
Crustal structure and evolution of the central Australian basins

K. Lambeck

SUMMARY: The basins of central Australia formed over a period of 600 Ma or more from

late Proterozoic to carboniferous time. These basins appear to overlie crust of normal

thickness whereas the crust of the intervening arches has been uplifted and reduced in

thickness. The Moho, in consequence, varies in depth by up to + l0 km about its mean depth,

over horizontal distances of 5il km or less. The stresses associated with this lower crustal

structure are of the order of a few kbars and extend throughout the crust. These stresses have

existed since at least late Proterozoic time, and because the Moho undulations appear to

follow the near surface deformations, this rules out the existence ofa mechanically weak lower

crust. The region is out of isostatic equilibrium and this state must be maintained by either a

mechanically strong lithosphere of more than 150 km thickness or by horizontal compresstve

stresses, oftíre ordei ofa few kbars. The former possibility is ruled out by the available mantle

flow laws and geotherms proposed for the central Australian shield. In the latter case the

horizontal comþressive foices have also played the key role in shaping the basins and crustal

structure. The horizontal compression must act down to at least the Moho and must

characterize the dorninant state of stress since late Proterozoic time'

for the lower crust and upper mantle suggests a
proportionality constant of about 5-7 (km s-r)
(Mg m-:¡-t rather than about three as is often
used for the Birch law. (iii) The differential
stresses within the crust are a few kbars and these
have persisted for at least the last 300 Ma. These
stress differences occur throughout the crust and
there is no evidence for a mechanically weak
lower crust. (iv) The non-isostatic state is main-
tained by horizontal compressive forces that have
also shaped the present basins and arches.

The geological setting

The central Australian basins under discussion
here are the Amadeus, Officer and Ngalia Basins
(Fig. l), basins that are separated by the meta-
morphics and granites of the Musgrave and
Arunta Blocks.

The Proterozoic history of the central Austral-
ian region has been discussed by Plumb
(1979a,b), Shaw e¡ al. (198$ and Black et al.
(1983). It appears that the cratonization of the
region was largely complete by about 1400 Ma
ago although some igneous and tectonic activity
cõntinued up to about l100-1000 Ma ago. This

was followed by a period of tectonic tranquility

during which a widespread deposition of sedi-

mentJ occurred over much of central Australia:

the Heavitree Quartzite of the Amadeus Basin,

the Vaughan Springs Quartzite of the Ngalia

Basin and the Townsend Quartzite of the Officer

Basin. The mechanism leading to this deposition

has not yet been examined in detail although a

preliminary analysis suggests that thermal subsi-

Frorz: DawsoN, J.B., Crnsw¡ll, D.4., H¡.11, J. & Wroeronr, K.H. (eds) 1986, The Nature of the Lower
Continental Crasl, Geological Society Special Publication No. 24, pp. 133-145. I33

Introduction
The tectonics of central Australia are dominated
by east-west trending structural elements com-
prising sedimentary basins whose histories span
time from the late Proterozoic to the early
Carboniferous, and exposed cratons ofearly and
middle Proterozoic ages (Fig. l). The basins
extend down to a depth of 10 km or more and
were formed in an intracratonic environment
while the crust between the basins has been
subjected to significant uplift. Major orogenies
occurred, also in an intracratonic environment, in

early Cambrian and early Carboniferous time. It

is known from gravity observations that this

basin and arch structure is out of local isostatic

equilibrium and this raises at least three ques-

tions. What is the structure below these arches
and basins, and does lateral structure extend into

the lower crust and upper mantle? How did this
structure evolve over the long time intervals
suggested by the sedimentary records? What is

the stress field implied by these structures and
how is it maintained through time? Answers to
these questions are of relevance to understanding
the physical properties of the crust, the state of

stress in the crust and the consequences of this

stress state. Only tentative answers to some of
these questions can be given because the available
geophysical and geological information is still
incomplete. Nevertheless some conclusions can
be drawn with only minimal reservations, these
are: (i) Variations in Moho depth of 10-15 km
occur over horizontal distances ofless than 50 km
and more abrupt offsets in depth may also occur.
(ii) The seismic P-wave velocity-density relation
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FIc. L Location map of the central Australian
basins and exposed blocks. NT:Northern Territory;
SA:South Australia: WA:Western Aust¡alia. The
three north-south lines indicate the location of the
gravity profiles illustrated in Figure 3 and the small
triangles locate the sites at which travel time
anomalies have been measured (cf. Figs 3 and 4).

dence mechanisms may be relevant here. We
ignore this aspect for the present and consider this
sequence as a convenient starting point for
modelling the subsequent history of the basin
evolution in an intracratonic environment.

The geology of the Amadeus Basin is described
in Wells et al. (1970), that of the Ngalia Basin in
Wells & Moss (1983) and that of the Officer Basin
in Krieg et al. (1976), Pitt et a/. (1980) and
Jackson & van den Graaff(1981). The southern
part of the Amadeus Basin and the Officer Basin
contain mainly late Proterozoic sediments depo-
sited in shallow water or continental environ-
ments in a fairly continuous sequence but with the
rates of deposition apparently increasing through
time (Fig. 2). Both basins have very similar
depositional histories. During this interval the
Musgrave Block was subjected to uplift as indi-
cated by the felspar and biotite ages of Gray &
Compston (1978). The evolution of these two
basins culminated with the Petermann Ranges
Orogeny of Early Cambrian age, an event that
deformed both the southern and northern mar-
gins of the Musgrave Block (Jackson & van de
Graaff 1981; Forman 1966).

Late Proterozoic, post-Heavitree, sequences
are rather thin in both the northern part of the
Amadeus Basin and the Ngalia Basinand much
of the evolution occurred in Palaeozoic time with

Ase (Ma)

FIc. 2. Approximate rates of sedìment accumulation
in the Amadeus Basin. The dashed line is for the
southern part of the basin and accumulation
essentially ceased after the Petermann Ranges
Orogeny 600 Ma ago. The solid line is for the
northern part of the basin and accumulation here
ceased after the Alice Springs Orogeny in early
Carboniferous time.

a similar sequence of events as occurred during
the Proterozoic phase: continuous deposition of
sediments in shallow water or continental en-
vironments, an increasing rate of deposition with
time, significant uplift of that part of the Arunta
between the two basins and the culmination of
events by a major orogeny: the Alice Springs
Orogeny of late Devonian to early Carboniferous
age along the northern margin of the Amadeus
Basin (Armstrong & Stewart 1975) and, at about
the same epoch, the Mt Eclipse Orogeny along the
northern margin of the Ngalia Basin (Wells &
Moss 1983).

The Petermann Ranges and Alice Springs
Orogenies resulted in extensive folding, faulting
and metamorphism of both the sediments and
basement rocks. The deformation at the time of
the two orogenies is believed to have involved the
crust as a whole through the development or
reactivation of major thrust faults (Forman &
Shaw 1973; Milton & Parker 1973; Wells & Moss
1983; Shaw et al.1984). The early Carboniferous
orogenies mark the end of substantial tectonic
processes in central Australia. Some subsequent
evolution of the basins and surroundins biocks
has taken place but al a rate and on a sðale that
appears to be insignificant in comparison with the
earlier history (Burek & Wells 1978;Wells et at.
1970; Wells & Moss 1983).



Crustal structure

Geophysical observations

The presently available geophysical evidence for

the crustal and upper mantle structure is limited

to gravity and seismic travel time anomalies.
Early seismic reflection surveys by the Bureau of

Mineral Resources estimated the depth of the
Moho to be about 35-40 km beneath both the

Amadeus and Ngalia Basins (Mathur 1976).

Systematic deep crustal seismic reflection surveys

have been shot recently by the Bureau of Mineral

Resources but are not yet available' The gravity

anomalies and terrain elevations are illustrated in
Fig. 3 in the form of three north-south profiles'
The Bouguer anomalies vary by up to 180 mgal
along these profiles, with the maximum values
occurring over the blocks and the minimum
values occurring at the margins of the basins.
These values cannot be interpreted within the
conventional framework of isostasy since the
variations in elevation across the region as well as
lateral density variations in the upper crust are
relatively small (Lambeck 1983; Stephenson &
Lambeck 1985a).

The second geophysical observation comprises
seismic travel time anomalies (Lambeck & Pen-
ney 1984). Fig 4 illustrates some results for an
array ofinstruments located across the basins and
blocks as illustrated in Fig. l. The residuals in Fig.
4 are for waves originating from several localities'
The Fiji-Tonga anomalies are for waves arrivin$
from a direction that is approximately parallel to
the tectonic strike of the region (except for the
northernmost station where the tectonic structure
is oblique to the line). In a general way, these
travel times are early for stations on the Arunta
and Musgrave Blocks compared with stations in
the basins, with the difference reaching nearly 0.5
s between the northern Amadeus Basin and the
Arunta Block and 0.7 s between the southern
Arunta and Ngalia Basin.

The travel time residuals for the earthquakes
from Japan and the Marianas (Fig. a) result in

significantly different results for some of the

stations when compared with the Fiji-Tonga
results. Likewise, the Macquarie Ridge earth-
quakes are distinctly different although these

rèsiduals are the least well-determined, being
based on a small number of shallow crustal
earthquakes. Observed anomalies in azimuth
cannot be attributed to station mislocations or
other observational errors (Lambeck & Penney,
1984). Instead, these results can be interpreted in

terms of steeply dipping surfaces of large velocity
contrast, particularly the Moho, beneath some of

the stations. The result for station 20, for exam-
ple, is consistent with a shallow Moho dipping
southwards by more than 20' although this

and euolution: central Australian basins r 3 5
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Flc. 3. Gravity (solid lines) and elevations (dashed
lines) along three north-south profiles across the
basins and blocks (see Fig. I for the locations of
these profiles but note that the latter extend to
29" S).

interpretation is not unique. A preliminary exam-
ination of new travel times collected from a more

closely spaced array between sites 17 and24 and

from a second parallel array conflrms the sub-

stantial variations illustrated in Fig. 4 in the travel

times across the northern Amadeus Basin and

southern Arunta Block.
Heat flow observations in central Australia are

soarse and no measurements have been made in
tire basement rock of the area in question'

Hyndman (1967) measured a surface heat flow of
63 mW m-2 (1.5 heat f low units; h.f .u.) for a site
south of Alice Springs in the Amadeus Basin
sediments. A measurement in the Ngalia Basin'
gave 56 mW m-2 (Cull & Denham 1979). Crustal
heat production observations are not available
for these sites and the nearest surface measure-
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FIc. 4. Observed seismic travel time anomalies across central Australia (solid circles with e¡ror bars) for
earthquake waves generated in four different regions and recorded at the sites located in Fie. I (the most
southerly site is site 1, the most northerly is site 25).

ment is for a site 500 km to the north of Alice
Springs, for which Sass & Lachenbruch (1979)
report 3.9 ¡rW m-z (9.3 heat generation units;
h.g.u.). This compares with an average surface
heat production of 5 ¡rW m-r for the central
Australian shield (Sass & Lachenbruch 1979).

Georherms for the area have been estimated by
Sass & Lachenbruch (1979) and by Cull & Conley
(1983) using different observations and assump-
tions and the results are consistent with a modèl
of a stable continental crust of high average
radioactivity and little contemporary tectonic
activity. The Sass & Lachenbruch geotherms are

given for different values of surface heat flow qs
and surface heat generation l¡ (Fig. 5). The
values of l¡ : 0 and qo : Q.65 h.f.u. are believed to
be appropriate for the Archaean shield while the
other two curves are more appropriate for the
central shield province and for central Australia.
Cull & Conley's geotherm is for a surface heat
flow of 75 mW m-2 and it may therefore overesti-
mate the temperatures although this is consistent
with the generally higher geothermal gradients
reported for the Amadeus Basin oil wells by
Gorter (1984) than the values given by Cull &
Conley.
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Depth (km)

Frc. 5. Effective mantle relaxation time z as a function of temperature and two stress-diferences (l and 4

kbar) for wet olivine according to Chopra and Paterson (1981) and, left, three geothermal profiles according

to Sáss and Lachenbruch (197Þ). q0 is ihe surface heat flow (in heat flow units) and A6 is the surface

radioactivity (in heat geneiation r.,nits¡. th" lowest gradient is for the Archaean shield of Western Australia

The other twò gradienls span a range of values that are consistent with surface geology, heat flow and other

geophysical obùrvations ior the óentral Australian shield. The shaded region spans the range of temperatures

ãn¿ ¿åptn, greater than which stress-differences of 1 4 kbars relax with a time constant of 107 years or less

according to-the Sass-Lachenbruch geotherms. The dotted line is the geotherm proposed by Cull and Conley

(19S3) for the central Australian regìon with a surface heat flow of 75 m Wm-2.
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Crustal structure
The average density of the basin sediments is
about 2.65 Mg r¡-: (Froelich & Krieg 1969;
Schroder & Gorter 1984) while densities in the
Arunta and Musgrave Blocks range from about
2.6 Mg m-3 for some granites to about 3.1 Mg
m-3 for mafic granulites (Mutton & Shaw 1979;
Smith 1979). The latter are restricted to narrow
zones, probably less than 30 km wide in the
Arunta Block (Mutton & Shaw 1979) and less
than l5 km wide in the Musgrave Block (Smith

1979; see also Mathur 1976) and contribute to
only the shorter wavelengths in the anomalous
gravity field. On average, the observed lateral
density differences in the upper crust are about 0.2
Mg r¡-: or less and these would have to extend to
depths well below 10 km ifthey are to explain the
observed gravity values.

Proterozoic sediments in the basins have an
average P-wave velocity of 5.5 km s-r while the
Palaeozoic sediment velocities average about 4.8
km s-r (Froelich & Krieg 1969). Velocities for
Arunta upper crustal rocks vary from 5.1-6.0 km
s-t. Ifan aveÍage upper crustal velocity of5.5 km
s-r is adopted, then departures from this mean
value are about * 0.5 km s-r and for a l0 km path
the travel t ime anomaly is about *0.16 s. Here
also, the observed quantity cannot be wholly

explained by lateral contrasts in upper crustal
seismic velocities.

In so far as the required variations in density
and seismic velocity are several times greater than
those occurring in the upper crust, an alternative
interpretation is that they arise from variations in
the depth of the Moho. For a density contrast of
0.4 Mg m-3 across the Moho and an average
Moho depth of 35 km, the gravity anomaly fixes
an upper limit of about + 14 km for the Moho
depth undulation. The seismic travel time ano-
maly for seismic waves arriving from a direction
that is parallel to the tectonic strike (i.e. from Fiji-
Tonga, Fig.4) is

õt: ôh sec a (u^-u")f u^u",

where ôå represents the thickness of the region of
anomalous velocity and a (=30') is the angle of
incidence of the emerging ray. Also u" (P-wave
velocity of the lower crust) = 6.5 km s-r (Hales &
Rynn, 1978), and a, (P-wave velocity of the
mantle) = 8.3 km s-r. Therefore

dh:(õt12) cos a u^u"f (u^-u")=12.5 ôt km,

for ô¡ in seconds. with ôt:0.7 s (Fig. 4), the
fluctuation in Moho depth is dh= l-9 km com-
pared with dh: + 14 km deduced from the
gravity observations.

By adopting a lower crustal density or velocity
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in these calculations it is assumed that any
intermediate crustal layer across which a velocity
contrast may occur is undeformed. If, instead,
such surfaces follow the Moho undulation, it is
necessary to take the velocity or density contrasts
between the upper crust and mantle. For exam-
ple, with u" equal to the upper crustal velocity of
6.0 km s-r (Hales & Rynn, 1978), dh:9.4 ôtkm.
The difference with the earlier estimate is too
small to distinguish between the two models of
crustal structure using only the present data set
and we cannot establish whether intermediate
crustal layers are horizontal or parallel to the
Moho.

Gravity represents a weighted volumetric inte-
gral of anomalous density while the travel time
anomalies represent a line integral of anomalous
velocity along a specific ray path and a simple
relation between the two will not exist in resions
of rapid lateral variation in crustal structurel For
a smoothly varying interface, the predicted rela-
tion between gravity variation ðg and travel time
anomaly ô¡, both measured at site i, is

ôs; :  -2nG 9^- o"
- ü^-fi 

t;^u" cos d Ò/¡

where p., p" are the average densities ofthe upper
mantle and lower crust respectively. The observed
relation is ðg¡: -263 ôti mgal (Lambeck &
Penney 1984) and

I  u^ - t t "  :  -2 t rG.o .oå :
u^û" Pm- g" Òg;

0 .  137 (Mg - - ' ) - '  ( km s- t ; - r

Of the quantities on the left hand side of this
equation the best known is probably u.. If
intermediate crustal layers are deformed parallel
to the Moho then a":f .Q km s-r and d,uld,p=6.8
(km s- ')  (Mg m-r¡-t .  I f  intermediate crustal
layers are undeformed, u,-6.5 km s-r and dul
dp-7.4 (km s-r) (Mg m-r¡-t .  These rat ios are
about twice the values used in the typical Birch
law for upper mantle materials and are also
somewhat higher than given by the Nafe-Drake
relation for sedimentary, igneous and metamor-
phic rocks of densities greater than about 2.4li/g
m-3 (Nafe & Drake 1963).

A Moho undulation model consistent with the
gravity and Fiji-Tonga travel times is illustrated
in Fig. 6 (see Lambeck & Penney 1984). This
model is also generally consistent with the azi-
muth variations observed in the travel times (Fig.
4). At station I for example, the Japan events are
early while the Macquarie ridge and Fiji-Tonga
events are late, pointing to a Moho which is
thicker than average and which dips southwards.
The residuals for station 3 indicate a shallow

Moho dipping northwards. The anomalies
observed at station 20, on the southern Arunta,
point to a Moho below the site that is shallow and
southward dipping. This model has many affini-
ties with models proposed by Forman & Shaw
(1973), based mainly on the close correlation
between metamorphic grade of surface rocks and
gravity anomaly values and on structural geologi-
cal observations, and by Mathur (1976), based
mainly on gravity data. The major faults depicted
in this model are based on seismic reflection
surveys to 5 seconds, on surface structural geo-
logy, on magnetic and gravity anomaly modelling
and on the rapid azimuthal variations in travel
time anomalies observed at some stations. The
continuation of these faults down to the Moho is,
however, speculative.

The state of stress
The geophysical observations indicate that the
crust of central Australia is very much out of
isostatic equilibrium (Fig. 3) and that the anoma-
lous structure giving rise to this state occurs
mainly at the crust-mantle interface. Sienificant
departures lrom a hydrostatic stress-stãte have
therefore existed throughout the crust and upper-
mantle since Proterozoic time in the south and
since at least late Palaeozoic time in the north. An
approximate estimate of the maximum stress-
difference is given by

o^^*: þ(p^- p.)gdh

where dhis the amplitude of the undulation of the
Moho and the parameter B is a function of the
degree of regionality of the support of the stress.
If the region were in local isostatic equilibrium
B:1 .  w i th  (p^ -p" ) :0 .4  Mg r ¡ - :  and dh :10
km, o-u*:800 bars (80 MPa). This represents a
lower limit to the maximum stress difference in
the crust and upper mantle (Jeffreys 1959).
Because the region is out oflocal isostatic equilib-
rium B is larger, and model dependent, and o.u*
may be 3-5 times greater or about 1.5-4 kbar
(Lambeck 1983; Stephenson & Lambeck 1985a).

For internal or surface loads, whose wave-
length greatly exceeds the thickness of the layer
supporting the load, any readjustment to the
isostatic state is controlled more by the buoyancy
force than by the strength of the crust, with the
latter controlling the degree of regionality of the
response to the buoyancy force. Basins, asso-
ciated with the large negative gravity anomalies
and mass deficit at depth, should be rebounding
and the arches, associated with the relative gra-
vity highs and mass excess, should be subsiding at
rates that are largely controlled by the viscosity of
the mantle, atarate that is rapid when compared
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Frc. 6. Crustal structure deduced from the gravity anomalies and differential travel time residuals (lower part

of figure). The top curves represent the observed (solid circles plus error bars) and model-predicted (thin line)

travá times for eãrthquakes from the Fiji-Tonga region. The observed Bouguer gravity anomalies along the

orofile are also shown.

with the time elapsed since the last major tectonic
events. There is, however, no evidence for such
large scale differential vertical movements since
Carboniferous time and the total amount that
appears to have occurred is only a small fraction
of what would occur if the adjustments were
unimpeded by other forces.

One explanation for the lack of regional
rebound is that the density anomalies are sup-
ported by a thick and strong lithosphere such that
the rebound takes place with a wavelength that is
very much greater than the typical width of a
basin and arch. Any rebound will then involve the
area as a whole, as may be implied by the
generally high mean elevation of the central
Australian region when compared with sur-
rounding areas. The wavelength of the regional
rebound response is given approximately by four
times the flexural parameter / defined as

14:Dl(p^-p")g

where D is the effective flexural rigidity, defined in
terms of an effective thickness of the lithosphere
H a s

þ: ¡tH316(l -v) .

v is Poisson's ratio and ¡l the rigidity or shear

modulus. For differential vertical rebound
between arches and basins to be insignificant, /
must exceed the combined width of a basin or
arch, or />300 km. This is turn requires that
D> l02s N m and, with v> :0.5 and p:2x l0t0
N m-2 (assuming a relaxed shear modulus of
about half the seismic value, Minster & Anderson
1980), 11> 150 km.

The effective time constant r of mantle defor-
mation can be defined as

x:41¡t:olè¡t

where 4 is the effective Newtonian viscosity, o is
the stress difference and é is the strain rate, itselfa
function of o and temperature Z. Of interest here
is mainly the state of stress in the upper mantle
and the wet olivine flow law of Chopra &
Paterson (1981, 1984) is adopted. The effective
time constant is then greater than 107 years if
temperatures are kept below about 620"C for a
differential stress of I kbar (Fig. 5), or below
about 570'C for a differential stress of4 kbar. For
the Cull & Conley (1983) geotherms these terir-
peratures are reached at depths of about 50 km
and the mantle below this depth will not support
stress differences of I kbar on time scales of the
order of 107 years and longer. For the Sass &
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Lachenbruch central shield geotherms this tem-
perature is reached between about 30 and 45 km
or at about 60 km depth for the Archaean
geotherm. These estimates do require some cau-
tionary comment because the flow laws have been
extrapolated beyond the temperature limits of
1200-1300'C of the experimental conditions, but
Paterson's (1976) observation, that if a certain
strain rate occurs in the laboratory it will occur
under geological conditions at a lower tempera-
ture, is also valid. The flow law used here is for wet
rather than dry olivine, the rationale being that
Chopra & Paterson (1984) found that very small
amounts of water, less than 0.01 weight per cent,
have a very significant weakening effect. What
these results indicate is that stresses ofthe-o¡der of
I kbar cannot be supported on the required time
scales by the upper mantle beneath the central
Australian province. The model of a Moho of
variable depth frozen into a thick lithosphere
such that the isostatic state cannot be reached at
wavelengths ofa few hundred kilometres and less,
is inconsistent with the flow law and seotherm
models.

Flow laws relevant for lower crustal materials
are largely unknown (e.g. Kirby 1984) but it is
widely held that the strength of these materials is
less than that of olivine (e.g. Brace & Kohlstedt
1980; Chen & Molnar 1983). Both the Sass-
Lachenbruch and Cull-Conley geotherms for the
crust indicate that the temperatures exceed half
the melting point temperature (both expressed in
K) at depths greater than about 30-40 km, and
that the lower crust may also be expected to creep
when subjected to kbar level stress-differences on
time scales of 107-108 years.

An alternative model is one in which a mecha-
nical balance has been reached between the
buoyancy force, the near-surface load, the
strength ofthe crust and an in-plane or horizontal
compressive force. The magnitude of the requisite
horizontal forces is ofthe order ofa few kbars and
they must have persisted in parts of the crust for
much of the time elapsed since the Petermann
Ranges Orogeny, and certainly since the Alice
Springs Orogeny. These stresses would be res-
tricted to that part of the crust and upper mantle
where temperatures are sufficiently low, less than
about 500'C, for the effective relaxation time
constant to be in excess of about l0E years.

The origin of the horizontal force remains
enigmatic although there is considerable evidence
that predominantly north-south horizontal com-
pressive forces have been more the norm than the
exception in shaping the central and northern
Australian continental crust since late Protero-
zoic time (e.g. Plumb 1979b; Plumb et al. 1981).
Certainlv the Dresent state of the continent is one

in which compressive stresses dominate (Lam-
beck et al. 198$.

Tectonic evolution
The central Australian region has a tectonic
history which goes back to at least middle
Proterozoic time although the basin histories
started at about 900 Ma ago with the deposition
of the Heavitree Quartzite and its correlates in the
Ngalia and Officer Basins. The gravity observa-
tions and the sedimentation record (Fig. 2) rule
out basin formation models that are based on
passive sediment loading, thermal processes or
crustal stretching (Lambeck 1984), but because
the present structure appears to be maintained by
horizontal compressive forces it is reasonable to
consider whether these forces have also led to the
present structure.

Buckling of a homogeneous elastic crust is
excluded because of the large magnitude of the
requisite force, of the order of 40 kbars (e.g.
Heiskanen & Vening Meinesz 1958), but this is
not the solution sought. Instead, the problem is
one of finding the deformation of an inhomoge-
neous crust with a viscous element in its rheology
and with the surface load evolving through time
by erosion and sedimentation (Lambeck 1983).

Mathematically, the problem is reduced to the
solution of an equation balancing a number of
forces; the surface load and buoyancy (with both
being time dependent due to erosion and sedi-
mentation), the elastic and viscous forces charac-
terizing the plate's resistance to deformation, and
the in-plane horizontal force. To obtain tractable
analytical solutions a number of simplifying
assumptions must be introduced. The rheology
must be reduced to a minimum set of parameters
defining the elastic and viscous response; a simple
erosion and sedimentation model must be
adopted and a simplified horizontal compression
model is required. Each of these aspects of the
model must be defined by the minimum number
of parameters because the number of observatio-
nal constraints on the evolution is also small.

An appropriate rheological model for the
lithosphere would be one of several coupled
layers. The first layer, representing the uppermost
crust, could be modelled as an elastic layer of low
strength or as a viscoelastic layer in which stress
relaxation occurs predominantly by microseismi-
city. The second layer, representing the middle
crust, could be modelled as an essentially elastic
layer and the next layer, the lower crust and upper
mantle, would, in view of the discussion in the
preceding section, be a viscoelastic layer. This
would be particularly so l0e years ago ifthe basin

K. Lambeck
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initiation followed immediately upon thermal
events of middle Proterozoic time. A gross simpli-
fication of this model is the homogeneous Max-
well solid characterized by an effective flexural
rigidity D and an effective time constant t,
parameters which pertain to the depth-averaged
properties only. The relaxation time t is therefore
a measure of macroscopic time-dependent defor-
mation in the upper and middle crust by brittle
failure, and ofmicroscopic creep at greater depth
by the more conventional creep mechanisms
appropriate for the higher temperature condi-
tions of the lower crust and upper mantle. The
plate overlies the asthenosphere which, on the
time scale of 10a years and longer can be treated as
fluid (Fig. 5).

The simplest surface loading model is to
assume that the amount of material deposited or
eroded aI aîy time I is proportional to the
deformation, and the observation that the sedi-
ments have been deposited mostly in shallow
water environments means that the proportiona-
lity factor is near unity. A'somewhat more
realistic model is one in which the rate of erosion
at any time is proportional to elevation with a
time constant that may be of the order of 100-300
Ma (Stephenson 1984; Stephenson & Lambeck
1985a). For the in-plane force model to have
some validity, another time-constant (or con-
stants) would have to be introduced to describe
either a decaying force or a periodic force, but
considerable trade-off occurs between the various
parameters and at present the only model that has
been considered in detail is one with a uniform
and constant Maxwell rheology, erosion and
sedimentation proportional to elevation or subsi-
dence, and a constant in-plane force (Lambeck
1983). This model appears to be capable of
producing very significant deformations, even for
high lithospheric viscosities, when compressive
stresses of a few kbars operate for periods of time
of the order of 108 years or more. Here it suffices
to emphasize: (i) when the plate is subjected to a
horizontal compression, some of the original
deformations are magnified elastically by
amounts that are, inter alia, a function of the
wavelength of the original load, (ii) if the com-
pression is maintained the deformations of some
of the wavelengths grow in time due to the viscous
element in the layer, and (iii) erosion of uplifting
areas and deposition of sediments into the down-
warped areas further aids the deformation by
effectively reducing the buoyancy force in the
subsiding areas and increasing this force in the
uplifting areas. The parameters required to pro-
duce subsidence consistent with the geological
data are D-(5-10)1022 N m. z:25-50 Ma, and

o:150-400 MPa (Lambeck 1983; Stephenson &
Lambeck 1985a).

The parameters D, t and o are not wholly
independent. Similar basin evolution sequences
can be computed ifD is increased provided that o
is also increased or that zu is decreased. D and r,
are particularly interdependent and a better con-
strained quantity is their product Dr,=(15-
30)10'?3 N m Ma. These values are in general
agreement with estimates obtained for other
regions (Stephenson & Lambeck 1985b; Sleep &
Snell  1976; Beaumont 1981; Stephenson 1984).
The difficulty lies in interpreting these effective
parameters in terms of crustal properties, for not
only do they represent depth integrated rheologi-
cal parameters as discussed above, they also
represent time integrated parameters from 1000
Ma ago, soon after the last major thermal events
in central Australia, to the present. With the
above deflnition for D, and relaxed moduli of
ø- 2 x 10r0 N m-2, and v:0.5, the effect ive elast ic
thickness of the plate H is 20-25 km for D:(5-
l0)10" N m. This is the average effective thick-
ness of the mechanical lithosphere and is consis-
tent with the Sass-Lachenbruch geotherm and
the notion that crustal materials will deform when
temperatures exceed about one half the melting
point temperàture. These values, are, however,
less than the depth to the Moho of about 35-40
km as estimated from seismic reflection surveys at
two localities. Because the gravity and seismic
data indicate that the Moho participates in the
deformation, this difference in thickness can
perhaps be attributed to the depth dependence of
the rheology, with the upper crust being of
relatively low strength. Alternatively, the differ-
ence is a consequence of the basins being shaped
at a time of warmer and weaker lithosphere so
that the present Moho has adjusted partly to the
high stress-differences. In this case the Moho
undulations will not wholly reflect the surface
deformations of the crust.

As the deformation proceeds, the bending
stresses increase with time and failure occurs
locally when the stress differences exceed the
strength of the crust. The stress pattern is such
that, should failure occur, it will be in the form of
thrust faulting near the surface, with the block
and part of the sediments being thrust steeply
over the basin. Where failure actually occurs will
depend largely on the lateral structure of the
crust, and any pre-existing zones of weakness,
away from the maximum stress difference loca-
tions, may be reactivated first when stress differ-
ences there exceed the local strength ofthe crust.

The final predicted shallow crustal cross-sec-
tion across the basins and blocks is illustrated in
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Fig. 7 (Lambeck 1983, 1984). Maximum basin
subsidence is about 10 km for the northern
Amadeus Basin and the basins are flanked by
large thrust faults that appear to steepen with
depth and which may extend down to, or perhaps
beyond, the Moho. Signiflcant uplift is predicted,
of the order of 1 0-l 5 km and more, for both the
Musgrave and Arunta Blocks from Cambrian
time to the early Carboniferous, uplifts which
would be superimposed on vertical movements
that may have occurred during earlier Protero-
zoic tectonic events. The Moho is predicted to
follow these expressions of surface deformation,
being uplifted by l0-15 km beneath the blocks
and depressed by 5-10 km beneath the basins, a
structure which is consistent with the structure
deduced from the seismic and gravity data.

Conclusion
The geophysical observations of the central Aus-
tralian basins and arches point to (i) a crust that is
grossly out of isostatic equilibrium, (ii) significant
lateral variations in density and seismic velocity
at the base of the crust and possibly in the upper
mantle, and (iii) the existence of stress differences
in the crust and possibly the upper mantle that
have been of the order of a few kbars throughout
Phanerozoic time. These observations raise a
number of questions which are relevant to under-
standing tectonic evolution within an intracrato-
nic environment and to understanding crustal
properties. Some preliminary answers to these
questions have been suggested above. In particu-
lar, the structure below the basins and arches
extends down to at least the Moho, although a
detailed mapping of the undulations and abrupt
changes in depth ofthis surface has not yet been
possible. The existence of these undulations
requires either a cold and rigid lithosphere of
mechanical thickness in excess of 150 km, or a
balance of the vertical loading and buoyancy
forces by horizontal compression and elastic
stresses. The suggested present-day geotherms for
central Australia rule out the first possibility and
this model is even less relevant to earlier times
when the lithospheric temperatures may have
been higher than the present values.

The compressive force that formed the struc-
tures and supported them through time is esti-
mated to have been of the order of a few kbars
and to have acted down to at least the depth ofthe
Moho, because this latter surface appears to have
been deformed almost as much as the upper
surface ofthe crust. The upper crust appears to be
able to support these stresses without brittle

failure because seismicity has not been observed
in the areas ofsteepest gravity field gradients. The
lower crust also appears capable of supporting
these stresses and, in central Australia at least,
there is no evidence for a mechanically weak
lower crust.

Each tentative answer rests on a number of
assumptions which are not strongly anchored in
either a sound observational basis or an under-
standing of lower crustal processes. The central
Australian example is not unique in this respect
and many ofthe questions raised by the proposed
model for this area are also relevant to other
studies of continental tectonics.

To observe and understand the lower crust,
improved information on the upper crustal struc-
ture is required in the form of better stratigraphic
information in the basins and more structural and
chronological control on the deformation and
uplift history of the arches. The densities and
seismic velocities of the basin sediments are
essential in separating upper and lower crustal
contributions to the gravity and seismic observa-
tions. The deformation of the sediment sequences
in the basins, for example, contain information
on the forces that may have operated in the crust
as a whole.

The rheological implications of the geophysical
observations are geotherm dependent and this is
perhaps the least well constrained geophysical
quantity of the lower crust and mantle. Not only
does the computed geotherm depend on reliable
and representative heat flow measurements, it
also rests on a number of assumptions about the
depth distribution of thermal conductivities and
heat generation and about the mechanisms of
heat transport.

Progress has been made in understanding the
rheology of quartz under laboratory conditions,
but the extrapolation to geological conditions
and to the lower crust remains obscure. Conclu-
sions based on such extrapolations are only
indicative of possible responses of the crust to
loading and cannot be used to distinguish cate-
gorically between alternative models. The rheo-
logy of olivine under laboratory conditions is
more amenable to study but the recent work of
Chopra & Paterson indicates that olivine is
weaker than indicated by many previous experi-
menters.

An essential question raised by the observa-
tions of central Australia is whether significant
deformation has occurred since the last orogeny
in early Carboniferous time. Limited geological
and geomorphological observations indicate that
such deformations have not been significant but,
here also, further work is required.
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