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SUMMARY
Teleseismic travel times have been recorded along two lines of instruments traversing the
Amadeus Basin and southern Arunta Block of central Australia for the purpose of examining
the deep crustal and upper-mantle structure underlying these features. Pronounced
differential travel times, approaching L.5 s, and with major azimuthal variation, have been
recorded. Most of the useful observations originated from events to the north (Japan-
Marianas) and to the east (Fiji-Tonga) at epicentral distances of 40-65'. A few observations
of southerly azimuth events (Macquarie Ridge and South Sandwich Islands) were also
recorded. The inferred structure beneath the basin and block exhibits major lateral
variations, the essential aspects of which are: (1) a zone of relatively high-velocity material
dipping steeply northwards such that the continuation of its southern edge to the surface
coincides approximately with a mylonitic shear zone known as the Redbank Deformed Zone;
(2) a steeply dipping zone of relatively low-velocity material immediately to the south of this
shear zone and partly underlying the high-velocity zone. If the travel times are interpreted in
terms of an undulating Moho, variations in Moho depth of 20 km occur over horizontal
distances of less than 50 km with relatively shallow Moho depths occurring immediately to the
north of the Redbank Deformed Zone. Such an interpretation is consistent with the gravity
anomalies observed across the geological structures. The inferred structure is out of
hydrostatic equilibrium and departures from local isostasy approach 150 MPa. These
stress-differences must have persisted during the 300 Ma following the Alice Springs Orogeny
that led to the present crustal structure. Evidence, in the form of the surface topography and
seismicity, suggests that some stress relaxation has occurred and still is occurring but not at
the shear zone itself. At the time of the orogeny the structure may have been close to isostatic
equilibrium, but as erosion took place complete local rebound did not occur, either because
horizontal compressive forces still operated or because the strength of the lithosphere
increased with time.
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INTRODUCTION

The intracratonic basins of central Australia include the
Officer, Amadeus and Ngalia basins (Fig. L) whose histories
go back into Late Proterozoic time (Wells et al. 1970; Wells
& Moss 1983). The basins are separated by exposed
basement crust. The southern Arunta Block, of mainly
metamorphosed and deformed igneous and sedimentary
rocks of Lower and Middle Proterozoic ages, separates the
Amadeus and Ngalia basins. The most recent major tectonic
event shaping this block was the Late Devonian-early
Carboniferous Alice Springs Orogeny. Stewart et al. (1984)
and Shaw et al. (1984) reviewed the stratigraphy and
tectonic history of the Arunta Block. The Musgrave Block
separates the Officer and Amadeus Basins.

The basin and arch evolution can be considered as a
two-stage development. The first, of Late Proterozoic age,

was centred predominantly on the Musgrave Block and led
to the uplift of this block and to the formation of the Officer
Basin and the proto-Amadeus Basin. The main phase of this
evolution was completed by Cambrian time. The second
phase of evolution centred on the southern Arunta Block,
and led to the uplift of this block and to the principal phase
of development of the northern part of the Amadeus Basin.
This development was largely complete by Carboniferous
time. The basin and block structure raise a number of
important questions concerning their structure, origin and
evolution.through time. One question concerns the timing
and relative importance of the several episodes of tectonism
that have been identified. Another question concerns the
degree to which the evolution of the crust and basins are
coupled. A first-order model of a closely linked evolution of
the three basins and intermediate blocks since at least Late
Proterozoic time was proposed by Lambeck (1983; 1984),
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Figure 1. Location map of the Central Australian basins and
exposed blocks. NT=Northem Territory, SA:South Australia,
WA: Western Australia.

the principal characteristic of which is that the basins
subsided and the intervening basement arched upwards in
response to predominantly horizontal compressive forces.
Significant deformation becomes possible because of (1) the
long time interval (:600 Ma) available for the basins to
develop, (2) the presence of older inhomogeneities in the
crust which control subsequent deformation by the
compressive force, (3) the driving effect of erosion of the
uplifting areas and sedimentation in the subsiding basins and
(4) the occurrence of stress relaxation within the crust by
brittle fracturing and by ductile creep (see also Lambeck
1986; Stephenson &. Lambeck, 1985). When stress-
differences become excessive, failure of the crust and
overthrusting occurs; the location of the thrusts being
determined by the stress state of the deforming lithosphere
as well as by the positions of any older zones of relative
weakness. One consequence of the model is to produce a
structure that is in mechanical equilibrium but out of local
isostatic equilibrium. That the structure is out of isostatic
equilibrium can be readily concluded from the large gravity
anomalies (of more than 150 mGal peak-to-trough ampli-
tude) over an area of little topographic relief. An important
question is the maintenance of this non-isostatic state, long
after the occurrence of the last phase of tectonism.

Apart from gravity and magnetic surveys, no other
systematic geophysical obsewations have, until recently,
been made over the area. Lambeck & Penney (i984)
observed significant variations in travel times of teleseismic
P-waves across the basins and arches, with arrivals being
early over the arches or blocks and late over the basins.
That study was restricted to teleseismic events originating to
the east (from the Fiji and Tonga region at angular distances
of 45-50') of a mainly N-S 700 km long line of seismic
recorders whose average spacing between instruments was
about 30 km. The restriction to Fiji-Tonga earthquakes was
imposed for several reasons: (1) the source region provides
frequent deep earthquakes of magnitude 5 or greater; (2)
the azimuth of the source region is approximately parallel to
both the structural strike of the surface geology and to the
gravity anomalies, (3) the azimuth of the seismometer line is
approximately orthogonal to the direction of these sources
so that the epicentral distance variation.along the line is

Figure 2. Location map of the trilo lines of seismic recorders across
the southern Arunta Block and the adjacent Amadeus and Ngalia
Basins. (There are no stations 5 and 15 on the Redbank line).
Positions of recorded earthquakes in the region are indicated by r.

The three events shown on the left of the diagram occurred from 20
to 50 km further west than indicated on this fieure.

small for any one of these events. The observed anomalies
of up to 0.7 s- are consistent with variations in the depth to
the Moho of up to 20 km (see Lambeck & Penney 1984, Fig.
4).

An analysis of residuals from events to the north of the
line, particularly from Japan and the Marianas, revealed
even larger residuals (see Lambeck, 1986, Fig. Ð;
differential travel times in excess of 1 s were recorded at
sites separated by a few tens of kilometres. The average
spacing of 30 km between recorders is inadequate to resolve
the deep crustal and upper-mantle structure that could give
rise to these observations and two further experiments have
now been conducted in which greater spatial resolution has
been obtained. The two N-S lines extend from the northern
part of the Amadeus Basin, across the southern Arunta
Block and to the Ngalia Basin with an average station
separation of 10km (Fig. 2). The first of these, the Arunta
line, has several stations in comrnon with the original
Amadeus line. The second, the Redbank line, lies some
50 km to the east of the Arunta line.

DATA AND METHODS OF ANALYSES

Observations

Each recording site consists of a single vertical component
short-period seismometer, whose output is recorded onto
analogue magnetic tape, together with clock and radio-time
signals (e.g. Muirhead & Hales 1980). The tapes were
changed at approximately monthly intervals and the total
recording time for each line was about four months,
although not all stations were operational at all times
because of occasional instrumental failures. All station
positions were surveyed with an accuracy of 150 m using a
Doppler-satellite navigation receiver. The positions were
further verified using 1:250000 topographic maps. Selected
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high-quality earthquake records with good impulsive onsets
were digitized at 28 samples s-1. Some typical unfiltered
results are illustrated in Fig. 3.

The predominant deep-earthquake source regions are the
Fiji-Tonga-Kermadec area to the east and the Japan-
Bonin-Mariana area to the north. Apart from two South
Sandwich Island earthquakes, only events in the distance
range of 30-80" are considered, thus avoiding ray paths that
lie mainly in the uppermost mantle or near the core-mantle
boundary. A few shallow earthquakes, of magnitudes about
4.8 to 5, have also been examined. These events originate
from W and SW of the line along the Indian Ocean Ridge
and from SSE of the line along the Macquarie Ridge. These
records are of lesser value than the main group of events
because the onsets of the signals are not impulsive, because
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the signal-to-noise ratios are not very large, and because the
earthquake epicentre locations are based on very small
numbers of global station records. Depending on the quality
of a particular record, time measurements were made on
one or more points on the leading part of the P-wave, and
only information on relative travel times is available. All
epicentre parameters are from the monthly listings of the
U.S. Geological Suryey, National Earthquake Information
Service. Theoretical travel times are based on the Herrin ef
al. (1968) travel-time model. Previous experiments with
other models indicated that the choice of reference model is
not critical in the distance ranges considered here.

For an event 7 (:7,2, . . . , I), the travel time t!, obsewed
at station j ( = 1, 2, . . . ,1) and the computed trariel time ri,
for the same event-station pair and based on the

1 5 1 3 1 2 1 0 8 6 5 4 3 2 1

Flgure 3. Unfiltered records of teleseismic ev.ents recorded on the Arunta (a-d) and Redbank (e-g) lines.



108 K. Lambeck, G. Burgess and R. D. Shaw

Figure 3. (Continued.)

radially-symmetric earth model, define a differential
travel-time anomaly

1 I

At,, : ¡9, - tl,- ;v__,(t?¡ 
- t?). (1)

This quantity is independent of errors in the source time and
of systematic differences between the correct arrival time
and the part of the wavefront selected for each record
section. The error sources contributing to the At, have been
discussed by Lambeck & Penney (1984). One source is the
error in the time of occurrence of the earthquake. A second
is the systematic difference between the arrival time and the
actual point selected on each record. These errors are
constant for the stations recording the event in question. A
further source is any mislocation in the earthquake position.
This can introduce an error that is approximately linear with
epicentral distance. The effect of latitudinal epicentral
mislocations can be important for the Fiji-Tonga observa-
tions, producing linear variations in At,, along the line.
Errors in the other coordinates are less important.

Epicentral mislocations in the distant northern events are
also of lesser consequence. Any anomalous structure in the
source region may contribute further errors and for this
reason very deep earthquakes are preferred when possible.
Station coordinate errors are insignificant. Errors in time
measurement of the arrivals are believed to be less than
0.1 s for the high-quality records selected. This is based on
comparisons of several points on the seismograms made
independently by two of the authors. Events due east or
west of the line, from the Fiji-Tonga region or the Indian
Ocean Ridge, are largely free from any uncertainties in the
travel-time curve because the line is short (:150km) and
the distance range for any one event is a small fraction of a
degree. For the northern-source regions the effect of errors
in the travel-time curve are a maximum and could produce a
linear trend in the station residuals. However, because the
line is short and because events from some of the less
certain parts of the travel-time curye are avoided, these
errors should be small. To further ensure that the effect of
these errors is kept to a minimum, the analyses of the
records is carried out for groups of events from the same



general region such that, within each group, the distance
range of recorded events is not very large.

Analysis

For events within a specified distance range Á*,.<A'<
Á-* and within a specified azimuth range A-¡, <Aij<
A-*, the travel-time residuals (1) can be written as

A t , , : a ,  l \ * e t t ,  i = 1 " ' 1 ,  j : 1 " ' f ,  Q )

where a, is a constant for each event, I is the station
anomaly and the e,, represents unknown corrections to the
observations. The ./ events recorded at 1 stations produce a
maximum of /./ equations in 1*./ unknowns (not all stations
may have recorded all events). These equations are solved
for the a¡, T¡and e' using a least-squares procedure in which
all observations are assumed to have the same standard
deviation øo of 0.1 s. Table 1 summar2es the data examined
for the two lines. The quality of the solution of equations (2)
can be specified in several ways. The variance of unit weight
of the solution as a whole is

æ:>) e! ,osz ln* ,  (3)
¿ j

where ¿* is the number of degrees of freedom (equal to
il -(I +,I), if all stations recorded all events within the
group). If realistic values for oo have been adopted, the
model (2) is adequate, and there is no correlation between
the Atü, then the expected value of ôP is unity. The
variances of unit weight, defined by (3), are consistently and
significantly less than unity (Table L), suggesting that the ¿
priori value for os=0.1s is too large and that an average
value of 0.06 s is more appropriate. The success of the
method depends on picking the same arrival at the stations
and this can be done with a higher precision than picking the
first arrivals. Also, only events with clearly defined
impulsive arrivals have been selected.
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The variance of the station anomaly ol follows from the
covariance matrix of the adjusted parameters (the ø, and {.)
of equation (2) scaled by F. An alternate measure of the
precision is given by

4 :> e\jl(J" - 1Y*, (4)

where./*(</) is the number of events recorded at station i.
For the Fiji-Tonga, Japan and Marianas groups of events ø,
is typically 0.02-0.04s and never exceeds 0.07s (Table 1).
The variance of each event can be defined analogously to (4)
as

4 => e?l(I* - rY*, (s)

where 1*(</) is the number of stations recording the ith
event. Typically ø, is of the order 0.03-0.08 s and the model
(2) fits the obsewations to within the observational
precision.

Arunta line

Figure 4 illustrates travel-time residuals, as defined by (1),
for the principal groups of events. They indicate the good
consistency from event to event within each group implied
by the above statistics, particularly for those deep
earthquakes that give well defined onsets of the first motion.
The least-squares solutions of (2) for station anomalies are
illustrated in Fig. 5, together with the travel-time residuals
(Atij - aj) for the individual events. The Fiji-Tonga
earthquakes cover an azimuth range of nearly 20" and for
this reason the solution has also been divided into two
groups (Table 1). The anomalies for the southerly group are
smaller than those for the northerly group, a trend that is
continued with the more southerly Kermadec events,
although the differences are not very significant.

The Japan and Mariana earthquakes produce a consistent

Table 1. Statistical summary of the relative travel-time residuals for earthquakes from different
regions. ./ is the number of events within the group, ô2 the variance of unit weight., (q) ttre
avèrage standard deviation of the station anomaly and (q)-* the maximum value. The column
headeã o, gives the range of event standard deviations q within each group of earthquakes.

Group

Azimuth Distance
fange range

/ (deg) (dee) ù2 (o) (o')-* oj

ARUNTA LINE

Fiji-Tonga 15
Fiji-Tonga 6
Fiji-Tonga 9
Kermadec 9
Japan 19
Japan 8
Japan 11
Marianas 5
Japan 24
Marianas
Macquarie 2
Ridge

REDBANK LINE

Fiji-Tonga 8
Japan 9

87-105
87-97
97-105

108-116
357-12
357-7

7-12
t8-22

357-22

764-165

90-102
359-9

43-52
43-52
43-52
43-45
52-62
52-62
52-62
39-44
39-62

38-43

41,-52
50-66

0.032-0.070
0.033-0.056
0.040-0.059
0.027-0.076
0.029-0.081
0.028-0.061
0.031-0.074
0.032-0.056
0.031-0.107

0.33 0.020
0.29 0.032
0.30 0.027
0.n 0.022
0.30 0.019
0.25 0.024
0.30 0.025
0.27 0.028
0.39 0.018

0.52

0.48 0.0n
0.46 0.043

0.026
0.054
0.038
0.037
0.038
0.049
0.054
0.052
0.028

0.05
0.07

0.032-0.078
0.036-0.072
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Figure 4. Differential travel-time residuals (defined by equation 1) for individual events recorded along the Arunta line from different azimuths
or distances. (a) Fiji-Tonga, (b) Japan; (c) Marianas; (d) southem azimuths where event 810 is from the South Sandwich Islands and evenrs
705 and 8L3 originated from the Macquarie Ridge.

and striking pattern of station anomalies, with the maximum
anomaly approaching 1,.5 s. These records also exhibit other
curiosities. One is that observations at stations 6 and 7, and
to a lesser degree at 8 and 9, are consistently of small
amplitude when compared with nearby sites, something that
is less obvious for the Fiji-Tonga events (Table 2). A

Table 2. Relative amplitudes normalized to give unity
for station 7 for the Fiji-Tonga and Japan groups of
events. The prefix A refers to the stations on the
Arunta line. Only two events, with small amplitudes,
were recorded at station 6 from the Japan region. The
Fiji-Tonga arrivals at A4 to 410 are all of similar
amplitude but the arrivals from Japan exhibit con-
siderable fluctuation in amplitude.

Relative amplitudes

consequence of this is that the onsets of the signals at these
stations are not always clearly defined and useful
observations are few. On some records there is also a
suggestion of small-amplitude precursors, arriving up to
0.5 s ahead of the principal phase at these stations, that
corresponds to the first arrival at other sites. In producing
the results illustrated in Figs 4 and 5 it is always the first
arrival that has been selected. There is no significant
variation of station anomalies with azimuth for the Japan
solution but the event variance øf does exhibit a minimum
for events near the mean azimuth of the group. With the
possible exception of the residuals for station 7, the Japan
and Mariana solutions are also sufficiently similar to
combine them into a single solution although the variance of
unit weight, as well as the range of event variances, is
greater for this combined solution than it is for the
individual solutions (Table 1).

Few earthquakes with southern azimuths were recorded.
Two magnitude 4.9 shallow crustal events originated from
the Macquarie Ridge at an average azimuth of 164" and at
average distances of about 40o. The signal-to-noise ratios for
these events are small and onsets are not impulsive. Their
epicentral . Iocations are based on small numbers of

Site

A4
A5
A7
A8
A9
A10

Fiji-Tonga
1 . 1
1 .3
1.0
1.0
0.8
0.8

Japan
5.7
4.5
1 .0
1 .9
L.4
2.7

7 2 2

7 2 1

Southern reg¡on_i-ï..----.-ã*
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Figure 5. Least-squares solutions for relative station anomalies along the Arunta line (equation 2). The points represent the travel-time
residuals of the individual solutions less the event constant d,.

observations (15 for one event, 1.1, for the other) from sites
located mainly on the Australian and Antarctic continents,
and there could be considerable systematic error in their
location. One well located event from the South Sandwich
Islands, from an azimuth of 169" and at an average distance
of 99", was also recorded. The first arrival is the
core-diffracted P-phase and the travel times could be
perturbed by short-wavelength irregularities in the geometry
of the core-mantle boundarv.

Redbank line

Both the Fiji-Tonga and Japan earthquakes recorded along
the Redbank line produce consistent sets of relative
travel-time residuals (Fig. 6). The corresponding station
anomalies are illustrated in Fig. 7 and the solution statistics
are summarized in Table 1. The latter are very comparable
to the Arunta line results. The amplitudes of the northern
earthquakes observed at sites 7 and 8 are of relatively small
amplitude, similar to what as observed at sites 6 and 7 on
the Arunta line. Small-amplitude precursors, arriving up to
0.5 s ahead of the leading phase seen at other sites, are also
seen on some records at these sites, as at station 7 for event
800 (Fig. 3). As for the Arunta line, earthquakes from other
azimuths are few and of relatively poor quality. Three
Macquarie ridge events have been recorded with an azimuth
of 1"66' and a mean distance range of 33' to 41". \ryhile
generally consistent, these records are noisy and suffer from

imprecise epicentral Barameters. Two Sandwich Island
events produced better quality records.

Where it is necessary in the following discussion to
distinguish between the station numbers on the two lines the
Arunta stations are prefixed by A and the Redbank stations
by R. The Arunta and Redbank station anomalies for Japan
earthquakes are very similar, with both lines producing a
rapid change from relatively late to early arrivals at sites
immediately to the north of the Redbank Deformed Zone
(see Fig. 2). The transition from late to early arrivals occurs
further to the north for the Fiji-Tonga earthquakes. These
events also exhibit greater differences for the two lines. For
the Arunta line the root mean square (rms) Fiji-Tonga
residuals are 45 per cent of the rms Japan residuals while for
the Redbank line this ratio is about 70 per cent. A further
difference between the two lines occurs at the northern end
of the line, with the Redbank line travel times being
significantly later than at the corresponding sites on the
Arunta line, but here the tectonics become complicated by
the Weldon Tectonic Zone (Shaw et al. 1984). The
Sandwich Island earthquakes produce quite similar residuals
for the two lines with the change from late to early arrivals
occurring at about the same location as for the Fiji-Tonga
earthquakes, to the north of the Redbank Deformed Zone.
The greatest differences between the two lines occur for the
Macquarie Ridge earthquakes, but this may be largely a
consequence of inadequate data.

In comparing the travel-time anomalies for the two lines it
should be noted that the margins of the Basins are not
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exactly parallel and that the surface exposure of the Arunta
Block is wider along the Redbank line than along the
Arunta line (Figs 2 and 8). Stations A4 and R4 both lie at
the northern margin of the Amadeus Basin as defined by the
Heavitree Quartzite, while sites All and R13 lie at the
southern margin of the Ngalia Basin, defined by the
Vaughan Springs Quartzite. Stations 415 and R16 both lie
immediately to the north of the Ngalia Basin defined by the
same formation. If distance along the Redbank line is scaled
such that the distances between the northern Amadeus and
Ngalia basin margin sites are the same for the two lines,
then the differences between the travel-time anomalies, as
well as the gravity anomalies, are much reduced (see Figs
1G-13 below) suggesting that, whereas the near surface
structures may not be able to explain the observations,

rate I
V

nevertheless there appears to be a close relationship
between surface geology and deep crustal structure.

SURFACE GEOLOGY, GRAVITY ANI)
TRAVEL.TIME RESIDUALS

Two geological structures dominate the crustal section
across the northern Amadeus Basin and the southern part of
the Arunta Block: the Redbank Deformed Zone and the
Amadeus Basin Homocline and associated nappe structures
(Fig. 8). The Redbank Deformed Zône, some 7-10km
wide, is characterized by anastomosing mylonites that dip
northwards from 30'to 65o, rvith an average value of 45'. It
separates the southern terrain, composed mainly of granitic
rocks that have been metamorphosed at depths of about

17

Ìtgure 6. Same as Fig. 4 but for events recorded along the Redbank line. (a) Fiji-Tonga; (b) Japan; (c) southem azimuths where event 819 is
from the South Sandwich Islands and the other events are from the Macouarie Ridee.

Ftgure 7. Relative station anomalies along the Redbank line (see Fig. 5). Note that there are no stations 5 and 15 for this üne.

Japan



20 km, from the northern terrain, which is characterized by
mafic granulites that have been metamorphosed at depths of
about 30 km. The sense of shear on the zone is one of the
north-block over the south-block (Shaw et al. 1984). A
series of fault blocks across the southern terrain show
evidence of increasing metamorphic grade northwards due
to progressive uplift, although most of the change in grade is
concentrated at the northern part of the Redbank Deformed
Zone.

The Amadeus Basin Homocline is an abrupt upturn of the
strata along the exposed northern margin of the basin. The
basin reaches depths in excess of 10 km before being
abruptly terminated at the homocline over a strikelength of
more than 200 km. The homocline formed during basement
uplift in the Late Devonian when thick mollasse-like
sandstones and conglomerates were deposited in front of the
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rising basement and it appears that the southern Arunta as a
whole must have been uplifted at this time. A major
sub-vertical detachment zone has been traced within the
Bitter Springs Formation along the length of the homocline
(Shaw in prep). The considerable disruption and rotation of
this zone attest to major movements having occurred here at
the time of homocline development.

The gravity profiles, based on the Bureau of Mineral
Resources gravity file, are illustrated in Fig. 8 for the two
lines. The density of gravity measurements in this region is
about L per 100 km2 and only regional trends are well
established. A detailed gravity survey has recently been
made by the Bureau of Mineral Resources along a seismic
reflection profile across the structures between the two lines
considered here and these results are consistent with this
regional result. Densities for basement rock units have been

-Bouguer Gravity

Ngal¡a Basin

6
E )
E

6

Eo

6

(9

a,
C'I
I
o
@

(a ) ARUNTA LINE

e"¿y I I
I o't'  ̂ r-r"o"n

,"r" I I

1 0  l 5
- - - . : = F - - - - - - - _

Ñ * * * * * * * * + r + ' \  
\ \ ' + \ ' \ + \  *  

+ \  
t  

+

G
ctt
E

ß
È
o

à=
t!
(9

(¡
3
ct)
o
o

(b) REDBANK LINE

Amadeus Bas¡n
1

Bouguer Grav¡ty

-^ t -F¡¡ i -Tonga

At-  Japan -

25 km

Ngalia Basin

,-,1--_¡¡,,,,, f
f.l

+
, +

+

lE 2% 3E 4llll s= 6E 71,-Ji] BEq
Oens¡ ly g cm- '  2.ô4 2.71 2.68 z. tz z.ot  2,79 2.9s 2,79

Velocity km s-r 4.8 6.5 6.4 6.s 6,7 6,5 7,0 6.s

eE
2.72

6,5

Figure 8. Geological cross-sections for the Arunta line (a) and the Redbank line (b), relative station anomalies for northern (Japan) and

eastern (Fiji) events and Bouguer gravity anomalies. Rock densities and P-wave velocities are given for the principal rock units.

A.H.:Amadeus Homocline, n.¡.2.:Redbank Deformed Zone. Rock unit 1 corresponds to the basin sediments. Rock unit 2 correspondi

to granitic quartzofeldspathic and migmatite-biotite gneiss. Unit 3 is similar with a higher percentage of granitic gneiss. Units 4 and 5 contain a

progressively larger percentage of mafic granulite, while in units 6-8 the percentage of mafic granulites progressively decreases. Rock unit 9

comprises granitoids and metasediments.
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determined fuom in sitø surface sampies and average values
have been estimated for each major geological unit (Fig. 8).
These averages are in general agreement with values
obtained from empiical relations between density and
ground and airborne radiometric measurements. Details are
given by Shaw (in prep). Bulk densities for the Amadeus
and Ngalia Basin sediments have been derived from
densities given by Froelich & Krieg (1969) ancl Wells &
Moss (1983), respectively. Thickness estimates of the
Amadeus Basin sediments are based on the synthesis by
Schroder & Gorter (1984) and of the Ngalia Basin sediments
on an interpretation by A. E. Saucier (pers. comm., Agip
Australia, Pty Ltd). The nature of the basement beneath the
Amadeus Basin remains largely unknown and we assume
that it represents a continuation of the mainly granitic and
quartzofeldspathic gneiss found immediately to the north of
the margin, although a discontinuity in basement rock could
be inferred from the airborne magnetic data across this
boundary (BMR, 1969). The maximum lateral density
differences occur between the sediments and granulites and
amounts to about 0.3gcm-3. If these differences extend
down to about L0 km, the maximum depth of the basin
sediments, then the gravity anomaly would have a maximum
value of about 75 mGal. The wavelength of these predicted
anomalies is, however, considerably shorter than that
observed and, more significantly, the observed maximum
value does not coincide with the exposed outcrop of the
high-density granulites. To the north, the gravity low
extends beyond the northern margin of the Ngalia Basin,
and the shallow basin sediments in the Ngalia Basin
contribute little to the anomaly. The average seismic-
velocity estimates for the rock units across the structure
(Fig. 8) are based on the empirical velocity-density relation
of Christensen & Fountain (1975) for similar lower-crustal
rocks to those exposed here. Laboratory measurements of
acoustic velocity carried out on cores from a representative
range of rock types are in good agreement with the
estimates calculated from this relation (Shaw, in prep).
These velocities are appropriate fo¡ lower-crustal depths
where pore spaces will be closed and the rock will be less
jointed and fractured than in the upper 5 km or so of crust
where observed seismic velocities of the granitic and gneissic
rocks range from 5.1 to 6.0 km s-t. A velocity of 7.0 km s-l
for the lower crust, assumed to be of mafic granulite
composition (rock unit 7), is adopted although cornparable
P-wave velocities to the north of the region are believed to
be lower, about 6.5kms-1 (Hales & Rynn 1978). (This
choice is, however, not very critical as is discussed below.)
Average velocities of the Proterozoic sediments in the
Amadeus Basin are estimated by Froelich & Krieg (1969) to
be about 5.5 km s-l and of the Palaeozoic sediments about
4.8 km s-t. Values of 5.7-6.0 and 4.0-5.5 km s-1 have been
estimated for the corresponding Ngalia Basin sediments
from seismic reflection profiles in Moss & Jones (1974)
although Wells & Moss (1983) adopted generally higher
values for processing. The thickness of the Amadeus Basin
sediments is about 10-12 km at the homocline, and the
above velocities, compared with about 6.5 krn s-1 for the
gneissic terrain to the north, mean that there should be a
rapid change in arrival times of about 0.4-0.5 s across the
basin margin. This is not observed and the higher in situ
values adopted by \Vells & Moss (1983) for the Ngalia Basin
appear to be appropriate for the Amadeus Basin as well.

With an average basin sediment velocity of 5.1 km s-l and
a maximum upper-crustal veiocity of 7.1, km s-r, cor-
responding to the granulite terrain to the north of the
Redbank Deformed Zone, the maximum travel-time
anomaly that will result frorn the upper 10 km of crust is
about 0.5 s for vertically incident ray paths. This represents
a significant fraction of the observed travel-time anomalies.
Nevertheless, several observations suggest that the major
contribution to these anomalies comes from greater depths.
First, the earliest arrivals do not coincide with the surface
outcrop of the granulite rocks, occurring instead over the
gneisses and granitoids to the north of the mafic granulite
outcrops. The Fiji-Tonga arrivals, in particular, do not
exhibit any major change across the northern limit of the
mafic granulite zone. Second, the wavelengths of the
travel-time variations are considerably longer than the
typical width of the surface outcrop of the high-velocity
material. Surface exposures north of the granulite zone up
to the Ngalia Basin are limited, but the few outcrops show a
progressive lowering of metamorphic grade as one proceeds
northwards across the rock units 8 and 9. Correlation of the
rock suites at outcrops with magnetic signatures is also
indicative of a reduction in the proportion of mafic
granulites northwards across units 8 and 9. Third, no
significant change in travel time occurs across the basin
margin up to the Redbank Deformed Zone even though the
estimated velocities would predict a change of about 0.4 s.
The late arrivals over the Ngalia Basin and further
northward cannôt be attributed to the basin sediments as
these do not exceed 800 m in thickness throughout the
eastern limits of the basin corresponding to the two sections.
The late arrivals here must also have their origin deeper in
the crust.

FORWARD MODELL ING OF STATION
ANOMALIES

A simple interpretation of the travel-time anomalies is in
terms of a model that assumes a single undulating or
discontinuous interface, the Moho, the azimuthal and
distance coverage of the earthquake source regions and the
longitudinal coverage of the seismic stations being
inadequate for attempting a more comprehensive 3-D
modelling. In particular, because the station anomalies
change rapidly over distances less than the depth to this
interface, it is not always possible to assume that signals
from different azimuths arriving at any one site intersect the
same plane surface. Even if a good azimuth distribution of
earthquakes is available, it is not possible to determine both
the dip and strike of this surface with this geometry. The
modelling is further simplified if the strike, of what appears
to be essentially a linear E-W structure, can be fixed from
the surface evidence. This appears to be the case for the
central Australian structures. Frorn the surface geology and
gravity the strike azimuth is about 11.5"E for the southern
part of the lines, about 90o for the central part and about
110" for the northern sites. At the northern end of the
Redbank line the strike may be more controlled by the
Weldon Tectonic Zone than by the E-W structure of the
Ngalia Basin, in which case the strike at site RL7 is about
L55". The forward modelling procedure adopted here is one
in which the simple single-interface model is used to
establish a semi-quantitative model for the mean N-S



section through the crust and upper mantle. Seismie-ray
tracing methods are then used to generate travel-time
residuals which are cornpared with the observed differential
station anomalies and any discrepancies can be used to
refine the model.

The interface beneath the station, at the point where the
ray path crosses the Moho, is defined by a dip angle ô, a dip
azimuth a and a depth Ë1 measured from the station along
the perpendicular to this plane. The anomalous travel time,
Atp, ca¡ then be predicted as functions of ô, ø and .FI for
ray paths arriving from different azimuths and angles of
incidence or apparent velocity (e.g. Niazi 1966; lVright
1970). This approach is valid, provided that the station
anomalies for the different source regions refer to a common
origin time. The assumption is not satisf,ed with the present
data sets because uncertainties in earthquake origin times,
limitations of the radially-symmetric earth models, and the
uncertainty in identifying the exact onset time of the
arrivals, preclude accurate predictions to be made of the
absolute arrival times. In consequence, for any group of
events the mean value of the station anomalies defined by
equations (1) and (2) is zero and anomalies of any one
group relative to another can be shifted in magnitude by an
arbitrary amount. The resulting ambiguity can, under
certain circumstances, be resolved from the differences
AT,(At, At) ='t(A,.) - r,(Ar) for station residuals at station
i for events from two different azimuths Ay, and Ar.
Consider a sequence of stations of coordinates X, measured
along the line of instruments and whose station anomalies
T,(Xr) can be attributed to a continuous interface of
constant dip. The gradient dTldx is then a function of the
dip angle of the plane and independent of azimuth while the
difference ATt(At,Ar) is a function of azimuth. (The
gradient dTldx is, however, a function of the velocity
contrast across the interface; increasing the velocity contrast
reduces the requisite slope.) If, therefore, anornalies for a
group of consecutive stations along the line have
approximately the same gradient, irrespective of azimuth,
both the dip of the interface beneath these stations and the
offsets between station anomalies for different azimuths can
be estimated, provided that the strike of the plane is known.

Wright's (1970) model for computing the Atp(ô, A, H)
assumes a single layer of P-wave velocity u. overlying
a mantle of velocity u-. If an upper-crustal velocity
is adopted for u., then the model approximates the case
where any intermediate crustal layers are deformed
parallel to the Moho, and it is the velocity contrast between
the upper crust and mantle that essentially determines the
station anomalies. If lower-crustal velocities are used then it
is implied that these intracrustal surfaces have remained
horizontal. The former model is adopted here with u.,
representing an average value of near-surface velocities
along the section, equal to either 5.7 or 6.3kms-1. The
nominal mantle velocity is 8.3 km s-t compared with
8.2-8.25 km s-l found by Hales & Rynn (1978) to the
north. All velocities are assumed to be isotropic, although
this need not be the case for a region that is believed to have
been subjected to persistent compressional forces (cf. the
study by Drummond (1985), for upper-mantle anisotropy to
the west of the central Australian region).

The southern stations lie in the Amadeus Basin, over a
thick sequence, some 10 km in all, of Palaeozoic and
Proterozoic sediments. The total crustal thickness is
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unknown and we assume that these sediments are deposited
on a'normal'thickness crust of 40km, resulting in a total
crustal thickness of 50km beneath stations A1 and R1. The
computed offsets between residuals from different azimuths
are only slightly dependent on this choice unless the
thickness is much greater than this value or the dip angles
are very large.

Arunta line

Station residuals for sites A1-45 satisfy the conditions of a
constant gradient for groups of events from all azimuths
within the error estimates of the individual stations and
within the 'noise' created by any near-surface lateral
variations (Fig. 5). This trend is also seen in the residuals of
the original Amadeus experiment where it extends into the
centre of the basin (Lambeck L986, Fig. 4). The observed
gradient dT ldx corresponds to an average northerly dip of
2-3"  for  u. :5.7 kms- l  and to about  4o lor  u" :6.3kms- l
and for these small dip angles the predicted offsets between
events from different azirnuths are small (<0.1s). This
establishes the relative datum for the principal groups of
eyents and each group can then be used to estimate the
single-interface undulations. Any differences between the
two solutions can be attributed to departures from this
simple model.

The gently dipping interface beneath the Amadeus Basin
may extend northwards of site A5 because the trend of
station anomalies continues beyond this station for the
Fiii-Tonga events and up to station A8 for the Macquarie
ridge events, but arrivals at sites A7 to A9 from northern
azimuths avoid this region of increasing travel time. For the
northern sources the station anomalies at sites A9-41-3
exhibit a nearly linear trend, similar to that recorded at
stations All-415 for events originating from the Fiji-
Tonga region. Within the confines of the single-layer model,
this gradient corresponds to an interface dipping northwards
at about 25' (for u":5.7 kms-1) or about 35' (for
u.:6.3kms-1) and extends from beneath station 4L0 to
below about station 414. The major discrepancy is,
however, that for such a surface the Fiji arrivals should be
systematically earlier than the Japan arrivals, by about 0.3 s
for u.:5.7kms-', but this is not observed. Compare, for
example, the station anomalies from the Fiji-Tonga and
Japan regions in Fig. 5, after shifting the latter to make
them approximately coirrcident with the Fiji-Tonga
residuals at sites 1-5. The southern events exhibit a
comparable gradient for stations 410-415, but the
single-interface model predicts that these also should be
much earlier than observed. Therefore. the postulated zone
of low velocity beneath stations A7 and A8 may extend
further northwards in such a way as to retard the southern
and eastern ray paths but not the northern ray paths. At the
northern end of the line, the Japan residuals indicate that
the Moho dips southwards by about 10-15o and, by
comparison with the original experiment, this slope
continues northwards from station 415 by at least 50 km.
Fig. 9 illustrates the inferred crustal and upper-mantle
structure along the N-S section of the Arunta line. The
aspects of this model that are required by the observations
are the northerly dipping interface beneath the Amadeus
Basin and the Arunta Block south of the Redbank Zone and
the more steeply dipping interface to the north of this zone
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Figure 9. The average crustal model inferred from the travel times
recorded along the two sections. The division of the crust into t\ilo
layers is hypothetical and the shape and volume of the downthrust
wedge of lower crust is poorly defined.

extending beneath the Ngalia Basin to the Northern Arunta.
The geometry of the deep region of relatively low-velocity
material beneath the southern Arunta Block is largely
arbitrary, designed to retard the Fiji-Tonga and southerly
arrivals but not the northerlv arrivals.

Redbank line

The Fiji-Tonga anomalies for the southern stations of the
Redbank line are indicative of a nearly hgrizontal or slightly
southward dipping interface extending northwards as far as
station R9 (Fig. 7). The Japan-Mariana arrivals at R7 to
R9, however, are early, indicative of ray paths that travel
through higher-velocity material, and a change in lateral
velocity structure similar to that deduced from the Arunta
line residuals is also appropriate here. The Japan travel-time
anomalies at sites R9-R14 are indicative of a steeply
northward dipping interface of an average value of 25'for
u.=5.7 kms-r or 35o for u.:6.3kms-1. A similar average
gradient is seen for the Fiji-Tonga arrivals at R12-R16.
Again, within the restrictions of the single-layer model, the
travel-time anomalies for the Fiji-Tonga region, as well as
for the southern azimuths, should be earlier than for the
Japan events, and that this is not observed indicates that the
former ray paths to sites R10-R16 are systematically
retarded by relatively low-velocity material that is avoided
by the arrivals at these sites from the northern events. The
overall implied structure is very similar to that deduced from
the Arunta line data, although possibly significant
discrepancies are the different slopes of the Moho along the
southern sectors of the two lines and a need to retard the
Fiji-Tonga arrivals by smaller amounts along the Redbank
line than along the Arunta line. The Redbank line does not
have the benefit of the southern extension into the Amadeus
Basin, as does the Arunta line, and it is difficult to establish
how much of the discrepancy for the southern part of the
Redbank line is the result of near-surface geological
contributions.

Seismic ray tracing

The model inferred above can be used as a starting model
for more quantitative comparisons with the observations
using ray-tracing methods. The.routine used is based on the
work of Whittal & Clowes (1979) and Spence et al. (1984).In
this algorithm the 2-D velocity model is represented by large
blocks with arbitrary boundaries within qhich the velocity

gradient is effectively set to zero. The algorithm traces the
seismic paths of refracted and pre-critically reflected and
multiple reflected waves. Headwaves are traced by shooting
critically refracted rays off the boundary at regular intervals
along its length. Diffracted waves are computed by
introducing energy sources at the corners of the blocks and
permitting energy to radiate in all directions in the vertical
X_Z plane. A horizontal reference surface at constant
depth Z¡ below the structure is adopted on which
seismic-wave sources are located at closely spaced intervals
at positions 'Xr. The departure angles of the seismic rays are
set equal to the incidence angle of the teleseismic wave onto
this plane. The travel times through this structure from 'X,

to the point of emergence at the surface, of horizontal
coordinate Xr, is denoted by Atr. Consider a wavefront
arriving at time to at a reference point Xo on the plane
Z = 4.The travel time r, of this wave to X, is

t,(X,)= ro(Xo) + (Xì- Xo)lvp+ Ati,

where yp is the apparent velocity of the wave. The travel
time úi of a wave to the same point Xr, but travelling
through a horizontally stratified reference model is

ti(X,): ro(xo) + (XT - Xo)lVp+ AtI,

where 'X,f and Átf are the reference model equivalents of
'X¡ and Áf, respectively. Then

ti - ti : (Xi - X)lVp + Ati + constant (6)

because Ár| and ('Xi - X,) are constant quantities.
This ray-tracing model is applicable for waves travelling in

planes that are orthogonal to the strike of the structure, as is
the case for the Japan-Mariana earthquakes and, to a lesser
extent, for the Sandwich Island and Macquarie Ridge
earthquakes. The model is not strictly applicable to the
Fiji-Tonga results where the rays incident on the Z = Zo
plane, while parallel to the strike, are inclined to the vertical
by about 30". The projection of these rays onto the plane
orthogonal to the strike does not, however, introduce errors
in relative travel times greater than 0.1s for this model.
Likewise fhe 2-D ray tracing appears adequate for the
Macquarie Ridge and Sandwich island events, provided that
the apparent velocity in (6) corresponds to that of the
wavef¡ont projected onto the plane orthogonal to the strike.

Figures 10-13 illustrate the travel times computed by
seismic-ray tracing through the nominal crustal model
inferred above (model 1) and through three variants of this
model: model 2, in which the downthrust wedge of lower
crust has been extended to a greater depth than model 1;
model 3, in which the width of this zone has been increased;
and model 4, in which the thickness of the crust has been
increased beneath sites A5-47. Velocities of 6.3 and
7.Okms-t have been adopted for the upper and lower
crusts respectively, and 5.7kms-t for the sediments in the
Amadeus Basin. The adopted apparent velocities (Vr)
correspond to the average value for the events within each
azimuth and distance group. Diffraction phases from the
points A, B, C (Figs. 10, 12) only have been included as
these are the only ones that lead to first arrivals at the surface.

Agreement between the observed and model 1 predicted
travel times for the Fiji-Tonga earthquakes is satisfactory,
considering that local geological noise may be of the order
of a few tenths of a second (Fig. 10). The predicted change
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Figure 10. Ray tracing through four variations of the crustal model inferred from the travel-time residuals (models 1-4). The ray paths

correspond to the Fiji-Tonga events. The arrivals of diffracted phases are shown only when these are ahead of the main arrivals by more than

0.1 s. They are denoted by the letters specifying the diffraction points in the ray-tracing diagrams. The observed station anomalies are denoted

by A for the Arunta line sites and by O for the Redbank line sites projected onto the Arunta line.

in arrival time, of nearly 0.2 s, across the northern margin of
the Amadeus Basin is not seen in the Arunta line
observations but it is consistent with the Redbank line
results. A discrepancy does occur at the northern ends of
the two lines (e.g. stations AL2-AL4) where the predicted
arrivals are too early by about 0.2 s. The principal
first-arrival diffracted phases originate from the base of the
downthrust crust (point A) and ardve about 0.1-0.15s

ahead of the principal arrivals at sites ALO and 41L. The
Fiji-Tonga arrivals do place some constraint on the depth of
penetration of the downthrust lower crust; if it extends
down to about l.20km depth (model 2), arrivals at sites
410-411 are too late by up to 0.2 s. Increasing the width of
the downthrust crust (model 3) increases the travel times to
sites 410 and All by excessive amounts. Model 4 does
produce satisfactory agreement with the observations.
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Japan
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Figure 11. Ray tracing through the models 1-4 for ray paths originating from the Japan-Mariana regions. The notation for diffracted phases

and observed travel times is the same as in Fig. 10'



The agreement of the Japan events with the nominal
model is particularly satisfactory for both lines (Fig. 11,
model L). Diffracted phases arrive as first arrivals between
sites A6 and 47, well ahead of any direct arrivals. These
observations do not constrain the depth of the downthrust
wedge of lower crust (model 2) nor do they constrain greatly
the width of this slab (model 3) except that if it becomes
very wide the arrivals at sites 5 and 6 become excessively
late. These observations do place some constraint on the dip
of the downthrust wedge of lower crust. If this dip is
reduced by about 10" it results in arrival times at the sites
immediately to the north of the Redbank Zone that are
significantly later than observed. If the dip is increased by

South Sandwlch lslands

Modol 4

Figure 1Íl. Same as Fig. 11 but for events from the South Sandwich Islands.

Teleseismictrauel-timeanomalies 7L9

10'it produces significantly earlier arrivals at the Redbank
Zone.

Model 1 is generally consistent with the two South
Sandu¡ich Island observations except that the observed
arrivals at sites A7-A9 are later than predicted by up to
0.3 s (Fig. L2, model 1). Model 2 delays arrivals at sites
north of AI2 by increasingly larger amounts but the few
available observations constrain neither the depth of
penetration nor the width of the downthrust crust. Model 4
produces delays in arrivals at sites A6-48 by the requisite
amounts and this model adequately satisfies the data. The
major difficulty occurs with the Macquarie Ridge observa-
tions (Fig. 13). Neither the Arunta nor the Redbank data
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Macquarle Ridge

Figure 13. Same as Fig. 11 but for events from the Macquarie Ridge

sets for this source region are satisfactory but both do imply
relatively minor changes in travel times along the lines f¡om
south to north. Model 1 predicts travel-time anomalies that
are similar to those predicted for the South Sandwich
Islands but which are inconsistent with the few observations.
Models 2 and 3 do not lead to a great improvement whereas
model 4 does: in particular, this last model predicts quite
different residuals for the events from two southern regions,
but, in view of the reservations expressed previously about
the Macquarie Ridge results, it is may be unwise to attach
too much significance to these discrepancies. Any further
work will have to concentrate on collecting more data from
these southern azimuths.

Models L-3 produce very similar gravity anomalies and all

are consistent with the observations (Fig. 1a). This indicates
that the gravity data do not tightly constrain the shape and
dimensions of the downthrust part of the crust. For model L
the rms difference between the observed and predicted
gravity is about 12 mGal while for models 2 and 3 it is about
9 mGal. Model 4 is less satisfactory but not inconsistent with
the data in the sense that the rms difference between the
observed and predicted gravity, about 20 mGal, is probably
less than geological noise produced by any lateral variations
in density of the upper crust.

The relative travel-time anomalies predicted by these
models are not strongly dependent on the adopted value of
the lower-crustal and upper-mantle velocities. A value of 6.8
instead of 7.0 km s-t, for example, produces travel-time
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Figure 14. Observed gravity anomalies along the Arunta line (top) and the observed-computed residuals for the models 1-4 illustrated in Fig.

fOl fne adopted densities for the basin sediments, the upper crust, the lower crust, and the mantle are 2.64,2.70,2.87 and 3.3gcm-3,

respectively.

T o n g a i s r o 1 s

Figure 15. Predicted and observed travel times for model 5 for ray paths from four different azimuths. Model 5 is a modifrcation of model 1 in
which the Moho and the intermediate crustal interface have both been lowered everywhere by 10 km. Notations are the same as for Figs
10-13.
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Tonga r s

Figure 16. Same as Fig. 15 but for model 6. This model is a modification of model 4 in which the Moho and the intermediate crustal interface
have both been lowered evervwhere bv 10km.

anomalies that always agree to within 0.05 s of those
predicted by the above four models. Nor are the relative
travel times strongly dependent on the absolute depth of the
Moho within a range of about lL0km of the values of the
nominal model. The general effect of increasing the average
depth by L0km (model 5, Fig. L5) is to reduce the amount
by which the arrivals are early at sites A8-410 by about
0.2 s, but this could also be achieved by adopting different
velocities. A more important effect of lowering the Moho
depth is to modify the predicted arrivals at site Al.0 from the
Macquarie Ridge region in accordance with what is seen on
the Redbank line and to a lesser degree on the Arunta line
(compare Fig. 15 with Figs 5 and 7). This change, plus the
modification of model 4, produces travel times for the
Macquarie Ridge events that are beginning to resemble the
observed values although the agreement with the Tonga
residuals is degraded (see model 6, Fig. 16). This suggests
that the Moho depth may be somewhat deeper than
assumed in models 1-4 but, for the above densities, this is
not consistent with the gravity observations; lowering this
boundary by 10 km significantly reduces the gravity anomaly
and shifts the location of the maximum anomaly closer to
the Redbank Zone than is observed. Now the rms difference
is nearly 40 mGal.

The above models represent average E-W structure. The
major difference between the two lines occurs for the Fiji

travel times and this is indicative of some lateral variation in
the structure. The Japan-Mariana results for the two lines
are essentially identical and there is no need to introduce
lateral variation in the structure of the Moho immediately to
the north of the Redbank Deformed Zone. Nor do these
observations support a substantial lateral variation in the dip
of the downthrust wedge of lower crust. The simplest
interpretation is that this wedge is less extensive along the
Redbank line than along the Arunta line (model 7, Fig. t7)
and this is also consistent with the marginally stronger
positive gravity anomaly along the Redbank line than along
the Arunta line.

CONCLUSIONS

The travel-time anomalies do not give a unique solution for
the upper-mantle and lower-crustal structure since the data
set is inadequate in the distribution of both the recording
stations and the earthquake source regions. Nevertheless,
the observations do provide considerably tighter constraints
on the structure than does the gravity data. The essential
requirements of the model are twofold: (1) a zone of
relatively high-velocity rnaterial dipping steeply northwards
such that its continuation to the surface coincides
approximately with the Redbank Deformed Zone and the
granulite terrain to the north of it, and (2) relatively
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Fþre 17. Same as Fig. 10 (model 1) but for model 7 in which the maximum depth of the downthrust wedge has been reduced.

low-velocity material to the south of this zone. The inferred
model is out of local isostatic equilibrium and variations in
vertical Stress on surfaces of constant depth immediately
beneath the structure are about 150 MPa. There is a mass
excess to the north of the Redbank Zone, equivalent to
about 100 MPa in vertical stress when compared with the
northern part of the Amadeus Basin and the Redbank Zone
itself, and to about 150 MPa when compared with the
northern margin of the Ngalia Basin (Fig. 18). If isostasy
prevails, regions of relative mass excess subside while
regions of relative mass deficit are subjected to uplift at
rates that are functions of the flexural rigidity and viscosity
of the lithosphere. Broadly, the region of mass excess
coincides with the topographic lows of Lake Lewis and Lake
Bennett, two dry lakes that lie within the southern Arunta
Block, to the south of the Ngalia Basin, and which form a
shallow basin of as yet indeterminate, but relatively young
(Tertiary?) age. This indicates that subsidence has occurred
and may still be occurring. A similar situation is seen further
south in the Amadeus Basin where the topographically low
Lake Amadeus coincides with the mid-basin Moho high
predicted by travel-time and gravity anomalies (Lambeck &
Penney 1984).

The region of mass deficit is centred over the Amadeus
Homocline and the Redbank Zone and includes the region
of surface granulite outcrop. A broad zone of uplift can
therefore be expected here. This zone is also a topographic

Figure 18. Variations in the ve¡tical stress component

[\ru"' Apg dz across a surface at constant depih Zs beneath the
anômalous structure based on crustal model 16. Mean topographic
profiles along the two lines are also illustrated. Topographic lows
coincide with the zone of excess mass and vice versa.
A.H. : Amadeus Homocline, R.D.Z. : Redbank Deformed Zone.
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high, as expressed in some parts by the watershed in the
Brewer Conglomerates to the south of the homocline and in
other parts by the MacDonnell and Chewings Ranges to the
north. Differential vertical stress across the basin margin
and the Redbank Zone are relatively small and not much
differential movement may have'occurred here subsequent
to the Alice Springs Orogeny in late Devonian, early
Carboniferous time. Perhaps this is the reason why the
recent, albeit very small, seismicity in the region is restricted
to the Lake Lewis region rather than on the Redbank
Deformed Zone (Fig.2).

At the time of the Alice Springs Orogeny significant
movement occurred on the Redbank Deformed Zone and
the area would have carried a significant topographic load
created by the upthrust crust north of this zone and by the
synorogenic deposition of sediments immediately to the
south of the thrust. A study of fission track ages for the
region points to a removal of up to four kilometres of
material from both the northern part of the Basin and the
southem Arunta Block after about 300 Ma (Tingate et al.
1986). This corresponds to an increase in pressure at depth
of up to 100 MPa and the region could therefore have been
close to a state of isostatic equilibrium soon after the
completion of the orogeny. But, as erosion took place, with
a regional time constant of perhaps 108 yr (cf. Lambeck &
Stephenson 1986), local isostatic rebound did not occur
fully, possibly because the horizontal compressive forces
that led to the thrusting were still present after the
termination of the orogeny while at the same time the
lithosphere strengthened, freezing the sub-surface structure
into the layer and producing an increasingly regional
response to the lateral variation in surface and internal loads
(Stephenson & Lambeck 1985). rWork on the uplift history
across the Redbank Deformed Zone is in progress and this
may shed further light on some of these suggestions.
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