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[1] The Alborz Mountains in the north of the Turkish-Iranian Plateau mainly developed in
the Cenozoic as a consequence of the closure of Neo-Tethys and continental collision
between Arabia and Eurasia. Cenozoic growth of the fold-and-thrust belt exploited an older
Palaezoic-Mesozoic crustal fabric but the extent to which this governed the overall form of
the mountain belt is unclear. To determine when and how the Alborz mountain belt has
grown, apatite fission track (AFT) and (U-Th)/He (AHe) thermochronometry were
performed on 46 bedrock samples collected along 8 transects across the range. AFT central
ages range from 157 � 24 Ma to 10 � 1 Ma with most ages falling between 40 Ma and
10 Ma. AHe ages range from 17 � 2 Ma to 6 � 1 Ma. The data revealed enhanced
exhumation ca. 35 � 5 Ma, minor exhumation between ca. 30–20 Ma and an increase in
exhumation thereafter. This pattern matches the tripartite Mid-Cenozoic stratigraphy of
Central Iran, where Upper Oligocene-Lower Miocene carbonates are sandwiched between
terrestrial clastic formations. The most intriguing thermochronometric signal found is a
major acceleration of exhumation that initiated in the late Miocene to early Pliocene,
recorded by the AHe data. There does not appear to be a direct tectonic cause for Pliocene
intensified erosion, as convergence rates between Arabia and Eurasia have remained
relatively constant. Enhanced exhumation at this time may reflect a climatically induced
intensification of erosion during Caspian isolation and base level fall, or a regional tectonic
re-organization of the Arabia-Eurasia collision, or both.

Citation: Rezaeian, M., A. Carter, N. Hovius, and M. B. Allen (2012), Cenozoic exhumation history of the Alborz Mountains,
Iran: New constraints from low-temperature chronometry, Tectonics, 31, TC2004, doi:10.1029/2011TC002974.

1. Introduction

[2] The narrow (≤120 km), high (max elevation 5628m)
Alborz mountain belt located in northern Iran adjacent to the
South Caspian Basin (SCB) (Figure 1) is a doubly vergent
orogen formed along the northern edge of the Turkish-Ira-
nian Plateau in response to the closure of the Neo-Tethys
Ocean and continental collision between Arabia and Eurasia.
Ocean closure began in the Late Cretaceous-Early Tertiary
[Berberian and King, 1981; Berberian, 1983; Şengör, 1990;
Ziegler, 2001] since when there has been ca. 1400–1600 km
of convergence between Arabia–Eurasia [McQuarrie et al.,
2003]. At the longitude of the Alborz range, current defor-
mation related to the collision is accommodated almost
equally in three main regions: the Zagros, the Alborz and the
Apsheron-Balkan sill (ABS), and shortening across the

Alborz accounts for ca. 30% of the current 22 mm yr�1

convergence between Arabia and Eurasia (Figure 1)
[Vernant et al., 2004]. However, there is variation in strain
along the range, and strike-slip deformation dominates in the
east whereas thrusting is more commonplace to the west
[Djamour et al., 2010].
[3] The Alborz Mountains show significant along strike

changes in mountain belt width, topographic slope, sym-
metry and structures that presumably reflect trends in cli-
mate and/or tectonics. At the regional scale the mountains
are affected by sharp orographic asymmetry with a wet north
side (precipitation up to 1800 mm yr�1 (Tahghighat Manabe
AB, unpublished data, monitored up to year 2000 with an
average period of record of 25 years), capturing water vapor
sourced from the adjacent Caspian Basin, and a semi-arid
south side. The north flank of the Alborz (where flank means
a side of the main drainage divide) has steep topographic
slopes and significant relief, rising above the coastal plains
at the edge of the Caspian Sea (�29 m a.s.l.), compared to
the gentler slopes and lower relief of the southern flank
which is connected to the elevated Central Iranian Plateau
(1500 m a.s.l.).
[4] A systematic variation in topographic taper of the

mountain belt from east to west coincides with structural
trends. East of� 52�30′E (Figures 2, areas a and b) the north
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Figure 1. Reconstruction of plate convergence for Arabia-Eurasia collision since the Early Cenozoic
[McQuarrie et al., 2003; Hatzfeld and Molnar, 2010] with the location of the Alborz Mountains, marked
by a white box. The inset shows the present location within Turkish-Iranian Plateau of Alpine-Himalayan
belt shown in the box. The present location of the Zagros Mountains, the Neo-Tethys suture, Central Iran,
Talesh, Kopeh Dagh, Greater Caucasus, South Caspian Basin (SCB), Apsheron-Balkhan Sill (ABS) and
the Alborz within the collision zone are defined. The boundaries between the Turkish-Iranian Plateau
and stable adjacent Arabia-Eurasia platforms have been shown by the location of teleseismically recorded
earthquakes in a period of 1964–2004 from Tatar et al. [2007]. The position of the Arabian plate between
56 and 10 Ma has been displayed by colored lines and the present, GPS-derived velocity field of the col-
lision zone, with respect to stable Eurasia by the red arrows [Vernant et al., 2004].
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flank of the mountain belt is > 4.5 times wider than the south
flank, and deformation is characterized by left-lateral strike-
slip faulting while thrusting occurs at lower rates [Djamour
et al., 2010]. West of 52�30′ E (Figure 2, areas c, d, and
e), the structural trend changes from ENE-WSW to the
WNW-ESE. In the north flank of the mountain belt, between
50�00′ and 52�30′ E, the structures include foreland-dipping
(N) thrusts [Allen et al., 2003]. Finally, west of 49�00′

(Figure 2, area f) there is a return to strong topographic
asymmetry, but here the southeast flank is up to seven times
wider than the northwest flank of the mountain belt. Along
the range, the north side of the Alborz has a relatively simple
range front that borders the South Caspian Basin. The
southern side is less regular, with isolated fault blocks situ-
ated south of the main range (Figure 3).

Figure 2. Topographic cross sections of the Alborz Mountains illustrating the typical two-sided geome-
try of the mountain belt. Areas a and b are in the eastern Alborz with NE-SW structural trend; area c is in
the central Alborz with E-W structural trend; areas d and e are in the west-central Alborz with NW-SE and
E-W structural trends; and area f is in the western Alborz with N-S structural trends. Plotted at 500 m inter-
vals are the maximum, mean, and minimum elevations along 20-km-wide swath profiles taken from the
SRTM DEM. Horizontal axis is the distance from Caspian Sea coastline in kilometers. The geometry of
the Alborz changes from an asymmetric double-sided wedge in the east (areas a and b) to a more or less
symmetric double-sided wedge in the center (area c), and an asymmetric double-sided wedge with a sec-
ond, smaller range to the south, in the center-west, and single asymmetric double-sided wedge in the west
(areas d, e, and f).
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[5] While the form of the mountain belt relates to con-
trast between a rigid South Caspian basement and defor-
mation of a zone of weak crust (Alborz) through
reactivation of inherited Paleozoic-Mesozoic crustal fab-
rics [e.g., Guest et al., 2006a; Zanchi et al., 2006; Yassaghi
and Madanipour, 2008] the extent to which tectonics,
inherited structure and climate have exerted control on oro-
genic development has not yet been quantified. Current
geodetic shortening rates of the Alborz are 15% and 30% of
the rates recorded in the Andes and the Himalaya, respec-
tively [Bilham et al., 1997; Liu et al., 2000], but translation
of the shortening rates to strain rates, taking into account the
width of the deformation zones, shows that the strength
tectonic forcing in the Alborz is comparable to these larger
mountain belts.
[6] During the early Cenozoic, the geology of the area that

now forms the southern flank of the Alborz was closely
linked to the deformation that affected Central Iran [Stöcklin,
1968], while the northern region was more influenced by
events in remnant Para-Tethys. It has been proposed that
both areas only started behaving as a coherent tectonic unit
since the early Pliocene associated with a widespread tec-
tonic re-organization in the Arabia-Eurasia collision zone
[e.g., Axen et al., 2001a; Allen et al., 2004]. To understand
this progression in more detail, and to elucidate the Cenozoic
exhumation history of the Alborz Mountains, we have

conducted a low temperature chronometry study of bedrock
samples collected across the entire mountain belt, encom-
passing areas that show changes in taper and topographic
symmetry.

2. Regional Geology

[7] The Alborz Mountains, situated 200–500 km to the
north of the Neo-Tethyan suture in the Arabia-Eurasia col-
lision zone, are a product of convergence between the
domains of Central Iran and the South Caspian Basin-Eur-
asia. Deformation within the Alborz is governed by main
frontal thrust faults at its borders and strike-slip faults at
relatively high elevation within the range [Tatar et al.,
2007]. The Khazar Fault (Figure 3) is interpreted to define
the structural boundary between the Alborz and the South
Caspian basement. If so, then the fault plane imaged from
the aftershock pattern following the 2004 Baladeh earth-
quake (Mw = 6.2; 10–30 km depth) [Tatar et al., 2007]
indicates southwards underthrusting of the South Caspian
basement. Recent modeling of current interseismic defor-
mation in the Alborz suggests that there are major differ-
ences in strain partitioning and by implication deformation
pattern across the range [Djamour et al., 2010]. While a
large part of the Alborz mountain belt is located above the
seismically coupled part of the Khazar Fault (dip 34 degrees

Figure 3. Geological map showing the main rock units and structures within the Alborz Mountains and
adjacent area after Allen et al. [2003] (with permission from Elsevier) [Berberian et al., 1985, 1996;
Berberian and Yeats, 2001; Jackson et al., 2002; Guest et al., 2006b]. Red stars give the location
of apatite (U-Th)/He samples used in this study. Inset: A simplified structural map of the Alborz
including AFT sample location in black circles and main faults (red lines) to show the structural loca-
tion of the sampled rocks.
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to the south with a locking depth of �30 km), the main
bounding faults in the southern part of the Alborz have a
different geometry (85 degree dip to the north, locking
depths up to 16 km) [Djamour et al., 2010]. Whether this
pattern of strain partitioning has persisted over the geologi-
cal long-term is unknown.
[8] Most of the well-constrained earthquakes in the Alborz

have occurred at depths <15 km, with either reverse focal
mechanisms or left lateral strike-slip on longitudinal faults
[Jackson et al., 2002]. A minor normal deformation com-
ponent has been recognized in seismic data and geological
observations mainly in the south central Alborz [Ashtari
et al., 2005; Guest et al., 2006a; Ritz et al., 2006;
Landgraf et al., 2009]. Whether this extension is local or
regional in significance is not yet clear due to lack of
high resolution geodetic data but existing GPS measure-
ments indicate differential rates of shortening along the
range as a whole. Maximum rates of slip are recorded by
GPS stations on the Khazar Fault (�6mm/yr of shorten-
ing and �5mm/yr of left lateral strike slip to the west and
east, respectively.), implying that most of the shortening
occurs in the NW of the range [Djamour et al., 2010], or by
underthrusting of the South Caspian Basin beneath the
Alborz.
[9] A generalized geological map of the Alborz Moun-

tains, with the location of principal structures and geo-
graphic names is shown in Figure 3, and the Cenozoic
stratigraphy of the Alborz region is outlined in Figure 4. The
stratigraphy contains a series of unconformities that mark
episodes of discrete rock uplift and erosion and/or non-
deposition, which are overlain by terrestrial clastic rocks
recording abrupt changes in sediment accumulation rate,
grain size, and clast composition. The key events reflected
by the regional geology are summarized below (Figure 4).
[10] Paleocene (�60 Ma): An early Alborz was emergent

in the Early Tertiary [e.g., Stöcklin, 1968; Clark et al., 1975;
Sussli, 1976; Berberian, 1983], and some surface uplift may
have taken place as early as the Middle Mesozoic in the
northern Alborz region [Sussli, 1976; Salehi Rad, 1979]. An
erosional unconformity is present at the base of the Cenozoic
sequence in the south flank of the present mountain belt. It
reflects the onset of substantial compressional deformation
throughout much of the Turkish-Iranian Plateau [e.g.,
Berberian, 1983; Guest et al., 2006a]. This compression
phase predates the initial Arabia-Eurasia collision and is
likely to be related to the closure of small oceanic basins
within the collision zone of southern Iran.
[11] Eocene (�55–34 Ma): Subduction related magma-

tism (voluminous intermediate silicic to calc-alkaline and
shoshonitic types) in the back arc of the Neo-Tethys sub-
duction zone [Berberian and King, 1981]. Associated crustal
extension caused subsidence of the region, which now forms
the southern Alborz, whereas the northern part of the present
mountain belt was a geographic high [Berberian and King,
1981]. The extension was paired with widespread subma-
rine volcanism, represented in the regional stratigraphy by a
thick (3–9km) sequence of volcanics and volcaniclastic
sediments [Verdel et al., 2011] (Figure 4). These materials
were deposited in a rapidly subsiding back-arc basin linked
to rollback of the Neo-Tethys slab [Vincent et al., 2005;
Verdel et al., 2011]. Volcanism was at its most intense in the
Middle Eocene (�40 Ma) [e.g., Emami, 2000].

[12] Late Eocene-Early Oligocene (�34 Ma): Submarine
volcaniclastic sedimentation ended as the tectonic regime
reverted to compression. The timing of this change is con-
sistent with a regional termination of the voluminous arc and
back-arc magmatism [Ballato et al., 2011] across Iran and
adjacent areas, related to the initial collision of Arabia and
Eurasia [Allen and Armstrong, 2008]. At this time the
southern Alborz emerged above sea level and was affected
by widespread erosion, terrestrial deposition and limited
subaerial basaltic volcanism [Stöcklin and Eftekhar-Nezhad,
1969; Annells et al., 1975; Clark et al., 1975; Emami, 2000;
Verdel et al., 2011]. This transition from extension to com-
pression affected most of the Arabia-Eurasia collision zone
and is recorded by a regional unconformity seen in the
Central Iranian Plateau, Turkey, Caucasus, Talesh and
Zagros mountains [Hessami et al., 2001; Brunet et al., 2003;
Vincent et al., 2007; Morley et al., 2009].
[13] Early Miocene (�23–16 Ma): Through the Early

Miocene (and since the Late Oligocene for some areas) most
of central and northern Iran was covered by a shallow epi-
continental sea (Qom Sea) and up to 1km of carbonates were
deposited [Daneshian and Ramezani Dana, 2007; Reuter et al.,
2009]. Their remnants can be found within the south Alborz
near the main drainage divide at elevations >3000 m a.s.l.
[Geological Survey of Iran, 2001]. Sediment accumulation
rates in the western Alborz were low during this interval,
<0.05 mm/yr [Guest et al., 2007] (Figure 4), implying tec-
tonic quiescence.
[14] Mid-Miocene (�16 Ma): Marine deposition ceased

with renewed and enhanced sub aerial erosion in the south-
ern Alborz. Sediment accumulation data show at least a
tenfold increase in erosion rates compared to the Early
Miocene when Qom carbonates were deposited [Ballato et al.,
2008]. Thick (up to 6 km) continental red beds (Upper Red
Formation) were deposited in a foreland basin along the
southern edge of the rising mountain belt, and marine sedi-
ments formed along the northern fringe. Scattered volcanism
occurred in the interior of the mountain belt.
[15] Early Pliocene (post 5 Ma): Between 5.6 and 5.5 Ma

all regions in the Eastern Para-Tethys including the South
Caspian Basin show evidence for a marked sea level fall of
at least 50 m [Krijgsman et al., 2010]. From 5.5 Ma onward
a major change in the oxygen isotope record of the Atlantic
margin of Morocco indicates a dramatic change in Eurasian
climate, resulting in much warmer and humid conditions.
This changed the hydrological balance and resulted in a
widespread transgression in the Mediterranean and the Para-
Tethys [Krijgsman et al., 2010]. In the Alborz, the Late
Miocene sediments were mostly cut by an erosional uncon-
formity, on top of which Pliocene sediments were deposited.
These Pliocene rocks consist of alluvial fan deposits across
both the north and south sides of the Alborz, consistent with
substantial emergence of a mountain belt. However, the
precise timing of onset of alluvial sedimentation is not well
known due to a lack of geochronology data. Nor is it clear
whether this change was related to a regional tectonic event,
regional climate change, a combination of the two, or was
simply a diachronous threshold effect as the sourcing of
sedimentation changed from distal to more proximal
locations during progressive deformation. The thermo-
chronometry data obtained by this study may shed new
light on these aspects, especially the nature of the
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transition from an extensional regime in the Eocene to com-
pression in the Oligocene followed by relative tectonic qui-
escence in the Late Oligocene to Early Miocene. Pinpointing
when these changes took place will help understand the
underlying causes for these fundamental changes.

3. Methods and Results

[16] To better understand the regional geological record
and derive erosion-driven exhumation histories that could
reflect changes in the topographic relief of the developing
Alborz mountain belt, bedrock samples for thermo-
chronometry analyses were collected from 8 transects

(Figure 5) across the range located along the major transverse
valleys draining the north flank of the Alborz to the South
Caspian Basin and south flank to Central Iran. Where pos-
sible, samples were collected from the valley floors, at ≥5km
intervals along each transect, and at smaller intervals near
known major thrust faults. Sampled lithologies ranged from
fine-grained sandstones to granitoid rocks with stratigraphic
or formation ages from Precambrian (2 samples), Paleozoic
(5 samples), Mesozoic (20 samples), Paleogene (14 samples)
to Neogene (5 samples). The majority of samples are from
formations predating presumed Cenozoic shortening and
mountain building.

Figure 4. Synthesis of regional stratigraphy after Rezaeian [2008]. Dated units are from N.1 [Guest
et al., 2007], N.2 [Davidson et al., 2004], N.3 [Axen et al., 2001a], N.4 and N.5 [Guest et al., 2006b], N.6
[Rezaeian, 2008], N.7 and N.8 [Ballato et al., 2011], N.9 [Davari, 1987], N.10 [Verdel et al., 2011] N.11
[Ballato et al., 2011], and N.12 [Axen et al., 2001a]. The formations of Fajan, Karaj, Kond, Lower Red,
Qom, Upper Red, Red Marl, Hezardareh and Brown Bed are labeled as Fa, Ka, Ko, LR, Qo, UR, RM,
He and BB, respectively.
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[17] Rock samples were analyzed using apatite fission
track (AFT) analysis and apatite (U-Th)/He dating (AHe)
to determine their low temperature histories (over time-
scales >1 Myr) that relate to rock exhumation through the
top 2–5 km of the Earth’s crust. Following mineral sepa-
ration, samples were prepared for fission track analysis
and irradiated at the HIFAR nuclear reactor facility in
Australia using dosimeter glasses CN-5 to monitor the
neutron fluence [Hurford and Green, 1983]. After irradi-
ation mica external detectors were etched in 40% HF for
30 min at 20 � 1�C. Fission track counting, length mea-
surements of horizontal confined tracks, and apatite com-
position, based on etch pit size, were determined with a
Zeiss Axioplan microscope, equipped with a digitizing
tablet and computer driven stage with 1250x magnification
using a dry objective. Sample ages were determined using
the zeta calibration method and IUGS recommended age
standards [Hurford, 1990].

[18] Inclusion-free apatite grains for dating were hand-
picked from heavy mineral concentrates previously prepared
for AFT determinations. Grain diameters ranged from 80 to
210 mm but grain diameter variation in each aliquot was
minimized in order that the standard deviation of the recoil
correction was no more than � 0.5%. Samples were loaded
into platinum microtubes for helium outgassing and U-Th
determination. Outgassing was achieved using an induction
furnace at a temperature of 950�C. The abundance of 4He
was measured relative to a 99.9% pure 3He spike in a
Pfeiffer Prisma 200 quadrupole mass spectrometer. Mea-
surement of U-Th was conducted on an Agilent 7500a
quadrupole mass spectrometer using spiked solutions of the
dissolved apatite. Repeated analysis of the California Insti-
tute of Technology laboratory Durango apatite standard
gives an age of 31.3 � 0.2 Ma (2s), based on 40 analyses.
This error of the mean (6.7%), combined with the U-Th and
He analytical uncertainties, was used as a measure of the
total uncertainty in sample age. The standard deviation of the

Figure 5. (a) Location of the eight sample transects showing approximate positions of the sampled rocks
(colored dots). Partially and un-reset samples are shown by blue and red circles, respectively, fully reset
samples are shown in yellow. (b) Topographic cross-sections for each of the sample transects. Maximum,
mean and minimum elevations are plotted at 500 m intervals for 20-km-wide swath profiles taken from the
SRTM DEM. These transects are named (from E to W) Gorgan, Firuzkuh, Haraz, Tehran, Chalus, Tale-
qan, Shah Rud and Sefid Rud, and the first three letters were used to prefix sample numbers. Horizontal
axis is the distance from Caspian Sea coastline in kilometers. Overlain are locations of the major faults (in
red line), AFT ages (yellow, blue and red circles for fully, partially and un-reset samples), stratigraphic
ages and sample locations (black diamonds).
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age replicates (typically 3–4) was used as the error when it
exceeded the analytical uncertainty. Reported He ages have
been corrected for alpha ejection effects based on measured
grain dimensions [Farley et al., 1996] using the procedure of
Gautheron et al. [2006].
[19] Table 1 provides a summary of the AFT data. In

general the sampled rocks had low abundances of apatite,
many with low uranium concentration. These factors inevi-
tably impacted on data quality, especially track length
measurements. The low number of apatites and their general
poor quality also confined (U-Th)/He age determination to
10% of the FT dated samples. Nevertheless, good quality
data sets suitable for thermal history modeling (>50–100
track lengths and >15–20 single grain ages) were obtained
for samples representative of the range of AFT ages e.g.,
from 16.6 � 1.5 Ma (SHA 2, Eocene intrusive), to 157.4 �

24 Ma (TEH 4, Jurassic sedimentary rock). Fully or partially
reset samples (AFT age < stratigraphic age) are from pre-
Neogene rocks, while un-reset samples are from rocks that
are Neogene in age. The majority of the reset samples yiel-
ded AFT central ages of between 10 Ma and 40 Ma, only six
samples had central ages over 40 Ma. Four partially reset
samples (TEH 3, TEH 4, FIR 1, and FIR 2) show over-dis-
persion of single grain ages some of which are older than the
stratigraphic age of the sampled formation. Consequently,
the bulk of samples record cooling linked to growth of the
Alborz orogen.
[20] Table 2 lists the AHe results. Good AHe data were

measured on samples SEF 4 and SEF 5 from a pluton in the
southwestern Alborz, CHA 1 from the central north Alborz,
and TAL 2 from a granitoid body in the mountain range to
the south of the Shah Rud valley. These data were

Table 1. Apatite FT Ages of Fully and Partially Reset Samplesa

Sample

Formation/
Deposition

Age
Longitude

(�E)
Latitude
(�N)

Altitude
(m)

Number
of Grains rd Nd rs Ns ri Ni P(c2) Re%

Central
Age (Ma)

CHA1 Jurassic 51.4 36.5 271 20 1040000 5785 199000 235 1780000 2016 35.6 8.7 20.5 � 1.5
CHA2 Jurassic 51.3 36.4 532 24 1040000 5766 172000 148 855000 716 72.1 0 35.6 � 5.1
CHA3 Precambrian 51.2 36.3 1417 16 1040000 5766 138000 109 1140000 865 1.8 38.8 21.7 � 3.4
CHA4 Jurassic 51.4 36.2 2952 26 1260000 8731 234000 229 1840000 1749 0.1 39.7 26.6 � 3.0
CHA5 Jurassic 51.3 36.2 2583 12 1260000 8731 42500 17 585000 241 87.7 0 15.0 � 3.8
CHA6 Cambrian 51.3 36.1 2146 20 1040000 5785 150000 164 1510000 1658 71.6 0 17.4 � 1.4
CHA7 Eo-Oligocene 51.0 35.9 1525 20 1040000 5785 28100 67 407000 903 29.8 17.5 13.1 � 1.7
CHA8 Eocene 51.1 35.8 1409 15 1260000 8731 69000 20 630000 212 90.4 7.5 15.2 � 9.1
FIR1 Cretaceous 53.2 36.4 134 13 1260000 8731 224000 46 714000 149 87.3 0 42.4 � 23.3
FIR2 Jurassic 53.0 36.2 516 40 1040000 5766 300000 601 424000 805 0 44 130.3 � 12
FIR3 Jurassic 53.1 36.1 1126 32 1040000 5785 436000 366 2430000 2532 0 78.8 26.4 � 4.2
FIR4 Cambrian 52.9 35.9 2018 10 1040000 5766 128000 26 1120000 256 64.3 2.8 17.8 � 3.7
FIR5 Cambrian 53.3 35.8 2290 16 1040000 5766 472000 246 2810000 1422 91.5 0 30.3 � 2.1
FIR6 Permian 53.3 35.8 2290 9 1040000 5766 133000 43 974000 315 69.5 0.1 23.9 � 3.9
FIR7 Jurassic 53.3 35.7 1599 19 1040000 5766 216000 112 2020000 1054 13.9 27 18.4 � 2.2
HAR1 Jurassic 52.4 36.2 612 8 1260000 8731 86200 32 925000 361 0.4 47.8 35.0 � 10.2
HAR2 Jurassic 52.3 36.0 1377 17 1040000 5766 131000 56 1580000 681 20.3 4.4 14.5 � 2
HAR3 Jurassic 52.1 35.9 1936 8 1260000 8731 446000 62 1730000 247 61.4 0 53.2 � 7.6
HAR4 Jurassic 52.5 35.7 2141 11 1040000 5766 128000 32 1340000 356 68.7 1.2 15.8 � 2.9
HAR5 Neogene 52.1 35.4 1329 17 1260000 8731 147000 107 1100000 798 58.5 33 24.7 � 6.0
SEF1 Jurassic 49.5 37.0 238 20 1130000 6275 154000 172 1060000 1094 6.1 54.8 35.9 � 8.9
SEF2 Jurassic 49.4 36.8 239 8 1260000 8731 54800 15 559000 163 82.5 0 19.6 � 5.3
SEF3 Jurassic 49.7 36.8 1616 21 1260000 8731 89100 75 694000 633 75.7 0 28.8 � 5.3
SEF4 Eo-Oligocene 49.1 36.6 1811 31 1130000 6275 237000 301 1420000 1836 59.5 4.7 31.3 � 2.0
SEF5 Eo-Oligocene 49.1 36.6 2422 23 1130000 6275 479000 595 2190000 4454 37.5 15.3 41.0 � 3.6
SEF6 Eo-Oligocene 48.9 36.5 2009 31 1130000 6275 188000 443 903000 2207 3.2 19.9 38.8 � 2.5
SEF7 Eo-Oligocene 49.1 36.3 2039 18 1130000 6275 205000 154 997000 746 67.4 1.5 39.4 � 3.5
SHA1 Pre-Cambrian 50.1 37.2 28 20 1040000 5785 36900 62 629000 1084 37.8 3.4 10.1 � 1.3
SHA2 Eo-Oligocene 50.0 36.7 1757 20 1040000 5766 113000 143 1240000 1516 66.9 0.8 16.6 � 1.5
SHA3 Eo-Oligocene 50.0 36.6 1126 20 1040000 5785 151000 126 790000 713 7.9 25 31.7 � 3.6
SHA4 Jurassic 49.9 36.6 1346 23 1260000 8731 66900 102 429000 665 40.7 6 32.6 � 3.5
SHA5 Eo-Oligocene 50.0 36.4 1716 5 1040000 5785 113000 27 466000 121 72.7 0 39.2 � 8.4
TAL1 Cambrian 50.5 36.5 2009 13 1260000 8731 155000 85 1860000 988 19.4 28.1 19.9 � 6.9
TAL2 Eo-Oligocene 50.4 36.3 2212 21 1260000 8731 30400 49 355000 620 100 0 16.5 � 3.3
TAL3 Jurassic 50.5 36.9 1790 7 1040000 5766 266000 42 2810000 450 93.1 0 16.4 � 2.7
GOR1 Neogene 53.9 36.6 1109 19 1040000 5766 554000 345 1350000 876 0 47.9 66.6 � 8.9
GOR2 Neogene 53.9 36.5 1731 32 1150000 7934 215000 191 679000 738 0 67 70.2 � 17.5
TEH1 Neogene 51.9 36.5 14 14 1040000 5766 187000 132 1210000 848 0 69.4 29.4 � 6.4
TEH2 Neogene 51.9 36.5 92 4 1040000 5785 108000 14 888000 115 72.16 0 21.4 � 6.1
TEH3 Cretaceous 51.9 36.5 427 14 1040000 5766 211000 77 462000 170 50.4 1.8 79.4 � 10.9
TEH4 Jurassic 51.7 36.4 1430 16 1260000 8731 1980000 717 2370000 887 35.9 26.2 157.4 � 24
TEH5 Jurassic 51.9 36.2 1799 13 1260000 8731 188000 43 2190000 493 90.0 0 18.5 � 3.0
TEH6 Eo-Oligocene 51.8 35.8 2294 3 1040000 5785 190000 11 1190000 65 82.7 0 29.8 � 9.7
TEH7 Paleocene 51.8 35.8 2110 27 1260000 8731 109000 114 656000 690 89.3 0.3 35.1 � 3.6
TEH8 Eocene 51.6 35.7 1491 8 1470000 8167 276000 74 2170000 585 34.4 14.4 31.8 � 4.3
TEH8 Eocene 51.9 36.5 1491 7 1040000 5785 237000 44 1360000 240 37.4 1.1 32.2 � 5.3

aNote that rd, rs and ri represent the dosimeter, sample spontaneous and induced track densities (x106 tracks cm�2); P(c2) is the probability of c2 for v
degrees of freedom where n = no. of crystals �1. All ages are central ages [Galbraith and Laslett, 1993].
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interpreted alongside results from previous studies listed in
Table 3 [Axen et al., 2001a, 2001b; Guest et al., 2006b].
[21] To define rock exhumation histories, selected good

quality data were modeled to determine probable thermal
histories using HeFTy software [Ketcham, 2005], incorpo-
rating a multikinetic fission track annealing model [Ketcham
et al., 2007] and a He diffusion model [Farley, 2000] for
Helium data. Joint modeling of AFT and AHe data was only
possible for sample SEF 5 as the other samples were limited
by lack of track length data. Where appropriate, geological
constraints (intrusion or volcanic age, depositional ages),
were also incorporated into the modeling.

4. Interpretation

[22] Comparison of AFT age and sample elevation for all
data covering both flanks provides a useful way to examine
how rock uplift is distributed across the range. Figures 6a

and 6b show age-elevation relationships, distinguishing
between data from the north and south flank of the mountain
range, for the entire data set (6a), and for only those samples
that have been fully reset (6b). No age-elevation correlation
is apparent at this scale but there are noticeable groupings of
AFT ages of circa 10–20 Ma (Middle Miocene), 30–35 and
35–45 Ma (Eocene-Oligocene transition). These groups are
found across the entire elevation range, indicating kilometer
scale exhumation during these time intervals. A fourth
grouping involves older ages that tend to increase with ele-
vation, consistent with much slower rates of burial and
exhumation. Notably, there is a contrast between the
north flank, with a large spread in AFT ages from 10 Ma
to 157 Ma, and the south flank with exclusively Cenozoic
AFT ages.
[23] It is also useful to distinguish between data from the

fringes of the mountain belt, with limited relief, and the zone
around the main divide, where elevation and relief are

Table 2. Apatite (U-Th)/He Ages Performed by Furnace Heating for He Extraction and ICP-MS for U-Th Determinations at the
University and Birkbeck College of Londona

Aliquot Number n He nmol/g U (ppm) Th (ppm) FT He age (Ma) Error Standard Deviation

Sample TAL2
A 3 0.48 4.59 20.41 0.80 11.7 0.7
E 3 0.53 5.02 26.53 0.77 11.3 0.7
F 3 0.47 4.12 19.69 0.83 11.9 0.7
Mean 0.49 4.58 22.21 0.80 11.6 0.4 0.3

Sample CHA1
A 2 0.71 20.03 31.17 0.84 5.7 0.3
B 4 0.63 19.42 20.28 0.79 6.1 0.4
D 3 0.31 8.08 24.66 0.78 5.3 0.3
E 4 1.15 39.04 43.04 0.78 5.5 0.3
Mean 0.70 21.64 29.79 0.80 5.6 0.2 0.3

Sample SEF5
A 2 4.70 25.46 83.23 0.79 15.8 0.9
B 3 0.03 0.14 0.48 0.73 16.8 1.0
C 2 3.82 34.94 57.84 0.75 19.4 1.2
Mean 2.85 20.18 47.19 0.75 17.3 0.6 1.9

Sample SEF4
A 3 0.95 12.06 30.37 0.77 11.8 0.7
B 2 1.16 26.56 54.93 0.73 7.4 0.4
D 3 1.07 16.93 30.57 0.74 10.9 0.7
Mean 1.06 18.52 38.62 0.75 10.1 0.4 2.3

aThe estimated analytical uncertainty for He ages is about 6% (2s). The standard deviation is used as the error when it is greater than the analytical
uncertainty. Aliquots were not used for the calculation of the average age.

Table 3. Published AHe Ages for the Alborz

Author Sample Number U-Th-He Age (Ma)

This study 1(SEF4) 10.1 � 0.4
2(SEF5) 17.3 � 0.6
3 (TAL2) 11.6 � 0.4
4 (CHA1) 5.6 � 0.2

Guest et al. [2006b] 5 13.3 � 0.7; 16.1 � 0.8; 17.2 � 0.9
9 3.4 � 0.2; 4.2 � 0.2; 4.7 � 0.2; 5.8 � 0.3; 6.1 � 0.3
10 5.1 � 0.3; 6.9 � 0.3
11 4.0 � 0.2; 4.3 � 0.2; 4.8 � 0.2; 5.8 � 0.3; 6.5 � 0.3

Axen et al. [2001a] 7 5.8 � 0.3; 8.1 � 0.7
8 4.4 � 0.2; 5.9 � 0.3

Axen et al. [2001b] 6 6.7 � 0.3; 5.3 � 0.3; 4.8 � 0.2; 3.8 � 0.2;
6.6 � 0.3; 5.2 � 0.3; 4.1 � 0.2; 2.8 � 0.1

12 11.3
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greatest. Examination of the data in this way shows an anti-
correlation between AFT ages and elevation in the axial
zone of the mountain belt, but not along exterior profiles
(Figure 7). The anti-correlation may have been caused by
systematically higher rates of exhumation in areas with high
elevation, decreasing relief of the range on the AFT time
scale, or the role of paleo-topography in which the modern
valleys are in approximately the same positions as they were
at the beginning of the exhumation [e.g., House et al., 1998;
Reiners, 2007]. Although other explanations cannot be
excluded with the data at hand, the broad spatial pattern of
AFT cooling ages suggests that gradients in exhumation rate
are likely to be responsible for the anti-correlation of cooling
age and elevation in the axial part of the mountain belt. In
this explanation, the pairing of high elevation with young
cooling age can only be achieved if the highest topography
has formed in the areas with the highest rock uplift rates. In
the next sections we examine the data to discern which
samples have been buried sufficiently to reset the apatite
thermochronometers and then consider the spatial distribu-
tion of the reset and un-reset AFT and AHe ages along eight
transects, oriented perpendicular to the strike of the moun-
tain belt.

4.1. Un-reset and Partially Reset Samples

[24] Sandstones that have not been buried to any sign-
ficant (>1–2 km) depth will likely retain a strong provenance
signal and therefore provide an opportunity to prospect for
earlier exhumation events subsequently obscured in the

orogen, and to constrain regional depths of erosion. While
the most recently deposited sandstones are likely to have
experienced the least reburial and reheating, older sedimen-
tary rocks deposited at the fringes of the mountain range
may also have experienced minor levels of burial permitting
this approach. Un-reset samples have single grain AFT ages
that are all older than the host sedimentary rock deposition
age. By contrast partially reset samples (caused by heating
due to burial beneath at least 1–2km of cover rocks) contain
a range of single grain ages that reflects variable levels of
fission track annealing due to differences in apatite compo-
sition (imposed by the apatite provenance). This results in
some grain ages that are older than sample depositional age
(most resistant apatites, typically rich in chlorine), and other
grains that have been totally reset (least resistant, fluorapatite
compositions).
[25] Un-reset characteristics were found in Neogene

sandstone samples, GOR1, GOR2, HAR5, TEH1, and
TEH2. Samples GOR 1 and GOR 2 from the easternmost
Alborz have central FT ages of 66.6 � 8.9 Ma and 70.2 �
17.5 Ma, respectively, both significantly older than the
depositional age of the sediments (stratigraphic age of
Middle-Late Miocene ca. 5.3–16 Ma). Over-dispersion of
the single grain ages in these samples signifies a mixed
population of ages that can be deconvolved into source age
components using a binomial peak-fitting method [Galbraith
and Green, 1990]. Decomposition reveals two principal age
populations (Figure 8) belonging to the Late Paleozoic (15%
of grains at 293 Ma) and Early Paleogene (85% of grains at

Figure 6. Plot of AFT age against elevation for (a) all sampled rocks including partially and fully reset
and (b) only fully reset. Differentiation between north-south flanks has been done using open-and black
rectangles, respectively. Cenozoic igneous rocks are displayed as red stars.
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50 Ma). Pliocene rocks sampled on the northernmost edge of
the central part of the mountain range (TEH 1 and TEH 2)
have also recorded a provenance exhumation history, but in
this case most grains belong to a younger age population
around 24 Ma. Without track length data for this population
we cannot be certain if this age relates to fast or slow cooling
but given that this was a time of relative tectonic quiescence
the latter scenario is the more likely. HAR5 from the southern
fringe of the mountain belt has central AFT ages of 24.7� 6,
that is older than the depositional age of the sediments
(Middle-Late Miocene: ca. 5.3–16 Ma). Decomposition of
the single grain ages reveals the principal age population
belonging to the Eo-Oligocene (89% of grains at 31.6 Ma).
[26] Four samples (FIR 1 and FIR 2, and TEH 3 and

TEH 4) have evidence of partial resetting. These were
collected from Cretaceous and Jurassic sedimentary rocks
in the northeast of the mountain belt, the same area that
has yielded most of the un-reset samples. Jurassic sand-
stone FIR 2 has a central FT age of 130.3 � 12 Ma with
over-dispersion (relative error 44%) relating, in part, to a
minor sub-population of reset grains, as shown by the
radial plot in Figure 8. These youngest grains were reset
by peak post-burial temperatures and therefore approxi-
mate to the time of onset of magmatic cooling, ca. 43 Ma.
[27] The partially reset samples sit structurally well within

the zone of mountain building, close to the North Alborz and
Khazar faults. Similarly, the five un-reset samples collected
from the central and eastern segments of the Alborz

Mountains were collected inside the zone of active mountain
building (Figure 5). The implication is that either this zone
has expanded since deposition of the samples, or alterna-
tively the sedimentary rocks have been advected into it by
sub horizontal tectonic transport. Given that a paleohigh
may have existed since the Middle Mesozoic in the north
Alborz [Sussli, 1976; Salehi Rad, 1979], we attribute the
partially reset ages to erosion of a proto-Alborz topography.
To assess the alternative assumption, we have plotted
(Figure 9) AFT ages along the northern boundary and
compared these with corresponding values of dip-slip and
strike-slip rates obtained from published GPS records
[Djamour et al., 2010]. This longitudinal section corre-
sponds to the northern section shown in Figure 7. Plotted
ages are central ages for fully reset and partially reset sam-
ples. An anti-correlation between present dip-slip rate and
AFT ages provides an explanation for the increase in AFT
ages toward the east and the patch of partially reset Meso-
zoic bedrock samples in the NE of the northern Alborz. This
suggests that the current kinematic regime and pattern of
deformation existed in the geological past, at least for the
northern Alborz and implies long-lived vertical motion with
variation along the Khazar Fault. Stratigraphic records are
consistent with the short-term kinematics. In the few loca-
tions where Pliocene sedimentary rocks are found in out-
crop, they occur at �1000 m above sea level and only south
of the Khazar Fault. Pliocene rocks north of the fault are
only found in exploration wells in the South Caspian Basin

Figure 7. Longitudinal AFT age-topographic elevation in cross sections through northern, central and
southern Alborz (left to right, respectively). Sample locations (yellow circles) are placed on a SRTM
sourced topography of the Alborz. Elevation and AFT central ages (�1 s) are displayed in white circles
and black rectangles, respectively.
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beneath 1600–2000 m of Quaternary sediments, indicating
rapid basin subsidence [Berberian, 1983]. The subsidence
rate dramatically increases from east to west and from
onshore to offshore [Yassini, 1981].
[28] Sample FIR 2 was collected in the immediate hanging

wall of the North Alborz Fault (south of the Khazar Fault in
the northern mountain front) (Figures 3 and 5): the vertical
offset on the eastern segment of that fault may not have been
more than a few kilometers, which is in contrast with the
segment toward the west (Chalus section) where data from

sample CHA1 indicates at least 4–5 km of vertical offset on
the North Alborz Fault since the earliest Miocene. Recent
GPS measurement shows that the North Alborz Fault and
other faults in the NE Alborz have major strike-slip, which
has been argued to be a relatively recent attribute [Djamour
et al., 2010]. The low levels of fission track annealing
recorded by the AFT data from the NE Alborz reflect lower
levels of exhumation than elsewhere in the mountain belt
and this would fit with most of the deformation by strike-slip
faulting. How far this zone of limited exhumation extends is
not well defined. Lack of un-reset AFT ages in rocks further
west along the northern margin of the mountain belt may be
due to a lack of Neogene samples from this area. However,
presence of fully reset AFT ages from the same stratigraphic
units in the West Alborz, implies that early uplift of the
proto-Alborz did not extend further to the west. By contrast
all samples from the south margin of the Alborz, with the
exception of the southernmost sample, HAR5 (with strati-
graphic age of Neogene), have been reset, implying that
exhumation in that area has been substantial even at the
topographic edge of the mountain belt.

4.2. Reset Samples and Postmagmatic Emplacement
Ages

[29] In the majority of cases AFT central ages from pre-
Tertiary and Paleogene rocks fall between 10 Ma and 40 Ma,
only 6 samples are older than 40 Ma. Sampled pre-Tertiary
rocks include Paleozoic-Precambrian units but most samples
are from the Shemshak Formation (depositional age range
�210–160 Ma). Paleogene samples are mainly igneous
rocks (formation ages from 65 to 23 Ma in Figure 4). Thus in
most cases the fission track data record Cenozoic exhuma-
tion. Most of these samples fall into one of three broad age
categories, according to their AFT age distribution:
[30] 1. Middle Eocene cooling ages are limited to the

southwest Alborz, specifically the Tarom Range and the
mountains northwest of Qazvin (Figure 3) where Eocene
magmatic rocks are the principal substrate. AFT ages in

Figure 8. Radial plots showing examples of the distribu-
tion of single grain ages for un-reset sample GOR2 and par-
tial reset samples FIR2. The shaded region on the radial plots
represents sample deposition age. The age components
(dashed lines) were extracted using binomfit [Brandon,
1992].

Figure 9. Longitudinal AFT age-slip rates on a cross-sec-
tion through the South Caspian shoreline. The variation of
AFT ages along the northern boundary is compared with
counterpart values of dip-slip and strike-slip rates modeled
by GPS records [Djamour et al., 2010]. Polygons have been
drawn around to help distinguish the anti-correlation and
correlation fields.
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these rocks are likely associated with magmatic cooling, and
indicate that later exhumation has been limited.
[31] 2. Cooling ages around the Eocene-Oligocene transi-

tion were found in rocks flanking the cluster of Middle
Eocene ages, implying that early exhumation of the western
Alborz occurred mainly to the north and east of the area of
Eocene magmatic activity. Another grouping of samples
with AFT ages from this first phase of exhumational cooling
is located near Tehran, and includes the un-reset sample
HAR 5 (the principal age population belonging to the
Eo-Oligocene).
[32] This group may be bounded to the west by the North

Tehran Fault, but extends north across the Mosha Fault.
Importantly, both groups are confined mainly within areas
with little topography above 2 km, and relief <500 m. Iso-
lated samples with ages around 32 Ma outside these two
groups are all located outside the highest mountain areas.
[33] 3. Samples, from the high mountains of the central

Alborz generally have AFT ages associated with Middle
Miocene exhumational cooling. Between Karaj and Qazvin,
this domain extends to the southern fringe of the mountain
belt, and it is apparent that in this area there has not been a
major outward migration of the deformation front in the
recent geological past. Notably, most of the youngest AFT
ages were found to the south of the Kandavan-Baijan-
Banan-Rudbar fault array, which also defines the boundary
between domains dominated by Tertiary rocks to the south
and pre-Tertiary rocks to the north. A similar pattern is also
found along the E-W Mosha-Taleqan fault array further east.
These arrays may be long-lived structures that have con-
trolled the region’s kinematics throughout the Tertiary
[Yassaghi and Madanipour, 2008].

4.3. Transects

[34] Some details of the AFT age pattern are best viewed
along sections across the mountain belt. Figure 5 shows
swath profiles (with �20 km width) of mean, minimum and
maximum topographic elevations for each of the eight N-S
sections together with major faults, sampled locations, and
AFT and stratigraphic ages. Salient details are reviewed
from east to west.
[35] The Firuzkuh section in the eastern Alborz shows

the domain of partially reset rocks with old cooling ages
extending into the hanging wall of the North Alborz Fault.
This domain appears to terminate abruptly between sites
FIR 2 (130.3 � 12 Ma) and FIR 3 (26.4 � 4.2 Ma). Ten
kilometers separate these two sites, and it is likely that a
structure with a large amount of dip slip is located in
between. This structure has not yet been identified in
outcrop. Further south, AFT ages are uniformly young,
where data are available, and indicate kilometer scale
exhumation since the Miocene e.g., FIR4 (17.8 � 3.7 Ma)
and FIR7 (18.4 � 2.2 Ma) collected from the hanging
walls of the Firuzkuh and Diktash faults.
[36] At the northern end of the Haraz section, HAR 1

(35.0 � 10.2 Ma) is fully reset but its AFT age and the
large dispersion of single grain ages indicate that slow
exhumation of the NE Alborz extends into this section. As
in the Firuzkuh section, there is a significant jump to
younger cooling ages within the north flank of the
mountain belt toward the divide (e.g., HAR 2- 14.5 � 2.0
Ma). HAR4 (15.8 � 2.9 Ma), in the hanging wall of

Mosha Fault, indicates kilometer scale vertical offset since
the Early Miocene.
[37] The partially reset domain of the NE Alborz is again

picked up in the Tehran section (un-reset Neogene samples
TEH 1 and TEH 2 and partially reset Cretaceous sample
TEH 3), where Jurassic sample TEH 4 (157.4 � 24.4 Ma),
from the hanging wall of the North Alborz Fault, has not
been totally reset. Fully reset rocks have only been recovered
from locations south of the Kojour Fault. This structure may
extend significantly further east to explain the jump in AFT
ages toward the divide observed in the Firuzkuh and Haraz
sections. Three locations with AFT ages close to the Eocene-
Oligocene transition in the south flank of the mountain belt
are all to the south of the Mosha Fault, which may therefore
form the southern boundary of the fast exhuming, high
interior of the Alborz Mountains. This active fault has a left-
lateral nature. Detailed structural analysis indicates that the
central part of the Mosha Fault is an inverted normal fault,
which has been reactivated as a reverse fault since the late
Tertiary [Moinabadi and Yassaghi, 2007].
[38] In the Chalus section, the relatively young AFT age

of CHA 1 (20.5 � 1.5 Ma) indicates kilometer scale vertical
offset on the North Alborz Fault since the earliest Miocene.
However, the Kandavan Fault, located almost on the main
divide of the mountain belt, appears to be the northern limit
of a domain with uniform, high exhumation rates, reflected
in Miocene AFT ages. It has been identified as an inverted
basin-bounding fault, that controls development of the
Eocene rocks in its footwall [Yassaghi and Naeimi, 2011].
Along this section, the North Tehran Fault has stepped out to
the southern front of the mountain belt, and it has taken over
from the Mosha Fault as the main structure bounding the
domain with youngest AFT ages to the south. The youngest
AFT ages in this section, e.g., CHA8 (13.1 � 1.7 Ma), are
consistent with rapid exhumation since the Middle Miocene.
The zone of rapid exhumation extends west into the Taleqan
section along the south flank of the mountain belt (Figure 5).
No samples from north of the Kandavan Fault are available
in this section and the local role of this fault, as a bounding
structure cannot be assessed. As in the Tehran section, the
southern boundary of the domain with Miocene AFT ages
appears to be located at the mountain front, here defined by
the Mosha and Takieh faults.
[39] The Shah Rud section represents a dramatic break

from the trends observed further east. In this section, rela-
tively old, Eocene AFT ages are found in the south, associ-
ated with Tertiary plutonic rocks. In the north flank of the
Shah Rud valley, a sharp decrease in AFT age toward the
north over a short distance may signal offset along a major
structure, which could well be the Kandavan Fault. How-
ever, in contrast to sections further east, it is the northern
block that has been exhumed fastest. Sample SHA 1 (AFT
age 10.1 � 1.3 Ma), at the northern edge of the mountain
belt, has the youngest of all AFT ages in this study, but
notably, rapid exhumation of this Neoproterozoic granite
(Lahijan granite), with a zircon U-Pb age 551� 9 Ma [Guest
et al., 2006b], has not resulted in the construction of a major
topographic feature. The Lahijan granite is located on the
hanging wall of the Khazar Fault, where the shortening
component recorded by GPS is among the highest along the
fault [Djamour et al., 2010].
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[40] Finally, the Sefid Rud section repeats the pattern of
the Shah Rud section to the east, with Middle Eocene AFT
ages in the south, and a jump to Neogene ages along the
topographic depression carved out by the river’s trunk
stream. The age difference between SEF 2 (19.6 � 5.3 Ma)
and SEF 3 (28.8 � 5.3 Ma) may be due in part to the 1.5 km
difference in elevation between these two samples. How-
ever, SEF 1 is from a low elevation (238m) and its Eocene
age must reflect a return to slow exhumation of the northern
mountain front.
[41] The trends outlined above have not extended into our

AHe results and previously published AHe data. Previous
AHe studies of exhumational cooling have focused on the
Tehran, Karaj-Chalus, and Alam Kuh areas, covering a
limited part of the central-west Alborz [Axen et al., 2001a,
2001b; Guest et al., 2006b]. In addition, Davidson et al.
[2004] have published a series of AHe ages of lava flows
associated with the Damavand eruptive center but these have
not been included here as they are unrelated to the exhu-
mation history of the Alborz. All published ages are shown

in Table 3 with geographic location (red stars) in Figure 3.
Most AHe ages cluster between 3 and 6 Ma, indicating
cooling from ≥ 60–80�C over this period. Older ages up to
17 Ma have been found, but their significance is unclear due
to lack of agreement with AFT data. For example, Guest
et al. [2006b] obtained AHe ages of 17.2–13.3 Ma for a
Late Precambrian granite body (U/Pb age 551 � 9 Ma)
located near Lahijan on the SW Caspian coast. These ages
are older than the AFT age (10.1 � 1.3 Ma) we have
obtained for the same body (SHA1). The granite complex
is large, with considerable relief. It is possible that dif-
ferential exhumation may explain this disparity or, alter-
natively, technical issues may be the cause. In any case,
(U-Th)/He ages of 162–133 Ma for zircons from the same
location [Guest et al., 2006b] appear to limit the Neogene
exhumation to little more than the depth of the AFT par-
tial annealing zone (broadly, ≤110–120�C).
[42] The utility of complimentary AFT and AHe data is

demonstrated by the 17.3 � 0.6 Ma AHe age obtained by
this study for Paleogene granitoid sample SEF 5, which has

Figure 10. Examples of thermal history models for Jurassic sedimentary rocks and Paleogene granitoids.
Sample SEF 5 included both AFT and AHe data. Modeling used HeFty software [Ketcham, 2005] incor-
porating a multikinetic fission track annealing model [Ketcham et al., 2007] and a He diffusion model
[Farley, 2000] for Helium data. DPAR was used as a compositional proxy. Time-temperature constraints
were used for sample depositional age or rock formation age, otherwise the models were allowed uncon-
fined search space. For sample FIR 2 the thermal history is relates to the older age component only from
which the track length data were obtained.
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an AFT age of 41.0 � 3.6 Ma. When jointly modeled these
two sets of data show rapid cooling to (near-) surface tem-
peratures in the Eocene followed by reburial to depths suf-
ficient to partially reset the AHe system. Subsequent
inversion and exhumation were recent and took place at or
after 5 Ma (Figure 10), which is consistent with the main
cluster of young AHe ages. Four AHe dates for Eocene
volcanics and Neogene detrital rocks in the uppermost Shah
Rud catchment are between 3.4 � 0.2 Ma and 6.1 � 0.3 Ma
[Guest et al., 2006b]. Seven further AHe dates for Paleozoic,
Mesozoic and Eocene rocks from several locations N-NW of
Tehran record cooling to below 40–70�C between 4.0 � 0.2
Ma and 6.5 � 0.3 Ma [Guest et al., 2006b]. Eocene rocks of
the Karaj Formation above an active thrust with Pliocene-
Pleistocene footwall strata in the area north of Tehran have
an AHe age of �11.3 Ma [Axen et al., 2001b].

5. Discussion

[43] Combination of thermochronometric and strati-
graphic data provides the fullest picture of the evolution of
the Alborz mountains. Rock uplift and denudation associ-
ated with development of the Alborz Mountain belt were not
constant through time and several episodes of tectonic
movement spanning the Cretaceous-Paleocene, Eocene-Oli-
gocene, Middle Miocene and Miocene-Pliocene have been
proposed [Ballato et al., 2011; Berberian and King, 1981;
Axen et al., 2001a; Allen et al., 2003; Guest et al., 2006b].
With constraints provided by thermochronometry data we
can now identify key stages in the development of the
Alborz Mountains and assess their cause and significance.

5.1. Late Cretaceous Compression and Emergence

[44] A Late Cretaceous-Early Paleocene unconformity
extends beyond the southern Alborz, throughout the greater
part of central Iran. It is overlain by the Fajan conglomerate
which is interpreted to reflect compression and uplift of
much of the Iranian Plateau, including the Alborz [Berberian
and King, 1981; Berberian, 1983; Ziegler, 2001] during the
closure of some small oceanic basins further south in Iran,
now preserved as Late Cretaceous ophiolite complexes. This
early phase of shortening across Iran substantially pre-dates
initial Arabia-Eurasia collision [Brunet and Cloetingh,
2003]. Instead, it is likely to reflect the relative movement
of smaller plates north of the main Neo-Tethys, which was
undergoing northward subduction under Eurasia at the time.
[45] A proto-Alborz Range had emerged by the Early

Tertiary [e.g., Stöcklin, 1968; Clark et al., 1975; Sussli,
1976; Berberian, 1983]. In fact, some workers have sug-
gested that subaerial topography may have existed in the
northern Alborz as early as the Middle Mesozoic [Sussli,
1976; Salehi Rad, 1979], as discussed in section 4–1, and
our thermochronometric data appears to confirm this. This
topographic barrier would have separated the South Caspian
Basin from central Iran [Stöcklin, 1968]. It may have been
delimited by the precursor of the Khazar and South Talesh
faults [Berberian, 1983] to the north, and an array of faults
bordering the Mid-Eocene volcanics, aligned with the pres-
ent Kandavan fault system to the south. While the southern
Alborz was transgressed after the Early Paleocene, the
northern Alborz may have remained a subaerial landmass
throughout the Paleogene [Sussli, 1976; Huber, 1977]. This

is supported by lower levels of fission track annealing in the
un-reset and partially reset samples from the NE compared
to elsewhere in the mountain belt.

5.2. Middle Eocene Magmatism

[46] The stratigraphy of the southern Alborz reflects a
return to marine conditions in the Paleocene, persisting
throughout the Eocene. The deposits have a significant
volcaniclastic component, from sources located within north
Iran. The Middle Eocene was punctuated by the intrusion of
plutons including the Tarom, Lavasan, and Qasr-e-Firuzeh
intrusions with emplacement ages of 35–40 Ma [Davari,
1987; Rezaeian, 2008; Ballato et al., 2011]. Magmatic
activity appears to have commenced earlier, �40–50 Ma
[Verdel et al., 2011; Ballato et al., 2011], with widest dis-
tribution in the Tarom and southern Talesh mountains of the
western Alborz [Stöcklin and Eftekhar-Nezhad, 1969;
Stöcklin, 1972]. It lasted until 36.0 � 0.2 Ma [Ballato et al.,
2011] and decreased in extent toward the east. There is close
agreement between magmatic rock formation ages deter-
mined by U-Pb dating [Verdel, 2008] and AFT ages, e.g.,
SEF 5 in the Tarom intrusion, consistent with emplacement
at high levels in the crust. Eocene magmatism was accom-
panied by extension and subsidence across the southern
Alborz, which created accommodation space for several
kilometers of volcanic and volcanigenic sediments of the
Karaj Formation. The thickness of this formation appears to
decrease abruptly along the main divide of the Alborz
Mountains and thermochronometric data from the northern
Alborz indicate that a thick cover of Cenozoic sediments has
not existed there at any time. This constrains the extent of
the Eocene basin, and implies that during Eocene extension
the proto-Kandavan Fault has been active as a normal fault
system with significant topographic relief; the geological
evidence also support the normal fault kinematics [Yassaghi
and Naeimi, 2011]. Eocene extension and magmatism
reached beyond the southern Alborz in north Iran, affecting
much of the region now occupied by the Pontides, Caucasus,
Talesh and Iran Plateau. This region was located in the back
arc of an active margin further south, with northward sub-
duction of Neo-Tethys ocean crust [Berberian and King,
1981]. High rates of extension and magmatism in the Mid-
dle Eocene have been attributed to rollback of the subduct-
ing slab [Vincent et al., 2005].

5.3. Eocene-Oligocene Boundary: Collision,
Compression and Mountain Building

[47] In the southern Alborz, Eocene marine and marginal
marine deposits of the Karaj and Kond Formations are cut by
an erosional unconformity, overlain by a basal conglomer-
ate, continental red beds of the Lower Red Formation, and
subaerial volcanics. This is clear evidence of emergence and
subaerial exposure of the Alborz region, and substantial
sediment supply from the north. The AFT age and elevation
plot (Figure 6a) shows that most ages, especially for the
south flank, cluster between 20 and 40 Ma across the ele-
vation range, reflecting rapid exhumational cooling at that
time. The intensity and geographic extent of erosion in the
Alborz region around the Eocene-Oligocene transition, and
the proximal nature and lateral extent of the associated
sediments indicate the formation of subaerial topography
along the arch of the mountain belt, where this signal has not
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been overprinted by younger exhumational events. To dis-
criminate between magmatic and exhumational cooling AFT
ages have been plotted for the Eocene igneous rocks
(Figure 6b). Given that the uppermost (youngest) Eocene
tuff in the southern central Alborz has been dated to 36.0 �
0.2 Ma [Ballato et al., 2011], younger cooling ages must
relate to a post-formation thermal history.
[48] Compression in the Alborz in the Late Eocene may

have been caused by the onset of collision along the Bitlis-
Zagros suture in the Turkish-Iranian Plateau [e.g., Hessami
et al., 2001; Haq and Al-Qahtani, 2005; Vincent et al.,
2005; Hatzfeld and Molnar, 2010], after the last substantial
piece of oceanic plate separating Arabia from Eurasia had
been subducted [Allen and Armstrong, 2008]. Following the
collision, ongoing convergence between the two plates
resulted in compressional deformation of the continental
lithosphere, involving folding and thrusting and the con-
struction of mountain belts across the collision zone
including the Alborz, Zagros [Ballato et al., 2011; Agard et
al., 2005; Hatzfeld and Molnar, 2010], Caucasus [Vincent et
al., 2007] and Talesh Mountains [Brunet et al., 2003;
Vincent et al., 2005].

5.4. Middle Miocene: Accelerated Exhumation

[49] On the southern fringes of the mountain belt and
further south in the Iran interior a shallow marine carbonate
shelf (Qom Formation) formed with limited clastic input
from surrounding highs. However, in the Middle Miocene
(�16–11 Ma), the northern edge of the Qom shelf became
subaerially exposed, eroded, and covered by basal con-
glomerates of the Upper Red Formation that extended far
into the basin [Reuter et al., 2009]. The timing for the ini-
tiation of Upper Red sedimentation may not have been
coeval across the orogen, although Ballato et al. [2008]
document 17.5 Ma in the southern Alborz mountains,
while Morley et al. [2009] suggest ca. 17 Ma for central Iran
(Qom area).
[50] The source of these conglomerates was located in the

Alborz Mountains, where intramontane basins formed and
filled with lacustrine, evaporitic and terrestrial deposits.
Rapid exhumation of the Alborz Mountains at this time is
captured by a strong cluster of AFT ages of 10–20 Ma
(Figure 6b), located mainly in the south flank of the central
Alborz, and along the main divide of the central and western
part of the mountain belt. Throughout this time, the northern
edge of the mountain belt was defined by motion on the
North Alborz Fault. Neogene formations with Para-Tethyan
facies do not crop out south of the North Alborz Fault and
the Red Marl Formation (Middle Miocene - Langhian)
[Stöcklin, 1972] was deposited unconformably on top of the
Late Cretaceous or Early Paleocene strata, indicating an
erosion phase or hiatus before onset of marine deposition in
the Late Miocene [Yassini, 1981].
[51] The Middle Miocene acceleration of exhumation and

sedimentation rates in the Alborz Mountains followed an
apparent decrease of the rate of convergence between Arabia
and Eurasia from �3 cm/yr to �2 cm/yr around 20 Ma, but
allowing for the generally low temporal-spatial resolution of
the current convergence rate data it is likely that conver-
gence rates have not changed to any great extent since 50 Ma
[McQuarrie et al., 2003; Hatzfeld and Molnar, 2010].

5.5. Pliocene-Quaternary: Accelerated Exhumation,
Again

[52] The absence of a substantial number of AFT ages
younger than 10 Ma is due entirely to the relatively slow
pace of shortening and shallow depths of exhumation across
the Alborz Mountains after this time. However, the AHe
thermochronometer, which has a lower closure temperature
than the AFT system and sensitivity to smaller-scale exhu-
mation, has revealed a distinct cooling phase that initiated
around 4–6 Ma, which appears to be separated from the
earlier, Middle Miocene cooling phase by an interval of
slower exhumation in the Late Miocene. The regional stra-
tigraphy records an erosional unconformity (or facies change
from fine to coarse clastics) and tectonic tilting [Ballato et
al., 2008] at the top of the Upper Red Formation in the
southern Alborz, and the Red Marls in the northern Alborz.
The Red Marl Formation, consists of purplish-red marine
marls with intercalated limestone, sandstone, red conglom-
erate, basalt, and gypsum of Middle Miocene age (Langhian)
[Stöcklin, 1972].
[53] Stratigraphically above Upper Red Formation, the

kilometer thick sequence of coarse Hezardareh conglomer-
ates signals intensified erosion of a steep topography in the
south flank of the mountain belt, while the coarsening of
deposits is even more pronounced along the northern edge of
the Alborz, where conglomeratic Brown Beds (Sarmatian in
age) overlie older muds. The unconformity at the base of
these coarse deposits is not necessarily regionally synchro-
nous, but it testifies to a marked increase in erosion rates
over the same time interval recorded by the thermo-
chronometry data.
[54] This most recent phase of erosional exhumation has

been accompanied by an outward migration of the defor-
mation front, manifest in the (re)activation of the Khazar
Fault which served as a structural boundary and also influ-
enced the local stratigraphy. Geological units between the
current deformation front and the North Alborz Fault were a
part of the South Caspian rigid block until this structural
reorganization, and have not been uplifted and exhumed
enough for their apatite fission tracks to be reset. Elsewhere,
Morton et al. [2003] used provenance patterns of Pliocene
sediments in the northern South Caspian Basin to argue for
an increase of exhumation rates in the Greater Caucasus at
roughly this time [Avdeev and Niemi, 2011]. Synchronicity
of exhumation rate increases may be due to a regional
reorganization of the Arabia-Eurasia collision, or to climate
change, or both in combination.

5.6. Controls on the Exhumation

[55] Subdued erosion across the Alborz region during the
Early Miocene, and subsidence and transgression of the
Iranian interior [Şengör and Kidd, 1979] is unlikely to be
attributable to an overall slow down of plate convergence,
but, might be due to a change in pattern of distributed
shortening across the collision zone. Distinct phases of
mountain building and exhumation of the Alborz may
therefore be due entirely to periodic redistribution of strain
within the mountain belt rather than varying external con-
ditions [e.g., Toussaint et al., 2004]. Alternatively, active
deformation may have relocated within the wider Arabia-
Eurasia collision zone, which extends from the Apsheron
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Sill in the north to the frontal structures of the Zagros in the
south. It is not clear where the focus of deformation was
during the Oligocene. Candidate areas include the Sanandaj-
Sirjan Zone and the High Zagros, which were emergent at
this time [Stöcklin, 1968]. Other possibilities include the
Greater Caucasus and the Apsheron Sill, which were
undergoing compressional deformation and exhumation in
the Oligocene [Avdeev and Niemi, 2011; Green et al., 2009;
Vincent et al., 2011] but this still leaves the question as to
why deformation should switch away from Central Iran and
the Alborz, and then switch back again.
[56] Regional re-organization of the Arabia-Eurasia colli-

sion in the last few million years has been suggested for two
reasons [Allen et al., 2004]. First, there are many areas
within the collision zone where deformation only appears to
have begun or intensified since �5 Ma, including the inte-
rior of the South Caspian Basin [Devlin et al., 1999] and the
Greater Caucasus [Avdeev and Niemi, 2011]. At roughly the
same time, compressional deformation has slowed or ceased
across the interior of the Iranian plateau [Morley et al.,
2009]. Second, several of the major active fault systems in
the collision zone need only to have been active at their
present rates to achieve their total slip since the Late Mio-
cene/early Pliocene; the North Anatolian Fault is a good
example of this pattern [McClusky et al., 2000]. The causes
of this re-organization are not certain, given that there is no
known change in overall plate convergence rate [McQuarrie
et al., 2003]. One possibility is that Afghan-India collision at
the eastern side of the collision zone progressively prevented
accommodation of Arabia-Eurasia convergence by along-
strike lengthening of the collision zone [Allen et al., 2011].
By contrast Avdeev and Niemi [2011] propose that final
closure of the Greater Caucasus back-arc basin in late Mio-
cene time marked the cessation of subduction of oceanic or
transitional crust across much of the Arabia-Eurasia collision
zone accompanied by “hard” continent-continent collision,
that extended from the Arabian shield to the Scythian
platform.

[57] Spatial and temporal variations of climate are unlikely
to have produced all the exhumation effects referred to here
and elsewhere. Notably, a strong climatic contrast between
the two flanks of the mountain belt is likely to have persisted
since the Miocene, with substantially wetter conditions on
the northern, windward side of the range. Using oxygen
isotope data from Miocene continental sedimentary deposits
of the southern Alborz, Ballato et al. [2010] has demon-
strated that the Alborz became an orographic barrier to
moisture bearing northerly winds, establishing a rain shadow
since ca. 17.5 Ma. Paleogeography and biostratigraphy
suggest that this coincided with the final closure of the
Tethyan seaway and also the beginning of isolation of the
Para-Tethys from the Mediterranean Sea [Harzhauser and
Piller, 2007; Harzhauser et al., 2008; Reuter et al., 2009].
One of the main findings in our study is less pronounced
exhumation on the wet side, throughout the Neogene and
earlier, which puts into question the nature and strength of a
climate control on the exhumation of the mountain belt.
[58] Finally, our results show a distinct rise in exhumation

rate from 6 to 4 Ma, mirrored by the stratigraphy. It has been
proposed that climate may have played a role in accelerating
Late Cenozoic erosion and sedimentation rates [Zhang et al.,
2001;Molnar, 2004] but recent work has suggested that on a
global scale long-term chemical weathering fluxes, which
are tied with physical erosion, have remained relatively sta-
ble since 10 Ma [Willenbring and von Blanckenburg, 2010].
For our purpose, it is the local expression of regional climate
change that matters. From 5.5 Ma onward a major change in
the oxygen isotope record of the Atlantic margin of Morocco
indicates a dramatic change in Eurasian climate, resulting in
much warmer and humid conditions. This changed the
hydrological balance and resulted in a widespread trans-
gression in the Mediterranean and the Para-Tethys but
exactly how this would have impacted on the Alborz region
is not yet clear. Exploration of climate change as a potential
forcing mechanism affecting the exhumation and growth of
the Alborz Mountains during the Neogene thus requires

Figure 11. Summary cartoon to show relationship between Alborz stratigraphy and exhumation rates
obtained by this study.
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more detailed constraints on the climate of the mountain
belt, including contrasts between the north and south sides of
bulk parameters as well as their short-term variability. Other
aspects for further investigation relate to structural and lith-
ological variations across the range, in that the southern
flanks were strongly affected by Eocene extension and
magmatism (Figure 4), in a way that the northern side was
not. The southern regions have not been inverted to a degree
that has also affected the northern side of the range.

6. Conclusions

[59] The regional thermochronometric data set produced
by this study combined with outcrop geology has shown that
growth of Alborz Mountains in the Cenozoic was episodic
(Figure 11), with early pulses from about 60 and 35–40 Ma,
followed by an interval of low level deformation between
�30–20 Ma, (Late Oligocene-Early Miocene), an accelera-
tion in exhumation rates from �18–20 Ma, an apparent
pause from 10 to 6 Ma, and finally a major acceleration in
exhumation in the Pliocene, recorded only by the AHe
thermchronometer as the depth of erosion since that time has
been small. Parts of these exhumation signals are in good
agreement with the geological record for Central Iran, which
shows a tripartite signal of terrestrial clastics (Lower Red
Formation) followed by carbonates (Qom Formation) in the
Late Oligocene–Early Miocene, and terrestrial clastics that
continue into the Quaternary (Upper Red and Hazardareh
formations) [Stöcklin, 1968; Ballato et al., 2008; Morley et al.,
2009]. The reasons for these switches in exhumation and sed-
imentation are not clear. Nor is the apparent Late Miocene
pause in exhumation recorded in the thermochronometry data
consistent with the known stratigraphic record from Central
Iran and the margins of the Alborz.
[60] There does not appear to be a single direct tectonic

cause for the intensified episodic erosion, as convergence
rates between Arabia and Eurasia have remained fairly
constant. It may, however, relate to a change in the way
convergence has been accommodated within the collision,
with a shift away from the Turkish-Iranian plateau toward
areas further north (Alborz, Apsheron Sill and Greater
Caucasus). Climate is an alternative forcing mechanism but
a paradox is that the north flank of the Alborz, which has
consistently received water vapor from the adjacent Caspian
Basin, since at least 17.5 Ma, would be expected to have
been the focus of exhumation, and therefore be more sensi-
tive to any changes in climate. The thermochronometric and
stratigraphic data presented by this study conflict with this
expectation, and indicate instead that over the long-term
most erosional exhumation was located in the drier interior
and south flank of the mountain belt. The explanation for
this may lie with short-term observations since there is a
sharp correlation between the present-day kinematic regime
constrained by GPS [Djamour et al., 2010] and the long-
term patterns of exhumation described here. Further work on
patterns and rates of short-term erosion is required to deter-
mine if present-day deformation has any bearing on the
long-term records.
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