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SUMMARY

We present source models for the August 2014 Murmuri (Dehloran) earthquake sequence in

the Zagros Mountains of Iran. Ad,,6.2 mainshock was followed by an aftershock sequence
containing five events d¥l,, > 5.4. Models ofP andSH waveforms show that all events had

dny wouy papeojumoq

dominantly thrust-faulting mechanisms, and had centroid depths that place them within the
thick sedimentary sequence, above the crystalline basement. The combination of our estimate
focal mechanisms, relative relocations of the event hypocentres and the surface displacemeng
patterns observed using INSAR imply that the mainshock and largest aftershock ruptured g
different fault planes and both contributed to the surface deformation. The fault planes both
slipped in horizontally elongated patches, possibly due to rheological layering limiting the

updip and downdip extent of rupture. The slip vector of the Murmuri mainshock implies that

the decollement beneath the Lorestan Arc is weaker than any such feature beneath the Dezfu§
Embayment, providing an explanation for the plan-view sinuosity of the range-front of the &
Zagros Mountains.
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in the Fars arc of the southeastern Zagros (Ejgwhere it reaches
the surface in diapirs, but the distribution of salt at depth in the Dez-
On 2014 August 18 aMl,, 6.2 thrust-faulting earthquake occurredat  ful Embayment and Lorestan Arc is unknown. A small proportion
Murmuri (sometimes spelt Mormori), near Dehloran in the Zagros of the earthquakes in the Zagros are thought to rupture the base-
Mountains of SW Iran (Figl). This event was followed by five ment, and on rare occasions large events (e.gviti&7 1972 Ghir
aftershocks with magnitudesb.4, the largest of which wad,,6.0, and 1977 Khurgu earthquakes in the SE Zagros) rupture both the
16 hr after the mainshock. This sequence of earthquakes provides arsedimentary section and basement, and occur in the isolated places
opportunity to examine the seismic behaviour of the northwestern where lower Paleozoic rocks are exposed at the surface. However,
Zagros, at the boundary between the Lorestan Arc and the Dezful plentiful aftershocks at basement depths have been recorded follow-
Embayment (Figl) using a range of seismological and geodetic ing shallower events (e.g. Nissetral. 2011, and references therein).
methods. By studying this earthquake, we can gain insights into a This observation led Barnhart & LohmagQ13) to propose a new
range of open questions regarding the deformation of the Zagrosview of the depth distribution of the faulting, based upon the anal-
Mountains, and fold-thrust belts in general. ysis of INSAR interferograms of thred,, 5.9—6.0 earthquakes in
Recent debate has focused on the depth extent of slip in thrust-the SE Zagros. They proposed that seismogenic faulting occurs
faulting earthquakes elsewhere in the Zagros Mountains. Nissenin the basement, coincident with the majority of the aftershocks,
et al. (2011) suggested that seismic slip is mostly concentrated in and that the shallower slip inferred from previous models of inter-
the lower part of the 10—15 km thick sedimentary sequence, known ferograms was due to aseismic sliding in the post-seismic period.
as the ‘Competent Group’, composed of a sequence more than 5 kmNissenet al. (2014) disputed this view based upon the range of
thick dominated by Mesozoic and Paleozoic platform carbonates. earthquake depths compatible with seismic waveforms. However,
This group is underlain by the Precambrian-Cambrian Hormoz salt it is clear that the depth distribution of faulting within the Zagros
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Figure 1. (a) Earthquakes and topography of the Zagros Mountains. White circles show events of magnitude 5.0 and larger from the cataloget alf. Nisserfig—
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(2011). The red star shows the Murmuri mainshock. The white dashed line marked ‘MRF’ shows the Main Recent Fault. (b) Earthquakes in the area % th

black box on (a), taken from the compilation of Niss#ral. (2011) and this study. Black mechanisms were obtained by previous body-waveform modelling
studies and are labelled with the depth in kilometres. Dark grey are CMT solutions. Pale grey are from first-motion pol&ritiegest. The red events are 3

mechanisms calculated by this study for the Murmuri mainshock (2014 August 18) and aftershocks, labelled with the time for events on 18 August, arsl th

date for subsequent events. White dashed lines mark major changes in the stratigraphic level (of 2—6 km, lower to the southwest) and are named the
Line (BL), the Mountain Front Fault (MFF), the Dezful Embayment Fault (DEF), and the Zagros Foredeep Fault (ZFF) (B&8#5)aihe yellow circle
marked ‘D’ shows the location of Dehloran.

Mountains is a source of debate, with wider implications for the thrust earthquakes within the Zagros Mountains. Previous seismo-
distribution of mechanical properties and deformation within this logical results from earthquakes in the region (Fig) show low-
and similar fold-thrust belts. We therefore aim to provide additional angle thrusts at mid-crustal depths on the NE margin of the Dezful
insights into this debate by examining an earthquake sequence fromEmbayment (i.e. with centroid depths of 14-17 km) that may repre-
a part of the Zagros Mountains which has not seen any other largesent thrusting on the boundary between the basement and thick sed-
earthquakes since the development of satellite geodetic methods. imentary section. Shallower events with higher-angle nodal planes
A further open question regarding the tectonics of the Zagros within the Lorestan Arc may represent thrusting within the sedi-
mountains concerns the development of the arcs and embaymentsnentary section, but the tectonic significance of a low-angle thrust
thatresultin a sinuous outline to the range-frontin plan view (Bjig. on the Lorestan range-front remains ambiguous. All other previous
It is well known that in the central and NW Zagros the overall earthquakes in the region do not have sufficiently clear waveforms
oblique convergence between Arabia and Central Iran is partitioned in teleseismic data to perform detailed body-waveform modelling.
into thrust faulting in the Zagros Mountains and parallel strike-slip Therefore, as the largest instrumentally recorded earthquake on
faulting along the Main Recent Fault on the NE edge of the range, the boundary between the Lorestan Arc and Dezful Embayment
at the junction with the central Iranian plateau (e.g. Talebian & (Fig. 1), the Murmuri event presents an important opportunity to
Jackson (2004); ‘MRF’ on Figla). However, to understand the examine the tectonics of this region, and address what combination
development of the arcs and embayments along the range-front re-of tectonic forces and material properties can give rise to the overall
quires a more detailed examination of the direction of motion in shape and deformation pattern of the mountain range.

ST0C

ST 001D

lar


http://gji.oxfordjournals.org/

1438 A. Copley et al.

In this paper we address these questions by using seismology andwice as large. We will discuss these seismological results in more
INSAR to investigate the slip that occurred in the 2014 Murmuri detail later in this paper, in the context of our estimated hypocentral
earthquake and aftershocks. The mainshock has been previousljocations and the INSAR results.
studied using INSAR by Motagtt al. (2015), and in this paper we
build upon their work by incorporating additional techniques and
datasets to analyse the earthquake sequence. We initially describd EARTHQUAKE RELATIVE
results from modellind® andSH seismic waveforms to obtainthe RELOCATIONS

focal pa.rameters (.)f the larger events. We .then. present selsmolpgl-We have relocated the teleseismically recorded aftershocks, and the
cal relative relocations of the earthquakes in this cluster, to provide

) . P - mainshock hypocentre, relative to each other using a multiple event
information on the spatial distribution of the mainshock and after- . o . i

. . . relocation method that has been specialized for studies of calibrated
shocks. Next, we model INSAR interferograms of the time spanning

. . © (i.e. bias-free) locations. We used a method based on the Hypocen-
the earthquakes, and obtain models for the geometry of the faumngtroidal Decomposition (HD) method (Jordan & Sverdrgg1) to
that are consistent with both the seismological and geodetic results. P

Finally, we discuss the implications of our results for the mechanical relatively relocate the events (see Biggsi. 2006; Bondaet a.

. . - . 2008; Nisseret al. 2010; Copleyet al. 2012for recent applications
properties and active deformation of the Zagros Mountains. of this technique). We used teleseisrRiandS phase arrival times

reported by the International Seismological Centre (ISC), fixed all
hypocentre depths, and solved for the hypocentre latitude and lon-
2 BODY-WAVEFORM MODELLING gitude. The HD analysis provides strong constraints on the relative
hypocentral locations of all events in the cluster (formal uncer-
tainties are 0.6—1.7 km at the 90 per cent confidence level). The
€locations of the aftershocks relative to the mainshock hypocentre
are shown on Fig4, along with the focal mechanisms we obtained
eby the body-waveform modelling. The initial two large aftershocks
occurred within~10 km of the mainshock hypocentre, to the east
and west. The hypocentres of the other three events large enough
to obtain waveform-modelled mechanisms, including the largest af-
tershock, were clustered togethell5 km SSE of the mainshock
hypocentre. The spatial distribution of the events will be utilized be-
low, and is key to understanding the relationship between the ground
motions observed with INSAR and the locations of the mainshock
and aftershock fault planes.

If near-source data are available with good azimuthal coverage, or
if the locations of one or more events in the cluster of relatively relo-
cated hypocentres are known by independent means, the cluster can
then be calibrated to provide absolute hypocentre positions. Given
an azimuthal gap in near-source arrival time data of nearly 480
southern azimuths, we instead calibrate the cluster using INSAR-
derived locations of two moderate earthquakes: the 2014 October
15 aftershock (described in Section 7) and an earlier 2008 August
27 strike-slip earthquake that liesA0 km SW of the Murmuri se-
guence, which was observed with INSAR and modelled by Nippress
et al. (2014). In each instance we fix the hypocentre to the centre of

We have jointly inverted® and SH waveforms to obtain the focal

with a sufficiently large signal-to-noise ratio in teleseismic data. We
low-pass filter the seismograms in order to reproduce the respons
of along-period (15-100 s) WWSSN instrument. We then invert for
the focal parameters using Greens functions calculated for a point
source, using the MT5 program of Zwiek al. (1994) (a version
of the algorithm of McCaffrey & Abers1988) and McCaffrey
et al. (1991)). This procedure is commonly used, and thorough
descriptions can be found in Nabelek (1984) and Tayetaal.
(1991). We use a velocity model for these seismic inversions, and
for the geodetic inversions described below, which was obtained
by a microseismicity study in the Masjed—Soleyman region of the
Zagros Mountains, 50-100 km to the SE of the Murmuri earthquake
sequence (Nissest al. 2011). This model haB-wave velocities of
5.0 kms?tinthe top 10 km, 5.95 kmr$ at depths of 10-14 km, and
then 6.15 km st for the remainder of the crust. TiSvelocity was
calculated from thé® using aV,/Vs ratio of 1.73, and the density
was taken to be 2800 kg

Our preferred solution for the mainshock is shown in Fg.
Almost pure thrusting occurred on either a plane dipping NE at 26
or one dipping SW at 64 By holding each of the focal parameters
fixed at values away from the best fit, and re-inverting for all other
ialr;r,nﬁ]t:r;’p\/\g gae\;elgitgg?g;ﬁzlf;fj'gfigg_ﬁ]? :qusl;[;”:; o b'Ef‘he INSAR model fault plane; for the 2014 earthquake we use the N-

using the same procedure to estimate the centroid depth (the inp-dIIOpIng plang,_though _results using th(_e c_on]_ugate S-dnlpplng plane
. . . N were not significantly different. Uncertainties in the positions of the
weighted average depth of slip) are shown on Bjgnd resultin a

centroid depth estimate of 2—6 km. hypocentres on the two model fault planes is an additional source of

We applied the same method to the five aftershocks with a suffi- errorin the callbr_ated locations, and is Ilkely to be_on t_he order of
. . : . ) 5 km (i.e. the radius of the rupture patch in the calibration events).
ciently large signal-to-noise ratio, and our solutions for these events ) . . S . .
- . . In the following sections the main contribution from this relocation
are shown in Appendix A. We note that although we describe these . . . .
S work is based on the relative locations of the mainshock and af-
events as aftershocks of the Murmuri mainshock, some occurred : .
- . . o . tershock hypocentres. We therefore interpret the better-constrained
a significant distance from the mainshock, on distinct geological

: . . relative locations, rather than the InSAR-calibrated absolute loca-

structures (described in detail below). These events could also be,. - . .

. . . tions, but return to the estimates of the absolute locations in the
viewed as a second, triggered, mainshock and aftershock sequence,. . .

. - discussion section.

All except one event had thrust-faulting mechanisms, as shown on
Figs1 and4. The exception is thil,, 5.4 event at 11:51 on 18 Au-
gust, which was an oblique combination of thrust and strike-slip
motion. The estimated focal parameters are listed in Tapknd 4 InSAR RESULTS
the centroid depths are shown on F3g.The focal parameters for  Interferograms for the time period covering the earthquakes were
these aftershocks are resolved to a similar level of accuracy as theproduced by Motaglet al. (2015) using data from the Radarsat-2
mainshock, except for the more poorly constrained event at 11:51 satellite. Two interferograms were made, covering the eastern and
on 18 August for which the estimated potential errors are roughly western parts of the epicentral area, with a small overlap. Both
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Murmuri mainshock (02:32)
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Figure2. Mechanism of the Murmuri mainshock, from the inversiofP@ndSH body waves. The event header shows the strike, dip, rake, centroid depth and
scalar seismic moment (in Nm) of the minimum misfit solution. The top focal sphere shows the lower hemisphere stereographic proje®iomod fitven

nodal planes, and the positions of the seismic stations used in the modelling routine. The lower focal sphere Shbnedhleplanes. Capital letters next to

the station codes correspond to the position on the focal sphere. These are ordered clockwise by azimuth, starting at north. The solid linesreee the obs
waveforms, and the dashed lines are the synthetics. The inversion window is marked by vertical lines on each waveform. The source time function (STF) |
shown, along with the timescale for the waveforms. The amplitude scales for the waveforms are shown below each focal sphere. The P and T axes within the
waveform focal sphere are shown by a solid and an open circle, respectively.
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Figure 3. Plot of misfit (expressed as a percentage of the variance in the Figure 4. Hypocentral locations of the largest aftershocks in the
data) as a function of centroid depth for the Murmuri mainshock and the Murmuri earthquake sequence, relocated relative to the mainshock hypocen-
larger aftershocks. tre (shown in red) using the methods described in the text. The red ellipses
give the formal 90 per cent confidence estimates for the relative locations,
“which have semi-major axes of lengtii.7 km. The focal mechanisms were

interferograms were made using ascending-track data, so the line X .
obtained from our body-waveform modelling and are offset from the loca-

of-sight between the satellite and the ground is similar for the two . : . . oo

. . . . tions for clarity. The mechanisms are labelled with the magnitude, the origin
Int.erfgrograms (the“nifference being dug tothe across-'FraCk Varn ime (as hour:minute for those on 18 August, or the date for subsequent
ation in look angle). We use these same interferograms in our study, e\ients) and the centroid depth calculated from our waveform inversions.
which cover 2012 December 2 to 2014 September 11, and 2013
May 2 to 2014 August 25. The interferograms therefore cover all
of the events that were large enough for us to obtain seismolog-
ical solutions (Tablel) with the exception of the aftershock on
October 15.

There are topographically correlated signals present in the in-
terferograms, with the original radar signals mirroring the outline
of anticlines and river valleys in each of the interferograms. Local
correlation coefficients between the signal and topography were in
places as high as 0.9, and the magnitude of these phase gradient§he smooth signals in the interferograms, with no major disconti-
with elevation was up to 7 cm km. Given the peak line-of-sight  nuities, show that the causative fault slip was buried at depth. The
displacement for the earthquakes was 15-17 cm, and the topographynitial question to be addressed using the geodetic data is whether
in the deformation area varies from 100-1000 m (and up to 2500 m the slip that generated the surface motions occurred on one plane,
in the far-field), it was necessary to remove the topographically cor- or multiple faults.
related noise. We therefore applied a simple linear empirical cor-  Following Motaghet al. (2015), we initially find the single
rection to the interferograms to remove the effect of atmospheric uniform-slip fault plane that best fits the surface displacements.
noise (e.g. Elliottet al. 2008), before modelling the deformation  This initial estimate for the fault geometry (strike of 2%hd dip
signals. To avoid aliasing between the earthquake deformation field of 28°) is within 6 of strike and 1 of dip of that of Motaghet al.
and the topographic correction, we calculated the elevation—phase(2015), and is consistent with the NE-dipping plane in the seis-
gradients in regions 20-40 km away from the deformation area. To mological solutions. We then invert for the distribution of slip on
remove long-wavelength orbital errors in the interferograms, each this plane that provides the closest match to the INSAR results. We
was flattened by removing a quadratic polynomial for the entire discretize the fault plane into 2 km 2 km square patches, and
scene, after the atmospheric correction had been made to the datahe inversions are performed using a simulated annealing algorithm
This process is equivalent to the procedure used by Motagh to find the model that best fits the geodetic data (for a more com-
(2015), who removed a bilinear ramp and an elevation-dependentplete description of the method used, seet 3i. (2002) and Konca
term from the interferograms, and demonstrated the robust presencest al. (2008,2010)). For computational efficiency, the INSAR data
of earthquake-related displacements following this procedure. was down-sampled using a Quadtree algorithm (see Jomssbn

The atmospherically corrected interferograms are shown ibFig.  (2002) and Wrightet al. (2004) for detailed descriptions of this
and display a complex pattern with two lobes of displacement ex- method). We find a similar distribution of slip to that obtained by
tending~E and~SE from the maximum-displacement patch (of Motaghet al. (2015), as shown in Figs. However, we find that
~15 cm). The magnitude of non-tectonic signals in the interfero- such a model is unable to fit the short-wavelength component of the
grams can be estimated by examining areas distant from the groundsurface deformation field, especially the double peak in the surface

motion patch associated with the earthquake sequence. The standard
deviation of the data in these regions is 1.1 cm.

5 FAULT GEOMETRY MODELLING

5.1 Single or multiple faults?
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Table 1. Focal mechanisms obtained in this study from body-waveform modelling.

Date and time Strike Dip Rake Mo (Nm) Centroid depth (km)
18-08-2014 02:32 289 26 82 2.1x108 3t
18-08-2014 05:25 329 44 121 2.4x107 10'2
18-08-2014 11:51 344 68 154 1.3x107 <10°
18-08-2014 18:08 310 28 130 7.2x107 4+3
20-08-2014 10:14 308 20 103 1.5x107 8+3
15-10-2014 13:35 271 63 87 6.1x 107 4+

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

47°00' 47°30' 48°00' 48°30' wider surface deformation features than are observed in the INSAR
33'30" -prm———— R | 330 results.
20121202_20140911
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: tihé, 6.0 aftershock had a
- 3300 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 an
one or more of the aftershocks (the largest of which was separate
[ae sl from the mainshock by-15 km; Fig.4).
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In light of the inversions for slip on a single fault described above,
B0 V10 15 the two distinct lobes extending to the east and southeast of the mairg
LOS motion, cm displacement patch (Fi$) suggest that the ground displacements 3
_ were caused by slip on at least two faults. The clear displacementy,
33°00° _ - = 33700 maximum in the western part of the ground motion patch implies 9
: significant along-strike variability in slip on at least one of these o
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 presenceg
| 3030 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. Weﬁ
will first describe the results of these inversions using uniform-slip S
rectangular planes, and then perform inversions for the distribution 8
Figfl_erz5- ?t'\TOtSp:: i;a”yzcoclfgecsd T]nyvtrar;ped interf?r?gt:alfrsd eqtﬂvt?]'ent of fault slip once our initial inversions have provided constraints on
Eioat:egs. of(;he ?W?)gSAR ;'igquisizi.ong?n Itrr:ee rf:rrri)\%rta\r(nYl\?Y?/ll\?I;D V:nd thi the geometry of the faqltlng. ; ; ; ; ;
o R - We have performed inversions in which the uniform-slip rectan-
background shading is the topography. Motion is in the satellite line-of- . . L
sight, inclined at~45° to the vertical and in the direction marked ‘LOS’. g.ular. faul_ts all dip north, .a” dip south, or. haye a c.ombmatl.on OT
Positive values correspond to motion towards the satellite. dlp.dlrectlons. We use a simulated annealing |nverS|on.aIgor|thm 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
motions in the region of the eastern displacement lobes crossed bydesigned to avoid the inversion routine being confined to a local
profile Y=Y’ in Fig. 6. This feature of the inversion results was also minimum. We invert for the strike, dip, rake, length, location, depth
seen by Motagtet al. (2015) (their fig. 2c and f). Spatially orga-  extent, and slip on the three planes, and also for an offset relative
nized misfits are present that follow the shape of the deformation to zero and a linear ramp in each of the two interferograms. We
patch. This result is not due to any smoothing constraints imposedfind that the misfit between the data and the models is similar for
on the slip distribution (we purposefully investigated rough solu- inversions in which the faults all dip north, all dip south, or have
tions, to ensure this is not the case), but to the depth of fault slip. a combination of dip directions. The RMS misfits are in the range
The model fault plane is at a depth of 5-10 km beneath the north- 0.92-0.93 cm. The standard deviation of the signals in the interfer-
ernmost lobe of slip, so motion on this plane is unable to match the ogram in the areas away from the tectonic signal is 1.1 cm, which
short-wavelength features that dominate the surface displacemengives the size of the non-tectonic noise in the data. (For comparison,
field. This effect occurs because the displacements are smoothed byhe uniform-slip single-fault inversions described above resulted in
the presence of the overlying elastic crust, resulting in considerably an RMS misfit of 1.5 cm.) The similarity between the misfits of the
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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 INSAR 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 XaXd Y-Y. Note the significant misfit between the models and the data on profile Whére the model

is unable to match the double peak seen in the INSAR data. The small amounts of slip in the deeper parts of the fault pH&rti.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.
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models and this measure of the noise in the interferograms implies  The depth extent of slip in the inversions of the INSAR data
that the models are fitting the tectonic signal to the level required by was not imposed to be consistent with the seismological results.
the quality of the data, and that the differences between the misfits However, the centroid depths of the seismic and geodetic models
of the models are not significant. are in agreement within error (Tablésand 2). The moment re-

We have resolved the ambiguity in fault dip direction by using the lease is larger in the geodetic results than the seismological results
information provided by the seismological results. We have re-run (by ~40 per cent, including the seismological moments of only
the inversions described above, but limited the possible ranges of thethose earthquakes that occurred during the geodetic observation
strike, dip, and rake of the fault planes to be those consistent with period). This feature is often seen for events in the Zagros Moun-
the results of the seismological body-waveform modelling. In order tains and Makran (e.g. Lohman & Simo2805; Nisseret al. 2010;
to do this we need to ascribe each fault plane to an earthquake. TheRoustaett al. 2010; Penneyt al. 2015), and is usually interpreted
body-waveform inversions show that the two largest events were to represent post-seismic afterslip contributing towards the geodeti-
also the shallowest (i.e. the mainshock andhg.0 aftershock; cally measured moment, or systematic errors in the velocity models
Fig. 3), and will dominate the surface displacement field. The seis- used. In addition, because the available INSAR data has only one
mological relative relocations (Figt) show the relative positions  look-angle for the Murmuri events, it should also be noted that the
of the mainshock and largest aftershock, specifically that the main- rake in the geodetic inversions is relatively poorly constrained (and
shock hypocentre was15 km to the NNW of this aftershock. We  reliant on the imposed seismological limits), so the moment in the
therefore apply the mainshock parameters to a fault plane with a InSAR inversions will be subject to a trade-off between the rake
starting location in the inversions of beneath the northern displace- and the amount of fault slip.
ment lobe seen in the INSAR data (F&). The parameters of the The intensity VII shaking zone from the earthquakes was elon-
M,,6.0 aftershock are applied to a southern fault plane, positioned gated in a N-S direction, consistent with our fault geometry con-
beneath the southern displacement lobe. In our initial inversions, sisting of multiple planes positioned across-strike from each other
the third fault plane was found to correspond to a small ar&ax in a~N-S direction. The majority of injuries and damage from the
3 km) close to northernmost fault, implying that the slip required to 18:08 aftershock were in the southern part of the damaged area3
produce the displacement peak was probably a high-slip patch onconsistent with the positioning of this event to the south of the
the northernmost plane, which would require two planes to model mainshock in our seismological and geodetic results.
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 Using the fault geometry obtained in the previous section, we have
on the fault planes described below. We therefore also constraininverted the INSAR data for the distribution of slip on the fault
the third fault plane to have our seismologically derived mainshock planes. In order to combat the ambiguity in rake that can occur o
fault parameters. when observations from only one INSAR look-angle are available, 9

We find that configurations with all fault planes dipping south we impose the seismologically derived limits on the range of rakes
are unable to produce a good match to the INSAR displacements,that can be present in our inversions. We invert for the distribution g,i
due to the strike of the southern displacement lobe being incompat-of slip and rake that best fit the INSAR displacements using the §
ible with the range of possible strikes of the south-dipping plane in simulated-annealing-based method described in detail byali
the seismological inversions for the largest aftershock. Fstpows (2002) and Koncat al. (2008,2010). We do not include seismic
the best-fitting model in which all fault planes dip north. The gentle waveforms in this inversion (as is possible using this routine) be-
displacement gradient at the northern end of profile shéwn on cause the small spatial size of the ruptured patch means that limitedg
Fig. 7h (i.e. at distances along the profile of greater than 25 km), additional information regarding the spatial location of rupture can S
is well fit by the displacements due to faults dipping north. This be obtained by using teleseismic waveforms, and no locally recordedg
feature is higher in amplitude than the non-tectonic signals in the seismograms are available. We use fault planes that are extendeg;
interferograms, and appears on both, independent, interferograms|aterally and vertically from the uniform-slip inversion results, in 2
so is likely to represent true tectonic ground motion. Models in order to avoid artificially constraining the extent of slip. The inver- S
which the northern displacement lobe is fit with a south-dipping sion is regularized by imposing a Laplacian smoothness constraint,g
fault, with strike, dip, and rake consistent with the seismological which we have varied between successive inversions. Our preferred
results, produce displacement gradients in this area that are toomodel is on the apex of the curve relating model roughness and
steep to fit the data. An example of such a model is shown in misfit to the data (shown in Appendix B), in common with a range
Appendix B. We therefore conclude that the surface motions were of other studies that use a variety of methods to choose the opti-
produced by north-dipping faults. The misfits for models in which  mum point on this curve (e.g. Freymuelktral. 1994; Johanson &
the mainshock fault-plane dips south are 10 per cent greater thanBurgmann2010). We do not interpret any features that are signifi-
those in which the plane dips north. The third, small, fault-plane cantly different between the models on different parts of this apex
is positioned in almost the same place as the main northern fault (such as the rougher and smoother solutions shown in Appendix B).
plane in these inversions, implying that it represents a high-slip Our preferred model is shown in Fi§. The depth extent of slip
patch on the same plane. The relative positions of the northernis consistent with the seismological and initial geodetic modelling
and southern fault planes in these inversions are consistent withdescribed above. Slip on both planes is elongated in the horizon-
the 15 km NNW/SSE offset between the hypocentres of the main- tal direction—a feature we will discuss in more detail below. The
shock and largest aftershock in our seismological relative reloca- source models predict the earthquake slip to have remained buried
tions, further supporting the use of multiple planes to model the at depth, consistent with the lack of primary surface ruptures ob-
surface deformation. The parameters of the fault planes are listedserved during post-earthquake fieldwork in the region by one of
in Table2. us (BO). The misfit to the data is 0.9 cm, similar to the level of
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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 plane

Black rectangles show the locations of the fault planes. The associated thick black lines show the surface projections of the fault planespgipjecteel
surface. (g,h) Profiles through the interferograms and the models along the lineéan@-X-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 Mo Centroid depth Top depth Bottom depth Length Slip
(Nm) (km) (km) (km) (km) (m)
Large northern 276 34 60 2.3x%0 6.2 2.4 10.0 28 0.19
Small northern 277 26 100 3o’ 4.0 2.6 5.3 3 0.57
Southern 300 21 101 2.%¥10'8 4.3 2.1 6.4 23 0.25

non-tectonic signal in the interferogram in areas distant from the length of the source time function in the seismological inversions,
earthquake. if this duration represents the time required for the rupture to prop-

The horizontal length of the slip patch on the northernmost (main- agate along the length of the fault at typical rupture velocities (e.g.
shock) fault plane is-20 km. This estimate is consistentwiththe 8s  2-3 km s). The displacement-length ratios for the slip patches on
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Figure 8. Results of inversions for the distribution of slip on the fault planes. The upper panels show the estimated slip distributions on the northern and
southern planes, viewed looking downwards from normal to the planes. The depth measured perpendicular to the Earth’s surface is shown, along with tf
distance downdip on the fault plane. The colour represents the amount of slip, and the arrows show the direction of motion of the hangingwalthelative t
footwall. The centre panels show the data, model and residuals for the two interferograms. The black rectangles show the surface projections of the outlines
the two fault planes, with the thick lines with teeth showing the updip edges of the fault planes. The lower panels show profiles through the data and mode
along lines X—X 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 INSAR 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 10°°, which is within, but towards the lower ~ events. The area of uplift observed by INSAR is shown as a dashed
end of, the range often observed for earthquakes (e.g. Stt8; red outline. There is an offset between the location of the NE part of
Scholzet al. 1986). the mainshock rupture patch (solid black outline on Bigand 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
7 15 OCTOBER AFTERSHOCK 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. Berb&8aa) and
post-seismic slip (e.g. Copley & Reynol#814). It would therefore
be expected that anticlines expressed at the surface would be posi-
Yoned 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 (Y.
Fig. 9 summarizes the deformation that occurred in the Murmuri There is a closer correspondence between the aftershock slip-patch
earthquake sequence. The focal mechanisms of the mainshock anddashed black outline) and the anticline axis, which is likely to be
largest aftershock are plotted at their relocated hypocentre posi-because the majority of the aftershock slip was at the same depth
tions (Section 3). Both hypocentres are positioned at the SE end ofinterval as the shallowest mainshock slip (F8j. so the observed
their respective rupture patches (shown as solid and dashed blaclgeometry is consistent with the surface anticlines being positioned
outlines), implying that rupture propagated to the W/NW in both close to the updip limit of earthquake slip.

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 (TablB. 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, mea
that there is no clear way to establish if the fault plane dipped to the
north or south.

8 DISCUSSION
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Figure9. 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 (semig,fault pl
respectively. Both planes dip to the north. The black and grey focal mechanisms show the seismologically derived mainshock and largest af&rshock fo
mechanisms, plotted at their relocated positions (Section 3). Purple lines with double-arrows show anticlines expressed at the surface ifaireaiismar
(Oligocene/Miocene) and older rocks, and mostly have limbs dippineRat. 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 digpingtructural information from Geological
Survey of Iran {973).
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The Murmuri earthquake sequence shows some similarity to a along-strike than downdip (Fi®). This feature is in contrast to the
series of strike-slip earthquakes in 1958 on the Main Recent Fault equidimensional ruptures often observed in earthquakes in a range
near Firuzabad. A sequence df,5.5 and 5.7 earthquakes on 14 of tectonic settings (e.g. Wale al. 1996; Jiet al. 2003; Avouac
August, and aM,,6.5 event on 16 August, also ruptured multiple et al. 2006; Cheloniet al. 2010; Copleyet al. 2012; Elliottet al.
fault segments in close succession. The magnitude 5 events were 0r2013), including individual high-slip patches in some subduction
a fault positioned across-strike from that which ruptured in the 6.5 zone megathrust events (e.g. Chigehl. 2007; Delouist al. 2010).
(Berberian2014), in a similar manner to the across-strike position- Horizontally elongated slip patches have been noted for other earth-
ing of the Murmuri mainshock and aftershock fault planes. guakes in the Zagros Mountains (Elli@t 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
In both uniform-slip and distributed-slip inversions of the INSAR they occurred close to the Balarud Line (the dashed line marked
data, the fault slip is concentrated at depths2+10 km in the best- BL on Fig. 1). It has previously been suggested that the Balarud
fitting models (Fig&¥ and8), and the misfits between the models and Line represents a region of strike-slip faulting (e.g. Berbeti@®b;
the data become prohibitively large if the base of the faulting extends Hessamét al. 2001). However, in agreement with Talebian & Jack-
beneath~14 km. This result is consistent with the seismological son (2004) we find that the earthquakes in this region represent
estimates of the mainshock and aftershock centroid depths3)ffig.  thrust-faulting, so it seems unlikely that the Balarud Line represents
indicating that the geodetic data are imaging the coseismic slip, a region of active strike-slip faulting. The Balarud Line, along with g
possibly along with some component of early post-seismic afterslip. the Mountain Front Fault (MFF on Fig), Dezful Embayment Fault £

The depth to the basement in the region of the Murmuri earth- (DEF) and Zagros Foredeep Fault (ZFF), mark dramatic changes iny
guake sequence is only poorly known, as with many other areas ofthe stratigraphic level, which is 2—6 km lower on the southwestern
the Zagros mountains. Cascielibal. (2009) constructed a strati-  sides of the structures (Berberid®95. These changes in level =
graphic column based upon field and well data and a survey of the are thought to represent the locations of major thrust faults in the 3
literature. They estimated the top of the basement to be at a depthbasement that offset the overlying sedimentary section, and partlyg
of ~13 km. The lack out outcrop of units in the lower part of the ~controlled sedimentation during the Tertiary. A notable feature of =
sequence, and the scarcity of seismic data, make this estimate imthe Murmuri earthquakes in this regard is that we have not ob-g:
precise. However, Morrisl@77) estimated a similar value of 12 km  served any seismic slip that is unequivocally at basement depthsZ
to the depth of the magnetic basement, presumed to represent thélthough the earthquakes were close to the mapped locations ofg.
Precambrian crystalline rocks underlying the thick sedimentary sec- the basement faults, they were at shallower depths, so there is stiI:
tion. The nature of the sediment-basement interface is also debatedno evidence of significant,, > 5) earthquakes on the proposed 2
Indirect evidence relating to the surface gradient of the mountain basement faults. This observation implies that the basement faults3
range has been used to imply the presence of a decoupling hori-either slip aseismically, or in rare large earthquakes, or that the o
zon (e.g. MQuarrie2004; Carrubaet al. 2006). It is not known change in stratigraphic level is accomplished by thickening within 9
whether this proposed decoupling horizon represents the same Horthe sedimentary sequence rather than by offsets in the underlyings
moz Salt that underlies the SE Zagros: unlike that area, there arebasement. Allen & Talebian (2011) suggested that the Balarud Lineg,i
no salt diapirs reaching the surface in the Lorestan Arc and Dezful is at least in part depositional rather than tectonic. The northwesterng
Embayment, which has led to the suggestion that any decoupling limit of mainshock slip lies close to the change in stratigraphic level §
may result from a thinner salt layer, or an alternative lithology. (i.e. the transition from anticlines cored at the surface by Oligocene g

From the perspective of relating the slip in the Murmuri earth- and older rocks to those exposed in Miocene/Pliocene and youngeE
guakes to the structure of the crust, what seems clear is that theunits; Fig.9). This geometry could be coincidental, or could suggest ﬁ
majority, and possibly all, of the seismic slip occurred within the that the faults are discontinuous across this boundary and limit theS
sedimentary sequence. The base of the mainshock fault plane coulgropagation of earthquake ruptures.
have reached the basement, but the data do not require this, and
the best-fitting models have faults that are shallower than the esti- 8.2 Slip vector azimuth and large-scale tectonics
mated basement depths. The depth-extent of slip on the southern™
fault plane, thought to represent the largest aftershock, was 2 toThe Murmuri earthquakes provide an opportunity to investigate the =2
<6 km, implying that this event nucleated within, and was entirely large-scale tectonics of the NW Zagros. The spatial separation of
contained within, the sedimentary sequence. The inversiois of the strike-slip and thrust components of the overall Arabia-central
and SH waveforms are incompatible with a significant proportion Iran motion onto parallel and spatially separated structures in the

8.1 Depth of slip and sedimentary stratigraphy

GTOC ‘ST 80010

of the seismic slip being at basement depths (B)g. Zagros is well known (e.g. Talebian & Jacks@004), and the
Previous work has suggested the presence of numerous decouthrust mechanisms of the Murmuri earthquakes are consistent with
pling horizons within the sedimentary sequence, at depths3ef this pattern.

9 km (e.g. Casciell@t al. 2009). From our results, it appears that A more subtle question involves asking what controls the arcuate
the Murmuri earthquake rupture propagated across these horizonsedge of the topography in the Zagros, and whether this geometry has
The upper limit of slip (~2 km) could have been limited by the an effect on the deformation. Fi$0shows the slip vectors of thrust
evaporites of the Gachsaran formation (~2-4 km), or this depth earthquakes within the NW Zagros, expressed as the motion of the
agreement could be coincidence, and mark the transition from con- northeast side of the fault relative to the southwest. Only estimates
solidated seismogenic sediments to relatively incompetent rocks from earthquakes greater thih),5.0 with well-constrained mech-
that deform by other mechanisms (e.g. pressure solution creep oranisms are shown. These solutions are from either body-waveform
aseismic slip). modelling results, well-constrained CMT solutions (with a percent-
An unusual feature of the slip distribution in the Murmuri earth- age double-couple greater than 80 per cent, as defined by Jack-
gquake sequence is that the slip patches are considerably longesonet 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. Walpersdetfal. 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 & Jack2004). 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 gare
Mw5.0, and the largest arrow, marked ‘M’ represents the Murmuri mainsidgk.Q). 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 shaﬁpw
dip. Black arrows show results from body waveform modelling (from the catalogue of Nésser(2011) and this study), grey from well-constrained CMT
solutions (with a percentage double-couple greater than 80 per cent, as defined by dealk$02)), and white arrows show a first-motion result where the
polarity observations tightly bracket the nodal plane geometry (Jacksofkgivzie1984). 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 forcesl Alaeldash
line divides earthquakes into groups with different dominant slip vector orientations, as described in the text.
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polarity observations to tightly constrain the nodal planes. Where important in controlling the sense of thrust motion on the margins
it is not known which nodal plane is the fault plane, both possible of the Lorestan Arc and Dezful Embayment.
slip vectors are shown. The clearest pattern on Higs that there The second conclusion we can draw from the slip vector azimuths
is a variation in slip vector azimuth from SW-NE on the eastern relates to the observation that the slip vectors are not everywhere
margin of the Dezful Embayment (SE of the dashed black line on perpendicular to the topographic contours, notably in the region of
Fig. 10), to SSW-NNE near the Murmuri earthquakes on the edge the Murmuri earthquake (‘M’ on FidL0). Here the slip vectors are
of the Lorestan Arc (NW of the dashed line). rotated counter-clockwise from those further southeast, as would be
The relationship between slip vector azimuth and the shape of the expected from gravity acting on topographic contrasts. However, the
topography suggests two conclusions. First, although the direction slip vectors are not rotated so far as to be perpendicular to the strike
of relative motion between Arabia and central Iran changes negli- of the topography. If the tractions on the base of the layer deforming
gibly over the area covered by Figi0 (shown as a yellow arrow), in earthquakes (i.e. on the base of the sedimentary section) vary
the azimuth of the thrust slip vectors do change. This relation im- laterally, then the direct correspondence between topographic slope
plies that another force also plays a role in controlling the direction and thrust motion azimuth is lost (e.g. Reynodtisl. 2015). Such
of thrust motion. In addition to the forces driving the motions of a lateral variation in tractions would be the direct result of lateral
the bounding plates, the other major force involved in continental variations in the rheology of any decollement horizons within the
deformation, and one that has been shown to control along-strike sedimentary sequence. The lack of direct correspondence between
variations in thrust transport directions in other regions, is gravity slip vector azimuth and regional topographic slope in the Murmuri
acting on elevation contrasts (also known as the buoyancy force re-area therefore implies that there is less shear-stress being imposed
sulting from crustal thickness contrasts; e.g. England & Houseman on the base of the sedimentary section in the Lorestan Arc than
(1988)). This force will act to move material in the down-slope di- in the Dezful Embayment to the south, which leads to an increased
rection, perpendicular to topographic contours, and is thought to be component of westwards motion in the Murmuri area than would be
responsible for the radial thrusting directions around curved moun- the case if the lower boundary were laterally uniform. Such a con-
tain ranges such the southern margin of the Tibetan Plateau andclusion is supported by previously noted features of the mountains,
the Sulaiman Ranges of Pakistan (e.g. Copley & McKe@gdie7; including the large across-strike width and low surface gradient of
Reynoldset al. 2015). The slip vector of the Murmuri earthquake the Lorestan Arc, which both suggest it is propagating over a weak
therefore gives an indication that gravitational driving forces are lower boundary (e.g. MQuarrie2004; Carrubat al. 2006). It is
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unclear whether this weak lower boundary represents the Hormoz Cheloni, D.et al., 2010. Coseismic and initial post-seismic slip of the 2009
Salt or an alternative decoupling horizon. A quantitative analysis Mw 6.3 LAquila earthquake, Italy, from GPS measureme@sophys.
of this effect is beyond the scope of this paper, but is currently in ~ J. Int,, 181, 1539-1546.

preparation for separate publication. Chlieh, M. et al., 2007. Coseismic slip and afterslip of the gr&gt 9.15
Sumatra-Andaman earthquake of 20Bdll. seism. Soc. Am., 97, S152—
S173.

9 CONCLUSIONS Copley, A. & McKenzie, D., 2007. Models of crustal flow in the India-Asia

collision zone Geophys. J. Int., 169, 683—-698.
The Murmuri earthquake sequence ruptured thrust faults at the Copley, A. & Reynolds, K., 2014. Imaging topographic growth by long-lived
boundary between the Dezful Embayment and the Lorestan Arc. The postseismic afterslip at Sefidabeh, east If@ntonics, 33, 330-345.
mainshock and largest aftershock both occurred on north-dipping Copley, A., Hollingsworth, J. & Bergman, E., 2012. Constraints on
planes, and contributed to the surface deformation observed with fault a_nd lithosphere rheology from t_he coseismic slip and postseismic
INSAR. The results of seismological and geodetic inversions show  afterslip of the 2006 Mw7.0 Mozambique earthquakegeophys. Res.,
that the earthquake slip was dominantly or entirely contained within _ -7 401:10.1026/2011J8008580.

. . . g Delouis, B., Nocquet, J.-M. & Vadle, M., 2010. Slip distribution of the
the thick sedimentary sequence. The relationship between the az- February 27, 2010 Mw= 8.8 Maule earthquake, central Chile, from

imuth of the thrust slip vectors and the topography in the region static and high-rate GPS, InSAR, and broadband teleseismicGeta,
implies that gravitational driving forces play an important role in phys. Res. Lett., 37, doi:10.1029/2010GL043899.
the deformation, and that the Lorestan Arc is underlain by weaker Ejiiott, J., Copley, A., Holley, R., Scharer, K. & Parsons, B., 2013. The

material than the Dezful Embayment. 2011 Mw 7.1 Van (Eastern Turkey) earthquaBegeophys. Res., 118,
1619-1637.
Elliott, J.etal., in press. The 2013 Mw 6.2 Khaki-Shonbe (Iran) earthquake:
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Murmuri aftershock (20 August)
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Murmuri aftershock (15 October)
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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. FigB3 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 B2. Relationship between model roughness and misfit in the inversions for the distribution of slip on the Murmuri fault planes. The red star show
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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 29,2_31:hic
has been down-sampled for modelling purposes using a Quadtree algorithm (see éoals§002) and Wrightt 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 thedesiihparanz.

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.

740 760 780 800
| ! ! !

UTM East (km) Zone 38 N

760 780
!

740 800
! | !

740 760 780 800
| ! | !

Figure C2. As Fig.C1, but for a south-dipping fault plane.

>
joR
[
(@]
=
Q
2
Q
X
o
=
%a Track 997a, N=2097p-ts - B Uniform Slip Model Residuals, RMS|= 0'&2 cm- g'
93/34/76/5.3/0.6 x10'® M,, 5.8 0.3/18.0/5.0/3.9/6.7 SQ
Centroid: 47.9004° 32.5245° 5.3 km g
zZ Q Fault Up-Dip Surface Projection: 47.9070° 32.5951° 2 (=}
8] i 1 K =3
[sp)
o =
S i
N
£8 g S
E © T T - ©
R~ o) » 9
=
< [t | S
Y vVvvvy = VvV VvVvv vV VvVVvv T
5 ’ g
= P A b
o (=3
E o | €1 1 : L © -
g & N
) . =
' [6)]
| — J¥eciC) | — [RelciL) | — [Re i)
Q 0 5 0 5 0 5 =}
R + + -2
o o


http://gji.oxfordjournals.org/

