facies sequence pre
served in recent sedimentary sections. These aspects of 
the work are assisted by the preparation of relief peels 
of sediment profiles and replicas of algal-mat surface 
topography. Although these techniques have previously 
been little used in BMR studies, they are employed 
widely by sedimentologists . elsewhere who have evolved 
an extensive range of methods using a variety of 
materials (Bouma, 1969). This note describes methods 
selected for use in the Spencer Gulf study, and the 
slight modifications made to them that have enabled 
their successful application. 

Relief peels 
Peels of sedimentary profiles, revealed in either 

trenches or cores, have two important uses: they pro
vide a permanent record of the section that may be pre
served and studied in the laboratory, and they accen
tuate textures, particularly sedimentary structures, to 
give an impression comparable to that observed in lithi
fied sections. This often brings to light textural relation
ships not apparent in the smoothed face of the core or 
trench. 

Our work entails the study of both field profiles and 
core material. The sediments to be peeled are variously 
dry, moist, or saturated with water varying in salinity 
from fresh to hypersaline. It is sometimes desirable to 
obtain peels of vertical trench faces up to 1 m2 in area; 
the sediments involved have grainsizes varying from 
mud to gravel, and compositions varying from eva
porites and carbonates to various terrigenous mixtures . 
The trench sections often have unstable faces which, if 
unsupported, cave and collapse because of the uncon
solidated nature of the sediment, coupled with the 
effects of sapping by escaping pore water. Many of the 
areas of interest are exposed only between periods of 
high tide, and are only accessible on foot . Finally, 
because of the gross lithological similarity of some of 
the facies encountered, a high-relief peeling technique 
was needed in order to accentuate contrasts. 

These constraints limit the choice of peeling methods 
from the range of available techniques. According to 
Bouma (1969) only the methods of McKee (1957a, b), 
Maarse & Terwindt (1964), and McMullen & Allen 
(1969), can be used in the field for clays or wet sands. 
The method of Burger & others (1969) may be added 
to this list. Maarse & T erwindt (1964) describe the use 
of unsaturated polyester resins (Vestynox) in making 
peels; the method requires a perfectly smooth vertical 
face, cannot be applied to completely saturated 
materials, and takes 4 to 5 days to harden, and for 
these reasons was unsuited to our purposes. Neither the 
Latex peel technique of McKee (1957a, b), nor the 
polyester resin method of McMullen & Allen (1964) 
produce peels of high relief, and so we attempted to 
use the method of Burger & others (1969)-which uses 
Araldite compounds that produce high relief, may be 
applied to saturated sediments, and is quick-setting. Ini
tially we experienced little success for, although the 
Araldite compounds used had suitable characteristics, 
the presence of large shells and nodules in most faces, 
coupled with variations of grainsize and extent of con
solidation, made it impossible to prepare a perfectly flat 
surface. Without such a surface, adhesion to the rigid 
backing material used by Burger & others (1969) can
not be achieved. The use of a rigid backing material, 
as recommended, also prevented Araldite lost into very 
porous horizons from being replenished, and failed to 
prevent chanelling and caving between the board and 
the face. We therefore modified the method by using 
hessian as a backing materiaL Several of the methods 
mentioned by Bouma (1969) use gauze, bandage or 
cheesecloth as a permeable backing material, but these 
fabrics are not strong enough to support the large 
unstable faces we encountered. A prefabricated hessian 
stretcher applied to a vertical sediment face soon after 
excavation can mould to the topography of the face, 
provides great structural support, while at the same 
time is permeable enough to allow prolonged re
plenishment of Araldite lost in permeable layers. 

Method 
A pit was dug and the face of the sediment made as 

flat and as vertical as possible. A double layer of hessian 
was cut to the required size of the peel. Lengths of 
wooden moulding were cut and the hessian nailed on 
their vertical sides. 

The Araldite was then mixed in the volumes recom
mended by Burger & others (J 969). The equivalent 
Australian pr.oducts to the American materials used by 
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CIBA ARALDlTE 
ClBA ARALDlTE 
ClBA HARDENER 
ClBA HARDENER 

Table 1. 

Americall 
Prodllct 

6005 
6010 

850 

830 

10-

20-

30-

Allstralian 
Prodllct 

GY 250 

LY 556 

HY 850 

HY 830 

Figure 1. Stereo-pair of Araldite peel of Vibrocore from 
small sea-grass area. 
Note sea-grass preserved in growth position. 

the,se authors are given in Table 1. The proportions 
used were 5 parts GY 250, 5 parts L Y 556, 3 parts HY 
850 and 1 pan HY 830 by volume. The Araldite was 
then dripped on the vertical face of the sediment and 
spread carefully. A certain amount of resin was lost at 
this stage by running down the face. When the face was 
covered with resin the frame was positioned with the 
hessian t" above ground level (to get a clear imprint 
of the surface layer of sediment). The frame was 
stretched sideways and tent pegs pushed into the face, 
clamping the wood moulding and keeping the hessian 
tight against the sediment face. Then more resin was 
dripped on the hessian, and spread with a spatula, until 
the hessian was saturated. It is advisable to keep moving 
the resin upward from the bottom until it starts to set 
(t hour in 80° temp.). It is possible to remove the peel 
after 4-5 hours, but longer periods ensure complete 
curing. After removal the peel is air dried, then held 
vertical and vigorously tapped on the back to remove 
any loose material. 

The technique provides excellent initial results in 
most materials, but clay-grade material does not adhere 

permanently to the peels. Nevertheless useful informa
tion on the structure of clay layers may be obtained 
from these layers before they crack and fall away from 
the peel. Examples of peels are displayed in Figures 1 
and 2. 

The Araldite mixture reacts with some sediments 
and produces brightly coloured compounds. Fine
grained Pleistocene micrites may produce a pale blue 
colour: iron-rich sediments may locally become deep 
blue or purple, and one core of reef-derived sand from 
the Barrier Reef produced a pink colouration. The 
colourations appear some 48 hours after the peel is 
prepared, and presumably occur as a result of reactions 
between the polymerised Araldite and ions in the sedi
ment to form organo-metallic complexes. The bright 
colours, which may prove to have some diagnostic usc, 
fade with time. 

This technique has also been applied in the labora
tory to prepare peels from core material. Bouma 
( 1969) has described a method for the preparation of 
cores for peeling which involves extrusion of the core, 
spl itting with thin wire, and air drying. This method 
was unsuitable for our purposes, as the material con
sisted of vibro-corcs which sample a completely undis
turbed sediment core of varying texture that would 
inevitably be deformed on extrusion. Furthermore, the 
cores penetrated calcrete pebbles, whole oysters, and 

Figure 2. Peel of regressive sequence preserved in a small 
coastal lake, Spencer Gulf. 
Note poor recovery of muddy marine sediments at 
the base which peeled under water. Clay at top of 
peel fell away later. 



Figure 3. Comparison between living algal mat (top) and 
latex cast (bottom). 

other large clasts that could not be neatly split by wire. 
Since some core sediments were to be analysed for trace 
metals it was desirable to minimise metal contact with 
the sediment. This discouraged saw-slabbing of the 
cores, a method also likely to disturb the sediments. The 
following alternative procedure has been evolved and 
successfully applied. 

The polycarbonate core tube must first be cut in half, 
and the core face prepared for peeling. A cutter is 
formed from the tang of a file and used by hand along 
a straight edge. The cutting edge has to be dressed 
from time to time but gives an excellent cut. The groove 
is cut along one side, but stopped just short of breaking 
through. The tube is then revolved and the opposite 
side cut, once again not quite breaking through. The 
final cut is made with a Stanley knife, thus preventing 
any disturbance of the core. A thin plastic cutting blade 
is then inserted between the two halves, and the core 
cut through the middle. If a large shell or pebble inter
feres with the cut, the core tube must then be cut from 
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the other end. When the two halves are parted any large 
shells or pebbles will remain protruding from one half, 
that is the half generally selected for peeling. There is 
no need to prepare the face in any other way. 

A strip of doubled hessian is cut to length-the width 
should be just less than that of the tube (to help 
removal when hard). The Araldite is mixed by volume 
as before. The resin is then dripped on to the face of 
the core and spread evenly. In the case of sandy 
material the drip technique only can be employed. 

The hessian is then placed on the core, draping the 
larger fragments, and is gently pressed down until the 
resin starts to come through. More resin is then applied 
on top of the hessian and spread evenly. The resin will 
then soak into the core material depending on its 
porosity; coarse shelly material, for example, is pene
trated to 3-4 cm. The peel is then left overnight to cure 
properly, and is then carefully freed from the tube. 
The peel is air dried, and then vigorously tapped on the 
back to free loose material. The resin used works on 
wet and salty surfaces, so it is not necessary to dry the 
cores before attempting a peel. 

The peel is then fixed to a wooden backing piece for 
safe handling. 

Latex casting technique 
The morphology of algal-mat surfaces is of particular 

interest in our study of the modern environments of 
Spencer Gulf. It is apparent that seasonal variations and 
varying periods of inundation produce considerable 
variations in the topography of particular mats. In order 
to study these variations, and also the enable detailed 

Figure 4. Detail of latex cast showing fine surface structure 
of Lyngbya algal mat and air bubble infiJlings. 
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laboratory studies of mat topography to be made, 
replicas of the mat surfaces were made in a manner 
similar to that proposed by Bouma (1969, p. 278-9). 

The area to be modelled was marked on the surface, 
and measurements taken to make the wooden frame of 
the mould. The timber frame was then nailed together 
in such a manner to facilitate knocking apart, placed 
in position, and held down with tent pegs. A thin mix
ture of plaster was made to cover the surface to a 
depth of about 1 cm. This was left for 10 minutes, and 
then a stiffer mixture poured to fill the mould. This 
was left overnight to harden. The whole structure was 
then lifted free, the timber sides knocked off and the 
plaster allowed to dry for some weeks. When the plaster 
was completely dry, the face of the negative was 
cleaned free of particles of algal mat, small shells and 
sediment. 

This method has been applied to producing moulds 
of moist surfaces, and plaster moulds have even been 
successfully obtained when tidal inundation had 
occurred shortly after pouring of the plaster, although 
in such cases the plaster remains soft and friable. Thus 
an alternative method to the technique of McMullen 
and Allan, which has been considered to be unique for 
this purpose (Bouma, 1969, p. 50), is available for the 
replication of structures in wet surfaces. 

Provided that the mat topography is relatively 
smooth, the mat is not harmed by the process of mould
ing, and remains vital after lifting of the mould. How
ever, more complex mat structures are destroyed by the 
moulding process, although sufficient mat is left to per
mit regeneration. 

The mould preserves very fine details of the mat 
topography, and, to ensure that these are not lost on 

casting, Rubberlin Rubber Latex, a very fine-grained 
casting agent, was used, but no releasing agent was 
employed. 

Rubber latex was then spread thinly over the surface, 
making sure all indentations were filled. This coat was 
left to dry for about 10-15 minutes, and then a thicker 
coat applied. The mould was then placed in an oven 
at about 50° overnight, and then the rubber positive 
was carefully removed. Comparison of mat and replica 
topography may be seen in Figure 3. The method pre
serves fine details of mat topography, although some 
air bubbles cannot be eliminated from the mould 
(Fig. 4). 
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A low-cost multi-channel pH-Eh specific 
ion monitoring system 

I. A. Johns & B. Bubela 

A multi-channel pH-Eh specific ion monitoring system is presented. The design, which can 
be used for in situ and remote monitoring, is capable of the simultaneous measuring of a 
number of parameters, thus permitting individual calibration of electrodes, eliminating elec
trode interaction, and considerably reducing production cost. 

Introduction 
The problem of continuously monitoring a number 

of parameters such as pH, Eh and specific ions is 
frequently encountered in the laboratory, industry, and 
during environmental studies. There are several 
difficulties associated with making these measurements. 

1. If each electrode is connected to a commercially 
available, individual meter and the outputs are fed 
simultaneously, or via a multiplex switch, into a 
recording system, the costs are considerable. 

1. Baas Becking Geobiological Laboratory, Fuel Geoscience 
Unit, CSIRO, P.O. Box 378, Canberra City, ACT 2601, 
Australia. 

2. If all the electrodes are connected via a multiplex 
switch to a common meter and then to a recording 
system, stray resistance, in parallel with the input signal 
(originating from the both electronic and electrical 
switch mechanism), is encountered, due to the high 
electrode impedance; therefore switching between 
different electrodes (pH, Eh, etc.) is impractical. In 
addition sequential reading is impractical using gel
electrodes because of their requirement for a stabilising 
period. 

3. The regular standardisation of electrodes which 
have been placed in the experimental location is difficult 
because on removal or relocation of that electrode the 
surrounding micro-environment is disturbed. The 
standardisation of the electrodes, and their insertion 
and removal from the areas monitored, is often difficult 
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Figure 1. Diagram of the integrated circuits used in the monitoring system. 

and/or detrimental to the micro-environment of the 
electrodes. Further, if two or more electrodes are 
electrically interrelated, then close proximity operation 
is not possible due to stray currents. 

We have devised and tested a simplified low cost 
system to overcome the difficulties described. 

Design concept 
A low-cost apparatus2 (Fig. 2) has been designed 

to process simultaneous signals in measuring pH or 
other specific ion concentrations, or in the measurement 
of electrode potential (Eh) suitable for measurements 
of the above parameters, either in situ or in combination 
with a pumping system which transports the experi
mental solution to the electrode. 

It provides a simplified circuit arrangement with the 
aim of a minimum component cost! count for a 
signal-processing module of a pH/Eh-specific ion-meter 
system-which can be easily produced, and set up with 
an independent signal-processing module for each of 
the sensors in a multiple-sensor system. The output 
of each module is then metered either simultaneously 
or by means of a switch selecting each output. This 
switch does not have to be synchronised with any other 
switch, and each of the meters can be independently 
calibrated to the characteristics of each electrode, thus 
allowing pH, Eh, and metal concentrations to be made 
simultaneously. 

Electronics 
The circuit is accurate to ± 0.02 pH units when 

operative with electrodes of 90-130 Meg n. and has 
features which include single-pole power requirements, 
with on board mains supply or battery operation, high 
adjacent electrode isolation when operating with mul
tiple units, low operating current consumption of less 

2. Australian Patent Application 49083179. 

than 9 rnA, an adjusable output offset for ease of 
recording, wide range reference voltage control, and 
manual temperature compensation. . 

The circuit arrangement is such that the absolute 
value of passive components is not critical, thus allow
ing the use of standard values for components. It 
should be noted that improved performance will result 
if components of low temperature coefficients are used. 
Active components (integrated circuits) are common 
types, as is the voltage regulator. 

The simplicity of the circuit lends itself to assembly 
on a small printed circuit board attached to an SO 239 
socket, which acts as both a mechanical support and 
high impedance socket. 

Circuit description 
Three integrated circuits have been used in the design 

(Fig. I) . These are linear operational amplifiers type 
LM316 and LM324 (quad low power), and a voltage 
regulator type LM723. The reference voltage T2 is 
controlled by voltage divider R3, VR2, R4, while VR2 
is a ten turn potentiometer, with an output buffered 
by voltage follower A5 to terminal T2. 

The high impedance input for the glass electrode (Tl) 
is provided by operational amplifier Al (LM316A), 
configured as a high-impedance input voltage follower. 
The output from this section is fed directly to the pHI 
Eh selector switch SWI for Eh measurements, and 
through inverting amplifier A2 for pH measurements; the 
gain of A2 is set by R6, R8 VR3 to provide an output 
of 100 m V I pH at SW 1; VR3 is variable, and acts as the 
slope corrector for electrode sensitivity. Divider VR4, 
VR5, is used to attenuate the signal from SWI by 
0.333% per DC away from pH7 for temperature com
pensation of electrode sensitivity, and the output from 
VR4 is buffered by voltage follower A3 and to output 
I. Amplifier A3 and output 1 are both referenced to 
the potential set at T2. The voltage divider Rl, VR2, 
R3 is buffered by voltage follower A4 to provide a 
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Figure 2. Composite unit made of 5 modules. 
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variable offset voltage at Output 2, i.e. to allow a DVM 
to be set at 7.00 pH for a output at zero = 7 pH. 
Outputs 1 and 2 are operated as a two wire system, and 
neither terminal is grounded. 

The power supply voltage is controlled at 7V by a 
precision voltage regulator type LM 723, which will 
accept a DC input voltage from 12-40 volts, from either 
battery or mains. For mains operation the input to the 

Figure 3. Multichannel pH-Eh monitoring system. 
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voltage regulator is provided by a shielded 18V RMS 
100 rnA transformer. The on-board power supply for 
each module is used for electrode isolation from stray 
currents. Typical component values are presented in 
Table 1. 

Application 
To minimise the problems of electrodes manipulation, 

their possible damage, and the disturbance to the 
monitored area the following approach was adopted. 
Rather than bringing the electrode to the aqueous 
phase, the phase is transported to the electrode. The 
system consists of measuring and monitoring com
ponents and a circulating system. 

Two, high-density polypropylene capillaries are in
serted into a sampling capsule to provide the circulation 
pathway for the fluids. The capsule is made from high
porosity, high-density polypropylene (as used for gas 
washing or dispersal), the required porosity depending 
on the suspended solid phase in the area, to be 
monitored. The fluids are circulated by a peristaltic 
pump through a small flow-through cell 1 cm inside 
diameter, of an appropriate length to accommodate the 
desired number of electrodes. The micro-electrodes are 
connected to the cell by standard B5 glass joints. The 
liquid is in constant contact with the fluids in the 
monitored area, and is of relatively small volume, it 
therefore equilibrates quickly with its surroundings, and 
the changes detected in its parameters correspond to the 
changes in the monitored area. When standardisation 
or maintenance is necessary, the electrodes are removed 
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Figure 4. Multichannel system coupled with How-through cells. 
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from the cell and temporarily replaced by a glass 
stopper. 

A required number of such units is inserted in one 
or more monitored areas, and connected to a battery 
of modules (described above). Such an arrangement 
is capable of the simultaneous monitoring and recording 
of numerous parameters at a number of locations, the 
number being limited by the capacity of a multi-channel 
peristaltic pump(s), and! or the number of modules 
coupled. 

Results 
A unit conslstmg of five modules with a built-in 

digital voltmeter (Fig. 2) was used for monitoring pH 
and Eh changes in a simulated sedimentary system 
(Fig. 4) . The system was filled with a mixture of 
quartz sand, carbonate, and decaying organic material. 
The particle size distribution of the sediments was: 
sand; 400 }J. average (all < 1000 fl.' 90% > 100 J.l); 
magnesian calcite; 300 }J. average (all <1500 J.l' 75% 
>100 p.); aragonite; 375 p. average (all <1500 p., 85% 
> 100 p.). Natural seawater was used as the fluid phase. 
The liquid was circulated by multi-channel peristaltic 
pump (Gilson HPI6) at a rate of about 2 mls per 
minute. The pH and Eh changes were monitored by 
micro-electrodes. Regular checks were made by collect
ing samples of interstitial waters in close proximity to 
the porous capsules in the sediments, and measuring 
their pH, and Eh values by conventional methods. The 

circulating fluid equilibrated with the interstitial water 
in about 1 hour after this initial stabilizing period, the 
data collected by the conventional method and our 
system did not differ significantly (:!::O.Ol) for about 
6 weeks, after which the experiment was terminated. 

Conclusion 
The system is capable of eliminating a number of 

difficulties associated with measuring and monitoring 
continuously a variety of parameters with electrodes, 
for extended times with a minimum disturbance to the 
monitoring area at fractional costs of currently used 
equipment. 

Although this signal processing module has been 
designed for low-cost construction, it has been done 
with acceptable accuracy. 
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Two oth_er BMR publif;ations 

AUSTRALIAN MINERAL INDUSTRY 
ANNUAL" REVIEW ,'1977 ' 

, The Australian Mineral Industry Annu3J Review 1977 includes information to 30 June 
1978 and was published in Augustl97~f The v'olllme pro~ides' a r~cord of the growth of the 
Austra,Han mineral industry, arid repcirts' production, cons~rnption, treatment, trade, .prices, new 
developments, '~xploration, and resqurces for all mineral commodities including fuels, and sum-

. marises equivalent d~velopments abrciad. Full statistical coverage ' is limited to 1977. 

Part ;1~ 'Ge1!eral Review', contains"salient statistics of ' the Au~tralian mineral -ind1,lstry as a 
wh9le, and 'provides a brief overview of the industry under the headings: World Summary, The 
Mineral indus~ry in Australia, The Industry in the National , Economy; Importan~ 'Recent 
Developmegts, Production, Overseas Trade, Prices, Mim,ral Exploration Expenditure, Structural 
Data (including Investment, Mining Cen~us Summary, Wages and SalarieS, IndustrialPisputes, ' 
Taxation, RQYility Receipts), and Government Assistance, Legisili.tjon, imd ,Co,ntrols, Part 2, 
'Commodity. Review' forms the main body of the volume. and- reviews developments in the 
industry; commodity by commodity, from Abrasives to Zirconium, Part 3, 'Mining Census', 
tabulates statistics extracted from ~he Min.ing Census, and some minerill processing ' statistics 
from the Manufacturing Census. Part 4, 'Mineral Production: State Mines Departmen..ts Statis
tics', tabulates quantum and value data .. on mineral output. Listed in Appe"dixes are: . prin
cipal' mineral producers; ore buyers and mineral dealers; Government mining services; industry, 
professional, and development orga~isations and associations, etc.; a summary of mineral royal
.ties· payai:lle-' in the States and Territories; and a summary of income tax provisions and 
Federal Gov.er:nment levies. . . 

'AUSTRALIAN MINERAL INDUSTRY 
QUARTERLY 

The Australian Mineral Industry Quarterly-a joint publication of BMR and the Australian 
Bureau of -Statistics-reviews developments in inineral and fuel commodities in Australia and 
records statistics of production, exports, and im ports. 

Number 4 of Volume 31 was published in June 1979: 
Part 1 (BMR)--'Quarterly Review'-contains a review of the principal mineral com
modities for 1978; two articles ('Australian use of iron oxide minerals for purposes 
other than iron and steelmaking' and 'Australian Identified Mineral Resources, 
1978'); and a list of metal, ore, and concentrate prices for the quarter ended 
31 December 1978. 

Part 2 (ABS)--uQuarterly Statistics'-contains production al1d trade figures for the 
quarter ended 30 September 1978. Summary tables of Australian mine, smelter, and 
refinery production of principal minerals and metals for the quarter ended 31 Decem
ber 1978 are also included. 

Volume 32, No.1, published in August 1979, contains an article on enhanced · recovery 
from Australian oil reservoirs. 

Prices and availability 
The price 01 the A.M. I. Annual Review 1977 is $18.00, and the price 01 one volume 

(4 numbers) of the A.M.I. Quarterly is $8.00. Subscription forms may be obtained by writing 
to: Publication Sales, Bureau of Mineral Resources, Geology & Geophysics, P.O. Box 378, 
Canberra City, A.C.T. 2601, or phone (062) 49 9300. 
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