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S1. Spatial coherency at the Warramunga Array

In the main paper we show the autocorelograms for the tightly clustered stations of the Alice

Springs array (ASAR) in central Australia. The Warramunga Array (WRA) is a larger aperture

array established on Proterozoic granites of the North Australian Craton (Figure S1). The original

configuration was a L-shape with two 25 km long arms with 10 stations each. Refurbishment to

meet the standards of the Comprehensive Nuclear Test-Ban Treaty (CTBT) introduced a central

cluster with 4 extra stations. Since 2001 all stations have broad-band vertical component sensors

placed in shallow holes. Close to the centre of the array is the GDSN station WRAB emplaced in

a 100m borehole.

WRA shows strong signal coherence for teleseismic and regional events with subtle inter-

station variations that indicate the presence of a range of scales of heterogeneity from around 2.5

km to 10 km at least (Kennett, 1987). It is likely that both shorter and longer heterogeneity scales

are present, at least in the crust, but are not detectable with the current array geometry.

WRA spans a much larger area than ASAR, and although there are strong similarities in the

autocorrelograms at the different stations there are obvious gradients in crustal properties (Figures

S2, S3). Seismic refraction work near the array (Finlayson, 1982) indicates a relatively thick crust

(around 50 km) with a gradient from the lower crust into the mantle beneath.

Figure S2 displays the autocorrelograms from station WRAB, the central WC stations and

the northern arm (WB). Figure S3 repeats WRAB and the central stations, but now includes the

eastern arm stations (WR). In each case we can recognise a distinct crustal character that evolves

along the respective arms. The Moho is apparent as the base of the crustal-style of reflectivity,

though is not marked by a prominent reflector.

Sub-Moho reflectivity shows a similar character at all stations, with a continuing train of sig-

nificant amplitudes. There is a change in the nature of the autocorrelogram traces at around 25 s,

which corresponds to the depth reported for the mid-lithosphere-discontinuity (MLD) at WRAB

by Ford et al. (2010), as indicated in Figures S2 and S3. On the Figures S2, S3 we also mark

the shallower and deeper bounds on the lithosphere-asthenosphere transition (LAT) estimated by

Yoshizawa (2014). These bounds do not appear to have any direct association across WRA with
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Figure S1: Configuration of the Warramunga Array (WRA), WR1: 19.9426◦S, 134.3394◦E.

any distinct features on the autocorrelograms. However, there is a change in trace characer just

below 45 s at many stations, a little deeper that the lower bound. Beneath this area of the North

Australian Craton there is rather complex mantle structure with high wavespeeds at around 100

km depth, but no well developed low velocity zone below (see Figures 6 and 9 in the main paper).

Estimates of the depth of the base of the lithosphere in this zone differ significantly, e.g., that pro-

posed by Kennett et al. (2013) based on a different analysis of velocity gradients, would be later

than 50 s.

The noticeable variations in the later part of the apparent P wave reflectivity on Figures S2

and S3, mean that we have to be careful to avoid too strong an interpretation of any individual

features. Nevertheless, the consistency in general character is encouraging. When we look closely
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Figure S2: Spatial coherence of the stacked autocorrelograms for the individual elements in the central cluster and
on the northern (blue) arm at WRA. M marks the Moho depth from the model of Salmon et al. (2013), and the red
and blue lines the shallower and deeper bounds on the lithosphere-asthenosphere transition (LAT) from Yoshizawa
(2014). The Mid-Lithosphere Discontinuity depth determined by Ford et al. (2010) from S-wave receiver functions is
indicated by MLD.

Ti
m

e 
[s

] D
epth [km

]

M

MLD

LAT

5. 14.

10. 30.

15. 49.

20. 69.

25. 89.

30. 109.

35. 130.

40. 150.

45. 170.

50. 191.

55. 211.

60. 232.

65. 253.

70. 275.

WRAB WC1  WC2  WC3  WC4  WR1  WR2  WR3  WR4  WR6  WR7  WR8  WR0  

Figure S3: Spatial coherence of the stacked autocorrelograms for individual elements in the central cluster and on the
eastern (red) arm at WRA.
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at the lithospheric band of reflectivity in Figures S2 and S3, we see arrivals that appear on a group

of nearby stations but not over the whole array. The behaviour suggests horizontal heterogeneity

scale lengths of the order of 5-10 km in the lithospheric mantle.

The results across WRA indicate that the same style of P-wave reflectivity is maintained across

an aperture of at least 50 km. This provides good evidence for a dominant origin from depth,

modulated by lateral variations, with ’noise’ produced by a contribution from scattering from

smaller scales of heterogeneity.

For paths from Indonesian subduction events to stations in northern Australia, including WRA,

Kennett and Furumura (2008) can match the behaviour of the observed seismograms with a

stochastic seismic model with a horizontal correlation length of 20 km and vertical correlation

length of 0.5 km. The nature of the autocorrelograms at WRA suggests that shorter scales are

present in addition.

S2. Simulation of autocorrelogram results

The results from the stacked autocorrelograms at the stations across Australia show a distinct

contrast between the strong level of apparent P wave reflectivity in the crust and a lower level

in the mantle component of the lithosphere. We here consider the response for 1-D profiles ex-

tracted from a study of multi-scale heterogeneity in the Australian continent from the character of

seismograms recorded after propagation for several hundred kilometres.

The multi-scale models have been constructed starting from 2-D sections through the AuS-

REM crust and mantle model (Kennett and Salmon, 2012). To represent the smaller scale het-

erogeneity revealed in more detailed studies such as that of Rawlinson et al. (2014), a stochastic

component with r.m.s. amplitude of 1%, horizontal correlation length 120 km, and vertical cor-

relation length 24 km is applied across the entire model. The heterogeneity spectrum is speci-

fied by a von Karmán distribution with a Hurst exponent of 0.5, which provides strong influence

from shorter wavelengths. At even shorter scales, a range of depth dependent heterogeneity is

introduced as specified in Table 1, in each case using the von Karmán distribution. The style of

contributions is based on a wide range of information about the character of the crust and prior

studies of lithospheric heterogeneity in Australia (Kennett and Furumura, 2008). The bounds on

the lithosphere-asthenosphere transitions are taken from Yoshizawa (2014).

The multi-scale model provides a complex wavespeed distribution with a mixture of fine-scale

and broad-scale variations. When sampled at a suite of location we can extract a set of detailed

1-D models with character representative of different geologic provinces.
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Figure S4: Autocorrelograms of transmitted P waves through 1-D models extracted from a 2-D multi-scale hetero-
geneity model for 21◦S built on the substrate of a section through the AuSREM model (Kennett & Salmon, 2012). For
each position the P wave velocity model is shown as a function of time to the left, and the autocorrelogram results to
the right. The indicators for the depth to Moho and the upper and lower bounds on the lithosphere/asthenosphere tran-
sition are placed as for the observations. In the right-hand panel we show an indication of the heterogeneity regimes
applied in the construction of the multi-scale models.

Table 1: Heterogeneity regimes used in multi-scale model: amplitudes and correlation lengths.

Medium-scale

Depth range rms het horiz correl.[km] vert. correl. [km]

0-300 km 1% 100 24

Fine-scale

Depth range Label rms het horiz correl. [km] vert. correl. [km]

0-15 km C1 0.5% 2.6 0.4

15-M km C2 1.5% 2.6 0.4

to top LAT L1 0.5% 10.0 0.5

LAT L2 1.0% 5.0 1.0

AST A 1.0% 5.0 1.0
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The complex 1-D models are very finely layered with vertical sampling of 0.1 km. Incident

P waves are introduced at the base of the structure at 280 km with small slownesses, and the

transmission response including the effect of the free surface is constructed. The autocorrelation

of the vertical component is then calculated, as presented by Gorbatov et al. (2013), to extract the

P-wave reflectivity. A stack is made over 5 slownesses out to 0.01 s/km, and then the resultant

trace us band pass filtered in the band 0.5–3.0 Hz. This process is designed to follow the steps

used for the observations, and so allow direct comparison with the results in Figures 6–10.

In Figure S4 we display the Synthetic P-wave reflectivity traces in the same way as in Figures

in the main paper and in Figures S2, S3. As can be seen from Figure S4, the synthetic P-wave

reflectivity traces created in this way closely resemble the stacked station results. Alongside each

trace we display the P wavespeed distribution for the 1-D model at that location. The interaction

of the multiple heterogeneity scales produces complex fine-grained structure throughout the litho-

sphere and asthenosphere. Although major contrasts in P wavespeed have a direct expression in

the reflection traces, many complex reflectivity features arise from interference effects. This is

similar to the situation with cyclic bedding in sedimentary sequences or where thin coal layers are

present.

The contrast in reflectivity style between the crust and the lithospheric mantle see in Figure S4

is similar to that seen at many of the stations shown in Figures 6–10. The 1-D model at 119◦E

is representative of Archean structure, with a broad lithosphere-asthenosphere transition (LAT).

The synthetic reflectivity from this LAT zone is somewhat larger than that seen at the stations

LP01, RP01 and MBWA on Profile A (Figure 6). The models at 125.5◦E, 132.0◦E, 138.5◦E lie

in the Proterozoic domain and display a fairly coherent character. The reflectivity is a little less

than seen for comparable stations on Profile A, but will not include any 3-D scattering effects. At

145.0◦E the 1-D model represents the Phanerozoic belt with a thin zone of higher wavespeeds.

Weak reflectivity is seen from the base of the low velocity zone, comparable to that at CTA and

YNG (Figure 5, Profile E – Figure 10).

The results from these 1-D models indicate that near vertical propagation through complex,

but realistic, heterogeneity can reproduce much of the character of the stacked autocorrelograms,

and provide a useful constraint on likely levels of variation in the lithosphere.
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