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Abstract—A 3D non-homogenous finite element model (FEM)
is developed to investigate the spatial variations of interseismic
deformation for the Kazerun Fault System (KFS) in the Zagros
Mountains of Iran. The model includes 19 fault segments that were
extracted from geological maps and previous studies, and the av-
erage slips in the dip and strike directions on these segments were
computed. The contemporary surface deformation is simulated
using a free horizontal detachment surface. The dip angles of the
faults in the model are varied at 90°, 70°, 50° and 30° to simulate
different 3D representations of the fault systems. Tectonic loading
at the boundaries of the region is applied using predicted GPS
velocity vectors to the north (southern part of the Central Iran
Block) and south (southern region of the Zagros mountain belt),
which were obtained by solving inverse and forward problems.
‘Where possible, the fault slip rates that are obtained using our non-
homogeneous finite element model are validated using the long-
term geologic and instantaneous GPS slip rates. The model is then
used to estimate the dip- and strike-slip rates of the fault segments
of the KFS for which no a priori information was available. We
derive an upper bound of 1 mm/year for the average dip-slip rate in
the region, which is consistent with estimates from geomorphologic
observations. The modeling results show that in addition to the 4
main faults (Dena, Kazerun, Kareh Bas and Main Recent), other
faults, such as the Zagros Front, Main Front, High Zagros and
Mishan faults, accommodate up to 2.5 mm/year of the differential
movement between the North and Central Zagros. We also inves-
tigated the contrast in rigidity between the southern and northern
areas of the Zagros mountain belt and found that a rigidity contrast
of 2 best explains the GPS data of contemporary surface defor-
mation. Neglecting to account for the rigidity contrast in the model
can lead to biased estimates of the fault slip rate of up to 50 %.
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1. Introduction

The Zagros Mountains in Iran are located between
the Central Iran Block (CIB) in the north, the Taurus
in Turkey to the northwest, the Oman Fault to the
southeast and the Persian Gulf to the southwest
(FaLcon 1967; Scort 1981). Active faulting in the
area is the result of the collision between the Arabian
and Eurasian plates (FaLcon 1969).

Geodetic observations from permanent and cam-
paign global positioning system (GPS) networks have
been used to investigate the present-day surface ve-
locities and kinematics of the region (TATAR et al.
2002; TavakoLl et al. 2008; VERNANT et al. 2004;
WALPERSDORF et al. 2006). These studies suggest that
the current tectonics in the region are characterized
by distributed shortening and strike-slip motion along
active faults. The strike-slip rates of a limited number
of fault segments in the region have been determined
in several studies. For example, by measuring the
changes in the distances between 14 geodetic
benchmarks across the central Zagros Mountains
between 1997 and 2000, TATAR et al. (2002) sug-
gested that 10 mm/year of shortening is distributed
across the mountain belt. VERNANT ef al. (2004)
constrained the right-lateral displacement along the
Main Recent Fault (MRF) to be 3 & 2 mm/year.
Walpersdorf et al. (2006) showed that the accom-
modation of convergence between the Arabian and
Eurasian plates varies along the Zagros Mountains by
deformation partitioning (shortening and dextral
strike-slip) and has a maximum of 2 mm/year of
strike-slip motion. TavakoLi et al. (2008) used GPS
observations from both campaign and continuous
stations to derive strike-slip rates of several fault
segments in the region. Using a finite element model
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(FEM), NankaLI et al. (2011) investigated the strike-
slip rates of several fault segments in the Zagros,
including the Main Recent Fault (MRF), the Dena
Fault (DF) and the Kazerun Fault (KF).

However, due to the sparsity of geodetic obser-
vations and the simple analytical models that have
been used for their interpretation, previous studies
have focused only on major fault branches that ex-
perience strike-slip deformation. Focal mechanism
studies from both historical and instrumental earth-
quakes (BERBERIAN 1995; TaLEBIAN and JACKSON
2004; TavakoLl et al. 2008) indicate that the fault
segments in this region have experienced both dip-
and strike-slip rupture. Therefore, the detailed roles
of all of the geological fault segments in the slip
partitioning in the region are not yet well understood.

In this paper, we develop a 3D finite element
model to investigate the spatial variations of inter-
seismic deformation in the Kazerun Fault System
(KFS) in the Zagros mountain belt of Iran. The KFS
subdivides the Zagros mountain belt into the North
Zagros and Central Zagros (Fig. 1), which corre-
spond to the northwest part and southeast part of the
mountain belt, respectively (BERBERIAN 1995; TALE-
BIAN and JacksoN 2004). The main geological faults
in the region are illustrated in Fig. 1 (BERBERIAN
1995) and include the Main Zagros Reverse Fault
(MZRF), Main Recent Fault (MRF), Dena Fault
(DF), Kazerun Fault (KF), Borazjan Fault (BF),
Kareh Bas Fault (KBF), Sabzpushan Fault (SBZF),
Sarvestan Fault (SF), High Zagros Fault (HZF), Main
Front Fault (MFF), Zagros Front Fault (ZFF) and
Mishan Fault (MF).

Table 1 shows the geologic and geodetic strike-
slip rates for several fault segments in the region. In
this study, we develop a three-dimensional FEM of
the KFS region using planar fault representations to
derive the contributions of all of the fault segments in
the slip partitioning. This is the first 3D model to
incorporate all of the faults in a mechanical model to
investigate the active tectonics of the region in terms
of the slip rates and locking depths of the faults.

As shown in Fig. 1, the northern and eastern part of
the modeling domain is located at the southern margin
of the Central Iran Block (CIB), which previous
studies suggest is a rigid block within deformation
uncertainties of 2 mm/year (NILFOROUSHAN et al. 2003;
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TATAR et al. 2002; VERNANT et al. 2004; W ALPERSDORF
et al. 2006). The dark gray area in Fig. 2 illustrates this
rigid region. Moreover, instrumental seismicity from
2006 to 2009 recorded by the International Institute of
Earthquake Engineering and Seismology (http://www.
iiees.ac.ir) shows that only 20 % of the repeated
seismic activity occurs in the northern part of the re-
gion (Fig. 2). This seismic observation encourages us
to construct a non-homogenous finite element model
with different rigidities between the northern and
southern Zagros mountain belt. The rigidity contrast
(Fig. 2) is investigated by comparing the GPS data and
the velocity vectors predicted by the FEM model.

2. Model Setup

One of the main steps in the construction of me-
chanical models is the geometric representation of the
faults. To construct the mechanical model, we began
by approximating the geologic fault lines with
straight lines in the UTM coordinate system. How-
ever, no detailed information about the three-
dimensional representation of the faults is available.
Previous tectonic studies using focal mechanisms of
earthquakes indicate that the faults in the Zagros dip
to the NE between 50° and 60° (TATAR et al. 2004).
We considered 4 scenarios by selecting NE-dipping
faults with dip angles of 90°, 70°, 50° and 30° for the
FEM model and computed the strike-slip, dip-slip
and locking depths for these scenarios.

MARSHALL et al. (2009) analytically showed that a
semi-infinite vertical strike-slip fault in conventional
interseismic deformation models can be replaced by a
limited (in vertical depth) fault and a basal horizontal
crack (see Appendix A of MARSHALL et al. (2009) for
the detailed solution). Many studies have used this
approach to construct finite element mechanical
models and calculate the slip rates and locking status
of fault systems (MARSHALL et al. 2009, 2013). We
build on these studies and extend the faults along
their dip angles from the earth’s surface to a
horizontal freely slipping detachment at a depth of
approximately 50 km that represents the Moho
(ManamaN and SHomALl 2010; PauL et al. 2006). We
assume that all of the dip-slip motions are transferred
into horizontal motion at the depth of the Moho along
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Figure 1
a Map of the Kazerun Fault System relative to the Arabia and Euras%a plates (CarBoN 1996). b Approximate representations of major active
tectonic features (BERBERIAN 1995; AUTHEMAYOU et al. 2006). Surface traces of faults are indicated by black continuous lines. Geodetic stations
from TavakoLi et al. (2008) and WALPERSDORF et al. (2006) are shown by triangles. Fault abbreviations are from BERBERIAN (1995) and are as
follows. MZRF Main Zagros Reverse Fault, MRF Main Recent Fault, MF Mishan Fault, DF' Dena Fault, KF' Kazerun Fault, BF Borazjan
Fault, KB Kareh Bas Fault, SBZF Sabzpushan Fault, SF’ Sarvestan Fault, HZF High Zagros Fault, MFF Main Front Fault, ZFF Zagros Front

the modeled stress-free (frictionless) crack. The
computational domain has approximate dimensions
of 1033 x 428 x 50 km (Fig. 3). Based on the sur-
face projections of the fault segments, we divide the
domain along the fault surfaces and construct multi-
ple solid block models for the 3D geometric fault
modeling. Adjacent blocks along fault surfaces were
constrained to slip along the fault planes, and the
other faces of the blocks were tied to adjacent blocks
along contact surfaces (Fig. 4). The upper traces of
the fault segments were fixed based on geologic

evidence, while the widths of all of the faults varied
depending on the dip angle (Fig. 3).

After constructing the solid model that included
the faults, we imported all of the blocks into Abaqus,
which is a commercial finite element code that is used
for numerical modeling (http://www.simulia.com).
Interseismic, coseismic and postseismic deformation
models have been constructed successfully using
Abaqus (HucHes et al. 2011; MASTERLARK 2003;
MASTERLARK et al. 2001, 2010; MASTERLARK and
WanG 2002). Because the faults are planar, the FEM
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Table 1

Geologic and geodetic strike-slip rate

Full Raw Slip sense ~ Average geological slip rate GPS derived slip rate GPS derived slip rate
description  description (TavakoLl et al. 2008) (WALPERSDORF et al. 2006)
fault name  fault name
Low rate limit High rate limit Low rate limit High rate limit Low rate limit High rate limit
(mm/year) (mm/year) (mm/year) (mm/year) (mm/year) (mm/year)
Dena DF Right-lateral 3 5 2.9 4.5 1 5
Kazerun KF Right-lateral 1 3 3 4.2 - -
Borazjan BF Right-lateral — - 0 1 - -
Kareh Bas  KBF Right-lateral — - 3.1 3.7 0 4
Main Recent MRF Right-lateral 6 10 - - 0.5 4.5

Geologic slip rates are from AuTHEMAYOU et al. (2006). GPS slip rates are from WALPERSDORF et al. (2006) and TavakoLl et al. (2008)

models were constructed using linear tetrahedral
elements with an element size of 5 km along the fault
surfaces. We utilized linear elastic and isotropic
constitutive models in the FEM model.

Data from campaign-mode GPS stations, the Ira-
nian Permanent GPS Network (IPGN) and the
International GNSS Service (IGS) were measured
and analyzed using the GAMIT/GLOBK 10.1 soft-
ware by WALPERSDORF et al. (2006) and TavakoLi
et al. (2008), and GPS velocities were estimated
relative to the ITRF2000 reference frame (ALTAMIMI
et al. 2002). These velocity fields were used to
establish the tectonic loading boundary conditions.
Because the GPS velocity field from TAvAKOLI et al.
(2008) was designed specifically for the KFS and
covers the region well, we mainly used GPS data
from that study to load our model, except for stations
BMG?2 and LAMB, which are located in the southeast
part of the region and for which we used the results
from WALPERSDORF et al. ( 2006).

The boundary conditions are determined based on
estimates of the average regional strain rate along
with a regional rate of vertical axis rotation (COOKE
and MarsHALL 2006; GrirritH and Cooke 2005;
MARSHALL et al. 2008, 2009, 2013). Two steps were
used to implement this in the FEM using GPS ve-
locity vectors. First, we used the horizontal velocities
in ITRF2000 and solved a least-squares inverse
problem to obtain six parameters, including two

translation and four velocity gradient tensors (ALL-
MENDINGER et al. 2007). The inversion results in a
best-fitting principle contraction rate of 22 nanos-
trains/year that is oriented at N25.9°E, a principle
extension rate of 5 nanostrains/year oriented per-
pendicular to the contraction direction, and a regional
vertical axis rotation rate of 0.2°/Myr. Our estimates
of the principle strain rates and their directions are
consistent with a recent study (Zarif1 et al. 2013).
Second, using the six estimated parameters and by
solving a forward problem, we estimated the ve-
locities of the nodes on the four sides (west, east,
north and south) of the finite element model and
loaded the model using these velocities. The bottom
boundary condition of the model was defined by a
frictionless horizontal crack at the base of the model.
Figure 5 shows the estimated velocity vectors that
were used to simulate the regional tectonic boundary
loading.

To investigate the locking depth, we assume that
the locking depths of all of the segments of the KFS
fault system are the same and varied them all from 0
to 20 km at 5 km intervals. To implement the locking
depth in the FEM models, we followed the two-step
procedure of MARSHALL et al. (2009, 2013) that is
based on the classic back-slip concept (SAvaGe 1983).
First, we apply the boundary conditions that were
derived from the method described above to a model
with a zero locking depth (the so-called geological
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Figure 2
Representations for models with dips of 90° (a), 70° (b), 50° (c) arﬁi 30° (d). A total of 19 fault segments were fitted to the Kazerun fault
system. The continuous black lines in a—d represent the upper and lower fault tips. A horizontal crack represents the average Moho surface in
the region at a depth of 50 km. In a, the width of all of the vertical fault segments is the same as the Moho depth. The light and dark gray
circles in a show 3.5 < Mw < 4.5 and Mw >4.5 earthquakes from 2006 to 2013, respectively. The fault names are the same as in Fig. 1 and
are followed by numbers that indicate fault segments. The gray region with the plus sign shows the area of higher rigidity

time-scale model) and extract the slips at the nodes and merged together based on their rigidity values to
on the basal crack at the bottom of the model and on derive northern and southern blocks that correspond
the left and right sides of the faults. Second, all of the to the proposed contrast in rigidity. We then tie the
blocks from the ground to the locking depth are cut bottoms of these 2 blocks to the tops of the other
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Fault Abbrivations:
1- Zagros Front Fault (segment 1): ZFF-1
2- Zagros Front Fault (segment 2): ZFF-2
3- Zagros Front Fault (segment 3): ZFF-3
4- Main Front Fault (segment 1): MFF-1
5- Main Front Fault (segment 2): MFF-2
6- Kareh Bas Fault: KBF

7- Dena Fault: DF

8- Main Recent Fault: MRF

9- Sarvestan Fault: SF

10- High Zagros Fault: HZF

11- Main Zagros Recent Fault (segment 1): MZRF-1
12- Main Zagros Recent Fault (segment 2): MZRF-2
13- Main Zagros Recent Fault (segment 3): MZRF-3
14- Kazerun Fault (segment 1): KF-1
15- Kazerun Fault (segment 2): KF-2
16- Mishan Fault (segment 1): MF-1
17- Mishan Fault (segment 2): MF-2
18- Borazjan Fault (segment 1): BF-1
19- Borazjan Fault (segment 2): BF-2

(B) 4
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Boundary condition
is defined by solving
an inverse and forward problem
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Figure 3
a Fault system geometry including 19 segments that extend vertically (dip angle of 90°) to the free horizontal detachment at the depth of the
Moho. b Plan view and cross section of the model

blocks below the locking depth to define the locking
depth. Due to the reconfiguration of the blocks, the
blocks must be remeshed, which creates new nodes
on the left and right sides of the fault planes and on
the bottom of the model. To implement the back-slip
approach, we extract the node coordinates at the
bottom of the model and along the left and right sides
of the faults below the locking depth and then com-
pute their slip values using the slip on the nodes in the
geological time-scale model. After loading the FEM
model, we can compare the surface velocities that are

predicted from the model with those observed by
GPS.

3. Results

3.1. Rigidity Contrast and Locking Depth

The key parameters in elastic models of interseis-
mic deformation are the fault locking depth and the
slip rate (BArBA et al. 2013; CarRAFA and BarBa 2011;
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Figure 4
Different blocks of our FEM model. The model was subdivided into 11 distinct blocks. The continuous and dashed lines show the limits of the

blocks. After meshing, the blocks were constrained to slip along the fault surfaces (continuous lines), and in other areas the blocks are
connected (dashed lines)

Hsu et al. 2011; MASTERLARK et al. 2001). As
explained previously, seismic observations show that
more seismic activity is present in the southern part
of Zagros than in the north (Fig. 2a). To investigate
the rigidity contrast between these two blocks, we
constructed several scenarios with rigidity contrasts
ranging from 1 to 5. The material properties adapted
for the blocks are summarized in Table 2.

A trial-and-error approach was used to determine
the lateral heterogeneities (stiffness contrast between
the northern and southern parts) and locking depth
that minimize the Root Mean Square (RMS) error
between the measured GPS velocities and those
predicted by the model for the 4 scenarios with dip
angles of 90°, 70°, 50° and 30°. Figure 6 shows a plot
of the rigidity contrast versus the RMS. As shown in
Fig. 6a—d, for fault systems with dip angles of 90°,
70° and 50°, the minimum RMS occurs with a
rigidity contrast of 2 and a locking depth of 5 km. For
the fault system with a dip angle of 30°, the minimum
RMS occurs with a rigidity contrast of 1 and a
locking depth of 0 km. Figure 6E shows the variation
of RMS versus rigidity contrast for a locking depth of
5 km. Figure 6F shows the variation in RMS versus
locking depth for a rigidity of 2. A rigidity contrast of
2 gives the minimum RMS for these dip angles.
Figure 6F shows that increase in the locking depth
from O to 5 km decreases the RMS error. However,
changes in the locking depth between 5 and 20 km do

not significantly change the RMS error (<2 %). This
is because the GPS stations that were used in this
study were originally designed to sense off-fault
velocity and to accurately measure the strain induced
from the locking depth, so they are not near the faults
(TavakoLr et al. 2008). Figure 7 shows the residuals
between the GPS observations and the model ve-
locities for fault systems with dip angles of 90°, 70°
and 50° (rigidity contrast of 2 and locking depth of
5 km) as well as for the fault system with a dip angle
of 30° (rigidity contrast of 1 and locking depth of
0 km). The variation of dip angle does not sig-
nificantly change the residuals at the GPS stations.
Because the present distribution of GPS stations
in this region can only help us investigate the long-
term slip rate, in the following computation we
constrained the rigidity contrast between the northern
and southern parts of our models for the 4 scenarios
(rigidity contrast of 2 with dips of 90°, 70°, 50° and a
rigidity contrast of 1 for a dip of 30°) and determine
the slip rates along the active geologic structures in
the region. We also assess the effect of non-homo-
geneity of the medium on the fault slip rates.

3.2. Slip Rate Determination and Model Validation

To determine the slip rates of the fault segments
in the model, we initially derive the velocities for all
of the nodes of the model and then search the nodes
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Figure 5
Plan view of the study area with fault segments marked as blue lines. The velocity vectors that were used as boundary conditions along the
edges of the model were obtained by solving an inverse problem using the GPS velocity observations reported by WALPERSDORF et al. (2006)
and TavakoLl ef al. (2008) and then solving a forward problem on the nodes along the northern, eastern, southern and western boundaries of
the model

Table 2

Material properties selected for 11 blocks of region to investigate rigidity contrast of north and south of region

Model number Young’s modulus for blocks 1, Young’s modulus for Poisson’s
4,5,6,7,8,9 and 11 (Pa) blocks 2, 3 and 10 (Pa) ratio

1 lell lell 0.25

2 lell 2ell 0.25

3 lell 3ell 0.25

4 lell 4ell 0.25

5 lell Sell 0.25

Values of model 1 adapted from VERNANT and CHERY (2006)

that are located on the left and right blocks along the
fault planes. Because the node velocities are relative
to ITRF2000, we transform the velocities and node
coordinates from ITRF2000 to a local coordinate
system, which is defined by the origin on the lower-
left side of the fault, X and Y axes along the fault

surface and the Z axis perpendicular to the fault
surface. The velocities for the left and right nodes on
the fault plane are then subtracted from each other to
compute the values of the strike- and dip-slip.
Because we have variable slip vectors at the element
nodes along the fault surfaces, we use all of the fault
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a—d Show variations of the average residual RMS errors versus locking depth and rigidity contrast for models with fault dip angles of 30°, 50°,
70° and 90°. The minimums for models b—d occur for a locking depth of 5 km and a rigidity contrast of 2. The minimum for model a occurs
for a locking depth of 0 km and a rigidity contrast of 1. e, f Show the variations of RMS for a locking depth of 5 km and a rigidity contrast of
2, respectively. Locking depths of 5-20 km do not significantly change the RMS
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Figure 7
a—c Show the residuals for models with a locking depth of 5 km and a rigidity contrast of 2. d Corresponds to the model with a locking depth
of 0 km and a rigidity contrast of 1. The dark area shows the region of higher stiffness

elements and compute a weighted average of the slip
vectors at the element nodes based on the area of the
elements to extract the slip rates.

For each dip angle, we ran 20 models by varying
the rigidity contrast from 1 to 5 and the locking depth

from 0 to 20 km at 5 km intervals to compute the slip
in the strike and dip directions (Figs. 8, 9, 10). We
then compared the results to available geologic and
geodetic slip rates. Of the 19 fault segments that were
studied, the strike-slip rates for only 5 segments have
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been constrained by previous studies, including the
Dena, Main Recent, Kazerun (seg. 2), Kareh Bas and
Borazjan (seg. 2) faults (AUTHEMAYOU et al. 2009;
TavakoLl et al. 2008; WALPERSDORF et al. 2006). As
shown in Fig. 8, the results of our model for these 5
segments agree well with those of the previous
studies. Moreover, if we assume two likely models
with dip angle of 50° and 60° for the fault segments
based on TATAR et al. (2004), the average dip-slip
rates for 19 segments corresponding to dip angle of
50° and 60° are 0.7 and 0.9 mm/year (Table 3),
respectively, and the upper bound for the average dip-
slip rate of 19 fault segments in the region is <1 mm/
year, which is consistent with estimates from
geomorphologic observations (FaLcon 1974). We
take these two outcomes as a validation of our model
and estimate the strike- and dip-slip rates for the other
fault segments in the region.

Fault Slip Rate of the Kazerun Fault System...

2505

Table 3 lists the strike- and dip-slip components
for all of the fault segments using an average dip
angle of 50°-60° and a rigidity contrast of 2, and
Table 4 shows the effect of the change in dip angle
(from 30°-90°) and rigidity contrast (from 1 to 5) on
the amount of strike- and dip-slip. To better evaluate
these effects, we subdivide the faults into three
groups, including faults that are located (1) in the
southern part of the region with lower rigidity, (2)
along the boundary between the northern and south-
ern parts, and (3) in the northern part with higher
rigidity. For all 19 fault segments, we plot the net,
strike- and dip-slip rates (Figs. 11, 12, 13) and
compute the lower and upper limits of variation
(Table 4). By decreasing the dip angle from 90° to
30°, the fault width and area increase. Thus, models
with a dip angle of 90° have the minimum area, and
models with a dip angle of 30° have the maximum
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area. Figure 11 shows that models with higher fault
areas generally have higher net slip rates. The net
slips for all 19 segments are incremental except for
segments 5—8, which show that the net slip for a 90°
dip angle is greater than those for 70° and 50° dip
angles and is less than that for a 30° dip angle. By
increasing the rigidity contrast from 1 to 5, the net
slip of the segments in group 1 will increase, while
the net slip rate of those in group 3 will decrease. In
group 2, the slip rates on segments 5 and 6 increase,
the rate on segment 7 decreases, and the rates for
segments 4 and 8 show irregular behavior. As shown
in Fig. 12, the reverse slip rates for all 19 segments
are close to zero for a dip angle of 90°. The reverse
slip increases when the dip angle decreases. By
increasing the rigidity contrast from 1 to 5, the
reverse slip rates of the segments in group 1 increase,
while the reverse slip rates of the segments in group 3
decrease. For the faults in group 2, the slip rates on
segments 7 and 8 decrease, while segments 4, 5 and 6
show irregular behaviors. We do not observe increas-
es and decreases of strike-slip similar to those that are
observed for the net and dip-slip. An interesting point
about the variation of the strike-slip rate is that the

slip sense (left or right lateral) of several segments
(10, 11, 13, 14 and 18) changes from right lateral to
left lateral (Fig. 13). As shown in Table 4, the
sensitivity of the dip-slip to the dip angle is greater
than the sensitivity of the strike-slip. The maximum
variations of the strike-and dip-slip motions occur on
the Kareh Bas (5 & 1 mm/year) and Main Front (seg.
2) (1.6 £ 1.8 mm/year) faults. Of the 19 segments,
the strike-slip components of only 5 segments vary by
more than 1 mm/year, while the dip-slip components
of 16 segments vary by more than 1 mm/year.

For the dip angle of 50°-60°, a comparison of the
slip rates estimated with a rigidity contrast of 2 with
those estimated with rigidity contrasts of 1 (Table 5)
shows that the net slip rate changes by up to 50 %.

4. Discussion

Three-dimensional representations of the fault
system with the fault tips at the ground surface were
constructed to study the detailed kinematics of fault
deformation in the Kazerun Fault System (KFS) in
the Zagros Mountains of Iran. The FEM modeling
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Rake angles of fault segments estimated from the strike- and dip-slip components. A slip vector of 90° indicates pure reverse slip, and slip
vectors of 0 and 180° indicate pure left-lateral and pure right-lateral strike-slip, respectively. Yellow triangles, blue triangles, squares and
circles represent rake angles for faults of the KFS with dip angles of 90°, 70°, 50° and 30°, respectively

provided insight into the rheology and detailed role of
the geological fault segments in the slip partitioning
in the region.

In other studies, elastic, visco-elastic and visco-
elasto-plastic rheologies have been used to model
interseismic deformation (BARBA et al. 2013; MAr-
sHALL et al. 2009, 2013; Savace 1983; Savace and
Prescorr 1978). Previous studies suggest that the
average viscosity below the Zagros Mountains is
>10%* Pa's (NankaL 2011). Because of this high
viscosity, we consider a linear elastic theology to be
an appropriate model to describe interseismic surface
deformation in the KFS.

As shown above, we obtained a higher rigidity for
the northern and eastern blocks (blocks 2, 3 and 10)
than the southern and western blocks (blocks 1, 4, 5,
6,7, 8,9 and 11). Ignoring this variation in the elastic

parameters affects our estimates of the slip rates by
50 %.

This change in rigidity is consistent with the
pattern of seismicity in the study region, which con-
tains more seismicity in the south than in the more
rigid northern region. However, it should be noted
that the presence of a rigidity contrast does not nec-
essarily require a difference in the pattern of
seismicity. For example, the Ventura Basin in
southern California has a much lower stiffness than
the more rigid mountains (HAGER et al. 1999), but
there are few earthquakes in the Ventura basin
compared to other regions of southern California.

Based on an analysis of seismicity depth, TATAR
et al. (2004) proposed a seismogenic layer at depths
of 8-15 km in the central Zagros. However, recent
studies have shown that the seismicity can occur at
shallower depths of 1-5 km (LoHmaN and SiMONS
2005), which is consistent with the lower bound of
5 km for the locking depth that we obtained in this
region. Because of the sparse distribution of the GPS
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Table 3

Along-strike, along-dip and total slip rates along modeled fault surfaces for dip angle of 60°-50°

No.  Fault Strike (mm/year) Dip Net (mm/year)
Dip 60° Dip 50°  Dip 60° Dip 50° Dip 60°  Dip 50°
Heave Throw Heave Throw
(mm/year) (mm/year) (mm/year) (mm/year)

1 Zagros Front (seg. 1) 0.87 0.95 0.68 1.17 1.13 1.34 1.10 1.65
2 Zagros Front (seg. 2) —0.64 —0.61 0.59 1.02 0.97 1.16 0.87 1.31
3 Zagros Front (seg. 3) —0.55 —0.49 0.37 0.63 0.57 0.68 0.66 0.84
4 Main Front (seg. 1) 0.07 0.08 0.51 0.89 0.88 1.05 0.52 1.05
5 Main Front (seg. 2) —1.80 —1.91 0.60 1.04 1.03 1.23 1.90 2.27
6 Kareh Bas —4.28 —4.38 0.23 0.40 0.35 0.41 4.29 4.40
7 Dena —5.27 —5.32 0.24 0.42 0.44 0.52 5.27 5.35
8 Main Recent —2.30 —2.29 0.29 0.50 0.50 0.60 2.32 2.37
9 Sarvestan —0.65 —0.59 0.24 0.42 0.39 0.47 0.69 0.76
10 High Zagros —0.96 —0.91 0.31 0.55 0.51 0.61 1.01 1.10
11 Main Zagros Recent (seg. 1) —0.13 —0.09 0.26 0.46 0.43 0.51 0.29 0.52
12 Main Zagros Recent (seg. 2) 0.17 0.26 0.25 0.43 0.39 0.47 0.30 0.53
13 Main Zagros Recent (seg. 3)  —0.20 —0.11 0.24 0.41 0.38 0.45 0.31 0.46
14 Kazerun (seg. 1) —0.06 0.01 0.26 0.44 0.37 0.45 0.26 0.45
15 Kazerun (seg. 2) —0.72 —0.65 0.22 0.38 0.32 0.38 0.75 0.76
16 Mishan (seg. 1) —0.11 —0.11 0.44 0.76 0.70 0.83 0.45 0.84
17 Mishan (seg. 2) —0.80 —0.82 0.41 0.71 0.67 0.80 0.89 1.14
18 Borazjan (seg. 1) 0.00 0.01 0.30 0.52 0.45 0.53 0.30 0.53
19 Borazjan (seg. 2) —0.63 —0.58 0.17 0.29 0.25 0.30 0.65 0.65

Negative strike-slip rates refer to right-lateral and positive refer to left-lateral. All dip-slip rates are positive and refer to reverse slip

velocities, our modeling cannot accurately constrain
the locking depth below 5 km. Denser GPS obser-
vations will help to better constrain the locking depth
for individual fault segments in the KFS (AmMoRruso
et al. 2013).

Considering average dip angles of 50° and 60°
(Table 3), the average model-predicted strike-slip
rate for the Dena Fault is 5.3 mm/year, which is
similar to the upper rate predicted by geologic and
geodetic observations (see Table 2). The modeled
strike-slip rate of 2.3 mm/year for the Main Recent
Fault is slower than the geological estimate of
(6-10 mm/year) but is within the range of geodetic
slip rates of 0.5-4.5 mm/year. The modeled strike-
slip rate for the Kazerun Fault of 0.7 mm/year is
similar to the lower bound of geologic slip rates
(1-3 mm/year) but is lower than the geodetic slip rate
(3—4.2 mm/year). For the Borazjan Fault (seg. 2), the
modeled strike-slip rate of 0.6 mm/year is within the

geodetic slip range (0-1 mm/year). The modeled
strike-slip rate of 4.3 mm/year for the Kareh Bas
Fault is similar to the upper limits of the geodetic slip
rates (3.1-3.7 and 0—4 mm/year). Despite the small
discrepancies, there is a good correlation between the
modeled slip rates and the geologic and geodetic
strike-slip rates. The reverse slip rates for the Dena
and Main Recent faults (Fig. 9) are slower than the
strike-slip rates, and the net slips of these three faults
are affected mainly by their strike-slip rates. The
good match between the geologic and GPS slip rates
with the results of our models for the main branches
of the KFS validates the mechanical models that we
developed to determine the strike- and dip-slip rates
for other unconstrained faults in this region for which
no a priori information is available.

All of the computed dip-slip rates from our model
show reverse slip, which is consistent with the com-
pressional tectonic regime of the KFS (Jackson and
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Table 4

Lower and upper limit of along-strike, along-dip and total slip rates along modeled fault surfaces due to variation of dip angle and rigidity
contrast of fault systems

No. Fault Strike (mm/year) Dip (mm/year) Net (mm/year)
Lower limit Upper limit Lower limit Upper limit Lower limit Upper limit

1 Zagros Front (seg. 1) 0.6 1.6 0.0 3.1 0.6 35
2 Zagros Front (seg. 2) —-0.9 0.0 0.0 3.0 0.9 3.0
3 Zagros Front (seg. 3) —0.6 —0.2 0.0 1.4 0.6 1.4
4 Main Front (seg. 1) —0.4 0.1 —-0.2 2.6 0.5 2.6
5 Main Front (seg. 2) —-32 -1.5 —0.2 34 32 3.7
6 Kareh Bas —6.0 -39 —0.1 1.1 4.1 6.0
7 Dena —-5.7 -5.0 —-0.2 1.5 5.2 5.7
8 Main Recent —2.8 —2.2 —-0.3 1.6 2.7 2.8
9 Sarvestan -0.9 —-0.3 0.0 1.0 0.9 1.0
10 High Zagros —1.2 0.1 0.0 1.3 1.2 1.3
11 Main Zagros Recent (seg. 1) —-0.2 0.4 0.0 1.3 0.2 1.3
12 Main Zagros Recent (seg. 2) 0.1 1.5 0.0 1.1 0.1 1.8
13 Main Zagros Recent (seg. 3) —-0.4 0.5 0.0 1.5 0.4 1.5
14 Kazerun (seg. 1) —-0.3 0.3 0.0 0.7 0.3 0.8
15 Kazerun (seg. 2) —1.1 —-0.4 0.0 0.7 0.8 1.1
16 Mishan (seg. 1) —-0.4 —0.1 0.0 1.7 0.4 1.7
17 Mishan (seg. 2) —-1.0 —-0.7 0.0 1.7 1.0 1.8
18 Borazjan (seg. 1) —0.1 0.1 0.0 1.1 0.1 1.1
19 Borazjan (seg. 2) -1.0 -0.5 0.0 0.8 0.9 1.0

Firca 1981; Macart et al. 2000; N1 and BARAZANGI
1986). Previous studies have shown that the fault
segments of the KFS show right-lateral slip (BERBE-
RIAN 1995; TaLEBIAN and JacksoN 2004). Regardless
of the dip angle selected for the modeling, we derive
right-lateral motion for the majority of the fault
segments in the KFS (Fig. 10), which is consistent
with the tectonic regime derived from the inversion
of focal mechanisms (Zarirl ef al. 2013). The only
exception is for the Zagros Front (seg.1), Main Front
(seg. 1) and Main Zagros Recent (seg. 2) faults,
which show left-lateral motion that is not favored by
the regional tectonic regime. The left-lateral motion
results from the GPS velocities at stations BMG2 and
LAMB, which show little obliquity between the ve-
locity vectors in the southeast part of the GPS
network and the true convergence direction of at least
NI13°E in this area. Future GPS observations at this
part of the network are necessary to resolve this issue
and better constrain the amount and sense of slip on
the Zagros Front (seg.l1), Main Front (seg. 1) and
Main Zagros Recent (seg. 2) faults.

Several previous studies have attempted to pro-
vide information and constraints on the kinematics of
the Zagros from GPS observations. TATAR et al.
(2002) estimated 10 mm/year of shortening for the
central Zagros, and NILFOROUSHANET et al. (2003)
obtained 6 and 3 mm/year of shortening for the
Central and Northern Zagros, respectively. VERNANT
et al. (2004) attributed 8 mm/year of shortening to
the Central Zagros. WALPERSDORF et al. (2006) at-
tributed 3—6 and 6—10 mm/year of shortening to the
northwest and southeast Zagros, respectively, and a
total of 4—6 mm/year of dextral strike-slip motion to
the region northwest of the Zagros with no individual
strike-slip faults with slips of more than ~2mm/year.
TavakoLl et al. (2008) quantified the slip rates of the
Dena, Kazerun and Kareh Bas faults and examined
their consistency with geological slip rates. These
studies provide an important overview of the large-
scale tectonic regime of the Zagros, but none of them
used numerical modeling to interpret the results in
detail. Using the FEM, we are able to derive off-fault
motions for all active segments in the region that
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Figure 11
Variation of net slip rates on fault segments due to changes in the dip angle and rigidity contrast

cannot be detected by GPS transect across individual
fault. As seen in Table 3, several segments in this
region have slip rates of less than ~ 1 mm/year.
Determination of accurate slip rates for these seg-
ments would be extremely challenging using
campaign-mode GPS measurements like those that
have already been performed in this region. A net-
work of continuous GPS stations would help to better
resolve accurate slip rates for such fault segments in
the Zagros.

Table 4 shows the lower and upper limits for the
strike-, dip- and net slip rates due to variations in the
dip angle and rigidity contrast of the fault system.
The maximum variations in the strike-, dip- and net
slip rates occur in the Kareh Bas (—6 to —4 mm/
year), Main Front (seg. 2) (—0.2 to 3.4 mm/year) and

Zagros Front (seg. 1) (0.6-3.5 mm/year) faults, re-
spectively. These variations suggest that the lateral
heterogeneity and geometric representation of fault
systems have dominant roles in estimating the slip
budgets of faults in numerical models (BArBA et al.
2013; CaraFa and BArRBA 2011; CookE and MARSHALL
2006; MARSHALL et al. 2008; MARSHALL and MORRIS
2012).

Previous attempts to estimate the rates of dextral
strike-slip motion in the KFS using GPS observations
suggest that the Dena, Kazerun, Kareh Bas and Main
Recent faults slip at rates of 2.9-4.5 mm/year,
3-4.2 mm/year, 3.1-3.7 mm/year and 2.3-2.7 mm/
year, respectively, and that these slips accommodate
most of the differential motion between the North and
Central Zagros (TavakoLl et al. 2008). Considering
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Figure 12
Variation of reverse-slip rates on fault segments due to changes in the dip angle and rigidity contrast

the average dip angle of 50°-60°, our estimate for the
strike-slip rate of the Kazerun segment is 0.7 mm/
year. Variations in the rigidity contrast from 1 to 5
and in the dip angle from 30° to 90° affect these
values by £0.4 mm/year (57 %). This estimate is
closer to the geological-derived slip rate than to the
geodetic slip rate that was derived by TAVAKOLI et al.
(2008). Our model shows that in addition to the 4
main segments described above, other faults, such as
the Zagros Front (seg. 1) (0.9 mm/year), Main Front
(seg. 2) (1.9 mm/year), High Zagros (0.9 mm/year)
and Mishan (seg. 2) (0.8 mm/year) faults, also ac-
commodate some of the differential motion between
the North and Central Zagros (see Table 3).

Of the 19 fault segments that are shown in Fig. 9,
the Zagros Front (seg. 1), Zagros Front (seg. 2), Main
Front (seg. 1) and Main Front (seg. 2) faults show

reverse slip rates higher than 1 mm/year. All of these
segments are located along the southern margin of the
region, which indicates the importance of reverse
faulting in that area. Orientation of faults with respect
to the direction of constraints applied as boundary
condition at the boundary of models makes the dip-
slip motion more sensitive to a change in dip angle in
contrast to the strike-slip motion (Fig. 9). As shown
in Fig. 9, the sensitivity is higher for the 4 segments
of the Zagros Front (seg. 1 and 2) (0-3.1, 0-3 mm/
year) and the Main Front (seg. 1 and 2) (—0.2 to 2.6,
—0.2 to 3.4 mm/year) than the other faults. These
segments strike approximately perpendicular to the
principal contraction orientation, which favors dip-
slip motion that can be influenced by changes in the
dip angle. Therefore, knowledge of the dip angle is
crucial for obtaining a precise estimate of the rate of
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Figure 13
Variation of strike-slip rates on fault segments due to changes in the dip angle and rigidity contrast

reverse slip. This is particularly important for those
segments of the KFS that are subject to reverse slip,
such as the Zagros Front, Main Front, Kazerun and
Mishan faults (Fig. 9). A combination of information
from the traces of geologic surfaces, seismicity,
seismic reflection profiles, wells and geologic cross
sections 1is, therefore, necessary to derive a precise
three-dimensional model of the major faults in the
KFS (PLEscH et al. 2007).

Of the major faults in the KFS, the Dena and
Kazerun faults show good consistency between the
contemporary slip rates (Fig. 8; Table 3) and the
long-term geologic slip rates (AUTHEMAYOU et al.
2009). Our estimate for the Main Recent Fault
(2.3 mm/year) is within the range observed by GPS
(0.5-4.5 mm/year) but shows a large discrepancy
with the long-term geologic slip rates (6—10 mm/

year). Some of this discrepancy may be due to the
simple geometry that we used for the modeling. Be-
cause of the complexity of several fault strands in this
region (AUTHEMAYOU et al. 2009), we simplified them
using single straight lines in our model. Accommo-
dating the total slip of several fault strands by a single
fault trace can result in overestimation of the slip rate.
Also, the geological slip is measured on a single fault
strand and, therefore, is a lower limit of slip across a
fault consisting of several parallel strands. This dis-
crepancy for the Main Recent Fault may be related to
model approximations or to the geologic data
availability.

Using a 3-D visco-elastic finite element model for
the Zagros, the dextral strike-slip rates for the MRF,
Dena and Kazerun faults, assuming vertical dips,
were 2.3, 4.8 and 2.1 mm/year, respectively (NANKALI
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Table 5
Slip rate variation due to change of rigidity contrast

No. Fault Rigidity Strike (mm/year) Dip (mm/year) Net (mm/year) Slip rate

contrast variation (%)
Dip 60°  Dip 50° Dip 60° Dip 50° Dip 60°  Dip 50°

1 Zagros Front (seg. 1) 1 0.73 0.79 1.00 1.31 1.24 1.54 —23
2 0.87 0.95 1.35 1.75 1.61 1.99

2 Zagros Front (seg. 2) 1 —0.50 —0.48 0.82 1.07 0.97 1.17 —28
2 —0.64 —0.61 1.18 1.51 1.34 1.63

3 Zagros Front (seg. 3) 1 —0.55 —0.50 0.63 0.76 0.83 0.91 -9
2 —0.55 —0.49 0.73 0.89 0.91 1.01

4 Main Front (seg. 1) 1 0.09 0.10 1.00 1.30 1.01 1.31 -2
2 0.07 0.08 1.03 1.37 1.03 1.37

5 Main Front (seg. 2) 1 —1.60 —1.74 1.14 1.48 1.97 2.28 -9
2 —1.80 —1.91 1.20 1.60 2.16 2.49

6 Kareh Bas 1 —4.06 —4.18 0.46 0.50 4.08 421 -5
2 —4.28 —4.38 0.46 0.54 4.30 441

7 Dena 1 —5.41 —5.49 0.59 0.77 5.45 5.54 3
2 —5.27 —5.32 0.49 0.68 5.29 5.37

8 Main Recent 1 —2.29 —2.33 0.67 0.87 2.39 2.48 0.01
2 —2.30 —-2.29 0.57 0.78 2.37 242

9 Sarvestan 1 —0.82 —0.77 0.64 0.82 1.04 1.12 29
2 —0.65 —0.59 0.49 0.61 0.81 0.85

10 High Zagros 1 —1.11 —1.02 0.82 1.03 1.38 1.45 20
2 —0.96 —0.91 0.63 0.79 1.15 1.21

11 Main Zagros Recent (seg. 1) 1 —0.13 —0.11 0.73 0.92 0.74 0.93 36
2 —0.13 —0.09 0.53 0.67 0.54 0.67

12 Main Zagros Recent (seg. 2) 1 0.26 0.37 0.72 0.88 0.77 0.95 45
2 0.17 0.26 0.50 0.61 0.53 0.66

13 Main Zagros Recent (seg. 3) 1 —0.31 —-0.20 0.71 0.88 0.77 0.90 51
2 —0.20 —0.11 0.47 0.59 0.51 0.60

14 Kazerun (seg. 1) 1 —0.07 0.00 0.38 0.41 0.39 0.41 —25
2 —0.06 0.01 0.51 0.58 0.52 0.58

15 Kazerun (seg. 2) 1 —0.58 —0.52 0.37 0.43 0.69 0.68 —18
2 —0.72 —0.65 0.43 0.50 0.84 0.82

16 Mishan (seg. 1) 1 —0.16 —0.16 0.77 0.95 0.78 0.96 —12
2 —0.11 —0.11 0.88 1.09 0.89 1.09

17 Mishan (seg. 2) 1 —0.74 —0.76 0.69 0.86 1.01 1.15 —11
2 —0.80 —0.82 0.81 1.04 1.14 1.32

18 Borazjan (seg. 1) 1 —0.03 —0.02 0.43 0.50 0.43 0.50 —28
2 0.00 0.01 0.60 0.70 0.60 0.70

19 Borazjan (seg. 2) 1 —0.50 —0.46 0.21 0.25 0.54 0.52 -23
2 —0.63 —0.58 0.33 0.39 0.71 0.69

2011). The elastic model (fault system with 90° dips
and a rigidity contrast of 2) predicts strike-slip rates
for these segments of 2.7, 5.5 and 0.9 mm/year, re-
spectively. The maximum and minimum slip rates in
the two models are on the Dena and Kazerun faults.
Our estimates for the strike-slip rates of the MRF and
the Dena Fault are consistent (discrepancies of less
than 15 %) with those obtained by the visco-elastic
model, while the Kazerun Fault has a discrepancy of
130 %. Although the assumptions of our model and

the visco-elastic model are different, the slip rates for
the two models generally correlate.

Kazerun fault system accommodates different
styles of deformation between North and Central
Zagros (AutHEMAYOU et al. 2005; BERBERIAN 1995).
Using measurements on either side of the Kazerun
fault system, WALPERSDORF ef al. (2006) showed that
the accommodation of the convergence differs across
the region. Comparing slip rates from finite element
models with geology and GPS slip rate (Fig. 8), it
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seems that the Dena and Kareh Bas segments are
overestimated and the Kazerun segment is underes-
timated. Part of discrepancy may be related to
configuration of the fault system. Previous studies
show that fault connectivity and corrugated nonplanar
fault surfaces have important role on finite element
slip rate and can result in discrepancy between geo-
detic and geologic slip rates (HERBERT er al. 2014;
MarsHALL and Morris 2012). Also 3D representation
of faults in the region that was used in finite element
models is based on the approximate upper traces of
the fault segments that were fixed by geologic evi-
dence (AUTHEMAYOU et al. 2006; BERBERIAN 1995) and
is taken to be as the base model.

5. Conclusion

This study presented a 3D finite element model
(FEM) to model interseismic deformation of the
Kazerun Fault System in the Zagros mountain belt of
Iran. The model was used to assess the slip rates and
the locking depth for 19 fault segments in the KFS
and study the contrast in rigidity between the between
the southern and northern areas of the Zagros
mountain belt

Our results suggest the existence of a contrast in
rigidity between the eastern and western part of the
MRF-DF-KBF-MFF faults within the Zagros fold-
and-thrust belt, but a constraint on the average dip
angle being greater than 30° is required. This con-
strain is not an artificial constraint, rather a realistic
and physical one supported by geological and seismic
observations (Aravi 2007; JacksoN 1980; SEPEHR and
CosGroOVE 2005; SEPEHR et al. 2006; SHERKATI et al.
2005; TATAR et al. 2004).

Our analysis of the slip budget of 19 fault seg-
ments in the KFS provides a more complete and
coherent list of strike and dip-slip rates for the fault
segments than what has been published previously
(Tavakour et al. 2008; WALPERSDORF et al. 2006). We
derived right-lateral motions for the majority of the
fault segments in the KFS, which is consistent with
the tectonic regime that was derived by inversion of
focal mechanisms (ZArir1 et al. 2013). The modeling
results show that in addition to the 4 main faults
(Dena, Kazerun, Kare Bas and Main Recent faults),

Pure Appl. Geophys.

which have been studied in detail previously, other
faults, such as the Zagros Front, Main Front, High
Zagros and Mishan faults, accommodate up to
2.5 mm/year of the differential movement between
the North and Central Zagros. The reverse slips on
the Zagros Front, Main Front and Mishan segments
can reach up to 2 mm/yr and play a significant role in
accommodating the differential movement between
the North and Central Zagros.

We estimate an average dip-slip rate of
0.7-0.9 mm/yr (average of all fault segments), which
is consistent with geological estimates of the uplift rate
(FaLcon 1974). The good match between the slip rates
obtained from the model with those obtained by pre-
vious geological and geodetic studies suggests that the
model is representative of the geometric and physical
properties of Kazerun Fault System. Furthermore, be-
cause the deformation in our model is driven by the
contemporary GPS velocity vectors, the results show
that the present-day strike- and dip-slip rates in the
Kazerun Fault System are generally compatible with
the long time geological deformation.

Active fault zones in Iran (Zagros, Alborz,
Kopeh-Dagh, Makran, northwestern and eastern Iran)
provide a potentiality to use numerical modeling to
investigate detailed fault kinematics and rates in these
complex regions. Using the FEM, we are able to
derive off-fault motions for all active segments in the
region that cannot be detected by GPS transect across
individual fault segment. The numerical modeling
indicates that the fault geometry in the model has an
important role in determining the accurate slip bud-
get. Having a set of validated geological and geodetic
slip rates for a number of fault segments and com-
paring them with finite element-derived slip rates
help evaluate the effect of a lot of physical pa-
rameters such as layering, frictional or non-frictional
basal decollement, fault friction, fault connectivity
and nonplanar fault surface on the derived slip rates.
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