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SUMMARY

Measurements on either side of the Kazerun fault system in the Zagros Mountain Belt, Iran,
show that the accommodation of the convergence of the Arabian and Eurasian Plates differs
across the region. In northwest Zagros, the deformation is partitioned as 3-6 mm yr~—! of
shortening perpendicular to the axis of the mountain belt, and 4-6 mm yr~' of dextral strike-
slip motion on northwest—southeast trending faults. No individual strike-slip fault seems to slip
at a rate higher than ~2 mm yr~!. In southeast Zagros, the deformation is pure shortening of
8 £ 2 mm yr~! occurring perpendicular to the simple folded belt and restricted to the Persian
Gulf shore. The fact that most of the deformation is located in front of the simple folded belt,
close to the Persian Gulf, while seismicity is more widely spread across the mountain belt,
confirms the decoupling of the surface sedimentary layers from the seismogenic basement.
A comparison with the folding and topography corroborates a southwestward propagation of
the surface deformation. The difference in deformation between the two regions suggests that
right-lateral shear cumulates on the north—south trending Kazerun strike-slip fault system to
6 +£2mmyr !
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INTRODUCTION

The aim of our GPS surveys is to study (1) the location of superficial
deformation in a sedimentary cover decoupled from the basement
(case of southeastern Zagros) and (2) the different behaviour of
deformation between southeastern and northwestern Zagros. This
study will help to answer the following questions: Is the Zagros
deformation field distributed or localized on individual faults? Is
the transition between pure and oblique shortening, from southeast-
ern to northwestern Zagros, visible in the present-day deformation
field? Is there any evidence for strain partitioning in northwestern
Zagros? How do the shallow sediments accommodate the present-
day deformation and how does this superficial deformation compare
with the basement deformation as evidenced by the seismicity?
The tectonic settings of the Zagros are given by the Eurasia—
Arabia collision, taking place entirely inside Iran’s political bor-
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ders. The current Eurasia—Arabia convergence rate is estimated to
increase from west to east along the Iranian Persian Gulf line from
18 to 25 mm yr~! oriented about 10°N (Fig. 1). This increase is due
to the proximity of the Arabia—Eurasia Euler pole situated in North
Africa at 27.9 £ 0.5°N, 19.5 4 1.4 °E with 0.41 4 0.01 ° Myr™!
(Vernant et al. 2004, corroborating Euler pole locations of Sella
et al. 2002; McClusky et al. 2000, 2003). The shortening is concen-
trated on the Iranian territory mainly across two mountain ranges,
the Alborz in the north, the Zagros in the south, but slip on sev-
eral important strike-slip faults that bound non-deforming blocks
(e.g. Central Iran, Lut) also accommodate some shortening. At the
southeastern margin of the Arabia—Eurasia collision zone, along
the Makran, the shortening is absorbed by subduction of oceanic
lithosphere beneath southeast Iran at 19.5 mm yr~! (Vernant et al.
2004). In the Persian Gulf, no shortening is observed (Tatar et al.
2002). The first GPS results indicated that the southeastern Zagros
undergoes about 10 mm yr~! of pure shortening (Tatar et al. 2002).

The Zagros mountain belt is approximately 1500 km long, 250—
400 km wide, and runs from eastern Turkey, where it connects to
the North and East Anatolian faults, to the Oman Gulf, where it
dies out at the Makran subduction zone (Fig. 1). The belt lies on
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Figure 1. Location of the Zagros major active faults (Berberian 1995) and seismicity (Engdahl et al. 1998). The inset displays the global location of Zagros
and Iran in the collision zone between the Arabian and Eurasian plates. The velocity vectors indicate the Arabia—Eurasia collision rate according to the rotation
pole of Vernant et al. (2004). Zagros active faults are reported: MRF: Main Recent Fault; MZT: Main Zagros Thrust; HZF: High Zagros Fault; DEF: Dezful
Embayment Fault; MFF: Zagros Mountain Front Fault; ZFF: Zagros Fore deep Fault; Dena fault; Kazerun fault; Borazjan fault; KB: Kareh Bas fault; SP: Sabz

Pushan fault; S: Sarvestan fault and SFB: simple fold belt (Berberian 1995).

the former Arabian passive margin that is covered by up to 10 km
of Infracambrian to Miocene sediments (e.g. Haynes & McQuillan
1974; Stocklin 1974; Stoneley 1981). These sediments contain sev-
eral layers of evaporite at different depths that decouple the surface
deformation from the basement (Berberian 1981, 1995; Berberian
& King 1981). During the Mesozoic, the Zagros underwent a ma-
jor episode of convergence, mostly accommodated by subduction
on the Main Zagros Thrust (MZT) (Stocklin 1974; Stoneley 1981).
After the closure of the oceanic basins, a second episode of defor-
mation during the Neogene led to the folding that affected the simple
folded belt located between the MZT and the Persian Gulf (Falcon
1974).

The Zagros mountains are affected by the active NS trending
Kazerun fault that offsets the folds and the lower Miocene terranes.
Maximum and minimum displacement rates on the fault have been
inferred from these offsets by Berberian (1981, 1995) and Authe-
mayou ef al. (2005) to 15 and 4 mm yr~!, respectively. Present-day
activity of the Kazerun fault is evidenced by recent earthquakes with
right lateral mechanisms located on the fault (Baker ez al. 1993). The

main recent fault (MRF) is an active NW—-SE trending right lateral
strike-slip fault which runs along the MZT (Berberian 1995) and is
observed northwest of the Kazerun fault (Tchalenko & Braud 1974;
Ricouetal 1977). The Dorud segment of the MRF is seismically the
most active (Tchalenko & Braud 1974; Berberian 1981). A remark-
able feature of the Zagros fold belt is that it propagates with time
from the MZT towards the Persian Gulf (Falcon 1974; Shearman
1976; Berberian 1995; Hessami et al. 2001).

Most of the Zagros deformation seems to be aseismic (North
1974; Jackson et al. 1995; Masson et al. 2005). The seismicity is
located in the basement, probably on reactivated former normal
faults, and seems to be concentrated in the west of the mountain
belt, in a region with a topography lower than 1000 m (Talebian &
Jackson 2004).

Salt layers, present particularly in the southeastern part of Zagros,
are suspected to create decoupling of the superficial layers from the
basement. If this is the case, the Zagros deformation, as observed
by GPS in the southeastern part, represents only the deformation of
the sedimentary cover placed on top of the Arabian platform.
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Talebian & Jackson (2004) proposed a kinematical description
for the present-day deformation of the Zagros mountain belt. The
authors compiled earthquake slip vectors related to thrust and strike-
slip events and compare them with respect to the overall constraints
given by the NUVEL1-A (DeMets ef al. 1994) or REVEL (Sella
et al. 2002) plate models. According to the present-day kinematics,
the transition from pure shortening in southeast Zagros to oblique
shortening in northwest Zagros is accommodated in the region of
the Kazerun fault system.

GPS DATA

We have measured two GPS networks in Zagros, the Central Zagros
network covering the southeastern part, and the North Zagros net-
work, covering the northwestern part (see site locations on Fig. 3).
Data were collected in campaigns during 2001 and 2003 (18 forced
antenna centring sites in North Zagros) and 1997, 2000 and 2003
(15 sites with tripod antenna set-up in Central Zagros) using a mix-
ture of Trimble SSI and Ashtech Z-12 receivers and choke ring
antennae. Each site was observed for at least 48 hr per campaign.
During each campaign, we measured simultaneously some sites
from the Iran Global network (KHOS, KSHA for North Zagros,
ALIS, ARDA, LAMB for Central Zagros) (Nilforoushan et al. 2003;
Vernant et al. 2004) to connect the different networks. Data from
three Iranian permanent stations (AHVA, MASH, TEHR) were used
in the campaign analyses when available. We also include the analy-
sis of the GPS measurements (1999 and 2001) from the Iran Global
network (Nilforoushan e al. 2003; Vernant et al. 2004) in the present
study.

The data have been analysed with the GAMIT/GLOBK 10.1
software (King & Bock 2002). 32 IGS stations have been in-
cluded to establish the terrestrial reference frame. Final IGS or-
bits and corresponding Earth orientation parameters have been
used. In the combination of daily solutions with the Kalman fil-
ter GLOBK, the continuous time-series of daily SOPAC global so-
lution files (IGS3 network) has been included from 1997 Decem-
ber to 2003 November, covering all measurement epochs presented
here.

The precision of the inferred site velocities has been evaluated
by (1) the campaign repeatabilities, giving the short term scatter
of the site coordinate estimates and (2) velocity residuals on locally
inferred rigid tectonic blocks, evaluating long-term uncertainties for
the campaign stations (McClusky ef al. 2000).

The average campaign repeatabilities are given in Table 1. They
correspond to the increasing quality of the Central Zagros mea-
surements (longer observation spans and more simultaneous obser-
vations by higher number of field teams). For the Central Zagros
network, with a mean repeatability of 4 and 1 mm in 1997 and

Table 1. Mean repeatabilities on the north, east and vertical baseline com-
ponents in each of the five campaigns presented in this paper. This statistic
is limited on the local North Zagros and Central Zagros network stations
with maximum baseline lengths of 3000 km. # bl is the number of measured
baselines entering in the statistics.

Repeatabilities [mm]:

Campaign Epoch #bl N E U

C. Zagros 1997.918 25 2.8 3.0 7.4
C. Zagros 2000.096 144 1.7 2.0 5.2
N. Zagros 2001.721 233 1.1 1.7 4.7
N. Zagros 2003.690 231 0.7 1.5 3.2
C. Zagros 2003.885 206 0.9 1.3 2.8
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Figure 2. Identification of the two Iranian rigid blocks used for establish-
ing the velocity precisions by evaluating the velocity residuals with respect
to rigid block motion: the Central Iranian Block (stations MIAN, BIJA,
SHAH, ARDA, HARA, KERM), which can be extended to the northern
Central Zagros (stations SAA2, KHO2, SVR2, TMN2, DEH2, BER2),
and the Mesopotamian basin (Stations AHVA, AWAZ, HAFT, KHON,
SARD).

2003, respectively, on the horizontal components, we could expect
velocity uncertainties of 1 mm yr~! over the 6 yr observation time
span. Mean horizontal repeatabilities of 2 mm in the 2001 and 2003
North Zagros network yield a 2 mm yr~! precision over the 2 yr
time span.

Systematic errors like tripod set-up (in the Central Zagros net-
work) or antenna phase centre offsets cannot be identified by the
repeatability results only. These systematic errors do show up in the
comparison of velocities for sites on the same tectonically rigid
block. They contribute to the velocity residuals with respect to
rigid block motion. Two rigid microblocks represented by several
GPS sites can be used in this study to estimate velocity uncertain-
ties (Fig. 2): The larger one is the Central Iranian block (stations
MIAN, BIJA, SHAH, ARDA, HARA, KERM, the smaller one the
Mesopotamian basin in the south of North Zagros (stations KHOS,
AWAZ, AHVA, SARD, HAFT). We estimate horizontal residual
velocities of 1.9 mm yr~! on the Central Iranian block similar to
Vernant et al. (2004). When we include six Central Zagros stations
with low residual velocities with respect to Central Iran (SAA2,
KHO2, BES2, SVR2, DEH2, TMN2; see Fig. 2), the average resid-
uals with respect to a rigid motion of this block are evaluated to
1.2 mm yr~!. In the Mesopotamian basin, south of North Zagros, the
average residuals of the five site velocities KHOS, AWAZ, AHVA,
SARD and HAFT are 2.2 mm yr~'. These residuals with respect
to a rigid block motion suggest that the uncertainty of the velocity
estimates presented in this study is about 2 mm yr~! with slightly
smaller values for the Central Zagros measurements due to the 6 yr
observation span, in spite of the tripod set-up in this network.
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Therefore, 2 mm yr~! seems to be a conservative value for the uncer-
tainties in both the Central and the Northern Zagros. This value will
be used as a lower bound on deformation estimates in the tectonic
interpretation (see below).

THE ZAGROS VELOCITY FIELD

To focus on the Zagros deformation, we define a reference frame
by minimizing the velocities of the stations located on the Central
Iranian block (MIAN, BIJA, SHAH, ARDA, HARA and KERM,;
see Fig. 2) following Vernant et al. (2004). The velocity field we
obtain on the Zagros networks with respect to the Central Iran block
is shown in Table 2 and Fig. 3(a). A general value for the uncertainty
of our velocity estimates is 2 mm yr~! as indicated above.

Along the Persian Gulf (stations KHOS, SARD, ALIS, KAN2,
0OSL2, BMG2, LAMB), velocities of 6-10 mm yr~! are observed
representing the eastward increasing motion of the Arabian plate
relative to Central Iran. While the eastern site velocities are aligned
with the BAHR (Bahrain) velocity vector, the more westerly stations
show a rotation to NNW. The transition between pure shortening in
the east and oblique shortening in the west is located near the right-
lateral Kazerun fault system (Kazerun, Sabs Pushan, Kareh Bas
and Sarvestan faults; see Fig. 1 for fault locations). A large northern
region of Central Zagros does not deform relative to the Central
Iranian block as demonstrated by the low residual velocities of the
GPS sites SAA2, KHO2, SVR2, TMN2, BES2 and DEH2. This
low deformation suggests that the MZT is inactive in this part of the
Zagros and that the deformation in Central Zagros is concentrated
further southwest, in the region close to the Persian Gulf shore. A
more distributed velocity field is observed in North Zagros with
velocities relative to Central Iran decreasing from 6 mm yr~! at the
coast to 3 mm yr~! in the centre of the Zagros mountain belt and to
zero on the northern side of the MRFE.

The Zagros velocity field indicates relative displacement rates of
the order of 2 mm yr~! (at the limit of resolution) across several
individual faults. In the North Zagros, we find this magnitude of
strike-slip activity for the MRF and for the Dena fault, while for the
Dezful embayment fault (DEF) and for the Zagros mountain front
fault (MFF) the relative motion of 2 mm yr~! is rather transpres-
sive (for fault locations see Fig. 1). In the Central Zagros network,
4-6 mm yr~! of shortening is restricted to the Zagros MFF. The
difference in deformation between the two networks suggests 3—
6 mm yr~! of right lateral strike-slip motion on the NS trending
Kazerun fault system, distributed over the Kazerun, Borazjan, Kareh
Bas and Sabz Pushan faults.

The Zagros velocity field is also represented with respect to the
Arabian plate as the larger tectonical unit bordering the Zagros de-
formation belt (Fig. 3b). The Arabian plate reference frame has been
established by applying the Arabia—Eurasia rotation pole established
by Vernant et al. (2004) (27.9°N, 19.5°E, 0.41° Myr™!), to the Za-
gros velocity field. The BAHR residual velocity is 0.4 mm yr~',
and the residual velocities of the Iranian GPS sites along the Persian
Gulf (AHVA, AWAZ, KHOS, SARD, ALIS, KAN2, OSL2, BMO2,
LAMB) are evaluated to an average of 2.9 mm yr~' mainly oriented
W to WNW with larger values in the centre. The absence of veloc-
ity components parallel to the Arabia—Eurasia shortening axis and
the velocity amplitudes hardly above the error limit of 2 mm yr~!
confirm the absence of shortening in the Persian Gulf.

The velocity field of northern Zagros has been estimated from
only two measurements over a 2 yr time span. Therefore, it is proba-
bly unreliable to analyse pairs of site velocities to quantify precisely

the low (typically 2 mm yr~!) displacement rates along individual
faults. However, the analysis of subsets of site velocities (e.g. veloc-
ities along transects as shown in the next section) and of strain calcu-
lated over the whole velocity field or a subset of stations (as shown
later) can be used to average the individual velocity observations
and obtain a more significant characterization and quantification of
the deformation in the Zagros networks.

The GPS site velocities are interpreted in this paper as constant,
interseismic displacement rates. This supposes that no coseismic
instantaneous displacement is contained in the displacement rates
of the GPS stations, due to earthquakes occurring close to the GPS
stations in the time interval covered by the successive measurement
campaigns. Seismic catalogues show that no significant earthquake
(Ms > 6) took place close to the stations in our network in the time
between the surveys.

To infer fault slip velocities from GPS displacement rates, a de-
formation model would be necessary, taking into account the fault
emplacements with respect to the GPS sites and the fault mecha-
nisms. Both fault locations and motions are still poorly known for
the Zagros, because most of the faults are blind faults (Berberian,
1995), so that in this work we restrict ourselves not to overinterpret
single site velocities.

COMPARISON OF THE DEFORMATION
BETWEEN CENTRAL ZAGROS AND
NORTH ZAGROS

The difference in deformation between Northern and Central Zagros
can be highlighted by plotting the velocity distributions on transects
(TN1, TN2, TN3 in the North Zagros, TC1 and TC2 in Central
Zagros) perpendicular to the Zagros mountain belt (Fig. 4). We
project the velocity of the closest stations onto directions parallel and
perpendicular to the mountain axis and interpret these two directions
as strike-slip and shortening components of active structures parallel
to the Zagros mountain axis, with respect to Central Iran. The two
velocity components are plotted with respect to the distance between
the GPS site and the approximate emplacement of the MRF (Fig. 4).

In order to illustrate (but not to compute) the deformation pat-
terns, we superpose simple mechanical models on top of the veloc-
ity observations. For the strike-slip component, we use a model of
a locked strike-slip fault in an elastic half-space (Savage & Burford
1973) centred on the MRF or the MZT. This model is evaluated for
a locking depth at 10 km. Note that the locking depth is not signif-
icant for describing the velocity distribution on the spatial scale of
the transects.

In the North Zagros, for TN1 and TN2, located north, most of
the strike-slip deformation is associated with the MRF, whereas for
TN3, located further south, most of the strike-slip deformation is
associated with the Zagros MFF. In the Central Zagros, the strike-
slip component is approximately 2 mm yr~! and it is located in the
southwestern part of the network, near the Persian Gulf. There is
a marked difference between the two parts of Zagros because the
total strike-slip velocities vary from 2 mm yr~! in Central Zagros to
4-6 mm yr~! in North Zagros.

For the compressive component we use a model with a uniformly
distributed homogeneous strain over the whole Zagros, correspond-
ing to a linear velocity distribution. This simple model is sufficient
to analyse the shortening patterns related to the young continen-
tal collision taking place throughout the Zagros. In this case of
shortening, we fit the model to the velocity observations. While in
North Zagros the ensemble of site velocities fit a linear velocity
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Table 2. GPS velocity field with respect to the Central Iranian Block (CIB) and with respect to ITRF 2000. Networks: IG: Iran Global; NZ: North Zagros; CZ:
Central Zagros; IP: Iran permanent; IGS: International GPS Service.

GPS station velocities [mm yr—']

Positions Velocities w.r.t. Iran ITRF2000 velocities Velocity uncertainties
Central Block (95 per cent conf. interval

SITE (net) long (°E) lat (°N) v east v north v east v north sig v east sig v north
MIAN (IG) 46.162 36.908 —0.06 1.34 23.87 23.55 1.59 1.46
ILAM (1G) 46.427 33.648 —0.65 3.98 24.14 26.11 l1.61 1.47
DELO (NZ) 47.429 32.692 0.02 3.31 25.26 25.44 1.53 1.51
GORI (NZ) 47.739 33.057 —2.05 3.75 23.15 25.93 1.51 1.49
BIJA (IG) 47.930 36.232 —0.46 0.24 24.02 22.39 1.66 1.50
KORA (NZ) 48.175 33.406 0.70 3.44 2591 25.57 1.50 1.48
KHOS (IG) 48.409 30.246 0.14 6.27 26.16 28.32 1.06 1.02
BORU (NZ) 48.506 33.772 —2.89 1.05 22.32 23.13 1.50 1.48
DEZF (NZ) 48.678 32.657 —2.45 4.58 23.06 26.66 1.50 1.48
AHVA (IP) 48.684 31.340 —0.29 5.56 25.57 27.64 1.42 1.41
AWAZ (NZ) 48.925 31.188 —1.66 7.12 24.23 29.25 1.50 1.48
JOZA (NZ) 48.952 34.256 —1.84 2.71 23.36 24.71 1.50 1.48
SOLE (NZ) 49.328 32.037 -2.19 4.71 23.62 26.84 1.50 1.48
HAFT (N2) 49.571 31.484 —1.02 7.96 24.97 29.96 1.50 1.48
SHOL (NZ) 49.668 33.073 0.40 0.72 26.10 22.75 1.51 1.49
GHAR (NZ) 49.851 35.140 —0.26 0.28 24.88 22.34 1.51 1.49
SARD (N2) 50.026 30.325 —1.32 6.88 24.93 28.88 1.52 1.49
CHEL (NZ) 50.098 32.482 —2.80 3.75 23.12 25.81 1.51 1.49
KHON (N2) 50.458 33.157 —1.82 —0.06 23.96 21.99 1.51 1.49
KRD2 (NZ) 50.531 31.808 —3.25 1.71 22.80 23.76 1.50 1.48
DEDA (N2) 50.578 30.990 1.05 3.85 27.31 25.63 1.51 1.48
BAHR (IGS) 50.608 26.209 4.83 6.74 31.99 28.76 0.52 0.23
SHAH (IG) 50.748 32.367 —0.79 —0.56 25.22 21.44 1.56 1.45
ALIS (1IG) 51.082 28.919 —0.87 8.17 25.92 30.13 1.04 1.00
KSHA (IG) 51.255 34.150 0.21 —0.60 25.94 21.34 1.05 1.02
TEHN (IP) 51.334 35.697 —0.78 —-3.02 24.59 18.94 1.39 1.38
TEHR (IG) 51.386 35.747 0.81 —1.27 26.16 20.68 1.65 1.51
SEMI (NZ) 51.430 31.225 —2.93 0.19 23.40 22.21 1.51 1.49
NOSH (1G) 51.768 36.586 —2.10 —3.09 23.17 18.79 1.71 1.50
QOMS (IG) 51.799 32.250 —1.90 0.75 24.32 22.67 1.51 1.48
KAN2 (CZ) 52.056 27.834 0.87 8.10 28.01 30.03 0.88 0.86
FAR2 (CZ) 52.106 28.851 —1.88 532 25.08 27.19 0.88 0.85
OSL2 (CZ) 52.607 27.474 0.11 9.16 27.36 30.98 1.63 1.52
QIR2 (CZ) 53.029 28.477 —2.08 1.53 25.11 23.38 0.84 0.83
ISL2 (CZ) 53.066 28.347 —1.42 2.60 25.87 24.40 0.86 0.84
SAA2 (CZ) 53.146 30.087 0.03 —-.92 27.03 20.92 0.95 0.88
SVR2 (CZ) 53.244 29.281 —1.48 0.04 25.63 21.94 0.88 0.85
BMG2 (CZ) 53.480 26.970 3.15 5.81 30.67 28.35 1.08 1.08
SEMN (1G) 53.564 35.662 0.15 —5.82 26.07 15.94 1.64 1.48
GOT2 (CZ) 53.631 28.624 —.70 2.42 26.57 24.23 0.99 0.95
BIG2 (CZ) 53.637 27.852 —.56 1.52 26.81 23.37 0.92 0.90
ARDA (IG) 53.822 32.313 0.10 =75 26.78 21.02 1.02 1.00
LAMB (IG) 54.004 26.883 3.50 722 31.14 28.92 1.08 1.01
KHO2 (CZ) 54.126 29.923 —1.42 0.24 25.70 22.02 0.86 0.85
KORD (IG) 54.199 36.860 —0.78 —9.41 24.94 12.04 1.67 1.49
TMN2 (CZ) 54316 29.239 —1.85 —.67 25.44 21.06 0.86 0.85
LAR2 (CZ) 54.320 27.644 0.59 4.33 28.16 26.07 0.89 0.86
HARA (IG) 54.608 30.079 1.20 0.99 28.41 22.71 1.63 1.47
DEH2 (CZ) 54.700 28.645 —2.15 —.44 25.34 21.31 0.87 0.85
BES2 (CZ) 54.832 29.363 —1.32 —.40 26.08 21.32 0.87 0.85
ROBA (I1G) 56.070 33.369 1.56 —4.11 28.45 17.48 1.60 1.46
KHAS (IG) 56.233 26.208 3.32 9.79 31.43 31.31 1.83 1.50
KERM (IG) 57.119 30.277 0.56 0.79 28.22 22.25 245 1.66
distribution along the transects (and therefore a homogeneous proximity of the relative Arabia—Eurasia rotation pole (e.g. Sella
strain), in Central Zagros the velocity gradients are constrained ex- et al. 2002; Vernant et al. 2004).
cluding the stations in the non-deformable part of Central Iran. We With an uncertainty of 2 mm yr~! on our velocity estimates (not
observe an increase of the shortening component from North Za- including the systematic bias that are not measurable before a third
gros to Central Zagros (from 2 mm yr~! to 8 mm yr~!) due to the campaign), we will only provide a first-order interpretation of the
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Figure 3. (a) North Zagros and Central Zagros velocity fields with respect to the Central Iranian block. The scale vector corresponds to 5 mm yr~!. The error
ellipses indicate formal errors within a 95 per cent confidence interval. The different networks (North Zagros, Central Zagros and Iran Global) are marked with
different symbols. We observe a different velocity field on both sides of the Kazerun fault system. (b) North Zagros and Central Zagros velocity fields with

respect to the Arabian Plate. Same captions as Fig. 3(a).

tectonics of the region and not try to estimate the strike-slip rates
on individual faults of the Zagros folded belt (MRF, High Zagros
Fault, Zagros MFF). The fault parallel component (strike-slip mo-
tion) in North Zagros increases from north to south (from transect
TN1 to TN3) from 4 to 6 mm yr~'. This strike-slip motion is ob-
served along transect TN1 for the stations located on the Zagros
folded belt (DELO-ILAM-GORI-DEZF-KORA-BORU) relative
to Central Iran (GARA), on TN2 for the stations located south of the
Dezful Embayment (AWAZ-HAFT) relative to the Zagros folded
belt (SOLE-KORD-CHEL) and Central Iran (SHOL-KHON), and
along transect TN3 for the stations located south of the Zagros MFF
(ALIS-SARD) relative to the Zagros folded belt (DEDA-SEMI)
and Central Iran (QOMS—ARDA).

Shortening is insignificant in the region spanned by the tran-
sect TN1 (DELO-GORI-KORA-BORU-JOZA). Further south, on
transect TN2, the stations south of the DEF (KHOS-AWAZ-HAFT)
converge relative to the Zagros folded belt stations (SOLE-KORD-
CHEL-SHOL-SHAH) with a velocity of about 3 1 mm yr~! .
On transect TN3, the NS trending Kazerun fault marks a place of
several mm yr~! of shortening due to its obliqueness with respect
to the profile.

For the Central Zagros, a fault parallel motion of 2 £ 1 mm yr—
relative to Central Iran affects the westernmost stations (KAN2—

1

OSL2-FAR2) suggesting that a small amount of strike-slip motion
(with respect to the orientation of the MRF/MZT) is accommodated
by the Kazerun fault system. On the contrary, the shortening shows
a large gradient of up to 8 mm yr~! between stations located on the
Persian Gulf shore (KAN2-OSL2 on TC1 and BMG2-LAMB on
TC2) and all other stations located further north (SAA2-TMN2—
KHO2-HARA on TC1 and DEH2-KERM on TC2). Only the two
stations BIG2 and LAR2 located further inland show a slow con-
vergence (3 £ 1 mm yr~!) toward Central Iran. This suggests that
most of the shortening (75 per cent) is accommodated by structures
located along the Persian Gulf such as the Zagros MFF.

SLIP RATES FOR THE KAZERUN
FAULT SYSTEM

As seen in Fig. 1, the Kazerun fault system separates the Zagros
into two regions of contrasting deformation systems and, therefore,
it should accommodate some differential motion. We can infer ve-
locity estimates on different segments of the Kazerun fault system
by comparing the velocity fields in the North and the Central Zagros
on each side of the fault system.

The two stations located south of the Zagros MFF (KAN2 and
ALIS) on either side of the fault system show similar motion relative
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to Central Iran, which suggests that they both belong to the non-
deformable part of the Arabian plate. However, going further north,
we measure 3 &= 2 mm yr~! of relative NS displacement between
ALIS and FAR2, which characterizes the slip rate in the southern
part of the Kazerun fault system. We also measure 3 &= 2 mm yr™!
between DEDA and SEMI which can be attributed to the Dena
fault. The motion on the Karebas and on the Sabz Pushan faults
can be estimated from the comparison between FAR2 and QIR2
on one hand and FAR2 and SVR2 on the other hand, suggesting a
motion of about 2 & 2 mm yr~! of the Karebas fault and almost of
the same order on Sabz Pushan. Therefore, the cumulated motion
accommodated by the total Kazerun strike-slip fault system is of
about 6 & 2 mm yr~!.

THE ZAGROS STRAIN DISTRIBUTION

The strain tensors obtained over 19 stations in the North Zagros and
15 stations in Central Zagros are shown in Fig. 5(a). Over the whole
North Zagros network, we see a dominating compressive component
oriented perpendicular to the mountain axis. A smaller extensive
component is assumed to be due to a strike-slip component present
in the overall deformation pattern. In Central Zagros, we notice
higher strain rates (25 per cent) on both the compressive and the
extensive component with respect to North Zagros. The decrease of
the overall deformation rates from Central to North Zagros could be
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due to two reasons: First, the North Zagros network is larger than the
Central Zagros network, so that the velocity differences are spread
over larger distances and second, the relative motion between Arabia
and Eurasia decreases from east to west according to the Eurasia—
Arabia rotation pole (Vernant et al. 2004).

In order to compare the distribution of the deformation in both
the Northern and Central Zagros, we define several subnetworks
(three in the southeast and five in the northwest) of similar sizes to
compare strain rates (Fig. 5b). The numerical values are summa-
rized in Table 3. The formal errors of the strain estimates are 10—
15 nanostrain yr~!. We conclude that significant deformation can
be shown by the present analysis in subnetworks where values of
more than 10—15 nanostrain yr~! are obtained. The values observed
for two subnetworks being situated in supposedly non-deforming
parts of the network, NZ1 in the Mesopotamian basin in the North
Zagros, and CZ1 in the northern part of Central Zagros, are of 5—
10 nanostrain yr~'. Based on significant strain observations, we note
that the strain distribution is different in Central Zagros with respect
to North Zagros. In Central Zagros, the compressional axes are par-
allel to each other and perpendicular to the fold axes and most of
the deformation is concentrated in one band along the Persian Gulf
coast, in CZ3. In North Zagros, the compressional axes vary in ori-
entation, and two separate zones of significant deformation can be
distinguished, NZ2, and NZ4a and NZ4b. This analysis of the strain
rates in subnetworks shows that the deformation is not homoge-
neously distributed but concentrated in zones located near active
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Figure 4. Site velocities (mm yr~!) with respect to the site distance to the main recent fault (MRF)/main Zagros thrust (MZT) (in km, on the x-axis) on 5
transects (locations shown on the map), TN1, TN2 and TN3 in the North Zagros, TC1 and TC2 in the Central Zagros, from northwest to southeast. On the left,
we display the fault parallel components (strike-slip component), on the right, the fault perpendicular component (shortening). A simple model is superposed
on the individual velocities (dark grey lines, for details see text). Modelled total strike-slip velocities vary from 2 to 6 mm yr~!, strain rates from 8 to 39
nanostrain yr~!. Light grey vertical lines indicate fault locations.

© 2006 The Authors, GJI, 167, 1077-1088
Journal compilation © 2006 RAS



Zagros deformation pattern 1085

GPS natworks:
w7 MNorth Zagros
27" | & Corsral Zagros
£ Iran giobal

10 nancarain yr'
28"

GPE natworks:

T Nomn Zagros
A Contral Zagros \kg:,

£ Iran giotal ’ E'

b e e

4B 47" 4B

47 48" 49 50 5"

(b)

Figure 5. (a) Overall strain rates in the North and Central Zagros networks. Numerical values are indicated in Table 3. (b) Strain rates in subnetworks. Black
and white strain crosses distinguish relatively high and low deformation rates, respectively.

Table 3. Strain rate values and their uncertainties for the main networks, for the five North Zagros subnetworks and the three Central Zagros subnetworks. The
most significant values in the subnetworks are highlighted. For the localization of the subnetworks refer to Fig. 5(b).

North and central Zagros strain rates in nanostrain yr~!

North Zagros Major axis
Main networks: Nz —16.5£3.0
Subnetworks: NZ1 —-55+10.8
NZ2 —-16.9 £14.9
NZ3 —-7.7+15.1
NZ4a —22.5+143
NZ4b —142 £13.0

Sec. axis

Central Zagros Major axis Sec. axis
39+25 cz —273+3.0 92+29
26+99 Cz1 —10.7+6.8 —2.6+52
—6.8+93 Cz2 —234+12 11.1+£3.8
54+158 C73 —57.0+74 14.6 £3.7

2078
26+11.2

faults, such as the MFF (CZ3) in Central Zagros, and the DEF/MFF
(NZ2) and the MRF (NZ4a/b) in North Zagros.

COMPARISON WITH SEISMICITY

To compare the shallow deformation with the basement deforma-
tion, we have to compare the GPS results with seismicity. Two cross
sections across the Zagros (Fig. 6) have been chosen to study the dis-
tribution of seismicity with respect to the Zagros topography and the
GPS measured surface displacement rates. The topography shows
that the width of the belt in North Zagros is much narrower than
in Central Zagros (~200 versus ~350 km). However, the average
altitude of the deforming belt (the simple fold belt) is lower in North
Zagros (excluding Mt. Dena which is in a peculiar region) than in
Central Zagros, while one expects that comparable deformation over
anarrower range would lead to higher altitudes. One explanation for
this difference is the additional strike-slip motion present in North
Zagros while Central Zagros deformation is dominated by thrust-
ing. This means that, contrary to the Central Zagros, the crust is not
trapped in North Zagros but can escape from pure shortening (and
therefore folding) by lateral translation along strike-slip faults such
as the MRF. A second reason for the lower deformation in North
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Zagros is the decrease of relative motion in the Arabia—Eurasia col-
lision with respect to Central Zagros.

Talebian & Jackson (2004) showed that larger magnitude seis-
micity is restricted to the edge of the Zagros fold belt and, therefore,
could be associated with only the most recent of the faults proposed
by Berberian (1995) in the Zagros. This was even more apparent
when considering only the earthquakes of magnitude Mb > 5 that
are located in regions of low topography. However, microearthquake
seismicity is spread on a wider region (Tatar e al. 2004). We plot-
ted both the total seismicity available in the ISC catalogue and the
relocated earthquakes of magnitude mb > 5 (Engdahl e al. 1998)
in Fig. 6. The superficial deformation of Central Zagros inferred
from GPS measurements is much more concentrated along the Per-
sian Gulf coast than shown by the seismicity (Fig. 6, TC1). Models
of the Zagros folded deformation are derived from balanced cross
sections of the sedimentary cover (i.e. McQuarrie 2004; Sherkaty
& Letouzey 2004; Molinaro et al. 2005). These models assume that
the sedimentary cover folds whereas the basement is affected by
active faults. Some of the listed authors assume that every fold is re-
lated to an active fault. If the sedimentary cover is totally decoupled
from the basement, then there is no need for the surface folds to be
located at the same place as the active faults in the basement (Tatar
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Figure 6. On the two transects TN2 and TC1 we display (a) the topography, (b) the seismicity (open circles: USGS, black circles: Engdahl ez al. 1998), (c)
NW-SE strike-slip motion parallel to MRF/MZT and (d) shortening perpendicular to MRF/MZT. The approximate location of different faults is indicated by
vertical lines. Horizontal arrows indicate that the surface deformation evidenced by GPS measurement is concentrated in narrow areas, whereas the basement
deformation evidenced by the seismicity is distributed in a larger area, suggesting a decoupling between the two.

et al. 2004). The only constraint is that both the deformation of the
basement (seismicity) and of the shallow sedimentary cover (GPS)
should be of comparable value. However, the comparison between
the brittle deformation evidenced by earthquake activity and the to-

tal deformation inferred by strain from GPS measurements shows
that only 10 per cent of the total deformation in Zagros is released
by earthquakes (North 1974; Jackson & McKenzie 1988; Masson
et al. 2005).
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There are two possible explanations for the relatively aseismic
deformation of the Zagros. Firstly, that the amount of deformation
of the basement is smaller (by 80 per cent) than the deformation ev-
idenced at surface by GPS. This implies that the Zagros basement
underthrusts beneath the Central Iran region to the northeast, as an
active subduction. This seems unlikely because we do not observe
any seismicity located north of the MZT that acted as the suture of
former subduction (Maggi et al. 2000; Talebian & Jackson 2004).
Secondly, that the mechanical properties do not allow all the defor-
mation to release seismic energy probably because of the unusually
large thickness of the sedimentary cover that reduces the thickness
of the brittle crust.

CONCLUSIONS

The two GPS surveys in the North Zagros give a consistent velocity
field relative to Central Iran. The third survey in Central Zagros
increases the precision of the velocity field and allows a comparison
with North Zagros. The average velocity uncertainties are evaluated
to 2 mm yr!.

Present-day deformation in the North Zagros is characterized by
cumulated 3—-6 mm yr~' of shortening and cumulated 4-6 mm yr™"
of right-lateral strike-slip, consistent with first estimates from the
larger scale Iran Global GPS network (Vernant et al. 2004). This
strike-slip motion is lower than the 10-17 mm yr~' proposed on
only the MRF by Talebian and Jackson (2002). Talebian and Jackson
suggested this slip rate based on the assumption that the observed
offset of 50 km on the MRF was achieved in 3—5 Ma. If we assume a
constant slip rate of at most 4-6 mm yr~' (cumulated slip rate across
the whole North Zagros mountain belt), the MRF has formed not ear-
lier than 10 Ma ago. In our study, 2-3 mm yr~! of slip rate have been
localized on the MRF, resulting in a fault age of 25 Ma. We can com-
pare these estimates for the MRF with those of the Kazerun fault, as
their respective onsets are certainly related. On the Kazerun fault,
fault offsets between 12—27 km (minimal values, Authemayou et al.
2005) and 140 km (Berberian 1995) have been suggested. The GPS
inferred present-day displacement rates we can take into account are
6 + 2 mm yr~! (maximum value inferred across the whole Kazerun
strike-slip fault system) and 2 mm yr~! (restricted to the Kazerun
fault sensu stricto). Considering fault offsets of around 20 km, the
latest onset time is about 3 Ma with a constant displacement rate of
6 & 2 mm yr~!, the earliest onset time is about 10 Ma with a con-
stant slip rate of 2 mm yr~!. These estimates are lower, but reaching
the same order of magnitude as for the MRF. This could evidence
a simultaneous onset of both faults. The Kazerun fault offset of
140 km as postulated by Berberian (1995) implies an earliest onset
35 Ma ago and does not seem to correspond to the same tectonical
period.

In Central Zagros, 8 mm yr~! of shortening and 2-3 mm yr~! of
strike-slip motion are observed, consistent with the first results of
Tatar et al. (2002). This increase of the rate of shortening in Central
Zagros compared to North Zagros is consistent with the location
of the Arabia—Eurasia rotation pole which predicts an increase of
4 mm yr~! for the NS component between KHOS and LAMB. We
confirm Tatar et al.’s (2002) result that the MZT is currently inactive
but the Central Zagros velocity field is distributed differently than
proposed by Tatar e al. (2002). The northern region not deform-
ing relatively to the Central Iranian block is spread over a larger
zone, and the shortening is more concentrated along the coast of the
Persian Gulf. In both studies, a small strike-slip component is ob-
served in the western part of the network near the Kazerun strike-slip
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fault system, coherent to Talebian & Jackson’s (2004) kinematical
description.

The GPS measured deformation of Central Zagros concentrated
along the coast is consistent with geomorphological observations
(such as growth rates of folds evidenced by terrace uplifts, Vita-Finzi
1987; Oveisi, personal communication, 2005) and supports a model
of propagation of the folding deformation to the SW (Shearman
1976; Hessami et al. 2001). The comparison between the superficial
deformation concentrated along the coastline and the more widely
spread seismicity confirms the decoupling of the sedimentary layer
from the basement.

The North Zagros velocity field is more complex with the pres-
ence of shortening and strike-slip distributed across the belt. The
strike-slip motion is likely associated with the MRF and shortening
with the DEF but our data do not help to quantify this motion on
single faults. No individual fault seems to present slip rates of more
than 2 mm yr~!.

Therefore, the deformation occurring in the Central Zagros (pure
shortening) is different from that in North Zagros (partitioned be-
tween shortening and strike-slip), as is suggested by tectonic and
seismological observations (i.e. Ricou et al. 1977; Berberian 1995;
Talebian & Jackson 2004; Authemayou et al. 2006) and the mor-
phology. The two parts of the Zagros are separated by the Kazerun
fault system across which right-lateral strike-slip occurs at ~2—
3 mmyr~! onindividual fault segments, yielding a cumulated strike-
slip rate of 6 &= 2 mm yr~'.
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