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[1] We investigate two intraplate earthquakes in a stable continental region of southwest

Western Australia. Both small-magnitude events occur in the top 1 km of crust and
their epicenters are located with an accuracy of 100 m (1s) using satellite Interferometric
Synthetic Aperture Radar (InSAR). For the Mw 4.7 Katanning earthquake (10 October
2007) the average slip magnitude is 42 cm, over a rupture area of 1 km2. This implies a
high static stress drop of 14–27 MPa, even for this very shallow earthquake, which
may have important implications for regional seismic hazard assessment. The earthquake
rupture extends from a depth of around 640 m to the surface, making it a rarely
observed intraplate, surface-rupturing event. Using InSAR observations, we estimate the
coseismic slip distribution of the shallow earthquake, such estimates being rarely
available for small magnitude events. For the Mw 4.4 composite Kalannie earthquake
sequence (21–22 September 2005), we use a long-term time series analysis technique to
improve the measurement of the co-seismic signal, which is a maximum of 27 mm in the
line-of-sight direction. Double difference seismic analysis shows some relocated
cluster seismicity which corresponds in timing, location, and source parameters to the
InSAR-observed deformation. This earthquake is the smallest magnitude seismic event to
have been investigated using InSAR and demonstrates the capability of the technique
to provide important constraints on small-magnitude coseismic events. The shallow
depth of both these events adds weight to the suggestion that earthquakes associated
with tectonic processes in this area of Western Australia often initiate in the upper 1 km
of crust.
Citation: Dawson, J., P. Cummins, P. Tregoning, and M. Leonard (2008), Shallow intraplate earthquakes in Western Australia
observed by Interferometric Synthetic Aperture Radar, J. Geophys. Res., 113, B11408, doi:10.1029/2008JB005807.

1. Introduction
[2] The South West Seismic Zone (SWSZ), located in the
southwest region of Western Australia (WA), is an area of
concentrated intraplate earthquake activity within a recognized stable continental region [Crone et al., 1997]. In the
last 40 yr, the area has experienced a number of damaging
intraplate earthquakes, including the M6.9 1968 Meckering
[Everingham et al., 1969] and the M6.2 1979 Cadoux
earthquakes [Denham et al., 1987], as well as a number
of other significant damaging earthquakes [Leonard et al.,
2002] (Figure 1). The SWSZ is near to the Perth population
center of 1.5 million people. Consequently, the area has
significant seismic risk and hazard mitigation efforts will
benefit from an improved understanding of the observed
seismicity. In this study, we undertook elastic dislocation
modeling, using satellite Interferometric Synthetic Aperture
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Radar (InSAR) data, of two shallow earthquakes, including
the Mw 4.4 (composite) Kalannie earthquakes (21 – 22
September 2005) and the Mw 4.7 Katanning earthquake
(10 October 2007).
[3] For the Katanning earthquake we also investigated the
distribution of slip on the fault plane. The investigation of
shallow earthquakes and seismic cluster events in the SWSZ
may provide insight into the larger, more damaging but less
frequent earthquakes. For these events, the InSAR data
provide significantly more accurate estimates of earthquake
location, depth, and source parameters [Dawson and
Tregoning, 2007] than those derived from the sparse
Australian National Seismograph Network [Leonard,
2008], and add to the understanding of deformation in
the uppermost crust, which subsequently has important
implications for the predictions of the intensity of ground
shaking [e.g., Fialko et al., 2005].
[4] Small-magnitude seismic clusters in Australia have
previously been found to represent foreshock behavior of
moderate-sized earthquakes. For example in Tennant Creek,
in the Northern Territory of Australia, a precursory cluster
of spatially concentrated earthquakes (M4 –5) occurred a
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suggested that downward rupturing earthquakes are actually more commonplace in compressional regimes than
previously thought [Carminati et al., 2004], such that
InSAR observations of shallow nucleating earthquakes
may lead to improved understanding of the mechanics of
seismogenesis.

2. Setting

Figure 1. Large historical earthquakes together with the
last ten years of seismicity in the SWSZ. The circles,
indicating the observed seismicity from 1998 to 2007
inclusive, are from the Geoscience Australia catalog.
Offshore earthquakes have been masked. The black lines
indicate identified Quaternary scarps [Clark, 2008]. The
fault plane solutions for the Katanning and Kalannie
earthquakes are those computed in this study, otherwise
they are from earthquakes since 1968 (magnitude >4.5)
[Leonard et al., 2002], with their magnitude in parenthesize.
Stars indicate the Kalannie and Katanning earthquakes. The
rectangular areas in the north are the ENVISAT ascending
and descending frames used in this study. The rectangular
area in the south is the ALOS ascending frame used in this
study. The shaded digital topography is from the Shuttle
Radar Topographic Mission (SRTM).
year prior to the sequence of larger surface-rupturing earthquakes (Ms 6.3– 6.7) in an area which had previously been
considered aseismic [Bowman and Yong, 1997]. The InSAR
analysis of seismic clusters may lead to an improved
understanding of precursory behavior and damaging earthquake nucleation [e.g., Dodge et al., 1995] and will have
important implications for hazard assessment. This analysis
is particularly relevant to the SWSZ, since the area has
previously been observed to have geological and geophysical conditions that support shallow-initiating, downward-rupturing, moderate-sized (damaging) earthquakes.
For example, the M6.9 Meckering earthquake was estimated to have initiated at 1 km depth, with downward
rupture propagation to a maximum depth of 6 km
[Vogfjörd and Langdton, 1987]. More recently it has been

[5] The SWSZ is located in the southwest of the Archean
Yilgarn block, which was formed approximately 3.7– 2.3 Ga
[Myers, 1993; Reynolds and Hillis, 2000] and consists of
bedrock granites, gneisses, and greenstones [Denham et al.,
1987]. The area is generally characterized as having undulating topography. The surface geology is poorly understood
because of significant weathering and the consequent lack
of outcrop [Dentith and Featherstone, 2003].
[6] In situ stress orientation observations suggest a predominantly reverse-faulting regime, with the maximum
stress orientation in an approximately east – west direction
[Reynolds et al., 2002]. The stress orientation is not consistent with absolute plate motion; rather, it is thought to be
consistent with the overall plate boundary forces [Hillis and
Reynolds, 2000]. This stress field is thought to be the
major source of the seismicity [Hillis and Reynolds,
2000], with geological and geophysical (gravity) observations also suggesting that the seismicity coincides with a
Precambrian terrane boundary [Dentith et al., 2000; Dentith
and Featherstone, 2003]. The predominance of north –south
oriented Quaternary fault scarps [Clark, 2008] is also
consistent with an east – west compressive regime.
[7] The observed regional seismic moment indicates a
strain rate across the SWSZ of 1.45  10 9 yr 1 ,
corresponding to a relative velocity across the region of
0.5 mm yr1 [Leonard, 2008]. Near-surface shear-wave
velocity profiles show that the Yilgarn is characterized by
shear velocities of 2 –3 km/s within 200 m of the surface
[Collins et al., 2006] which increase to 4 km/s within a
few kilometers of the surface [Reading et al., 2003]. High
shear-wave velocities, at shallow depth, imply relatively
high shear modulus values.
[8] Surface rupturing earthquakes in stable continental
regions are rare, with only 11 historical examples currently
identified worldwide [Crone et al., 2003]. However they
are remarkably common for the SWSZ; the 1968 M6.9
Meckering, 1979 M6.2 Cadoux, and 1970 M5.9 Calingiri
reverse faulting events each had surface rupture expression
[Leonard et al., 2002]. In the SWSZ 95% of earthquakes are
thought to occur shallower than 5 km [Leonard, 2008] and,
since the depths of the earthquakes in this area are poorly
constrained by the existing seismic network, additional
InSAR observations provide important constraints on the
patterns of seismic activity.
[9] Shallow earthquakes are often associated with nontectonic processes, including anthropogenic activity such as
mining [e.g., Simpson, 1986]; however, for the Katanning
and Kalannie earthquakes, we found no evidence of this.
Neither event locations are associated with any significant
observed seismicity in the Australian seismic recording
history; however the Katanning event occurred approxi-
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Phased Array type L-band Synthetic Aperture Radar (PALSAR), instrument. Routine ALOS observations have been
made of the Australian continent since the satellite’s launch
in 2006 and the Katanning event (10 October 2007) was
the first significant shallow seismic event since then.
The deformation from the Katanning earthquake was
best resolved using acquisitions from 8 September 2007
(orbit 8643) and 24 October 2007 (orbit 9314), when the
PALSAR instrument was operating in Fine Beam Double
(FBD) mode (frame 6490). The perpendicular baseline
between the repeat-pass satellite trajectories was 423 m (B?).
[11] The investigation of the Kalannie earthquake sequence was undertaken in a time series analysis scheme,
using routinely acquired ENVISAT, Advanced Synthetic
Aperture Radar (ASAR), C-Band data. This data set
includes 24 descending and 14 ascending passes, observed
from November 2004 to August 2007 (Tables 1 and 2).

Figure 2. The Mw 4.7 Katanning earthquake. (a) Aerial
photography with the observed interferogram as an overlay.
The black line indicates the observed surface cracking and
scarp feature (V. Dent, personal communication, 2007).
Each fringe (or full color cycle) represents the line-of-sight
range change of one half of the radar instrument wavelength
(i.e., 0.118 m), the wavelength of the radar data from the
ALOS PALSAR instrument was 0.236 m. The ascending
pass line-of-sight (target to satellite) unit vector was 0.596,
0.139, 0.792 in the east, north, and up components,
respectively. The direction of the satellite trajectory and
the satellite-to-target direction is shown in red. (b) The
interferogram with shaded digital topography and the
identified Quaternary scarps (black lines) are as per Figure 1.
mately 3 km northeast from the termination of a previously
identified Quaternary scarp (Figure 2) [Clark, 2008].

3. InSAR Observations and Analysis
3.1. Data
[10] The co-seismic deformation field associated with the
Katanning earthquake was observed using the ALOS,

3.2. InSAR Analysis
[12] The SWSZ is generally well suited to the observation
of surface deformation by satellite-based InSAR techniques
[e.g., Massonnet and Feigl, 1995; Feigl, 2002], as the area
has small undulating topography and minimal vegetation
cover because of the dry climate (rainfall of 350 mm/yr,
source: www.bom.gov.au). This cover commonly consists
of annual low-growing crops, including wheat and barley,
and the associated agricultural activity often reduces the
InSAR observation quality.
[13] We formed interferograms from Single Look Complex (SLC) products using an in-house modified version of
the DORIS software (i.e., DORIS with an added ALOS
capability) [Kampes and Usai, 1999]. To improve the
signal-to-noise ratio the ALOS interferograms were downsampled by a factor of 10 in azimuth and 2 in range,
resulting in 30  30 m pixels. The ENVISAT interferograms were down-sampled by a factor of 5 in the azimuth
component (range was not down-sampled), resulting in
20  20 m pixels. The topographic signal in the re-sampled
interferograms was reduced using the 3 arc sec digital
elevation model (DEM) from the Shuttle Radar Topography
Mission (SRTM) [Farr et al., 2007]. The ALOS satellite
position was modeled with the trajectory data available
within the PALSAR product metadata, while for ENVISAT
its position was modeled using the precise trajectory data
available from the Delft University of Technology [e.g.,
Scharroo and Visser, 1998]. Any residual orbital error was
further minimized through the removal of a planar trend
surface from each computed interferogram.
[14] The phase unwrapping was undertaken where possible with a conventional 2-D phase unwrapping approach
[Chen and Zebker, 2001]. For interferograms where large
patches of low coherence, caused by agricultural activity,
prevented reliable phase unwrapping with conventional
approaches [e.g., Ghiglia and Pritt, 1998; Chen and Zebker,
2001], we used in-house-developed software which implements a sparse unwrapping technique. This software is
based on a Minimum Cost Flow (MCF) approach
[Costantini and Rosen, 1999; Eineder and Holzner, 1999],
where low-quality pixels are masked (for example, low
spatial coherence), the remaining data triangulated, residues
identified and the data subsequently unwrapped along a
preferred path.
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Table 1. ENVISAT Descending Pass Observations Used for the
Kalannie Earthquake Sequence Analysis (Track 2203, Frame
4221)a
Orbit

B? (m)

jD tj (days)

fDC (Hz)

180.6
760.9
19.6
552.8
365.4
108.6
189.0
144.0
0.0

315
280
245
210
175
140
105
70
0

961.7
960.5
965.5
953.2
960.6
960.7
967.9
972.2
929.8

21/22 September 2005 Kalannie sequence
08 November 2005
303.5
35
13 December 2005
744.6
70
17 January 2006
431.1
105
21 February 2006
645.8
140
02 May 2006
406.9
210
06 June 2006
533.6
245
19 September 2006
139.5
350
24 October 2006
173.8
385
28 November 2006
457.8
420
02 January 2007
463.7
455
06 February 2007
101.4
490
13 March 2007
279.4
525
22 May 2007
182.3
595
26 June 2007
126.0
630
31 July 2007
288.8
665

932.2
927.4
924.7
917.7
933.7
925.1
939.1
931.9
923.6
935.8
932.9
927.9
937.7
930.6
933.0

Acquisition Date

14285
14786
15287
15788
16289
16790
17291
17792
18794

23 November
28 December
01 February
08 March
12 April
17 May
21 June
26 July
04 October

19295
19796
20297
20798
21800
22301
23804
24305
24806
25307
25808
26309
27311
27812
28313

2004
2004
2005
2005
2005
2005
2005
2005
2005

a
B? is the perpendicular baseline relative to the 04-Oct-2005 acquisition.
jD tj is the time span between acquisitions relative to the 04-Oct-2005
acquisition. fDC is the absolute Doppler centroid.

3.3. InSAR Time Series Analysis
[15] The Kalannie co-seismic deformation field was
refined using an InSAR time series analysis approach.
The technique was used to reduce the impact of residualtopography and atmospheric signals which, if left uncorrected, can be important error sources when observing
small deformation signals. The significant agricultural
activity in the SWSZ poses an interesting challenge for
the time series analysis of InSAR data, since at relatively
regular intervals the entire surface is completely modified.
Techniques such as persistent scatterer interferometry
[Ferretti et al., 2000] can perform poorly in such conditions, as the method requires phase stable observations
over long time periods.
[16] The InSAR time series analysis was undertaken
using in-house developed software which is based on a
modified SBAS (i.e., Small BAseline Subset) technique
[Berardino et al., 2002]. The adopted SBAS approach has
a number of advantages over other InSAR analysis methods.
First, the technique allows the convenient combination of
multiple interferometric pairs by implicitly reducing redundant observations into a temporal deformation series. This
implicit reduction step is important when seismic catalogs
poorly constrain the epicenter and depth of small and remote
events, which is often the case in Australia. Consequently it
becomes increasingly difficult to eliminate the possibility of
non-tectonic phenomena, such as atmospheric signals, being
interpreted as co-seismic deformation. Second, while in its
simplest implementation the SBAS approach does not
enforce any a priori assumptions about temporal development of the deformation, it provides a framework for
spatially variable, temporal smoothing. Third, the technique
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mitigates decorrelation effects by using only highly correlated image pairs. Fourth, the data can be multilooked
(down-sampled) making the technique computationally
efficient for analyzing large areas as compared to persistent
scatterer techniques. Finally, the SBAS approach allows for
the modeling of residual topography errors. For example,
the best quality interferometric pair (ENVISAT) spanning
the Mw 4.4 Kalannie earthquake, had a perpendicular
distance between the orbit trajectories (B?) of 140 m,
corresponding to an altitude of ambiguity of 63 m. A
topography residual of 10 m corresponds to an error in
the observed line-of-sight deformation of 5 mm or 20%
of the maximum co-seismic signal (see section 4.2 below).
[17] In our analysis, the SBAS model is implemented as
[e.g., Cavalié et al., 2007]:


T
gK

4pB?
lr sin q

0



v
hc


¼ ðdfÞ;

ð1Þ

where T is a matrix of reference time intervals, v is a vector
of the average velocity between each time step, hc is the
residual topography signal, and df is a vector of unwrapped
phase change observations, l is the radar wavelength, r is
the satellite-to-target range, q is the incidence angle, g is a
smoothing parameter, and K is a matrix of velocity
parameter finite difference constraints [e.g., Schmidt and
Burgmann, 2003].
[18] In our modified approach the g parameter is allowed
to vary spatially and temporally, its value selected to
optimize the resolution of the small seismic signal. For
example there is no temporal smoothing over co-seismic
events. We also incorporate interferograms with large B?
values, up to 600 m, since the SWSZ has small topography and geometric decorrelation is a less important source
of noise. An initial analysis step begins without any
smoothing constraint and, as the location and extent of
any deformation signal becomes apparent, we subsequently
apply smoothing as appropriate. The parameters B?, r, and q
are evaluated for each pixel and equation (1) was solved,

Table 2. ENVISAT Ascending Pass Observations Used for the
Kalannie Earthquake Sequence Analysis (Track 2325, Frame
6579)a
Orbit

Acquisition Date

B? (m)

jD tj (days)

fDC (Hz)

18415

07 September 2005

226.9

35

627.4

18916
19417
20920
21421
21922
22423
24427
24928
25429
25930
26431
26932
27433

21/22 September 2005 Kalannie sequence
12 October 2005
0.0
0
16 November 2005
373.6
35
01 March 2006
124.7
140
05 April 2006
671.7
175
10 May 2006
91.8
210
14 June 2006
35.7
245
01 November 2006
477.7
385
06 December 2006
105.8
420
10 January 2007
558.1
455
14 February 2007
109.8
490
21 March 2007
456.4
525
25 April 2007
62.7
560
30 May 2007
48.1
595

676.4
666.1
674.3
678.4
670.0
669.8
668.8
671.4
670.3
676.0
663.9
670.3
666.1

a
B? is the perpendicular baseline relative to the 12-Oct-2005 acquisition.
jD tj is the time span between acquisitions relative to the 12-Oct-2005
acquisition. fDC is the absolute Doppler centroid.
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since in the general case it may be singular, by application
of the singular value decomposition (SVD) method.

4. Results
4.1. Katanning Earthquake
[19] The Katanning earthquake occurred approximately
30 km south of the township of Katanning, Western
Australia (Figure 1). The earthquake resulted in some
property damage in the local vicinity and it was felt in
areas of Perth, 260 km northwest of the epicenter. There
were some observations of associated surface cracking, with
small (1 – 2 cm) surface cracks visible and some larger
surface topography changes, including a 2.5  90 m long
linear feature which was uplifted by approximately 0.3 m
relative to the surrounding surface (G. Taylor, land owner,
personal communication, 2007). Conventional two-pass
InSAR analysis of the ALOS data resulted in a high
coherence interferogram, which clearly indicates the associated co-seismic deformation (Figure 2).
[20] The unwrapped co-seismic displacement field was
modeled using elastic dislocation theory. The potential to
incorporate other geodetic observations at nearby survey
marks into the elastic dislocation modeling was discounted,
since the marks were too distant (>7 km) from the epicenter
and their estimated coordinate precision insufficient. We
modeled the fault as a rectangular plane with a uniform-slip
distribution [Okada, 1985], and we estimated the earthquake’s latitude, longitude, depth, strike, dip, rake, slipmagnitude, and the dimensions of the best-fitting fault-plane.
The earthquake was assumed to be a double-couple source
without tensile components and we assumed that the Earth’s
crust was well modeled as a Poisson solid with a shear
modulus of 30 GPa.
[21] To reduce the volume of InSAR observations, the
data were down-sampled using a quadtree partitioning
algorithm [Jónsson et al., 2002], with a threshold variance
of 12 mm2, such that the InSAR data set, spanning the time
of the earthquake, contained approximately 3000 observations. As an alternative to averaging the observations within
each quadrant, we selected the pixel with the median
observation value over the quadrants rather than the conventional approach of averaging the observations. This
median selection approach gives slightly improved results
[Dawson and Tregoning, 2007].
[22] The model inversions were undertaken using the
Direction Set Method [Press et al., 1992] which was
iterated with randomly selected a priori values for modeled
parameters [e.g., Wright et al., 1999]. The search of parameter space was unconstrained, although the rupture plane
was constrained to be below the surface through the
application of auxiliary parameter transforms so as to avoid
physically unrealistic depth estimates [e.g., Wright et al.,
1999]. The observations were treated as equally weighted
and uncorrelated which, based on our previous simulations,
has minimal impact on the source parameter estimates when
compared to a spatially correlated observation weighting
[Dawson and Tregoning, 2007].
[23] A Monte Carlo technique was used to assess the
precision of the derived earthquake source parameters [e.g.,
Funning et al., 2005]. Specifically, a variogram model was
evaluated using the residual unwrapped data (observed
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minus modeled), and then subsequently used to generate
100 synthetic noise models by non-conditional simulation
[Cressie, 1993]. The maximum variance of our variogram
model was 41 mm2, while at distance of 2 km the model
variance is sub mm. The noise models were then combined
with the elastic deformation model, estimated from the
observations. The combined (noise-plus-deformation) data
sets were unwrapped and inverted, providing an ensemble of
earthquake source parameters. The scatter of each parameter
within the ensemble provided a robust estimate of the
precision of the model source parameters.
[24] The standard deviation of the unwrapped phase data
outside the immediate co-seismic deformation field was
7.7 mm, reflecting the precision of the ALOS PALSAR
observations. The earthquake was well modeled as an
elastic rupture (Figure 3), with a Root Mean Square
(RMS) error of 12.2 mm. The InSAR-derived mechanism
and its precision are given in Tables 3 and 4. The earthquake’s mechanism is predominately right-lateral strike –
slip with a thrust component, the rupture plane extends from
640 ± 10 m depth to the surface, and the average estimated
slip on the rupture was 422 ± 59 mm. The model suggests
that the earthquake has ruptured to the regolith and the
deeply weathered geology probably explains the lack of a
clear surface rupture.
[25] Since the east – west compressive regime of the
SWSZ would suggest the predominance of thrust mechanism earthquakes we assessed this possibility directly by
repeating the analysis with the rake fixed to 90° (i.e., pure
thrust) (Figure 4, Tables 3 and 4). The RMS error of this
solution was, 12.9 mm, only marginally worse than the best
fitting solution (12.2 mm). We found that the InSAR
observations poorly resolve the rake of the event, since
the satellite-to-target direction is near to parallel to the
earthquake strike, and is largely unable to differentiate
between vertical and toward-the-satellite deformation
(Figure 2). While we prefer the best fitting solution, we also
exercise caution when making rake-related interpretations.
[26] From the Monte Carlo analysis, the estimated precision (1s) of the rupture location is better than 100 m. We
were able to estimate the rupture plane orientation to better
than 7° (1s). The length and width of the rupture plane was
also well determined to better than 100 m or 10% of the
total fault size, such good estimates resulting in part from
having an earthquake depth that is of similar magnitude to
its fault dimensions. Equally, the conjugate fault planes
seem well differentiated in the model inversion. Parameter
trade-off analysis indicated that the rupture location coordinates are the most highly correlated parameter pairs
and both are also highly correlated with the fault width
(Figure 5); however the rake is well resolved. Overall, the
narrow peak of each parameter histogram provides confidence in our fault parameter estimates.
[27] At shallow depths the rheological parameters of the
crust may differ from what is conventionally adopted for the
estimation of elastic dislocation models from geodetic
observations. The homogeneous, isotropic, Poisson-solid,
and half-space assumptions adopted can have important
consequences as these assumptions become less valid
[e.g., Masterlark, 2003]. We found our model was largely
insensitive to a range of shear modulus and Poisson ratio
values, with the exception of moment magnitude (which is
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Figure 3. Best-fitting uniform rectangular fault modeling and observations of the Mw 4.7 Katanning
earthquake. (a) Observed L-Band interferogram. The images were acquired on 8 September 2007 and
24 October 2007. Scale and the satellite-to-target look direction are as per Figure 2. Negative range
change profiles are indicated in black. (b) Modeled interferogram, modeled horizontal deformation
vectors are shown in black. The modeled rupture rectangle is shown in black. (c – f) Modeled and
observed unwrapped negative range change profiles.
of course directly proportional to the adopted shear modulus
value). Seismically derived estimates of the Poisson’s ratio
in this region are not available. Since, for crustal rocks, the
Poisson’s ratio is 0.1 < u < 0.4 [Turcotte and Schubert,
2002] we repeated the inversion adopting these extreme
values. These tests indicated that the estimated parameters
were not significantly different (95% confidence level) from
our preferred model (u = 0.25, Tables 3 and 4) except for
the depth parameter which we found varied by 100 m
between the extremes (i.e., when u = 0.1 the depth was
620 m, while when u = 0.4 the depth was 720 m). Overall,
the impact of the Poisson-solid assumption is low.
[28] We cannot exclude the possibility of some inelastic
behavior of the upper crust, since the fault most likely

ruptured into weathered rocks. However, since the elastic
model recovers the surface displacement convincingly,
significant inelastic behavior is unlikely. In some circumstances superficial layering (i.e., elastic stratification of the
crust) can have an important impact on the observed surface
deformation [e.g., Cattin et al., 1999]; however this effect is
unlikely to be significant for small-magnitude, shallow
events. The Geoscience Australia and the USGS NEIC
seismic catalogs report a magnitude 4.8 for this earthquake;
the consistency between the geodetic (4.74 ± 0.03) and
seismic moment magnitude thus supports our choice of
shear modulus.
[29] Modeling limitations may result from our use of a
single plane, uniform-slip distribution rupture model. The
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Table 3. InSAR-Derived Earthquake Location and Magnitude
Estimates of the Mw 4.7 Katanning Earthquakea
Rupture-Depth
Longitude

Latitude

117.5319°
±0.05 km

33.9544°
±0.08 km

117.5318°
±0.04 km

33.9555°
±0.06 km

Bottom
(km)

Top
(km)

Magnitude
(Mw)

Misfit
(mm)

Best Fitting Solution
0.64
0.05
±0.01
±0.01

4.74
±0.03

12.2

Pure Thrust Solution
0.913
0.085
±0.06
±0.06

4.82
±0.02

12.9

Seismic Solution
117.50°

33.95°

4.80

a

The location and depth refer to the bottom left of the fault rectangle,
following the convention of Okada [1985]. The misfit is the root mean
square error between the observed and modeled elastic dislocation. The
earthquake magnitude Mw was computed using the relation log10(M0) =
3/2(Mw + 10.7) [Hanks and Kanamori, 1979] where M0 is the seismic
moment. M0 was computed using the relation M0 = m L W U where m is
the shear modulus of the Earth’s crust, L and W are rupture length and
width respectively, and U is the average slip [Aki and Richards, 2002].
The seismic solution is from the Geoscience Australia catalog. The
uncertainties are 1s.

deformation field has features that are suggestive of a nonplanar rupture and/or a non-uniform slip distribution. These
features include the sigmoidal bend of the apparent fault
trace near its southern end, and the computed residuals,
again at the southern end, indicate an under estimation of
the deformation magnitude and extent (Figure 3c).
[30] The investigation of the finer details of the slip
distribution is possible given the shallowness of the event.
For this we fixed the fault geometry to the parameters from
the best-fitting uniform-slip model and estimated the slip on
small patches (Tables 3 and 4). We segmented the rupture
into 400 patches and ensured that the patched area extended
past the previously estimated rupture by 0.5 km in the
along-strike direction and 1.0 km in down-dip direction.
The resulting patch dimensions were 150  90 m, in the
along-strike and down-dip directions, respectively. We set
up a system of equations relating the slip on the patches to
the observations given a fixed rupture geometry [e.g.,
Jónsson et al., 2002; Funning et al., 2005]:
  

d
G
¼
m
2
0
k2 r

ð2Þ

where d is a vector of the observed line-of-sight displacements, G are the data kernels (i.e., the elastic model) which
relate the slip to the observations, m is a vector of slip on
each of the patches, k2 is a weighting parameter which
controls the degree of smoothing. The Laplacian smoothing
condition (r2) is used to avoid unphysical slip oscillations
in the estimated slip. The degree of smoothing was selected
as a trade-off between resolution and accuracy and, after
plotting k values against their respective misfits, we
selected the largest value of k which did not significantly
increase the solution misfit. The fixed geometry problem
(i.e., equation (2)) is linear and was solved directly using a
non-negative least squares estimation technique [Lawson
and Hanson, 1974].
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[31] We used the same Monte Carlo technique as in
section 4.1 to assess the precision of the derived slip
parameters [e.g., Funning et al., 2005]. Figure 6 shows
the modeled interferogram incorporating the variable slip
distribution, while Figure 7 shows the slip distribution
model. The misfit of the distributed slip model was
11.3 mm compared to 12.2 mm for the uniform slip model.
Overall, the solution was significantly improved (i.e., F-test
at 95% confidence level) over the previous model, this is
demonstrated particularly in the area where the maximum
deformation is observed. However the model still has some
remaining misfit at the southern end of the deformation field
and we conclude that slip on a singular planar fault cannot
fully explain all the observed deformation.
[32] We modeled significant slip between the surface and a
depth of approximately 700 m while we found maximum slip
magnitudes of 76 cm at a depth of approximately 400 m. The
centroid of the slip was estimated to be at a depth of 320 m.
The estimated slip at the location corresponding to the surface
uplift feature was between 25 and 35 cm and is consistent
with the apparent uplift. The maximum estimated slip near
the surface was 58 cm and is located to the south west along
the rupture relative to the uplift feature. The maximum
estimated 1s uncertainty of the slip estimates was 14 cm.
[33] To assess the robustness of the estimated slip distribution, we undertook a series of synthetic tests. For these
tests we adopted the fixed geometry as used previously,
generated synthetic slip distributions, then modeled an
L-band interferogram, combined it with realistic synthetic
noise, and finally estimated the slip distribution (Figure 8).
The modeling indicates that events of magnitude 4.7 (Mw)
which occur in the top kilometer of crust have slip distributions which are generally well constrained from L-Band
InSAR observations. The reconstructed distributions had the
highest accuracy when the slip is largely contained in the
top 750 m of crust, which is the case for the Katanning
earthquake. The slip tends to be underestimated if it occurs
below this level.
4.2. Kalannie Earthquake Sequence
[34] Between September 2005 and January 2007 a cluster
of seismicity was observed in an area centered approximately 24 km north of the township of Kalannie. Prior to
this period, within a 15 km radius, the area was essentially
aseismic in the seismic recording history. Transient cluster
seismicity is a feature of the SWSZ [Denham et al., 1987]
and while in some cases the enhanced local seismicity
relates to aftershock sequences, other clusters are not
Table 4. InSAR-Derived Earthquake Source Parameters of the Mw
4.7 Katanning Earthquakea
Length
(km)

Width
(km)

Strike
(°)

1.255
±0.05

0.861
±0.08

53.4
±0.4

1.305
±0.02

1.082
±0.06

53.4
±0.4

Dip
(°)

Rake
(°)

U1
(mm)

U2
(mm)

Slip
(mm)

Best Fitting Solution
43.5
151.4
388
±2.9
±11.9
±93

212
±60

422
±59

Pure Thrust Solution
49.9
90.0
±2.0
-

450
±15

450
±15

0
-

a
U1 is the left-lateral transverse component of the slip and U2 is the
thrusting dip-slip component [e.g., Okada, 1985]. Slip is the average slip.
The uncertainties are 1s.
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Figure 4. Pure thrust constrained uniform rectangular fault modeling and observations of the Mw 4.7
Katanning earthquake. The descriptions are as per Figure 3.
associated with any previously known seismic events. The
closest recorded moderate-sized earthquake to the Kalannie
cluster is the 1987 M6.2 Cadoux earthquake, which was
located over 50 km to the south.
[35] Using all the acquired data (2004– 2007) we computed a large redundant set of the possible interferogram
pairs. In the subsequent analysis we selected only significantly correlated interferograms, discarding the remainder.
The adopted data set included acquisition spans of up to
280 days, B? values up to 603 m, and overall included 55
descending pass interferograms and 28 ascending pass
interferograms (Tables 1 and 2). The subsequent time series
analysis revealed a surface deformation signature, and given
the availability of descending and ascending observations,
allowed us to constrain the deformation to a period between
7 September 2005 and 4 October 2005. A maximum
deformation of 27 mm (line-of-sight toward the satellite in
the descending pass) was observed in the target-to-satellite
direction, the deformation field had a circular extent of 2 km

diameter (Figure 9), while there was no field evidence of
associated rupturing or deformation of the surface (R.
Leach, land owner, personal communication, 2007).
[36] When estimating a topographic correction surface,
we found maximum residual topography corrections of
14 m, with an RMS of 1.3 m (i.e., with respect to the
reference DEM). The reduced average velocities covering
the co-seismic event were then converted to displacement
and these data were inverted in the elastic dislocation
modeling. The modeling and the parameter uncertainty
estimation followed the approach detailed in section 4.1
except that we adopted a point-source elastic dislocation
model [Okada, 1985] because of the small magnitude of the
earthquake, and the quadtree threshold variance was set to
1 mm2. We estimated the earthquake location, depth,
rupture strike, dip and rake, and the magnitude. No parameter constraints were applied and no preferred initial values
were selected. The ascending and descending observations are
inverted together and the earthquake is characterized as a
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Figure 5. Parameter trade-offs and correlations computed using Monte Carlo analysis for the Katanning
earthquake. The parameter correlation coefficients are shown in the upper boxes, while parameter scatterplots are shown in the lower boxes. The parameter histograms are shown in the diagonal boxes, the
vertical line indicates the mean value. X and Y is the location of the bottom left of the fault rectangle
[e.g., Okada, 1985] in an arbitrary local coordinate frame in the east and north components (km),
respectively. The length and width are in km, Strike, Dip, and Rake are in degrees.
reverse right-lateral oblique fault (Figure 10, Table 5), with
an RMS error of 2.6 and 2.5 mm, for the descending and
ascending pass data, respectively. The event had a well
determined location, better than 150 m (1s) and we were
able to estimate its rupture plane orientation to better than
15° (1s).
[37] Since the observed deformation had a nearly circular
appearance we assessed the strike of the event with particular
care by undertaking a direct search of the parameter space.
This analysis indicated that the observations do resolve the

strike with a quality which is consistent with its uncertainty
(i.e., ±12.1° (1s)). There are two clear preferred solutions,
the first around our best-fitting solution and the second
corresponding to its conjugate fault plane (Figure 11).
4.3. Kalannie Seismic Relocations
[38] A review of the seismic catalog data suggested a
potentially causative sequence of shallow, <5 km depth,
small-magnitude earthquakes, 3.7 to 4.1 ML, located to
within 5 km of the observed surface deformation, and
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Figure 6. The modeled interferogram for the Katanning earthquake incorporating variable slip
modeling (Figure 7). The descriptions are as per Figure 3.
observed on the 21 and 22 September 2005 (Table 5 and
Figure 12). Using a double difference seismic analysis
technique, implemented in the HypoDD software
[Waldhauser and Ellsworth, 2000], these events were relocated using P-wave and S-wave phase data from the
Geoscience Australia catalog, with a regionally specific
layered crustal velocity model [Drummond and Collins,
1986; Dentith et al., 2000]. The intention of using the
technique was to reduce common mode errors, in particular
those associated with crustal structure at the seismic
receivers. The earthquakes were relocated with respect to
the InSAR-estimated earthquake location. The four relocated hypocenters had a standard deviation, with respect to
each other, of 0.8, 1.0, and 1.7 km, in the east, north and up
components, respectively. Derived from the travel time
residuals the average formal uncertainty of the relocated
event horizontal positions was ±1.5 km (1s). A review of
the first motion seismic data was somewhat inconsistent,
however it generally indicates thrust events, consistent with

the InSAR-derived focal mechanism. Given the potential for
discrepancy between the derived seismic (ML) and geodetic
(Mw) magnitudes, the composite magnitude of the four
events is approximately ML 4.4 (Table 5) and remarkably
close to the InSAR-derived value, Mw 4.39 ± 0.06 (1s).
[39] Neither the InSAR or the seismic data allows us to
exclude the possibility that the observed deformation signal
results from a single event with a larger magnitude than that
suggested from the seismic data; however, given the relocation and composite magnitude results, we conclude
that the deformation, observed by InSAR, results from a
sequence of seismic events within a small spatial zone.

5. Discussion
5.1. InSAR Sensitivity
[40] The sensitivity of InSAR to detect and characterize
small co-seismic events (<M5) has only received limited
attention [Mellors et al., 2004; Lohman and Simons, 2005,
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InSAR (C-Band and L-Band). We have added to the global
list of small magnitude earthquakes investigated with
InSAR, demonstrating the reach of this method to characterize earthquakes as small as around M4.4.
5.2. Slip Distribution
[41] Slip distributions computed from geodetic observations are routinely estimated for large magnitude earthquakes, for example, the 2003 M w 6.6 Bam, Iran,
earthquake [Funning et al., 2005] and the 1999 Mw 7.1
Hector Mine, California earthquake [Jónsson et al., 2002].
However they are generally not available for small magnitude events, as surface deformation decreases rapidly as a
function of event depth, with only very shallow earthquakes
reaching the geodetic detection limits of InSAR and GPS.
The latter are not generally available at sufficient spatial
density for characterizing small earthquakes. To our knowledge the Katanning earthquake is the smallest event for
which a slip distribution has been determined using geodetic
data.
[42] Slip distributions for small-magnitude events have
been determined from seismic data, for example, the 1997
Mw 4.5 Northridge, California, aftershocks [Venkataraman
et al., 2000]. However such studies are rare since they
require dense seismic networks (20 km spacing) operating
close to the event.
5.3. Stress Orientation
[43] The InSAR determined earthquake models allow the
estimation of the local stress field orientation, which is often
poorly determined from sparse regional seismic networks
for moderate-sized earthquakes (M4 – M6.5) [e.g., Zoback,
1992]. The Katanning earthquake mechanism indicates a
principal stress orientation, assuming it is consistent with
the earthquake’s slip, of 75° (azimuth) while for the Kalannie earthquake sequence it was 84° (Figure 13). These
values agree favorably with the broad-scale regional stress
field [Reinecker et al., 2005], and are consistent with an
east –west compressive regime.

Figure 7. The slip distribution model for the Katanning
earthquake. The earthquake geometry was fixed to the best
fitting solution (Tables 3 and 4). (a) Estimated slip. View is
normal to the fault plane. A zero down-dip value would
indicate the surface. (b) 1s uncertainties of the slip. (c) Plan
view of the rupture in an arbitrary local coordinate system.
(d) Viewing azimuth and elevation is 210° and 10°,
respectively.

Dawson and Tregoning, 2007]. Globally to date, very few
earthquakes in the magnitude range investigated here have
been imaged by InSAR, previous C-band InSAR examples
include the M5.4 (depth 2.6 km) 1992 Landers aftershock
[Feigl et al., 1995], the M4.8 (depth 2.2 km), 5.3 (depth
4.2 km), 5.0 (depth 3.5 km), and 5.4 (depth 5.3 km)
earthquakes in the Zagros Mountains, Iran [Lohman and
Simons, 2005], and the M5.6 (depth 9.4 km) Little Skull
Mountain earthquake [Lohman et al., 2002]. Our analysis of
the Katanning and Kalannie earthquakes is at the lower limit
of the co-seismic characterization capabilities of satellite

5.4. Static Stress Drop
[44] We evaluated the static stress drop Ds using the
relation [Brune, 1970, 1971; Scholz, 2002], Table 6.
Ds ¼

7 M0
16 r3

ð3Þ

where M0 is seismic moment and r is the source radius. This
relation assumes p
a circular
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ rupture and the parameter r was
modeled as r = LW =p where L and W are the rupture
length and width. Table 7 gives the computed stress drop,
which is 30 ± 6 MPa, for the best-fitting uniform slip
model. To assess the impact of the elastic modeling on the
estimated stress drop, we repeated this calculation for the
pure-thrust constrained model and found a similar result,
28 ± 1 MPa. For the distributed slip model we found that
the average stress drop, averaged over those segments with
a detected slip, is a much larger 53 MPa. The uncertainties
for the stress drop were evaluated using the Monte Carlo
method described in section 4.1, however we did not
consider the uncertainty of the shear modulus m parameter
Table 8.
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Figure 8. A comparison between input slip and reconstructed slip, for four synthetic models (a – d),
used to examine slip estimation robustness. The rupture geometry is fixed to the best-fitting uniform-slip
distribution model (Table 4). The slip magnitudes, in each case, are scaled so that they equate to a
4.7 (Mw) earthquake. The synthetic interferogram includes realistic noise and otherwise is identical in
characteristics to the interferogram in Figure 2. The black rectangle indicates the extents of the segmented
rupture.
[45] The large computed stress drop is consistent with the
high slip magnitude relative to the rupture area. The stress
drop is larger, by a factor of 3 or more, than those associated
with the 1968 Meckering and 1970 Calingiri earthquakes,
which were 10 MPa [Denham et al., 1980]. They are also
larger than typical stress drops observed elsewhere in the

world, which rarely exceed 10 MPa [Scholz, 2002],
although stress drops up to approximately 100 MPa have
been observed [e.g., Abercrombie and Leary, 1993]. The
observed stress drop is consistent with the stress magnitudes
of 20– 40 MPa predicted, on the Australian continent, by
plate boundary force modeling [Coblentz et al., 1998] and
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stress drop, while being unusually large, is real. The stress
drop relation we adopted ignores the free surface effect and,
for surface rupturing earthquakes, may be less by a factor of
2 [Boore and Dunbar, 1977]. This would reduce the stress
drop to 14 MPa for the rectangular patch models and
27 MPa for the distributed slip model, values which are
somewhat larger than that observed for other earthquakes in
this region. However a large drop is consistent with the
earthquake being felt up to 260 km from the epicenter and,
assuming total tectonic stress release, the stress drop magnitude is consistent with the magnitude of the prevailing
stress field. We prefer the high stress drop explanation which,
assuming a free surface effect, has a range of 14– 27 MPa.

Figure 9. Descending pass interferogram of the Mw 4.4
Kalannie earthquake sequence. Reduced descending pass
ENVISAT interferometric observations, 26 July 2005 to 4
October 2005. The triangles, indicating the observed
seismicity in the period 1 January 2004 until 20 December
2007, are from the Geoscience Australia catalog
(www.ga.gov.au). The stars indicate relocated seismic events
from Table 5. Each color cycle corresponds to a 28.3 mm
line-of-sight deformation. An indicative ±1.5 km error
ellipse (1s) is depicted for one of the relocated events.
intraplate earthquakes are thought to be more likely to
release the local tectonic stress completely [Richardson
and Solomon, 1977]. The drop is also somewhat larger than
the compressive horizontal stresses of 20 MPa which have
been observed close to the surface (<10 m) in the SWSZ
[Denham et al., 1980].
[46] This high stress drop may have a number of explanations. First, the adopted shear modulus may be too large.
The value we adopted (i.e., m = 30 GPa) is generally used in
the elastic dislocation modeling of earthquakes at greater
depth. However shear modulus is expected to increase
with depth and may be four times smaller at the surface
[Wu et al., 1998]. If we assume the stress drop observed
for Meckering and Calingiri is typical of the region (i.e.,
10 MPa) then it would suggest a shear modulus of
10 GPa for the near surface crust. This would be unlikely
given the high shear-wave velocities, at shallow depth,
observed in the region, i.e., an upper crustal density of 2.8 g
cm3 (source: Reference Earth Model (REM) http://mahi.ucsd.
edu/Gabi/rem.html) and a shear-wave velocity of 3 km s1
gives a shear modulus of 25.2 GPa. Second, the relation we
adopted for the static stress drop (i.e., equation (3)) may not
be valid. Similar expressions for static stress drop – except
for a rectangular rupture – have also been proposed (i.e.,
Ds / M0/W2L) [e.g., Stein and Wysession, 2003] and these
produce an estimate of the stress drop which is less than the
circular rupture model by a factor of two. Third, the inferred

5.5. Earthquake Scaling Relations
[47] Empirical earthquake scaling relations are determined from instrumentally recorded earthquakes [e.g.,
Bonilla et al., 1984], and express the relationship between
moment magnitude and various other earthquake source
parameters, such as displacement, rupture length, rupture
width, etc. Such relations are determined using data from
global catalogs. Many of the relationships remain valid over
all earthquake magnitudes [e.g., Wells and Coppersmith,
1994], such that our observations of small earthquakes can
be used to infer the characteristics of larger earthquakes as
well as providing a well determined data set from which it is
possible to test the validity of these globally determined
relationships. This is important since few Australian earthquake observations are available for such computations, for
example, only 4 Australian earthquakes were used in the
Wells and Coppersmith [1994] relations. For the Katanning
earthquake the source parameters estimated from the InSAR
data indicate that the observed surface displacements are
considerably larger than those predicted (Table 7), implying
that some caution should be exercised in the use of these
relations for SWSZ seismic hazard assessment.
[48] Our results suggest that surface faulting earthquakes
can occur at magnitudes down to at least 4.7 (Mw). This
estimate is lower than the M4.9 – M5 earthquakes previously thought to represent a lower limit on co-seismic
surface faulting [Bonilla, 1988; Wells and Coppersmith,
1994] and is much lower than the typical, greater than
M5.5, events which rupture the surface [Mohammadioun
and Serva, 2001]. This may have implications for seismic
hazard assessments based on the interpretation of Quaternary faults.
5.6. Contributions to Earthquake Location
[49] InSAR-derived earthquake location, depth and magnitude estimates are valuable since they allow for an
independent assessment of those determined teleseismically
and they may be used to calibrate regionally specific
seismic models [Lohman and Simons, 2005] which may
subsequently be used to improve earthquake positioning
from seismic data or provide reference sources for nuclear
test detection [Mellors et al., 2004]. The level of accuracy of
the InSAR-derived earthquake location and depth (±100 m
1s) is not currently obtainable from the sparse Australian
National Seismograph Network, whose estimates have formal precisions of 5 km (2s) in the SWSZ [Leonard,
2008]. Seismic observations constrain 95% of earthquakes
in the SWSZ to the top 5 km of crust. Our observations of
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Figure 10. The reduced line-of-sight and modeled interferograms for the 4.4 Kalannie earthquake
sequence. (a) The reduced ascending pass interferogram. (b) The reduced descending pass interferogram.
(c) The modeled ascending pass interferogram. (d) The modeled descending pass interferogram. The
descending pass line-of-sight (target to satellite) unit vector was 0.366, 0.086, 0.927 in the east, north,
and up components respectively. The ascending pass target to satellite unit vector was 0.420, 0.099,
0.902 in the east, north and up components respectively. Each color cycle corresponds to a 28.3 mm lineof-sight deformation.
shallow earthquakes and the history of moderate-size
surface-rupturing earthquakes suggests that very shallow
(1 km) seismogenesis is commonplace in the SWSZ. In
the period November 2004 to December 2007, the SWSZ
experienced eight earthquakes of magnitude greater than or
equal to 4.2 (up to magnitude 4.8, source: USGS NEIC and
Geoscience Australia catalog). Two of the eight earthquakes
were associated with the Mw 4.4 Kalannie event and one
event was associated with Katanning earthquake, that is,
nearly half of the most significant recent seismicity in the

SWSZ is definitively associated with events in the top 1 km
of crust. Of the remaining events, the InSAR acquisition
coverage is insufficient to characterize these events. An
ongoing InSAR survey of the SWSZ is required to further
develop an accurate earthquake depth histogram, and the
ALOS satellite will provide this opportunity.
5.7. Katanning Quaternary Scarp
[50] Earthquakes in stable continental regions are generally thought to be associated with the reactivation of ancient

Table 5. The Mw 4.4 Kalannie Earthquake Sequence, InSAR-Derived, Source Parameters and Their 1s Uncertaintiesa
Longitude

Latitude

Depth (km)

Magnitude (Mw)

Strike (°)

Dip (°)

Rake (°)

Des. Misfit (mm)

Asc. Misfit (mm)

117.1700°
±0.12 km

30.1484°
± 0.10 km

1.15
± 0.08

4.39
± 0.06

231.1
± 12.1

51.9
± 6.2

132.6
± 11.1

2.6

2.5

a
The misfit is the root mean square error between the observed and modeled elastic dislocation, and the corresponding values for the descending (des.)
and ascending (asc.) passes are given. The uncertainties are 1s.
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Figure 11. Misfit (i.e., RMS) versus the fault strike. The
computed misfit values were obtained from a direct search
of the full parameter space. The misfit values were
smoothed using Gaussian filter with a width of 30°. The
vertical lines indicate the strike of the best-fitting solution
(i.e., 231.1°) and the strike of the corresponding conjugate
fault plane.
faults in response to the contemporary stress field [Crone et
al., 2003; Zoback, 1992]. In Australia, geological evidence
suggests that large surface faults experience multiple surface-rupturing events over time spans of 104 to 105 yr,
separated by long periods of seismic quiescence greater than
106 yr [Crone et al., 1997]. A previously identified Quaternary fault scarp terminates 3 km southwest of the Katanning earthquake and the proximity and the relative
orientation between the scarp and earthquake rupture plane
is suggestive of some physical relationship (Figure 2).
[51] The Quaternary scarp has a height of approximately
5 m and continues in three sections for approximately 20 km
in a southeast direction [Clark, 2008]. The scarp is somewhat anomalous for the SWSZ, since it is oriented in a
northwest direction and not north – south like the majority of
identified Quaternary scarps which are consistent with the
east – west compressive regime observed in the SWSZ.
However the scarp is indicative of large crustal earthquakes
and its presence is not well explained by other geological
processes (D. Clark, personal communication, 2007). In the
absence of trenching data, little is known about the scarp’s
age, temporal development or geometry.
[52] The spatial distribution of sequences of many large
earthquakes is consistent with Coulomb stress changes (e.g.,
1992 Landers earthquake sequence [King et al., 1994]).
While direct static Coulomb stress changes do not explain
delayed failure, stress changes associated with large earthquake events are thought to perturb the stress state on
nearby faults and delay or advance subsequent earthquakes
[Freed, 2005].
[53] To assess the potential relationship between the
Katanning earthquake and the Quaternary scarp, we modeled
a moderate-sized, M6.5, thrusting earthquake with a fault
plane following the scarp along the three visible segments
(Figure 2). Assuming that the earthquake rupture plane met
the surface along its length and the base of the rupture
extended to a depth of 8 km, consistent with other
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moderate-sized earthquakes in the SWSZ, the hypothetical
event corresponds to a rupture with an average slip of 1 m.
Using the COULOMB (version 3.105) software [Toda et
al., 2005; Lin and Stein, 2004] we evaluated the co-seismic
Coulomb stress changes associated with such a rupture on
the Quaternary scarp and found that the modeled earthquake generates 1 MPa of Coulomb stress change on the
observed rupture plane of the Katanning event. The magnitude of the stress changes are mostly insensitive to a
large range of dip angles (30 – 60°) and friction coefficients
(0.4 – 0.8) in the model. Thus an earthquake associated with
the scarp formation would have increased the likelihood of
failure at the observed location of the Katanning event.
[54] If the Quaternary scarp represents a preexisting
crustal weakness then it may be subject to reactivation
given local stress changes. To explore this possibility we
repeated the previous computation to consider the impact of
the Katanning event on the existing scarp. We segmented
the hypothetical M6.5 rupture plane into 10  10 individual
segments and computed the Coulomb stress changes on
each fault segment and found Coulomb stress changes of
0.1 MPa, which is of the order of the minimum stress
changes thought to be able to initiate earthquakes [Seeber et
al., 1998]. Thus if the Quaternary scarp was already predisposed to rupture then the recent event may advance its
occurrence.

6. Conclusions
[55] The SWSZ is particularly suited to the InSAR
technique since the seismicity tends to be very shallow
and we are able to provide high-quality geodetic constraints
on the epicenter and source parameters of two smallmagnitude intraplate earthquakes. These earthquakes are
some of the smallest to be investigated by InSAR and are
a demonstration of the technique for use in characterizing
small-magnitude coseismic events. Our observations support the suggestion that earthquakes in the SWSZ often
initiate in the shallow upper crust (1 km). We provide an
accurate coseismic slip distribution for the Mw 4.7 Katanning earthquake, such estimates being rarely available for
small magnitude events. The high slip magnitudes across a
rupture area of 1 km2 suggests a coseismic stress drop of
14 – 27 MPa, values larger than 10 MPa which has
previously been estimated for earthquakes in this region.
Since stress drops are strongly correlated to ground motion
amplitude the observed large stress drop magnitude has
important implications for ground motion attenuation in the
SWSZ, particularly if our results can be scaled to larger
magnitude earthquakes.
[56] While highly successful in many international contexts, InSAR has not been utilized to investigate any
Australian earthquakes, although its potential to do so has
been previously noted [Dawson and Tregoning, 2007].
Our InSAR observations are the first used in a study of
Australian earthquakes and extends the published capability
of the InSAR technique to observe and characterize small
co-seismic deformations. We used a time series approach
to refine the coseismic displacement characterization by
reducing topographic and atmospheric signals.
[57] Globally there is a limited understanding of shallow
intraplate seismogenesis [Klose and Seeber, 2007] and in
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Figure 12. Long-term seismicity in the region of the observed Mw 4.4 Kalannie earthquake sequence.
The circles, indicating the observed seismicity in the period 1 January 2004 until 20 December 2007, are
from the Geoscience Australia catalog. Event times are color coded showing temporal variation in the
seismicity. The rectangular areas are the ENVISAT ascending and descending scenes. The surrounding
sub-plots shows seismicity from 1978 to 2007 in a circular area around each of the four apparent clusters.
The radius of the circular areas is either 12 or 15 km.
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Figure 13. Regional stress orientations for the SWSZ. The orientations for the Katanning and Kalannie
earthquakes were estimated from the earthquake models determined in this study, while the remaining
stress orientations are from the World Stress Map, release 2005 [Reinecker et al., 2005].
general there is no widely accepted mechanical explanation for intraplate seismogenesis [Kenner and Segall,
2000]. Equally, there remains a somewhat limited understanding of the causes for SWSZ seismicity [Dentith and
Featherstone, 2003]. This study provides additional constraints which will contribute toward a better understanding of the intraplate seismicity observed in the SWSZ.
Table 6. Seismically Observed Events Between 2005/09/07 and
2005/10/04 Inclusivea
Date
2005/09/21
2005/09/21
2005/09/22
2005/09/22
S
2005/09/07
2005/10/04

Longitude (°)

Latitude (°)

Depth (km)

Magnitude

117.16
117.17
117.17
117.16

Seismic
30.15
30.15
30.13
30.14

2.0
0.5
3.0
4.5

4.0 ML
3.7 ML
4.1 ML
3.9 ML
4.36

117.1700

InSAR
30.1484

1.15

4.39 Mw

a
Earthquake catalog data are from Geoscience Australia. ML is local
magnitude. The magnitude corresponding to the cumulative seismic
moment (S) was computed using the seismic moment to magnitude
relation of Hanks and Kanamori [1979].

[58] Our findings will assist in the assessment of seismic
hazard and in the development of models of seismogenesis,
such as those developed for other intraplate seismic zones
(e.g., New Madrid Seismic Zone, central United States,
Kenner and Segall [2000]), by providing better location,
depth, and even slip distribution estimates for earthquake
events than is possible from traditional seismic studies.
Furthermore, our results suggest that InSAR observations
may complement future seismic event relocation efforts.
[59] With the improved spatial and temporal coverage
that the ALOS satellite now provides, we expect many more
Table 7. Average Static Stress Drop (not Including Free Surface
Effects) for the Katanning Earthquake Inferred From InSAR
Observationsa
Seismic Moment
(Nm  1016)
1.368 (4.74 Mw)
1.906 (4.82 Mw)

Inferred Source
Radius (m)

Stress Drop (MPa)

Rectangular Fault Patch
586
29.7 ± 5.5
670
27.7 ± 1.4

Model
Best Fitting
Pure Thrust

Distributed Slip
1.354 (4.74 Mw)
a
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53.0

Best Fitting

The adopted shear modulus m was 30 GPa. The uncertainties are 1s.
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Table 8. Evaluation of InSAR-Derived Earthquake Source Parameters With the Empirical Relationships of Wells and Coppersmith
[1994] for the Katanning Earthquakea
Source Mw = 4.7

Rupture
Length (km)

Rupture
Width (km)

Rupture
Area (km2)

Maximum Surface
Displacement (m)

Average Surface
Displacement (m)

Wells and Coppersmith [1994]
Katanning earthquake, this study

2.21
1.26

3.17
0.86

6.39
1.08

0.026
0.256

0.029
0.216

a
The maximum surface displacement was computed from the best-fitting distributed slip elastic model, and is the largest modeled 3D displacement. The
average surface displacement was determined approximately by averaging the maximum differences in the observed line-of-sight direction in the four
profiles as shown in Figure 3. The rupture length and width, of the sub-surface rupture plane, is from the best-fitting uniform-slip elastic model.

SWSZ earthquakes to be observed in the coming years. This
will provide important constraints on the patterns of seismic
activity, and will be complementary to the conventional
seismic acquisition efforts in the SWSZ.
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