














2014 Murmuri earthquake 1441

Table 1. Focal mechanisms obtained in this study from body-waveform modelling.

Date and time Strike Dip Rake My (Nm) Centroid depth (km)
18-08-2014 02:32 289 26 82 2.1x1018 3+
18-08-2014 05:25 329 44 121 2.4x10Y7 1072
18-08-2014 11:51 344 68 154 1.3x10"7 <10*
18-08-2014 18:08 310 28 130 7.2x10"7 41
20-08-2014 10:14 308 20 103 1.5x10"7 83
15-10-2014 13:35 271 63 87 6.1x10!7 4%

*Depth poorly constrained. Less than 10 km, with a nominal best-fit at 6 km.

Figure 5. Atmospherically corrected unwrapped interferograms, equivalent
to fig. 2 of Motagh et al. (2015). Each interferogram is labelled with the
dates of the two SAR acquisitions in the format YYYYMMDD, and the
background shading is the topography. Motion is in the satellite line-of-
sight, inclined at ~45° to the vertical and in the direction marked ‘LOS’.
Positive values correspond to motion towards the satellite.

motions in the region of the eastern displacement lobes crossed by
profile Y=Y’ in Fig. 6. This feature of the inversion results was also
seen by Motagh et al. (2015) (their fig. 2c and f). Spatially orga-
nized misfits are present that follow the shape of the deformation
patch. This result is not due to any smoothing constraints imposed
on the slip distribution (we purposefully investigated rough solu-
tions, to ensure this is not the case), but to the depth of fault slip.
The model fault plane is at a depth of 5-10 km beneath the north-
ernmost lobe of slip, so motion on this plane is unable to match the
short-wavelength features that dominate the surface displacement
field. This effect occurs because the displacements are smoothed by
the presence of the overlying elastic crust, resulting in considerably

wider surface deformation features than are observed in the InNSAR
results.

The inability of a single-fault model to match the surface defor-
mation pattern implies that slip on more than one plane produced
the surface deformation observed by InSAR. Such a situation is also
implied by our seismological results: the M,,6.0 aftershock had a
centroid depth of 43 km, and an event of this magnitude and depth
would be expected to produce significant surface motions visible to
InSAR. In the following section we therefore investigate whether
the displacement field can be adequately fit with a multiple-fault
model, with the fault planes corresponding to the mainshock and
one or more of the aftershocks (the largest of which was separated
from the mainshock by ~15 km; Fig. 4).

5.2 Fault dip directions

In light of the inversions for slip on a single fault described above,
the two distinct lobes extending to the east and southeast of the main
displacement patch (Fig. 5) suggest that the ground displacements
were caused by slip on at least two faults. The clear displacement
maximum in the western part of the ground motion patch implies
significant along-strike variability in slip on at least one of these
two planes, or the presence of a third fault plane. We therefore
initially model the displacements using three uniform-slip rectan-
gular fault planes. This configuration could represent the presence
of two fault planes, and along-strike slip variation on one of them
(which represents the simplest arrangement of faulting that can fit
the main features of the data), or the presence of three faults. We
will first describe the results of these inversions using uniform-slip
rectangular planes, and then perform inversions for the distribution
of fault slip once our initial inversions have provided constraints on
the geometry of the faulting.

We have performed inversions in which the uniform-slip rectan-
gular faults all dip north, all dip south, or have a combination of
dip directions. We use a simulated annealing inversion algorithm in
which the parameters of the fault planes are progressively updated
through the inversion procedure, but have a progressively decreas-
ing possibility of moving to a worse solution. Such a method is
designed to avoid the inversion routine being confined to a local
minimum. We invert for the strike, dip, rake, length, location, depth
extent, and slip on the three planes, and also for an offset relative
to zero and a linear ramp in each of the two interferograms. We
find that the misfit between the data and the models is similar for
inversions in which the faults all dip north, all dip south, or have
a combination of dip directions. The RMS misfits are in the range
0.92-0.93 cm. The standard deviation of the signals in the interfer-
ogram in the areas away from the tectonic signal is 1.1 cm, which
gives the size of the non-tectonic noise in the data. (For comparison,
the uniform-slip single-fault inversions described above resulted in
an RMS misfit of 1.5 cm.) The similarity between the misfits of the

GT0Z ‘9T 48q0100 U0 abpugqued Jo AiseAluN ke /Bio'seulnolployxo:1b//:dny wouy papeojumoq



1442 A. Copley et al.

Plane dips NE

Southeast Northwest

5
10 5
< E
815 <
D £
S20 g
g 100
o
25
30
15

0 5 10 15 35 40 45 50

——
00 05 10 15

DATA MODEL Sle. M RESIDUAL

20 25 30
Along-strike, km

47.25° 47.50° 47.75° 47.25° 47.50° 47.75° 47.25° 47.50° 47.75°
0 . Y . Y
oL .
Qw0 o]
on 4 L~
<l [
= «©
o
a
N
o
3. .
o3 | i L3
oy N
a® ™
—io o)
o™ R L~
28 8
-
o
a
N
o
o 5
™uw | . | O
N Qi
o T T T T T T
N 47.25° 47.50° 47.75° 47.25° 47.50° 47.75° 47.25° 47.50° 47.75°
—_———m _———
5 0 5 10 15 -5.0 -25 0.0 25 5.0
displacement, cm Misfit, cm
| | | | |
2019 X 3 XrF 1Y Y’ 20
'.. . ’l .
154  + 2013-2014 Data : - S g '1‘ - 15
§ + 2013-2014 Model X & onf KX 5
< i ’ > I s °, L s
-% 10 + 2012-2014 Data (+ 5 cm) £ A § . ;". bogs .. 10 .g
5 2012-2014 Model (+ 5cm) 4 % 0 SN f’\ : °
0 - + . * .. | i ~ °, i < |
g ° :; .".. - ‘:"..:.-’: 3] 9
4 9'5: 4 .
& ol | A - |
0 . . . ';." by . .,':\' : 0
: &
¢ . ° .« % o tel
'5 T T T T T T T : T T T T T '5

T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Southwest Distance, km Northeast Southwest Distance, km Northeast

Figure 6. Results of inversions for the distribution of slip on the Murmuri fault plane, assuming slip occurred on a single plane that dips to the north. The
upper panel shows the estimated slip distribution, viewed looking downwards from an angle normal to the plane. The depth measured perpendicular to the
Earth’s surface is shown, along with the distance downdip on the fault plane. The colour represents the amount of slip, and the arrows show the direction of
motion of the hangingwall relative to the footwall. The centre panels show the InNSAR data, model and residuals for the two interferograms. The black rectangle
shows the surface projection of the outline of the fault plane with the thick line with teeth showing the updip edge of the fault plane. The lower panels show
profiles through the data and model along lines X—X’ and Y-Y’. Note the significant misfit between the models and the data on profile Y-Y’, where the model
is unable to match the double peak seen in the InNSAR data. The small amounts of slip in the deeper parts of the fault plane (i.e. >25 km downdip) are likely to
represent an inversion artefact, as the available InSAR data are not very sensitive to the amount of slip on this part of the fault plane.

GTOZ ‘9T qo100 U0 3BpLgUeD Jo AsieAlun e /Bioseunolpiosxo’116//:dny woiy pepeojumod


http://gji.oxfordjournals.org/

models and this measure of the noise in the interferograms implies
that the models are fitting the tectonic signal to the level required by
the quality of the data, and that the differences between the misfits
of the models are not significant.

‘We have resolved the ambiguity in fault dip direction by using the
information provided by the seismological results. We have re-run
the inversions described above, but limited the possible ranges of the
strike, dip, and rake of the fault planes to be those consistent with
the results of the seismological body-waveform modelling. In order
to do this we need to ascribe each fault plane to an earthquake. The
body-waveform inversions show that the two largest events were
also the shallowest (i.e. the mainshock and the M,,6.0 aftershock;
Fig. 3), and will dominate the surface displacement field. The seis-
mological relative relocations (Fig. 4) show the relative positions
of the mainshock and largest aftershock, specifically that the main-
shock hypocentre was ~15 km to the NNW of this aftershock. We
therefore apply the mainshock parameters to a fault plane with a
starting location in the inversions of beneath the northern displace-
ment lobe seen in the InNSAR data (Fig. 5). The parameters of the
M,,6.0 aftershock are applied to a southern fault plane, positioned
beneath the southern displacement lobe. In our initial inversions,
the third fault plane was found to correspond to a small area (~3 x
3 km) close to northernmost fault, implying that the slip required to
produce the displacement peak was probably a high-slip patch on
the northernmost plane, which would require two planes to model
in these inversions using uniform-slip on rectangular planes. (The
moment release on this third plane is too large to represent any of
the smaller, unmodelled, aftershocks.) Such a geometry is consis-
tent with the northernmost plane representing the mainshock fault
plane, and also consistent with inversions for the distribution of slip
on the fault planes described below. We therefore also constrain
the third fault plane to have our seismologically derived mainshock
fault parameters.

We find that configurations with all fault planes dipping south
are unable to produce a good match to the InSAR displacements,
due to the strike of the southern displacement lobe being incompat-
ible with the range of possible strikes of the south-dipping plane in
the seismological inversions for the largest aftershock. Fig. 7 shows
the best-fitting model in which all fault planes dip north. The gentle
displacement gradient at the northern end of profile Y=Y’ shown on
Fig. 7h (i.e. at distances along the profile of greater than 25 km),
is well fit by the displacements due to faults dipping north. This
feature is higher in amplitude than the non-tectonic signals in the
interferograms, and appears on both, independent, interferograms,
so is likely to represent true tectonic ground motion. Models in
which the northern displacement lobe is fit with a south-dipping
fault, with strike, dip, and rake consistent with the seismological
results, produce displacement gradients in this area that are too
steep to fit the data. An example of such a model is shown in
Appendix B. We therefore conclude that the surface motions were
produced by north-dipping faults. The misfits for models in which
the mainshock fault-plane dips south are 10 per cent greater than
those in which the plane dips north. The third, small, fault-plane
is positioned in almost the same place as the main northern fault
plane in these inversions, implying that it represents a high-slip
patch on the same plane. The relative positions of the northern
and southern fault planes in these inversions are consistent with
the 15 km NNW/SSE offset between the hypocentres of the main-
shock and largest aftershock in our seismological relative reloca-
tions, further supporting the use of multiple planes to model the
surface deformation. The parameters of the fault planes are listed
in Table 2.
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The depth extent of slip in the inversions of the InSAR data
was not imposed to be consistent with the seismological results.
However, the centroid depths of the seismic and geodetic models
are in agreement within error (Tables 1 and 2). The moment re-
lease is larger in the geodetic results than the seismological results
(by ~40 per cent, including the seismological moments of only
those earthquakes that occurred during the geodetic observation
period). This feature is often seen for events in the Zagros Moun-
tains and Makran (e.g. Lohman & Simons 2005; Nissen et al. 2010;
Roustaei et al. 2010; Penney et al. 2015), and is usually interpreted
to represent post-seismic afterslip contributing towards the geodeti-
cally measured moment, or systematic errors in the velocity models
used. In addition, because the available InSAR data has only one
look-angle for the Murmuri events, it should also be noted that the
rake in the geodetic inversions is relatively poorly constrained (and
reliant on the imposed seismological limits), so the moment in the
InSAR inversions will be subject to a trade-off between the rake
and the amount of fault slip.

The intensity VII shaking zone from the earthquakes was elon-
gated in a N-S direction, consistent with our fault geometry con-
sisting of multiple planes positioned across-strike from each other
in a ~N-S direction. The majority of injuries and damage from the
18:08 aftershock were in the southern part of the damaged area,
consistent with the positioning of this event to the south of the
mainshock in our seismological and geodetic results.

6 DISTRIBUTION OF SLIP

Using the fault geometry obtained in the previous section, we have
inverted the InNSAR data for the distribution of slip on the fault
planes. In order to combat the ambiguity in rake that can occur
when observations from only one InSAR look-angle are available,
we impose the seismologically derived limits on the range of rakes
that can be present in our inversions. We invert for the distribution
of slip and rake that best fit the InSAR displacements using the
simulated-annealing-based method described in detail by Ji ef al.
(2002) and Konca et al. (2008, 2010). We do not include seismic
waveforms in this inversion (as is possible using this routine) be-
cause the small spatial size of the ruptured patch means that limited
additional information regarding the spatial location of rupture can
be obtained by using teleseismic waveforms, and no locally recorded
seismograms are available. We use fault planes that are extended
laterally and vertically from the uniform-slip inversion results, in
order to avoid artificially constraining the extent of slip. The inver-
sion is regularized by imposing a Laplacian smoothness constraint,
which we have varied between successive inversions. Our preferred
model is on the apex of the curve relating model roughness and
misfit to the data (shown in Appendix B), in common with a range
of other studies that use a variety of methods to choose the opti-
mum point on this curve (e.g. Freymueller ef al. 1994; Johanson &
Burgmann 2010). We do not interpret any features that are signifi-
cantly different between the models on different parts of this apex
(such as the rougher and smoother solutions shown in Appendix B).
Our preferred model is shown in Fig. 8. The depth extent of slip
is consistent with the seismological and initial geodetic modelling
described above. Slip on both planes is elongated in the horizon-
tal direction—a feature we will discuss in more detail below. The
source models predict the earthquake slip to have remained buried
at depth, consistent with the lack of primary surface ruptures ob-
served during post-earthquake fieldwork in the region by one of
us (BO). The misfit to the data is 0.9 cm, similar to the level of

GT0Z ‘9T 48q0100 U0 abpugqued Jo AiseAluN ke /Bio'seulnolployxo:1b//:dny wouy papeojumoq


http://gji.oxfordjournals.org/

1444 A. Copley et al.
50
- 45
k40
35
E L0 E
@& @
2 r25 2
8 8
w0 L 17}
a 20 2
- 15
- 10
-5
0
50
- 45
- 40
- 35
£ Lo E
g @
c 25 8
8 8
w L w
a 20 2
- 15
- 10
-5
20130502-20140825
0 — ——— — 0
-5 0 5 10 15 20 25 30 35 40 45 -5 0 5 10 15 20 25 30 35 40 45 -5 0 5 10 15 20 25 30 35 40 45
Distance, km ] Distance, km —_——ay Distance, km
5 0 5 10 15 -50 -25 00 25 50
LOS motion, cm Misfit, cm
Il Il Il Il Il Il Il Il Il
020 (9) X JORAY X r 10 Y Y’ r 020
* 20130502-20140825 data .,5 ',:'»‘ 'Ql
0.15 - * 20130502-20140825 model ~ * f::" S - g o0, s e, F 0.15
e CINC)
* 20121202-20140911 data PN % ':"‘\;:;’ %
E 0104 (+0.05mofiset [ S L ] . % L o010 E
< ’ S % A s ""'-\tg 5
S * 20121202-20140911 model l' " l\\ .? . J “'?'-."-'-:.. S
ol Pe,
g 0.05 4  (+0.05 m offset) > ". \-\_m» R & ."“3"‘:0 ‘(\: Teeslitin, 0.05 g
g 5y ......_._.f K s o
8 "’.' ..\ 0000y con o’ H \V,""“ 8
0004 M ] ¢ o oo~
. 3
M
—0.05 - - g +-0.05
South North South North
—010 T T T T T T T T T T T T T T T T —010
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Distance, km

Distance, km

Figure 7. Data (a,d), model predictions (b,e) and residuals (c,f) for a model of the InSAR displacements constructed using uniform-slip rectangular planes.
Black rectangles show the locations of the fault planes. The associated thick black lines show the surface projections of the fault planes, projected updip to the
surface. (g,h) Profiles through the interferograms and the models along the lines X—X’ and Y-Y’. The points relating to the 20121202-20140911 interferogram
have been offset by 0.05 m for clarity.

Table 2. Geodetic inversion results for uniform-slip models.

Plane Strike Dip Rake My Centroid depth Top depth Bottom depth Length Slip
(Nm) (km) (km) (km) (km) (m)

Large northern 276 34 60 2.3%10'8 6.2 2.4 10.0 28 0.19
Small northern 277 26 100 3.0x 107 4.0 2.6 53 3 0.57
Southern 300 21 101 2.1x10'8 43 2.1 6.4 23 0.25

non-tectonic signal in the interferogram in areas distant from the
earthquake.

The horizontal length of the slip patch on the northernmost (main-
shock) fault plane is ~20 km. This estimate is consistent with the 8 s

length of the source time function in the seismological inversions,
if this duration represents the time required for the rupture to prop-
agate along the length of the fault at typical rupture velocities (e.g.
2-3 km s7"). The displacement-length ratios for the slip patches on
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distance downdip on the fault plane. The colour represents the amount of slip, and the arrows show the direction of motion of the hangingwall relative to the
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along lines XX’ and Y-Y’. The small amounts of slip in the deeper parts of the western edges of both fault planes are likely to represent inversion artefacts,

as the available InNSAR data are not very sensitive to the amount of slip on this part of the fault plane.
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both planes are 2—4 x 107>, which is within, but towards the lower
end of, the range often observed for earthquakes (e.g. Scholz 1982;
Scholz et al. 1986).

7 15 OCTOBER AFTERSHOCK

A further Radarsat-2 interferogram covers the time period 2014
September 11 to 2014 October 29, and includes the location of the
15 October aftershock (Table 1). A small but visible signal of up
to 4 cm is present in the location of the aftershock, with a strike
that is consistent with the seismological estimates. Models of this
aftershock are shown in Appendix C, and either north- or south-
dipping solutions are within error of the seismologically derived
focal parameters. The buried nature of the slip, and the asymmetry
in the displacements being swamped by the noise in the data, mean
that there is no clear way to establish if the fault plane dipped to the
north or south.

8 DISCUSSION

Fig. 9 summarizes the deformation that occurred in the Murmuri
earthquake sequence. The focal mechanisms of the mainshock and
largest aftershock are plotted at their relocated hypocentre posi-
tions (Section 3). Both hypocentres are positioned at the SE end of
their respective rupture patches (shown as solid and dashed black
outlines), implying that rupture propagated to the W/NW in both

events. The area of uplift observed by InSAR is shown as a dashed
red outline. There is an offset between the location of the NE part of
the mainshock rupture patch (solid black outline on Fig. 9) and the
axis of the Dal Parri anticline (NW-SE pale blue line). However,
the updip projection of the fault lies close to the anticline axis. This
relationship is as expected: interseismic strain accumulation and
coseismic slip will balance each other in the rocks bounding the
fault over an entire earthquake cycle, resulting in an overall raising
of the level of the hangingwall but not the construction of short-
wavelength (~5 km) topography and geological structures such as
the anticlines. However, these features can be produced by other de-
formation mechanisms that contribute to the earthquake cycle, such
as bedding-plane slip during earthquakes (e.g. Berberian 1979) and
post-seismic slip (e.g. Copley & Reynolds 2014). It would therefore
be expected that anticlines expressed at the surface would be posi-
tioned close to the updip limit of earthquake rupture, in the region
that must deform at other times in the earthquakes cycle in order
to accommodate the slip at depth. This configuration is observed
in the region of the Murmuri earthquake sequence: there is a an
elevated but low-relief area above the mainshock slip patch, and
the anticline axis is close to the updip limit of seismic slip (Fig. 9).
There is a closer correspondence between the aftershock slip-patch
(dashed black outline) and the anticline axis, which is likely to be
because the majority of the aftershock slip was at the same depth
interval as the shallowest mainshock slip (Fig. 8), so the observed
geometry is consistent with the surface anticlines being positioned
close to the updip limit of earthquake slip.

47°45' 48°00'

32°45' 32°45'
32°30' 1 - 32°30'
T
47°45' 48°00'

Figure 9. Summary of deformation during the Murmuri earthquake sequence. The red dashed outline shows the area of significant ground uplift observed by
InSAR. The solid and dashed black lines show the smoothed outlines of areas of significant slip on the mainshock (north) and aftershock (south) fault planes,
respectively. Both planes dip to the north. The black and grey focal mechanisms show the seismologically derived mainshock and largest aftershock focal
mechanisms, plotted at their relocated positions (Section 3). Purple lines with double-arrows show anticlines expressed at the surface in the Asmari formation
(Oligocene/Miocene) and older rocks, and mostly have limbs dipping at >20°. Blue lines with double arrows show anticlines where the surface geology is
Miocene/Pliocene and younger (i.e. Agha Jari formation and overlying units) and mostly have limbs dipping <20°. Structural information from Geological

Survey of Iran (1973).
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The Murmuri earthquake sequence shows some similarity to a
series of strike-slip earthquakes in 1958 on the Main Recent Fault
near Firuzabad. A sequence of M,,5.5 and 5.7 earthquakes on 14
August, and an M,,6.5 event on 16 August, also ruptured multiple
fault segments in close succession. The magnitude 5 events were on
a fault positioned across-strike from that which ruptured in the 6.5
(Berberian 2014), in a similar manner to the across-strike position-
ing of the Murmuri mainshock and aftershock fault planes.

8.1 Depth of slip and sedimentary stratigraphy

In both uniform-slip and distributed-slip inversions of the InSAR
data, the fault slip is concentrated at depths of ~2—10 km in the best-
fitting models (Figs 7 and 8), and the misfits between the models and
the data become prohibitively large if the base of the faulting extends
beneath ~14 km. This result is consistent with the seismological
estimates of the mainshock and aftershock centroid depths (Fig. 3),
indicating that the geodetic data are imaging the coseismic slip,
possibly along with some component of early post-seismic afterslip.

The depth to the basement in the region of the Murmuri earth-
quake sequence is only poorly known, as with many other areas of
the Zagros mountains. Casciello ef al. (2009) constructed a strati-
graphic column based upon field and well data and a survey of the
literature. They estimated the top of the basement to be at a depth
of ~13 km. The lack out outcrop of units in the lower part of the
sequence, and the scarcity of seismic data, make this estimate im-
precise. However, Morris (1977) estimated a similar value of 12 km
to the depth of the magnetic basement, presumed to represent the
Precambrian crystalline rocks underlying the thick sedimentary sec-
tion. The nature of the sediment-basement interface is also debated.
Indirect evidence relating to the surface gradient of the mountain
range has been used to imply the presence of a decoupling hori-
zon (e.g. M®Quarrie 2004; Carruba et al. 2006). It is not known
whether this proposed decoupling horizon represents the same Hor-
moz Salt that underlies the SE Zagros: unlike that area, there are
no salt diapirs reaching the surface in the Lorestan Arc and Dezful
Embayment, which has led to the suggestion that any decoupling
may result from a thinner salt layer, or an alternative lithology.

From the perspective of relating the slip in the Murmuri earth-
quakes to the structure of the crust, what seems clear is that the
majority, and possibly all, of the seismic slip occurred within the
sedimentary sequence. The base of the mainshock fault plane could
have reached the basement, but the data do not require this, and
the best-fitting models have faults that are shallower than the esti-
mated basement depths. The depth-extent of slip on the southern
fault plane, thought to represent the largest aftershock, was 2 to
<6 km, implying that this event nucleated within, and was entirely
contained within, the sedimentary sequence. The inversions of P
and SH waveforms are incompatible with a significant proportion
of the seismic slip being at basement depths (Fig. 3).

Previous work has suggested the presence of numerous decou-
pling horizons within the sedimentary sequence, at depths of ~3—
9 km (e.g. Casciello et al. 2009). From our results, it appears that
the Murmuri earthquake rupture propagated across these horizons.
The upper limit of slip (~2 km) could have been limited by the
evaporites of the Gachsaran formation (~2—4 km), or this depth
agreement could be coincidence, and mark the transition from con-
solidated seismogenic sediments to relatively incompetent rocks
that deform by other mechanisms (e.g. pressure solution creep or
aseismic slip).

An unusual feature of the slip distribution in the Murmuri earth-
quake sequence is that the slip patches are considerably longer
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along-strike than downdip (Fig. 8). This feature is in contrast to the
equidimensional ruptures often observed in earthquakes in a range
of tectonic settings (e.g. Wald et al. 1996; Ji et al. 2003; Avouac
et al. 2006; Cheloni et al. 2010; Copley et al. 2012; Elliott et al.
2013), including individual high-slip patches in some subduction
zone megathrust events (e.g. Chlieh et al. 2007; Delouis ez al. 2010).
Horizontally elongated slip patches have been noted for other earth-
quakes in the Zagros Mountains (Elliott et al. in press), and may
imply that the vertical extent of the rupture has been constrained by
rheological boundaries, possibly related to contrasts in lithology.

A geologically notable feature of the Murmuri earthquakes is that
they occurred close to the Balarud Line (the dashed line marked
BL on Fig. 1). It has previously been suggested that the Balarud
Line represents a region of strike-slip faulting (e.g. Berberian 1995;
Hessami et al. 2001). However, in agreement with Talebian & Jack-
son (2004) we find that the earthquakes in this region represent
thrust-faulting, so it seems unlikely that the Balarud Line represents
a region of active strike-slip faulting. The Balarud Line, along with
the Mountain Front Fault (MFF on Fig. 1), Dezful Embayment Fault
(DEF) and Zagros Foredeep Fault (ZFF), mark dramatic changes in
the stratigraphic level, which is 2—6 km lower on the southwestern
sides of the structures (Berberian 1995). These changes in level
are thought to represent the locations of major thrust faults in the
basement that offset the overlying sedimentary section, and partly
controlled sedimentation during the Tertiary. A notable feature of
the Murmuri earthquakes in this regard is that we have not ob-
served any seismic slip that is unequivocally at basement depths.
Although the earthquakes were close to the mapped locations of
the basement faults, they were at shallower depths, so there is still
no evidence of significant (M,, > 5) earthquakes on the proposed
basement faults. This observation implies that the basement faults
either slip aseismically, or in rare large earthquakes, or that the
change in stratigraphic level is accomplished by thickening within
the sedimentary sequence rather than by offsets in the underlying
basement. Allen & Talebian (2011) suggested that the Balarud Line
is at least in part depositional rather than tectonic. The northwestern
limit of mainshock slip lies close to the change in stratigraphic level
(i.e. the transition from anticlines cored at the surface by Oligocene
and older rocks to those exposed in Miocene/Pliocene and younger
units; Fig. 9). This geometry could be coincidental, or could suggest
that the faults are discontinuous across this boundary and limit the
propagation of earthquake ruptures.

8.2 Slip vector azimuth and large-scale tectonics

The Murmuri earthquakes provide an opportunity to investigate the
large-scale tectonics of the NW Zagros. The spatial separation of
the strike-slip and thrust components of the overall Arabia-central
Iran motion onto parallel and spatially separated structures in the
Zagros is well known (e.g. Talebian & Jackson 2004), and the
thrust mechanisms of the Murmuri earthquakes are consistent with
this pattern.

A more subtle question involves asking what controls the arcuate
edge of the topography in the Zagros, and whether this geometry has
an effect on the deformation. Fig. 10 shows the slip vectors of thrust
earthquakes within the NW Zagros, expressed as the motion of the
northeast side of the fault relative to the southwest. Only estimates
from earthquakes greater than M,,5.0 with well-constrained mech-
anisms are shown. These solutions are from either body-waveform
modelling results, well-constrained CMT solutions (with a percent-
age double-couple greater than 80 per cent, as defined by Jack-
son et al. (2002)), or first-motion focal mechanisms with sufficient
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Figure 10. Topography and thrust earthquake slip vectors in the Dezful Embayment and Lorestan Arc. Yellow arrow gives the orientation of the Arabia-Central
Iran convergence (e.g. Walpersdorf et al. 2006). The dashed white line marked ‘“MRF’ shows the Main Recent Fault, which accommodates the belt-parallel
component of the overall motion (e.g. Talebian & Jackson 2004). Topography is filtered with a Gaussian filter of radius 50 km (3-sigma). Arrows are
seismologically derived slip vector azimuths (northeast side relative to southwest side) scaled according to seismic moment. The smallest events shown are
M,,5.0, and the largest arrow, marked ‘M’ represents the Murmuri mainshock (44,,6.2). Both possible slip vectors are shown for events where the fault plane
is not known. Where thrust events have one very low-angle nodal plane, and one near-vertical plane, it has been assumed that the fault plane has a shallow
dip. Black arrows show results from body waveform modelling (from the catalogue of Nissen ez al. (2011) and this study), grey from well-constrained CMT
solutions (with a percentage double-couple greater than 80 per cent, as defined by Jackson ef al. (2002)), and white arrows show a first-motion result where the
polarity observations tightly bracket the nodal plane geometry (Jackson & M°Kenzie 1984). Slip vectors from aftershocks are not included due to the likelihood
of the fault motion direction being affected by stress changes from the associated mainshock in addition to the large-scale tectonic forces. The dashed black

line divides earthquakes into groups with different dominant slip vector orientations, as described in the text.

polarity observations to tightly constrain the nodal planes. Where
it is not known which nodal plane is the fault plane, both possible
slip vectors are shown. The clearest pattern on Fig. 10 is that there
is a variation in slip vector azimuth from SW-NE on the eastern
margin of the Dezful Embayment (SE of the dashed black line on
Fig. 10), to SSW-NNE near the Murmuri earthquakes on the edge
of the Lorestan Arc (NW of the dashed line).

The relationship between slip vector azimuth and the shape of the
topography suggests two conclusions. First, although the direction
of relative motion between Arabia and central Iran changes negli-
gibly over the area covered by Fig. 10 (shown as a yellow arrow),
the azimuth of the thrust slip vectors do change. This relation im-
plies that another force also plays a role in controlling the direction
of thrust motion. In addition to the forces driving the motions of
the bounding plates, the other major force involved in continental
deformation, and one that has been shown to control along-strike
variations in thrust transport directions in other regions, is gravity
acting on elevation contrasts (also known as the buoyancy force re-
sulting from crustal thickness contrasts; e.g. England & Houseman
(1988)). This force will act to move material in the down-slope di-
rection, perpendicular to topographic contours, and is thought to be
responsible for the radial thrusting directions around curved moun-
tain ranges such the southern margin of the Tibetan Plateau and
the Sulaiman Ranges of Pakistan (e.g. Copley & McKenzie 2007;
Reynolds et al. 2015). The slip vector of the Murmuri earthquake
therefore gives an indication that gravitational driving forces are

important in controlling the sense of thrust motion on the margins
of the Lorestan Arc and Dezful Embayment.

The second conclusion we can draw from the slip vector azimuths
relates to the observation that the slip vectors are not everywhere
perpendicular to the topographic contours, notably in the region of
the Murmuri earthquake (‘M’ on Fig. 10). Here the slip vectors are
rotated counter-clockwise from those further southeast, as would be
expected from gravity acting on topographic contrasts. However, the
slip vectors are not rotated so far as to be perpendicular to the strike
of the topography. If the tractions on the base of the layer deforming
in earthquakes (i.e. on the base of the sedimentary section) vary
laterally, then the direct correspondence between topographic slope
and thrust motion azimuth is lost (e.g. Reynolds ef al. 2015). Such
a lateral variation in tractions would be the direct result of lateral
variations in the rheology of any decollement horizons within the
sedimentary sequence. The lack of direct correspondence between
slip vector azimuth and regional topographic slope in the Murmuri
area therefore implies that there is less shear-stress being imposed
on the base of the sedimentary section in the Lorestan Arc than
in the Dezful Embayment to the south, which leads to an increased
component of westwards motion in the Murmuri area than would be
the case if the lower boundary were laterally uniform. Such a con-
clusion is supported by previously noted features of the mountains,
including the large across-strike width and low surface gradient of
the Lorestan Arc, which both suggest it is propagating over a weak
lower boundary (e.g. M°Quarrie 2004; Carruba et al. 20006). It is
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unclear whether this weak lower boundary represents the Hormoz
Salt or an alternative decoupling horizon. A quantitative analysis
of this effect is beyond the scope of this paper, but is currently in
preparation for separate publication.

9 CONCLUSIONS

The Murmuri earthquake sequence ruptured thrust faults at the
boundary between the Dezful Embayment and the Lorestan Arc. The
mainshock and largest aftershock both occurred on north-dipping
planes, and contributed to the surface deformation observed with
InSAR. The results of seismological and geodetic inversions show
that the earthquake slip was dominantly or entirely contained within
the thick sedimentary sequence. The relationship between the az-
imuth of the thrust slip vectors and the topography in the region
implies that gravitational driving forces play an important role in
the deformation, and that the Lorestan Arc is underlain by weaker
material than the Dezful Embayment.
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APPENDIX A: FOCAL MECHANISMS OF
THE MURMURI AFTERSHOCKS

Figs A1-A5 show our waveform-modelling solutions of the Mur-
muri aftershocks, produced using the waveform-modelling methods
described in the text. Lines and symbols have the same meanings
as for Fig. 2.
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ern faults dip to the south and the southern fault dips to the north.
Fig. B2 shows relationship between misfit and roughness for the
distributed slip inversions. Figs B3 and B4 show examples of
rougher and smoother solutions than the one shown in the main

paper.

APPENDIX B: ADDITIONAL GEODETIC
INVERSION RESULTS

Fig. B1 shows an inversion of the InSAR displacements using
uniform-slip planes for a fault configuration in which the north-
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Figure B1. Data (a,d), model predictions (b,e) and residuals (c,f) for a model of the faulting in which the northern faults dip to the south, and the southern fault
dips to the north. Black rectangles show the locations of the fault planes. The associated black lines show the surface projection of the fault planes, projected
updip. (g,h) Profiles through the interferograms and the models along the lines X—X" and Y-Y” labelled on (d). The points relating to the 20121202-20140911
interferogram have been offset by 0.05 m for clarity.
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Figure B2. Relationship between model roughness and misfit in the inversions for the distribution of slip on the Murmuri fault planes. The red star shows the
model in Fig. 8 in the main paper. The red circles show the rougher and smoother models shown in Figs B3 and B4.
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Figure B3. As Fig. 8 in the main paper, but for a rougher model (shown by the right-hand red circle in Fig. 8).
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Figure B4. As Fig. 8 in the main paper, but for a smoother model (shown by the left-hand red circle in Fig. 8).
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APPENDIX C: GEODETIC MODELS OF
THE 15 OCTOBER AFTERSHOCK
Figs C1 and C2 show geodetic models for the aftershock that
occurred on 2014 October 15.
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Figure C1. The left panel shows the signal of the October 15 aftershock in a Radarsat interferogram covering 2014 September 11 to 2014 October 29, which
has been down-sampled for modelling purposes using a Quadtree algorithm (see Jonsson et al. (2002) and Wright ez al. (2004) for detailed descriptions of this
method). The centre panel shows a model prediction, and the right panel the residuals. On the centre panel the second line of text gives the fault parameters in
the format strike/dip/rake/centroid depth (km)/Mo/Mw/slip (m)/length (km)/bottom depth (km)/top depth (km)/downdip width (km). The rectangle shows the
plan view of the fault plane, and the barbed line shows the surface intersection of the updip projection of the fault.
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Figure C2. As Fig. C1, but for a south-dipping fault plane.
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