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Deep crustal structure of the Musgrave Block, central Australia:
Results from teleseismic travel-time anomalies

K. LAMBECK AND G. BURGESS

Research School of Earth Sciences, GPO Box 4, Australian National University, Canberra, ACT 2601,
Australia.

Teleseismic travel times have been recorded along a north-south traverse across the Musgrave Block and southern
Amadeus Basin of central Australia. Strongly azimuth-dependent variations of up to 1.0 s have been recorded over
distances of < 10 km. These observations impose constraints on deep crustal and upper mantle structure, and a major
discontinuity, with substantial offsets in the Moho depth, is required across the Woodroffe and Mann Faults. The
inferred structure is consistent with gravity observations and is similar to that deduced for the Redbank Deformed Zone
in the southern Arunta Block. Other significant teleseismic travel-time anomalies occur across the Wintiginna and
Lindsay magnetic lineaments in the central part of the Musgrave Block and imply the occurrence of additional faults
that cut through the crust and which are associated with Moho offsets.

Key words: crustal structure, Musgrave Block, seismic travel times, Woodroffe-Mann Faults.

INTRODUCTION

The Musgrave Block in central Australia is an
eroded and uplifted Precambrian crystalline base-
ment structure of ~ 750 km extent in an east-west
direction and ~270 km extent in a north-south
direction. It is bounded by the Amadeus Basin to
the north, the Officer Basin to the south and west
and by the Eromanga Basin to the east (Fig. 1). The
tectonic evolution of this block from Middle to Late
Proterozoic time onwards bears many similarities
with that of the Arunta Block further north; and the
two blocks, together with the Officer, Amadeus,
Ngalia and Georgina Basins appear to have been
shaped, albeit to different degrees, by similar tec-
tonic forces since Late Proterozoic time in an intra-
cratonic setting (Shaw et al. 1991).

Information on the deep crustal and upper
mantle structure of the Musgrave Block has mainly
been inferred from surface geology, gravity and
magnetics and, by analogy with the Arunta Block,
considerable lateral variation in deep structure can
be expected. For the Arunta Block teleseismic
travel-time analyses provided first-order models
whose essential features have been confirmed by
deep crustal seismic reflection surveys. Similar
analyses may offer an appropriate exploratory tool
for the Musgrave Block. Because the travel-time
studies are relatively inexpensive and can be con-
ducted without detriment to the environment, the
method provides a simple exploration tool for esti-
mating first-order lateral structural variations in the
crust and upper mantle. Such a survey has been car-

ried out along a north-south profile from near the
centre of the Amadeus Basin, across the Woodroffe
Thrust and Mann Fault, and to the centre of the
Musgrave Block. Major north-south variations in
deep structure occur and the crustal model inferred
has many similarities with the southern part of the
Arunta Block: in particular the deep structure as-
sociated with the Woodroffe Thrust and Mann
Fault is very similar to that associated with the Or-
mistoh Nappe Thrust and Redbank Deformed
Zone.

Fig. 1 Location map for the central Australian basins
and exposed cratonic blocks.
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7 2 K. LAMBECK AND G. BURGESS

GEOLOGY

Topographic relief over much of the Musgrave
Block is low and base levels rise from ~ 350 m in
the south to ~ 650 m in the north. In the north, the
Musgrave and Mann Ranges reach up to 900 m
above the surrounding alluvial plain and in the

southeast the Everard Ranges rise 400 m above the
plain. Beyond these ranges, much of the block is
covered by sandplains, dunes and claypans, out of
which rise isolated low ridges and hills, and geo-
logical exposure is severely limited. Even within the
exposed ranges the geological mapping is not very
complete.

~
' ' y~ "5 Lake Amadeus p " ~ " ™ ' ™

A*/ •'

MLCKoa Amadeus Basin

Lindsay Lineament

Officer Basin f

50 100 km

Fig. 2 Principal structural features, of the central part of the Musgrave Block, gravity lineaments (heavy dashed lines)
and some of the major magnetic lineaments (thin dashed lines). The station numbers 1-25 refer to the teleseismic
monitoring stations and the dotted line refers to the gravity profile illustrated in Fig. 3a. The 'Giles Complex' and similar
basic intrusions near Mt Caroline are shaded.
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7 DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK

The basement is believed to consist of Early Pro-
terozoic sediments that have undergone high-grade
metamorphism as a result of deep burial at ~ 1600
Ma (Webb 1985). Much of the exposed block con-
sists of granulite grade facies—the Musgrave Mann
Metamorphics—and of transitional granulite-to-
amphibolite grade facies—the Olia and Watura
Gneiss of the northern and southern margins of the
block respectively. The highest metamorphic grade
in ultrabasic rocks probably indicates crystalliz-
ation at depths of 30-35 km (Moore & Goode 1978)
with subsequent uplift having occurred by this
amount. Basement has been intruded by granitoid
rocks (the Kulgeran and related granite and char-
nockite) at ~ 1150-1000 Ma, by basic and ultra-
basic rocks (the Giles Complex and related rocks)
and by numerous dolerite and gabbro dykes that cut
across both the granitoid and basic intrusions. No
ages for these dykes are available. The block is trav-
ersed by major approximately east-trending faults
and thrusts, including the Woodroffe Thrust and
the Mann and Davenport Faults (Fig. 2). The Mus-
grave and Mann Ranges are bounded to the north
by the Woodroffe Thrust and to the south by the
Mann Fault. The Woodroffe is a shallow southward
dipping thrust, extending almost the entire length of
the block, that is defined at the surface by a thick
mylonite sequence. It separates lower-grade am-
phibolite facies to the north from high-grade
granulite facies to the south. In at least one location
a dolerite dyke has been mapped to cut across this
thrust (see Woodroffe 1:250 000 map sheet) and a
number of other minor dykes are reported to cut
across the thrust (Major 1973). K-Ar ages (600-
1000 Ma) of biotite north of the Woodroffe Thrust
are generally younger than ages found to the south
of this zone (Webb 1985). The steeply south-dip-
ping Davenport Fault appears as a deformed doler-
ite dyke but may be an older fracture along which
basic rocks were intruded. The Mann Fault and its
eastern continuation, the Ferdinand Fault, forms a
major structure that extends almost the entire
length of the block and which is roughly parallel to
the Woodroffe Thrust. It is also characterized by a
zone of mylonite but differs from the Woodroffe
Thrust in that it dips steeply southward. The meta-
morphic grade of the rocks varies little across the
Mann and Davenport Faults and Rb-Sr ages of bio-
tite and hornblende show no systematic trends
across these structures (Webb 1985). It is generally
accepted that most of the basic and ultrabasic rocks
were thrust upwards and northwards along these
thrusts at ~ 1000 Ma but the ages of the movements
are poorly constrained and it is likely that move-
ments on these faults occurred at different times.
Major (1973) considered the Davenport Fault to be

the oldest structure and the Mann Fault, which
bounds the small sediment-filled Levenger Graben,
to be the youngest. Forman (1966) argued that the
most recent movement occurred on the Woodroffe
Thrust during Late Proterozoic or Early Cambrian
at the time of the Petermann Ranges Orogeny.

GEOPHYSICAL DATA

Regional geophysical data for the Musgrave Block is
limited to gravity and aeromagnetic surveys. The
density of the gravity measurements is variable,
from about one station per 100 km2 within the
Amadeus Basin to one station per 30-50 km2 within
the Musgrave Block, although greater densities have
been achieved in a few selected areas (Smith 1979).
The regional gravity field is well established from
these data and is characterized by: (1) a roughly
north-northeast trending maximum anomaly
through the central part of the eastern half of the
block, well to the south of the Mann Fault; (2) a
second maximum with an approximately easterly
trend in the western half of the block, lying to the
south of the northern margin and coinciding with
the Giles Complex of basic instrusives; (3) strong
minimum anomalies to the north of the Woodroffe
Thrust along the margin with the Amadeus Basin;
(4) a pronounced minimum anomaly along the
southern margin of the block, particularly in the
southeast (Fig. 2). Peak to trough amplitudes of the
Bouguer anomalies exceed 150 mgal over distances
of < 100 km and, because topographic relief is gen-
erally small, free-air gravity anomalies exhibit very
similar patterns. Figure 3a illustrates the Bouguer
gravity anomaly along an approximately north-
south profile (see Section AA', Fig. 2) cutting across
the major faults and the Giles Complex outcrops
near Mt Caroline. A large-amplitude narrow-wave-
length anomaly, associated with the basic and ultra-
basic intrusives of the Giles Complex, is superim-
posed upon a longer wavelength anomaly that is
characteristic of the gravity field further eastwards.
The second profile corresponds to the teleseismic
survey discussed below (Fig. 3b). Figure 3c is a
shaded relief image of gravity over the basement
and adjacent basins. The dashed line illustrates the
visible part of the seismic line which terminates
near the arrow identifying the 'Lindsay gravity high'
at the northern edge of the Lindsay (1:250 000)
map sheet.

Aeromagnetic data for the Musgrave Block was
compiled from various sources by Smith (1979).
The magnetic variations over the region show com-
plex patterns, some of which can be associated with
known geological features. Both the Mann and Fer-
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7 K. LAMBECK AND G. BURGESS

dinand Faults are correlated with marked lin-
eaments in magnetic intensity surveys and the two
appear to be part of the same fault zone (Major
1973). The Woodroffe Thrust has no clear magnetic
signature associated with it other than separating a
northern zone of relatively low variability in mag-
netic intensity from a southern zone of high vari-
ability that is characteristic of the Musgrave-Mann
Metamorphics generally. Several other magnetic
lineaments, particularly the Wintiginna and Lind-
say Lineaments (Fig. 2) can be identified from these
surveys and these may be indicative of major faults
or thrusts beneath the Cainozoic cover.

Some seismic reflection surveys have been car-
ried out across the southern margin of the block by
the South Australian Department of Mines and En-

ergy and these suggest that the margin in the vicinity
of the Everard Ranges is faulted with the block
thrust southwards over the Officer Basin (Milton &
Parker 1973). The other seismic evidence takes the
form of variations in arrival times of seismic waves
from distant earthquakes. Variations of up to 1 s
have been recorded across the block and southern
part of the Amadeus Basin and these have been in-
terpreted in terms of major offsets in the Moho
depth, of ~ 10 km, near the basin-block margin
(Lambeck & Penney 1984; Lambeck 1986). Tele-
seismic travel-time anomaly surveys across the
northern margin of the Amadeus Basin indicated
that such results can place constraints on deep crus-
tal models (Lambeck et al. 1988) and that such
models are largely consistent with results obtained
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7 DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK

(c)

Arunta^B northern • • Mid-Amadeus B.

! Mt. Caroline [

• •*{ Lindsay h.

. .- ' " ^S '& . -V ; ' \J\-i Officer B."i

•». northern edge of Gawlor Block

Fig. 3 Bouguer gravity anomalies along (a) the profile AA' shown in Fig. 2 and (b) along the line of teleseismic recorders
1-25; (c) is a shaded relief image of the gravity field as seen from the northern edge of the Gawler Block in South
Australia and looking in a north-northwest direction. The illumination is from the north. The display illustrates well the
break in the gravity high trend from the 'Musgrave high' to the positive anomalies associated with the Giles
Complex.

from deep crustal seismic profiling (Goleby et al.
1989), provided that the earthquake sensors are
closely spaced ( < 10 km)).

NEW TELESEISMIC TRAVEL-TIME
ANOMALY SURVEY

Data

No detailed quantitative information is available
for the topography of the Musgrave Block other
than point heights at gravity stations and at a few
mapping control points. North of the Musgrave
Ranges the water courses flow (when they flow at
all) northward across the WoodrofFe Thrust and the
overall regional slope is down to Lake Amadeus. To
the south, the watercourses cut across the Daven-
port and Mann Faults and vanish into the sand
dunes, alluvium and claypans. The watershed gen-
erally coincides with the Musgrave Ranges and the
spot heights and drainage pattern to the south of

these ranges point to a regional slope southward
into the Officer Basin.

Much of the central and western part of the Mus-
grave Block is covered by longitudinal roughly east-
trending braided dunes up to 15 m high and there
are few locations where the block can be readily
traversed in a north-south direction. Vehicle tracks
established during a phase of mineral exploration
and geological mapping in the 1960s have largely
disappeared. It was, nevertheless, possible to
establish a line of recorders across the main tec-
tonic structures extending southward from Lake
Amadeus (site 25), past Ayers Rock, through
Amata and on to the mid-block gravity high, to
Mingeemealinna Hill (site 1) at the northern edge of
the Lindsay 1:250 000 map sheet (Fig. 2; Table 1).
Further southward extension of the line proved
time consuming and hazardous and no data were
recovered south of Mingeemealinna Hill. The basis
for using a single north-south line of recorders is
that the tectonic strike is predominantly east-west
although this condition is not wholly met insofar as
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7 K. LAMBECK AND G. BURGESS

Table 1 Co-ordinates of seismic records.

Station no. Name Latitude Longitude
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Mingeemealinna
Pantanya
Weinna Hill
Weinna Hill North
Carbeena
Witjunnga
Mt Harriet South
Mt Harriet
Wanngatinya

Pampili
No. 25 Bore
Amata
Mt Woodward
Border
Opparinna. Creek
Britten Jones Creek
Benda Hill
Benda Hill North

Uluru South
Uluru
Petermann Road
Lassiter Highway
Lake Amadeus

-27.0010
-26.9548
-26.9030
-26.8182
-26.7507
-26.6771
-26.6161
-26.5318
-26.4733
-26.4193
-26.3306
-26.2706
-26.1960
-26.1008
-26.0216
-25.9314
-25.8362
-25.7512
-25.6594
-25.5702
-25.4799
-25.3921
-25.3178
-25.1911
-24.9455

131.0940
131.0924
131.0949
131.0973
131.1182
131.1013
131:0968
131.0603
131.0655
131.0792
131.0745
131.0832
131.1156
131.1661
131.2156
131.2179
131.2314
131.2209
131.2153
131.1952
131.1987
131.1931
131.1849
131.1849
131.1758

the basic intrusions of the Giles Complex lie to the
west of the line. The alternate solution of a 2D
grouping of instruments was not, however, a prac-
tical one.

The survey methods, data analysis and interpret-
ation employed are the same as those used by Lam-
beck and Penney (1984) and Lambeck et al. (1988)
to model the deep crustal structure across the north-
ern margin of the Amadeus Basin. The average
recorder separation is < 10 km and all site locations
have been surveyed using the satellite global pos-
itioning system (GPS). Earthquakes were recorded
over a 3 month period but only selected distant
events that (with a few exceptions) produced clean
impulsive onsets were used in the analysis. Epi-
centre parameters are from the monthly listings of
the US Geological Survey, National Earthquake In-
formation Service. Theoretical travel-times against
which the observed times are compared are based
on the Herrin et al. (1968) travel-time model. Over
the epicentral distance range considered here, the
choice of reference model is not critical. Previous
experiments conducted in the Arunta Block indi-
cated that the use of preliminary epicentre par-
ameters was also not important. Some typical
unfiltered records are illustrated in Fig. 4.

For an event j'(— 1,2,.../), the travel-time ̂ o b -
served at station /(= 1,2,.../) and the correspond-

ing computed travel-time t~ for a radially symmet-
ric Earth model, define a differential travel-time
residual

For events within a specified distance range Amjn <-
and within a restricted azimuth range

ix, these residuals can be written
Aij<A

as
At\j — a} + T[(A, A) + 8y (2)

where Oj is a constant for each event, T\ is the station
anomaly and a function of azimuth and epicentral
distance, and ey is the measurement error, /events
within the^i and A range, and recorded at /stations,
result in //equations with /+/unknowns and are
solved using a least-squares procedure. As for the
Arunta experiment discussed by Lambeck et al.
(1988), the station anomaly standard deviations are
typically ~0.05 s for groups of five or more events
from the same source region. From a comparison of
travel-time residuals for events within the same azi-
muth-distance group, the standard deviations of the
station anomaly for a single earthquake are esti-
mated to be 0.1 s for deep and 0.2 s for crustal
events. The complete set of station anomalies is
tabulated in Lambeck (1991).
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7 DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK

Distance (degrees)

58.0 57.5 57.0 56.5

52.4

1 2 3 4 6 7 8 9 111213 14 15 16 18 19 20 21 22 23 T 25
Japan

944

52.3
8 9 11 10 12 1 4 3 13 26 14

46.2 46.1 46.0 45.9 45.8 45.7 45.6 45.5 45.4 45.3

18 12 16 1311 10 8 14

94.5 94.0 93.5 93.0
23 22 21 20 19 18 16 15 14 13 1211 9 8 7 6 4 3

I M 1 M
S. Sandwich

946

Fig. 4 Examples of reduced seismic records of earthquakes from (a) Japan, (b) Fiji, (c) New Zealand and (d) South
Sandwich Is. The predicted arrival times are based on the Herrin et al. (1968) tables.

The principal events originate from three regions,
from Fiji-Tonga with an easterly azimuth, from
Japan with a northerly azimuth and from the South
Sandwich Is. with a southerly azimuth (Table 2; Fig.
5). Other small groups of good quality events that
have been analysed are from the Kurile region, Min-
danao, Kermadec and New Zealand (Fig. 9). Two

earthquakes were recorded from the southwest on
the Indian Ocean Ridge, but these records are of
poor quality because the earthquakes were shallow
and of relatively small magnitude. Only these and
the South Sandwich Is. have a southerly azimuth.
Variations in station anomalies of up to 1.0 s have
been recorded (Table 3), with the most rapid

Table 2 Source region, azimuth and distance range of recorded teleseismic earthquakes.

Source region
Fiji-Tonga
Japan
Mindanao
South Sandwich Is.
Kermadec
New Zealand
Southeast Indian Ocean

Distance range
44-51
54-61
32-36
93-96
44-45
41-43
29-32

Azimuth range
90-97
359-11
349-352
167-168
106-108
116-118
212-221

No. events
13
10
4
4
3
2
2
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7 8 K. LAMBECK AND G. BURGESS

Table 3 Station anomalies: Musgrave line.

Station no.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Japan
-0.34
-0.25
-0.15
-0.17
-0.09

0.13
0.21
0.19
0.10
0.10
0.08
0.07
0.03
0.09
0.10
0.13

0.09
0.16

-0.03
0.06
0.03

-0.12
-0.22
-0.18

Fiji
-0.22
-0.09
-0.12
-0.22
-0.24
-0.40
-0.50
-0.32

0.20
0.04

-0.04
0.00
0.01
0.12
0.18
0.27
0.36
0.24
0.26
0.15
0.24
0.20
0.03

-0.03
-0.13

Mindanao
-0.01
-0.05

0.06
0.03
0.11
0.20
0.21
0.13
0.09
—
0.05
0.06
0.05
0.02
0.05
0.05
—
0.05

-0.04
-0.20
-0.06
-0.11
-0.28

—
-0.41

South Sandwich Is.
-0.05

—
-0.18
-0.09

0.13
-0.06
-0.21
-0.27
-0.15

0.40
0.42
0.26
0.17
0.17
0.08
0.12
—
0.06
0.08
0.00
0.02

-0.01
-0.24
-0.37
-0.30

Kermadec Is.
-0 .20

0.00
0.00

-0.38
-0.49

0.43
0.40

-0.08
-0.08
-0.05

0.00
0.04
0.10

0.11
0.10

-0.01
0.09
0.11
0.04

-0.06
-0.07

New Zealand
-0.06

0.04
0.13

-0.43
-0.33

0.38
0.12
0.13

-0.02
0.10

0.09

0.18

0.02

0.07
-0.08

-0.34

Southeast
Indian Ocean

-0.11

-0.40
-0.46

-0 .17
-0 .29
-0.46

0.63
0.56

0.19
0.33
0.12

.
0.13

0.17

0.16
-0 .24

-0.14

(a)

Japan
South Sandwich

Islands

Fig. 5 Relative station anomalies T\ for earthquakes
originating from different regions (solid line). The points
represent the travel-time residuals less the constants aj as
defined by equation (2) for the individual events aj con-
tribution to each Tj.
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DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK 9

changes occurring at stations 7-10 over distances of
10-15 km, and well south of the surface outcrops of
the major thrusts and faults. The sites for which
these changes occur are strongly dependent on the
azimuth of the source region. Lesser but still signifi-
cant variations, also strongly azimuth dependent,
occur at the southernmost stations. Differential
station anomalies for the northern part of the line,
sites 18-25, are quite similar for all azimuths.

On some records there is evidence for small-am-
plitude precursors arriving more than 0.5 s ahead of
the principal phase that can be correlated with the
first arrivals observed at the other sites. These early
arrivals are seen most clearly at site 8 for arrivals
from Fiji-Tonga region and are similar to those
noted in the Arunta Block at sites north of the Red-
bank Deformed Zone.

First-order model

The northern margin of the Musgrave Block is de-
fined here by the most northerly exposure of the
Dean Quartzite over granitic basement near site 20,
and the small anomalously early arrival at this site
for all azimuths (Fig. 5) may reflect the transition in
the upper crust from basin to basement. The Wood-
roffe Thrust lies between stations 13 and 14 but no
major travel-time anomaly is observed across it
here. Sites 11 to 13 lie near the Davenport and
Mann Faults, respectively, and here also no station
anomalies are seen. One of the east-trending mag-
netic lineaments (the Wintiginna Lineament) in-
ferred by Smith (1979) cuts across the seismic line
between sites 4 and 5 and another (the Lindsay Lin-
eament) lies to the south of site 1. The minimum in
the gravity anomalies occurs near sites 16-18 to the
north of the Woodroffe Thrust while the maximum
occurs at the southern end of the line (Fig. 3b) where
the surface rocks are mapped as grading back from
granulite to amphibolite facies (Forman & Shaw
1973).

No direct estimates of seismic P-wave velocities
(Vp) for the Musgrave rocks are available but an
extrapolation from comparable Arunta Block rocks
would appear to be valid. Laboratory measure-
ments of acoustic velocities of mafic granulite indi-
cate Vp =* 7 km/s and a density (p) of about 2.95
g/cm3 (Shaw 1988), and this is assumed to be rep-
resentative of the lower crust. Granitic gneiss, simi-
lar in composition and metamorphic grade to the
Olia gneiss, has velocities and densities of ~6.3
km/s and 2.70 g/cm3 respectively (Shaw 1988), and
this is taken to be representative of the upper base-
ment crust. For the Late Proterozoic sediments in
the Amadeus Basin Vp =^ 5.5 km/s and p ^ 2.55

g/cm3. A nominal mantle velocity of 8.3 km/s has
been adopted, compared with 8.2-8.25 km/s found
by Hales and Rynn (1978) in the northern Arunta
Block. The nominal mantle density is 3.30 g/cm3.
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 esti-
mates of upper mantle anisotropy to the west of the
central Australian region).

If the Moho is assumed to be flat at a uniform
depth of 35 km, with an average crustal Vp of 6.7
km/s, then lateral variations in crustal velocities of
~1.3 km/s are required throughout the crust to
explain differential travel-time anomalies of 1.0 s.
The surface contrasts between the granitic gneiss
and the mafic granulite would have to extend down
to Moho depths, but such a structure would trans-
form the granitic gneiss to higher density granulite
facies and the contrast could not be maintained.
Furthermore, the observations that the extreme
gravity values do not correspond to surface ex-
posure of the maximum and minimum density
rocks and that the wavelength of the gravity anom-
aly is considerably greater than the north-south
extent of the surface outcrops also indicate that
these anomalies do not have an upper crustal origin
alone. A more plausible interpretation of the station
anomalies is that the major contribution to the vari-
ations in travel-times comes from the seismic P-
wave velocity contrast between the crust and upper
mantle and that the travel-time anomalies are the
result of undulations of the crust-mantle interface
as well as lateral variations in crustal velocities. If,
in a first approximation, the deformation of any
intermediate crustal layers follows the crust-mantle
interface, then the velocity contrast between the
upper crust and mantle determines the magnitude
of the station anomaly, and undulations of up to
25 km are required to produce a differential travel-
time of 1 s.

The first-order characteristics of the station
anomalies for the principal groups of earthquakes
(Japan, Fiji-Tonga and South Sandwich Is.) are
three-fold. (1) For all azimuths there is an increas-
ing lateness of the anomalies from north to south for
the northern stations as far south as station 16, a
trend that extends farther south for the Japan and
South Sandwich Is. events. This is suggestive of a
southerly dipping interface of ~ 5° (surface A; Fig.
6a) below these stations. (2) A rapid transition from
late to early arrivals at sites south of about station
10, with the nature and location of this change being
strongly dependent on the azimuth of the station
anomaly, occurring farther to the south for the
northerly azimuth events than for the easterly and
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Fig. 6 (a) Predicted relative station anomalies for the crustal model 1 comprising a low-velocity homogeneous crust
over a high-velocity mantle and a steeply dipping fault that cuts through the crust. The station anomalies are predicted
for events from three different azimuths, (b) Same as (a) but with a northerly dipping fault plane B. (c) Same as (a) but
with a vertical dipping fault plane B. (d) Same as (a) but with a relatively shallow southward dipping fault plane B.

southerly azimuth events. This indicates a steep
southward dipping boundary or fault (surface B),
near stations 13-14, which separates low velocity
material to the north from high-velocity crust to the
south. (3) An irregularly increasing lateness of
anomalies for arrivals from Fiji and the South
Sandwich Is. at stations 1 to ~ 7 and this suggests

the existence of a southerly dipping surface (surface
C) beneath the southernmost part of the line. Pre-
dicted travel-time anomalies for such a simple
single crustal layer model (model 1) are in a quali-
tative broad agreement with the observations (com-
pare Fig. 6a with Fig. 5). The slopes of surfaces A
and C are functions of the velocity contrast between
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DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK 11

the crust and mantle and an increase in this contrast
decreases the dip angles required to match the ob-
served station anomalies. There is also some free-
dom in the definition of the surface B although a
northward or near-vertical dip is excluded because
the predictions then fail to match the shift in the
position of the late-to-early transitions with azi-
muth, south of about station 15 (Fig. 6b,c). A very
shallow dip-angle increases the distance range over
which this transition occurs for events from the
north and this is also excluded by the observations
(compare Fig. 6a and 6d). Even with such a simple
model an unambiguous solution does not exist if the
fault position at the surface is treated as an
unknown. In Fig. 6 the fault is assumed to corre-
spond at the surface to the location of the Wood-
roffe Thrust (near site 15) but shifting the fault to
the Mann Fault translates these predicted segments
of the travel-time anomalies south by ~ 20 km.
With this additional degree of freedom the best
agreement of this three-surface model with the ob-
servations is obtained if the fault reaches the surface
near station 12 and dips southwards at ~ 50°-60° to
the horizontal and this suggests a correspondence of
surface B with the Mann Fault.

Second-order model

Significant discrepancies between the model 1 pre-
dicted and observed anomalies occur. First, the
observed arrivals at stations 8-15 from Fiji and to a
lesser extent from Japan are earlier than predicted
by up to 0.4 s and, second, the observed South
Sandwich Is. arrivals at sites 1-8 are ~0.2 s later
than predicted. These and other departures from
this simple model are indicative of a more complex
variation in crustal velocities and crust-mantle

boundary along the section, and possibly of varia-
tions in the structure along the tectonic strike of the
region. The experiment with a single line of rec-
orders is inadequate for comprehensive 3D model-
ling for crustal structure and a forward modelling
procedure is adopted instead in which the starting
model is based on the surface geology and on a pro-
jection of the station anomalies back along their
nominal ray paths with the assumption in the first
instance that the anomalies are produced by velo-
city contrasts only. To avoid the complications
introduced by possible east-west variations in
structure, the forward modelling is first carried out
using the Japan and South Sandwich Is. earthquake
data only whose ray paths from the north and south,
respectively, lie in the vertical north-south plane
through the stations. Figure 7 illustrates the nom-
inal ray paths for these events through a laterally
homogeneous model and this indicates the poten-
tially high resolution, both vertically and horizon-
tally along the line, that can be achieved for the
crustal and upper mantle structure.

The southern part of the Amadeus Basin contains
up to ~ 4 km of Late Proterozoic sediments (Wells
et al. 1970) that are thickest to the south and thin
towards the centre of the basin near station 25.
North of station 25, the basin sediments again tend
to increase in depth and both the gravity and tele-
seismic data are consistent with a gradually increas-
ing depth to the Moho northwards of this site
(Lambeck & Penney 1984). The southern margin of
the basin is taken to correspond to the northern-
most outcrop of the Dean Quartzite near station 20
and may be fault controlled. To the south, as far as
the Woodroffe Thrust, surface crustal velocities of
6.3 km/s are adopted for the amphibolite facies
gneiss and granite, and a value of 7.0 km/s is adop-
ted for the granulite facies rocks exposed to the

From
South Sandwich

Islands
100 km

Moho

From Japan

40 80 120 160 200

South Distance (km)
240 280

North

Fig. 7 Nominal ray path geometry from northern and southern earthquakes through a uniform crustal and upper
mantle model.
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7 12 K. LAMBECK AND G. BURGESS

south of this thrust. These high-grade rocks exposed
at the surface are taken to indicate an uplifted crust
whose upper layer has been eroded. A steeply
southward dipping fault is introduced to corre-
spond to the Mann Fault, consistent with the first-
order three-surface model, and for modelling pur-
poses this is equivalent to a shallow Woodroffe
Thrust that rapidly steepens with depth to merge
with the Mann Fault. At the southern end of the
teleseismic station line the granulite rocks are as-
sumed to grade back to amphibolite facies rocks
(Forman & Shaw 1973). Figure 8a illustrates the
seismic model (model 2). The corresponding pre-
dicted station anomalies for the northern and
southern principal groups of events from Japan and
the South Sandwich Is. are illustrated in Fig. 8b,c.
This result was obtained after a number of itera-
tions of tracing seismic waves geometrically
through the 3D model and by matching predicted
and observed differential station anomalies. In

these successive iterations, a back projection me-
thod is used that included the contributions to the
travel-times from the bending of the ray paths pre-
dicted by the previous iteration model. The ray
paths of refracted multiple-reflected headwaves and
diffracted waves originating from selected points,
are computed using asymptotic ray theory (Spence
et al. 1984), but only the first arrivals are compared
with the observations unless clear precursor phases
can be identified ahead of the principal P-wave ar-
rival. The ray-tracing model is 3D, although the
structure is a function only of depth and distance
along the essentially north-south line.

In model 2, the southerly dipping Moho and in-
termediate crustal discontinuity beneath the north-
ern part of the line is required to match the
increasing lateness of the arrivals from Lake Ama-
deus to the Woodroffe Thrust. The wedge of down-
thrust crustal material is required to produce the
late arrivals from the South Sandwich Is. at stations

(a) (b)
Japan

H OS •

(c) (d)

South Sandwich
Islands

150 J

Fig. 8 (a) Teleseismic model 2 comprising a two-layered crustal model and basin sediments, (b) Observed (illustrated
by the shaded area defining the limited T\ ± ATi where AT; is the standard deviation for each 7i) and predicted (solid
line) station anomalies for earthquakes from Japan, (c) Same as (b) but for South Sandwich Islands earthquakes, (d)
Observed and predicted (solid line) gravity anomalies for model 2.
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DEEP CRUSTAL STRUCTURE FOR MUSGRAVE BLOCK 13

10-12, and the shallower Moho immediately to the
south of these sites is required to explain the rela-
tively early arrivals at stations 7-9 from this same
azimuth. The arrivals at these stations from Japan
travel through both of these structures and their
combined effect has produced increasingly earlier
arrival times at stations south of 7. If the fault is
modelled as a single plane its position is constrained
to lie near the Mann Fault. Furthermore, if the dip
of this plane is increased significantly then pre-
dicted arrivals at stations north of 10 would arrive
earlier than observed. Likewise, a much shallower
dip is inconsistent with the observations south of
this fault. The observations are also consistent with
a shallow dipping fault corresponding to the Wood-
roffe Thrust but which rapidly steepens with depth.
It bears close similarity with the diagrammatic sec-
tion proposed by Forman (1971) on the basis of
variations in regional metamorphism and tectonic
structure. It also bears close similarity to the crustal
model proposed for the southern Arunta Block
across the Redbank Zone (Lambeck et ah 1988;
Golebyefa/. 1989, 1990).

Agreement with the observations is generally sat-
isfactory but some significant discrepancies occur,
particularly at sites south of the Mann Fault. The
predicted and observed gravity anomalies also ex-
hibit major discrepancies at the southern end of the
line, and the crustal structure here appears to be
more complex than assumed in the model.

The rapid changes in arrivals observed at stations
1 -7 for the southern events, but not for the northern
events, requires a series of discontinuities in the
Moho to maximize the effects in the arrivals from
the south. The postulation of such discontinuities is
supported by the major magnetic intensity linea-
tions, the Wintiginna and Lindsay Lineaments of
Smith (1979), if the analogy to the Arunta Block
associations of magnetic anomalies, surface faults
and seismic reflections (Shaw 1988; Goleby et al.
1989) are valid. Webb (1985) also associated these
lineaments with faults and suggests that the Lindsay
Lineament corresponds to a north-dipping thrust.
The two lineaments bound a short-wavelength com-
ponent in the gravity field that is superimposed on a
broader anomaly, similar to that observed over the
intrusive mafic and ultramafic Giles Complex bod-
ies of Mt Caroline and Mt Davies (Fig. 3). A refine-
ment of the above model is illustrated in Fig. 9a
(model 3) in which the southern faults have been
introduced with steep northward dipping angles.
The crustal thickness beneath the central part of the
basin has been reduced in order to match better the
early arrivals at sites 23-25. The corresponding
station anomalies for the in-plane ray paths from
Japan and the South Sandwich Is. are compared

with the observed values in Fig. 9b,c and agreement
is generally adequate, except that the discrepancy at
the northern end of the line indicates that the crust
may be thinner or of higher velocity than has been
assumed in the model.

In addition to the Japanese events, earthquakes
from two other northern groups have been rec-
orded, from Mindanao and the Kuril Islands, whose
epicentral distances are respectively less than and
greater than those of the Japanese earthquakes. The
principal difference in the observations from these
three regions occurs at sites 1-6 where the arrivals
become increasingly earlier as the waves approach
the region at steeper angles (Fig. 9d,e) whereas the
model predicts only little variation over this dis-
tance range. Nevertheless, considering that both the
Mindanao and Kuril solutions are based on few
observations, the agreement is satisfactory.

A test of the two-dimensionality of the model is
provided by the seismic signals originating from
regions outside of the vertical plane through the line
of seismic recorders. The best data set is from
earthquakes in the Fiji source region from which the
seismic waves arrive at an average azimuth of 094°.
The corresponding station anomalies are illustrated
in Fig. 9f. The predicted arrivals at stations 10-14
are systematically late, by up to 0.2 s and this may be
the result of the thrusts and faults not being ortho-
gonal to the seismic line as is assumed in the model.
A similar discrepancy is noted for the Kermadec
solution (Fig. 9g). Generally the predicted arrival
times do not change rapidly with the direction of the
incoming signal except when this direction is close
to the tectonic strike of the model, as is the case for
these easterly source regions, where small changes
in azimuth can result in the predicted ray paths ar-
riving from one side or the other of the modelled
fault plane. The actual azimuth of the Mann and
Davenport faults is ~ 105-110° compared with the
090° assumed in the model and this has the
consequence that the predicted seismic ray paths
are sampling the upper mantle and crustal model
further to the north than would actually be the case.
This is supported by noting that agreement between
predicted and observed travel times of the eastern
events is improved if the latter are translated
northwards by ~ 10 km. The consequence of the
inadequate modelling of the Fiji and Kermadec ray
paths relative to the faults can be assessed by rotat-
ing the model in azimuth by ~ 15-20°. The effect of
this (illustrated in Fig. 9f,g) is to reduce the discrep-
ancies by 0.1-0.2 s. The other discrepancy for the
Fiji results occurs at sites north of about station 17
where the predicted arrivals are systematically early
by up to 0.3 s whereas for the New Zealand and
Kermadec earthquakes this discrepancy is much
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(b) (c)
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South Sandwich
Islands
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Fig. 9 Observed (illustrated by the shaded area defining the limited 71 ± AT1; where A71 is the standard deviation for
each 71) and predicted (solid line) teleseismic anomalies for the crustal model 3 (a); for earthquakes originating from (b)
Japan, (c) South Sandwich Is., (d) Mindanao, (e) Kuril Islands, (0 Fiji-Tonga, (g) Kermadec, (h) New Zealand, and (i)
the Southeast Indian Ridge. Small amplitude first arrivals ( + ) produced by diffractions from the point A (a) occur for
the eastern azimuth events only (f-g). Predicted travel times for sites (8-12) south of the Woodroffe Thrust, based on a
rotation of the model through 20°, are illustrated by the dashed line for the eastern azimuth models (f-g).

less. This also may be a consequence of along-strike
variation in the deep crustal structure. The only use-
ful events observed with western azimuths orig-
inated from the Southeast Indian Ridge and these
produce a very satisfactory agreement with the
model predictions (Fig. 9i), suggesting that there
may be less lateral variation in deep structure to the
west of the line than to the east.

The rapid change from late to early arrivals ob-
served immediately to the south of the Mann Fault
for all three eastern source regions is well modelled,
although the predicted magnitude of this change is
somewhat less than observed. Of interest is the dif-
ferent character of the wave form at station 8 from
that at adjacent sites for earthquakes arriving from
the Fiji region but not from other azimuths. In Fig.
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4, for example, the wave trains arriving at sites 7-9
from Japan are very similar to each other and the
same is also true for the South Sandwich Is. arrivals.
For the Fiji event, in contrast, the arrival at station 8
often has a different character than at the sites on
either side irrespective of the seismometers used. It
appears that waves arrive at this station separated
in time by <0.5 s with the first arrival being of
smaller amplitude than the latter. This interference
is a maximum for events from Fiji and has vanished
for events from the Kermadec region. Similar
events were observed across the Redbank De-
formed Zone in the Arunta Block (Lambeck et al.
1988) where they were interpreted as an inter-
ference of diffraction phases, from the lower end of
the down-thrust wedge of crust, with the direct
wave. For model 3, the only diffraction point that
produces arrivals ahead of the direct ray paths in the
lower end of the down-thrust crustal wedge is Point
A (Fig. 9a) and this occurs only at station 8 (Fig.
9f,g).

The observed changes in arrival times from east-
ern azimuths south of station 7 are less well rep-

resented by the model and this may also reflect
east-west lateral variation in deep crustal structure.
For example, the regional gravity anomaly trend
exhibits a marked change in orientation immedi-
ately to the east of these sites although the magnetic
lineations here are approximately east-west. Never-
theless, the rapid changes in the observed anomalies
confirm that significant discontinuities occur in
crustal structure in the neighbourhood of these lin-
eations. The observed travel-time anomalies for
southwest azimuths are in good agreement with the
model predictions (Fig. 9i); particularly the large
and rapid transition from late to early arrivals ob-
served from stations 12 to 10 is well represented,
but the resolution of structure at the southern end is
limited.

With the density values discussed above
(pmantle = 3.3; plower crust= 2.95; pupper crust= 2.70;
Psediments = 2.55 g/cm3), the predicted gravity
anomalies are in good agreement with observed va-
lues along the line, with a root mean square differ-
ence of 10.9 mgal compared with root mean square
signal of 76.3 mgal (Fig. 10). Much of this difference
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(a)

Observed-Predicted ( Model 3 )

Fig. 10 (a) Predicted gravity
anomalies (model 3), the
observed Bouguer anomalies,
and the residuals (observed-
predicted); (b) the mean
elevation along the seismic
line; (c) the crustal model 3;
and (d) the maximum stress-
differences in the crust and
upper mantle for the models 2
and 3.

is of short wavelength and is readily reduced by
using a finer definition of the model in the upper 10
km of the crust where the seismic data place few
constraints on the model. At the northern end of the
line the predicted gravity anomaly agrees with ob-
served values provided that, with the adopted crus-
tal densities maintained, the depth of the Moho and
intermediate crustal layer is not reduced as appears
to be required by the seismic data. This suggests that
the velocity-density relations may not be the same
throughout the model but this cannot be resolved

without extending the travel-time survey farther
northwards.

DISCUSSION

The seismic station anomalies do not give a unique
solution for upper mantle and lower crustal struc-
ture because the data set is inadequate in the distri-
bution of both the recording stations and the
earthquake source regions. Nevertheless, the obser-
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vations require major lateral variations involving
the crust as a whole as well as the upper mantle
down to depths of at least 60 km. A major require-
ment is a zone, associated at the surface with the
Mann and Woodroffe Thrusts, where relatively
low-velocity material lies below high-velocity mat-
erial with an overall southerly dip. The pattern of
the station anomalies across this deformed zone has
many similarities to those previously recorded
across the northern margin of the Amadeus Basin
and the Redbank Deformed Zone, and the pro-
posed structure is quite comparable with that de-
duced for the southern Arunta Block from both the
teleseismic evidence and deep crustal seismic re-
flection data (Lambeck et al. 1988; Goleby et al.
1989). Other requirements are the two north dip-
ping thrusts in the southern part of the Musgrave
Block, coincident with the magnetic lineations, and
with relatively high velocity close to the surface at
the southern end of the line.

The proposed crustal model is not in local iso-
static equilibrium, and estimates of the maximum
variations in vertical stress on surfaces of constant
depth immediately beneath the structure are in the
order of 100 MPa. This provides a measure of
the maximum stress-difference that will occur
somewhere above this surface (Lambeck et al.
1984). The relative mass excess occurs primarily to
the south of the Mann Fault although, for model 3,
the variations in the stress are of relatively short
wavelength. Stress-differences across the postulated
Lindsay and Wintiginna Faults are ~ 30-50 MPa
(Fig. 10). The maximum relative mass deficit is as-
sociated with the downthrust crustal wedge and
extends across the Mann and Woodroffe Thrusts to
beneath the Amadeus Basin over a distance of
> 100 km. If isostasy prevailed, regions of relative
mass excess should have subsided and regions of
relative mass deficit should have been uplifted, par-
ticularly for the longer wavelength components.
The rates at which this would occur are functions of
the strength and viscosity of the Hthosphere and of
the wavelengths of the internal and surface loads
but, since the youngest age for the last major tec-
tonic event in this region is believed to be Cambrian
(Forman 1966), sufficient time would normally
have elapsed for isostasy to have been estab-
lished.

At the northern end of the line, the topographic
low expressed by Lake Amadeus corresponds to a
gravity maximum but the other gravity extremes
bear little relation to the mean elevations (Fig. 10).
Little correlation in the sense predicted by isostasy,
whether compensation is local or regional, exists
between gravity and topography for the central Aus-
tralian region as a whole (Stephenson & Lambeck

1985). Clearly, once all tectonism has ceased in the
region, the continental crust here is able to support
stress-differences, in the order of 100 MPa with
wavelengths of 100 km and more, for very long in-
tervals of geological time.

At the time of the last major movements on the
Woodroffe-Mann Deformed Zone the area would
have carried a significant topographic load created
by the upthrust crust to the south and by the syn-
orogenic deposition of sediments immediately to
the north of this zone. The Musgrave and Mann
Ranges are presumably a residue of this ancient
mountain range. A minimum estimate of the max-
imum elevation difference is — 3 km, the amount
required to balance the mass deficit now found.
This assumes that the region would have been close
to isostatic equilibrium at the completion of the
movement and that no further isostatic rebound
occurred. Then, as erosion took place with an aver-
age regional erosion time constant of perhaps 10s

years (cf. Lambeck & Stephenson 1986), local iso-
static rebound did not occur fully, possibly because
some of the horizontal compressive force that led to
the deformation in the first place was still present
after completion of the thrusting event, while at the
same time the Hthosphere strengthened as it cooled.
The 1986 magnitude 5.5 earthquake on the Marryat
Fault, a branch of the Ferdinand Fault to the east of
the seismic line (Fig. 2; McCue etal. 1987), the 1989
magnitude 5.8 Ayers Rock earthquake and the 1988
magnitude 6.7 Tennant Creek earthquake farther to
the north (Bowman et al. 1990) all indicate that the
horizontal stress-state in central Australia is one of
north-south compression at this time and possibly
compressive stresses may have occurred within
these parts of the crust for much of Phanerozoic
time.

A feature of the Woodroffe-Mann Deformed
Zone is the basic and ultrabasic intrusions of norite,
gabbro, anorthosite and pyroxenite, collectively re-
ferred to as the Giles Complex. Major outcrops
occur at Mt Davies (Mann 1:250 000 map sheet)
and at Mt Woodroffe (Woodroffe 1:250 000 map
sheet) in South Australia as well as farther west in
Western Australia where the ultrabasic intrusions
are associated with significant gravity anomalies of
wavelengths of a few tens of kilometres (Fig. 3c).
One such anomaly occurs near the southern end of
the seismic line where the travel-time anomalies
alsdjrequire high velocity crustal material near the
surface, and this suggests that the ultrabasic in-
trusions may occur here as well.

The Musgrave model exhibits many similarities
to that proposed for the northern margin of the
Amadeus Basin and the southern Arunta Block (Fig.
11) which was based on similar data sets but whose
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Musgrave Block Amadeus Basin Arunta Block

Fig. 11 Schematic cross-section of crustal structure across the Musgrave and Arunta Blocks and the Amadeus Basin as
derived from teleseismic travel-time analyses. Part 1 is from this study, part 2 is from Lambeck et al. (1988) and the two
parts have been bridged using the results from Lambeck and Penney (1984) for the widely spaced array (part 3) across
central Australia.

essential features are consistent with the results
from deep crustal seismic reflection (Goleby et al.
1989). The tectonic processes for both regions ap-
pear, therefore, to have been similar although they
occurred at different times. In both areas, major
deformation zones existed already in Proterozoic
time and upon which thrusting movements oc-
curred at later times, nominally during the Cam-
brian in the case of the Mann-Woodroffe De-
formed Zone and during the Devonian-Carbonif-
erous in the case of the Redbank-Ormiston De-
formed Zone in the Arunta Block. In both areas
these thrusts penetrated the crust and produced off-
sets in Moho depth, remnants of which appear to
have been frozen or locked into place, with residual
stress-differences of the order of 100 MPa, which
have persisted for long periods of geological time.
Evidence for some stress relaxation exists for the
northern area in the form of topographic lows co-
inciding approximately with gravity highs (and vice
versa) (Lambeck et al. 1988) but this relationship is
much less obvious for the Musgrave Block.
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