Check for
A ﬁ l l ADVANCIM updates

EARTH AN

Tectonics

RESEARCH ARTICLE
10.1029/2019TC005941

Key Points:

« Curvature of the Fars Arc, eastern
Zagros, is proposed to be achieved by
vertical axis rotations of fault
bounded blocks

« Regional rotations determined from
GPS data are the opposite sense to
“bookshelf” model predictions

« Intersection of active folds of
different orientations produces
domal fold interference patterns,
without separate deformation
phases

Correspondence to:
M. B. Allen,
m.b.allen@durham.ac.uk

Citation:

Edey, A., Allen, M. B., &
Nilfouroushan, F. (2020). Kinematic
variation within the Fars Arc, eastern
Zagros, and the development of fold-
and-thrust belt curvature. Tectonics, 39,
€2019TC005941. https://doi.org/
10.1029/2019TC005941

Received 22 OCT 2019
Accepted 26 JUN 2020
Accepted article online 30 JUN 2020

©2020. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

M\J

SPACE SCIENCE

ok

Kinematic Variation Within the Fars Arc, Eastern Zagros,
and the Development of Fold-and-Thrust Belt Curvature
A. Edey? M. B. Allen* (), and F. Nilfouroushan*

1Department of Earth Sciences, University of Durham, Durham, UK, 2Office for Nuclear Regulation, Liverpool, UK,
*Department of Computer and Geospatial Sciences, University of Givle, Givle, Sweden, “Department of Geodetic
Infrastructure, Geodata Division, Lantméteriet, Gidvle, Sweden

Abstract we analyze deformation of the Fars Arc in the eastern Zagros, Iran, including earthquake slip
vectors, GPS velocities, paleomagnetism data, and fold orientations, to understand how this fold-and-thrust
belt works and so better understand the generic issue of fold-and-thrust belt curvature. The Fars Arc is
curved, convex southward. GPS-derived rotation rates are <0.5° Myr~": Rotation is clockwise west of 53°E
and counterclockwise to the east. These rotation senses are opposite to previous predictions of passive
“bookshelf” models for strike-slip faults during north-south convergence. West of 53°E, average GPS vectors,
thrust earthquake slip vectors, strain axes derived from GPS data, and orthogonal directions to fold

trends are all aligned, toward ~218°. East of this meridian, the average GPS vector is toward 208°, but the
averages of the other data sets are distinctly different, all toward ~190°. We propose that fault blocks in
eastern Fars, each ~20-40 km long, rotate predominantly counterclockwise, whereas in western Fars, the
regional clockwise rotation takes place mainly on the array of active right-lateral faults in this area. Thus,
localized block faulting and rotations accumulate to produce the overall strain and regional curvature.
Active folds of different orientations in eastern Fars intersect to produce domal interference patterns,
without involving separate deformation phases, indicating that fold interference patterns should not be
interpreted in terms of changing stress orientations unless there is clear evidence. Fars Arc curvature is best
explained by deformation being restricted at tectonic boundaries at its eastern and western margins, with
significant gravitational spreading.

1. Introduction

This paper addresses the kinematics of the fold-and-thrust belt in the Fars Arc region of the eastern Zagros,
and particularly the mechanism for its curvature. The Fars Arc shares this property with numerous active
and inactive fold-and-thrust belts worldwide, such as the Himalaya and the Suleiman Range in Pakistan,
but the origins of such curvature have long been debated and are still contentious (e.g., Macedo &
Marshak, 1999; Copley, 2012). Hindle and Burkhard (1999) summarized two end-member kinematic
schemes for the formation of curved fold-and-thrust belts during the original phase of deformation (as
opposed to later bending of an originally straight belt): These are “Piedmont glacier,” with divergent trans-
port direction during deformation, and “Primary arcs,” with uniform transport direction but variable strain
rate during deformation (Figure 1).

The Zagros is tectonically active (Figure 2) and so a useful example for comparison with inactive belts world-
wide. Additionally, the results bear on several other aspects of Zagros evolution that are debated: (1) whether
or not the Zagros has been affected by two distinct episodes of deformation, with a transition from
thin-skinned to thick-skinned tectonic style (Leturmy et al., 2010; Molinaro et al., 2005); (2) the interactions
of vertical axis rotations, strike-slip faulting, and thrust faulting (Hessami et al., 2001; Talebian &
Jackson, 2004); and (3) the role of the Hormuz Series salt in controlling the style and distribution of defor-
mation (Authemayou et al., 2006; Koyi et al., 2016; Talbot & Alavi, 1996).

In this study, we analyze earthquake slip vectors, fold patterns, published GPS data, and available paleomag-
netic data from the Zagros fold-and-thrust belt, with the aim of understanding the deformation of the eastern
part of the region, the Fars Arc. The rationale is that combination and comparison of these data sets give
insights into tectonic processes that cannot be achieved in ancient, inactive orogens where such approaches
are not available. In particular, active regions where there are mismatches between the GPS and earthquake
slip vectors strongly imply some form of strain partitioning and/or vertical axis rotations have taken place
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Figure 1. End-member models of fold-and-thrust belt curvature, where curvature develops during the original period of
deformation. Red arrows indicate convergence velocities across the system, analogous to a GPS-derived velocity field.
Ellipses are schematic strain markers. From Hindle and Burkhard (1999).

(e.g., Bayasgalan et al., 2005) and permit understanding of the processes involved. We also analyze the local
orientations of folds in the light of the slip vector data, to understand processes that might cause fold inter-
ference patterns in eastern Fars.

2. Regional Geology

An impetus for studying the Zagros is that it is one of the most seismically active fold-and-thrust belts on
Earth (Hatzfeld et al., 2010; Nissen et al., 2011; Oveisi et al., 2009; Talebian & Jackson, 2004) and is a major
part of the Alpine-Himalayan orogenic system (Agard et al., 2011; Hatzfeld & Molnar, 2010), and the
Arabia-Eurasia collision in particular. As such, the region is a superb area to study continental tectonic pro-
cesses, while the natural hazards represented by earthquakes pose significant challenges to society.

The NW-SE-trending Zagros fold-and-thrust belt extends for about 2,000 km, from eastern Turkey, through
northern Iraq (Kurdistan) and southern Iran, to the Makran subduction zone at the Iran-Pakistan border-
lands (Mouthereau, 2011). The Zagros formed as the Neo-Tethys Ocean closed and Arabia and Eurasia col-
lided. The timing of the initial collision is debated and estimates range from the Late Cretaceous to the
Pliocene, although most studies put it in the range of 20-35 Ma (e.g., Allen & Armstrong, 2008; Barber
et al., 2018; Koshnaw et al., 2019; McQuarrie & van Hinsbergen, 2013).

Collision is still strongly active, demonstrated by the abundant seismicity across southwest Asia (Figure 2)
and the high topography of the Zagros, Turkish-Iranian Plateau, and ranges on the northern side of the col-
lision zone such as the Alborz. GPS-derived convergence rates increase eastward from 16-26 mm yr ™" across
the collision zone and are ~20 mm yr_1 at the longitude of Tehran, roughly 51°E (Vernant et al., 2004). There
is a change in convergence orientation across the collision zone; convergence in the west is toward the NNW,
and in the east toward the NNE (Figure 2). The Arabia-Eurasia pole of rotation lies in the eastern
Mediterranean region. Strain is not evenly distributed across the collision zone, shown by the uneven distri-
bution of seismicity; active thrusting is concentrated at the margins of the system, such as the Zagros and
Alborz fold-and-thrust belts at the southern and northern sides of the Iranian Plateau (Jackson, 2001).
Overall convergence rates may have slowed since ~5 Ma, perhaps because the elevated topography of the
thickened collision zone resisted shortening (Austermann & Iaffaldano, 2013), but there does not appear
to have been a major change in plate convergence azimuth through the late Cenozoic (McQuarrie
et al., 2003). Therefore, there is no known plate-scale reorganization to explain any discrepancies between
geodetic data and longer-term markers of strain.
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Figure 2.(a) Regional topography and seismicity of the Arabia-Eurasia collision. Large dots are epicenters of
earthquakes of M > 6 from 1900 to 2000 (Jackson, 2001), small dots are epicenters from the EHB catalog 1964-1999,
M > 5. Red arrows show GPS-derived velocity with respect to Eurasia from Sella et al. (2002). A, Alborz; TIP,
Turkish-Iranian Plateau; Z, Zagros. White dashed line indicates the original Arabia-Eurasia suture. (b) Seismicity of the
Zagros: Focal mechanisms reported in Nissen et al. (2011) and references therein. MZRF, Main Zagros Reverse Fault
(Zagros suture); 1Z, Izeh Fault; K, Kazerun Fault. Modified from Allen et al. (2013).

The Main Zagros Reverse Fault (Figure 2) is the position of the original Arabia-Eurasia suture (Agard
et al., 2011) and is located at the northeast side of the Zagros: The Zagros fold-and-thrust belt is developed
over what was the passive continental margin of the Arabian Plate before collision. The Main Zagros
Reverse Fault trends northwest-southeast along the length of the Zagros (Figure 3). The Zagros can be
divided into two main zones across strike. To the northeast is an ~100 km wide zone called the High
Zagros, which averages 1.5-2 km in elevation, with some peaks exceeding 4,000 m (Figure 2). To the south-
west is the 100-200 km wide Simply Folded Belt (SFB), which rises from sea level in the southwest to 1.5 km
in the northeast (Nissen et al., 2011).

The structure and geomorphology of the Zagros vary along strike (Berberian, 1995; Obaid & Allen, 2019).
Folds (and underlying thrusts) near the northern tip of the Arabian Plate trend roughly east-west, but this
trend swings to a northwest-southeast orientation that is maintained along the majority of the length of
the range. The deformation front is roughly linear and subparallel to the suture as far east as 51°E, but there
are two main areas of subdued relief, topography and exhumation, known as the Kirkuk and Dezful embay-
ments (Figure 2). These regions are separated by the Pusht-e Kuh Arc. The eastern margin of the Dezful
Embayment is somewhat gradational and defined by north-south-trending right-lateral faults such as the
Izeh Fault and the Kazerun Fault (Sherkati et al., 2006).

The Fars Arc is the ~700 km long segment of the Zagros from the east of the Kazerun Fault to the eastern
limit of the range (Figure 3), where there is a transition into the Makran accretionary complex (Bayer
et al., 2006; Mouthereau et al., 2007). It is arcuate in plan view, in contrast with the more linear segments
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Figure 3. Eastern Zagros (Fars Arc) anticline trends superimposed on a MrSID Landsat 7 mosaic, showing the broad
change in fold orientation across this part of the Zagros fold-and-thrust belt. Red lines are emergent fault traces
within the Zagros. K, Kazerun; KB, Kareh Bas; SP, Sabz Pushan; S, Sarvestan. Blue dashed lines show the extent of the
Hormuz Series salt, southwest of the Main Zagros Reverse Fault (Kent, 1979), based on the distribution of diapirs; the
diapir-free region in the center of the Fars Arc does not appear to affect fold style. Circular arrows are paleomagnetically
derived rotation senses, shaded by rotation sense, from Bakhtari et al. (1998), Smith et al. (2005), and Aubourg

et al. (2008, 2010).

to the northwest. Folds trend NW-SE in the west in the Fars Arc, meaning that at this side of the Fars Arc,
there is no contrast to regions further west. Fold trends change eastward, to ENE-WSW in the east of the
region (Figure 3). The Fars Arc is also characterized by a deformation front that lies further south than
the continuation of the line of the linear deformation front to the northwest (Figure 2).

The western side of the Fars Arc region is marked by the Kazerun Fault (Figure 3). Right-lateral offset has
been estimated to be as high as 160 km (Berberian, 1995; Hessami et al., 2001), but these estimates were
based on the distance between geomorphic steps that were never contiguous. Analysis of bedrock displace-
ment gives offsets in the order of only ~8 km (Authemayou et al., 2006). East of the Kazerun Fault, the Kareh
Bas, Sabz Pushan, and Sarvestan faults distribute right-lateral slip across a broad area of the western Fars
region (Figure 3; Tavakoli et al., 2008; Sarkarinejad et al., 2018). Bedrock offsets of these faults are in the
same range as the Kazerun Fault, and from ~7-13 km (Authemayou et al., 2006). Fault segments are typi-
cally tens of km long, discontinuous, and have variable orientations. These right-lateral faults in western
Fars are the only seismically active faults that are also exposed (Nissen et al., 2011), with the rare exception
of the Mw 6.4, 6 November 1990 Furg earthquake surface rupture, near the eastern Main Zagros Reverse
Fault (Walker et al., 2005) (Figure 3).

The ~1 km thick Precambrian-Cambrian Hormuz Series salt is present across large parts of the Zagros
(Jahani et al., 2007; Kent, 1979). It appears at the surface because of diapirs that occur across the Fars
Arc. There is an area in the central part of Fars where there are no diapirs (Figure 3). The Hormuz Series salt
also appears at the base of thrust sheets in the High Zagros, northeast of the Dezful Embayment. The subsur-
face distribution is more speculative. Stratigraphy indicates that the salt diapirs partially predate the
Arabia-Eurasia collision (Kent, 1979). The Hormuz Series salt has long been used to infer a detachment at
the base of the Zagros stratigraphy (e.g., Bahroudi & Koyi, 2003; Falcon, 1974; McQuarrie, 2004).
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However, the seismicity record clearly indicates the presence of significant thrusting in the basement
(Nissen et al., 2011; Talebian & Jackson, 2004). Basement and cover deformation must be coupled in some
way (Allen et al., 2013; Lacombe et al., 2011; Nilfouroushan et al., 2013), notwithstanding the ability of
the Hormuz Series salt to impede smaller earthquakes from propagating through it (Nissen et al., 2011).
Talebian and Jackson (2004) noted that there are only a few thrust earthquakes in the High Zagros and those
that are recorded are in the southeastern region, where elevations are lower. The limit for seismogenically
significant (Mw >5) thrusting is close to the regional 1,250 m elevation contour (Nissen et al., 2011).

Several estimates of shortening across the Fars region have been made, with estimates typically in the range
of ~60-80 km (e.g., Allen et al., 2013; McQuarrie, 2004; Mouthereau, 2011). Surface shortening is accommo-
dated by trains of parallel anticlines and synclines. The mostly symmetric folds have kilometer-scale ampli-
tudes and wavelengths of ~10-20 km; these are examples of the famous whaleback anticlines that
characterize the Zagros. Low-angle thrust faults are rare in the SFB, but blind thrust faulting is common
and dominates the seismicity in the region (Nissen et al., 2011).

Estimated active shortening rates across the Zagros vary from 5 + 3 mm yr~' (NW) to 9 + 3 mm yr~' (SE)
(Hessami et al., 2006; Vernant et al., 2004; Walpersdorf et al., 2006), consistent with the greatest amount
of finite shortening occurring across the regions in the southeast (e.g., Mouthereau, 2011). The
right-lateral strike-slip faults within western Fars have a slip rate of ~4 mm yr~* and appear to have propa-
gated southward through the Pliocene-Quaternary (Tavakoli et al., 2008). Strain partitioning occurs in the
northwest of the Zagros fold-and-thrust belt (e.g., Raeesi et al., 2017; Talebian & Jackson, 2004; Zarifi
et al., 2014), based on analysis of earthquake focal mechanisms and geodetic measurements:
Northeast-southwest shortening across the northwest Zagros is accompanied by range-parallel,
right-lateral strike-slip faulting along the Main Recent Fault, which roughly follows the trace of the Main
Zagros Reverse Fault in this region.

Paleomagnetic studies of the Fars Arc have detected vertical axis rotations during the late Cenozoic deforma-
tion (Aubourg et al., 2008, 2010; Bakhtari et al., 1998; Smith et al., 2005). These rotations are broadly clock-
wise in the western part of the Fars Arc and counterclockwise in the east, although there is considerable
local variation (Figure 3). Total amounts of rotation in either direction are typically <25°. Deriving
long-term rotation rates requires accurate determinations for the duration of rotation, which is not con-
strained. Nor is the age of each unit clear; nonmarine stratigraphy across the Zagros is diachronous
(Fakhari et al., 2008; Ruh et al., 2014). These total rotations and loosely constrained ages indicate that
long-term rotation rates on the order of at least 1-2° Myr™" are plausible for the last 5-10 million years.

3. Data and Methods

The rationale of this paper is to examine structural, geomorphic, seismicity, and geodetic data in one study,
to understand better the causes of the distinct fold-and-thrust belt curvature of the Fars Arc. This section sets
out the sources of each data set and the processing applied; section 4 sets out the results. Data fall into two
categories: those types that represent neotectonic, recent, deformation (geodetic and seismicity data) and
data that represent long-term strain (fold axial traces and published paleomagnetic data).

Folds are well exposed and preserved across the Fars region, partly because of the tectonic activity and semi-
arid climate. Fold preservation is enhanced by a strong mechanical stratigraphy in Tertiary and Cretaceous
carbonate formations: These units resist erosion and so preserve complete anticlines at the surface (Figures 2
and 3). Figure 3 is a summary map of anticline axial traces and emergent faults, drawn from Landsat satellite
imagery (presented in the form of MrSID mosaics), complemented by analysis of 1:1M and 1:200,000 NIOC
and Geological Survey maps of the region, and the Shuttle Radar Topography Mission (SRTM) 90 m data set.
We use these sources to measure anticline fold orientations across the Fars Arc (n = 301) and to interpret
specific examples of composite folds (Figure 4).

Earthquake focal mechanism data for the Fars region are from Talebian and Jackson (2004), Nissen
et al. (2011), and, for 2011-2014, from the Global CMT catalog (https://www.globalcmt.org/) (Dziewonski
et al., 1981; Ekstrom et al., 2012) (Figure 5). Reliability was determined from double-couple values (see
Jackson et al., 2002 for discussion of this approach), with the data displayed in Figure 5 plotted according
to whether double-couple values are <70% or >70%. The latter category contains 53 events, and these data
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Figure 4. Examples of synchronous, mutually cross-cutting active anticlines in the Fars Arc, illustrating how domal fold
interference patterns can occur without separate episodes of deformation. Images are MrSID Landsat 7 mosaics
draped over SRTM 90 m topography. Red outlines highlight Hormuz salt diapirs. Lines with black diamonds are anticline
axial traces, with plunge arrows marked at fold terminations. (a) Shab anticline; the exposed core of the fold consists
mainly of carbonates of the Eocene-Oligocene Asmari-Jahrom Formation (b) Qeshm island anticlines. Folded strata are
predominantly from the Mishan and Agha Jari formations (Miocene and Pliocene) (c) close-up of domal topography
and outcrop patterns at the intersection of the Laft and Holor anticlines. Black arrows highlight domal folding of a
horizon in the Upper Miocene(?) Agha Jari Formation. Locations shown on Figure 3.

are used to construct the plot of earthquake slip vector azimuths shown in Figure 6. These slip vectors are
presented in thrust and strike-slip categories, with thrust motion shown toward the south (Arabian Plate)
and strike-slip toward the east. For the better constrained events, uncertainties of strike and hence slip vector
azimuth are in the order of +15-20° (Jackson et al., 2002). Errors in the best teleseismically recorded epicen-
ters are ~10-15 km (Engdahl et al., 2006), making it impractical to associate individual earthquakes with
specific structures.

For comparison with the slip vectors, GPS velocity data are plotted on Figure 7. Whereas earthquake slip
vectors show the relative motion between the blocks on either side of the fault, GPS vectors show the motion
of the measured point with respect to the chosen reference frame. We transformed the Eurasian-fixed GPS
velocities (Khorrami et al., 2019) using the rotation pole between Eurasia and Arabia in the ITRF2008 refer-
ence frame (Altamimi et al., 2012) to illustrate the GPS velocities relative to the Arabian Plate (Figure 7).

We computed the geodetic rotation rates on a 75 km X 75 km rectangular grid using the SSPX program
(Cardozo & Allmendinger, 2009). Using the GPS horizontal velocities reported by Khorrami et al. (2019)
and similar to previous studies (Allmendinger et al., 2007; Raeesi et al., 2017; Zarifi et al., 2014), we applied
the Grid-Distance Neighbor method which uses weighted least squared adjustment where each station is
weighted by its distance to the center of the cell. In the calculations, we used e = 150 km, where « is a con-
stant that specifies how the closeness of the stations to the center of the cell influences the strain solution.
The obtained rotation rates (Figure 8) show the block rotation rates about the vertical axis, which are com-
pared later with seismicity and paleomagnetic studies.
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Figure 5. Eastern Zagros topography and earthquake focal mechanisms, derived from Nissen et al. (2011) and the Global
CMT catalog. Higher quality solutions are in black (double couple >70%). Thrust earthquakes are concentrated at
lower elevations, below the regional 1,250 m elevation contour.

We also plot the axes for the maximum geodetic strain rate within the Zagros (Figure 9), derived from GPS
data by Raeesi et al. (2017), for comparison with the other strain data in this study.

4. Results

The summary structural map in Figure 3 is similar to previous publications for the Zagros (e.g.,
Berberian, 1995; Blanc et al., 2003; Mouthereau et al., 2012), which is not surprising given the obvious trends
of the exposed folds. Changes in fold orientation across the region from NW-SE to ENE-WSW pick out the
arcuate nature of the Fars Arc. Figure 3 emphasizes this broad variation in the fold orientation across the
Fars Arc. West of the Kazerun Fault, folds are consistently aligned NW-SE, but east of this structure, more
east-west folds and some ENE-WSW trends occur, becoming predominant to the east of ~53°E (Figure 3).
Geodetic strain axes are almost orthogonal to the fold trends (Figure 9) and their azimuths change from east
to west as folds' trends change accordingly. The average direction of the orthogonals to the fold trends, west
of 53°E, is 218° + 25°; east of 53°E, the average is 189° + 20°. These data are not weighted for fold length.
Kinematic data are summarized in Table 1.

The longer folds (80-100 km length) are composites of shorter segments, each typically on the length scale of
20-40 km (Ramsey et al., 2008). Some folds change orientation across the right-lateral strike-slip faults in the
western Fars (e.g., Aubourg et al., 2008; Blanc et al., 2003), with counterclockwise rotations indicated by the
more east-west orientations of folds to the east of the strike-slip faults.

There are mutual cross-cutting relationships in the eastern Fars Arc between folds with different orienta-
tions (Figures 4a and 4b). Different orientations of folds are similar in terms of their size, exposure level,
amplitude and wavelength, and topographic relief (Figure 4). The Shab Anticline (Kuh-e Shu) has a main
segment ~40 km long, trending ENE (Figure 4a), with Asmari-Jahrom Formation carbonates exposed along
the greater part of its length (Leturmy et al., 2010). The eastern end of this segment curves in a clockwise
direction, and the remaining portion of the fold trends more east-west. The western part of the fold is
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Figure 6. Earthquake slip vector azimuths from data in Figure 5. Average orientations are summarized in Table 1,
for the regions west and east of 53°E, to show the overall dispersion of the slip vector azimuths.
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Figure 7. GPS-derived velocities relative to the Arabian Plate (and their 95% confidence ellipses), based on data in
Khorrami et al. (2019).
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Figure 8. GPS vertical axis rotation rates for the study area. Rotation rates were calculated on a 75 km X 75 km
rectangular grid. Results define two broad regions in the Zagros, of clockwise rotations west of 53°E, and
counterclockwise to the east. Uncertainties for the rotation rates range between +0.0005° and +0.08° Myr_1 for

whole study area and for the central Zagros are ~0.02° Myr_l.

more complicated. The westernmost limit of the fold trace trends WNW-ESE, and across the culmination of
the anticline, which is affected by a salt diapir, there is a continuation of this trend, with a well-exposed fold
closure preserved in limestones of the Guri Member of the Mishan Formation (Early to early Middle
Miocene age) (Figure 4a). Qeshm Island (Figure 4b) also displays two fold trends in the same local area.
Most of the length of the island consists of three anticlines, each trending ENE-WNW: Salakh, Suza, and
Holor. Exposed strata are largely from the Miocene-Pliocene Mishan and Agha Jari formations. The Laft
Anticline trends NW-SE, and the southeastern nose of this structure is separated from the Suza Anticline
by the Ramkan Syncline (Nissen et al., 2010). Where anticlines in Figure 4 intersect each other there are
domal structures, with the additional factor of a Hormuz salt diapir within the Shab Anticline (Figure 4a).
The domes are picked out both by present topography and the outcrop pattern of the deformed
stratigraphy (Figure 4c). There is no evidence that one orientation of fold represents a different generation
to another, for example, a youthful generation of active folds superimposed on mature, eroded, older folds.

We do not confirm the activity of a series of ENE-WSW left-lateral strike-slip faults suggested by Hessami
et al. (2001) to deform eastern Fars. While there are linear alignments of salt diapirs that suggest some struc-
tural control with this orientation, there is little or no indication of active fault slip. Nor do reliable
left-lateral focal mechanisms occur in this region (Nissen et al., 2011; Talebian & Jackson, 2004 and refer-
ences therein). If active left-lateral slip occurs in this region, the surface expression is very different to the
sharply defined, seismically active, right-lateral faults further west, such as the Kazerun Fault
(Authemayou et al., 2006; Koyi et al., 2016).

Thrust earthquake slip vectors for the whole Fars Arc have an average azimuth of 191° + 21°, using the slip
vector measured toward the Arabian Plate (Table 1; Figure 6). There is a regional variation in azimuths. West
of 53°E, the average azimuth is 213° + 23°; east of 53°E, the average is 187° + 18°. Azimuths are variable
within small areas in eastern Fars, with differences of up to 90° for events located within 50 km of each other
(Figure 6). There is a distinct cluster of thrust earthquakes in the easternmost part of Fars, with slip azimuths
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Figure 9. Geodetic strain axes for the Fars Arc, eastern Zagros, from Raeesi et al. (2017), for comparison with other
kinematic data presented in Figures 6 and 7 and summarized in Figure 10. The average uncertainties for strain rates
are +3 x 1077 yr_1 for the shortening rate and +4 X 1071 yr_1 for the extension rate.

toward the southeast (i.e., northeast-southwest striking fault planes). These events are close to, but distinct
from, the north-south striking fault system that marks the eastern limit of the Zagros and the Arabian Plate.

GPS velocity data (Figure 7) show vectors in an Arabian reference frame with a maximum of ~10 mm yr™* of
NNE-SSW shortening across the Zagros, south of the Arabia-Eurasia suture (Hessami et al., 2006; Vernant
et al., 2004). The average azimuth is 215° + 23° in an Arabian Plate reference frame. There is a minor diver-
gence in azimuths between western and eastern Fars (Khorrami et al., 2019; Nilforoushan & Koyi, 2007), but
this is less than for the earthquake slip vectors: The average azimuth west of 53°E is 221° + 28°, and
208° + 13° for data points to the east of 53°E. Strain rates derived from the GPS data set (Raeesi et al., 2017)
(Figure 9) are very similar to the other strain data summarized in Table 1. The direction of the maximum
strain axes changes from almost orthogonal to the strike of the Zagros in the south to a NW-SE direction
in the western part of the Fars Arc. The azimuths of the maximum strain axes are generally perpendicular
to the fold axes in the Fars region.

Table 1
Kinematic Data for the Fars Arc
Overall Fars Arc West of 53°E East of 53°E
Average Standard deviation Average Standard deviation Average Standard deviation

Orthogonal directions to fold trends 204° 15° 218° 25° 189° 20°

Thrust earthquake slip vector azimuths 191° 21° 213° 23° 187° 18°

GPS vector azimuths 215° 23° 221° 28° 208° 13°
Maximum geodetic strain axis orientation 202° 52° 216° 53° 192° 53°

Note. Geodetic strain axis orientations are from Raeesi et al. (2017).
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The geodetic rotation rate map (Figure 8) shows two distinctive regions
in the Fars Arc, with opposite rotation sense; the changeover in rotation
sense occurs at the 53°E meridian. Interestingly, this line is to the west of
the apex of the Arc, at ~54°E. From the Markan-Zagros transition zone
in the southeast to the central Zagros (between longitudes ~53° to
~56°E), rotations are counterclockwise, whereas west of 53°E, there
are clockwise rotations. The changeover of rotation sense occurs at the
eastern limit of the array of right-lateral strike-slip faults in western
Fars. Rotation rates are variable, with a maximum rate of ~0.5° Myr_l.
Rotation sense is clockwise to the east of the Fars Arc, beyond 56.5°E
(Figure 8), as noted by Bayer et al. (2006).

G Orthogionals to 5. Discussion

fold trends Fold-and-thrust belts are commonly curved in plan view, and the nature

<=———= Eq. slip vector » < Max. geodetic and origins of this curvature have been the subject of many studies (e.g.,

strain axis Copley, 2012; Hindle & Burkhard, 1999; Macedo & Marshak, 1999;
Marques & Cobbold, 2006; Styron et al., 2011). We consider three main

Figure 10. Summary of kinematic data for the Fars Arc west and east of 53°E,  hypotheses for the mechanisms that cause orogenic curvature. High

from data in Table 1; arrows represent summaries of regional data, from
the areas roughly defined by the gray ovals. Whereas the thrust earthquake
slip vectors, orthogonal directions to fold trends, and strain axes are all

topography may cause gravitational spreading over the foreland and
an arcuate shape (Copley, 2012), enhanced by a weak décollement layer

independent of any reference frame, GPS velocities are in an Arabian Plate (Nilforoushan & Koyi, 2007). Alternatively, curvature may occur where
reference frame. Orientations of all data sets are aligned in western Fars two segments of an orogen intersect at an angle and overlap (Macedo &
(west of 53° E), but not in the east; there is no significant spread in the GPS Marshak, 1999) or to accommodate oblique plate convergence (Styron

data, but there is an overall counterclockwise rotation visible in the other

data sets.

et al., 2011). Our study has focused on neotectonic data, in the form of
the recent earthquake record and geodetic (GPS) data, because of the
power these provide in analyzing the regional kinematics, and testing
these models. For example, the present-day kinematics within the fold-and-thrust belt can be compared with
the regional obliquity of convergence, or structural evidence for intersection of different segments. It is an
outstanding question over what time scales the present picture is representative and how short-term and
long-term patterns of deformation compare with each other. In this paper, we argue for gravitational spread-
ing being the most likely cause of curvature in the Fars Arc, but our focus is on the kinematics and how this
curvature is achieved, rather than the underlying dynamic cause.

5.1. Rotation Within the Fars Arc

Although Copley (2012) was correct in summarizing the Zagros as a linear belt overall, this is a simplifica-
tion: The Fars Arc justifies its name, given the arcuate pattern of fold orientations across the region from
west to east (Figure 3). A key observation is that there is an overall fanning-out of the orthogonal directions
to the fold trends, thrust earthquake slip vector azimuths and instantaneous strain axes (Figures 5 and 9),
that is greater than the spread in the GPS velocity data (Table 1; Figure 7), summarized in Figure 10. In wes-
tern Fars, there is alignment between the equivalent data sets. While this alignment might look like a simple
kinematic system, the active right-lateral faulting and clockwise vertical axis rotation also need to be consid-
ered. We suggest that the regional clockwise rotation is mainly taken up by the right-lateral faults in the
region, such as the Kazerun Fault. Counterclockwise rotations of individual folds against these faults act
to counterbalance the regional rotation (Authemayou et al., 2006), leaving the finite strain markers (folds)
and instantaneous strain markers in alignment (Figure 11).

GPS-derived convergence toward ~208° in eastern Fars can be achieved by a combination of thrusts with
average slip vectors toward ~187°, coupled with counterclockwise rotations of the predominant
ENE-WSW fault blocks (Figure 11), similar to other examples within continental interiors (e.g.,
Bayasgalan et al., 2005): Slip along the fault planes (recorded by the focal mechanisms) acts in concert with
the vertical axis rotations (which are not recorded by focal mechanisms), to produce the overall convergence
direction seen in the GPS data. Overall curvature of the Fars Arc increases by the cumulative effect of small-
scale, vertical axis, block rotations. These rotations are dominantly, but not universally, clockwise in the
west and counterclockwise in the east (Figure 3), so that the simple overall rotation sense given by the
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Figure 11. Schematic illustration of long-term, progressive curvature
development of a fold-and-thrust belt through vertical axis rotations of
thrusts and the fault blocks they define (a-c), to explain the kinematics
and deformation of the Fars Arc. Overall clockwise rotation in the west
and counterclockwise rotation in the east mask local rotations that can
take place in the opposite sense in each area. Circular arrows, vertical axis
rotations; open arrows, earthquake slip vector azimuths; thin black
arrows, GPS velocities; dashed line, Zagros deformation front. (a) Initial,
linear state. (b) Intermediate stage, with opposing sense of rotation within
each side of the fold-and-thrust. (c) Mature stage, equivalent to the present
Fars Arc.

GPS data is superimposed on the more complex picture provided by paleo-
magnetic results (Aubourg et al., 2010).

These small-scale rotations are not present in the original end-member
schemes of Hindle and Burkhard (1999) for arcuate fold-and-thrust belts
(Figure 1). The Fars Arc shows aspects of both “Piedmont glacier” and
“Primary arc” styles, in that if only the GPS data were considered it might
be considered to be of the “Primary arc” type (Figure 7), while the more
divergent earthquake slip vectors give a resemblance to “Piedmont glacier”
models (Figure 6).

The deformation of the Fars Arc resembles the rotating faults and fault
blocks of the active Aegean arc (Taymaz et al., 1991), with the obvious
difference that the Zagros is in overall compression, while the Aegean
region is rapidly extending. It is notable that the present-day, overall rota-
tion rates recorded in the GPS velocity field (Figure 8) on a 75 X 75 km grid
are distinctly smaller (<0.5° Myr™') than the long-term rotation rates
recorded in paleomagnetic data (up to 2° Myr™'; Aubourg et al., 2008).
Presumably, the latter represent more rapid, localized variations, including
blocks that rotate in an opposite sense to the regional sense in the west and
east halves of the Fars Arc (Figure 11).

Hessami et al. (2001) and Talebian and Jackson (2004) predicted counter-
clockwise rotations in the western Fars region, to achieve along-strike
lengthening of the Zagros during right-lateral slip on the Kazerun Fault
and similar faults to its east (Figure 12). There would be left-lateral slip
on ~NW-SE faults, if strike-slip was simply the passive result of
two-dimensional fault block rotation in the clockwise sense recorded by
the GPS data (Figure 12). Such left-lateral slip does not occur.

Counterclockwise rotation in the eastern part of the study area, east of
53°E (Figure 8), should produce right-lateral strike-slip on any NE-SW

faults in this region, if strike-slip motion is simply a consequence of the rotation. If left-lateral faults exist
as depicted by Koyi et al. (2016), they are either inactive or, like western Fars, the process of producing
the overall fold-and-thrust belt curvature is more important than passive “bookshelf” rotations of rigid
blocks (Figure 12). We conclude that the generation of fold-and-thrust belt curvature dominates over
along-strike lengthening, to produce the observed right-lateral faulting and clockwise rotations in western
Fars (Authemayou et al., 2006; Lacombe et al., 2006).

There is a difference between the western and eastern parts of the Fars Arc in that right-lateral faults are
clearly expressed in the west, but, as noted above, left-lateral counterparts in the east do not seem to be pre-
sent or, at least, not active. This may relate to the overall obliquity of convergence at the plate scale and the

N\ (/

Figure 12. Previous predictions of counterclockwise vertical axis rotations
in western Fars (Talebian & Jackson, 2004) and clockwise rotations in
eastern Fars (Koyi et al., 2016), as the result of passive “bookshelf” models.
Geodetic data reveal the opposite overall sense of rotation is occurring in
each area (Figure 8).

need for a greater component of strain partitioning in western Fars and
indeed parts of the Zagros west of the Fars Arc altogether (Authemayou
et al., 2006; Talebian & Jackson, 2002).

5.2. Distinction of the Fars Arc Within the Zagros

The question follows: Why does deformation in the Fars Arc differ from
the rest of the Zagros (Figure 2), where there is not an arcuate shape to
the fold-and-thrust belt? One clear control is the structural boundary at
the eastern end of the Fars Arc, where Zagros collisional convergence
transfers into the active subduction under the Makran region (Aubourg
et al., 2008; Bayer et al., 2006; Regard et al., 2005). The western end of
the Fars Arc does not seem to mark such a pronounced tectonic transition,
but observations suggest basement structure plays a role in controlling the
style of the active tectonics, including limiting the lateral extent of the Fars
Arc. The first observation is that the Hormuz Series salt does not appear in
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diapirs within the SFB, west of the Kazerun Fault (Figure 3; Talbot & Alavi, 1996). This salt distribution has
previously been suggested as allowing the propagation of deformation further southward within the Fars
Arc (Aubourg et al., 2008; Authemayou et al., 2006; Leturmy et al., 2010; Nilforoushan & Koyi, 2007). It is
unlikely that the distribution of salt is the only factor, however, given that the Zagros basement beneath
the salt is also actively deforming, as evidenced by the seismicity record (Nissen et al., 2011; Talebian &
Jackson, 2004). Based on thermal-mechanical modeling results (Nilfouroushan et al., 2013), the salt
décollement in eastern Zagros can decouple the basement and cover sediments deformation to different
extents, depending on its thickness. The diapir-free region within the Fars Arc shows no signs that it deforms
differently to adjacent regions (Figure 3), which is a separate argument against the salt playing a major role
in controlling regional structure.

Another factor is that west of the Kazerun Fault, late Cenozoic deformation seems to have been established
near its present southwestern limit as long ago as ~8 Ma (Homke et al., 2004) and been unsuccessful in pro-
pagating further toward the foreland since this time. Active deformation is limited to the northeast of the
line referred to in the Iraqi Zagros as the boundary between the Stable and Unstable Shelf sequences—a
reference to the deeper-water nature of Mesozoic (i.e., precollisional) sedimentary units in the northeast
of the Arabian Plate (Jassim & Goff, 2006). It is not clear that such a constraint operates to the east of the
Kazerun Fault; there is no indication of a precollisional feature that restricts the southward-propagation
of the fold-and-thrust belt. In summary, we suggest the Fars Arc deformation is sufficiently restricted at
its eastern and western margins, compared with the intervening region, to impart the present curvature
(Aubourg et al., 2008).

Previous studies (e.g., Leturmy et al., 2010; Molinaro et al., 2005) have proposed that structures within the
eastern Fars region record two distinct phases of deformation, which are suggested to be an early phase of
detached (thin-skinned) thrusting and folding, superceded by a basement-involved (thick-skinned) phase,
which continues to the present day. The results of this study, in particular the earthquake slip vector disper-
sion (Figure 6) and the evidence for contemporary folding of different orientations (Figure 4), suggest that
variable orientations of synchronous folding and thrusting achieve overall north-south convergence across
the Fars Arc as described above (Figure 11). There is no requirement for separate deformation events with
different stress orientations. It is unlikely that this process to create fold interference patterns is unique to
the Fars Arc, and future studies of similar interference patterns in other regions should consider the possi-
bility that they record deformation during a single phase of compression, rather than the superposition of
different stress regimes, with different orientations at different times. This scenario is especially likely when
there is no independent evidence of a regional change in plate convergence direction during deformation.

In this study, we have compared the results of neotectonic geodetic and seismicity observations of the Fars
Arc to data that represent the longer-term evolution of the range, namely, fold orientations and paleomag-
netic data. Where differences exist, it is potentially a consequence of the spatial scale of each type of observa-
tion rather than the time scale: The location of GPS stations, their distributions around faults, and the
gridding distance can all affect results. This may explain why the regional GPS data are not consistent with
paleomagnetic records in some parts of the Zagros (Figure 3). But time scales are no doubt also important.
Our model (Figure 11) predicts that the Fars Arc becomes more curved over time, convex southward, but
the rate at which this curvature is achieved is not well constrained. Future work could also address the impli-
cations of the late Cenozoic tectonic reorganization of the collision zone for the Fars Arc.

5.3. Comparisons With Other Arcuate Fold-and-Thrust Belts

The Zagros crust seems weak compared with many other continental regions. For example, fault lengths are
shorter, and earthquakes are of lower magnitude than in the Himalaya (Hatzfeld & Molnar, 2010; Ramsey
et al., 2008). This weakness may be the result of the relative youth of the Arabian Plate basement and the
protracted rift history of the northern side of the plate, with these rifting events defining the structures that
have been reactivated in the Cenozoic during the Arabia-Eurasia collision. It means that the Zagros deforms
by a large number of rather small (~20-40 km) separate faults, with weak linkages, rather than the longer
structures of the Himalaya. The result is that the apparently smooth variation in structure around the
Fars Arc is the sum of the differential movement of numerous short fault blocks, each of which is defined
by the length of the faults that bound it, and each of which remains relatively linear, rather than progressive
curvature of a smaller number of longer fault blocks.
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There are potential lessons from the Fars Arc for understanding the behavior of other fold-and-thrust belts
worldwide, with the caveat that only active examples can be examined via earthquake and geodetic data. We
highlight the strongly curved Kepingtage fold-and-thrust belt at the southern side of the Tianshan, north-
west China, where GPS vectors are consistent in azimuth (Yang et al., 2008), but thrust slip vectors show
a fanning-out pattern (Allen et al., 1999); this region seems to show similar behavior to the Fars Arc.

5.4. Kinematics and Dynamics of the Fars Arc

As a final subject, we consider the implications of our kinematic analysis for understanding the dynamics of
the Fars Arc and the cause, rather than the mechanism, for fold-and-thrust belt curvature. Our work argues
against the application of generic models that relate some fold-and-thrust belt curvature to the geometry of
the foreland (Macedo & Marshak, 1999), because the curvature and block rotations are present throughout
the Fars Arc and not only in the outer parts. The Styron et al. (2011) model for the Himalaya related curva-
ture to strain partitioning in that range, but the Zagros does not display curvature where plate convergence is
more oblique, in the northwest, such that this model is unlikely to apply to the Fars Arc.

Two factors favor the gravitational spreading model (Copley, 2012) operating in the Fars Arc to explain the
overall curvature. First, the interior of the Iranian Plateau has surface elevations on the order of ~2 km above
sea level, such that there is a component of gravitational potential energy in the system. Second, the crust of
the Zagros is relatively weak, given the seismicity record of relatively small earthquakes rather than events
on the scale of the Himalaya (i.e., M < 7). Weaker crust would favor the spreading mechanism. Additionally,
the Fars region is laterally restricted by the tectonic boundaries at its western and eastern margins (e.g.,
Aubourg et al., 2010). In combination, these factors suggest that there has been a process of gravitational
spreading of the Fars Arc toward the foreland (in the style proposed by Copley (2012)), but this process is
laterally restricted by preexisting tectonic boundaries. Therefore, the Fars Arc contains elements of both
the “Piedmont glacier” and “Primary arc” models (Hindle & Burkhard, 1999) while containing rotating fault
blocks that feature in neither of these models.

6. Conclusions

An analysis of kinematic data for the Fars Arc reveals a greater spread in the orthogonal directions to fold
trends, thrust slip vector azimuths (Figure 6) and instantaneous strain axes (Figure 9) than the GPS velocities
(Table 1; Figure 7), summarized in Figure 10. Rotation rates derived from the GPS data (Figure 8) are
<0.5° Myr™", which is lower than likely long-term rates, derived from paleomagnetic studies (Aubourg
etal., 2008) of ~1-2° Myr ™! (Figure 3). We attribute these structural patterns to deformation being restricted
at the eastern end of the collision zone, at the Zagros/Makran transition, and at the Kazerun Fault, which
marks a precollisional basement structure within the Zagros (Aubourg et al., 2010; Talbot & Alavi, 1996).
Fault blocks within the Fars Arc rotate about vertical axes to achieve the overall curvature, predominantly
clockwise in the west and counterclockwise in the east, but with considerable local variation (Figure 3). The
active, GPS-derived rotations are of the opposite sense to previous predictions based on the presence of
right-lateral faults in western Fars (Hessami et al., 2001; Talebian & Jackson, 2004) and the interpretation
of left-lateral faults in eastern Fars (Koyi et al., 2016) but consistent with the Fars Arc becoming more arc-
uate over time (Figure 11).

Western and eastern Fars are not perfect mirror images of each other. Prominent, seismically active,
right-lateral faults in western Fars have no counterparts in the east (Figure 3), whereas eastern Fars shows
a variation between GPS velocities and strain orientations that does not occur in the west (Figure 10). The
counterclockwise geodetic rotation sense in eastern Fars is consistent with the mismatch between GPS
and thrust slip vector azimuths, if the rotation is achieved by ENE-WSW trending fault blocks. The present
alignment of structural and kinematic data in western Fars is consistent with the clockwise rotation being
largely achieved on the right-lateral faults in this region, with local counterclockwise rotations of folds
where they abut or are cross-cut by these faults.

Different fault and fold orientations are active at the same time within localized areas, especially in eastern
Fars, with examples of mutually cross-cutting folds (Figure 4). Domal fold interference patterns are not
caused by superposed deformation events with different stress orientations, and there is no requirement that
the Zagros underwent a tectonic transition from thin-skinned to thick-skinned deformation over time.
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