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ABSTRACT

Central Iran provides an ideal region in
which to study the long-term morphotec-
tonic response to the nucleation and propa-
gation of intraplate faulting. In this study, a
multidisciplinary approach that integrates
structural and stratigraphic field inves-
tigations with apatite (U + Th)/He (AHe)
thermochronometry is used to reconstruct
the spatio-temporal evolution of the Kuh-e-
Faghan Fault in northeastern central Iran.
The Kuh-e-Faghan Fault is a narrow,
~80-km-long, deformation zone that con-
sists of three main broadly left-stepping,
E-W-trending, dextral fault strands that cut
through the Mesozoic—Paleozoic substratum
and the Neogene—Quaternary sedimentary
cover. The AHe thermochronometry results
indicate that the intrafault blocks along the
Kuh-e-Faghan Fault experienced two major
episodes of fault-related exhumation at ca.
18 Ma and ca. 4 Ma. The ca. 18 Ma faulting/
exhumation episode is chiefly recorded by
the structure and depositional architecture
of the Neogene deposits along the Kuh-e-
Faghan Fault. A source-to-sink scenario can
be reconstructed for this time frame, where
topographic growth caused the synchro-
nous erosion/exhumation of the pre-Neogene
units and deposition of the eroded material
in the surrounding fault-bounded continen-
tal depocenters. Successively, the Kuh-e-
Faghan Fault gradually entered a period of
relative tectonic quiescence and, probably,
of regional subsidence, during which a thick
pile of fine-grained onlapping sediments was
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deposited. This may have caused resetting of
the He ages of apatite in the pre-Neogene and
the basal Neogene successions. The ca. 4 Ma
faulting episode caused the final exhumation
of the fault system, resulting in the current
fault zone and topography. The two fault-
related exhumation episodes fit with regional
early Miocene collision-enhanced uplift/ex-
humation, and the late Miocene-early Plio-
cene widespread tectonic reorganization of
the Iranian Plateau. The reconstructed long-
term, spatially and temporally punctuated
fault system evolution in intraplate central
Iran during Neogene—Quaternary times may
reflect states of far-field stress changes at the
collisional boundaries.

INTRODUCTION

As demonstrated by regional and global
stress field maps, in-plane stresses can be
transferred from the plate margins across large
distances through continental and oceanic
lithosphere (e.g., Zoback, 1992; Sandiford
et al., 2004; Cloetingh et al., 2005; Heidbach
et al., 2008). This is best illustrated in regions
affected by continental collision, where seis-
micity extends deep into the continental plate
interiors, thus defining broad and diffuse zones
of deformation (e.g., central Iran, Turkey, and
Tibetan Plateau; Hatzfeld and Molnar, 2010).
In such settings, the transmission of compres-
sive stresses and distribution of deformation in
intraplate settings are dominantly a function
of the spatial and temporal changes in plate-
boundary dynamics (Raimondo et al., 2014)
and, in particular, of the degree of tectonic cou-
pling at the collisional interface (Ellis, 1996;
Ziegler et al., 1998).

Studies on intraplate deformation demon-
strate that strike-slip faulting is the primary pro-
cess by which such horizontal movements are
accommodated and stresses are transferred fur-
ther away from the collision front (e.g., Molnar
and Tapponnier, 1975; Bayasgalan et al., 1999;
Calais et al., 2003; Storti et al., 2003; Vernant
et al., 2004; Simons et al., 2007; Reece et al.,
2013; Allen et al., 2011; Walpersdorf et al.,
2014). Strike-slip—dominated continental defor-
mation zones typically consist of interlinked sys-
tems of fault- and shear zone—bounded blocks
that partition strain to form complex regions
of displacement, internal distortion, and rigid
block rotations at various scales (e.g., Ron et al.,
1984; Christie-Blick and Biddle, 1985; Silves-
ter, 1988; Woodcock and Schubert, 1994; Storti
et al.,, 2003; Cunningham and Mann, 2007).
This is mostly due to the structural inheritance
of continental crust and lithosphere acquired
through the continuous incorporation of plate-
margin structures by continental collision and
accretion processes that operate for geologically
long periods of time (e.g., Molnar, 1988; Ziegler
et al., 1998; Matenco et al., 2007; Dyksterhuis
and Miiller, 2008; Aitken et al., 2013; Raimondo
et al., 2014). Such structures constitute major
subvertical weak zones of mechanical anisot-
ropy and strain softening, which, once incor-
porated into the plate interiors, may be readily
reactivated as strike-slip—dominated deforma-
tion zones at various spatial and temporal scales
(e.g., Tapponnier and Molnar, 1977; Sutton and
Watson, 1986; Salvini et al., 1997; Tavarnelli,
1998; Tavarnelli and Holdsworth, 1999; Tavar-
nelli and Pasqui, 2000; Holdsworth et al., 2001;
Webb and Johnson, 2006; Allen et al., 2011;
Rossetti et al., 2003; Morley, 2007; Di Vincenzo
et al., 2013; Avouac et al., 2014). The longevity



of intraplate strike-slip fault systems and their
linkage to plate-boundary dynamics make them
excellent strain markers of the intraplate defor-
mation response to continental collision. An
understanding of the spatial and temporal dis-
tribution of crustal deformation accommodated
along strike-slip faults is therefore central to
unravel the regimes and modes through which
continental tectonics operate.

The cause of crustal strain, topographic
growth, and exhumation along strike-slip faults
is a complex feedback between near-field
(<20 km) boundary conditions and far-field
plate-tectonic driving mechanisms (Spotila
et al., 2001; Buscher and Spotila, 2007). More-
over, several processes and conditions have
been invoked to explain topographic growth and
focused exhumation along strike-slip systems,
and these processes may play an important role
in regional exhumation and topographic pat-
terns: (1) the degree of obliquity of the plate
motion vector with respect to the fault trace
(e.g., Sanderson and Marchini, 1984; Fitzgerald
etal., 1993, 1995; Spotila et al., 1998); (2) struc-
tural irregularities such as stepovers (Aydin and
Nur, 1985; Hilley and Arrowsmith, 2008; Finzi
et al., 2009; Carne and Little, 2012); (3) varia-
tions in master fault dip (Dair and Cooke, 2009);
(4) enhanced erosion due to pervasive tectoni-
cally induced fracturing and associated volume
increase (Braun, 1994; Schopfer and Steyrer,
2001; Le Guerroué and Cobbold, 2006; Molnar
et al., 2007; Schrank and Cruden, 2010; Cox
et al., 2012); and (5) climate forcings (Headley
et al., 2013; Pavlis et al., 2014). Furthermore,
the amount of exhumation along a strike-slip
fault is not always simply correlated with the
degree of transpression or with the composition
of the juxtaposed rocks (Spotila et al., 2007).

This study describes the Neogene—Qua-
ternary structural and stratigraphic evolution
and exhumation history of the Kuh-e-Faghan
Fault system, a major shear belt situated at the
northern margin of the Lut block in central
Iran (Fig. 1). The aim is to understand: (1) how
intraplate tectonic deformation propagates and
evolves in space and time; and (2) its impact
on long-term, fault-controlled landscape evo-
lution. Field studies are integrated with apatite
(U + Th)/He (AHe) thermochronometry to link
structures to the distribution of topographic
relief and spatial variations in exhumation rate.
We document E-W-oriented, dextral strike-slip
tectonics associated with two distinct episodes
of fault-related exhumation at ca. 18 Ma and ca.
4 Ma. A conceptual model of fault initiation and
propagation is then proposed that has implica-
tions for the activation and kinematic evolution
of the intraplate strike-slip fault systems in cen-
tral Iran during Neogene—Quaternary times.
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Figure 1. Simplified tectonic map of Iran, showing the main collisional and intraplate
strike-slip fault domains accommodating the Arabia-Eurasia convergence (modified after
Berberian and King, 1981). The dashed rectangle indicates the study area. AF—Anar fault;
DBF—Dasht-e-Bayaz fault; DF—Doruneh fault; DSF—Dehshir fault; KFF— Kuh-e-
Faghan Fault; KKF—Kalmard-Kuhbanan fault; KKTZ—Kashmar-Kerman tectonic zone;
KSF—Kuh-e-Sarhangi fault; MZT—Main Zagros thrust; NBF—Nayband fault; NHF—
Nehbandan fault; SBF—Shahr-e-Babak fault; ZMTZ—Zagros-Makran transfer zone. The
GPS velocities vectors in Iran relative to stable Eurasia are shown with different colors after

Vernant et al. (2004) and Walpersdorf et al. (2014).

GEOLOGICAL BACKGROUND

The Arabia-Eurasia collision zone is one of
the largest and most spectacular examples of
continental convergent deformation on Earth
(Hatzfeld and Molnar, 2010). Convergence
may have initiated in the mid-Jurassic (e.g.,
Agard et al., 2011) and culminated with the
Arabia-Eurasia continental collision through a
polyphase tectonic history that involved the fol-
lowing phases: (1) Collision is estimated to have
started at the Eocene-Oligocene boundary (e.g.,
Hessami et al., 2001; McQuarrie et al., 2003;
Hafkenscheid et al., 2006; Robertson et al.,
2006; Vincent et al., 2007; Allen and Armstrong,
2008; Homke et al., 2009, 2010; Mouthereau
etal., 2012). (2) A regional increase in collision-
related uplift, exhumation, and subsidence in
adjacent basins began in the early Miocene, as
documented by low-temperature thermochrono-
metric (Axen et al., 2001; Guest et al., 2006;
Verdel et al., 2007; Gavillot et al., 2010; Homke

et al., 2010; Okay et al., 2010; Khadivi et al.,
2012; Ballato et al., 2013; Madanipour et al.,
2013), stratigraphic (e.g., Hessami et al., 2001;
Guest et al., 2006; Mouthereau et al., 2007; Bal-
lato et al., 2008; Morley et al., 2009; Khadivi
et al., 2010; Ballato et al., 2011) and structural
(e.g., Allen et al., 2004; Mouthereau et al., 2007)
evidence. (3) A widespread tectonic reorganiza-
tion during the late Miocene—early Pliocene is
attested by enhanced exhumation in the Alborz
and Talesh Mountains (Axen et al., 2001;
Rezaeian et al., 2012; Madanipour et al., 2013)
and fault kinematic changes in the Kopeh Dagh
(Shabanian et al., 2009a, 2009b, 2010; Robert
et al., 2014) and in the Zagros-Makran transfer
zone (Regard et al., 2005), which are thought to
have resulted in the current regional kinematic
configuration (Allen et al., 2004). The evidence
gathered in those studies principally comes from
the orogenic belts situated at the edges of the
Iranian Plateau (Fig. 1; Zagros Alborz, Kopeh
Dagh, and Talesh). In contrast, little is known



about the deformation history of the intraplate
domain of central Iran.

The Central East Iran microcontinent con-
sists of an amalgamation of continental blocks
bordered by topographically prominent moun-
tain ranges, including the Kopeh Dagh, Alborz,
and Talesh orogenic belts to the north, and the
Zagros orogenic belt and Makran active sub-
duction related complex to the northwest and
south (Fig. 1). In particular, the Central East
Iran microcontinent includes the Lut, Tabas, and
Yazd microblocks (Aghanabati, 2004), which
are bounded by linear mountain belts devel-
oped along major strike-slip fault zones that
each have their distinct stratigraphy, deforma-
tion style, and pattern of recent seismicity (Ber-
berian and King, 1981; Berberian, 2014).

The global positioning system (GPS) dis-
placement vectors indicate a NNE motion of
the Arabian plate relative to Eurasia of ~25
mm/yr (Sella et al., 2002; McClusky et al.,
2003; Vernant et al., 2004; Reilinger et al.,
2006; Walpersdorf et al., 2014). Such con-
vergence is mostly absorbed in the orogenic
terrains through contractional deformation
(Zagros, Alborz, Kopeh Dagh, and Talesh in
the north; Fig. 1). The Central East Iran micro-
continent is moving northward at 6-13 mm/yr
with respect to the stable Afghan crust at the
eastern edge of the collision zone (Walpers-
dorf et al., 2014). Such differential motion is
largely accommodated by the active strike-slip
faults systems bounding the Central East Iran
microcontinent, which are organized into N-S
dextral (from west to east: the Deshir, Anar,
Nayband-Gowk, and Nehbandan faults) and

E-W sinistral (from north to south: Doruneh
and Dasht-e Bayaz faults) shears (Fig. 1). Vari-
ous studies have detailed present kinematics
and total cumulative shear along the active
strike-slip faults systems of central Iran, using
geologic and geomorphic displaced markers
identified from satellite imagery (Walker and
Jackson, 2004; Allen et al., 2004, 2011; Meyer
et al., 2006; Meyer and Le Dortz, 2007; Farbod
et al., 2011). Taking into account the present-
day slip rates (~2-10 mm/yr) along the major
fault systems, the onset of strike-slip tectonics
is inferred to date back to ca. 5 Ma (Allen et al.,
2004). This shear pattern is commonly assumed
to be accompanied by diffuse rigid block rota-
tion and strain partitioning during ongoing
Arabia-Eurasia convergence (Jackson and
McKenzie, 1984; Walker et al., 2004; Walker
and Jackson, 2004; Walker and Khatib, 2006;
Fattahi et al., 2007; Allen et al., 2011; Farbod
et al., 2011). Significant, post-Miocene counter-
clockwise rotation (25-35°), assumed to be
accommodated along the major N-S—striking
dextral fault systems, was documented in the
Lut and Tabas blocks, whereas no significant
rotation has been detected north of the Doruneh
fault (Mattei et al., 2012). In particular, model-
ing the GPS data with a block rotation model
suggests that the rotations have been going on
at a similar rate (1 £ 0.4°/m.y.) over the last
12 m.y. (Walpersdorf et al., 2014). Nonetheless,
evidence is provided to indicate that the Deshir
and Anar faults (Fig. 1) are accommodating rel-
ative motion between nonrotating blocks, and
strike-slip faulting is not confined to the Lut
edges, but also occurs in central Iran, suggest-

ing a nonrigid behavior of the Central East Iran
microcontinent at least during the last 25 m.y.
(Meyer et al., 2006; Meyer and LeDortz, 2007).

In a recent study, Nozaem et al. (2013) docu-
mented important post-Neogene to Quaternary
dextral strike-slip tectonics along the Kuh-e-
Sarhangi fault on the northwestern edge of the
Lut block (Fig. 1), less than 40 km south of the
subparallel, active sinistral Doruneh fault (Tcha-
lenko et al., 1973; Fattahi et al., 2007; Farbod
et al., 2011). This post-Neogene faulting is pro-
posed to have occurred due to the tectonic reacti-
vation of the northeastward extension of the late
Neoproterozoic to early Paleozoic Kashmar-
Kerman tectonic zone (Fig. 1; Ramezani and
Tucker, 2003; Rossetti et al., 2015) in response
to a kinematically induced stress field scenario
(Nozaem et al., 2013). Similarly, Javadi et al.
(2013) documented a polyphase kinematic his-
tory for the Doruneh fault, with a change from
dextral to sinistral motion during late Miocene—
early Pliocene times.

KUH-E-FAGHAN FAULT ZONE

Our study focuses on a linear mountainous
ridge (~80 km long and ~15 km wide; maxi-
mum elevation of ~1700 m), associated with
the E-W-oriented Kuh-e-Faghan Fault (Figs.
1-3). This fault system forms the northern ter-
mination of the Kuh-e-Sarhangi fault system
(Nozaem et al., 2013) and is located 25 km
south of the Doruneh fault, continuing eastward
for ~80 km (Fig. 2). The Kuh-e-Faghan Fault
system and the surrounding areas are seismi-
cally active (Fig. 2), with maximum recorded
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Figure 2. Simplified tectonic map of northern central Iran, showing the historical and instrumental seismicity of the area. Focal mecha-
nisms are taken from the Harvard catalog (http://www.globalcmt.org/CMTsearch.html). Epicenters are from the International Seismic
Centre EHB Bulletin (International Seismic Centre, Thatcham, UK, 2009, (http://www.isc.ac.uk) and earthquake catalogue at Iranian
Institute of Earthquake Engineering and Seismology (http://www.iiees.ac.ir). The dashed rectangle indicates the location of the study area
and the extent of the map in Figure 3. DF—Doruneh fault; KSF—Kuh-e-Sarhangi fault; KFF—Kuh-e-Faghan Fault; JTF—Jangal Thrust

Fault; DBF—Dasht-e-Bayaz fault.
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seismic magnitude between 4 and 5.5 and focal
depths <35 km (Farbod et al., 2011).

The Kuh-e-Faghan Fault is an E-W—oriented
brittle deformation zone that cuts pre-Neogene
units (Paleozoic—Mesozoic successions, made
of slightly or unmetamorphosed carbonates, and
subordinate shales and sandstones; hereafter
referred as basement units) and the unconform-
ably overlying Neogene and Quaternary conti-
nental successions (Fig. 3; Eftekhar-Nezhad
et al., 1976; Behroozi et al., 1987; Jalilian
et al., 1992; Ghomashi et al., 2001). Fault kine-
matics along the Kuh-e-Faghan Fault are poorly
described, with strike-slip (Eftekhar-Nezhad
et al., 1976; Behroozi et al., 1987; Jalilian et al.,
1992; Ghomashi et al., 2001) or reverse (Has-
sami et al., 2003; Javadi et al., 2013) kinematics
having been proposed.

Paleogeographic and sedimentological
studies (Berberian and King, 1981; Amini,
1997) refer the Neogene deposits alongside
the Kuh-e-Faghan Fault to the Upper Red For-
mation of central Iran (Berberian, 1974). The
Upper Red Formation is the oldest continental
deposit unconformably lying above the marine,
late Oligocene—middle Miocene Qom Forma-
tion (Berberian, 1974; Daneshian and Dana,
2007; Ballato et al., 2008; Hadavi et al., 2010).
It consists of kilometer-thick alternating con-
glomerates, sandstones, siltstones, marls, and
evaporites (Amini, 1997; Ballato et al., 2008;
Morley et al., 2009; Ballato et al., 2011). Due
to the lack of biostratigraphical markers or
radiometrically datable units, the age and dura-
tion of the Upper Red Formation are not well
constrained. Based on magnetostratigraphic
study of the Eyvanekey section in the south-
ern Alborz Mountains, Ballato et al. (2008)
proposed a Burdigalian to Tortonian (17.5—
7.5 Ma) age.

Quaternary successions unconformably cover
the Upper Red Formation deposits and con-
sist of alluvial fans and terraced alluvial plain
deposits. Similar generations of alluvial fans,
as well as regional arrangement of river ter-
races, have been recognized in the neighboring
regions of eastern Iran and explained in terms
of late Pleistocene and Holocene environmental
changes (Walker and Fattahi, 2011). In particu-
lar, an infrared optically stimulated lumines-
cence age of <10 ka (end of the Last Glacial
Maximum) was obtained for the deposition of
the Shesh-Taraz fan along the Doruneh fault
(Fig. 1; Fattahi et al., 2007).

NEOGENE STRATIGRAPHY
The Upper Red Formation of the study area

is an ~4-km-thick, fining-upward succession of
continental deposits, which include three main

unconformity-bounded stratigraphic units, here-
after referred as sedimentary Cycle-1, Cycle-2,
and Cycle-3, respectively (Figs. 3-5). The gen-
eral stratigraphy is shown in Figure 4A, and the
schematic generalized vertical sections, together
with the corresponding stick-logs for the north-
ern and southern areas of the Kuh-e-Faghan
Fault, are reported in Figure 5. The estimated
thickness variations have been measured along
seriate transects shown in Figure 3.

Cycle-1

Cycle-1 consists of breccias (Ng-B) that dis-
tally evolve into crudely stratified conglomerates
(hereafter referred to as Ng-C), which lie above
a major angular unconformity (Fig. 4B) onto
pre-Neogene rocks. Cycle-1 shows large lateral
thicknesses variations. In particular, the basal
talus Ng-B breccias occur only along the west-
ern part of the study area (Fig. 3). Their thickness
varies strongly across strike of the Kuh-e-Faghan
Fault from south to north, reaching up to ~450 m
and ~100 m, respectively (Fig. 5). The overlying
alluvial-fan conglomerates of Ng-C are thickest
(~500 m) along the geological cross-section A-B
(Fig. 3) but they more commonly do not exceed
300 m in thickness (Fig. 5).

The majority of the conglomerates and brec-
cias are clast supported, but they transition into
matrix-supported conglomerates in places in the
upper part of the cycle. The matrix (up to 25%)
is usually made of dark-red to pale-gray mud-
stone and siltstone. Clasts making up the bulk
of the basal deposits have been directly sourced
from the proximal pre-Neogene substratum.
The clasts vary from boulder to cobble size. In
places, the basal deposits include boulder (up
to 1-3 m® in volume) deposits made of brec-
cias and/or conglomerates, indicating reworking
of the older part of Cycle-1. Here, we interpret
these breccias (Ng-B) as talus deposits sourced

by the local linear mountain ridge, whereas the
Ng-C conglomerates are interpreted as alluvial-
fan deposits. The transition to the upper part
of Cycle-1 varies from gradual to sharp on an
angular unconformity (Fig. 4B). Where basal
breccias are absent, the upper part of Cycle-1
unconformably overlies the basement units,
with deposits consisting of clast-supported,
crudely to well-stratified polymictic conglom-
erates, with relatively rounded and sorted
clasts. In places, imbricated clasts, arranged in
0.5-3.5-m-thick lenticular and, at times, later-
ally discontinuous beds, point to fluvial channel
deposits.

According to differences in lithofacies from
the upper part of Cycle-1, a distinction can be
made between the western and eastern areas.
Along the western area, the conglomerates
generally exhibit less rounded and more chaoti-
cally organized clasts, with matrix-rich horizons
showing convolute sedimentary structures. In
contrast, along the eastern sector, the conglom-
erate deposits are typically interbedded with
subordinate, fining-upward, 10-50-cm-thick
sandstones packages. Concave-upward ero-
sional surfaces and lenticular bed geometries are
common. These differences in the Cycle-1 litho-
facies could be related to the presence of a more
unstable sedimentary basin linked to uplift-
ing local source areas in the western part with
respect to the eastern region of the study area.

Cycle-1 is interpreted as a high-energy
deposit. The poorly sorted, texturally immature,
and chaotic nature of the basal breccias, coupled
with the clast lithology, all suggest very proxi-
mal deposition on steep slopes by block fall
and in proximal fans and/or as talus cones. The
laterally continuous nature of the upper part of
Cycle-1 deposits also suggests that deposition
occurred within an alluvial-fan complex in the
west area and a broad, well-fed alluvial plain to
the east.

»
>

Figure 4 (on following page). (A) Panoramic view showing the three Neogene sedimentary
cycles and their stratigraphic relations. Contacts between Cycle-1 and Cycle-2 deposits are
bounded by a steeply dipping fault zone (fault trace indicated by black arrows). View look-
ing northward; length of the stratigraphic section ~4 km. (B) Panoramic view of Cycle-1
deposits onlapping onto the Paleozoic and Mesozoic basement. Note the angular contact
between the basal breccias (Ng-B) and the upper Ng-C fluvial conglomerates. The inserts
show the characteristic sedimentary structures of the deposits. Cycle-3 onlaps directly
onto Cycle-1. (C) Progressive angular unconformities within Cycle-2. The inserts show the
range of sedimentary structures observed within Cycle-2, attesting to its fluvio-palustrine
depositional environment. (D) Panoramic view showing Cycle-3 onlapping directly onto
the Paleozoic and Mesozoic basements units. Bedding strike and dip measurements are
marked by white dots. The inserts show the range of sedimentary structures observed
within the basal unit of Cycle-3, attesting to its lacustrine/playa lake depositional environ-
ment. The white dotted line shows the contact between Neogene sediments and basement
units. In all figures, the white dots indicate points of bedding attitude measurements (in

degrees, right-hand rule).
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Figure 5. Generalized vertical stratigraphic section (GVS) of the Neogene deposits for the
northern (A) and southern (B) sectors of the study area. The series of stick-logs report the unit
thicknesses measured along the relative geological transects (AB, CD, EF, EF2, GH, 1], KL)
shown in Figure 3. Scale and legend in A apply to both figures. KFF—Kuh-e-Faghan Fault.

Cycle-2

Cycle-2 consists of decimeter-thick, bed-
ded, well-sorted, mineralogically and texturally
immature, medium to coarse silty red sandstone
(hereafter referred to as Ng-SSi). Cycle-2 is
absent in the westernmost part of the Kuh-e-

Faghan Fault and generally increases in thick-
ness eastward, where it reaches its maximum
(~580 m) along geological transects G-H and
I-J (Figs. 3 and 5). Progressive angular uncon-
formities affecting those continental deposits
are very common, especially in the lower part of
Cycle-2 (Fig. 4C).

Cycle-2 Ng-SSi usually shows planar- to
cross-lamination and unconformably covers the
Ng-C deposits. In places, the Ng-SSi depos-
its are characterized by trough cross-bedding
alternating with subordinate horizons of coarse
gravelly sandstones. Straight-crested symmet-
ric, lunate, and linguoid ripples are all common
features of the Cycle-2 deposits, together with
locally bioturbated horizons and surfaces exhib-
iting mud cracks and casts (Fig. 4C), which rep-
resent the channel/bank and overbank deposits,
respectively.

We interpret Cycle-2 deposits as related to a
fluvio/palustrine environment, possibly proxi-
mal to a wide, well-fed alluvial plain capable
of being supplied by relatively well-sorted
material. The close proximity of the source
produced mineralogically and texturally mature
sediments.

Cycle-3

Cycle-3 deposits form two distinct units,
Ng-GM and Ng-MS (Figs. 3, 4D, and 5). The
basal unit Ng-GM shows a distinct angular
unconformity at the base (Fig. 4D), and it con-
sists of a marly succession and subordinate
gypsum horizons. It is absent in the western
part of the Kuh-e-Faghan Fault, and it reaches
its maximum thickness (~450 m; Figs. 3 and 5)
in the central sector of the study area and then
thins out eastward. Some fine sandstone beds,
tens of centimeters thick, are also present, with
infrequent planar- to cross-laminated horizons.
Desiccation cracks and mud casts are also com-
mon (Fig. 4D). The gypsum horizons, up to a
few tens of centimeters thick, are typically sec-
ondary, showing a displacive character of the
gypsum crystals, which also occur along bed-
ding surfaces and fractures. In places, this sec-
ondary origin for the gypsum layers is respon-
sible for the deformation and disruption of the
original layering. The basal and upper parts of
the Ng-GM unit are characterized by meter-
thick red marls and silts, relatively free of gyp-
sum, interbedded with pale-yellow gypsiferous
silty marls, while the central portion is charac-
terized by continuous thick packages of pale-
yellow gypsiferous silty marls.

The subsequent Ng-MS unit conformably
overlies Ng-GM deposits. It consists of a few
tens of centimeters of pale-red to beige, mas-
sively bedded marls and silty mudstones, with
millimeter-scale layering. These are interbedded
with subordinate 0.5-2.5-m-thick cross-bedded,
at times laterally discontinuous, light-brown,
medium to coarse sandstones. Bedding surfaces
exhibiting small-scale straight-crested asym-
metric ripples are uncommon but not rare. The
Ng-MS unit extends throughout the northern



Kuh-e-Faghan Fault area, reaching a maximum
thickness of ~1230 m (transect 1J in Fig. 3; see
also Fig. 5).

The Ng-GM unit is inferred to have been
deposited under different climate conditions,
ranging from dry episodes, characterized by
evaporation-dominated events (secondary
gypsum grew within sediments), to wetter
conditions, indicated by suspension-dominated
deposits (massive and layered marls and silty-
mudstones) or deposits formed in an environ-
ment with a relatively high-energy tractional and
unidirectional turbulent flow (rippled silty marls
and fine sands). Such sedimentary character-
istics are representative of playa mud flats and
playa lake environments (Reading, 2009). The
marls and silty mudstones of the Ng-MS unit,
mainly characterized by millimeter-scale layer-
ing and some rare rippled surfaces, are indicative
of deposition in a wet period from a low-energy
shallow lacustrine environment, where deposi-
tion occurred primarily by suspension settling
and secondarily by laminar and turbulent flow.
The subordinate meters-thick cross-bedded
sandstone was deposited by more turbulent and
energetic flow and represents deposition dur-
ing periods of increased sediment supply from
riverine input.

STRUCTURE

The basement units exhibit a steeply dipping,
ENE-WSW-oriented planar fabric, similar to
the neighboring Kuh-e-Sarhangi fault system
(Nozaem et al., 2013). The Neogene depos-
its show bedding attitudes dipping away from,
and striking subparallel to the axis of the topo-
graphic divide, arranged to form a broad east-
ward-plunging anticline. Moreover, the bedding
dip angle of the Neogene deposits generally
decreases away from the boundary fault system
(see the geological map in Fig. 3).

The Kuh-e-Faghan Fault system consists of
three, fault strands: the broadly left-stepping,
E-W-striking (1) western and (2) central fault
strands that abut the (3) NW-SE- to E-W-
striking eastern fault strand (Fig. 3). The fault
strands have along-strike lengths of 30—40 km,
and their associated fault damage zones bound
E-W elongated ridges. We measured 501 stri-
ated fault surfaces (over a total number of 1040
structural data) occurring in the basement units,
the Neogene and Quaternary deposits. Fault
kinematics were obtained based on classical cri-
teria for brittle shear zones, such as fault offset,
growth fibers, and Riedel shears (Petit, 1987;
Doblas, 1998). Fault orientation analysis was
performed using the software Daisy 3 (Salvini,
2004;  http://host.uniroma3.it/progetti/fralab).
The faults show high- to subvertical dips, with

a maximum frequency distribution at 85° and a
mean dip value of 75°. The fault strikes show a
maximum at N94°, with subordinate N131° and
N47°. The frequency distribution of the pitch
angle (counted positive in the plane from the
fault strike) of the measured slickenlines shows
dominant strike-slip kinematics with maxima at
12° and 162° and a subordinate dip-slip popu-
lation (84°). In particular, the analysis shows
that ~72% of the slickenline pitches are in the
ranges 0°—45° and 135°-180°, and less than 28%
exhibit 45° to 135° pitches. The mean pitch val-
ues is 2° (see inset in Fig. 3).

In the following sections, a systematic
description of the fault system geometry and
kinematics along the main fault strands is
provided.

Western Fault Strand

The western fault strand runs W-E for more
than 35 km on the southern side of the Kuh-e-
Faghan Fault, with variations along strike
(Fig. 3). The western fault tip is defined by a
broad (wavelength of ~5 km), E-W-striking,
south-verging monocline that affects the basal
Ng-C deposits. The fold axial trace maps out
~20 km and separates gently north-dipping
(<20°) strata to the north from steeply south-
dipping (>40°) strata to the south, narrowing
to the east (Fig. 3). The fault plane rarely cuts
through Ng-C strata, and therefore the fault is
considered as mostly blind (Fig. 3). Moving
eastward along the western fault strand trace,
the southern limb of the monocline becomes
increasingly steeper to overturned and is dis-
sected by numerous subvertical fault strands
(see the geological cross-section A-B in Fig. 3
and Fig. 6A). These fault strands define an
~50-m-wide fault damage zone, made of verti-
cal, E-W-striking fractured rock panels along
which abrupt contacts between the basal Neo-
gene conglomerates (Ng-C) and the gypsiferous
marls (Ng-GM) occur (Fig. 6A). Shearing is
dominantly localized along E-W-striking dex-
tral slip zones, associated with smaller synthetic
NW-SE-striking faults (stereoplot in Fig. 6A).

Further to the east, the western fault strand
bends NE to form a major restraining bend
that affects the Neogene deposits, with posi-
tive flower structures in cross section and a
contractional strike-slip duplex (Woodcock
and Fischer, 1986) in map view (see geological
cross-sections E-F and E2-F2 in Fig. 3). The
duplex-bounding faults are developed within the
Neogene deposits; however, faults also affect
the Quaternary alluvial deposits (see following).
The restraining bend is associated with devel-
opment of a tight NE-SW-trending syncline,
mapping out subparallel to the main fault trace

and affecting the Ng-C and the unconformable
Ng-SSi deposits. The fold profile shows a mod-
erately north-dipping southeastern flank with a
steep to overturned northwestern flank, with a
periclinal doubly plunging geometry (Fig. 3).
The northwestern fold limb is dissected by NE-
striking subvertical fault strands that cause the
tectonic repetitions among the Neogene units.
The duplex-bounding faults are subvertical,
with fault slip localization occurring along the
northwestern boundary fault zone. This fault
zone consists of an ~300-m-wide damage zone,
defined by subvertical panels of cataclastic fault
rocks and cohesive fault breccias (Fig. 6B).
Dextral kinematics are attested by drag fold-
ing of the Neogene strata along the principal
displacement zone (Fig. 6C). Measured fault
surfaces strike NE-SW; offset bedding trunca-
tions, Riedel shears, and calcite slickenfibers
systematically document either dextral oblique
strike-slip or reverse kinematics (stereoplot in
Fig. 6C).

Central Fault Strand

The central fault strand runs W-E for ~30 km
on the northern side of the Kuh-e-Faghan Fault,
defining a sharp break in slope between the
topographically elevated pre-Neogene sub-
stratum and the Neogene—Quaternary sedimen-
tary covers (Fig. 3). Basement-cover relations
are well preserved in the central part of the
central fault strand, with fault zone localization
occurring within the basement units and only
marginally within the Neogene deposits (Ng-C
and Ng-GM; cross-sections A-B and C-D in
Fig. 3). In the field, they generally appear as
broad (up to 100 m wide) deformation zones,
associated with vertical rock panels affected by
diffuse brittle deformation. The shear deforma-
tion is principally accommodated within the
weaker basement shale beds, while the stronger
sandstones remain partially coherent to define
fault lithons (Fig. 7A). The slip zones are typi-
cally delocalized and defined by bands of cata-
clastic material meters to tens of meters thick.
As in the western fault strand, well-developed
fault surfaces with striations and kinematic indi-
cators occur, but localized slip zones and fault
gouges are rarely exposed. Brittle deformation
in the Ng-C deposits is characterized by a domi-
nant set of subvertical E-W—striking cataclastic
zones, generally less than 1 m thick. Striated
fault surfaces provide subhorizontal pitch val-
ues, and the fault kinematics are systematically
dextral. Subsidiary, steeply dipping, NW-SE
dextral and NNE-SSW sinistral faults are also
reported (see the stereoplot in Fig. 7A).

Continuing to the east, the central fault
strand bends southward and branches out into
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Figure 7. Structures along the western fault strand. (A) The basement-Neogene fault contact along the western tip of the central fault
strand (looking westward) and interpretative line drawing (for lithological symbols, see Fig. 3), showing the fault zone architecture and
fault zone localization along the verticalized weaker basement shale units. The stereoplot details the collected fault data set (Schmidt
net, lower-hemisphere projection). (B) Mesoscale NW-SE-striking fault systems in the Ng-GM deposits along the eastward termination
of the western fault strand. Note the synsedimentary character of faulting: the faults die out upward into the sediments. The stereoplot
(Schmidt net, lower-hemisphere projection) details the collected fault data set (the longer arrow indicates the hanging-wall direction
of slip, and its length relates to the horizontal component of slip; double half arrow indicates the sense of the strike-slip component).
WNW-ESE dextral and oblique (transtensional)- and normal-slip faults are observed. See Figure 3 for location of field pictures.



four main NW-SE-oriented subvertical fault
segments, which in map view are arranged to
form a 10-km-wide, trailing extensional imbri-
cate fan (Woodcock and Fischer, 1986), also
referred as to “horsetail-type” transtensive ter-
mination (Fig. 3; Granier, 1985). The dominant
strike-slip motion along the central fault strand
passes into a lozenge-shaped zone of extension
or transtension at its tip, consistent with dextral
offset, which is filled up by the Ng-GM depos-
its (Fig. 3). Striated fault surfaces either show
dip-slip normal or oblique-to-strike-slip dextral
kinematics. Faulting within the Ng-GM depos-
its is accommodated by diffuse zones of defor-
mation, hundreds of meters wide, characterized
by evenly spaced (meters apart) sets of NW-SE—
striking faults that accommodate both oblique-
slip and normal dip-slip displacements. Many
of these mesoscale faults show offsets that die
out upward, and some of them die out vertically,
indicating syndepositional faulting (Fig. 7B).

Eastern Fault Strand

The eastern fault strand is an ~40-km-long,
subvertical fault zone made of the coalescence
of several synthetic faults to form a curvilinear
slip zone and prominent range front, striking
from NW-SE to E-W at its eastward termina-
tion (Fig. 3). The fault zone shows a decameter-
to-hectometer-thick damage zone that consists
of numerous mesoscale fault segments cutting
through the pre-Neogene basement units that
are tectonically juxtaposed against the Ng-GM
successions. In particular, the NW segment
abruptly cuts an E-W-striking Neogene basin
boundary fault strand. It continues eastward
bending to E-W direction, showing a prominent
linear fault scarp in the Neogene deposits that
can be traced continuously eastward for more
than 20 km in the Quaternary alluvial plain (Fig.
8A). Where the fault zone bends to an E-W
direction, the fault damage zone widens to more
than 200 m wide and has prominent fault cores,
up to tens of meter thick. The fault cores con-
sist of ultracataclastic bands and fault gouges,
separated by brecciated fault rocks and sheared
lithons (Fig. 8B). Major fault surfaces are typi-
cally subvertical, NW-SE and E-W striking,
and exhibit subhorizontal slickenlines (pitch:
5°-15°). Most of the striated fault surfaces have
hematite coatings. Fault kinematics as deduced
by synthetic Riedel shear planes, together with
calcite slickenfibers, grain grooves, and lunate
fractures systematically point to dominantly
dextral slip (Figs. 8C-8D). Decameter-scale S-C
fabrics are observed along coherent tracts of the
principal displacement zone of the eastern fault
strand and continue over significant distances
(>300 m), both along the basement-Neogene
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Figure 8. (A) Panoramic view (looking northeastward) of the prominent break in slope that
defines the trace of the eastern fault strand, bounding Neogene (Ng-C) and Quaternary de-
posits. (B) Structural architecture of the fault zone across the eastern fault strand, exhibiting
pluridecameter-thick, subvertical damage zone and fault core. The stereoplot (Schmidt net,
lower-hemisphere projection) shows the collected fault data set (the longer arrow indicates
the hanging-wall direction of slip, and its length relates to the horizontal component of slip;
double half arrow indicates the sense of the strike-slip component). Faulting is dominated
by WNW-ESE-striking dextral faults associated with minor antithetic NNE-SSW-striking
sinistral ones. (C-D) Examples of polished, E-W-striking, hematite-coated fault surfaces,
exhibiting prominent subhorizontal striations. The kinematic indicators as provided by syn-
thetic Riedel shears, lunate fractures, and abrasion steps attest to dextral kinematics. See
Figure 3 for location of field pictures.

contacts and within the Neogene deposits (Figs.  in places to form the fault rocks along the slip

9A-9B). Within these deformation zones, S sur-
faces are defined by dissolution seams and strike
NW-SE, and the C surfaces strike roughly E-W
to ENE-WSW. Lineations are provided by slick-
enlines on the C surfaces that systematically are
subhorizontal. The S-C fabrics are associated
with NW-SE-striking, steeply dipping joint and
calcite- and gypsum-bearing vein sets, indicat-
ing dextral shearing (Fig. 9C). Meter-thick
cohesive and foliated cataclasites are observed

zones developed within the Neogene deposits.
Quaternary Faulting

The Quaternary successions along the Kuh-e-
Faghan Fault consist of a wide variety of alluvial-
fan and fluvial deposits, made of conglomerates,
gravels, and sands exhibiting various degrees of
consolidation. These deposits lie upon a regional
erosional surface (pediment) cut through the
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Figure 9. (A) Outcrop-scale picture and (B) schematic line drawing showing S-C tectonites
developed along the main trace of the eastern fault strand bounding the basement-Neogene
(Ng-C) contact (for location of field picture, see Fig. 3). Note the occurrence of meter-thick,
E-W-striking subvertical ultracataclastic dextral slip zones that bound the main fault rock
types. (C) Stereoplot (Schmidt net, lower-hemisphere projection) showing the angular rela-
tionships between the S-C fabrics, the vein array, and the main strike-slip fault surfaces. In
the stereoplot, the longer arrow indicates the hanging-wall direction of slip, and its length
relates to the horizontal component of slip. Double half arrow indicates the sense of the

strike-slip component.

strongly tilted Neogene units (Figs. 6B and 8A).
Quaternary faults and joints occur along the west-
ern fault strand and the eastern fault strand (see
Fig. 3 for site locations), where faulting is domi-
nated by dextral fault zones.

Along the contractional bending at the east-
ern end of the western fault strand, dextral and
oblique-slip faults cut through the Quaternary
terraced deposits, juxtaposing and squeezing
together lenses of Quaternary and Neogene
sediments (Figs. 10A—10B). Such faults show
transpressive dextral kinematics, compatible
with faulting in the Neogene deposits (Fig. 10C).

Along the eastern fault strand, Quaternary
faulting is documented both along the principal

displacement zone and along subsidiary, syn-
thetic fault strands (Fig. 3). Along the prominent
E-W-—striking fault scarp that defines the geo-
morphic expression of the eastern fault strand
(Fig. 8A), Quaternary deposits are extensively
affected by a set of subvertical joint arrays. Fur-
ther to the east, along the NW-SE fault systems
that make up the transtensional trailing-end
imbricate fan of a major dextral fault segment
to the north of the eastern fault strand, exten-
sional and dextral oblique-slip faults involve the
Ng-GM deposits and the Quaternary alluvial
cover (Fig. 3). Evidence of Quaternary faulting
is documented along an E-W-striking minor
fault strand. In this area, E-W—oriented subver-

tical faults cut through the gypsiferous Neogene
units and into the Quaternary alluvial deposits,
displaying calcite slickenlines and small-scale
drag folding, compatible with dextral kinematics
(Figs. 10D-10E).

AHe THERMOCHRONOMETRY

The low closure temperature for the apatite
(U + Th)/He system (65-70 °C for typical rates
of cooling and grain sizes; Farley, 2000) makes
it particularly useful for assessing the ages of
the late-stage deformation and exhumation
history affecting the uppermost portions of the
crust, where brittle deformation and faulting
predominate.

Samples from the basement units (n = 6)
and basal Neogene deposits (Ng-C and Ng-SSi
units; n = 11) were collected for AHe thermo-
chronometry along an approximately constant
elevation transect parallel to the Kuh-e-Faghan
Fault trace (mean altitude of 1070 m; Fig. 11).
The samples are from the sandstone portions
of the Paleozoic and Mesozoic deposits and the
Neogene basal sandy intercalations of Cycle-1
and Cycle-2. The quantity and quality of apa-
tite grains are highly variable. In most of the
samples, apatite grains appear rounded with
frosted surfaces, making the identification of
inclusion-free grains difficult. Consequently,
eight samples were excluded from the analysis
due to their poor apatite quality (Fig. 11).

The analytical protocol adopted in this study
follows Foeken et al. (2006, 2007). Refer to
the Appendix for methods and analytical pro-
cedure. Single-grain ages corrected for o-ejec-
tion (Farley et al., 1996) generally show a
good within-sample reproducibility (Table 1).
Mean ages and standard deviations are plotted
in Figure 11. Three samples show single grain
ages that do not overlap within two standard
deviations with the other ages of the same
sample. Because these three grains have low
U and Th contents, we consider them as out-
liers, and they were not included in the mean
age calculation. All samples have mean and
single-grain AHe ages that are younger than
the stratigraphic age, indicating that all were
reset. The ages indicate a Miocene to Pliocene
cooling/exhumation history. Mean ages range
from 2.9 + 1.5 Ma to 20 + 2.6 Ma and define
two mean age populations, clustering at ca. 18
and ca. 4 Ma (Table 1).

The spatial distribution of the AHe ages
shows two broad areas: (1) the western area,
consisting of the topographically prominent
fault-bounded basement high to the west of
the eastern fault strand, where cooling ages are
older; and (2) the eastern area, located alongside
of the eastern fault strand, where cooling ages
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Figure 10. Quaternary faults. (A) Outcrop picture and (B) line drawing showing fault strands cutting though the Neogene (Ng-C) and
the overlying Quaternary alluvial deposits shown in Figure 6B. (C) Stereoplot showing the collected fault data (Schmidt net, lower-
hemisphere projection) set in the locality of Figure 10A. The faults strike NE-SW and show dextral and reverse kinematics. Steeply
dipping, NE-SW dextral and reverse faults cut through and involve Neogene and Quaternary deposits. (D) E-W-striking dextral
fault cutting through alluvial Quaternary deposits overlying Cycle-3 gypsiferous marl (Ng-GM) deposits. (E) Stereoplot showing the
collected fault data set (Schmidt net, lower hemisphere projection) in the locality of Figure 10D. In the stereonet, the longer arrow
indicates the hanging-wall direction of slip, and its length relates to the horizontal component of slip. Double half arrows indicates the

sense of the strike-slip component. See Figure 3 for location of field pictures.

are younger (Fig. 11). The AHe age distribu-
tion in the western area shows that the basement
bedrock experienced a similar exhumation and
cooling history during and since the early Mio-
cene, ca. 18 Ma, with the exception of sample
IR-10, which exhibits a cooling age of ca. 3 Ma.
The AHe ages from the eastern area are sys-

tematically younger, clustering at ca. 4 Ma. This
pattern is not uniform, as sample IR-17, from
the pre-Neogene basement, shows an age of ca.
8 Ma. The distribution of AHe ages indicates
a pattern that may relate to differential exhu-
mation/cooling history along the strike of the
Kuh-e-Faghan Fault.

DISCUSSION

The multidisciplinary data set presented in
this study gives spatial and temporal constraints
on the geological history and evolution of the
Kuh-e-Faghan Fault system (Fig. 1). By link-
ing structures, stratigraphy, and apatite thermo-
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chronometry to the long-term response to crustal
deformation in intraplate settings, the results
may elucidate the way strike-slip faulting nucle-
ates and propagates.

Structural Synthesis

The geological investigation shows that the
Kuh-e-Faghan Fault consists of three main, left-
stepping, dextral fault strands that cut through
the Paleozoic and Mesozoic basement units and
the Neogene-Quaternary sedimentary cover
(Fig. 3). The fault zones are tens of kilometers
long and cut at high angle the NE-SW-striking
planar fabrics of the basement rocks (Fig. 3), rul-
ing out a major contribution of tectonic reactiva-
tion during Kuh-e-Faghan Fault development.

The dextral fault population (261 of 501
data) provides a mean strike cluster at N91°.
This is interpreted as the strike of the principal
displacement zone of the Kuh-e-Faghan Fault.
The normal fault and extensional vein strike
data (n = 111) have strike clustering at N135°.
These angular relationships suggest fault zone
development in response to a (local) regional
direction of the maximum principal stress (RG,)
trending NW-SE, at an angle of ~44° from the
principal displacement zone. This implies simple
shear—dominated strike-slip deformation (simple
shear wrenching in Fossen et al., 1994) during
Kuh-e-Faghan Fault development, in agreement
with the mean pitch angle (2°) of the fault slick-
enlines as obtained from the cumulative fault
data set (see Fig. 3). Within this scenario, the
along-strike spatial variation of the fault orienta-
tions, kinematics, and strain regimes (restraining
and releasing areas) reflect the different ways
by which the overall E-W right-lateral shear
is accommodated, distributed, and partitioned
along the principal and minor fault strands of the
Kuh-e-Faghan Fault system (Fig. 3).

Fault zone geometry and structural charac-
teristics vary along strike. There is an eastward
increase in shear localization within the main
fault zones, from distributed deformation char-
acterized by cataclastic fault rocks in the west
(the western fault strand and central fault strand)
to localized and mature fault zones character-
ized by ultracataclastic fault gouges (distributed
cataclastic flow) and S-C fabrics in the east (the
eastern fault strand). Porous rocks such as those
making up the basal deposits of the faulted Neo-
gene strata along the Kuh-e-Faghan Fault dis-
play a transition from dilatant, brittle behavior
to shear-enhanced compaction and macroscopi-
cally ductile behavior with increasing effective
pressure at constant temperature (Rutter and
Hadizadeh, 1991; Scholz, 2002; Paterson and
Wong, 2005; Wong and Baud, 2012). This is
documented along the Kuh-e-Faghan Fault by
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Note: Amount of helium is given in cubic centimeters in standard temperature and pressure. Amounts of radioactive elements are given in nanograms. Ft—correction factor for alpha-ejection (according to Farley
et al., 1996; Hourigan et al., 2005). Uncertainty of the single-grain age is given as 1o in % (or in Ma), and it includes both the analytical uncertainty and the estimated uncertainty of the Ft. Uncertainty of the sample

average age is 1 standard error, as (SD)/(n), where SD

number of age determinations.

standard deviation of the age replicates, and n =

*Single age excluded by mean age calculation.




the eastward variation of deformation mecha-
nisms from brittle fracturing to coupled cata-
clastic flow and dissolution creep during S-C
fabric development. This is in agreement with
occurrence of hematite-coated fault surfaces sys-
tematically observed on the eastern fault strand
(Figs. 8C and 8D), which attest to focused fluid
flow during fault zone localization, a process that
does not occur at shallow (<3 km) crustal depths
(Caine et al., 1996; Rowland and Sibson, 2004;
Sheldon et al., 2006). Faulting was also intimately
associated with regional bulging (anticlinal fold-
ing) of the Neogene deposits (Fig. 3), providing
further constraints on the Kuh-e-Faghan Fault
growth and evolution. Folding is in fact better
preserved in the west (cross-sections A-B and
C-Fin Fig. 3), while it dies out eastward, where it
is abruptly interrupted by the eastern fault strand
(Fig. 3). It is inferred that folding was caused by
the dilatant behavior during initial fracturing of
the Neogene deposits. Folding was then amplified
by fault zone propagation (fault-related folding,
both vertically and along strike) in the Neogene
deposits. With increasing shearing, deformation
zones matured into discrete through-going fault
zones, which localized deformation, preventing
further fold amplification.

Such evidence suggests shear deformation
occurred under different confining pressure con-
ditions at different locations along the Kuh-e-
Faghan Fault, causing a transition from diffuse
to localized shear deformation moving eastward
along the fault. Differential lithostatic loading
between the western and the eastern areas is
supported by the stratigraphic and thermochro-
nometric data (see following), which show an
overall eastward increase in the Neogene sedi-
ment thickness (up to ~4 km) and fault-related
exhumation postdating Neogene sedimentation.

Estimation of the fault offset along the Kuh-e-
Faghan Fault is hampered by the lack of homol-
ogous markers cut by the major fault strands.
Nevertheless, an indication of the magnitude of
the horizontal separation along the fault strands
that make up the Kuh-e-Faghan Fault can be
derived from the basement outcrop pattern
across the NW-SE—striking trace of the eastern
fault strand. The basement block to the north of
the eastern fault strand is in fact inferred to have
been displaced southeastward from its original
position. In this scenario, a horizontal displace-
ment of ~8 km can be proposed (Fig. 3). Further
estimates can be obtained from an empirically
derived scaling law for faults, relating fault dis-
placement (D) to fault length (L), fault damage
zone (DT), and fault core (CT) thickness (e.g.,
Fossen, 2010), respectively. Based on the field
observation, the D-L diagram provides displace-
ment values ranging from 10* to 10* m, which
are in the range of those obtained from the DT-D

and CT-D diagrams. Based on these estimates, it
is therefore plausible to assume that the cumula-
tive displacement accumulated along the dextral
Kuh-e-Faghan Fault deformation zone would be
in the order of a few tens of kilometers.

Neogene Stratigraphy: Linking Faulting
with Sedimentation

The Neogene deposits associated with the
Kuh-e-Faghan Fault consist of a fining-upward
succession, which is arranged in three main
sedimentary cycles. The field observations
document a progressive up-section decline in
syndepositional tilting, recorded by the gradual
disappearance of progressive angular uncon-
formities, coupled with a gradual waning of
synsedimentary faulting from Cycle-1 to the
base of Cycle-3 (Figs. 5A-5C and 7D). The
presence of synsedimentary faulting, together
with the overall syndepositional geometry of
the Neogene deposits, indicates that their depo-
sition and tilting were controlled by localized
uplift along the Kuh-e-Faghan Fault system
and suggests fault-related topographic growth
during fault system propagation. In such a sce-
nario, the texturally immature and proximally
sourced breccias and conglomerates of Cycle-1
are the stratigraphic marker of the growing lin-
ear topography associated with Kuh-e-Faghan
Fault development. Furthermore, the Neogene
deposits show variation in facies distribution
and thicknesses along strike of the Kuh-e-
Faghan Fault. In particular, the lower portion
of Cycle-1, consisting of talus breccias (unit
Ng-B), is only present in the western areas
(western and central fault strand), with great-
est preserved thicknesses documented along the
central western fault strand (Fig. 3). This indi-
cates that the fault-related topographic high,
from which the breccias were sourced, was ini-
tially confined to the western region. The great-
est thickness of talus breccias along the western
fault strand (Figs. 3 and 5) indicates that the
southern side of the Kuh-e-Faghan Fault expe-
rienced greater sediment supply influx and/or
greater accommodation space. Also the upper
unit of Cycle-3 deposits is the thickest (con-
stituting more than half of the total Neogene
stratigraphic succession) and the most laterally
continuous. Its thickness, lateral stratigraphic
continuity, and lack of synsedimentary defor-
mation indicate that it was deposited during a
period of tectonic quiescence and most prob-
ably of regional subsidence.

Lastly, the Kuh-e-Faghan Fault Neogene
stratigraphic succession and the along-strike
changes in sedimentary facies, depositional pat-
terns, and thicknesses reflect a history of sedi-
mentary basins strongly influenced by tectonics

and regulated by regional and local environ-
mental changes. The eastward increase in the
thickness of the Neogene deposits may reflect
a migrating depocenter, controlled by the east-
ward propagation and evolution of the Kuh-e-
Faghan Fault during the Neogene.

Two-Stage Exhumation History

The AHe thermochronometric data set defines
two mean age populations, clustering at ca. 18
and ca. 4 Ma. The early Miocene exhumation
episode is recorded by basement samples IR-5,
IR-8, and IR-15, which are located along the
southwestern and central zones of the Kuh-e-
Faghan Fault. The early Pliocene exhumation
episode is chiefly recorded from the Neogene
deposits along the eastern fault strand (Fig. 11).

This early Miocene episode is interpreted as
the beginning of faulting, topographic growth,
and exhumation along the Kuh-e-Faghan Fault.
A source-to-sink scenario is inferred for this
time period, when the fault-related topographic
growth caused the synchronous erosion/exhu-
mation of the topographically prominent base-
ment units and deposition of the eroded mate-
rial in the surrounding lowland depocenter.
This is supported by (1) the proximal nature
of the basal Ng-C conglomerates; (2) the pres-
ence of progressively angular unconformities
in the basal portion of the Neogene sedimen-
tary successions (Cycle-1 and Cycle-2); and
(3) the steepness of bedding, which gradually
decreases away from the boundary fault of the
fault systems and up section.

The fact that Neogene sediments from the
eastern fault strand show AHe ages younger
than their source rocks indicates that they have
been thermally reset. The reconstructed Neo-
gene stratigraphy indicates that the succession
is up to ~4 km thick (Fig. 4), i.e., well above
the thickness needed to reset the AHe system
at the base of the succession in a normal conti-
nental geothermal setting (25-30 °C/km; Chap-
man, 1986). It is therefore inferred that with
the exception of the western and central areas
of the Kuh-e-Faghan Fault zone (samples IR-5,
IR-8, and IR-15 in Fig. 11), the thickness of
these Neogene deposits was sufficient to reset
the (U + Th)/He system of the detrital apatite
in both the pre-Neogene and the basal Neogene
successions. In these areas, a renewed fault
activity and fault-related exhumation occurred
ca. 4 Ma. This exhumation episode is further
documented by the northward and southward
postdepositional tilting of the Neogene units,
particularly the Ng-GM deposits. This event
was characterized by widespread erosion that
preferentially targeted the lithologically weaker
Cycle-3 marls. In contrast to the first event,



there is no stratigraphic record documenting the
topographic growth and general unroofing along
the Kuh-e-Faghan Fault. A major erosional
unconformity marks the contact between Neo-
gene and Quaternary deposits. Sample IR-18
exhibits an average age that lies between the
two mean age clusters. This may reflect partial
resetting. Finally, the occurrence of the second
exhumation episode along the Kuh-e-Faghan
Fault shows that the topmost Neogene succes-
sions must be older than 4 Ma. This is compat-
ible with a stratigraphic position equivalent to
that of the Upper Red Formation.

The Kuh-e-Faghan Fault experienced a punc-
tuated history of fault-related exhumation. The
first fault-related exhumation event started at
ca. 18 Ma and progressively waned to a period
of relative tectonic quiescence and generalized
subsidence during deposition of Cycle-3, some-
time before ca. 4 Ma. This time period probably
corresponds with the time when synsedimentary
faulting and tilting ended (mainly during the
deposition of the Cycle-3 Ng-GM deposits). In
the absence of any age constraint on the Neo-
gene stratigraphy, the exhumation rate associ-
ated with the first exhumation episode cannot be
estimated.

The second exhumation event started during
the early Pliocene (ca. 4 Ma) and is probably
responsible for the present structural architec-
ture of the Kuh-e-Faghan Fault. For each sample
that records the early Pliocene event, AHe ages
were converted to exhumation rates using a typi-
cal continental geothermal gradient of 25 °C/km
(e.g., Chapman, 1986), with a long-term aver-
aged annual surface temperature of 16 °C
(http://en.climate-data.org/location/5127/) and a
closure temperature of 70 °C. Accordingly, the
depth of the base of the apatite partial retention
zone prior to the onset of denudation must be
~2.1 km. Assuming that the closure isotherms
are roughly parallel to local mean elevation and
taking into consideration that samples were col-
lected from approximately the same mean ele-
vation at each location, exhumation rates were
not adjusted for local sample elevation. The cal-
culated exhumation rates vary between 0.4 and
0.7 km/m.y., with a mean exhumation rate of 0.5
km/m.y. These exhumation rates are compara-
ble with those obtained for the Alborz (0.2-0.7
km/m.y.; Axen et al., 2001; Ballato et al., 2013)
and the Zagros (~0.2-0.6 km/m.y.; Mouthereau,
2011) for the same time frame.

Long-Term Evolution: Fault Nucleation,
Propagation, and Growth

Analogue modeling studies have shown that
strike-slip fault systems nucleate and evolve
from distributed to localized, through-going fault

strands (for review, see Dooley and Schreurs,
2012). On the assumption that the topographic
evolution and stratigraphic response were
structurally controlled during the documented
two-stage history of fault zone development, a
five-step model is proposed for the long-term
evolution of the Kuh-e-Faghan Fault (Fig. 12).

Fault System Nucleation

The fault nucleation stage is attested by the
initial topographic growth and basement exhu-
mation in a scenario of diffuse deformation at
ca. 18 Ma (Fig. 12A). Topographic growth is
inferred to have been achieved by a combina-
tion of: (1) transpressive regimes (e.g., Wood-
cock and Rickards, 2003; Cunningham, 2013),
(2) structural irregularities such as stepovers
(Aydin and Nur, 1985; Hilley and Arrowsmith,
2008; Finzi et al., 2009; Carne and Little, 2012),
(3) local variations in master fault dip (Dair
and Cooke, 2009), and (4) pervasive, tectoni-
cally induced fracturing and associated volume
increase (5%—10%; Braun, 1994; Schopfer and
Steyrer, 2001; Le Guerroué and Cobbold, 2006;
Schrank and Cruden, 2010). The net result of
these processes operating together and over
different spatial and temporal scales was the
growth of a topographically prominent bulge
along the evolving fault zone (Fig. 12A). In the
absence of well-developed drainage networks,
the eroded material was mainly mobilized by
gravity-driven processes and deposited into the
adjacent basins as thick packages of proximally
sourced breccias at the base of the Neogene
Cycle-1 (Ng-B and Ng-C).

Fault Localization and Propagation

Faulting was probably initially accommodated
by a network of distributed en-echelon Riedel
shears that successively merged by sideways
propagation or linkage to form through-going
master faults (Fig. 12B). In this context, due to
the strain hardening and velocity-strengthening
properties of poorly consolidated syntectonic
sediments (e.g., Scholz, 2002), fault propaga-
tion was probably inhibited within the newly
deposited material. This had the effect of favor-
ing faulting along areas free of unconsolidated
sediments, causing faulting activity to migrate
inward, gradually localizing along subvertical
fault zones at the basement-sediment interface
(Le Guerroué and Cobbold, 2006; Fig. 12B). The
positive feedbacks among topographic growth,
erosion, sedimentation, and inward fault migra-
tion are the primary driver for the progressive
narrowing of the fault system and the associated
topographic growth. As a result, synsedimentary
faulting accompanied the topographic growth
and the progressive tilting of the deposits. The
drainage network developed further as defor-

mation continued, creating larger catchments
capable of producing yet more texturally mature
sediments. Such conditions produced proximal
alluvial fan deposits consisting of gravelly sand-
stones, intermediate alluvial plains consisting of
clinostratified and cross-bedded channel fill and
bar sandstone deposits, which distally evolved
into fluvio-palustrine facies (Neogene Cycle-2
deposits). Distribution of the Cycle-2 deposits
indicates increasing thicknesses toward the NE,
suggesting preferred sediment influx/rooting
toward this region (Fig. 12B).

Fault Termination

Development of trailing extensional imbri-
cate fan terminations at the eastern fault tips
(Woodcock and Fischer, 1986; Figs. 3 and
12C) attests to strike-slip shear dissipation at
fault zone terminations. The extensional/trans-
tensional faulting and the associated fault-con-
trolled depocenters (cf. Wu et al., 2009) devel-
oped at the same time as deposition of the basal
part of the Neogene Cycle-3 (Ng-GM deposits).
Their distribution and the syntectonic character
of deposition allow us to define the distribution
and geometries of the subsiding areas and basin
boundary faults (Fig. 12C).

Tectonic Quiescence

Tectonic activity progressively waned dur-
ing the deposition of unit Ng-GM, as attested
by the gradual up-section disappearance of syn-
sedimentary faulting and tilting. The Cycle-3
Ng-MS deposits progressively covered the
entire Kuh-e-Faghan Fault area. Their thick-
ness, lateral stratigraphic continuity, and lack
of synsedimentary deformation indicate that
they were deposited during a period of tectonic
quiescence and, most probably, of regional sub-
sidence (Fig. 12D).

Renewed Faulting

Deformation and faulting activity resumed at
ca. 4 Ma, reactivating most of the preexisting
faults strands and creating new ones that propa-
gated further eastward (Fig. 12E). This renewed
fault activity is considered to be responsible
for the current fault zone geometry, devel-
oped in a regime of simple shear—dominated
strike-slip faulting. It affected a heterogeneous
upper-crustal section, due to the anisotropic dis-
tribution of the Neogene deposits. To the east,
where higher confining pressure was provided
by the thick Neogene sediments (up to 4 km
in thickness), combined cataclastic flow and
dissolution creep allowed mature fault zones
to develop. To the west, the reduced confining
pressure means the fault zone was less localized
and characterized by dilatant brittle behavior of
the Neogene deposits, associated with volume
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increase accommodated by the regional anticli-
nal folding of the Neogene deposits (Fig. 3). In
the western area, topographic growth was also
achieved by the left-stepping geometry between
the dextral western fault strand and the central
fault strand (Fig. 3). The eastward propagation
of the Kuh-e-Faghan Fault system prevented
further fold amplification, with a progressive
localization of strain under higher confining
pressure conditions.

The renewed topographic growth along the
Kuh-e-Faghan Fault was accompanied by wide-

spread erosion and unroofing (Fig. 12E). The
fact that no syntectonic deposits are preserved
in proximity (tens of kilometers) to the Kuh-e-
Faghan Fault during this second event suggests
that it was accompanied by an erosional phase,
as also testified by a regional pediment cutting
the tilted Neogene deposits, during which time
the eroded material was efficiently transported
away from the Kuh-e-Faghan Fault area.
During the late Pleistocene and Holocene,
new, climate-driven, aggradation phases took
place, as testified by the different generations

of alluvial fans and fluvial terraces widely rec-
ognized in eastern Iran (Regard et al., 2006;
Fattahi et al., 2007; Walker and Fattahi, 2011;
Foroutan et al., 2014). Evidence of dextral
transpressional shear affecting these Quaternary
alluvial deposits along the Kuh-e-Faghan Fault
system suggests that the transpressional regime
renewed and is probably still active along the
Kuh-e-Faghan Fault, being responsible for the
present topography of the Kuh-e-Faghan Fault
deformation zone.

From this scenario, assuming that renewed
faulting started at ca. 4 Ma and continued at a
constant rate, estimates of the slip rates based
on the estimated horizontal apparent displace-
ment (~8 km) along the Kuh-e-Faghan Fault
strands (eastern fault strand) are in the range of
~2 mm/yr. The calculated slip rate is compara-
ble with those obtained for the E-W-oriented
strike-slip Doruneh fault, ranging from 1.3 to
2.5 mm/yr (Fattahi et al., 2007; Farbod et al.,
2011; Walpersdorf et al., 2014), and Dasht-e-
Bayaz fault, ranging from 1 to 2.5 mm/yr (Ber-
berian and Yeats, 1999; Walker et al., 2004).

Regional Implications

The early Miocene tectonic/exhumation
event recognized along the Kuh-e-Faghan
Fault is in good agreement with the regional
thermochronometric results, as obtained from
the Zagros, Alborz, and Talesh areas (Khadivi
et al., 2012; Ballato et al., 2013; Madani-
pour et al., 2013). It also correlates with the
late-stage, early Miocene exhumation of the
Kashmar-Kerman tectonic zone (Fig. 1), which
is interpreted as the transition from exten-
sional to compressional tectonics in the region
(Verdel et al., 2007). Within this context, the
reconstructed source-to-sink scenario along
the Kuh-e-Faghan Fault places onset of depo-
sition of Neogene continental successions of
the Upper Red Formation in central Iran at the
early Miocene. This age is compatible with the
Burdigalian-Messinian age of the Upper Red
Formation (Ballato et al., 2008), but it contrasts
with the recently proposed Burdigalian—Serra-
vallian age for the “e” member of the Qom
Formation (Hadavi et al., 2010), which instead
implies a possible post-Serravallian onset of the
continental deposition of the Upper Red For-
mation. This suggests a diachronic distribution
of the Neogene continental deposits with a con-
trol operated by the regional tectonics on the
Neogene sedimentary facies distribution and
stratigraphy in central Iran.

The early Pliocene event was coeval with a
regional tectonic reorganization, as inferred
from the recognized acceleration in uplift rates
in the Alborz and Talesh Mountains and by



fault kinematic changes in the Kopeh Dagh
and along the Zagros-Makran transfer zone
(Axen et al., 2001; Regard et al., 2005; Sha-
banian et al., 2009a; Hollingsworth et al., 2010;
Rezaeian et al., 2012; Madanipour et al., 2013;
Robert et al., 2014). The Miocene—Pliocene
boundary also corresponds to the time when the
Zagros collisional zone became overthickened
to sustain further shortening (Allen et al., 2004;
Austermann and laffaldano, 2013).

The cause of the Pliocene regional tectonic
event across the Iranian Plateau is still uncertain,
with several geodynamic/tectonic scenarios
proposed so far: (1) onset of subduction in the
South Caspian Basin (Jackson et al., 2002;
Mouthereau et al., 2012; Madanipour et al.,
2013); (2) a switch from westward/northwest-
ward to northeastward escape of central Iran,
triggered by the Afghan and western margin of
the Indian collision, sealing off a free face at the
eastern side of the Arabia-Eurasia collision zone
(Allen et al., 2011); and (3) activation of the
Zagros-Makran transfer zone between the colli-
sion domain and the Makran subduction domain
(eastern Iran; Regard et al., 2010).

Regardless of the ultimate cause of the Plio-
cene event, our AHe age data constitute the first
direct documentation of such an event in central
Iran. Therefore, a reappraisal of the Neogene—
Quaternary space-time kinematic evolution and
fault distribution within central Iran is needed.
In particular, the following evidence is not com-
patible with the kinematic configuration and
rigid block rotation model proposed for central
Iran: (1) fault zone (re)activation and kinematic
shifts punctuated in time and space at the north-
ern edge of the Lut block during Neogene—
Quaternary (Javadi et al., 2013; Nozaem et al.,
2013; this study); and (2) Neogene—Quaternary
NW-SE to E-W dextral strike-slip kinematics
acting at rates compatible with the regional aver-
age values along the northern edge of the Lut
block to the south of the Doruneh fault (cf. Allen
et al., 2004, 2011; Walker and Jackson, 2004;
Mattei et al., 2012; Walpersdorf et al., 2014).

We tentatively propose that the Neogene—
Quaternary deformation in the Iranian Pla-
teau has been primarily controlled by spatial
and temporal variations in the degree of tec-
tonic coupling along the Arabia-Eurasia colli-
sion interface, in the framework of a constant
N-S—directed convergence velocity scenario
(McQuarrie and van Hinsbergen, 2013). Indeed,
the along-strike variation from continent-conti-
nent convergence in the Zagros to ocean-con-
tinent convergence in the Makran and, hence,
from a fully to partially coupled collisional
boundary (Fig. 1), might have imposed a north-
eastward escape component to the intraplate
domain (Regard et al., 2010) with polycyclic

reactivation of the Kashmar-Kerman tectonic
zone along the Kuh-e-Sarhangi, Kuh-e-Faghan,
and Doruneh fault strands (Verdel et al., 2007,
Javadi et al., 2013; Nozaem et al., 2013; this
study). In this scenario, the N-S dextral strike-
slip faults at the edges of the Central East Iran
microcontinent may have accommodated the
differential displacement between the collision
domain of central Iran and the Makran sub-
duction domain of eastern Iran. This has been
occurring between nonrotating blocks such as
between central and eastern Iran (Deshir and
Anar faults; Fig. 1; Meyer and Le Dortz, 2007).

Implications for Topographic Growth
along Intraplate Strike-Slip Faults

Integration of the multidisciplinary data set
presented in this study results in a model for
long-term, spatially and temporally punctuated
fault system evolution. Based on the regional
scenario and synchronicity with the regional
deformation events leading to the growth of the
Iranian Plateau, the reason for the nonlinear tem-
poral evolution of intraplate faulting is partially
attributable to changes in the regional (far-field)
stress regime through time. Tectonic stresses are
generated at the plate margins and are transferred
to the intraplate domains, where they interact
with preexisting structures and local (near-field)
kinematically induced stress regimes.

Several other factors influence deformation in
the near-field at the scale of the developing fault
system, such as spatial changes in the degree of
fault development maturity and structural com-
plexity during fault development. The spatial-
temporal changes in those interactions and feed-
backs regulate the way plate-boundary stresses
are transferred to the intraplate domains and
may ultimately be responsible for the punctu-
ated development of intraplate deformation and
associated topographic growth. In particular,
the study recognizes that the positive feedbacks
among topographic growth, erosion, sedimenta-
tion, and inward fault migration are the primary
drivers for the progressive fault zone localiza-
tion, narrowing of the fault system, and its topo-
graphic growth.

CONCLUSIONS

The main results of this study are as follows:

(1) The Kuh-e-Faghan Fault consists of a
major E-W-striking, 80-km-long dextral strike-
slip brittle deformation zone, made up of three
broadly left-stepping, E-W-striking, dextral,
strike-slip fault strands, which cut through the
Neogene sedimentary cover and the unconform-
ably overlying Quaternary deposits.

(2) The Kuh-e-Faghan Fault is characterized
by simple shear—dominated dextral strike-slip

deformation. The along-strike spatial variations
of the fault orientations, kinematics, and strain
regimes (restraining and releasing areas) reflect
the different ways by which the overall E-W
right-lateral shear is accommodated, distributed,
and partitioned along the principal and minor
fault strands of the Kuh-e-Faghan Fault system.

(3) AHe thermochronometry indicates that
the Kuh-e-Faghan Fault system propagation
was punctuated in time and space and associ-
ated with two major episodes of fault-related
exhumation, at ca. 18 Ma (early Miocene) and
ca. 4 Ma (early Pliocene).

(4) The stratigraphic, structural, and thermo-
chronometric data sets show that the Kuh-e-
Faghan Fault nucleated in the west and propa-
gated eastward in two punctuated events.

(5) The first faulting/exhumation episode is
chiefly recorded by the structure and deposition
of the Neogene deposits along the Kuh-e-Faghan
Fault, where a source-to-sink scenario can be
reconstructed for this time frame, when topo-
graphic growth caused the synchronous erosion/
exhumation of the pre-Neogene units and depo-
sition of the eroded material in the surrounding
fault-bounded continental depocenters.

(6) The Kuh-e-Faghan Fault gradually entered
a period of relative tectonic quiescence and,
probably, regional subsidence, during which a
thick pile of fine-grained onlapping sediments
was deposited, and this caused the resetting
of the (U + Th)/He system of the detrital apa-
tite grains hosted both within the pre-Neogene
and the basal Neogene successions. The sec-
ond faulting episode at ca. 4 Ma, recorded by
the AHe ages and by the further tilting of the
Neogene deposits, caused the final exhumation
of the fault system, resulting in the current fault
zone geometry and topography.

(7) The two fault-related exhumation events
are nearly coincident with (a) the well-docu-
mented acceleration of collision-related uplift in
the early Miocene along the Arabia-Eurasia col-
lision zone, and (b) the inferred early Pliocene
tectonic reorganization of central Iran.

Results from this study suggest that the intra-
plate deformation zones are particularly sensi-
tive to major tectonic changes occurring at the
plate boundaries (far-field effects), and, as such,
they can be regarded as a gauge for plate-tecton-
ics—induced state-of-stress changes at the plate
boundaries. The results also suggest that the
propagation and evolution of intraplate strike-
slip fault systems are accompanied by substan-
tial topographic growth, exhumation, erosion,
and production of syntectonic deposits, the
distribution, geometry and facies characteristics
of which are strongly influenced by the spatio-
temporal propagation history and structural evo-
lution of the fault system (near-field effects).



APPENDIX: (U-Th)/He
THERMOCHRONOMETRY

(U-Th)/He thermochronometry is based on the in-
growth of a particle’s [He], produced mainly by U and
Th decay. The He diffusivity within the crystal lattice is
a function primarily of temperature and in minor ways
of grains size and distribution of parent isotope (Ehlers
and Farley, 2003). Helium diffusive loss is complete in
typical apatites at temperatures in excess of ~75 °C; it
becomes limited between ~75 °C and ~40 °C, an in-
terval called the partial retention zone (HePRZ; House
et al , 1999; Farley, 2000). Assuming no other source
for the He, the measured He age records the time the
rock cooled below the closure temperature of ~70 °C.

Inclusion-free apatites for (U-Th)/He analysis were
handpicked under a high-magnification binocular
microscope with cross-polarized light. Single crystals
were packed into Pt foil capsules. In total, 3—5 apatite
grains were analyzed for each sample. Helium was
extracted by heating the Pt-tubes at 600-700 °C for
1-2 min using a laser diode following the procedures
described by Foeken et al. (2006). The *He concen-
trations were measured by comparison to a calibrated
standard “He using a Hiden HAL3F quadrupole mass
spectrometer equipped with an electron multiplier.
The accuracy of measurements was checked by re-
peated measurements of an in-house He standard.
System blank levels were trivial in comparison to
measured He abundances, and no correction was nec-
essary. Apatites were then dissolved in 5% HNO, with
35U and *'Th spikes and measured by VG Plasma
Quad 2 inductively coupled plasma—mass spectrom-
eter. Correction for He recoil loss (Ft) was made using
conventional procedures (Farley et al., 1996).
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