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Abstract

Geodetic observations of aseismic deformation in a thrust belt near Shah-

dad in eastern Iran have been used to place constraints on the rheology of
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creeping faults in a thin-skinned thrust belt (<5 km thickness). Creep on
shallow and high-angle thrust ramps at the range-front occurs at a steady
rate, in response to the topographic gradient across the thrust belt. Parts
of these thrust ramps, and the low-angle basal thrust they connect to at
depth in a ramp-and-flat geometry, underwent accelerated creep following
the nearby M,, 6.6 Fandoqa earthquake in 1998. Estimates of the rate of
fault slip and the driving stresses in these two contrasting times reveal a
non-linear relationship between the stresses and sliding velocity. The degree
of non-linearity rules out bulk shear of a weak layer in the sedimentary sec-
tion (e.g. evaporites) as the deformation mechanism. Instead, we suggest
that the motions are accommodated by slip on faults governed by a friction
law with a highly non-linear relationship between shear stress and slip rate
(e.g. as predicted by ‘rate and state’ models). The high-angle thrust ramps
are responsible for building aspects of the geological and geomorphological
signs of active shortening visible at the surface, but the folding preserved
in the geology must be accomplished by other methods, possibly during the

rapid transient postseismic deformation following nearby earthquakes.
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1 Introduction

Numerous observations from a range of tectonic settings have highlighted the
spatial variability in fault deformation style, from segments remaining locked
in the interseismic period and subsequently breaking in earthquakes, to others
undergoing inter- and post-earthquake aseismic sliding. To fully understand
this range of behaviour, and other fault-slip phenomena such as tremor and
slow-slip events, requires knowledge of the rheological laws that control the
evolution of stress and displacement on faults. A popular approach is based
upon laboratory experiments and is the ‘rate-and-state friction’ formulation
(e.g. Dietrich, 1979; Ruina, 1983; Marone, 1998), in which the effective coeffi-
cient of friction of a fault depends upon the rate of sliding and the evolution
through slip of a state variable (which describes changes in the structural
properties of the fault, such as the time over which asperities have been in
contact). This friction law has been used to reproduce a range of fault slip ob-
servations, largely based upon the difference between stick-slip and creeping
patches of faults, and transient deformation in the postseismic period (e.g.
Scholz, 1998; Hearn et al., 2002; Perfettini and Avouac, 2004; Johnson et al.,
2006; Barbot et al., 2009; Copley et al., 2012; Kaneko et al., 2013). However,

the geometrical and temporal simplicity of observed fault slip patterns, and
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the difficulties in estimating the absolute stresses exerted on the faults (as
distinct from the stress changes due to earthquakes) make it difficult to test
in which natural systems rate-and-state friction laws may apply. This paper
uses pre-, co-, and post-seismic InNSAR observations to study the thrust belt
flanking the fault that ruptured in the 1998 M,,6.6 Fandoga earthquake in
eastern Iran. Using these observations, it is possible to test what rheologies
are consistent with the evolution of fault displacements through time, in a

region where the absolute magnitude of tectonic forcing can be estimated.

The 14 March 1998 M,6.6 Fandoga earthquake was an oblique right-
lateral strike-slip event, with a normal-faulting component of motion, on a
plane dipping WSW at 50° in the Gowk fault zone in eastern Iran (Figure 1a;
Berberian et al. (2001)). SAR interferograms spanning the earthquake and
the subsequent 6 months revealed a signal that could be modelled by ~8 cm
of motion on a low-angle thrust plane underlying the adjacent Shahdad thrust
belt, in a region where the stress changes due to the earthquake promoted
thrust motion (Berberian et al. (2001); Fielding et al. (2004); Figure 1c).
This motion is thought to be postseismic creep because the displacement-to-

length ratio of slip on the fault was significantly outside the range observed
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for earthquakes. This low-angle plane that underlies the thrust belt will be
referred to in the remainder of the paper as the ‘basal thrust’. This paper
uses InSAR to examine the motions in the decade following the time interval
studied by Berberian et al. (2001) and Fielding et al. (2004), and also in the
time preceding the earthquake. By combining these observations with the
results of Berberian et al. (2001) and Fielding et al. (2004), and with a model
for the forces being exerted on the thrust belt, it is possible to infer some
aspects of the rheology of the shallow, creeping, faults in the region. It is
also possible to examine how fault slip contributes to the growth of geological

and topographic structures.

2 InSAR observations

Figure 1 shows the topography of the Gowk Fault and the Shahdad thrust
belt, along with InSAR results from three different time periods. Figure 1b
shows a stack of 4 descending-track interferograms from the period before
the earthquake, with a cumulative observation time of 14.3 years (details

of all the interferograms used in this study are given in Table A.1 in Ap-
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pendix A). The SAR interferograms used are shown as solid lines in the
period 1992-1996 on Figure 2. These represent all of the multi-year pre-
earthquake interferograms that are not incoherent in areas of interest (due
to large perpendicular baselines) or affected by large turbulent atmospheric
effects (as is the case with those constructed using the SAR scene from 21
April 1996). Figure 1c shows an interferogram covering the time of the Fan-
doqa earthquake, along with approximately 2 years before the earthquake
and 6 months after the event. This interferogram, shown by the upper thin
dashed line on Figure 2, was also studied by Berberian et al. (2001) and
Fielding et al. (2004). Figure 1d shows a stack of 11 descending-track in-
terferograms covering a cumulative observation time of 61.5 years from the
period 2003-2009, shown as solid lines on Figure 2. These interferograms
were selected because they have short perpendicular baselines and long time
spans. The other possible interferograms were not included at this stage in
order to preserve coherence as much as possible, but will be analysed below.
Maps of the standard deviations in both stacks of interferograms are shown
in Appendix A. Figure 3 shows profiles through the topography and the three
periods of geodetic results along the lines marked on Figure 1. Our InSAR

results span a range of pre-, co-, and post-earthquake deformation.
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The interferogram covering the earthquake and the subsequent 6 months
(Figure 1c) was studied by Berberian et al. (2001) and Fielding et al. (2004),
and represents the slip in the Fandoqa earthquake on the Gowk Fault (dashed
oval on Figure 1b) plus sliding on the basal thrust underlying the Shahdad
thrust belt (the wide lobe to the NE of the earthquake, showing 20-35 mm of
satellite line-of-sight motion, marked ‘BT’). The inset on Figure 1c¢ schemat-

ically shows the fault motion during this time period.

The stacks of interferograms covering 1992-1996 and 2003-2009 show
patterns that are similar to each other, but different to those covering the
earthquake and the early postseismic deformation. Both stacks of interfero-
grams show an arc of deformation following the outer edge of the thrust belt
at time-averaged rates of 1.5-3.5 mm/yr. Both also show a signal in the belt
interior, in the same location as the signal marked ‘BT’ on Figure 1c. There
are other signals present in the pre-earthquake stack that are not in the post-
earthquake results. Some of these signals are likely to represent non-tectonic
motions (e.g. in the area of sand dunes to the east of the thrust belt). Oth-

ers could be tectonic motion (e.g. the large area of apparent motion towards
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the satellite in the northern part of the interior of the thrust belt), but the
limited number of usable SAR acquisitions in 1996 make the interpretation
of these signals problematic, as they only appear on some interferograms.
We focus on the signals that appear on all interferograms, which are the arc
of deformation on the margin of the thrust belt, and the motions in the in-

terior of the belt in the same location as the signal marked ‘BT’ on Figure 1c.

A number of observations suggest that the arc of deformation on the
edge of the thrust belt represents tectonic ground motion. First, the insets
on Figure 1b&d show that the apparent line-of-sight motion is independent of
elevation on both stacks, ruling out topographically-correlated atmospheric
effects as a source of the signals. Second, the signal evolves in a steady
manner through time, with longer-timespan interferograms showing larger
amounts of ground motion (discussed in more detail below). Such a clear
relationship would not be expected for other potential sources of InSAR
signals. Third, the signal is visible on all interferograms, produced using
a range of independent data acquisitions, and shows no relationship to in-
terferometric baseline. Finally, the shape of the signals (discussed in more

detail below), the lack of correlation between signal size and the time of year
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of the SAR acquisitions, the absence of the signal from the geologically and
climatically-similar regions along-strike of Shahdad, and the arid climate of

the area, suggest that the motions are not due to aquifer filling and discharge.

The sharp discontinuities in the ground motion signal (Figures 1 and 3)
imply that the deformation is the result of slip on faults that break the sur-
face and underlie the margin of the fold-thrust belt. In addition to those
signals, there is also some suggestion that the basal thrust motion seen in
the interferogram covering the coseismic and the first 6 months of the post-
seismic period may both pre- and post-date the earthquake, with a rate of
line-of-sight motion of ~1-1.5 mm/yr (yellow area in the centre of the fold
belt on Figures 1b&d, in the location marked ‘BT’ on Figure 1c). These

signals will be discussed in more detail below.

We also computed and analysed ascending-track interferograms. The in-
terferograms, and stack of all the results, show a clear correlation between
elevation and phase, suggesting the signal is dominated by topographically-
correlated atmospheric effects (see Appendix B). The apparent motion within

the thrust belt due to these effects overwhelms the ground motion signals vis-
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ible in the descending-track data that we discuss above. This effect is exacer-
bated by the geometry of the faulting (described in more detail below) leading
to smaller signals in ascending-track data than descending-track results by
a factor of ~2. An analysis of the time series of displacements was unable
to extract the ground-motion effects from the atmospheric noise, due to the
low signal to noise ratio. A full description is given in Appendix B. The con-
trast with the descending-track data is likely to be due to the late afternoon
data acquisition time, in contrast to the early-morning descending-track ac-
quisitions. The ascending-track data is consistent with the descending-track
results we discuss here, in the sense that the expected signal lies within the
noise in the ascending-track data. However, the signal is too small compared
with the atmospheric effects to isolate, including if the methods of Jolivet
et al. (2014) are utilised. We therefore do not consider the ascending-track

data any further in this study.
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3 Temporal evolution of deformation

The available post-earthquake SAR data acquisitions have large gaps in 1998—
2003 and 2005-2009 (Figure 2), limiting our ability to analyse how the mo-
tions vary through time. However, we have analysed the temporal evolution
of motions from 2003 onwards. We have constructed all of the interfero-
grams shown by dashed lines linking Envisat data acquisitions on Figure 2,
in addition to those shown by solid lines used in the stacks described above.
We have then performed a least-squares inversion to estimate the evolution
through time of the deformation (e.g. Usai, 2003). This procedure used 48
interferograms, and obtained estimates for the displacement at each of 21
Envisat acquisition dates. Figure 4 shows the results from inside the black
box marked on Figure 1d, where profile B-B’ crosses the range-front. Both
sides of the fault show similar apparent motion due to atmospheric signals.
However, the offset between locations on the footwall (red points) and hang-
ingwall (green points) sides of the fault increases with time (shown by black
points). The data is consistent with the fault motion trend being linear, and
given the errors in the data and the temporal gap in the SAR acquisitions
a more complex view of the evolution through time is not warranted. The

average rate of motion within the box (2-3 mm/yr) is, within error, the same

11
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as the average pre-seismic rate in the same location (Figure 1b).

The short time-period ERS2 interferograms covering 1998-1999 show
small offsets in phase at the range-front of the thrust belt. Although these
measurements are consistent with the rates estimated for the 1992-1996 and
2003-2009 time periods, they are not robust because the signals are small,
and there are only two available interferograms. However, it is possible to
conclude that the rapid transient motions that occurred following the Fan-
doqa earthquake (Figure 1c), had decayed away by the time of the 1998-1999

interferograms.

In summary, motion occurred with a similar rate and geometry in the
periods before and significantly after the Fandoqa earthquake (Figures 1b&d
and 4), and this motion was interrupted by a period of rapid transient de-
formation caused by the Fandoqa event that lasted for 6 months or less

(Figure 1c). We discuss the mechanical implications of this behaviour below.

12
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4 Models of fault slip

In the remainder of this paper we focus our attention on the range-bounding
thrust in the location of the black box on Figure 1d, where profile B-B’
crosses the range-front. This fault was slipping in all time periods covered
by our InSAR data, and so provides an opportunity to probe the rheology
of the fault by examining how it responded to the stress changes from the
Fandoqa earthquake. The sharp discontinuity in ground motion due to the
fault reaching the surface makes the interpretation of the signal less ambigu-

ous than those from deeper sources.

To analyse the observed ground motions in the period from 2003-2009, in-
versions have been performed on a profile through an interferogram covering
June 2003 to October 2009 (shown in Appendix C). This interferogram was
used, rather than the stacks of data, in order to take advantage of the higher
coherence in the individual interferogram. We model the displacements along
a profile, rather than the full two-dimensional surface displacement field, be-
cause long-wavelength non-tectonic signals in the interferograms make mod-
elling the full displacement field problematic. We assume that the surface

motions are exclusively due to fault motions and longer-wavelength noise in

13
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the data. In common with most geodetic studies of fault slip, our neglect of
anelastic deformation in the material surrounding the fault could affect the

details of our estimated parameters.

The results of the inversion for fault slip on profile B-B’ are shown in
Figure 5. A grid-search has been used, along with a model for uniform slip
on a rectangular plane in an elastic half-space (Okada, 1985), to find the
best fit to the data by varying seven parameters : the fault location along
the profile, the dip, top depth, bottom depth, and slip rate, plus an offset
of the data relative to zero and a gradient along the profile (in order to ac-
count for non-tectonic signals such as orbital residuals and long-wavelength
atmospheric effects). The fault is assumed to slip in a pure thrust sense, and
the strike and along-strike length of the fault segment were fixed based upon
the expression of the fault in the geomorphology. Figure 5 shows the best fit
model, and the range of fault parameters that can fit the data to within 25%
of the best-fitting solution. These inversions show that the fault has a steep
dip (55°+10°), reaches from the surface to a depth of 1.0 to 1.5 km, and
slips at 6.5£1.5 mm/yr. The depth to the base of the fault is similar to the

estimated depth of the basal thrust underlying the thrust belt, if projected

14
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to the range-front (Berberian et al., 2001; Fielding et al., 2004). However,
the dip of the fault studied here is much steeper than that of the basal thrust
(which dips at ~6°). These results suggest that the range-front fault repre-
sents the steep ramp at the nose of a ramp-and-flat thrust system, with the
basal thrust that moved following the Fandoqa earthquake representing the
‘flat” section. Models of the displacements on profiles A-A” and C-C’ (shown
in Appendix C) show similar patterns. The fault crossed by profile C-C’
(Figure 1) slips at 441 mm/yr from the surface to a depth of 1.25-1.75 km
on a fault dipping at 50-65°. The fault crossed by profile A-A’ does not
reach the surface, creating a smoother displacement pattern and resulting in
larger trade-offs between model parameters. The fault top is at a depth of 1-
3 km, and the base at 2.5-4.5 km. The dip could be into or out of the range,
and is probably in the range 40°-60°, but could be as low as 20°. The slip

rate is likely to be 2-6 mm /yr, but could be up to 8 mm/yr (see Appendix C).

In the models above, the displacement peak at the thrust range-front
was analysed, and we solved for an offset of the data relative to zero and
a gradient along the profile. In this situation, the inversion methodology is

insensitive to slip on a gently-dipping basal thrust connecting to the base
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of the higher-angle thrust ramps at the range-front. Such motion would be
expected to be present, to accommodate the motion on the thrust ramp. If
basal thrust slip were present at the same rate as motion on the thrust front,
then a line-of-sight velocity of 1-2 mm/yr would be expected in the centre
of the thrust belt. The stacks of interferograms shown in Figure 1b and d
suggest that such motions may be present. However, the standard deviation
maps in Appendix A show values of 1-1.5 mm/yr in this region, similar in
magnitude to the expected signals (and note that these maps do not represent
errors that are common to all interferograms in the stacks). Our interpre-
tation is therefore limited to noting that the signals in the belt interior on
Figure 1b and d are consistent with basal slip at rates of 5£2 mm/yr (es-
timated using the same fault geometry as the distributed-slip inversions of
Fielding et al. (2004)). Such slip is sufficient to accommodate the motion on
the range-front thrust ramps, but errors in the data mean that this estimate
is imprecise. Due to the low signal-to-noise ratio in the belt interior, we
instead concentrate our attention on the clearer signal at the thrust front.
We also note that there appear to be fault strands reaching the surface in
the centre of the thrust belt that have been active at all time periods cov-

ered by our InSAR data (visible as discontinuities on Figure 1). However,
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due to the much greater rates of motion, and therefore higher signal-to-noise
ratio, we focus in the remainder of the paper on the more rapidly-slipping
range-bounding faults. Our results presented below regarding the range-front

thrust are independent of the interpretation of the signal in the range interior.

The total moment release implied by the post-earthquake InSAR results
is equivalent to ~4x10' Nm/yr, summed over the entire range-front of the
thrust belt (assuming a slip rate of 5 mm/yr along the 100 km margin of the
thrust belt, from the surface to a depth of 1.5 km on faults dipping at 55°, and
a shear modulus of 4x10'°Pa). In the time interval from 2003 onwards, which
is the time period covered by the interferograms in the descending-track stack
of data, the largest earthquakes in the region of the thrust belt were 5 events
of My 3.4-3.7 (equivalent to a rate of moment release of <2x10'* Nm/yr).
This comparison suggests the deformation observed with InSAR was domi-
nantly aseismic. The lack of major aftershocks in the region of the Shahdad
thrust belt following the Fandoqga earthquake, and the presence of the fault
creep discussed here, suggest a fault rheology in the thrust belt that is unable

to generate significant earthquakes.
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5 Comparison to geomorphology and geology

It is possible to estimate the horizontal length-scale of active uplift at the
range-front using the distance over which rivers incise deep gorges, and the
locations of outcrops of rocks that have been exhumed by faulting and/or
folding (e.g. Walker and Jackson, 2002). At the thrust front, this length-
scale (1.5-3.5 km) closely matches that produced by the motion on the steep
range-front thrust ramps, as observed in the InSAR results. The width of
the zone of river incision is larger in the northern part of the thrust belt
than in the central and southern parts (up to 6 km), consistent with the
deeper faulting and wider surface deformation signal seen on profile A—A’.
This observation implies that, along with two other thrust belts in east Iran
that have been studied using similar methods (Copley, 2014; Copley and
Reynolds, 2014), the aseismic fault creep has played a role in creating shal-
low geological and geomorphological structures. Such deformation provides
an explanation for the construction of short-wavelength topographic and ge-
ological structures: unlike in an elastic-rebound earthquake cycle, the fault
slip is not balanced by prior elastic strain buildup, thereby allowing the pro-

duction of short-wavelength finite strain adjacent to faults.
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If the apparent variations of line-of-sight motions within the interior of
the thrust belt seen in Figure 1 are real, and not atmospheric artefacts, then
there may be transient elastic strain accumulation present. It is also possible
that the upper 1-3 km of the crust on profile A-A’ is accumulating elastic
strain. Alternatively, these surface motion variations may record distributed
permanent deformation. However, these features are of second order com-
pared with the direct correspondence between the length-scale of uplift seen
in the geology and geomorphology, and the location of rapid range-front up-

lift due to fault creep observed by InSAR.

Figure 6 shows a photograph of the interior of the thrust belt at the loca-
tion marked ‘P’ on Figure 1, and close-up views of faulting within the alluvial
gravels that are being uplifted near the range-front. Multiple faults within
the gravels offset the sedimentary layering, and dip at angles consistent with
the inversions for the dip of the range-front faults described above. The field-
work was undertaken by James Jackson and colleagues from the Geological
Survey of Iran in 1998, following the Fandoqa earthquake, so it was not pos-
sible at that time to try and relate the faults visible in the field with the

InSAR results presented here (which post-date the fieldwork). The presence
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of folded beds (Figure 6a) raises the question of when in the earthquake cycle
these features are produced. The motions from late 1998 onwards appear to
be dominated by slip on faults, rather than distributed folding. There are
three options for when the folding may be occurring. First, it could hap-
pen in response to a driving stress that was not present during the period
covered by the SAR data studied here (e.g. an earthquake on a structure
other than the Gowk Fault). Second, the motion could occur continuously
at a slow enough rate to not be visible. Third, in the interferogram that
covers the Fandoqa earthquake and the first 6 months of the postseismic
period, the profiles B-B’ and C-C’ on Figure 1 show significant gradients in
the ground motion in addition to the sharp step at the range-front (e.g. at
~11-14 km along profile B-B’” on Figure 3). These gradients could represent
elastic strains generated by variations in slip on the underlying basal thrust,
or could be caused by permanent deformation and distributed folding. Al-
though our available information does not allow us to distinguish between
these options, it is possible that the folding happens during the relatively
rapid deformation following nearby earthquakes that impose stress on the
fold belt. An analagous situation exists in the Tabas fold-thrust belt in

eastern Iran, where active folding by bedding-plane slip happened during the
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1978 M,, 7.3 thrust earthquake, and shallow fault creep in the same anticlines
occurred during the subsequent slower postseismic deformation (Berberian,

1979; Walker et al., 2003; Copley, 2014).

The rates of fault creep that we estimate above would generate significant
topography over million-year timescales (e.g. ~5 km over 1 Ma). The absence
of such a high mountain range at Shahdad is likely to be due to a combi-
nation of factors. The location of thrust motion is thought to have changed
through time (i.e. migrating outwards towards the basin; Walker and Jack-
son (2002)). Erosion of material from the thrust belt and re-deposition in the
Lut desert is observed at the present day, and presumably also happened in
the past. Finally, the rate of fault motion may have changed on million-year
timescales in response to gravity acting upon a thrust belt with an evolving
distribution of elevation (see Section 7 for a discussion of the role of gravita-

tional forces in driving the present-day deformation).
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6 Comparing rates of deformation

The results presented above have shown that there was slip on the range-
front fault in the period before the Fandoqa earthquake (Figure 1b), and a
similar rate and geometry of slip in the period from 2003 onwards, signifi-
cantly after the earthquake (Figure 1d). The previous results of Berberian
et al. (2001) and Fielding et al. (2004) show that much more rapid fault
motion occurred in the 6 months following the Fandoqa event, shown by the
range-front step in the blue line on Figure 3b. This motion represents an av-
erage line-of-sight displacement of ~5.2 mm/yr at the range-front on profile
B-B’, which is significantly higher than the 2-3.5 mm/yr average estimated
during the pre-earthquake and late post-earthquake periods (Figure 4). As
discussed below, if this increase in average rate was due to transient postseis-
mic slip immediately following the Fandoga earthquake, then this transient
slip rate was on the order of tens of millimetres per year. The motions on the
range-front in the central part of the thrust belt therefore represent ongoing
aseismic creep, punctuated by a phase of rapid motion triggered by stress
changes from the nearby Fandoqa event. In the remainder of this paper the
fault motion occurring before, and significantly after, the Fandoqa earth-

quake will be referred to as ‘steady-state’ creep, although it should be noted
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that variations in creep rate over longer or shorter timescales than sampled

by the SAR data cannot be ruled out.

Because there are no SAR acquisitions immediately after the Fandoqa
earthquake, it is not known for certain that the motion in the Shahdad
thrust belt in the period 1996-1998 was postseismic, rather than coseismic.
However, following Berberian et al. (2001) and Fielding et al. (2004) we be-
lieve that the ratio of displacement to length on the slip patch beneath the
thrust belt, which is an order of magnitude lower than seen in earthquakes,
suggests that the motions represent postseismic sliding. In addition, it seems
unlikely that seismic slip from the Fandoga the earthquake (with a ~20 km
long fault plane) dynamically propagated for ~35 km on a fault off the main-
shock fault-plane, producing only ~8 cm of slip. We therefore assume that
the motions were postseismic, but note that any coseismic contribution to
the slip would reduce our estimated rates of postseismic motion that are dis-

cussed below.

Results from regional GPS observations suggest that the rate of horizon-

tal shortening on the Shahdad thrust belt is ~3 mm/yr (Walpersdorf et al.,
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2014). The motions we have observed with InSAR in the periods before 1996
and after 2003 suggest horizontal shortening of 2-5 mm/yr, depending on
the fault dip and rate of motion (Figure 5). This comparison implies that
the motion we have imaged by InSAR during these times represents creep at
close to the time-averaged rate of shortening (particularly once the effects of

gravitational driving forces are taken into account, as described below).

7 Driving stresses

The presence on the Shahdad thrust range-front of both rapid fault creep
following the Fandoqa earthquake (Berberian et al., 2001; Fielding et al.,
2004), and slower steady-state creep, provides a means to probe the rheology
of the faults. To do so requires calculations of the stresses driving both the
steady-state and postseismic transient creep, and estimates of the rate of

fault motion at these two times.

The stress changes on the surrounding faults due to the Fandoqa earth-

quake and the slip on the basal thrust can be calculated using the slip model
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of Fielding et al. (2004) and the fault geometry estimated in Figure 5. On
the range-front fault at the location of the black box on Figure 1d, the stress
change involves an increase in shear stress of 0.2-0.3 MPa in a thrust-faulting
sense, and an increase in the normal stress of 0.1-0.2 MPa. The coulomb

stress change is therefore 0.1-0.3 MPa, for coefficients of friction of 0.1-0.6.

The maximum rate of fault slip on the range-front thrust ramp in the
immediate postseismic period following the Fandoqa earthquake is difficult
to estimate without knowledge of the temporal evolution of the transient
slip, which is not possible with the available SAR data. However, a mini-
mum bound can be calculated using the total motion where the thrust ramp
reaches the surface on profile B-B’ in the interferogram covering May 1996—
September 1998. The rate of steady-state creep discussed above can be used
to estimate the amount of line-of-sight motion between the start date of
the interferogram and the Fandoqa earthquake in March 1998 (3.6-6.3 mm,
for pre-seismic rates of 2.0-3.5 mm/yr). The remainder of the total line-
of-sight motion at the range-front on profile B-B’ can then be estimated
(5.7-8.4 mm). A lower bound on the maximum postseismic line-of-sight

rate can be calculated by assuming that this motion occurred at a linearly
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decreasing rate throughout the remainder of the time covered by the inter-
ferogram, and is 23-34 mm/yr. Using the fault geometry shown in Figure 5,
this line-of-sight rate can be converted into a fault slip rate of 41-60 mm/yr.
This estimate would be increased if the decay in slip rate was not linear, but
faster earlier in the postseismic period (as often observed), or if the transient
deformation occurred over less than the 6 months of the postseismic period

sampled by this interferogram.

The rate of steady-state fault creep has been estimated above, from the
models of the InSAR results, and is 5-8 mm/yr. To estimate the stresses
driving this deformation, we need to establish the governing driving forces.
The Shahdad thrust belt occurs at a restraining bend in the strike-slip faults
that run along the western side of the Lut desert. The component of short-
ening across this restraining bend has resulted in the construction of the
thrust belt. As a thrust belt increases in elevation, the forces due to gravity
acting on elevation contrasts also increase, and can begin to play a role in
controlling the deformation. Shortening occurs perpendicular to the strike
of the curved edge of the Shahdad thrust belt around the entire margin

of the range (e.g. Geological Survey of Iran, 1992, 1993; Walker and Jack-
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son, 2002), with no evidence of significant strike-slip faulting in the region
to the NE of the Gowk Fault. This configuration implies that the thrust
belt has reached a high enough elevation that gravitational driving forces
have become important in controlling the deformation. Such forces result in
shortening perpendicular to the local strike of the range (e.g. as observed
in southern Tibet and the Sulaiman fold-thrust belt (Copley and McKenzie,
2007; Reynolds et al., 2015), and shown schematically on Figure 7a), and the
generation curved margins to thrust belts (e.g. Copley, 2012), as are seen at
Shahdad. If only the relative motion across the fault system were important,
given by the velocities of the bounding crustal blocks, then one or both of the
margins of such a curved thrust belt (with a 70° change in strike between the
northern and southern ends) should be characterised by strike-slip motion,
rather than the folding and thrust faulting visible in the Neogene geology

(e.g. Geological Survey of Iran, 1992, 1993; Walker and Jackson, 2002).

It is possible to estimate the magnitude of the stresses driving the steady-
state creep by balancing the forces acting on the thrust belt (Figure 7b). It
is convenient to make the simplifying assumption of ignoring the change in

fault dip at the toe of the wedge, which has little effect on the calculations.
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The stresses on the wedge are the normal stresses and shear tractions on
the faults (IV and T on Figure 7b), gravity acting upon the rocks in the
thrust belt (Mg), and the stresses imposed on the rear, high elevation, end
of the wedge (F'). Because of the likely importance of gravitational forces in
controlling the deformation, the total force on the back of the wedge (F' on
Figure 7b) has been set to be equal to the depth integral of the lithostatic
pressure (i.e. there is no significant force being exerted on the back of the
wedge beyond that related to the surface elevation). This quantity is given
by pgL?/2, where p is the density, ¢ is the acceleration due to gravity, and L
is thickness of the thrust wedge as defined on Figure 7b. If we resolve forces
parallel to the fault, taking the elevation difference over the thrust belt to
be 1 km, the thickness at the back of the wedge to be 4 km, and the basal
dip to be 6° (Berberian et al., 2001), then following the method of Lamb
(2006) we can estimate the basal shear stress to be 1.5 MPa. This value is
equivalent to an effective coefficient of friction of 0.01-0.06 for thrust depths
of 1-5 km, similar to suggestions for thrust belts elsewhere (e.g. Suppe, 2007;
Herman et al., 2010). The shear stresses we estimate for the fault could be
increased if there was a deviatoric compressive stress exerted on the back of

the wedge, or decreased if such a stress were extensional (i.e. if our inference
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of the dominance of gravitational driving forces were in error). However, the
stress drop in the Fandoqa earthquake (<3 MPa; Berberian et al. (2001)) was
small compared with the mean lithostatic pressure on the back of the wedge
(~60 MPa). These relative magnitudes imply that the lithostatic pressure we
model is likely to be dominant compared with the deviatoric stresses that can
be transmitted across the Fandoqa earthquake fault, supporting the value of

the basal shear stress we have calculated.

8 Fault rheology

Insights into the rheology of the faults can be gained by comparing the
stresses and slip rates in the transient postseismic period and during the
steady-state creep. The change in fault shear stress due to the Fandoqa
earthquake was a small proportion (7-20%) of our estimate of the total shear
stress driving the steady-state creep. However, this change in stress resulted
in a significant change in the slip rate on the faults (>500%), shown schemat-
ically on Figure 7c. Assuming that there will be no fault motion if there is

no driving stress, and that a single rheological law characterises the fault,
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a non-linear relation between the shear stress on the fault and the slip ve-
locity is needed to explain our observations (Figure 7d). If the transient
postseismic velocity were higher than the lower bound estimated above, or
the tractions on the base of the thrust belt were greater than those estimated
here (e.g. because of an overall tectonic compression related to the motion
of the bounding crustal blocks), then the degree on non-linearity in the rela-

tionship between fault stress and sliding velocity would increase.

The Shahdad thrust belt is formed of Neogene molasse-like deposits,
thought to be at least 3500 m thick, containing gypsum-rich marls, sand-
stones, and conglomerates (e.g. Berberian et al., 2001). These rocks are
thought to have been deposited in conditions similar to those on the margin
of the thrust belt at the present day, where alluvial fans interfinger with
evaporites deposited in ephemeral lakes. Such sediments are likely to form
decollement levels, as described by Bayasgalan et al. (1999) in Mongolia. Es-
timating the rheology of the thrusts at Shahdad, which may or may not be
lithologically-controlled, requires an analysis of the relationship between the
driving stresses and deformation rates for a range of possible rheologies. If

the motion described here as fault slip were actually the bulk deformation
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of a weak horizon (e.g. evaporites) within the sedimentary sequence, then
the relation between driving stresses and sliding rate would depend upon the
deformation mechanism. For diffusion or pressure-solution creep, the layer
would act as a Newtonian fluid (e.g. Evans and Kohlstedt, 1995) and there
would be a linear relationship between shear stress and sliding rate (black
dotted line on Figure 7d). This situation is inconsistent with the InSAR
results described above unless the deformation is characterised by a yield
stress, which is inconsistent with the Newtonian viscous form of diffusion
and pressure-solution creep flow laws. If the deformation were by dislocation
creep, then the relationship between shear stress and strain-rate within the
layer can be written 7 = Bé'/", where 7 is the shear stress, B is a mate-
rial constant, é is the rate of shear strain, and n is the stress exponent (e.g.
Copley and McKenzie, 2007). Experimental results suggest that n has val-
ues from 3 to 6 for minerals likely to be capable of dislocation creep at low
temperatures (e.g. Halite; Carter et al., 1993; Franssen, 1994). For n of 3 to
6, an increase in the shear stress by a factor of 1.2 would lead to an increase
in the strain rate by a factor of 1.7 to 3 (pink dotted line on Figure 7d).
Such increases are smaller than the the size of the velocity increase in the

Shahdad thrust belt due to the Fandoqa event (greater than a factor of 5).
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A stress exponent of >9, inconsistent with experimental determinations of
the stress exponent for deformation by dislocation creep, would be required
to match the observations at Shahdad. These calculations suggest that the
observations from Shahdad are inconsistent with the motions being due to

bulk shear in a weak layer such as an evaporite horizon.

A non-linear relationship between stress and slip velocity is also predi-
cated by rate-and-state models for fault friction (e.g. Dietrich, 1979; Ruina,
1983; Marone, 1998). In these models, the effective coefficient of friction
has a logarithmic dependence on the rate of fault motion, and also the
evolution of a ‘state’ variable, which describes the evolution of the struc-
tural properties of the fault (e.g. the time for which asperities have been
in contact). A further parameter gives the critical slip distance by which
a fault must slip in order to drive the evolution of the state variable. The
equations that describe the rate-and-state friction law are commonly written
w= o+ aln(V/Vp) + bIn(Vy0/D,) , and df/dt =1 — (VO/D.), where p is
the coefficient of friction, V' is the sliding velocity, 6 is the state variable, D,
is the critical slip distance, a and b are constants, and the subscript ‘o’ gives

values at a reference sliding velocity. Either of the logarithmic terms in these
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equations could give rise to a non-linear relationship between shear stress
and sliding velocity, either directly through the term that begins with ‘a’, or
indirectly due to the state variable evolving through time due to fault slip,

in parallel with the relaxation of the driving stress as the slip accumulates.

A number of studies have suggested that, in situations where changes
in slip velocity occur over fault displacements that are considerably larger
than D., the state-dependence of the friction law can be neglected and the
behaviour is dominated by the rate-dependent term containing ‘a’ (e.g. Per-
fettini and Avouac, 2007; Barbot et al., 2009). If the laboratory estimates
of D, are used, this assumption is likely to hold true at Shahdad, where dis-
placements of over 10 cm during our time interval of observation are large
compared to the commonly-suggested values of D. (e.g. tens of microns;
Marone, 1998). In this case, the relationship between stress and sliding ve-
locity is given by 7 = 19 + ao In(V/Vy), where 7 is the shear stress, o is the
effective normal stress, and other symbols are as above. Under this formu-
lation, a change in shear stress would result in a velocity change by a factor
of exp(At/ac). This form of non-linear relationship between driving stress

and sliding velocity is in agreement with the observations from Shahdad
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(green line on Figure 7d). Using the estimated shear stresses and slip rates
described above, the value of a can be estimated as 1.4-10.4x1073. This
estimate assumes an effective normal stress equivalent to ambient pressure
at a depth of 1 km (with or without hydrostatic pore fluid pressure), and the
range in the estimate also encompasses the range in calculated stress changes
and slip rates described above. The maximum rate of postseismic slip is not
well resolved, so the estimate of a could be lower than that given here if
the maximum postseismic slip rate was faster then the values we estimated
above. However, despite the uncertainties in this estimate, it is notable that
this value is in the same order of magnitude as laboratory estimates (e.g.
Dieterich and Kilgore, 1994; Marone, 1998) and values inferred from some
observations of postseismic deformation (e.g. Hearn et al., 2002; Perfettini
and Avouac, 2004; Johnson et al., 2006; Barbot et al., 2009; Copley et al.,
2012, if b is assumed to be 0 for the subset of these studies that estimated
(a—b)). It should be noted that if the fault slip studied here is not large com-
pared with D, for example if indirect estimates of D, based upon earthquake
slip are used (e.g. centimetres to metres ; Ohnaka, 2000), then all terms of
the the rate-and-state friction equations would need to be considered, and

the estimate of a presented here would be in error.
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A striking feature of the motions we have studied is that the Gowk Fault
has ruptured in the Fandoga earthquake and previous events (Berberian
et al., 2001), whereas the adjacent Shahdad fold-thrust belt appears to de-
form aseismically. A possible explanation for this contrast in behaviour lies
in the local geology: the Gowk fault cuts through Mesozoic limestones, sand-
stones, and shales, whereas the Shahdad thrust belt is formed of Neogene
sands, conglomerates, and marls (e.g. Geological Survey of Iran, 1992). Con-
trasts in the lithology and degree of consolidation between these rocks may

explain the different styles of faulting.

Following Berberian et al. (2001) and Fielding et al. (2004), we have inter-
preted the motions in the Shahdad thrust belt in the interferogram covering
the coseismic period, and the first six months of postseismic deformation,
as postseismic slip. This interpretation is based on the observation that the
ratio between fault displacement and the length of the slipped patch on the
basal thrust is an order of magnitude lower than seen in earthquakes. If this
assumption is wrong, and the motions were coseismic, then our observations

have implications for the dynamic propagation of coseismic ruptures onto
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creeping faults. There are sections of faults that are known to have rup-
tured coseismically and then undergone postseismic creep (e.g. Copley et al.,
2012; Perfettini and Avouac, 2014). Such a situation is usually interpreted
to be the result of dynamic effects during coseismic rupture changing the
slip behaviour of the faults, and allowing unstable coseismic slip on usually
creeping faults (e.g. Noda and Lapusta, 2013). However, in the known ex-
amples the rupture propagation onto the otherwise creeping fault segments
involves large amounts of slip (e.g. similar to that on the other parts of the
coseismic rupture). In this sense, if the motions seen in the Shahdad thrust
belt in Figure 1c were coseismic, then the Fandoqa earthquake would repre-
sent a unique case of rupture dynamically propagating for a large distance
(>30 km) in response to low levels of slip (~8 cm, roughly an order of magni-
tude lower than on the main coseismic rupture patch). However, we view the
more likely explanation of the motions beneath the thrust belt in Figure 1c
as being postseismic, which is also consistent with the displacement-to-length

ratio of the slip.
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9 Conclusions

By estimating the stresses and sliding velocities at separate times within the
earthquake cycle on a nearby fault, it has been possible to establish that there
is a non-linear relationship between stress and slip-rate on the creeping faults
in the thin-skinned Shahdad thrust belt. The degree of non-linearity is con-
sistent with rate and/or state dependent models of fault friction, but not the
bulk deformation of weak layers within the thrust belt by pressure-solution,
diffusion, or dislocation creep. The overall thrust geometry is a ramp-and-
flat system, and creep on the high-angle thrust ramps at the range-front is
responsible for generating some aspects of the geological and geomorpholog-
ical structures in the region. However, the folding within the belt must be
formed by some combination of ongoing strain that is too slow for us to ob-
serve using presently-available methods, transient motion due to a driving
stress not present in our time of observation, or deformation during the rapid

deformation following nearby earthquakes.
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Figure 1: [Figure on previous page| (a) Topography in the region of the Gowk
Fault and Shahdad thrust belt, illuminated from the southwest. The inset
shows the location within Iran. The white line shows the fault rupture of
the 1998 Fandoga earthquake on the Gowk Fault. To aid comparison be-
tween figures, the same four locations on the thrust range-front are marked
by white arrows on all panels. S, A, and K show the settlements of Shahdad,
Andoujherd, and Keshit. P shows the location of the photographs in Fig-
ure 6. (b) Stack of interferogram spanning 1992-1996, shown as solid lines in
Figure 2. On panels (b)-(d), the satellite line-of-sight is inclined at 23° from
the vertical, and in the direction shown by the black arrow marked ‘LOS’. In
all figures positive values correspond to motion towards the satellite. Inset
shows the lack of relationship between elevation and apparent rate of ground
motion. (c) Interferogram covering May 1996-September 1998 (previously
studied by Berberian et al. (2001) and Fielding et al. (2004)), expressed as
ground motion in the satellite line-of-sight (LOS). The displacements due to
the Fandoqa earthquake (on 14 March 1998) are saturated on this colour
scale, and are in the area shown by the dashed ellipse. The surface mo-
tions due to slip on a low-angle thrust underlying the Shahdad thrust belt
are marked ‘BT’ (Basal Thrust), and are represented by the lobe of ground
motions of up to 35 mm to the NE of the Fandoqga event. Inset shows a
schematic diagram of the fault motion on the high-angle Gowk fault and
low-angle basal thrust in the time period covered by the interferogram (from
Berberian et al. (2001) and Fielding et al. (2004)). (d) Stack of interfero-
grams spanning 2003-2009, shown as solid lines in Figure 2. Inset shows the
lack of relationship between elevation and apparent rate of ground motion.
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Figure 2: The available SAR acquisitions from descending track 392, colour-
coded by satellite. Solid lines show interferograms included in the stacks
shown in Figure 1. Thin dashed lines covering 1996-1998 show the interfer-
ograms covering the Fandoqa earthquake and initial postseismic period, as
studied by Berberian et al. (2001) and Fielding et al. (2004) (with the upper
one shown in Figure 1c). The dashed lines linking Envisat acquisitions show
the interferograms that, along with those shown as solid lines, were used to
produce the time-series of displacements in Figure 4. The dashed lines link-
ing postseismic ERS2 acquisitions show some interferograms which limit the
time-span of rapid postseismic motions, as discussed in the text.
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Figure 3: Profiles along the lines labelled in Figure 1 of topography (black),
average rate of line-of-sight motion (in mm/yr; red: 1992-1996; green: 2003—
2009) and displacement from 1996-1998 (in cm; blue). The grey points on
profile A—A’ show the red points after the removal of a liner trend from the
profile (such as could result, for example, from long-wavelength atmospheric
effects).
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Figure 4: Time series of line-of-sight displacements relative to the SAR ac-
quisition on 6 June 2003. Measurements are averaged in the area of the
black box in Figure 1d. Red points represent the hangingwall side of the
fault, green the footwall, and black the offset between them.
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Figure 5: (a) Black circles are displacements in the InSAR line-of-sight from
an interferogram covering June 2003 to October 2009 (shown in Appendix C),
along the line of profile B-B’ shown in Figure 1a. Red line is the best-fitting
model due to slip on a fault, and grey lines are models that fit the data to
within 25% of the minimum misfit. (b) Dips of the faults that fit the data
to within 25% of the minimum misfit solution. The red line shows the best
fit solution. (c and d) As (b), but for the depth to the base of the fault and
the amount of slip (expressed as the average slip rate over the time interval
covered by the interferogram). The fault strike and along-strike length were
taken as 50° and 5 km.
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Figure 7: (a) Schematic pattern of deformation in the Shahdad thrust belt
depending on whether the motions are governed by the relative motions of
the bounding crustal blocks or by gravitational driving forces. (b) Balance
of forces on the thrust wedge. For simplicity, the change in dip at the nose
of the wedge (dotted line) is neglected. See text for discussion of the mag-
nitudes of the forces. (c) Schematic pattern of slip rate through time for
the Shahdad thrust system, and the calculated shear stresses on the faults.
(d) Relationship between shear stress and slip rate for the Shahdad thrust
faults, along with curves drawn using a range of functional forms. See text
for details.
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A Appendix A - interferograms used in this
study

Table A.1 gives details of the interferograms used in this study. Figure A.1
gives standard deviation maps of the two stacks of interferograms shown in
Figure 1 in the main paper.

B Appendix B - Ascending-track data

Figure B.1 shows a stack of ascending-track interferograms (covering a cu-
mulative observation time of 49.0 years; see Table A.1 for details of the
interferograms used), with a clear correlation between elevation and signal
visible. This correlation implies the signal is dominated by topographically-
correlated atmospheric effects. There is enough scatter in the relationship
between elevation and phase (lower panel on Figure B.1) that an empirical
relationship between the two is not accurate enough to resolve the small
signals studied in the descending-track data. Figure B.2 shows a network of
ascending-track interferograms that we have used to construct a time series of
displacements, in order to explore if this approach can be used to separate the
ground motions from the atmospheric signals. Figure B.3 shows the resulting
time series, constructed for the same location and using the same methods
as the descending-track time series discussed in the paper. The difference
in viewing geometry between ascending- and descending-track acquisitions
means that the signal from the fault motion described in the paper will be a
factor of ~2 smaller in the ascending-track data than in the descending-track.
The dashed grey line shows the resulting prediction for the ascending-track
time series, based upon the descending-track results. This figure shows that
the ascending-track data is too heavily affected by atmospheric effects for the
signals we describe in the descending-track data to be visible (i.e. the scatter
in the black points is considerably larger than the size of the expected signal,
particularly early in the observation period).
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C Appendix C - Fault slip models

The interferogram covering June 2003 to October 2006, used in Figure 5 to
constrain the geometry of faulting, is shown in Figure C1. This appendix
also contains the inversions for the fault slip and geometry on profiles A—A’
(Figure C2) and C-C’ (Figure C3). The inversions on profile C-C’ were per-
formed on the June 2003 to October 2006 interferogram, as with the inversion
on profile B-B’ in the main paper. The stack of descending-track data has
good coherence in the region of profile A-A’, and the single interferogram
shows an atmospheric artefact in this region (i.e. unlike the rest of the scene,
the displacements in this area do not resemble the stacks of data). Therefore,
the inversion on profile A—A’ was performed on the stack of descending-track
data.
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Figure A.1: The standard deviation of the stacks of interferograms shown in
Figure 1 in the main paper.
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Scene 1 date Scene 2 date  Satellite Track # Perpendicular Duration

(yyyymmdd) (yyyymmdd) baseline (m) (years)
Descending
track
pre-earthquake:
19920529 19960527 ERS 1&2 392 -201 4.0
19920807 19960527 ERS 1&2 392 -318 3.8
19920911 19960422 ERS 1&2 392 74 3.6
19921120 19960527 ERS 1&2 392 -152 3.5
co- and post-
earthquake:
19960422 19990412 ERS2 392 39 3.0
19960527 19980914 ERS2 392 -75 2.3

post-earthquake
used in stacks:

20030630 20091026 Envisat 392 88 6.3
20030630 20091130 Envisat 392 152 6.4
20030908 20090921 Envisat 392 -22 6.0
20031013 20090921 Envisat 392 -130 2.9
20031222 20090817 Envisat 392 o8 2.7
20031222 20091026 Envisat 392 -6 5.8
20040126 20090921 Envisat 392 80 5.7
20040719 20090921 Envisat 392 184 5.2
20041101 20090921 Envisat 392 23 4.9
20041206 20090817 Envisat 392 -91 4.7
20041206 20091026 Envisat 392 -155 4.9

post-earthquake
not used in stacks:

19980914 19990308 ERS2 392 -85 0.5
19980914 19990621 ERS2 392 325 0.8
20030630 20031222 Envisat 392 94 0.5
20030630 20040301 Envisat 392 -380 0.7
20030630 20040823 Envisat 392 -74 1.1
20030630 20041206 Envisat 392 243 1.4
20030630 20050530 Envisat 392 33 1.9
20030630 20050808 Envisat 392 -247 2.1
20030908 20031013 Envisat 392 108 0.1
20030908 20040126 Envisat 392 -102 0.4
20030908 20040719 Envisat 392 -206 0.9
20030908 20041206  54nvisat 392 -295 1.2
20030908 20050912 Envisat 392 -139 2.0

continued below



Scene 1 date ~ Scene 2 date Satellite Track # Perpendicular Duration

(yyyymmdd)  (yyyymmdd) baseline (m) (years)
continued
from above
20031013 20040126 Envisat 392 -210 0.3
20031013 20040405 Envisat 392 316 0.5
20031013 20041101 Envisat 392 -183 1.1
20031013 20050912 Envisat 392 -247 1.9
20031117 20040510 Envisat 392 225 0.5
20031222 20040719 Envisat 392 238 0.6
20031222 20041206 Envisat 392 149 1.0
20031222 20050530 Envisat 392 -61 1.4
20031222 20050912 Envisat 392 305 1.7
20031222 20091130 Envisat 392 58 5.9
20040126 20040719 Envisat 392 -104 0.5
20040126 20041206 Envisat 392 -193 0.9
20040301 20040510 Envisat 392 -176 0.2
20040301 20040823 Envisat 392 306 0.5
20040301 20050321 Envisat 392 -61 1.1
20040301 20050808 Envisat 392 133 1.4
20040510 20050321 Envisat 392 115 0.9
20040719 20050912 Envisat 392 67 1.1
20040823 20050530 Envisat 392 107 0.8
20040823 20050808 Envisat 392 -173 1.0
20041206 20050530 Envisat 392 -210 0.5
20041206 20091130 Envisat 392 -91 5.0
20050321 20050808 Envisat 392 194 0.4
20050530 20050808 Envisat 392 -280 0.2
20050530 20091026 Envisat 392 55 4.4
20050530 20091130 Envisat 392 119 4.5
20050912 20090817 Envisat 392 -247 3.9
20050912 20090921 Envisat 392 117 4.0
Ascending
track

20030613 20040109 Envisat 156 314 0.6
20040109 20061020 Envisat 156 26 2.8
20040109 20071005 Envisat 156 -28 3.7

continued below
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Scene 1 date Scene 2 date Satellite Track # Perpendicular Duration

(yyyymmdd) (yyyymmdd) baseline (m) (years)
continued
from above

20040109 20090522 Envisat 156 -14 5.4
20061020 20071005 Envisat 156 -b4 1.0
20061020 20090522 Envisat 156 -40 2.6
20071005 20090522 Envisat 156 14 1.6
20040109 20060113 Envisat 156 213 2.0
20060113 20061020 Envisat 156 -187 0.8
20060113 20070727 Envisat 156 -69 1.5
20070727 20090522 Envisat 156 -158 1.8
20060113 20070622 Envisat 156 -30 1.4
20070622 20090522 Envisat 156 -197 1.9
20040109 20070413 Envisat 156 -167 3.3
20071214 20090522 Envisat 156 117 1.4
20061020 20070413 Envisat 156 -193 0.5
20070413 20071214 Envisat 156 36 0.7
20071005 20071214 Envisat 156 -103 0.2
20070309 20070727 Envisat 156 -57 0.4
20060113 20070309 Envisat 156 -12 1.2
20071109 20090522 Envisat 156 -236 1.5
20070309 20071109 Envisat 156 22 0.7
20061020 20070727 Envisat 156 118 0.8
20030613 20051104 Envisat 156 -52 2.4
20071214 20090417 Envisat 156 138 1.3
20070727 20090626 Envisat 156 -70 1.9
20061020 20090626 Envisat 156 48 2.7
20051104 20070413 Envisat 156 200 1.4
20071005 20090417 Envisat 156 34 1.5

Table A.1: Details of the interferograms used in this study.
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Figure B.1: As Figure 1d, but for ascgyrding-track data. The top panel shows
the apparent rate of line-of-sight motion (note the change in colour scale from
Figure 1), and the bottom panel shows the clear correlation between signal
and elevation.
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Figure B.2: Network of interferograms used for the stack of interferograms
shown in Figure B.1, and for the time-series analysis shown in Figure B.3.
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Figure B.3: As Figure 4 in the main paper, but produced using the ascending-
track data shown in Figure B.2.
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Figure C.1: The interferogram covering June 2003 to October 2006, used in
Figure 5 to constrain the geometry of faulting.
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Figure C.2: (a) Black circles are displacements in the InSAR line-of-sight
from the stack of interferograms shown in Figure 1d, along the line of profile
A—A’. Red line is the best-fitting model due to slip on a fault, and grey lines
are models that fit the data to within 25% of the minimum misfit. (b) Dips
of the faults that fit the data to within 25% of the minimum misfit solution.
Positive dips are to the SW, and negative dips are to the NE. The red line
shows the best fit solution. (c, d, and e) As (b), but for the depth to the
base of the fault, the slip rate, and the depth to the top of the fault. The
fault strike and along-strike length were taken as 25° and 6 km.
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Figure C.3: (a) Black circles are displacements in the InSAR line-of-sight
from the interferogram shown in Figure C1, along the line of profile C-C’.
Red line is the best-fitting model due to slip on a fault, and grey lines are
models that fit the data to within 25% of the minimum misfit. (b) Dips of
the faults that fit the data to within 25% of the minimum misfit solution.
The red line shows the best fit solution. (¢ and d) As (b), but for the depth
to the base of the fault and the amount of slip (expressed as the average slip
rate over the time interval covered by the interferogram). The fault strike
and along-strike length were taken as 76° and 6.5 km.
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