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ABSTRACT
Paleomagnetic results from Oligocene–
Miocene sedimentary units in central Iran
are used to reconstruct the history of Neogene tectonic deformation of this region.
Paleomagnetic data show that in central
Iran, crustal blocks bounded by sets of strikeslip faults are rotated to accommodate NNESSW shortening related to Arabia-Eurasia
convergence. Counterclockwise rotations of
20°–35° have been measured in the Tabas
and Anarak areas, south of the Great Kavir
fault, characterized by the presence of N-S
to NNW-SSE right-lateral strike-slip faults.
Conversely, in the Great Kavir and Torud
areas, where ENE-WSW left-lateral strikeslip faults have been recognized, paleomagnetic results are less conclusive because the
small amount of measured clockwise rotation
shows a statistical uncertainty, which also includes the possibility of no rotation. Some of
these faults have been active during the Quaternary up to present day, suggesting the possibility that block rotation is still occurring in
central Iran.
INTRODUCTION
Shortening related to Arabia-Eurasia convergence in the Cenozoic has been—and is at
present being—taken up mainly by displacements in the Zagros, Alborz, and Kopeh-Dag
fold-and-thrust belts of Iran, whereas the intervening, fault-bounded crustal blocks of central
Iran (Yazd, Tabas, and Lut blocks) show little
internal deformation (Fig. 1A).
This deformation pattern is consistent with
the distribution of seismicity and recent global
positioning system (GPS) studies, which show
that at longitude 55°E, the ~22 ± 2 mm/yr of
Arabia-Eurasia convergence is mostly accom†
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modated in the Zagros fold-and-thrust belt
(~9 ± 2 mm/yr) and in the Alborz and KopehDagh Mountains (~8 ± 2 mm/yr), whereas
only ~4 ± 2 mm/yr is taken up in central Iran
(Vernant et al., 2004).
Central Iran is separated from the Alborz
belt by NE-SW left-lateral strike-slip and thrust
faults (e.g., the Great Kavir fault; Fig. 1B),
whereas N-S right-lateral strike-slip faults define
the boundary between the Tabas and Lut blocks
within central Iran (e.g., the Nayband fault; Fig.
1B), and E-W left-lateral strike-slip and thrust
faults prevail along the northern boundary of
the Lut block (Jackson and McKenzie, 1984;
Jackson and McKenzie, 1988; Jackson et al.,
1995; Walker and Jackson, 2004) (Fig. 1A).
Despite the occurrence of large strike-slip
faults, GPS data and distribution of seismicity
show that, as opposed to the pattern occurring
along the Iranian western border, where Anatolian faults are first-order examples of lateral
transport of continental crust from a collision
zone, there is no net transport of Iranian crust
eastward with respect to stable Eurasia (Vernant
et al., 2004). This difference is probably due to
different boundary conditions between western
and eastern Iran, the latter of which is characterized by the absence of a “free surface,” which
could allow the eastern Iranian crust to escape
laterally (Allen et al., 2006).
Based on structural and seismological data, it
has been proposed that NE-SW left-lateral and
N-S right-lateral faults can accommodate the
NNE-SSW convergence of Arabia-Eurasia if
they are allowed to rotate clockwise (CW) and
counterclockwise (CCW), respectively (Freund,
1970; Jackson and McKenzie, 1984; Jackson
and McKenzie, 1988; Jackson et al., 1995;
Walker and Jackson, 2004; Allen et al., 2011)
(Fig. 1C). A rotating-fault deformation model
predicts that the intervening fault-bounded rigid
blocks should rotate according to the motion on
the bounding faults. To test this hypothesis, we
applied paleomagnetism, which has been shown

to be a powerful tool to gauge the amount and
sense of vertical-axis block rotations in different
tectonic settings (McKenzie and Jackson, 1983;
Ron et al., 1984, 1990; Terres and Luyendyk,
1985; Nur and Ron, 1987; Wells and Hillhouse,
1989; Mattei et al., 2004). In the recent years,
paleomagnetic research in Iran has mainly
been focused on the reconstruction of the late
Paleozoic–early Meso zoic northward drift
of the Cimmerian blocks (Besse et al., 1998;
Muttoni et al., 2009a, 2009b). Conversely, few
paleomagnetic data are available from Jurassic
to Cenozoic units (Wensink, 1982; Bina et al.,
1986; Soffel et al., 1996; Ballato et al., 2008),
leaving the post-Cimmerian history of central
Iran poorly constrained.
Paleomagnetic sampling was carried out on
Oligocene–Miocene sediments from different areas of central Iran, an area dominated by
right-lateral and left-lateral strike-slip fault activity (Fig. 1B). Our results show that rotation of
fault-bounded crustal blocks may be considered
a valuable mechanism to accommodate some
of the crustal shortening in central Iran due to
Arabia-Eurasia convergence.
OLIGOCENE–MIOCENE
STRATIGRAPHY OF CENTRAL IRAN
The Oligocene–Miocene stratigraphy in central Iran is characterized by three main units that
unconformably overlie Cretaceous and Jurassic
sedimentary and metasedimentary rocks. These
are the continental red beds of the Lower Red
Formation (Oligocene), the marine succession of
the Qom Formation (late Oligocene–early Miocene), and the continental red beds of the Upper
Red Formation (early–late Miocene) (Gansser,
1955; Morley et al., 2009; Reuter et al., 2009).
The Lower Red Formation consists of a
300–1000-m-thick succession of shales, siltstones, gypsum-bearing marls, sandstones,
conglomerates, and evaporites (Gansser, 1955)
resting unconformably above well-dated Upper
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Figure 1. (A) Tectonic scheme of Arabia-Eurasia convergence in the Iranian region. (B) Simplified geological map showing the main
tectonic domains in central Iran. Locations of Figures 2, 3, and 4 are also reported (modified from Zanchi et al., 2009). (C) Kinematic sketch showing how the indentation of the Arabian plate northward may be achieved on NNW-SSE right-lateral (by counterclockwise [CCW] rotations) and NE-SW left-lateral strike-slip faults (by clockwise [CW] rotations) (from Allen et al., 2011).
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Eocene sediments and underlying the Lower
Oligocene–Lower Miocene marine limestones
of the Qom Formation (Bozorgnia, 1966; Reuter
et al., 2009).
The Qom Formation includes marine limestones, marls, shales, sandstones, and minor
gypsum layers (Gansser, 1955; Jackson et al.,
1990) with late Rupelian to mid-Burdigalian
(early Oligocene–early Miocene) nannofossils
(Reuter et al., 2009). In the western part of the
depositional area, the Qom Formation is thicker
and shows a major temporal range, whereas it
progressively decreases eastward in the Great
Kavir Basin, where transgressive marine sedimentation occurred only in early Miocene
times. Farther eastward, in eastern Iran, the
Lower Miocene marine sediments pinch out,
and the Upper Red Formation unconformably
overlies the Lower Red Formation (Jackson
et al., 1990).
Most of the gently folded red beds exposed
in the Great Kavir Basin belong to the Upper
Red Formation, which is subdivided into three
members. The ~700-m-thick lower member
consists of gypsum- and salt-rich mudstones
and sandstones. Above that, the middle member
consists of a 2000–3000-m-thick alternation of
gypsiferous mudstones and siltstones. The upper member is >1000 m thick and consists of
fine-grained sandstones with thin intercalations
of conglomerates overlain by cyclic alternations of saline mudstones and gypsum layers
followed in the upper part by salt beds. Recent
magnetostratigraphic data from sections located
to the south of the Alborz Mountains indicate
that deposition of this unit occurred between
17.5 and 7.5 Ma (late Burdigalian–late Tortonian; Ballato et al., 2008).
In the Alborz area, the Upper Red Formation
is overlain by the Hezardarreh and Kahrizak
Formations, which are coarse-grained siliciclastic alluvial-fan deposits. In the Great Kavir
area, thick stacks of Eocene–Oligocene and
Miocene salt layers favored the development of
salt diapirs, which punched through folded Miocene sedimentary units (Gansser, 1955; Jackson
et al., 1990). The presence of salt controlled the
deformation style of compressive structures of
the Great Kavir (Jackson et al., 1990).
GEOLOGY OF THE SAMPLING SITES
We investigated four areas (Fig. 1B) that are
representative of the different orientation and
kinematics of the main strike-slip fault systems
of central Iran. The Tabas and Anarak sampling
areas are located south of the Great Kavir fault,
where regional NNW-SSE to N-S right-lateral
strike-slip and NW-SE thrust faults prevail,
whereas the Torud and Jandaq sampling areas

are located in the Great Kavir Basin along ENEWSW left-lateral strike-slip and thrust faults
(Fig. 1). Four to 16 cores with 2.5 cm diameter
were drilled at each site using a gasoline-powered drill and oriented in situ with a magnetic
compass corrected to account for a local ~4°
magnetic declination. Cores were taken from
different stratigraphic levels in order to average
secular variation of the geomagnetic field and to
check for the occurrence of polarity reversals.
Torud
The Torud area (Fig. 2A) is bounded to
the north by a Jurassic metamorphic complex (Torud Range), which forms the northern
boundary of the Great Kavir region (Alevi and
Houshmand-Zadeh, 1976). This area exhibits a
simple pattern of gentle ENE-WSW–trending
anticlines and synclines, affecting the Miocene
Upper Red Formation. In the western part of the
area, the development of these structures is controlled by the presence of salt domes (Jackson
et al., 1990).
Active tectonics have been recently documented in the Torud area by a catastrophic
earthquake (12 February 1953, Ms = 6.4).
Field observations (Abdalian, 1953; Tchalenko,
1974) indicate that the Torud earthquake was
associated with fault movement along an ENEtrending fault zone. The kinematics of this fault
zone are controversial, and both left-lateral and
thrust movements have been suggested (Shirokova, 1962; Ambraseys and Moinfar, 1977;
Jackson and McKenzie, 1984; Walker and Jackson, 2004; Eshraghi and Jalali, 2006).
In the Torud area, we sampled six sites
(IR40–IR45) along the southern margin of a
WNW-dipping homocline of Miocene units that
is characterized by parasitic folds in its southern part. Further sampling was carried out in the
ENE-WSW North Moalleman anticline, which
extends along the northeastern margin of the
Great Kavir just to the southwest of the Torud
uplift. The anticline folds the Upper Red Formation, and it is intersected in its western part by
a salt diapir (Jackson et al., 1990). We sampled
two sites (IR46, IR47) in the red marls and silty
marls of the Upper Red Formation along the
southern flank of the anticline, and two other
sites (IR48, IR49) in the red marls of the Upper
Red Formation along the northern flank of the
anticline (Fig. 2A).
Jandaq
The Jandaq area (Fig. 2B) is located along the
ENE-WSW left-lateral Great Kavir fault (Fig. 1).
In the area between Jandaq and Anarak to the
south of the Great Kavir fault, units pertaining
to a late Paleozoic–Triassic active margin have

been recently recognized (Bagheri and Stampfli,
2008; Zanchi et al., 2009). These findings suggest that the present-day Great Kavir fault may
be an ancestral structure inherited from a late
Paleozoic–Triassic tectonic boundary. No recent or historical seismicity is clearly associated
with the Great Kavir fault, but morphological
evidence of tectonic activity is suggested by the
presence of fault scarps in recent alluvial deposits (Walker and Jackson, 2004).
In the Jandaq area, we sampled four sites
in the marls and siltstones of the Upper Red
Formation (Fig. 2B). Three sites (IR36–IR38)
were sampled to the south of the Great Kavir
fault along the limbs of an ENE-WSW–trending syncline, whereas site IR39 was sampled
to the north of the Great Kavir fault along the
SSE-dipping limb of another ENE-WSW–
trending fold.
Anarak
The Anarak area (Fig. 3) is located in western central Iran, 40 km to the south of the Great
Kavir fault (Fig. 1). The main tectonic element
of the area is the Anarak metamorphic complex,
which consists of metapelites, metabasites, and
marbles associated with slivers of ultramafic
rocks (Sharkovski et al., 1984), and which has
been interpreted as an accretionary wedge that
formed between the late Paleozoic and Triassic (Bagheri and Stampfli, 2008; Zanchi et al.,
2009). A WNW-ESE–striking thrust fault places
rocks of the metamorphic complex on top of a
Cenozoic terrigenous succession that crops out
to the north in a WNW-ESE–trending fold belt
and includes Eocene to Lower Miocene red
marls, siltstones, sandstones, and conglomerates of the Sahlab Formation, Lower Red Formation, and Qom Formation (Sharkovski et al.,
1984). The orientation of the fault marking the
contact between the metamorphic complex and
the Cenozoic sequence implies a NE-SW direction of horizontal compression, consistent
with the trend of fold axes developed within the
Cenozoic sediments. The Cenozoic succession
is bound to the north by reverse faults with a
WNW-ESE trend and by conjugate strike-slip
faults that displace the contact with a granitoid
intrusive (Zanchi et al., 2009).
In the Anarak area, one site (IR08) was
sampled in the Middle to Upper Eocene siltstones of the Sahlab Formation, and five sites
were sampled along a WNW-ESE fold developed in the footwall of the main thrust affecting the Anarak metamorphic complex, and
specifically in the Oligocene–Lower Miocene
marls and silty marls of the Lower Red Formation (IR09, IR15–IR16) and Qom Formation
(IR10–IR11) (Fig. 3).
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The locations of the paleomagnetic sites and respective paleomagnetic declinations are shown.

Tabas
The Tabas area (Fig. 4) is situated in the
northern part of the Tabas block (Fig. 1). The
northern part of the Tabas block is characterized
by the Tabas Basin (Stöcklin and Nabavi, 1971),

4

which hosts a NNW-SSE–trending fold system
developed along the western foothills of the
Shotori Range. The Shotori Range separates the
Tabas block from the Lut block to the east (Fig.
4). The transition between the Tabas folds and
the Shotori Range is characterized by an abrupt

change in elevation (~1000 m) and represents a
tectonic boundary that has been active since prePaleozoic times, as suggested by large changes
in Precambrian and Paleozoic sediment thicknesses occurring across the boundary (Stöcklin
et al., 1965; Berberian, 1979a).
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Neogene sediments in the area consist of red
marls, silty marls, and gypsum layers of the Upper
Red Formation (Berberian, 1979a), which crop
out in the cores of major anticlines, and which
are overlain by a thick sequence of fluvial and

alluvial-plain conglomerates. In the southern and
northern sectors of the Tabas Basin, these Neogene sediments are thin, and the fluvial conglomerates locally lie directly on the pre-Neogene
bedrock. Conversely, toward the central and

western parts of the basin, the Neogene strata
reach a thickness of several hundred meters.
The catastrophic 1978 Tabas earthquake of
Ms 7.4 produced a discontinuous series of surface ruptures extending for 85 km in the NNW
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direction. Focal mechanism, aftershock distribution, surface deformation, and faulting concordantly show that the Tabas earthquake occurred
along a previously unrecognized NW- to NNWstriking thrust fault with a small component of
right-lateral strike slip. Thrust faults, including the
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one that ruptured during the Tabas earthquake, and
related folds placed Neogene and older strata over
younger strata to the west, buried below the Tabas
depression (Berberian, 1979a, 1979b, 1982;
Berberian et al., 1979; Niazi and Kanamori, 1981;
Silver and Jordan, 1983; Walker et al., 2003).

In the Tabas fold system, we sampled 15 sites
in the Neogene Upper Red Formation (Fig. 4).
Seven sites (IR18–IR23) were sampled along
a major anticline located east of Tabas village
and exposed along the Sardar River. Five sites
(IR28–IR29 and IR31–IR33) were sampled
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along the river incision that cuts the core of the
Esphak anticline, 50 km to the south of Tabas
village. One more site (IR30) was sampled in
the western flank of the same anticline. Finally,
one site (IR24) was sampled along the western
flank of the Posha fold, in the northern Tabas
fold system. Two other sites (IR25, IR26) were
sampled along the western limb of the fold located immediately to south of Tabas village.
METHODS AND RESULTS
Isothermal remanent magnetization (IRM)
acquisition curves and thermal demagnetization
of a three-component IRM were used to investigate magnetic mineralogy on representative
specimens from the Sahlab Formation (IR08),
Qom Formation (IR10), Lower Red Formation
(IR17), and Upper Red Formation (IR20–21,
IR24, IR26, IR29, IR33, IR40, IR42–43, IR46–
49). The stepwise acquisition of an isothermal
remanent magnetization (IRM) was imparted
using a pulse magnetizer up to 2.1 T fields. A
three-component IRM was imparted at 1.7 T,
0.6 T, and 0.12 T fields along the samples’ orthogonal axes and thermally demagnetized according to the procedure of Lowrie (1990). Most
of the Upper Red Formation samples neared saturation at 200–300 mT fields, whereas samples
from the Sahlab, Lower Red, and Qom Formations did not reach saturation up to 2100 mT,
suggesting that in the sampled units, both lowand high-coercivity ferromagnetic minerals are
present in different percentages (Fig. 5A). Thermal demagnetization of a three-component IRM
confirmed these results and helped to define
the nature of the magnetic minerals. The lowcoercivity minerals show maximum unblocking
temperatures of ~580–620 °C, indicating magnetite and maghemite as main magnetic carriers
(Fig. 5B). High-coercivity magnetic phases
show a sharp decrease around 100–200 °C fol-

lowed by maximum unblocking temperatures
of ~680 °C, attributed to goethite and hematite,
respectively (Fig. 5C).
Samples were demagnetized using a 2G
Enterprises dc SQUID (superconducting quantum interference device) cryogenic magnetometer located in a shielded room at the Alpine
Laboratory of Paleomagnetism of Peveragno
(Italy). The natural remanent magnetization
(NRM) of one specimen per core was measured
by means of progressive stepwise thermal demagnetization using small temperature increments (80–100 °C up to 300 °C and 30–50 °C
above 300 °C) until the NRM decreased below
the limit of the instrument sensitivity or random
changes of the paleomagnetic directions appeared. After removal of a low-temperature viscous component, most of the samples showed a
single component of magnetization, with maximum unblocking temperatures of 610–640 °C
for the hematite-bearing samples (Figs. 6A–
6C), and of 550–580 °C for magnetite-bearing
samples (Figs. 6D–6F). The low-field magnetic
susceptibility was measured after each heating
step to monitor thermally induced changes in
the magnetic mineralogy.
Least-square analysis (Kirschvink, 1980) was
applied to determine characteristic remanent
magnetization (ChRM) directions. The maximum angular deviation (MAD) of the isolated
magnetic components was generally <10°.
The site-mean paleomagnetic directions were
calculated using Fisher (1953) statistics or the
McFadden and McElhinny (1988) method in
two sites where remagnetization circles were also
observed (Table 1).
Results from 30 sites were used to calculate
the overall mean paleomagnetic directions for
the different study areas (Fig. 7; Table 1). Mean
paleomagnetic rotations were then computed in
relation to the fixed Eurasian plate using the coeval European paleopoles from Besse and Cour-

tillot (2002). Rotation values and associated
95% confidence limits (Table 2) were calculated
according to the method of Demarest (1983).
Torud
Together, the sites from the Neogene Upper
Red Formation of the Torud anticline gave wellgrouped site-mean directions, with α95 values
between 4.5° and 14.5°. Four sites show normal
polarity, one site shows reverse polarity, and one
site shows normal and reverse polarity from distinct layers. When all the sites are considered
together, the reversal test of McFadden and
McElhinny (1990) is indeterminate. Site-mean
paleomagnetic directions are better grouped
after tectonic correction, although the fold test
of McFadden (1990) provides an indeterminate
result. After tectonic correction, the overall mean
ChRM direction of the six sites is declination
(Dec.) = 11.4°, inclination (Inc.) = 39.5°, k =
33.5, α95 = 11.7° (Table 1; Fig. 7A). However,
site IR44 shows a bedding strike rotated ~30°
clockwise with respect to the other sites, which
is not representative of the general trend of the
Torud structure. If we exclude this site from
the computation, the mean ChRM direction of the
remaining five sites is Dec. = 15.2°, Inc. = 41.3°,
k = 41.4, α95 = 12.0°. When this mean direction
is compared with the 10 Ma Eurasian paleopole
of Besse and Courtillot (2002), a clockwise
(CW) rotation R = 9.3° (±13.0°) is observed,
with a flattening F = 12.0° (±10°) (Table 2).
Four sites were sampled in the two limbs
of the Moalleman anticline (Fig. 2A). In most
of the samples, we were able to isolate a normal polarity component, which is stable up to
540–580 °C, whereas only three samples show
a high-temperature reverse polarity component
isolated up to 580 °C (Fig. 7B). The normal
polarity components provide well-grouped sitemean directions in three sites, with α95 < 15.0°,
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Figure 6. Vector component diagrams for the progressive demagnetization of representative samples. Open and solid symbols represent
projections on the vertical and horizontal planes, respectively. N/UP, W/UP, E, and S/DOWN indicate horizontal (north, south, west, and
east) and vertical (up and down) projections combined into a single vector component diagram. NRM—natural remanent magnetization.

whereas in one site (IR49), these components
yield a more dispersed site-mean direction (α95 =
42.9°). When these sites are considered together,
they provide an overall mean direction that is
better grouped before tectonic correction (Dec. =
15.8°, Inc. = 50.2°, k = 44.3, α95 = 14.1°) than
after tectonic correction (Dec. = 17.2°, Inc. =
46.8°, k = 6.7, α95 = 38.3°) (Table 1). This overall mean direction in geographic coordinates
(before tectonic correction) is very close to the
present-day geocentric axial dipole (GAD) field
for central Iran (Fig. 7B). Based on these observations, we suggest that sites from the North
Moalleman anticline have been subjected to a
postfolding pervasive remagnetization overprint
of normal polarity. A high-temperature magnetic

8

component of reverse polarity, regarded as primary (syndepositional) in age, was successfully
isolated in only three samples. This magnetic
component is rotated relative to the expected
result both before tectonic correction (Dec. =
222.7°, Inc. = –29.9°) and after tectonic correction (Dec. = 222.4°, Inc. = –30.1°), suggesting
a possible CW rotation of the North Moalleman
Lower Red Formation.

grouped after tectonic correction (Dec. = 14.2°,
Inc. = 43.8°, k = 44.6, α95 = 13.9°) than before
(Dec. = 6.1°, Inc. = 45.0°, k = 13.6, α95 = 25.8°)
(Table 1; Fig. 7C). The fold test of McFadden
(1990) is indeterminate, with a maximum k at
65% unfolding. When compared with the direction expected from the coeval (10 Ma) Eurasian
paleopole, a CW rotation R = 8.3° (±15.4°) was
calculated (F = 8.8° ± 11.1°) (Table 2).

Jandaq

Anarak

In the Jandaq area, four sites gave paleomagnetic components of normal polarity, with α95
values between 8.3° and 10.8°. The overall mean
paleomagnetic direction of the four sites is better

In the Anarak area, reliable results were obtained from four (out of a total of six) sites (IR08,
IR09, IR11, and IR16). At site IR10, samples
showed an unstable behavior during demagneti-
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TABLE 1. PALEOMAGNETIC DIRECTIONS FROM CENTRAL IRAN
Location
BTC
ATC
Area
Site
Lat (°N)
Long (°E)
Fm
Lithology
n1, n2/N
S0
D (°)
I (°)
K (°) α95 (°) D (°)
I (°)
K (°) α95 (°)
Anarak
IR08
SF
Siltstones
12,0/12
352,76
230.2
74.1
76.6
5.0
337.5 21.9
76.6
5.0
33°23′47.9″
53°41′29.2″
IR09
33°23′09.3″
53°41′15.0″
LRF
Silty marls
5,0/5
214,87
149.1
26.0
18.6
18.5
153.4 –21.0
18.6
18.5
IR11
33°22′14.0″
53°41′59.6″
QF
Marls
8,0/8
209,49
2.6
9.4
52
7.8
345.1 50.7
52.0
7.8
IR15*
LRF
Marls
13,0/13
208,77
205.0
48.3
25.0
8.5
222
13
25.0
8.5
33°20′15.2″
53°49′50.9″
IR16
33°21′22.0″
53°53′24.1″
LRF
Silty marls
16,0/16
82,15
315.3
16.6
23.8
7.7
320.3 25.1
23.8
7.7
Mean (4 sites)
332.3
66.3
1.5
47.1
333.2 29.9
24.1
19.1
Tabas
IR18
URF
Marls
7,0/7
218,40
343.0
9.2
79.5
6.8
330.3 29.1
79.5
6.8
33°37′32.2″
57°02′15.5″
IR19
33°36′26.1″
57°03′12.6″
URF Silty marls
14,0/14
60,16
167.7 –31.5 106.7
3.9
175.8 –25.5
106.7
3.9
IR20
33°36′55.1″
57°03′30.5″
URF
Marls
10,0/10
230,16
181.0 –31.7
50.6
6.9
171.4 –41.2
50.6
6.9
IR21
33°36′44.6″
57°03′16.5″
URF
Marls
10,0/10
70,25
328.6
51.7
41.4
7.6
360.0 49.7
41.4
6.4
URF
Marls
14,0/14
237,66°
17.8
18.1
60.8
5.1
331.2 53.0
60.8
5.1
IR22
33°36′31.7″
57°02′43.8″
IR23
33°36′39.7″
57°03′12.1″
URF Silty marls
10,0/10
59,20
157.1 –48.7
82.6
5.3
176.8 –42.4
82.6
5.3
IR24
URF Silty marls
12,0/12
30,27
136.3 –67.4
58.8
5.7
174.4 –50.7
58.8
5.7
33°42′53.0″
56°59′03.5″
IR25
URF Silty marls
5,0/5
251,15
188.5 –53.0
36.6
12.8
167.6 –57.5
36.6
12.8
33°29′52.4″
56°58′07.8″
IR26
33°29′42.5″
56°57′35.1″
URF Silty marls
10,2/12
244,59
21.6
21.8
37.2
7.2
337.2 51.2
37.2
7.2
Esphak
IR28*
URF
Marls
5,0/5
30,18
1.6
34.1
46.8
9.9
5.7 21.3
46.8
9.9
33°19′46.5″
57°05′54.2″
IR29
URF Silty marls
13,0/13
47,57
264.3
53.1
73.9
4.9
5.5 57.0
73.9
4.9
33°19′12.0″
57°05′32″
URF Silty marls
6,0/6
262,26
18.6
41.7
65.9
8.3
352.8 48.1
65.9
8.3
IR30
33°21′58.9″
56°58′33.6″
IR31
33°18′57.5″
57°03′33.8″
URF Silty marls
9,0/9
Horiz.
313.4
34.1
46.8
9.9
313.4 34.1
46.8
9.9
IR32
33°19′01.8″
57°02′53.1″
URF Silty marls
4,0/4
255,18
7.3
46.1 205.1
6.4
347.5 50.0
205.1
6.4
IR33
URF
Siltstones
6,0/6
243,35
192.1 –25.8 109.2
6.4
170.1 –43.0
109.2
6.4
33°18′51.0″
57°02′42.8″
Mean (14 sites)
352.2
41.9
8.48 14.5
346.1 46.1
33.26
7.0
Jandaq
IR36
34°02′32.5″
54°23′46.3″
URF
Marls
7,0/7
135,52
354.9
22.8
38.7
9.8
32.6 52.7
38.7
9.8
IR37
URF
Marls
8,0/8
37,11
357.1
52.9
36.3
9.3
4.5 44.0
36.3
9.3
34°02′52.2″
54°22′55.4″
Marls
9,0/9
335,42
43.9
61.0
39.2
8.3
7.3 32.2
39.2
8.3
URF
54°23′39.4″
IR38
34°02′06.3″
IR39
34°13′26.4″
54°31′22.5″
URF
Siltstones
4,0/4
126,16
4.3
37.8
73.2
10.8
17.1 44.7
73.2
10.8
Mean (4 sites)
6.1
45.0
13.6
25.8
14.2 43.8
44.6
13.9
Torud
IR40
URF
Siltstones
8,0/8
345,20
24.7
71.0
15.5
14.5
5.4 53.4
15.5
14.5
35°21′15.7″
54°53′03.8″
IR41
35°20′48.2″
54°53′42.1″
URF
Marls
0,6/6
330,25
32.0
46.9
24.2
12.5
15.1 31.8
24.2
12.5
IR42
35°20′29.2″
54°43′58.1″
URF
Marls
8,0/8
340,20°
56.7
49.2
32.4
9.9
33.6 48.2
32.4
9.9
IR43
35°19′49.4″
54°54′46.2″
URF
Marls
8,0/8
342,56
70.9
65.9
26.8
10.9
10.2 30.3
26.8
10.9
Siltstones
6,0/6
15,42
328.7
65.6
65.7
8.3
355.0 29.1
65.7
8.3
URF
54°53′35.1″
IR44
35°19′52.1″
URF
Marls
9,0/9
335,22
211.5 –56.4 131.6
4.5
192.9 –41.1
131.6
4.5
IR45
35°20′08.1″
54°52′33.1″
Mean (6 sites)
34.5
62.4
19.4
15.6
11.4 39.5
33.5
11.7
Moalleman
IR46*
URF Silty marls
5
158,20
21.4
53.9
23.0
16.3
37.2 65.3
23.0
16.3
35°07′33.3″
54°35′15.4″
IR47*
36°08′00.3″
54°34′55.9″
URF
Marls
6
150,21
10.5
56.7 107.8
6.5
43.4 68.2
107.8
6.5
IR48*
URF
Marls
11
340,30
358.4
42.6
44.3
6.9
353.9 13.8
44.3
6.9
35°09′21.3″
54°33′11.0″
IR49*
URF
Marls
4
326,25
33.1
44.5
5.6
42.9
16.2 31.1
5.6
42.9
35°09′46.7″
54°33′00.4″
Mean (4 sites)*
15.8
50.2
44.3
14.1
17.2 46.8
6.7
38.3
Notes: Abbreviations: Fm—geological formation (SF—Sahlab Formation, Eocene; LRF—Lower Red Formation, Oligocene; QF—Qom Formation, early Oligocene–early
Miocene; URF—Upper Red Formation, early Miocene–late Miocene); n1, n2/N—number of stable directions, number of great circles/total number of stable directions at a
site; D°, I°—site mean declinations and inclinations calculated before tectonic correction (BTC) and after tectonic correction (ATC); K—precision parameter; α95 —confident
limit (statistical parameters after Fisher, 1953); S0 —bedding attitude (azimuth of the dip and dip values). S0 values with ° symbol were deduced by anisotropy of magnetic
susceptibility tensor.
*Sites not considered further in tectonic interpretation.

zation, and we were not able to isolate a ChRM
for this site. Site IR15 showed magnetic component directions oriented southward, with positive
inclinations that are regarded as of dubious origin, and they have not been considered for further
analyses. ChRM component directions from sites
IR08, IR11, and IR16 are well grouped with α95
values between 5.0° and 7.8°, whereas ChRM
components from site IR09 are more dispersed
(α95 = 18.7°). These components are of normal
polarity in sites IR08, IR11, and IR16, and of
reverse polarity in site IR09. The reversal test
of McFadden and McElhinny (1990) provides
an indeterminate result. Site-mean directions
are better grouped after tectonic correction than
before tectonic correction, and the fold test is
positive at 99% level of confidence according to
McFadden (1990). After tectonic correction, the
overall mean ChRM direction from the Anarak
sites is Dec. = 333.2°, Inc. = 29.9°, k = 24.1, α95
= 19.1° (Table 1; Fig. 7D). When compared with
the direction expected from the 25 Ma Eurasian

paleopole of Besse and Courtillot (2002), a CCW
rotation of R = 35.0° (±18.0°) is observed (F =
21.4° ± 15.6°) (Table 2).
Tabas
In the Neogene Upper Red Formation of the
Tabas fold system, well-defined ChRM component directions were isolated in 14 of 15 sites,
all of which display well-grouped site-mean
directions (α95 < 13°). Site IR28 was excluded
from further analyses because it bears normal
polarity component directions oriented along
the present-day GAD field direction in geographic coordinates and because after tilt correction, its mean direction diverges from the
rest of the Tabas sites. Eight sites show normal
polarity components, and six sites show reverse
polarity components. The reversal test is positive and classified as Rc (γo = 9.7°; γc = 13.0°)
according to McFadden and McElhinny (1990).
The site-mean paleomagnetic directions are

better grouped after tectonic correction than
before tectonic correction, and the fold test is
positive at 99% level of confidence according
to McFadden (1990). After tectonic correction,
the overall mean ChRM direction of the 14 sites
from the Neogene upper red beds of the Tabas
area is Dec. = 346.1°, Inc. = 46.1°, k = 33.26,
α95 = 7.0° (Table 1; Fig. 7E). When compared
with the direction expected from the 10 Ma
Eurasian paleopole from Besse and Courtillot
(2002), a CCW rotation of R = 19.8° (±8.4°) is
observed (F = 5.7° ± 6°) (Table 2).
TECTONIC IMPLICATIONS
Timing of the Remanent Magnetization
Acquisition and its Origin
Paleomagnetic results from central Iran
show significant differences in the origin of the
measured ChRM, which has been demonstrated
to be primary (or early diagenetic) in most of

Geological Society of America Bulletin, Month/Month 2012

9

Geological Society of America Bulletin, published online on 13 January 2012 as doi:10.1130/B30479.1
Mattei et al.
N

In situ

N

TORUD

MOALLEMAN

N

A

N

B

Tilt-corrected
E

W

D = 34.5°
I = 62.4°
k = 19.4
α 95 = 15.6°

E

W

D = 11.4°
I = 39.5°
k = 33.5
α 95 = 11.7°

S
N

In situ

JANDAQ

S

S

N

N

C

Tilt-corrected

D = 14.2°
I = 43.8°
k = 44.6
α 95 = 13.9°

S
N

In situ

S

N

D

Tilt-corrected
E

W

D = 332.2°
I = 29.9°
k = 24.1
α 95 = 19.1°

S

S

E

Locality mean paleomagnetic directions

Tilt-corrected
E

W

D = 352.2°
I = 41.9°
k = 8.5
α 95 = 14.5°

ANARAK

D = 332.3°
I = 66.3°
k = 1.5
α 95 = 47.1°

N

TABAS

S

In situ
E

W

D = 6.1°
I = 45.0°
k = 13.6
α 95 = 25.8°

Tilt-corrected

In situ

D = 346.1°
I = 46.1°
k = 33.2
α 95 = 7.0°

Present-day geocentric axial dipole (GAD) field
Projection onto lower hemisphere
Projection onto upper hemisphere
Projections of the α95 cone about the mean
paleomagnetic directions

S

S

Figure 7. (A) Equal-area projection of the site-mean directions from the Torud area. (B) Equal-area projection of sample characteristic remanent magnetization (ChRM) directions from the Moalleman area (the 95% confidence ellipse for the normal and reverse directions is indicated).
Samples with a normal polarity have been affected by a recent magnetic overprint, whereas samples with a reverse polarity show a clockwise
(CW) rotated ChRM. (C–E) Equal-area projection of the site-mean directions from the Jandaq, Anarak, and Tabas areas, respectively.

the sampled sites except in the Moalleman area.
In particular, sites from Anarak, Tabas, and
Torud areas show normal and reverse polarities,
and their paleomagnetic mean direction is
better grouped after than before tectonic correction (with a positive fold test for the Anarak
and Tabas sites). These observations support
interpretation of the ChRM in the Anarak,
Tabas and Torud sites as a primary (or early
diagenetic) magnetization, in agreement with
previous paleomagnetic data from the Upper
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Red Formation of Alborz Mountains (Ballato
et al., 2008). A ChRM related to a recent (postfolding) magnetic overprint was detected in the
Moalleman area. Here, all four sites show a
normal polarity direction, close to the presentday GAD magnetic field, and their mean paleomagnetic direction is better grouped before than
after tectonic correction. These paleomagnetic
results substantially confirm the multiple origin
(detrital and diagenetic) of magnetic particles
(mostly hematite), already observed by Amini

(2001) on the basis of optical and scanning
electron microscope (SEM) analyses carried
out in the Upper Red Formation from north and
central Iran.
Paleomagnetic Rotations in Central Iran
Paleomagnetic data reveal different amounts
of rotation between areas located to the south
of the Great Kavir–Doruneh fault (Tabas and
Anarak) with respect to areas located in the
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TABLE 2. PALEOMAGNETIC ROTATION IN CENTRAL IRAN
D, I
D, I
Lat, Long
Pole
(exp)
(meas)
Area
Age
(°N, °E)
(λ, φ, α95)
(°)
(°)
R (°) ± Err (°)
F (°) ± Err (°)
85.0, 155.7, 3.1
5.9, 53.5
15.2, 41.3
9.3 ± 13
12.0 ± 10
Torud*
Middle–late Miocene
35°20′, 54°50′
85.0, 155.7, 3.1
5.9, 52.6
6.1, 45.0
8.3 ± 15.4
8.8 ± 11.1
Jandaq*
Middle–late Miocene
34°10′, 54°25′
85.0, 155.7, 3.1
5.9, 52.0
346.1, 46.1
–19.8 ± 8.4
5.7 ± 6
Tabas*
Middle–late Miocene
33°30′, 57°00′
83.8, 153.2, 5.3
7.2, 51.3
333.2, 29.9
–35 ± 18
21.4 ± 15.6
Anarak*
Eocene–early Miocene
33°20′, 53°45′
Eocene
81.3, 162.4, 3.3
9.8, 49.8
151.1, −30
−38.7 ± 6.2
19.8 ± 5.5
Hadgiabad†
33°01′, 59°18′
Paleocene
81.1, 190.5, 2.9
7.5, 45.7
343.3, 59.6
−24.2 ± 9.6
−13.9 ± 5.5
She-deh†
33°23′, 59°10′
(Paleocene)
81.1, 190.5, 2.9
7.5, 47.1
166.2, –54.4
–21.3 ± 12.4
–7.3 ± 7.5
Gonabad†
34°30′, 58°18′
(Aptian–Cenomanian)
81.7, 180.1, 6.7
7.9, 47.3
326.1, 38.5
–41.9 ± 22.1
8.8 ± 17.5
Dehuk Sandstones§
33°12′, 57°30′
Saghand#
(Cretaceous)
78.2, 189.4, 2.4
9.3, 41.6
340.7, 26.3
–28.6 ± 3.9
15.3 ± 3.8
32°30′, 55°12′
§
(Late Jurassic)
75.0, 159.9, 6.6
16.8, 48.5
3.9, 41.6
–12.8 ± 15.9
6.5 ± 12.4
Garedu beds
34°00′, 56°54′
Note: Paleomagnetic rotation in central Iran from this study (*) and from Bina et al. (1986) (†), Wensink (1982) (§), and Soffel et al. (1996) (#). Abbreviations: Lat, Long—
latitude (°N) and longitude (°E) of the sites; pole (λ, φ, α95)—latitude of the paleopole (°N), longitude of the paleopole (°E), and confidence limit on the paleopole at the 95%
level, respectively; D, I (exp)—expected declination and inclination at the site; D, I (meas)—measured declination and inclination at the site; R (°) ± Err (°)—rotation and
respective error; F (°) ± Err (°)—flattening and respective error. R and F values (and associated error) were calculated according to the method by Demarest (1983) using the
coeval European paleopoles listed in Besse and Courtillot (2002).

Great Kavir Basin to the north of this fault
(Torud, Moalleman and Jandaq areas; Fig. 8A).
The Anarak and Tabas areas, characterized by
the presence of regional NNW-SSE– to N-S–
striking right-lateral strike-slip faults, underwent
large CCW vertical-axis rotations. In the Torud
and Jandaq areas, where ENE-WSW–striking
strike-slip and thrust faults prevail, small CW
vertical-axis rotations (9.3° ± 13° in the Torud
area and 8.3° ± 15° in the Jandaq area) are not
statistically different from the coeval expected
paleomagnetic direction for central Iran, as the
confidence angles are larger than the amount of
CW rotations measured in the two localities (see
Table 1; Fig. 8A). In the Moalleman structure,
a few samples with a primary ChRM reverse
polarity show a significant amount of CW rotation, which could also support a possible CW
rotation of the blocks located north of the Great
Kavir fault. The lack of meaningful clockwise
rotations north of the Great Kavir fault, despite
structural information, would support the occurrence of such rotations (Allen et al., 2004,
2011; Walker and Jackson, 2004) and needs to be
discussed more in detail. One possibility could
be that a block-rotation mechanism was active
north of the Great Kavir fault and that the different crustal blocks effectively rotated CW
during the late Cenozoic together with the leftlateral strike-slip faults, but at a very low rotation rate. In this case, the total amount of CW
vertical-axis rotation would be too small to be
fully detected with the limited available paleomagnetic data set. A second possibility is that
tectonic structures north of the Great Kavir fault
(including the eastern Alborz Mountains) have
been impacted by different tectonic processes,
such as the bend from more linear E-W strike
into their current curved geometry, as a consequence of the N-S impingement of central Iran
against the eastern Alborz and western KopehDagh Mountain belts. Such a bending would
result in a CCW rotation of crust west of 59°E
of longitude, which might have balanced and

canceled out the CW rotations associated with
left-lateral strike-slip fault activity and block
rotations. In the Anarak and Tabas regions, we
obtained reliable paleomagnetic results from
5 and 15 sites, respectively. When compared
with the coeval Eurasian paleopole, the mean
paleomagnetic directions calculated for the two
localities show a significant amount of CCW
rotations (35° ± 18° for the Anarak area and
19.8° ± 8° for the Tabas area), which are larger
than the confidence angles in both localities,
showing that both the Tabas and Anarak areas
underwent significant CCW rotation during
the late Cenozoic.
In central Iran, previous paleomagnetic analyses were carried out in Jurassic to Eocene units
from the Tabas, Yazd, and Lut blocks, south of
the Great Kavir–Doruneh fault (Wensink, 1982;
Bina et al., 1986; Soffel et al., 1996). When
compared with the direction expected from the
coeval Eurasian paleopoles of Besse and Courtillot (2002), all the study localities show significant CCW rotations. These data are in strong
agreement with our results and support the hypothesis that tectonic blocks south of the Great
Kavir–Doruneh fault underwent significant
CCW vertical-axis rotations during the Cenozoic (Fig. 8A; Table 2).
Accommodation of Shortening in
Central Iran
One of the main tectonic implications of our
results is that the paleomagnetic data confirm the
possibility that some amount of Cenozoic shortening due to Eurasia-Arabia convergence may
be accomplished in central Iran by vertical-axis
rotation of fault-bounded crustal blocks. Walker
and Jackson (2004) calculated the amount of
crustal shortening across central Iran that could
be accommodated by the CCW rotation of
blocks bounded by right-lateral strike-slip faults
that are up to ~400 km in length and ~100 km
apart. In their scenario, a CCW rotation of 10°–

20° (based on structural considerations) would
accommodate 7–25 km of N-S shortening.
Rotation of blocks bounded by shorter faults
would accommodate less shortening. Based on
our paleomagnetic results, we calculate shortening considering different lengths of the blocks
and using the mean paleomagnetic rotations
measured in each area as a measure of verticalaxis rotation of fault-bounded blocks. South of
the Great Kavir fault we calculated a N-S shortening of between 25 and 72 km, assuming a
block length of 400 km and CCW rotations of
20° and 35° (mean rotation values in the Tabas
and Anarak areas; see Table 2), respectively.
If we consider shorter blocks (200 km), a N-S
shortening of between 12 and 37 km is required
to explain 20° and 35° of CCW rotation, respectively (Fig. 8C). North of the Great Kavir fault,
the measured CW rotations are not statistically
different from the expected coeval paleomagnetic direction for central Iran. However, if we
assume a CW rotation of 5.5° to 9.3° (mean rotation values in the Jandaq and Torud areas), and
a block length of 100 km (the distance between
the Great Kavir and the Torud faults), we should
obtain a N-S shortening of 7–12 km (Fig. 8B).
Based on a reconstruction of the AfricaEurasia plate-motion history, Dewey et al.
(1989) calculated an amount of Arabia-Eurasia
convergence of ~300–500 km since initial collision at 20–30 Ma. Our data suggest that ~30
to ~80 km (roughly 10%–20% of total shortening) have been accommodated by rotation of
right-lateral fault systems. Vertical-axis block
rotation is compatible with the deep structure
of central Iran, where evidence of shortening
by crustal thickening is missing (Hatzfeld and
Molnar, 2010).
CONCLUSION
Deformation in Iran has been controlled by
the presence of continental blocks (Alborz,
Lut, and central Iran), the margins of which
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Figure 8. (A) Tectonic rotations from central Iran. Data are from [1] this work; [2] Bina et al. (1986); [3] Wensink (1982); and [4] Soffel et al.
(1996). A—Anarak; Tb—Tabas; Tr—Torud; J—Jandaq. Question mark north of the Great Kavir fault indicates that there is no significant
support for there having been clockwise rotations in this sector. Cartoon shows how WSW-ENE left-lateral strike-slip faults (B) and NNWSSE right-lateral (C) in central Iran can accommodate N-S shortening by counterclockwise (CCW) and clockwise (CW) rotation about
vertical axes, respectively.
were reactivated during the Cenozoic to accommodate shortening due to Arabia-Eurasia
convergence. Paleomagnetic data show that
slip on (preexisting) strike-slip faults accommodates vertical-axis rotations of the faultbounded crustal blocks. North of the Great
Kavir fault, where ENE-WSW left-lateral and
thrust faults prevail, CW rotations are very
small and are not statistically different from
the expected paleomagnetic direction for central Iran. Conversely, south of the Great Kavir
fault, where N-S right-lateral faults prevail, significant paleomagnetic rotations in the Tabas
and Anarak areas were measured. These results confirm previous paleomagnetic data and
indicate that the different blocks of central Iran
(Tabas, Yazd, and Lut) rotated CCW during the
late Cenozoic. Our paleomagnetic data pro-
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vide the first paleomagnetic constraints to the
block-rotation model proposed by Walker and
Jackson (2004) and Allen et al. (2004, 2011) to
account for late Cenozoic shortening in central
Iran, which was based on structural, geomorphologic, and seismic data. Future work will
be aimed at evaluating (1) the areal extension
and the precise age of the measured paleomagnetic rotations, (2) the possible role of internal
deformation within the different blocks, and
(3) the role of strain partitioning in accommodating oblique convergence in central Iran.
The last two processes are known to have been
active in different parts of Iran (Jackson et al.,
2002; Zanchi et al., 2006; Walker et al., 2010)
and have to be carefully taken into account
to usefully relate paleomagnetic rotations to
deformation mechanisms.
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