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Crustal structure of a Proterozoic craton boundary: east Albany-Fraser
Orogen, Western Australia, imaged with passive seismic and gravity

anomaly data

C. Sippl1,3, L. Brisbout2, C.V. Spaggiari2, K. Gessner2, H. Tkalčić1, B.L.N. Kennett1, R. Murdie2

Abstract

We use passive seismic and gravity data to characterize the crustal structure and the crust-mantle

boundary of the east Albany-Fraser Orogen in Western Australia, a Proterozoic orogen that reworked the

southern and southeastern margin of the Archean Yilgarn Craton. The crustal thickness pattern retrieved

from receiver functions shows a belt of substantially thickened crust that follows the trend of the orogen, but

narrows to the southwest. Common conversion point profiles show a clear transition from a wide, symmetric

Moho trough in the northeast to a one-sided, northwestern Moho dip in the southwest, where the Moho

appears to underthrust the craton towards its interior. This change appears to coincide with the inferred

trace of the Ida Fault, a major terrane boundary within the Yilgarn Craton.

Forward modelling of gravity anomaly data using the retrieved Moho geometry as a geometric constraint

shows that a conspicuous, elongated gravity low on the northwestern side of the eastern Albany-Fraser

Orogen is almost certainly caused by thickened Archean crust. To obtain a model that resembles the

regional gravity pattern the following assumptions are necessary: high-density rocks occur in the upper

crust of the Fraser Zone, at depth inside the Moho trough and in parts of the eastern Nornalup Zone east

of the Moho trough. Although our gravity models do not constrain at which crustal level these high-density

rocks occur, active deep seismic surveys suggest that large extents of the east Albany-Fraser Orogen’s lower

crust include a Mesoproterozoic magmatic underplate known as the Gunnadorrah Seismic Province.

The simplest interpretation of the imaged crustal structure is that the Gunnadorrah Seismic Province is

underthrust beneath the Yilgarn Craton, likely as a consequence of crustal shortening during accretion

further east. The imaged geometry overall appears to show a wedge of Archean lower crust that was driven

between the exhumed Fraser Zone and the Gunnadorrah Seismic Province, effectively splitting the Paleo-

to Mesoproterozoic crust of the east Albany-Fraser Orogen. The vertical splitting of Proterozoic crust by a

cratonic crustal wedge, comparable to what we image in this study, may be a process that contributed to

forming many craton margins around the world.

Keywords: Albany-Fraser Orogen, craton rim processes, Crustal thickness, receiver functions, gravity
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1. Introduction1

Archean cratons, the oldest continental nuclei, are typically bound by Proterozoic orogenic belts that2

contain relatively thicker crust (Durrheim and Mooney, 1991; Mooney et al., 1998) and commonly lack deep,3

mechanically strong mantle lithospheric cratonic keels (e.g. James and Fouch, 2002). Thus, Proterozoic oro-4

genic belts often act as weak “buffer zones” between the stable cratons, where mechanical and magmatic5

reworking events in response to tectonic reconfigurations preferentially focus (e.g. Black and Liegeois, 1993;6

Lenardic et al., 2000). In analogy to modern-day orogens, these orogenic belts can be subdivided into col-7

lisional and accretionary orogens (e.g. Cawood et al., 2009); the former are the result of a direct collision8

between two cratonic fragments, whereas the latter form in settings of protracted subduction and/or arc9

accretion along a craton margin. In many cases, an older accretionary event may be overprinted and/or10

consumed by a later collisional orogeny, for example the Gondwanan terranes in Tibet (e.g. Yin and Harri-11

son, 2000).12

13

In Australia, a continent where Archean cratons and Proterozoic orogens make up the western two14

thirds of the continental basement, a series of orogenic events during the Paleo- and Mesoproterozoic welded15

together three major cratonic blocks, the West, North and South Australian Cratons (e.g. Myers et al.,16

1996; Giles et al., 2004; Betts and Giles, 2006; Cawood and Korsch, 2008). Most of the Proterozoic orogenic17

belts between the cratonic cores are covered by locally thick sedimentary basins (Scott et al., 2000; de Vries18

et al., 2008), which has hampered direct access to basement rocks in these areas. The Albany-Fraser Orogen19

(AFO) is the southern and southeastern margin of the West Australian Craton, and its younger history20

corresponds with the latter stages of Mesoproterozoic continent assembly (e.g. Giles et al., 2004). Unlike21

some other Proterozoic orogens in Australia that have been identified as continental collisional belts (e.g.22

Tyler and Thorne, 1990; Johnson et al., 2011), the AFO appears to be an extensional accretionary orogen23

that, despite being modified by considerable crustal shortening, has never experienced continental collision24

with any other cratonic fragment. Evidence for this is provided by the magmatic and basin formation history25

as well as by the presence of oceanic arc type basement rocks in the Madura and Coompana Provinces east26

of the AFO, under the Eocene limestones of the Eucla Basin (Spaggiari et al., 2015; Spaggiari and Smithies,27

2015; Smithies et al., 2015).28

In this study, we combine two different geophysical approaches, passive source seismology and gravity29

analysis, to image the crustal structure of the east AFO. Receiver function analysis of data from a large30

temporary deployment of seismic stations in the southern two thirds of the east AFO yields a high-resolution31
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map of crustal thickness. Especially in old continental regions like Western Australia, where most surface32

topography has long been removed by erosion and where basement rocks are frequently buried under regolith33

or younger basin cover, Moho topography can provide important constraints on past tectonic processes (e.g.34

Kennett et al., 2011; Kennett and Saygin, 2015; Sippl, 2016). Previous studies around the world have35

shown a predominance of a flat and sharp Moho under most Archean cratons, but thickened, undulating,36

or gradational Moho topography has frequently been observed in adjacent Proterozoic terranes (e.g. Nguuri37

et al., 2001; Gilligan et al., 2016). This implies crustal thickening that is typically linked with continental38

collision or accretion. Preserved Moho character and topography are mostly indicative of past processes39

acting at lower crustal and uppermost mantle levels. Possible mechanisms for the creation of thickened40

crust include stalled subduction events (e.g. Mercier et al., 2008) as well as continental underthrusting41

and underplating. However, it is not always clear how accurately an imaged configuration represents the42

conditions at the time of orogeny since tectonic overprinting and modification can have obscured the region’s43

initial signature. In the present study, we use the Moho topography that we retrieve from receiver functions as44

an input to gravity forward modeling. Subsurface lithology is inferred based on surface structural trends and45

the interpretation of three recently acquired whole-crustal seismic reflection profiles in the area (Spaggiari46

et al., 2014b). The resulting model of crustal structure is used as constraint to inform and modify existing47

models of the regional tectonic evolution.48

2. Regional tectonic setting49

The Albany-Fraser Orogen occupies the southern and southeastern margin of the Archean Yilgarn Cra-50

ton in Western Australia (e.g. Myers, 1990), and represents extensive re-working of Yilgarn crust during51

the Paleo- and Mesoproterozoic (Kirkland et al., 2011; Spaggiari et al., 2014a, 2015). To the east, it is52

separated from the Madura Province by the Rodona Shear Zone (Figure 1A). To the west it is truncated53

by the Darling Fault and the late Mesoproterozoic to Neoproterozoic Pinjarra Orogen. Aeromagnetic and54

geochronology studies have shown that the AFO is continuous into the Wilkes Land region of eastern Antar-55

tica (e.g. Fitzsimons, 2003; Aitken et al., 2016), which implies that the Cretaceous rifting event (e.g. Gurnis,56

1998) that separated Australia from Antartica occurred within the AFO.57

The AFO was originally interpreted as a collisional orogenic belt that resulted from the amalgamation of58

the West and South Australian Cratons (e.g. Myers, 1993), the remnants of which are the Archean cores59

of the Yilgarn and Mawson (including the Gawler) Cratons. However, recent work on the AFO and the60

adjoining Madura Province has shown that the two cratons never met (Spaggiari et al., 2015; Spaggiari and61

Smithies, 2015). Thus, the Rodona Shear Zone, which separates the AFO from the Madura Province is62

the suture that separates modified Yilgarn crust from exotic (oceanic and oceanic-arc type) basement rocks63

under cover.64
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The Albany-Fraser Orogeny occurred in two tectono-thermal stages between 1330-1280 Ma and 1225-114065

Ma (Clark et al., 2000; Spaggiari et al., 2014a, 2015). Stage I is interpreted to have been triggered by the66

accretion of the Loongana Arc (Spaggiari et al., 2015), whereas Stage II is typically interpreted as reactiva-67

tion and magmatism in an intracratonic setting. Before these orogenic events, the edge of the craton was a68

passive margin in a continental rift setting that evolved to form an ocean-continent transition from at least69

1815 Ma to c. 1480 Ma (Spaggiari et al., 2015; Spaggiari and Smithies, 2015).70

71

The NE- to NNE-trending east AFO is subdivided into two main units, the Northern Foreland and the72

Kepa Kurl Booya Province, which is further divided into the Tropicana, Biranup, Fraser and Nornalup73

Zones (Figure 1A; Spaggiari et al., 2014a): The Northern Foreland is separated from the largely unmodified74

Yilgarn Craton to the northwest by the Jerdacuttup Fault and the Cundeelee Shear Zone. Its Archean rock75

assemblages include the Munglinup Gneiss in the south (Figure 1; Myers, 1990; Spaggiari et al., 2014a,b).76

Southeast of the Northern Foreland, the Biranup Zone is dominated by deformed orthogneisses with ages77

between 1810-1625 Ma and includes Archean fragments of Yilgarn affinity (Spaggiari et al., 2014a; Kirkland78

et al., 2011). This unit extends along the entire length of the AFO, and is separated from the Fraser and79

Nornalup Zones by the Fraser, Newman and Coramup Shear Zones (Figure 1A).80

The Nornalup Zone shares similar basement to the Biranup Zone, but hosts significant volumes of domi-81

nantly granitic intrusives defined as the 1330-1280 Ma Recherche and 1200-1140 Ma Esperance Supersuites,82

emplaced during the Albany-Fraser Orogeny (Smithies et al., 2015). Located between the Biranup and Nor-83

nalup Zones, the Fraser Zone is an approximately 450 km long, northeasterly trending belt of granulite facies84

metagabbros interlayered with granitic and sedimentary gneisses (Spaggiari et al., 2014a; Clark et al., 2014;85

Maier et al., 2016b) exhumed from mid- to lower crustal depths (Figure 1A). It is bound by the Fraser Shear86

Zone to the west and south, and the Boonderoo and Newman Shear Zones to the east, and was emplaced87

during Stage I of the Albany-Fraser Orogeny (Clark et al., 2014).88

89

The Bouguer gravity map of the east AFO (Figure 1C) shows a pair of parallel anomalies (first reported90

by Fraser and Pettifer, 1980) that follow the trend of the orogen, a pronounced low in the west (referred91

to as Rason Regional Gravity Low in Fraser and Pettifer, 1980), coinciding with the transition from the92

Northern Foreland to the Biranup Zone. Directly east is the gravity high that clearly traces the mafic to93

ultramafic rocks of the Fraser Zone. Both of these anomalies fade towards the south, with the low continuing94

somewhat further south. With a high-to-low amplitude of ∼100 mgal, this pair of gravity anomalies are95

amongst the largest on the Australian continent; only the massive anomalies in Central Australia (∼15096

mgal) are significantly larger (e.g. Aitken et al., 2009; Kennett and Iaffaldano, 2013).97
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3. Data98

We used passive seismic data from the recent temporary ALFREX (ALbany-FRaser EXperiment) de-99

ployment (Sippl et al., 2015), which yielded recordings from a total of 70 sites throughout the Albany-Fraser100

region between November 2013 and January 2016. In November 2013, 40 stations (24 short-period, 16101

broadband) were installed in the northern part of the study area, in the region around and south of the102

12GA-AF3 active seismic profile (Figure 5). About a year later, 27 stations were moved south (and aug-103

mented with an additional 3 short-period stations), whereas 12 of the 16 original broadband stations were104

left in place (see Figure 1). All ALFREX stations recorded 50 Hz continuous data onto local SD cards105

and were eventually retrieved in January 2016. The array was designed to cross all of the NE-SW trending106

tectono-stratigraphic units from the unmodified Yilgarn Craton in the west to the eastern Nornalup Zone107

to the east, the northern part of which is buried under cover of the Eucla Basin. The ALFREX dataset was108

complemented with data from two permanent stations located in the towns of Kambalda and Kalgoorlie, as109

well as the easternmost stations from the different WACraton temporary deployments in the years 2000-2001110

and 2002-2004 (Reading et al., 2003; Goleby et al., 2006).111

4. Methods summary112

We employ P wave receiver function analysis in order to retrieve depth and geometry of subsurface113

discontinuities in seismic velocity (most prominently the Moho) as well as the distribution of bulk crustal114

vp/vs ratios. Time windows around teleseismic P phases for all earthquakes at suitable epicentral distances115

(30-95◦) and magnitudes (M>5) were extracted (see Figure S1 in the Supplementary Material), and radial116

receiver functions were calculated using a time-domain iterative deconvolution technique (Ligorŕıa and Am-117

mon, 1999). An automatically pre-selected set of receiver functions for each station was checked visually,118

and traces that were too noisy were removed. Averaged raw receiver functions for all stations are shown in119

Figure S2. We then applied H-K stacking (Zhu and Kanamori, 2000; Chevrot and van der Hilst, 2000), a120

grid search approach to retrieve values of crustal thickness and bulk crustal vp/vs for each station from the121

addition of Ps, PpPs and PpSs amplitudes. Using the algorithm of Chen et al. (2010) and crustal vp esti-122

mates from the AuSREM velocity model (Salmon et al., 2013), we allowed crustal thickness to vary between123

25 and 65 km (0.1 km increment) and vp/vs between 1.6 and 1.9 (increment 0.005). All three phases were124

weighted equally. Figure S3 in the Supplementary Material shows examples of H-K stacking results for single125

stations. We determined uncertainties for H and K by bootstrap analysis (as in, e.g., Crotwell and Owens,126

2005). 100 sets of receiver functions, each of them containing the same amount of traces as the original set127

(see Table S1), are randomly drawn with replacement from this original set of receiver functions (i.e. each128

trace can be drawn several times or not at all). Each of these 100 new sets is then used for calculating129

crustal thickness and vp/vs ratio. The standard deviation of the thus determined distribution is listed as130
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the uncertainty value in Table S1. Additionally, we assigned quality classes A-D based on the sharpness of131

the H-K maximum (see examples in Figure S3) retrieved with the original set of receiver functions. The132

dependence of retrieved crustal thickness and vp/vs values on the input vp value is visualized in Figure S4.133

Nine stations in the far eastern part of the array did not yield usable receiver functions due to strong re-134

verberations induced by the slow sedimentary rocks of the Eucla Basin (Figure S5). For these stations, we135

retrieved a crustal thickness estimate from picking the Moho on autocorrelations (Gorbatov et al., 2013;136

Kennett et al., 2015) of ambient noise and P wave coda traces (see Figure S6 in the Supplementary Material).137

These stations are marked with a thicker circle outline in Figure 3A and with an asterisk in Table S1; no138

vp/vs values could be retrieved for these sites.139

Additionally, we computed common conversion point (CCP) stacks for the selected receiver functions and140

projected them onto three profiles through the study area, using the global velocity model ak135 (Kennett141

et al., 1995) to convert times to depths and assuming horizontally oriented converters. The subsurface142

along the profile lines was subdivided into 2*2 km cells down to a depth of 200 km, and receiver function143

amplitudes were mapped into these bins.144

145

5. Checking for Moho dip146

Since we did not select events from narrow azimuthal and/or distance bins, our H-K stacking results can147

be affected if there is non-negligible Moho dip. Because receiver functions from different backazimuths are148

combined, the H-K stacking results represent a spatial average of crustal thickness over the area sampled149

by the RFs, with backazimuthal bins weighted by the number of traces from that bin in the total stack.150

To check for the presence of such contamination, we handpicked Ps-P times for all RFs and determined151

the median and inner quartile range of these time differences (Figure 2A). For stations that featured large152

inner quartile ranges of >0.5 s, we carried out a more detailed investigation of RFs (see two examples in153

Figure 2B). We concluded that there is substantial Moho topography under several stations, with Ps-P time154

differences of more than 1 second between receiver functions from different azimuth angles. Overlaying the155

Moho depth map retrieved from H-K stacking (Figure 3) onto these inner quartile ranges confirms that they156

are systematically larger in regions with a significant gradient in Moho topography.157

To be able to image these variations among RFs of single stations, and thus to obtain a Moho depth map158

of higher spatial resolution, we also computed Moho depths at individual piercing points from Ps-P time159

picks for all single receiver functions, assuming a constant vp/vs of 1.73 and a crustal P wave velocity of 6.4160

km/s. Although the retrieved 1,534 values of crustal thickness show significant scatter (Figure 4A), their161

smoothed interpolation together with Moho picks from active seismic profiles (Figure 4B) yields a map that162

is highly similar to the one retrieved from H-K stacking (Figure 3) in most areas, but resolves the narrow163
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zone of thicker crust in the SW of the study area substantially better.164

6. Results165

6.1. Crustal thickness and vp/vs maps166

A map of crustal thickness from H-K stacking is shown in Figure 3A; for the exact Moho depth values167

retrieved for each station refer to Table S1 in the Supplementary Material. The most prominent feature of168

the Moho depth map is a NNE trending trough of thicker crust that is continuous from the northern edge169

of our seismic array to the coastline in the south. This trough is already observable in the Ps-P times of170

the “raw” receiver functions shown in Figure S2. Stations on the unmodified Yilgarn Craton to the west171

uniformly show Moho depths of 35-40 km, and a similar subhorizontal Moho is imaged to the east of the172

trough, under the eastern Nornalup Zone. However, under the eastern Nornalup Zone the crust thickens173

from around 35 km in the southeast to about 40 km in the northeastern part of the array, where limestones174

of the Eucla Basin overlie the basement. A published crustal thickness value of 40 km at station FORT175

(Ford et al., 2010), about 200 km east of our array, indicates that the Moho continues nearly horizontally176

in that direction, beyond the study area.177

The orogen-parallel trough reaches thicknesses of >45 km to the north, with a maximum value of 51.5178

km obtained for station WR09 (Figure 3A), which is situated on the southern Fraser Zone. The Moho179

trough appears to narrow and exhibit shallower Moho depths (40-43 km) to the south (Figure 3). However,180

this shallowing is most likely an artifact of the limited lateral resolution of the H-K stacking map. In Figure181

4, where we interpolated Moho depths from single receiver functions at their Moho piercing points rather182

than from station averages, the southern part of the Moho trough shows depths not significantly shallower183

than the northern part. This means that stations in the south that image the trough only do so for certain184

backazimuthal ranges (see Figure 2B).185

An overlay of crustal thickness contours onto the regional Bouguer gravity map (Figure 5) shows that the186

Moho trough traces the gravity anomaly gradient, with the maximum crustal thicknesses situated around187

the transition from gravity low to high. In the northern part of the array, the maximum crustal thickness188

is imaged further west of the Fraser Zone, beneath the gravity low. To the south, where the gravity high of189

the Fraser Zone is absent, the deepest region of the Moho trough occurs at the eastern edge of the gravity190

low. Further south, where the gravity low has likewise disappeared, the Moho trough swings around to an191

ENE trend, possibly continuing subparallel to the coastline to the west of our array (Figures 4 and 5).192

The P-to-S velocity ratio (vp/vs) values retrieved from H-K stacking are highest (∼1.8) in and directly193

west of the Fraser Zone, which is displayed in Figure 3B with the red (positive) gravity contours. To the west194

of the Fraser Zone, there is a group of stations that gave quite low vp/vs (<1.7), whereas stations further195

west on the Yilgarn Craton yielded low to intermediate values of 1.71-1.75. South and east of the Fraser196
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Zone, we likewise retrieved intermediate vp/vs ratios, with the three easternmost stations showing higher197

ratios again. This may imply more mafic lithologies in the northern part of the eastern Nornalup Zone198

where it is overlain by the Eucla Basin, but a lack of data points from stations further east is problematic199

for such an interpretation. Moreover, there appears to be a tail of somewhat elevated values directly to the200

southwest of the Fraser Zone, following the general trend of the gravity anomalies.201

6.2. CCP profiles202

Figure 6 shows three CCP profiles that were constructed along lines perpendicular to the orogen’s strike203

(see Figure 5), exploiting individual receiver function information with migration using the ak135 velocity204

model. In all three profiles, the Moho is clearly imaged as the most prominent negative (red) phase, whereas205

no other phases in the crust or uppermost mantle are continuously imaged across several stations. Absolute206

Moho depth values from these CCP profiles should be treated with caution, since the conversion to depth is207

performed using a global velocity model. However, crustal thickness differences between adjacent stations208

and thus the Moho geometry should be more accurately imaged.209

All three profiles show a clear horizontal Moho beneath the Yilgarn Craton in the northwest and beneath the210

eastern Nornalup Zone in the southeast. The area of thickened crust between these regions, however, shows211

a clear progression in character from northeast to southwest. Profile A-A’ shows a wide and symmetric Moho212

downwarp, with moderate dip angles on both sides, and the deepest point is located around kilometer 150,213

beneath the western part of the Fraser Zone (Figure 6). Further southwest, profile B-B’ shows a narrower but214

deeper Moho trough, with steeper slopes on both sides. Additionally, the trough geometry is asymmetric,215

with a more steeply-dipping western side compared to the moderate dip on the eastern side, which is similar216

to that in profile A-A’. The dipping Moho on the eastern side appears to truncate that on the western side,217

with the latter’s dip angle steepening towards that truncation (Figure 6, profile B-B’). Finally, profile C-C’218

shows a purely one-sided geometry, with the Moho of the eastern side showing a constant northwestward dip,219

whereas the Moho of the western side is imaged as purely horizontal, with no crustal thickening detected.220

Hence, a substantial Moho step of ∼15 km or more, from shallow in the northwest to deep in the southeast,221

is present under this part of the AFO. That this step appears larger in the CCP profile than the Moho depth222

difference at the same location seen in the Moho maps (Figures 3A and 4B) is due to the smoothing in these223

maps. It is important to note that no “double Moho” is imaged in this last profile, i.e. no shallower Moho,224

but rather a Moho gap is shown above the westward dipping, eastern Moho segment.225

The thickest crust is found beneath the surface locations of the western part of the Fraser Zone and226

the adjacent Biranup Zone in profiles A-A’ and B-B’, and beneath the transition from Northern Foreland227

to Biranup Zone in the southwesternmost profile. This is consistent with the position of the Moho trough228

interpolated from the piercing points in Figure 5A. The western hinge line of the Moho trough, i.e. the229

position where the crust-mantle boundary starts to deviate from horizontal, is found at depth where the230
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Yilgarn Craton grades into the Northern Foreland at the surface, for profiles A-A’ and B-B’. The eastern231

hinge line is found beneath the surface positions of the Fraser Zone’s western end for profile B-B’ and east of232

that, beneath the eastern Nornalup Zone, for profile A-A’. In profile C-C’, which is situated where the orogen233

and the Moho trough acquire a more ENE trend, the SE end of the horizontal Moho on the cratonward234

side is situated beneath the Northern Foreland and the Biranup Zone boundary at the surface. The surface235

projection of the eastern hinge line in profile C-C’ lies well within the Biranup Zone, which in this southern236

region is wider.237

7. 2D gravity forward modelling238

Paired gravity anomalies along Precambrian block boundaries have been observed and modelled for239

several locations inside the Australian continent (Wellman, 1978) and elsewhere (e.g. Gibb and Thomas,240

1976; Gibb et al., 1983). In most studies, these anomalies were primarily explained with a density contrast241

between the craton and the adjacent younger (Proterozoic) orogen, with only a small variation in crustal242

thickness due to isostatic compensation. In this study, however, we can fix the crustal thickness to the243

values determined from receiver functions, and can thus better resolve the trade-off between crustal density244

distribution and Moho depth change for the AFO.245

The relationship between the Moho trough that stretches along the Yilgarn Craton margin, the Bouguer246

gravity data and crustal structure were investigated by constructing 2D density models along sections A-A’,247

B-B’ and C-C’ (Figures 1 and 5) and along active seismic lines 12GA-AF3 and 12GA-AF2. 2D gravity248

forward modelling was performed using Geosoft Oasis Montaj GM-SYS (v. 8.5). Gravity data, available249

with stations spaced in a ∼2 km grid and at 500 m intervals along active seismic lines, and SRTM topography250

data were sampled at 1 km intervals along all sections. Sections were modelled from the surface to a depth251

of 70 km and modelled units were extended past the ends of sections to avoid edge effects.252

2D gravity forward modelling involves constructing a density model, comparing the gravity response253

calculated from the model to the observed gravity data, then iteratively making changes to the model until254

the calculated gravity adequately fits the observed data. A limitation of the method is that the results are255

non-unique; although a model may have a gravity response that adequately fits the observed data, it is just256

one of many possible models that will do so. Changes to the calculated gravity are the result of lateral257

density contrasts in the density model, thus lateral changes in the depth to the Moho, which juxtaposes258

denser upper mantle with less dense crust, produce long-wavelength changes in the calculated gravity data.259

7.1. Simple Moho model260

Initially, we constructed simple models with a uniform density crust overlying a homogeneous upper261

mantle. The crust was given a density of 2.67 g/cm3 and the upper mantle a density of 3.20 g/cm3. For262
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sections A-A’, B-B’ and C-C’, the Moho was constrained from the CCP profiles, for the other two profiles263

it was taken from the interpretation of the active seismic sections (Spaggiari and Occhipinti, 2014). In the264

CCP profiles, the Moho geometry is generally more angular than the smoothed Moho geometry interpreted265

from active seismic lines (see Figures 6 and 7).266

A major feature of the observed gravity image is the northeast trending Rason Regional Gravity Low267

(Fraser and Pettifer, 1980) that stretches along the interface between the Yilgarn Craton and the AFO268

(Figure 1C). In gravity profiles, the Rason Regional Gravity Low is a comparatively more subtle feature due269

to its long wavelength and the superposition of other features, particularly Yilgarn Craton greenstone belts270

and, in sections 12GA-AF3 and A-A’, the high density Fraser Zone. Along strike to the southwest, the Rason271

Regional Gravity Low grades into a relative gravity high, which is the dominant feature of the observed272

gravity in profile 12GA-AF2. A comparison of the observed and calculated gravity along sections A-A’, B-B’273

and C-C’ shows that the Moho trough produces a long wavelength gravity low (red lines in gravity plots of274

Figure 8). However, in profiles 12GA-AF3, A-A’, B-B’ and C-C’ this gravity low is situated to the southeast275

of the trough, and in profiles B-B’ and C-C’, its amplitude is overestimated. In profile 12GA-AF2, the276

long-wavelength gravity low produced by the Moho trough is located on the observed gravity high situated277

along strike to the southwest of the Rason Regional Gravity Low.278

7.2. Simple crustal density model279

A better fit to the gravity data can be achieved by the addition of different crustal units to the density280

models. The geometries of the units were constrained from the interpreted bedrock geology map (Spaggiari,281

2016) and the interpreted active seismic lines (Spaggiari and Occhipinti, 2014). In sections A-A’, B-B’ and282

C-C’, the geometries of the different units were simplified and extrapolated along strike from the interpreted283

active seismic lines.284

In the density models along sections 12GA-AF3, A-A’, B-B’ and C-C’, the gravity low produced by285

the Moho trough was shifted towards the northwest by the addition of a dense crustal body (2.95 g/cm3)286

inside the Moho trough. This dense body is coincident with non-reflective zones interpreted in active seismic287

lines 12GA-AF3 and 12GA-AF2 (Spaggiari and Occhipinti, 2014; Murdie et al., 2014), and might represent288

a mix of upper mantle and lower crustal material. In sections B-B’ and C-C’, the non-reflective zone is289

required to extend to the southeast beneath the Northern Foreland and Biranup Zone. This geometry is not290

consistent with active seismic interpretations that show the non-reflective zone with a symmetric geometry291

and occupying only the Moho trough and the Yilgarn Craton lower crust. To achieve a symmetric geometry292

and confine this dense body to the Yilgarn Craton and Northern Foreland lower crust, the density of the293

Biranup Zone upper and middle crustal rocks can be slightly increased in sections B-B’ (2.70 to 2.725294

g/cm3) and C-C’ (2.70 g/cm3), which implies a density variation of that unit along the orogen’s strike. To295

the southwest, following the trend of the orogen, the Rason Regional Gravity Low grades into the relative296
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gravity high traversed by profile 12GA-AF2. The Moho trough in this profile is shallower and more gently297

dipping than to the northeast, although this might be an artifact of the method (active seismics vs. CCP298

stacking) or of the profile’s orientation that is not perpendicular to the orogen’s strike. A combination of a299

shallower Moho trough and a larger and shallower, dense lower crustal unit can produce the Bouguer gravity300

high along strike of the Rason Regional Gravity Low and observed in 12GA-AF2.301

Another major feature of the Bouguer gravity data is the relative gravity high produced by the metagabbro302

dominated Fraser Zone. In sections 12GA-AF3 and A-A’, a dense Fraser Zone and a dense unit to the303

southeast of the Fraser Zone are required to satisfy the observed Bouguer gravity highs. The Bouguer304

gravity image in Figure 1C, as well as the observed gravity profiles along sections 12GA-AF3, C-C’ and305

12GA-AF2, suggest that the crust of the AFO has a higher bulk density than the Yilgarn Craton. In our306

density models, this higher bulk density is accounted for by the Gunnnadorrah Seismic Province, a dense,307

moderately to strongly reflective lower crustal unit characterised by subhorizontal reflectors (Spaggiari et al.,308

2014b). Although density models of Sections A-A’ and B-B’ do not require a dense Gunnadorrah Seismic309

Province in the AFO, this unit has been included for consistency along strike. Alternatively, the upper and310

middle crust of the AFO can be modelled with above average densities.311

In summary, a significantly better fit to the observed gravity data compared to the homogeneous crustal312

models (Section 7.1) is achieved by the addition of 1) a dense body in the Moho trough, 2) a dense Fraser313

Zone in the AFO upper crust, and 3) a dense Gunnadorrah Seismic Province in the AFO lower crust.314

8. Discussion315

In this section, we discuss possible interpretations of the obtained crustal configuration, first linking the316

obtained geometry to possible processes (Sections 8.1 and 8.2), and then evaluating whether and how these317

processes are compatible with the current knowledge of the regional tectonic evolution (Section 8.3). We318

discuss the special role of the Fraser Zone metamorphic rocks, and try to establish whether their exhumation319

can be related to the imaged geometries (Section 8.4), and finally try to establish whether the interpreted320

processes could be typical of craton margin processes worldwide (Section 8.5).321

8.1. Geometric configuration and its possible origin322

Our retrieved Moho geometry features a northward widening V-shaped Moho depression in the northern323

part of the study region and an abrupt transition to a one-sided, east-under-west configuration to the south324

(Figure 6,8). Continent-wide compilations of Moho thickness (Clitheroe et al., 2000; Collins et al., 2003;325

Kennett et al., 2011) as well as regional studies of Western Australia (e.g. Reading et al., 2007; Yuan, 2015)326

to date had a reasonable coverage of most of the Yilgarn Craton itself, but severely lacked resolution at327

the craton’s edges, so that the presence of the Moho trough beneath the AFO we have imaged here was328
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previously unknown. The active seismic profiles acquired in 2012 (Spaggiari et al., 2014b; Korsch et al.,329

2014) indicated thicker crust beneath the AFO, but due to their two-dimensionality, wide separation, and330

orientation in east-west direction (i.e. not always perpendicular to the orogen’s strike, which leads to an331

underestimation of dip angles), they only provided limited information on the crust-mantle boundary ge-332

ometry. Given the change in trend of the Moho trough recorded in the southern part of the ALFREX333

array, it appears possible that the observation of anomalously thick crust along an onshore-offshore active334

seismic profile further west (Tassell and Goncharov, 2006; Mjelde et al., 2013) is a continuation of the same335

structure. If this is correct, the Moho trough would wrap around the craton margin, potentially continuing336

within the AFO as far west as the Darling Fault, where the orogen is truncated by the Pinjarra Orogen.337

To the northeast, the pair of gravity anomalies discussed in Sections 2 and 7, which are in all likelihood338

caused by the presence of the Moho depression and the overlying Fraser Zone (Figure 8), are continuous339

as far north as the Tropicana Zone, where a short active seismic profile (12GA-T1, Occhipinti et al., 2014)340

also indicates the presence of an east-under-west configuration in the lower crust. An east-west profile at341

32◦N (Kennett and Yoshizawa, 2016) through a continent-wide surface-wave tomography model (Yoshizawa,342

2014) shows a prominent westward shallowing of the LAB (lithosphere-asthenosphere boundary) at around343

124◦E, which is close to the location of the area of thickened crust we have retrieved. This could imply that344

the Moho trough is situated close to the transition to the cratonic mantle lithospheric keel of the Yilgarn345

Craton. The change in along-strike geometry of the Moho trough, from symmetric in the northeast, to346

asymmetric, to one-sided in the southwest (Figure 6), must reflect differences in the response of the crust347

and upper mantle to tectonothermal events. In the southwest, this is perhaps reminiscent of crustal-scale348

underthrusting. The transition to an offset in the Moho spatially coincides with the position where the349

Ida Fault, a major terrane boundary within the Yilgarn Craton, is inferred (Figure 1A). The Ida Fault is350

clearly visible as a distinct feature in aeromagnetic images further northwest, but in the southern Yilgarn351

Craton it is intruded by granites, and its trace within the reworked crust of the AFO is not clearly defined.352

Between the towns of Southern Cross and Kalgoorlie, the Ida Fault has been imaged with an active seismic353

profile as a ∼30◦ E-dipping normal fault (Swager, 1997) penetrating to lower crustal depths. We speculate354

that the Ida Fault, as a pre-existing zone of weakness, may have accommodated a regional difference in ma-355

terial strength or upper-lower plate coupling, which led to the localization of the observed Yilgarn-side offset.356

357

8.2. Subduction or continental underthrusting?358

Unlike the western side of the Moho trough, which changes its geometry significantly along strike, the359

eastern side is imaged as continuously dipping at a relatively constant angle (Figure 6). We see no indica-360

tion of a descent of crustal material beyond the tip of the V in profiles A-A’ and B-B’, whereas profile C-C’361

shows a very faint indication of a throughgoing negative phase that could be interpreted as continuation362
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of the downgoing eastern side Moho. However, this is far from being compelling evidence. In principle, a363

configuration such as that imaged can be achieved by an oceanic or continental subduction process or by364

continental underthrusting.365

In a subduction scenario, even if a subsequent slab breakoff is invoked, the subducting slab would have to366

continue downdip beyond where we clearly image it. The observed lack of a substantial velocity contrast367

downdip could be the consequence of thermal and/or chemical modification of the downgoing material due368

to prolonged exposure to mantle material and high P-T conditions. Examples of receiver function imaging369

from ongoing oceanic (Pearce et al., 2012) and continental subduction (Schneider et al., 2013) show that370

downgoing crust on top of the slab is usually depicted as a low-velocity zone bound by two parallel anomalies371

of opposite sign, a negative one where the contrast from fast mantle to slow crust is encountered (lower edge)372

and a positive one above, where the opposite transition occurs. This feature is usually imaged as a direct373

continuation of the Moho of the downgoing plate. The fact that these anomaly pairs can only be imaged374

to depths of ∼60-100 km is due to mineral reactions (most importantly eclogitization, e.g. Wittlinger et al.,375

2009; Bostock, 2013) that increase the density and thus seismic velocity of the downgoing crustal material376

and eventually, upon completion of the transformation, make it indistinguishable from background mantle377

velocities. However, since these regions feature ongoing convergence at velocities in the order of >1 cm/yr,378

thermal and chemical/mineralogical assimilation of the slab (and the oceanic or continental crust above it)379

at depth is retarded, i.e. material is carried some distance beyond its equilibrium stability field before the380

reaction/assimilation is complete. The structure we image here, however, has in all likelihood been stagnant381

since about 1.1 Ga (based on the last recorded events in the AFO; see Section 8.3), thus subducted material382

would have had ample time to assimilate to mantle conditions.383

If subduction is inferred, the variable geometric signature of the western (craton) side could be a consequence384

of differences in upper plate coupling. The absence of a shallower (double) Moho in profile C-C’ (Figure 6)385

may be the consequence of mantle wedge serpentinization (e.g. Guillot et al., 2000; Bostock et al., 2002),386

which occurs as a consequence of slab dehydration and can lead to a substantial decrease of shear wave387

velocities in the mantle wedge. This has the effect of obscuring, sometimes even sign-flipping, the overlying388

continental Moho (Bostock et al., 2002), while still providing the high rock densities that appear to be389

required by the forward models (Section 7). Thus, the lower crustal dense body inside the Moho trough390

retrieved with the gravity forward models (Figure 8) could be interpreted as mantle wedge serpentinites if a391

subduction scenario is preferred. Although possessing high rock densities, serpentinites feature rather slow392

S wavespeeds (due to high v/vs ratios), which would explain why their upper termination is not imaged in393

the CCP profiles. However, a possible signature of these hypothetical serpentinites in the bulk crustal vp/vs394

distribution we obtain (Figure 3B) would only be consistent with the northern part of the Moho trough,395

and even there it is not possible to distinguish whether the elevated vp/vs values come from lower crustal396

depths or from the upper crustal Fraser Zone rocks. However, aside from the fact that we do not clearly397
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image a downgoing slab, its presence is also difficult to argue for geometrically. The Archean Yilgarn Craton398

to the west has an intact mantle lithospheric keel that has been imaged with continental-scale surface wave399

tomography (e.g. Yoshizawa, 2014) as extending to depths most likely exceeding 200 km. The presence of400

this keel, most likely formed during Archean processes prior to AFO tectonism, implies that there is not401

enough space for a slab subducting in a northwestward direction at this position, providing clear evidence402

against a major subduction zone setting at this locus. Moreover, geochemical and isotopic data, combined403

with basin analysis and structural considerations and the lack of any continental arc or subduction-related404

rocks argue against a subduction setting within the AFO, and beneath the craton margin (Spaggiari et al.,405

2015; Smithies et al., 2015; Spaggiari and Smithies, 2015). However, based purely on our images and purely406

geometrical considerations, it is feasible that a short-lived “failed” subduction event occurred, where the407

downgoing slab stalled soon after subduction initiation, possibly upon impingement onto the Yilgarn litho-408

spheric keel.409

410

An alternative interpretation of our observations is a model of continental underthrusting through crustal-411

scale wedge formation (also called “crocodile tectonics”; Meissner, 1989), i.e. the crust of the eastern side412

separated into an overthrust upper crustal section and a partially underthrust lower crust (in this case the413

Gunnadorrah Seismic Province, see Section 7, Figure 8). In such a configuration, frequently observed at414

accretionary margins (Snyder and Goleby, 2016), there is no need for a continuation of the imaged downgoing415

Moho to deeper depths, and a fit into existing tectonic models (Section 8.3) is easier to obtain. Moreover,416

the geometry of the units in the interpreted active seismic profiles, especially profile 12GA-AF3, is indicative417

of this process, with Yilgarn-related crust (Udarra Seismic Province) apparently splitting AFO-related units418

(Biranup Zone, Gunnadorrah Seismic Province) at mid-crustal levels (Figure 7; Spaggiari et al., 2014b).419

The upper crustal successions of the AFO could thus be a “flake” (Oxburgh, 1972) that got separated from420

its lower crustal part by the Yilgarn-side tectonic wedge. Since this horizontal crustal indentation is found421

between the AFO and Yilgarn Craton, i.e. between modified craton margin and unmodified craton, and not422

between craton margin and accreted oceanic arc further east, it could either have formed by inboard stress423

transfer from the accretion event (i.e. coeval with it) or at a later point in time (see also Section 8.3).424

The observed absence of a double Moho in the southwest has to be explained differently in such a setting,425

since mantle wedge serpentinization can not readily be invoked without subduction, and continental material,426

even if submerged to sufficient depths, does not contain large enough concentrations of hydrous minerals427

to promote serpentinization at this scale. However, the regional gravity pattern features a gravity high on428

top of the Moho trough in the southwest of the ALFREX array, beyond where the anomaly pair discussed429

beforehand fades out (e.g. Figure 5B). This feature is hard to reconcile with substantially thickened crust,430

which should have the opposite signature. In the case of a continental underthrusting scenario, we thus have431

to explain the area between the middle to upper crust and the underthrust lower crust, imaged as lower432
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crustal non-reflective zones in active seismic profiles 12GA-AF2 and 12GA-AF3 (Figures 7 and 8), with433

a high-density crustal or mixed lithology, such as continental lower crustal rocks heavily intruded and/or434

modified by the underlying mantle rocks. Such a process has been interpreted from geochemical and isotopic435

data from gabbroic rocks of the Fraser Zone, where mantle melts have acquired small volumes of crustal436

material that was subsequently ponded in staging chambers, prior to intrusion (Maier et al., 2016b). It is437

feasible that the non-reflective zones within the trough may contain remnants from a similar process. A438

more mafic lithology compared to the overlying rock suites except the Fraser Zone (e.g. through intrusion by439

mafic mantle rocks) would effect a higher vp/vs ratio in this high-density lower crustal unit, so that although440

density and thus vp are higher than for the overlying rocks, the S wavespeed difference could become small441

enough to not create a significant conversion phase that would show up in the receiver functions. The442

high-vp/vs tail we image trending southwestward from the southern end of the Fraser Zone (Figure 3B),443

along the deepest extent of the Moho trough, may be a signature of this lower crustal unit.444

8.3. Implications for regional tectonic evolution models445

Both subduction and “flake” tectonic processes that could have affected the current crustal configuration446

require an extended period of crustal shortening for their formation. Apart from the Tropicana Event, where447

the Tropicana Zone was thrust over the Yamarna Terrane of the Yilgarn Craton at c. 2520 Ma (Occhip-448

inti et al., 2016), prior to Stage I of the Albany-Fraser Orogeny the AFO was dominated by extensional449

tectonics associated with continental rifting and basin formation, leading to formation of a passive margin450

and an ocean-continent transition (Spaggiari et al., 2015). These events may have been responsible for early451

manifestations of the crustal architecture imaged. Although further north than the ALFREX array, the452

Tropicana Zone is interpreted as an imbricate fan thrust northwestward along a crustal ramp (Occhipinti453

et al., 2016), potentially over a northward extension of the Moho trough described here. Rifting from at454

least 1815 Ma may have utilized the transition from strong Yilgarn Craton crust to modified AFO crust455

(Spaggiari et al., 2015). The major change to a compressive regime would have occurred during accretion456

of the Loongana Arc from the east by c. 1330 Ma, although the structural effects on the AFO of this event457

are not well constrained, i.e. it is not always clear whether thrust-related structures formed during Stage I458

or II of the Albany-Fraser Orogeny, or both (Spaggiari et al., 2014a,b).459

Since the observed change in Moho trough geometry we observe spatially coincides with the presence or460

absence of the Fraser Zone, it is tempting to speculate that the lower crustal geometry we image may have461

facilitated its emplacement (see Section 8.4). If that is the case, the Moho trough formation had to pre-462

date or be contemporaneous with Fraser Zone emplacement. Another observation that may help constrain463

relative timing is that the Moho trough marks the boundary between regions of widespread magmatism464

during the Mesoproterozoic east of the trough, whereas to the west these intrusions are minimal, although465

high temperature metamorphism during these events was present. Mesoproterozoic intrusions belong to the466
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1330-1280 Ma Recherche and 1200-1140 Ma Esperance Supersuites (Smithies et al., 2015), and the 1192-1150467

Ma Moodini Supersuite in the Madura Province (Spaggiari and Smithies, 2015). If the westward cessation of468

intrusive activity is indeed causally connected to the processes that produced the current trough geometry,469

then the formation of the Esperance and Moodini Supersuites is the latest possible time when this trough470

must have already been in place. Spaggiari and Smithies (2015) proposed that the Gunnadorrah Seismic471

Province (Figure 7) may have been the source area of these voluminous granitic intrusions into the upper472

crust. The Gunnadorrah Seismic Province would thus consist of relatively more mafic restites, i.e. remaining473

material after extraction of the felsic melts, which could explain the observations of high densities associated474

with the Gunnadorrah Seismic Province (Figure 8), and possibly the elevated vp/vs ratios towards the east475

of our array (Figure 3B).476

8.4. Role of the Fraser Zone477

The position of the western portion of the Fraser Zone metamorphic rocks directly above the deepest478

part of the Moho trough, as well as their absence on top of the one-sided geometry further south, is peculiar479

and strongly hints at a causal link. The current model for the emplacement of the Fraser Zone features a480

SE-dipping crustal ramp that may have facilitated intrusion (see Figure 23 in Maier et al., 2016a). Although481

the Fraser Zone rocks are dominantly mafic (Smithies et al., 2014), the geochemical and isotopic constraints482

show that their origin is not oceanic arc (Fletcher et al., 1991; Kirkland et al., 2014; Smithies et al., 2014),483

contrary to what has been proposed in earlier studies (e.g. Condie and Myers, 1999). It is thus possible that484

the SE-ward dipping Moho we image on the Yilgarn side (Figure 6, profiles A-A’ and B-B’) represents the485

lower end of this crustal ramp; in this case, the southwestward termination of the ramp near the Ida Fault486

would have defined the southwestward extent of the Fraser Zone, since emplacement would be less feasible487

in the absence of the ramp. At the same time, it is conceivable that the northward widening of the Moho488

depression, with the eastern hingepoint migrating further eastward towards the north (see profile A-A’ in489

Figure 6), is due to crustal sagging induced by the load of high-density Fraser Zone rocks (see Section 7,490

Figure 8) in the upper crust. The presence of the positive gravity anomaly associated with the Fraser Zone491

indicates that a full isostatic compensation by crustal thickening underneath has not occurred, possibly due492

to the rigidity of the underlying mantle lithospheric material. However, a partial compensation leading to493

the wider area of thickened crust in the northern part of our array may have been achieved.494

495

8.5. Implications for craton margin processes496

The process of crustal wedge indentation has been proposed and imaged for a large number of recent497

convergent orogens (e.g. Teixell, 1998; TRANSALP working group, 2002; Moore and Wiltschko, 2004). The498

various models differ in detail, but nearly all of them show an upper plate crustal wedge splitting the crust499
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of the lower plate along a weak horizon, usually above the lower crust. The lower crustal sliver, together500

with the underlying mantle lithosphere, is pushed to greater depth by ongoing plate convergence, experi-501

ences mineral reactions in the eclogite field and finally delaminates (Moore and Wiltschko, 2004). In a recent502

study, Snyder and Goleby (2016) evaluated a large number of global active seismic profiles, and found crustal503

wedge structures resembling the one we retrieved to be a relatively ubiquitous feature in accretionary oro-504

gens involving continental margins, irrespective of their age. One of their Proterozoic examples is situated505

in northeast Australia (Mt. Isa region, see Korsch et al., 2012) and resembles our findings to a large degree.506

507

Most active seismic images from craton margins around the world show somewhat thickened crust com-508

pared to the craton itself as well as younger upper crust overthrusting over the craton’s crust, but lack the509

downward dipping lower crustal unit that we imaged in the AFO (e.g. Lewry et al., 1994; Bayer et al., 2002;510

Hajnal et al., 2005; Zhang et al., 2014). This could imply that while the upper crustal “flake” is always511

preserved after cessation of the craton margin orogeny, the submerged lower crustal part usually detaches512

and founders into the mantle (e.g. Moore and Wiltschko, 2004), due to eclogite-facies mineral reactions513

and/or the inherently higher density of Proterozoic and Phanerozoic mantle lithosphere (Poudjom Djomani514

et al., 2001). In the AFO, a limited amount of total shortening could have led to an “incomplete” orogeny,515

with the lower crustal sliver still attached.516

Most passive seismic studies of cratonic margins to date did not use dense enough arrays to image such local517

features in detail, but some have shown regional thickening of Archean craton crust towards the margin (e.g.518

Youssof et al., 2013; Yuan, 2015). This could hint at a process akin to what we see in the northern part of519

our array, where the Yilgarn side crust is bent downwards, possibly due to strong coupling to the downgoing520

Proterozoic side (Figure 6). That such marginward thickening of cratonic crust is not imaged everywhere521

perhaps indicates that local rheological variation controls whether Proterozoic or Archean tectonic units are522

thickened during crustal shortening. Even in the small area we illuminated in this study, there is an along523

strike change from presence to absence of thickened cratonic crust.524

9. Conclusions525

We used data from the temporary ALFREX seismic deployment to retrieve maps of crustal thickness as526

well as three CCP profiles perpendicular to the strike of the Albany-Fraser Orogen from radial P receiver527

functions, and forward modeled gravity profiles using this Moho geometry as input constraints. While the528

Yilgarn Craton in the west and the eastern Nornalup Zone in the east feature a constant crustal thickness of529

35-40 km, a belt of significantly thicker crust (>45 km) was retrieved between these regions. The geometry530

of the thickened crust resembles a symmetric trough in the northern part of the study area. In the southern531

part, the eastern (AFO) side underthrusts the horizontal western side, south of the approximate position532
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of the Ida Fault terrane boundary in the Yilgarn Craton. Gravity models show that the observed pattern533

of anomalies across the east AFO can be obtained by combining the retrieved crustal thickness distribution534

with high rock densities in the upper crustal Fraser Zone, a dense lower crustal body inside the Moho trough535

(interpreted as “non-reflective zones” in the active seismic profiles) and the lower crustal Gunnadorrah Seis-536

mic Province east of the Moho depression.537

The retrieved geometry and density distribution suggests a process of crustal wedge indentation followed by538

lower-crustal underthrusting. The timing of such significant crustal shortening is unclear, but most likely539

relates to Mesoproterozoic thrust events recorded during Stages I or II of the Albany-Fraser Orogeny, per-540

haps facilitated by the pre-existing architecture. Options include shortening related to oceanic arc accretion541

from the east (Stage I), a later period of compression during formation of the Fraser Zone, and/or pulses of542

compression that produced widespread thrusting during prolonged Esperance Supersuite magmatism dur-543

ing Stage II. Although the imaged thickened crust could be interpreted as consistent with a continental544

subduction scenario, the lack of continental arc magmatism and subduction-related rocks within the orogen545

make this difficult to justify. Relatively dense, inferred mafic rocks in the lower crust can be accounted for546

as residual products from intrusive events that on the surface are clearly not subduction-related.547

The along-strike change in behaviour of the (western) Yilgarn-side lower crust may be a consequence of dif-548

ferences in coupling between the two lower crustal units, and the resulting ramp geometry in the north may549

have provided the ascent pathway for the Fraser Zone metagabbroic rocks. In the south, where the Fraser550

Zone rocks are absent, the western side of the Moho trough is horizontal. The Albany-Fraser Orogen could551

thus represent the rare case of an orogen where an Archean crustal wedge split the adjacent Proterozoic552

crust, but where the lower crust of the Proterozoic side did not delaminate eventually.553
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Figure 1.768

A) Interpreted bedrock geology map of the Eastern Albany-Fraser Orogen and surrounding areas (after769

Spaggiari et al., 2015). Triangles and squares mark the positions of seismic stations used in this study770

(triangles: short-period stations; squares: broadband stations). Blue symbols refer to the first installation771

phase of the ALFREX array from 11/2013 to 09/2014, red symbols to the second installation phase (09/2014772

to 01/2016), green and orange symbols mark permanent stations and stations from the different WACraton773

deployments (e.g. Reading et al., 2007), respectively. Red lines mark the location of active seismic profiles774

12GA-AF1, 12GA-AF2 and 12GA-AF3, acquired in 2012, dark blue lines show the position of the CCP and775

gravity modelling profiles shown in Figures 6 and 8. B) Overview surface geology map of Western Australia776

that shows the position of the study region displayed in subfigures A and C as a red box (modified after777

Cawood and Korsch, 2008). YC - Yilgarn Craton, PO - Pinjarra Orogen, AFO - Albany-Fraser Orogen, EB778

- Eucla Basin. C) Bouguer gravity map of the study area, with seismic stations shown as red dots. This779

plot shows the same area as subfigure A.780

Figure 2.781

Visualizations of receiver function variation for single stations, which most likely derives from Moho topog-782

raphy underneath. A) Inner quartile ranges (a measure of distribution width) of handpicked Ps-P times for783

receiver functions of each station, plotted onto a regional map. Two stations, FD52 and FD64, with anoma-784

lously large inner quartile ranges of above 0.7 seconds (marked with red rings) were investigated in more785

detail in subfigure B. Contour lines of the crustal thickness map derived from H-K stacking (Figure 3) are786

overlain. It can be seen that inner quartile ranges are small where the Moho is horizontal and largest where787

significant gradients in Moho depth are present, especially around the western edge of the Moho trough we788

obtain. B) Polar plots of the single Ps-P times of stations FD52 and FD64, plotted at their piercing points789

(backazimuth angles and piercing distances from the station in km). Both stations show clear trends of790

systematically variable delay times for different azimuth angles, and these trends oppose each other, which791

is due to the positions of these stations on opposite edges of the Moho trough.792

Figure 3.793

Crustal thickness (A) and vp/vs (B) maps retrieved from H-K stacking. Colored circles mark the retrieved794

values at the different stations; the map between these points is interpolated. Stations with bold circle out-795

lines are sites for which receiver function analysis did not succeed (see Examples in Figure S5) and for which796

a crustal thickness estimate was obtained from autocorrelograms (Figure S6); there are no vp/vs values for797

these sites. Blue and red contours outline negative and positive gravity anomalies, respectively (see Figure798

1C).799

Figure 4.800

A) 1534 crustal thickness values derived for single receiver functions and plotted at their calculated Moho801

piercing point. Moho picks from the three active seismic profiles (12GA-AF1 to 12GA-AF3) are also in-802
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cluded. B) Interpolated crustal thickness map from these point measurements. Black lines correspond to803

faults, shear zones and unit boundaries shown in Figure 1A. In comparison to Figure 3A, the southern804

(narrower) part of the Moho trough shows up more prominently.805

Figure 5.806

A) Contours of the crustal thickness map derived from Ps-P times at Moho piercing points (Figure 4)807

plotted in blue onto the regional geology map (Figure 1A). Profiles A-A’ to C-C’ show the location of the808

CCP profiles shown in Figure 6, with the stations utilized for the profiles plotted in the same colors as the809

profile lines. Seismic stations shown as grey circles were not used for the CCP profiles. Lines 12GA-AF1 to810

12GA-AF3 show the location of the three active seismic profiles (Figure 7). B) Crustal thickness contours811

overlain onto Bouguer gravity map (as in Figure 1C). Other plot elements as in subfigure A.812

Figure 6.813

Three common conversion point (CCP) profiles through the study area, oriented perpendicular to the strike814

of the main geological units. For location of the single profiles refer to Figure 5. The approximate position815

of faults/shear zones and the main geological units are given above the profile. Structures in grey color are816

not intersected by the profile, but occur within the projection width of some stations. The Moho is visible817

as the most prominent negative (red) phase throughout all profiles and is marked with a dashed line (dotted818

line where uncertain). CSZ - Cundeelee Shear Zone, FSZ - Fraser Shear Zone, CRSZ - Coramup Shear Zone,819

NSZ - Newman Shear Zone, JF - Jerdacuttup Fault.820

Figure 7.821

Moho depth from our interpolated map (red dashed lines; from Figure 4) projected on the geological inter-822

pretation of the three active seismic profiles 12 GA-AF1-3 (see Figure 5 for location). Note that differences823

in crustal thickness are small and the general shape of the Moho is well matched by our study. Modified824

from Spaggiari et al. (2014b).825

Figure 8.826

Crustal density models along profiles 12GA-AF3 (upper left), A-A’ (lower left), B-B’ (upper right), C-C’827

(center right) and 12GA-AF1+2 (lower right). For each profile, the uppermost panel shows the observed828

and modelled gravity anomaly values, the center panel shows the utilized density distributions and the lower829

panel the corresponding geological units. For the location of the profiles, refer to Figures 1 and 5. “Moho830

model” refers to a configuration with uniform density crust (2.67 g/cm3) overlying a uniform mantle (3.2831

g/cm3). Moho geometries are taken from the CCP profiles (Figure 6) for profiles A-A’, B-B’ and C-C’, or832

from the active seismic profiles for 12GA-AF3 and 12GA-AF1+2. Lithological units were likewise taken from833

the active seismic profile interpretations (Spaggiari et al., 2014b) or extrapolated between those. Regions834

with the same inferred lithology are given the same density along strike. Nomenclature of shear zones and835

faults as in Figures 1A and 6.836

837
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