'.) Check for updates

A G s

> SPACE SCIENCE

Geochemistry, Geophysics,

Geosystems’

RESEARCH ARTICLE
10.1029/2022GC010561

Key Points:

e Erosional exhumation and tectonic
denudation occurred during the
late Cretaceous-Paleocene and the
Oligocene, respectively

e Widespread resetting of ZHe, Apatite
Fission Track, and AHe systems
occurred between 18 and 13 Ma
through magmatic reheating of
shallow intrusions (<10 km)

e Erosional exhumation after 11-10 Ma
from shallow depths (<2-3 km) was
caused by transpressional deformation

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

M. Biralvand,
m.biralvand @modares.ac.ir

Citation:

Biralvand, M., Ballato, P., Balestrieri,
M. L., Mohajjel, M., Sobel, E. R.,
Dunkl, L, et al. (2023). Low-temperature
thermochronologic response to
magmatic reheating: Insights from the
Takab metallogenic district of NW

Iran, (Arabia-Eurasia collision zone).
Geochemistry, Geophysics, Geosystems,
24,e2022GC010561. https://doi.
0rg/10.1029/2022GC010561

Received 7 JUN 2022
Accepted 27 DEC 2022

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

ok

Low-Temperature Thermochronologic Response to Magmatic
Reheating: Insights From the Takab Metallogenic District of
NW Iran, (Arabia-Eurasia Collision Zone)

, Paolo Ballato?
, Istvan Dunkl®, Giordano Montegrossi®
, and Manfred R. Strecker*

, Maria Laura Balestrieri® (/, Mohammad Mohajjel,
, Mohammad R. Ghassemi®’,

Masoud Biralvand!
Edward R. Sobel*
Johannes Glodny?®

'Department of Geology, Tarbiat Modares University, Tehran, Iran, 2Department of Science, University of Roma 3,

Rome, Italy, *Institute of Geosciences and Georesources, National Research Council (CNR), Florence, Italy, “Institute

of Geosciences, University of Potsdam, Potsdam, Germany, *Department of Sedimentology & Environmental Geology,
University of Gottingen, Gottingen, Germany, *Research Institute for Earth Science, Geological Survey of Iran, Tehran,
Iran, "School of Geology, College of Science, University of Tehran, Tehran, Iran, 3GeoForschungsZentrum, GFZ Potsdam,
Potsdam, Germany

Abstract The interpretation of low-temperature thermochronology (LTT) data in magmatic and
metallogenic provinces requires a knowledge of the geothermal field through time. There, the challenge is
differentiating rapid cooling following transient perturbations of the geotherms (reheating) from exhumational
cooling induced by erosion during tectonic uplift or normal faulting. The Takab Range Complex (NW Iran)

is a basement-cored range of the Arabia-Eurasia collision zone that experienced voluminous Eocene to
Miocene magmatism and mineralization. Our new apatite and zircon (U-Th-Sm)/He and apatite fission track
data, together with field observations, a dedicated numerical thermal model, and a re-evaluation of available
geochronology data document the occurrence of a complex geological and thermal history including: (a)

late Cretaceous-Paleocene exhumation possibly controlled by regional contractional deformation followed

by Eocene deposition; (b) Oligocene to possibly early Miocene (29 to 22-20 Ma) exhumation of basement
rocks from 13 to 8 km of depth, most likely through normal faulting during a thermal anomaly that led

to migmatization and partial melting; (c) early to late Miocene (~22-20 or earlier to 11-10 Ma) regional
subsidence with deposition of an up to ~2- to 3-km-thick Oligo-Miocene sedimentary sequence in association
with the emplacement of shallow intrusions, which led to a partial to total reset of our LTT systems sometime
between 18 and 13 Ma; and (e) erosional exhumation after 11-10 Ma with the development of a transpressional
system and a master, right-lateral, strike slip fault (Chahartagh Fault). Our data highlights the impact of
magmatic reheating on LTT ages in areas affected by intense magmatism.

1. Introduction

The advance of low-temperature thermochronology (LTT) and associated modeling techniques has significantly
improved our ability to determine the timing and rates of near-surface geological processes and to document
spatio-temporal patterns of erosional/tectonic exhumation (e.g., Braun et al., 2012; Gallagher, 2012; Gallagher
& Parra, 2020; Ketcham, 2005; Ketcham et al., 2018; Murray et al., 2022; Willett et al., 2021). However, the
interpretation of LTT data sets in regions characterized by widespread and prolonged magmatic activity, can be
complicated by transient episodes of heating and cooling (i.e., reheating) that could be misinterpreted as episodes
of burial and exhumation, respectively (e.g., Murray et al., 2018). Transient thermal events can be further ampli-
fied by the effect of fluids rising along faults and fracture zones or through highly permeable rocks, which can
affect the heating/cooling rate of the rocks and lead to localized mineralization processes (e.g., Fu et al., 2010;
Luijendijk, 2019; Sanchez et al., 2021). These complexities highlight the need to tackle the exhumation history of
magmatic provinces through a multidisciplinary strategy integrating different data sets.

The Takab Range Complex (TRC) is a basement-cored range of the Arabia-Eurasia collision zone in the interior
of the Iranian Plateau (IP) (Figure 1) and represents one of the few localities in Iran where the Neoproterozoic
crystalline basement is exposed at the surface (e.g., Hajialioghli et al., 2007; Figure 2). The range was exhumed
from middle crustal levels, but the processes and geodynamics associated with this exhumation are controversial.
These mechanisms include tectonic denudation through normal faulting during extension (Shafaii Moghadam
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Figure 1. Digital Elevation Model of Iran, showing plate convergence vectors between Arabia and Eurasia (Vernant

et al., 2004), the extent of the Iran Plateau (hatched area, Ballato et al., 2017), the approximate location of the suture between
Arabia and Eurasia (black thick line) and our study area (black rectangle). Abbreviations: TRC, Takab Range Complex; IP,
Iranian Plateau; SSZ, Sanandaj-Sirjan Zone; UDMZ, Urumieh-Dokhtar Magmatic Zone; Za, Zagros mountains; and Ta,
Talesh mountains.

etal., 2016, 2017; Stockli et al., 2004) versus erosional unroofing during thrusting and compression (Hajialioghli
et al., 2011; Moazzen et al., 2013; Saki et al., 2012). The TRC was also affected by a rather continuous magma-
tism lasting ~40 Myr, from the early Eocene to the late Miocene (Figure 2b and references therein), in association
with mineralization processes (Table 1 and references therein). Currently, the Takab metallogenic district is one
of the most exploited areas of Iran with different types of epithermal Au, Pb, Fe, Zn, As, and Sb ore deposits
among others (Figure 2 and Table 1). Thus, the TRC represents an ideal setting for investigating the roles of
magmatism, mineralization, and tectonics in controlling the cooling history in a metallogenic district, as recorded
by LTT data. Moreover, new thermochronologic data can provide insights into the regional tectonic history that
led to the local exposure of basement rocks.

To tackle these issues, we collected new field-based (structural and stratigraphic) data, compiled published
geochronology and mineralization ages (zircon U-Pb, Rb-Sr, Ar-Ar, and K-Ar on K-bearing minerals and
rocks), re-evaluated available geologic maps based on the new geochronological ages and our field observa-
tions, performed Apatite Fission Track (AFT) and (U-Th-Sm)/He dating on apatite (AHe) and zircon (ZHe), and
designed a numerical thermal model to quantify the heat distribution through conduction and convection (i.e.,
magnitude and duration of reheating) in the upper crust following the emplacement of a relatively shallow intru-
sive body. The results of the thermal model were then imported in HeFTy (Ketcham, 2005) to test the general
effect of reheating on LTT systems (ZHe, AFT, and AHe). Overall, this study allows: (a) exploring the effect of
transient heating/cooling on a LTT data set and (b) unraveling the complex Cenozoic geological history of the

BIRALVAND ET AL.

2 of 31

85UB1T SUOWILLIOD BAFERID 3|qedl|dde 8y Aq pausenoh afe S3jole YO (@8N JO Sa|nJ oy Areiqi8UlUO AB|IA UO (SUORIPLOD-PUB-SWLRIAL0D 4B | IM AJeIq 1 PU1|UO//:SaNY) SUORIPUOD PUe SWiB L 8Y) 39S *[£202/10/22] uo Ariqiauluo A3|IM ‘Z49 wepsiod wnnuez-zijoyw eH Aq T9S0T0092Z02/620T 0T/10p/wod AB|1m Ar.q puljuosgndnBe//sdny wo.y pepeojumoq ‘T ‘€202 ‘L202S2ST



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010561

—

~ [47°30'E

w
= = -Eocene <
I ‘é Active 2
= 2 . i 2
= / Mine 4 -
@ 1: Touzlar 2 .
A 2: Angouran| 7 ¢
3: Zarshuran D
4: Shaharak y &
AHe .8
® Elevation (m) L9
J AHe & AFT S E
e 3324 ]
¥ AHe & ZHe } 2
Z
3K AHe & AFT & ZHe il

E sectors

C W sectors

0 Temsto- [ rereat]

Holocene

Pliocene!

| Middle | Upper

Mioocene

16.0

Lower

23.0

Oligocene|

)

b ) v} d4rioE

Fig. 5¢

N

Fig. 5
=

14.220.4(6)

136°50'N

Fig.

Al-i

\

TR )

AR T

T 11_:9.11.6(2) :

Fig. 4c,d

Fig.3a,
Sh-i

20.3£06(3) \

Fi

. 7b

2
5
5

ble data

\:l Quaternary_Travertine

Middle-Upper Miocene

Plio-Pleistocene
Conglomerate

Middle-Upper Miocene
Intrusives

Upper Red Fm.

Lower Miocene
Qom Fm. & Volcanics

Oligocene_Intrusives

Oligocene-Lower Miocene
Lower Red Fm.

Eocene_Mostly Clastics

Permian_Ruteh Fm.

Cambrian_Zagun & Lalun Fm

Neoproterozoic-Cambrian
Jangoutaran Fm.

Neoproterozoic-Cambrian
Gneissic Granodiorite

Neoproterozoic-Cambrian
Metamorphics

Contact metamorphism
\\ Fault

\Fold axis
\ (inferred)

Figure 2.

BIRALVAND ET AL.

30f 31

35U9D 1] SUOLLIWIOD SAITERID 3[qed|jdde 81 Aq POUIRAOD 8.2 1L WO 98N J0 S9N J0J ARRIG 1T UIIUO 43| UO (SUO1IPUOD-PUE-SLLBIALICY" A3 |1 ARe.q[pu 1 |UO//ScY) SUONIPUOD PUE SWLB 1 3U) 89S *[E202/T0/22] U0 ARRIqIT 8UIIUO AB1IM ‘ZHD WEPSIOd WNNUSZ-Z}0YWRH AQ T9S0T0DDZ202/620T OT/10pw00" A8 M Areid putjuo'sqndnBe//sdny wouy papeoumoa ‘T ‘€202 *220252ST



A7t |

NI Geochemistry, Geophysics, Geosystems 10.1029/2022GC010561

ADVANCING EARTH
AND SPACE SCIENCE

Table 1

Summary of Major Regional Mineralization Events Based on (a): Heidari et al. (2015), (b): Daliran et al. (2013), (c): Gilg et al. (2006), (d): Mehrabi et al. (1999),

and (e): Sepahi et al. (2020)

Estimated
Type of Host rock type Age of associated max Estimated
Mine mineralization and age volcanism Age of mineralization temperature depth
Touzlar(a) Epithermal Early middle 19.3-18.1 Ma® 19.3-18.1 Ma* 211-310°C* NA
stratovolcano Miocene
hosted pyroclastics
mineralization and lavas
Angouran(b Hypogene zinc Basement (mostly 18.4:-11.9* Ma Most likely during volcanism (18.4— >155°C¢ NA
and c) sulfide-zinc schist) 11.9 Ma).Certainly >10 + 1 Ma®
carbonate (b)
Sulfide and Carbonate - The host non-mineralized rocks has <180°Cse NA
carbonate ore (marble) an Ar-Ar age of 21-20 Ma, so
(c) mineralization must be <20 Ma*®
Zarshouran(d) Epithermal Basement 16.2 + 0.3-11.1 + 03 Ma®¢ Age favored by 243 +59°C" 3.8 + 1.8 Km"
carbonate (pre-Cambrian authors:~14.3 + 04 Maé,partial
hosted dolomite) reset of the K-Ar system in the host,
mineralization non-mineralized rocks at 24-27,
21-20 and 17-18 Ma
Shaharak (e) Iron Oligocene ~25 Ma*® ~25 Ma*® ~250°C -
mineralization granitoide
(magnetite
skarn)

Note. Note that Touzlar, Angouran, and Zarshouran mines are in the central sectors of the TRC from ENE to WSW (Figure 2) and are associated with volcanic activity,
while the Shaharak mine is located at the southern TRC margin and is associated with intrusive activity.

Zircon U/Pb. "Whole rock Ar/Ar. “Mica Ar/Ar. ‘“Whole rock K/Ar. *“Whole rock Rb-Sr. ‘Homogenization temperatures of the liquid rich fluid inclusion from mineralized
quartz veins. ®Homogenization temperatures of fluid inclusion from sphalerite. "Combination of carbonic and aqueous inclusion data with stratigraphic and mineral

stability data.

TRC, which involves episodes of contractional deformation, sedimentation, magmatism, and cooling related to
erosional exhumation, (possibly) tectonic denudation, and thermal perturbations.

2. Geological Setting
2.1. Regional Tectonic Setting

The Arabia-Eurasia continental collision has led to the development of a large deformation zone that extends from
the Caucasus to the Persian Gulf and from eastern Turkey to western Afghanistan (e.g., Hatzfeld & Molnar, 2010
and reference therein). Although the timing of collision in NW and central Iran is still debated, an increasing
number of studies suggest that it must have occurred sometime between the latest Eocene (~35 Ma; e.g., Allen &
Armstrong, 2008; Ballato et al., 2011; Darin & Umbhoefer, 2022; Mouthereau et al., 2012) and the early (~27 Ma;
Koshnaw et al., 2019; McQuarrie & van Hinsbergen, 2013: Pirouz et al., 2017) to late Oligocene (Cai et al., 2021;
Gholami Zadeh et al., 2017). The collision zone includes prominent mountain chains (e.g., Zagros, Alborz,
Kopeh-Dagh, and Talesh Mountains) and large N-S to NW-SE and NE-SW oriented strike-slip fault systems
that bound relatively rigid crustal blocks (Central Iran, Lut and Helmand blocks, south Caspian basin, and IP,
Figure 1; e.g., Vernant et al., 2004). Within these blocks, the IP is an elevated morphotectonic province mostly
built onto the NW-SE striking Sanandaj-Sirjan Zone (SSZ) and Urumieh-Dokhtar Magmatic Zone (UDMZ,

Figure 2. (a) Digital Elevation Model of the Takab Range Complex (TRC) with sample position, analysis type, and main geological structures. (b) Geological

map of the TRC showing available geochronological ages. (c) Simplified stratigraphy of the TRC; the size of the Mio-Holocene time scale is proportional to time,
which is expressed in Myr. “°Ar-3°Ar ages are from, (2) Daliran et al. (2013), (3) Gilg et al. (2006), and (6) Mehrabi et al. (1999); K-Ar ages are from (6) Mehrabi

et al. (1999); Rb-Sr ages are from Sepahi et al., 2020; Zircon U-Pb ages are from (2) Daliran et al. (2013), (4) Hassanzadeh et al. (2008), (5) Heidari (2013), and (7)
Shafaii Moghadam et al. (2016). (8) Sepahi et al., 2020, (9) Honarmand et al., 2018, (10) Shafaii Moghadam et al. (2017), and (11) Azizi et al. (2021). Abbreviations:
Am, Amirabad Fault; An, Angouran Fault; Ch, Chahartagh Fault; Kk, Kaka Fault; Lk, Lalekan Fault; Ma, Mahneshan Fault; Qu, Qozlu Fault; Qa, Qarenaz Fault; Ag,
Angouran Mine Fault; Sh, Shahrak Fault; S1, Sheikhlar Fault; Ts, Takht-e Soleyman Fault; Al-i, Almalou granite (~25 Ma); and Sh-i, Shahrak intrusive body (~25 Ma,
but possibly assembled during earlier intrusions).
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Figure 1; Ballato et al., 2017). Plateau uplift occurred sometime after the ~17 Ma regional marine regression (top
of the Qom Formation e.g., Ballato et al., 2017). The NW sectors of the plateau are characterized by a contrac-
tional basin-and-range landscape that started developing in the middle to late Miocene in response to collisional
shortening and thickening processes (Ballato et al., 2017; Frangois et al., 2014; Mouthereau et al., 2012; Paknia,
Ballato, Heidarzadeh, Cifelli, Hassanzadeh, et al., 2021). The TRC constitutes a major mountain range within the
plateau interior at the boundary between the metamorphic SSZ and the UDMZ (e.g., Stocklin, 1968; Figure 1).
The TRC presents a few peculiarities such as the exposure of a metamorphic basement and the occurrence of
Eocene to late Miocene magmatism and associated mineralizations (Figure 2 and Table 1). The Eocene magma-
tism has a magmatic arc signature whereas the Miocene magmatism is interpreted as syn-collisional, most likely
resulting from partial melting of the Eurasian mantle lithosphere metasomatized by fluids from the subducted
Neo-Tethys oceanic lithosphere (e.g., Azizi et al., 2021; Kaislaniemi et al., 2014; Rabiee et al., 2020, 2022).
Syn-collisional magmatism is spatially and temporally scattered across the entire Arabia-Eurasia collision zone
and has been interpreted to occur in areas of variable lithospheric thickness in response to small-scale convection
at the lithosphere-asthenosphere boundary (Kaislaniemi et al., 2014).

2.2. Tectono-Stratigraphic Setting and Late Cenozoic Magmatic History of the TRC

The TRC consists of upper Neoproterozoic crystalline basement rocks (gneisses, granulites, amphibolites, schists,
marbles, meta-ultramafic, and intrusive rocks) with metamorphic conditions ranging from greenschist to gran-
ulite facies that were assembled during the Pan-African Orogeny (zircons U-Pb ages are mostly 550-500 Ma,
Figure 2; e.g., Hassanzadeh et al., 2008; Moazzen et al., 2009; Shafaii Moghadam et al., 2016, 2017). From the
Mesozoic, the TRC became the upper plate of the Neo-Tethys subduction system and was affected by multiple
episodes of arc magmatism (e.g., Hassanzadeh et al., 2008). The Eocene flare up is the most voluminous magmatic
event recorded in Iran (e.g., Verdel et al., 2011) and was followed by an Oligocene to possibly early Miocene
(~29-22 Ma) phase of intrusive activity associated with the emplacement of granitoids (mainly granodiorite) and
the development of migmatites (Figure 2, Hajialioghli et al., 2011; Honarmand et al., 2018; Moazzen et al., 2013;
Sepahi et al., 2020; Shafaii Moghadam et al., 2016, 2017). The geodynamic setting that caused migmatization,
however, is not clear and has been linked either to core complex formation during upper plate (intra-arc) exten-
sion (Shafaii Moghadam et al., 2016, 2017; Stockli et al., 2004) or partial melting of a thickened lithosphere
during collisional deformation (Hajialioghli et al., 2011; Honarmand et al., 2018). Partial melting may have been
facilitated by the occurrence of a lithospheric scale, inherited boundary such as a slab tear that could have focused
asthenospheric upwelling (Rabiee et al., 2020, 2022).

The uppermost section of the crystalline basement consists of paragneiss grading upward into a few-hundred
meters thick package of dolomites and crystalline dolomitic limestone (Jangoutaran Formation; Figure 2b).
The basement is either covered by lower Cambrian marine to continental clastics and carbonates, Eocene clas-
tics (coeval with the volcaniclastic deposits of the Karaj Formation; e.g., Verdel et al., 2011), Oligo-Miocene
continental conglomerates of the Lower Red Formation (LRF), lower Miocene shallow-water marine sediments
(mostly limestone; Qom Formation; e.g., Mohammadi et al., 2015) interfingered with volcanics (andesites, rhyo-
lites, and dacites; Heidari et al., 2015), or middle to upper Miocene terrestrial clastic deposits of the Upper Red
Formation (UREF, e.g., Ballato et al., 2017; Figure 2c¢).

In the eastern TRC, the Miocene volcanics have an age ranging from 19.3 to 18.1 Ma and have been interpreted
to represent a stratovolcano that was eroded during the late Cenozoic compressional deformation (Table 1, Azizi
et al., 2021; Heidari et al., 2015). These volcanics are interlayered with the shallow-water marine sediments of
the Qom Formation and are superseded by the middle to upper Miocene red clastics of the Upper Red Formation
(URF) (Figure 2). The contact between the lower Miocene volcanic/marine rocks and the basement along the
eastern side of the TRC has been described either as stratigraphic (Babakhani & Ghalamghash, 1998; Fonoudi &
Hariri, 2000; Lotfi, 2001) or tectonic such as a detachment fault that accommodated intra-arc extension before the
onset of Miocene contractional deformation (Hassanzadeh et al., 2008; Stockli et al., 2004).

To the northeast, the TRC is overlain by Mio-Pliocene sediments and volcanics (Figure 2). There, the clastic URF
was deposited between ~17 and 10.7 Ma, most likely in a foreland basin setting as suggested by a north-eastward
wedging geometry of the strata (Ballato et al., 2017). In the central sectors of the TRC, the basement is also
covered by ~18.4- to 12-Myr-old volcanics (Table 1, Daliran et al., 2013) while the URF is virtually absent either
because it was eroded or not deposited (Figure 2). These sectors (central TRC) include steeply dipping faults
of unknown kinematics and a few south-west to south verging thrust faults (Figure 2). Although the kinematic
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history and the displacement of these faults is undetermined, they have been interpreted to play an important role
during mineralization processes (Daliran et al., 2013; Gilg et al., 2006; Mehrabi et al., 1999).

In the western sectors of the TRC, basement rocks are juxtaposed with Miocene volcanic, marine, and terrestrial
deposits by the NNW-SSE-trending, E-dipping, reverse Chahartagh Fault. Although this structure represents a
prominent magnetic lineament (Teknik & Ghods, 2017), its long-term kinematic history is poorly understood.
Specifically, it is not clear whether it played a major role in uplifting basement rocks during collisional deforma-
tion (Babakhani & Ghalamghash, 1998) or it mostly accommodated right-lateral displacement (~15 km from the
late Miocene to the Pliocene, Allen et al., 2011). In the western TRC, the middle to upper Miocene volcanic rocks
appears to be younger than those deposited along the eastern TRC flank (Figure 2b; Table 1, Mehrabi et al., 1999).
These volcanics locally overlain the URF (Mehrabi et al., 1999) or intrude it as documented by an ~11-Myr-old
dacitic dome (Figure 2, Heidari, 2013). Finally, polygenic conglomerates of supposed Plio-Pleistocene age, were
deposited along the margins of the TRC (Babakhani & Ghalamghash, 1998), while Quaternary travertines devel-
oped in the western sectors of the study in association with ongoing hydrothermal activity (Figure 2, Roshanak
etal., 2018).

2.3. Late Cenozoic Mineralization History of the TRC

The TRC represents one of the most important mining districts of NW Iran and hosts significant epithermal
mineralizations (mostly Au-Cu-Zn-Fe; Table 1 and references therein). This is thought to be related to the occur-
rence of specific conditions including a shallow metamorphic basement, a source of heat with metals and miner-
alizing hydrothermal fluids, brecciated and fractured lithologies representing fluid flow pathways in contact
with reactive host rocks and domal structures such as anticlines intersected by major faults and fracture systems
(e.g., Daeijavad et al., 2020 and references therein). In the hanging-wall of the Chahartagh Fault, mineralization
occurred mainly in the Precambrian basement whereas in its footwall (western side of the TRC), the majority of
the mineralizations are observed in Cambrian strata, Oligocene intrusives and Miocene carbonates and volcanics
(Figure 2). Mineralization ages range from 20 to 12 Ma (Table 1). Temperature and pressure estimates indicate
that the Miocene mineralizations occurred within temperature windows ranging from 155°C to 310°C and depths
<~5 km (Table 1). These observations indicate that the geothermal gradient in the TRC must have been rather
high and most likely highly variable in space and time.

3. Field Observations
3.1. Cenozoic Stratigraphy

Stratigraphic contacts between the crystalline basement and sedimentary units provide constraints on the timing
of basement exposure and exhumation. In the following, we report our field observations relative to two Cenozoic
sedimentary units that overlay basement rocks that are Eocene and Oligo-Miocene in age, respectively.

3.1.1. The Eocene Depositional Cycle

During the Eocene, the upper Eurasian plate experienced widespread magmatism and subsidence (magmatic
flare up, Verdel et al., 2011; see also Boutoux et al. (2021) and reference therein for a recent review). Volcanic
and volcaniclastic rocks were deposited virtually everywhere on the upper Eurasian plate, mostly in deep to shal-
low marine basins. In the TRC, supposed Eocene clastics can be observed only along its southern margin, in the
footwall of the Shahrak Fault where they cover the crystalline basement (Figures 2b and 3). These strata consist
of few-meters-thick breccia lenses containing basement and Meso-Paleozoic sedimentary blocks (Figure 3d) and
laminated/rippled sandstones and mudstones representing turbidite deposits (Figure 3e). According to available
geologic maps, these Eocene clastics are equivalent of the volcano-sedimentary, lower to upper Eocene, Karaj
Formation, which is widely exposed in north and central Iran (Figure 2b; e.g., Verdel et al., 2011). Although the
tectono-stratigraphic significance of the Eocene clastics of the TRC has not been systematically investigated yet,
it marks the onset of a new cycle of subsidence and sedimentation. Such a cycle should follow or be partially
coeval with a regional late Cretaceous to possibly early Paleocene compressional event (Boutoux et al., 2021 and
references therein) that should have led to the exposure at the surface of the metamorphic basement.

3.1.2. The Oligo-Miocene Depositional Cycle

In the eastern sectors of the TRC the crystalline basement is covered by a discontinuous package of continental
deposits, mostly conglomerates, of the LRF. In central and southern Iran, these terrestrial sediments are Oligocene
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Figure 3. (a) Google Earth scene (oblique view) of the Shaharak Fault (see Figure 2 for location). (b) Close-up view of the fault zone with numerous anastomosing
veins and small scales shear zone suggesting intense fluid circulation. (c) Nonconformity contact (dashed black and white line) between the metamorphic basement
and Eocene clastics that include (d) breccia and (e) turbidites. (d) Schematic cross section across the Shaharak Fault. Note the presence of travertine deposits originated
from springs in proximities of the fault zone in panels (a and d).

in age because they are stratigraphically underneath the well dated marine deposits of the Oligo-Miocene Qom
Formation. Available biostratigraphic data, however, indicate that the marine transgression that led to the deposi-
tion of these marine deposits is time transgressive (Daneshian & Ramezani Dana, 2007; Mohammadi et al., 2015).
For example, in southern and central Iran, it occurred in the early to late Oligocene, while in N and NW Iran
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marine sedimentation started only in the early Miocene (Mohammadi et al., 2015 and references therein). This
age pattern is consistent with a recent study from eastern Turkey where the deposition of the shallow-water
marine deposits of the Van Formation started at ~20 Ma (early Burdigalian, Giilyiiz et al., 2020). Furthermore, an
early Miocene age for this transgression agrees with radiometric dating from the eastern TRC, where the marine
deposits are inter-fingered with 19- to 18-Myr-old volcanics (Heidari et al., 2015). This information suggests
that the base of the Qom Formation in the Takab area is most likely 20- to 19-Myr-old. This is also the age of
the top of the LRF because the stratigraphic contact with the overlying Qom Formation, at least in this area, is
conformable and not associated with major discontinuities. In the central and western sectors of the TRC, the
LREF is absent, and the crystalline basement is extensively covered by marine sediments of the Qom Formation,
lower to middle Miocene volcanics, and volcaniclastics, and middle to upper Miocene continental deposits of the
UREF (Figures 2 and 4 and Table 1).

The Oligo-Miocene deposits of the TRC are locally affected by minor normal faults (see details in Section 3.2.3),
but most of the geological contacts between these volcano-sedimentary strata and the crystalline basement are
nonconformities (Figures 2, 4, and 5a). This observation suggests that after the Eocene depositional cycle, most
of the TRC crystalline basement was exposed at the surface at least from ~19 to 20 Ma. This is a minimum age
because the occurrence of the unconformable LRF indicates that basement exposure may have occurred earlier
than that. Finally, the occurrence of volcanic deposits within the lower Miocene marine carbonates of the Qom
Formation and the middle-upper Miocene clastics of the URF suggests that volcanism in the TRC migrated west-
ward from ~19 to 11 Ma (Table 1 and Figure 2).

3.2. Structural Observations
3.2.1. Compressional Structures in the Western TRC

In the north-western sectors of the TRC, the NNW-SSE striking Chahartagh Fault consists of a several tens
of meters wide, sub-vertical (up to 85°) to ENE-dipping fault zone that juxtaposes basement rocks over lower
Miocene volcanics (Figures 2 and 5a—5c). This area is characterized by high and rugged topography, with defor-
mation that has also affected the footwall of the fault as documented by the occurrence of a right-stepping array
of en-echelon, NW-SE striking anticlines and synclines (Figures 2 and 5a). The anticlines are cored by the
crystalline basement and one of them hosts the epithermal gold mineralization of the Zarshuran mine (Figure 2
and Table 1). In the central sector of the Chahartagh Fault, however, the fault zone is less steep (~70°) and
juxtaposes basement rocks over Miocene sediments and volcanics (approximately from the village of Chahart-
agh at 36°30'N to its southern termination; Figures 5d-5f). Along its southern sectors, the footwall of the fault
includes a basement-cored range of limited topographic relief (Azno Mountain, Figure 1). There, the occurrence
of dolomites of the Jangoutaran Formation on both hanging wall and footwall suggests ~700 m of vertical throw
(Figures 5d-5f). Finally, along its southern termination, the Chahartagh Fault intersects a major E-W striking,
N-dipping (<60°) fault (Shahrak Fault) that thrusts basement rocks onto Eocene clastics and lower Miocene
marine sediments and volcanics (Figures 3a, 3b, and 3d). Considering that to the south, the Chahartagh Fault
loses its geological and morphological expression (Figure 2), the Shahrak Fault may represent a horsetail termi-
nation of the Chahartagh Fault.

Overall, these observations indicate that the Chahartagh Fault accommodated limited vertical displacement (up
to 700 m in its central sectors) and hence did not cause exhumation of the Neoproterozoic metamorphic basement
during collisional deformation. This is consistent with our stratigraphic observations indicating the occurrence
of a pre-Eocene and pre-early-Miocene stage of basement exhumation (see the previous Section 3.1). Concern-
ing the supposed right-lateral displacement (~15 km from the late Miocene to Pliocene) accommodated by
the Chahartagh Fault (or Takab Fault) described by Allen et al. (2011), our field observations do not provide
quantitative evidence for such a displacement. However, the occurrence of tilted conglomerates of supposed
Plio-Pleistocene age in the footwall of the fault suggests that it must have been active sometime during the last
5 Ma (Figures 2 and 5g).

3.2.2. Compressional Structures in the Central and Eastern TRC

Our field work allowed recognizing in the hanging wall of the Chahartagh Fault a system of sigmoidal thrust
faults with an overall ~NNW-SE orientation (Figure 2). Among these structures, the Qozlu, Lalekan, and Angou-
ran Mine faults juxtapose basement rocks onto lower to middle Miocene volcanics and shallow-water marine
sediments of the Qom Formation (Figures 2 and 6). Along their northwest termination, these faults affect only
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Figure 4. (a) Outcrop photograph and (b) line drawing showing the nonconformity contact (dashed black and white line) between the metamorphic basement and lower
Miocene volcaniclastic and marine deposits of the Qom Formation. The normal fault at the NE corner of Figure 4a is also shown in Figure 7c. (c, d) Nonconformity
contact between the metamorphic basement and lower to middle Miocene volcaniclastics deposits (see Figure 2 for location).
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Figure 5. (a) Google Earth scene (oblique view) and field photo; (b) of the Chahartagh Fault along its northern sector; (c)
of a fault strand in its hanging wall; (d) Google Earth image (oblique view); (e) field photo of the Chahartagh Fault along
its central sector; (f) schematic cross section suggesting a dip-slip displacement of ~700 m; and (g) panoramic view of the
Chahartagh Fault and the supposed Plio-Pleistocene conglomerates in its footwall (see Figure 2 for location). The dashed
black and white line show the unconformity contact between the metamorphic basement and the lower Miocene volcanics.
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Figure 6. (a) Panoramic view and (b) schematic cross section of the southern sectors Qarenaz-Qozlu Fault along the
Angouran valley showing two major footwall fault splays. Field photo of (c) the Qarenaz, (d) the Angouran mine, and (e)
the Lalekan Fault with basement rocks thrusted over lower to middle Miocene volcanics and limestones (see Figure 2 for
location). The yellow lines delimit a few-meter thick lithic ignimbrite, which can be followed along strike for several km.
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Figure 7. (a) Syn-sedimentary normal faults with a dominant dip slip (see stereoplot for orientation) in the Lower Red Formation. Note the upward decrease in fault
offset and the occurrence of overlying unfaulted lower Miocene limestones of the Qom Formation. (b) Slumps in the Qom Formation along the eastern side of the Takab
Range Complex. (c) Normal faults within the lower Miocene volcanics and the shallow-water marine limestones of the Qom Formation (see also Figures 4a and 4b).

(d) Rhyolite pyroclastic flow cut by basalt dyke (see alsoFigure 4e of Daliran et al. (2013)) with synsedimentary listric normal faults. (e, f) Syn-sedimentary normal
faults in the early Miocene volcanics and the shallow-water marine limestones of the Qom Formation in the Angouran valley (see Figure 2 for location). Note that all
stereoplot represents major fault planes and associated dip slip slickenlines after back-tilting to the horizontal position, which is the original orientation when they
formed. Note that the scale of panel (e) is approximately the same of that one of panel (f).
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basement rocks, and merge with the Chahartagh Fault without continuing in its footwall. This configuration
suggests a genetic link between the Chahartagh Fault and the sigmoidal thrust faults of its hanging wall. To the
south, the Lalekan and Angouran Mine faults decrease progressively their displacement until their termination in
the Qom and the Upper Red formations (Figure 2). The Qozlu Fault merges the Qarenaz Fault in an area charac-
terized by a complex geometry with several splay faults that cut through the upper Cenozoic sequence (Figures 6a
and 6b). Finally, the eastern sectors of the TRC are characterized by the occurrence of the NNW-SSE trending
Angouran Fault that juxtapose basement rocks over Miocene Qom and URF strata (Figure 2). This structure
exhibits a dip angle of ~50° and is characterized by a right-lateral oblique thrusting kinematics. The hanging wall
of the Angouran Fault contains a system of W-verging, NNW-SSE striking anticlines that bends to a ~E-W direc-
tion around the south-eastern termination of the fault, suggesting the occurrence of right-lateral shear (Figure 2).

3.2.3. Early to Middle Miocene Normal Faults

Late Cenozoic collisional deformation in the TRC has produced a system of NNW to NW striking reverse,
oblique and right-lateral strike-slip faults that have obliterated older (Eocene to middle Miocene; e.g., Morley
et al., 2009; Verdel et al., 2011) extensional structures (e.g., Stockli et al., 2004; Figure 2). The main evidence
documenting extensional tectonics is mostly found in the central and eastern TRC and includes syn-sedimentary,
often conjugate, normal faults of limited displacement (few centimeters to few meters) affecting the lower to
middle Miocene volcanics, the Qom Formation and to a lesser extent the LRF (Figure 7). These faults do not
appear to affect the middle-upper Miocene URF. The few normal faults observed in the field show a variable
extensional direction ranging from NW-SE to N-S and NE-SW (see stereonets of Figure 7 where fault data were
back-tilted to the original sub-horizontal position). It should be also noted that within the lower Miocene volcan-
ics and limestones exposed along the eastern sectors of the TRC, small to large-scale slumps can be observed
(up to few tens of meters; Figure 7b). These structures document basin instability, most likely associated with
normal faulting or by volcanic activity (Figure 7). Although the causes that led to the development of these early
middle Miocene normal faults are unknown (for an overview see Paknia, Ballato, Heidarzadeh, Cifelli, Oskooi,
et al., 2021 and references therein) their occurrence could have favored the rise of magma and the occurrence of
widespread volcanism (e.g., Daliran et al., 2013; Heidari et al., 2015).

4. Low-Temperature Thermochronology

LTT allows to infer thermal histories of rocks from isotopic or physical properties of minerals. In this study we
used (U-Th-Sm)/He on zircon and apatite and apatite fission tracks. The (U-Th-Sm)/He dating method is based
on the radioactive decay of 2*3U,238U,%%?Th, and '¥’Sm by alpha (“He nucleus) emission, and provides the cooling
age of samples at nominal closure temperatures of ~180°C (e.g., Reiners et al., 2002; Wolfe & Stockli, 2010)
and ~60°C (e.g., Farley, 2000; Wolf et al., 1996) for zircon and apatite respectively. Many factors may have an
influence on the kinetics of the (U-Th-Sm)/He systems, including grain size (Reiners & Farley, 2001), radiation
damage (Flowers et al., 2009; Guenthner et al., 2013), U and Th zonation (Dobson et al., 2008), and the resi-
dence time of apatites and zircons within the partial retention zone (Guenthner et al., 2013; Reiners et al., 2004).
Fission tracks in minerals represent linear damage zones produced by the radioactive decay of 28U (Wagner &
Van den haute, 1992). Over geological time, fission tracks are fully retained in apatite at temperature below 60°C,
while they are only partially retained between 60°C and 120°C (partial annealing zone, PAZ) with a mean closure
temperature of 110 (+10)°C (Green & Duddy, 1989). Measurement of confined fission track lengths gives infor-
mation about the way the rocks cooled through the PAZ. The annealing behavior of fission tracks varies with
the apatite chemical composition. The diameter of etched spontaneous fission tracks measured parallel to apatite
crystallographic c-axis (Dpar) is used as a proxy for track annealing kinetic properties (Barbarand et al., 2003;
O’Sullivan & Parrish, 1995).

We collected more than 40 basement samples and a few Cambrian sedimentary rocks, Miocene volcanics and
Oligocene granitoids across the entire TRC (Figure 2 and Table 2). Mineral separation was performed at the
University of Potsdam (Germany) following the standard protocol including crushing, sieving, water table,
magnetic, and heavy-liquid separation. About 60% of samples yielded good quality apatite and zircon grains;
26 samples were selected for AHe and ZHe dating (Figure 2), which was performed at the thermochronology
laboratories of the University of Potsdam/GFZ Potsdam and Goéttingen, respectively. Only nine samples were
found suitable for fission track dating on apatites and the analysis was performed at the fission track labora-
tory of the CNR—Institute of Geosciences and Earth resources, in Italy. All LTT results are reported in the
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Summary Table Including Apatite Fission Track, Apatite, and Zircon (U-Th-Sm)/He Ages
Mean lo Mean
AHe error Stdv AFT error ZHe error Stdv  Latitude Longitude Elevation

Sample Ma) My) Alig. My) (Ma) My) Ma) My) Aliqg. My) @) °) (m) Rock type Unit/age

TA48 1.5 0.8 3/3 1.6 142 34 47.121 36.799 2,669 Green tuff Early Miocene

TA49 12.7 1.1 47.123 36.798 2,676 Phyllite Basement

TA49al 139 04 “ “ “ “ “

TA49z1 123 1.0 “ « « “ «

TA49z3 26.7 24 “ “ “ “ “

TAS0 8.4 1.4 33 07 47.138 36.719 2,476 Micro- Early
conglomerate Cambrian

TAS50z2-z3 18.4 1.7 2/4 1.6 “ “ “ “ “

TAS50z1-z4 325 27 2/4 5.6 “ « « «“ «

TAS53 298 4.1 47.260 36.470 2,490 Gneiss Basement

TA53al 27.1 1.9

TA53a2 436 4.0 “ “ “ “ “

TA53a3 61.9 3.6 “ “ “ “ “

TA53a4 43.1 1.7 “ “ “ “ “

TAS9 180 1.7 34 23 309 5.1 47.561 36.361 2,155 Granodiorite Oligocene

TA61 15.2 0.5 3/3 1.2 124 0.7 14.1 1.1 3/3 1.5 47.472 36.413 2,429 Gneiss Basement

TAG67 202 1.1 3/4 49 47.451 36.389 2,290 Phyllite Basement

TA69 14.5 0.5 3/3 3.3 14.7 1.4 47.259 36.670 2,700 Fine-grained Basement
granodiorite

TA77 187 2.8 3/3 1.0 155 1.5 4/4 0.5 47400 36.586 2,849 Mica-schist Basement

TAS80 178 44 2/4 1.1 47.540 36.757 2,720 Paragneiss Basement

TAS83 13.0 1.1 3/3 32 122 1.0 47.307 36.806 3,033 Migmatite Basement
(leucosam)?

TA84 106 0.6 3/3 23 47.286 36.789 2,891 Foliated tonalite Basement

TA87 18.6 1.6 2/4 0.1 47.398 36.791 2,693 Ortogneiss Basement

TA90 185 5.6 2/4 23 213 21 186 14 3/3 2.1 47213 36.892 3,496 Gneiss Basement

TA95 22.1 1.5 4/4 36 259 33 47.298 36.943 2,160 Ortogneiss Basement

TA96 18.4 0.5 3/3 2.2 47.511 36.699 2,333 Ortogneiss Basement

TA101 15.6 1.6 2/4 0.7 47.631 36.660 2,056 Leucogranite Basement

MH12 5.9 1.3 33 05 186 22 47.527 36.772 1,958 Green tuff Early Miocene

MH14 22 2.6 2/3 6.1 47.574 36.721 2,084 Granite Basement

MHI15 22,4 34 3/4 1.9 19.7 1.8 16.5 0.8 3/3 1.4 47.594 36.682 2,260 Granite Oligocene

Note. ZHe and AHe data are expressed as mean age. “Aliqu.” represents the number of aliquots used for the mean AHe and ZHe age calculation over the total number
of available aliquots (e.g., 2/4 means 2 over 4 aliquots). Single aliquots that were not included in the mean age calculation but are considered correct (i.e., do not have
inclusions or major technical problem) are expressed in italics. Sample TASO0 is considered to be composed of two populations with different kinetics (Table S3 in
Supporting Information S1).

Supporting Information (Tables S1-S4 and Figures S1-SS5 in Supporting Information S1) available here https://
doi.org/10.6084/m9.figshare.21425046 and in the main text as a summary table (Table 2).

4.1. (U-Th-Sm)/He on Zircon and Apatite

Euhedral zircon and apatite crystals without apparent inclusions and other impurities were selected and packed
individually in niobium (Uni Potsdam) and platinum tubes (Uni Géttingen). We analyzed three to four single-grain
aliquots from each sample and used grain dimensions and number of terminations to calculate the FT correction
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factor assuming a homogeneous U and Th distribution (Ketcham et al., 2011). Both zircon and apatite samples
were heated with a laser to extract all He, which was purified and measured in a Quadrupole mass spectrometer.
Each sample was re-extracted and analyzed to verify the complete He degassing. U, Th, and Sm were analyzed by
isotope dilution. ZHe ages were calculated by the Taylor Expansion Method (Braun et al., 2012), while AHe ages
were obtained using the Meesters and Dunai (2005) calculation. Additional details about the protocol followed for
zircon and apatite (U-Th-Sm)/He dating can be found in Harangi et al. (2015) and Zhou et al. (2017), respectively.

4.2. Apatite Fission Tracks

Apatites were mounted in epoxy resin and ground and polished to reveal internal surface. They were etched in 5 N
HNO;, at 20°C and 20 s following the procedure describe by Barbarand et al. (2003). Samples were dated follow-
ing the external detector method (Gleadow, 1981) and the Zeta calibration approach (Hurford & Green, 1983).
Thermal neutron irradiation was carried out in the Lazy Susan facility (Cd ratio 6.4 for Au and 48 for Co) of the
reactor Triga Mark II of the University of Pavia (Italy). Mica detectors were etched in HF (40%) for 8 min at 40°C.
FT ages were calculated using a zeta value of 357.0 + 10.2 (referred to Fish Canyon Tuff and Durango apatite
standards, Hurford, 1990). A Zeiss Axioskope microscope with dry objective and 1,250x magnification was used
for age counting and length measurement.

5. Results
5.1. LTT Data

The majority of the AHe single grain ages range from 3.4 to 27 Ma (57 out of 68 aliquots; Tables S1 and S2 in
Supporting Information S1). Twelve aliquots were excluded from the mean age calculation because the AHe
single grain ages cannot be explained by the available diffusion models. These aliquots are not considered relia-
ble because they present very low effective Uranium content, and/or a large analytical error, and/or a small grain
size (and hence large FT correction) and/or possible small solid/fluid inclusions not detected under the micro-
scope (see Table S1 and S2 in Supporting Information S1 for details). Among these excluded aliquots, seven are
older than 39.4 Ma while five are younger (see Table S1 and S2 in Supporting Information S1 for details). The
mean AHe ages presented here are mostly from at least three aliquots (13 over 20 samples), while in five samples
they represent the mean of two aliquots (Table 2, Figures 8 and 9). Overall, the AHe data exhibit a relatively good
reproducibility with the standard deviation of the mean age that is: (a) lower than 20% of the mean age in 13
samples; (b) between 20% and 25% in five samples; and (c) >25% only in one sample. Only one sample (TA53)
presents overdispersed single grain ages ranging from ~27 to 62 Ma (Table 2 and Figure 8).

The ZHe single grain ages range from 12.3 to 20.9 Ma (17 out of 20 aliquots; Table S3 in Supporting Informa-
tion S1). These ages present a rather good reproducibility with less than 20% relative standard deviation of the
aliquots ages in all samples. Three single grain ages, however, are slightly older than the companion aliquots
(Table S3 in Supporting Information S1). These older aliquots yielded an age ranging from 26.7 to 36.2 Ma
and were not used for the mean age calculation (Table 2 and Table S3 in Supporting Information S1; Figure 8).
Grain size (i.e., size of the diffusion domain; Reiners et al., 2002) and accumulated radiation damage (Shuster
et al., 2006) are generally considered the main causes inducing He age dispersion. This may be the case for two
out of these three older aliquots (sample T50), where we observe a positive correlation between single grain age
and effective uranium content (Figure S4 in Supporting Information S1).

The AFT central ages range from 30.9 to 12.2 Ma (Tables 2; Figure 8; and Table S4 in Supporting Informa-
tion S1). A robust distribution (n = 56) of confined track lengths could be measured only in one sample (TA69,
mean track length 15.0 + 0.1 pm). Importantly, seven out of 11 samples yielded (U-Th-Sm)/He and AFT mean
and central ages, respectively, overlapping within age uncertainty (Table 2; Figure 8). This overlap has specific
implications that will be discussed Sections 6 and 7. Finally, sample TA61 and MH15, has an AHe mean age
older than the paired mean ZHe and AFT ages (Table 2). The possible reasons for this apparently unusual behav-
ior are discussed in Section 6.

5.2. Spatial Pattern of Thermochronological Ages

Our LTT data set presents two main trends: (a) paired thermochronometers from the same sample overlap within
uncertainty in most of the samples despite 50°-65°C difference in closure temperature; and (b) samples in similar
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Figure 8. Geological map as in Figure 2 with samples location, Apatite fission track, zircon, and apatite (U-Th-Sm)/He cooling ages.

structural position but at different altitude have similar cooling ages despite elevation differences of up to 1.5 km
(Table 2; Figures 8 and 9a). Despite the lack of a clear age-elevation relationship (Figure 9a), our thermochron-
ological data set present a first-order spatial pattern (Figure 8). The AFT and AHe ages show a westward young-
ing trend, which to a first approximation, seems to mimic the spatio-temporal trend in magmatism (Figure 2b).
Within this trend, we differentiate four main zones that include the northern and southern margins, the eastern
margin, the axial sectors, and the western margin of the TRC. 1)

1. Samples from the northern (2 samples, TA90 and TA95) and southern margins (3 samples; TA53, TA59 and
TAG67, footwall of the Chahartagh Fault) were collected at elevations of ~2.2-2.5 km except for sample TA90,
which is the highest sample of the entire data set (~3.5 km). These samples present the oldest AFT ages rang-
ing from 21.3 to 30.9 Ma with sample TA53 yielding an age of 29.8 + 4.1 Ma but failing the P(y)? test with a
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The local tectonic history reported on top of the figure summarizes the results of this study.

dispersion of 48% (Galbraith & Laslett, 1993; Table S4 and Figure S5 in Supporting Information S1). Sample
TAS3 exhibits a grain age distribution with two age peaks at 20.7 + 3.8 and at 70 + 31 Ma (Figure S5 in
Supporting Information S1). The same sample yielded overdispersed AHe ages ranging from 27.1 to 61.9 Ma.
The rest of the AHe samples present mean ages that cluster either around 17-20 or 25-26 Ma.

Samples from the eastern TRC margin (7 samples; TA80, TA87, TA96, TA101, MH12, MH14, and MH15)
were collected between ~2.0 and 2.7 km of elevation, and exhibit AHe mean ages ranging from 15.6 to
22.4 Ma and two AFT ages of 19.7 and 18.6 Ma. The exception is represented by a lower Miocene volcanic
sample (MH12), which yielded the youngest AHe aliquot ages of the entire data set (mean age of 5.9 Ma).
Samples from the axial sectors of the TRC (5 samples; TA61, TA69, TA77, TA83, and TA84, hanging wall
of the Chahartagh Fault) display AHe ages varying from 18.7 to 10.6 Ma and ZHe and AFT ages of ~15 and
14-12 Ma, respectively, over an elevation of ~2.4-3 km. Sample TA69, which was collected close to the
Chahartagh Fault, yielded an AFT central age of 14.7 + 1.4 Ma with a grain age distribution failing the P(y)?
test and with two age peaks at 11.0 + 0.9 and 22.5 + 2.4 Ma (Figure S5 in Supporting Information S1).
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4. The western TRC margin (3 samples, TA48, TA49 and TAS50, footwall of the Chahartagh Fault) presents the
youngest AHe ages ranging from 11.5 to 8.4 Ma at a uniform elevation of ~2.6 km and the paired AFT ages
range from 14.2 to 12.7 Ma. In this sector, the paired ZHe ages yielded the oldest ages of the entire data set
with single aliquot ages ranging from 36.2 to 12. 3 Ma.

6. Numerical Thermal Modeling
6.1. Motivations

Our LTT ages from different thermochronometers (with associated errors) overlap within the same sample and
among different samples collected at various elevation (Figure 9). Furthermore, the early middle Miocene LTT
ages are coeval with regional subsidence associated with the deposition of a sedimentary cover of limited thick-
ness (2 km at maximum, at least along the eastern TRC; Figure 9). This thickness would not be enough to reset
most of our thermochronometers. Combined, these data indicate that our LTT data set cannot record cooling
associated with erosional exhumational (i.e., removal of rocks through erosion during rock uplift induced by
contraction) or tectonic denudation (i.e., removal of rocks along major fault planes during normal faulting and
crustal thinning). An alternative mechanism that may explain the observed LTT ages is the intrusion of igneous
bodies in the middle-upper crust (e.g., Caggianelli et al., 2013; Murray et al., 2018). This process can lead to
a transient perturbation of the isotherms with a pulse of heating followed by cooling. Heat transfer will occur
through thermal conduction and convection of fluids circulating in porous and fractured host rocks (e.g., Norton
& Taylor, 1979; Parmentier & Schedl, 1981; Turcotte & Schubert, 2002). The occurrence of convection is more
evident in metallogenic districts where fluids rising along faults and fracture zones or highly permeable rocks
lead to localized mineralization processes (e.g., Fu et al., 2010; Luijendijk, 2019; Sanchez et al., 2021). To
explore and quantify the transient thermal effect of magmatic intrusions on host rocks (i.e., the spatial distribu-
tion, magnitude, and timing of the perturbation with and without fluids), we designed a forward, 3D numerical
thermal model using the TOUGH2 code (Transport Of Unsaturated Groundwater and Heat; W. M. Kissling, 1995;
Pruess, 1991, https://tough.lbl.gov/). This code is commonly used for characterizing geothermal reservoirs and
can simulate conductive heating/cooling and fluids flow in porous and fractured media. Specifically, first, we
simulated a prevailing conductive heating/cooling process imposing low permeability and porosity on the host
rocks (here defined as “conductive model”; Figure 10a), and then we run another model imposing a higher value
of permeability and porosity to simulate uniform convective heating/cooling process (here defined as “convective
model”’; Figure 10b).

6.2. Methods

The thermal model was performed on a crustal block with a size of 30 x 45 km and a depth of 14 km. The
modeled volume was divided into 37,800 elements (each 1.0 x 1.0 X 0.5 km) to allow relatively fast model runs
while preserving a reasonable accuracy. The model was run using a super-critical version of the TOUGH?2 code
(W. M. Kissling, 1995; Pruess, 1991). At the onset of the model, the pressure gradient was taken as hydrostatic
computed with an initial geothermal gradient of 25°C/km (McKenzie & Priestley, 2008). A Dirichlet thermal
boundary at constant temperature of ~365°C was used as bottom boundary of the model according to the crustal
temperature gradient. The upper boundary of the model was maintained at a constant temperature and pressure
(16°C and 25 bars for cells at 250 m depth).

In the “conductive model,” to minimize the effect of convection and fluid migration we used relatively low perme-
ability (1072 m?) and porosity (0.01) values. These values allow a minimal fluid circulation in the host rocks
around the pluton avoiding excessive fluid overpressure and hydro-thermal fracturing (e.g., W. Kissling, 1999;
Manning & Ingebritsen, 1999). In the “convective model,” to account for advection, we used a permeability of
1075 m? and a porosity of 0.05. These values are typical of sandstones reservoirs with a rather low permeability
(e.g., Lis-Sledziona, 2019) and are slightly higher than the permeability estimates of metamorphic rocks in the
upper crust (1071°-1072° m?) (Manning & Ingebritsen, 1999). Consequently, our two models can be considered
as two end-member scenarios of pure conduction and uniform convection.

To illustrate the first-order effects of a magma intrusion on the thermal state of the upper crustal block, a pluton
was emplaced in the central model domain at a depth of 6 km. This is consistent with estimates from the emplace-
ment depth of the Oligocene plutons exposed on the surface (Hajialioghli et al., 2011; Saki et al., 2012). The
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Figure 10. Thermal modeling results for the (a—c) conductive and (e—g) convective models. Time versus temperature (t-T) plots for two reference points placed

above the center of the pluton at 2.25 and 1.75 km of depth for the (d) conductive and (h) convective models. The dashed lines of panel (d) represent the extrapolated
time-temperature path for the last part of the conductive model.

pluton is approximated by the geometry of a rectangular prism having a dimension of 10 X 5 and 5 km of depth,
with a bulk composition resembling a quartz monzonite, like the ~25-Myr-old-pluton emplaced along the south-
ern sectors of the TRC (see sample TB18 of Sepahi et al. (2020)). Our modeling approach, however, reduces the
complex process of magma emplacement to a simple instantaneous thermal event. The heat capacity of the host
rock is increased to account for latent heat effects, and the thermal properties of the rock were assigned based on
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the rock composition reported in Sepahi et al. (2020). The first thermal model assumes conductive cooling with
a limited effect of fluid circulation and considers the latent heat of magma crystallization. The second model,
with 10715 m? host rock permeability was carried out to compare the effect of advective cooling that is expected
to greatly reduce the pluton cooling time. The model parameters are summarized in Table S5 in Supporting
Information S1.

6.3. Results

Our numerical thermal model allows to broadly quantify the thermal effect (transient heating and cooling),
of a magmatic intrusion on almost impermeable (“‘conductive model”) and permeable (“‘convective model”;
Figure 10) host rocks. Both models show a significant perturbation of the geothermal field. The main difference
between the two models is represented by the rate and the duration of heating/cooling. This can be better appre-
ciated by looking at the temperature-time plots of two reference points at 1.75 and 2.25 km of depth above the
plutons (Figures 10d and 10h, respectively). These two points represent depths located slightly above and below
the isotherm corresponding to the nominal closure temperature of the AHe system before the thermal pertur-
bation. They are representative of our data set because our samples present ages that are mostly older than the
age of the final exhumation (10-11 Ma). Consequently, before 11-10 Ma, most of our samples were at depths
shallower than the depth representing the closure temperature of AHe the system. This conclusion is supported
by the thickness of the preserved Miocene sediments that is generally lower than 2 km and hence insufficient to
reset (through burial) the AHe system.

In the “conductive model,” temperatures >140°C and >180°C at 1.75 and 2.25 km of depth, respectively, are
reached after ~415.000 years and last for ~485.000 years (Figure 10d). The peak temperatures recorded at the
two investigated depths are ~144°C and 188°C. In the “convective model,” temperatures >140°C and >180°C,
at 1.75 and 2.25 km of depth, respectively, are reached after ~4,700 and ~5,500 years and last for ~5,300 and
5,500 years, respectively (Figure 10h). Although we observe two orders of magnitude of difference in time, the
peak temperatures for “convective model” (~144°C and ~186°C at 1.75 and 2.25 km) are very similar to those
of the conductive one. These temperatures indicate an increase in the geothermal gradient from 25°C/km to a
maximum mean value of ~80°C/km. This range of values is consistent with the geothermal gradients of regions
characterized by shallow intrusion such as the Larderello geothermal field in Tuscany, Italy, where temperature
>200°C can be found at a depth of 1.5 km (Della Vedova et al., 2008). Similar thermal conditions have been
also described in magmatic arcs (e.g., Japan, Tanaka et al., 2004), active and passive continental rifts (e.g.,
Upper Rhine Graben, Pauwels et al., 1993; Ethiopia, Gianelli & Teklemariam, 1993), orogenic plateaus and
collisional orogens (e.g., Tibet, Zhu et al., 2015; Puna-Altiplano, Hamza & Muiloz, 1995; Central Anatolia, Ates
et al., 2005).

In both models, the cooling rates are lower than the heating rates (up to 30 times). In the “conductive model,”
after 1,600 kyr the geothermal field has not returned to the starting conditions (Figure 10a). At that time, the
temperatures in the two reference points are still 50%—60% higher than the original temperatures. The initial
temperature conditions are most likely reached after ~2,500 kyr from the thermal perturbation. In the “convective
model” the initial temperatures are reached after ~95 and ~110 kyr from the thermal perturbation for the shal-
lowest (1.75) and the deepest (2.25 km) reference point, respectively.

6.4. Limitations of the Thermal Modeling

Our thermal models simulate the spatio-temporal perturbation of the isotherms induced by transient heating but
do not predict the associated LTT cooling ages. The effect of reheating on a LTT data set will be investigated
in Section 7. Furthermore, our model does not include rock uplift and the removal of rocks through erosional
or tectonic exhumation. In particular, the occurrence of uplift and exhumation during reheating is expected to
increase the rates of cooling as shown by Caggianelli et al. (2013). Nevertheless, our approach is appropriate
for the TRC because volcanism and igneous intrusions occurred mostly during moderate subsidence rather than
exhumation associated with topographic growth.

Finally, our “convective model” is designed for a setting with uniform permeability and does not consider perme-
ability variations induced by fractures and/or faults. The occurrence of permeability anisotropies would localize
the fluids trajectories adding more complexities to the spatio-temporal pattern of heating/cooling. Consequently,
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the effect of igneous intrusions on the host rocks will be more difficult to interpret because it will be function
of the geometry and density of the fractures (e.g., W. M. Kissling et al., 2015). Additional complications may be
associated with mineral precipitation within the fractures, which may alter the rock permeability through time
(e.g., Battistelli et al., 1997). Our goals, however, are beyond the understanding of the impact of reheating along
and across pre-existing fault zones. Future field-based, thermochronologic, geochronologic, and modeling studies
will elucidate the effect of faults and highly fractured rocks on a LLT data set.

7. Interpretation of the LTT Data Set

Our numerical thermal model predicts the spatio-temporal distribution of heat in the shallow crust during the
emplacement of igneous bodies. The modeled heat pattern suggests that the transient upward and downward
movement of the isotherms has the potential to impact LTT ages. To fully reset any LTT system, however, the
temperature must be higher than the closure temperature for a sufficient time. Although the magnitude of heating
in the two thermal models is similar, the timing of heating/cooling in the “convection model” is two orders of
magnitude faster than in the “conductive model” (Figure 10). Therefore, the two models may have a different
influence on the same LTT system. To test if: (a) the modeled thermal perturbations could reset LTT data and
(b) reheating could explain our LTT ages, we designed a forward model with HeFty (Ketcham, 2005; see Murray
et al., 2022 and references therein for a recent review). The forward model is based on geological constraints and
observations reported below.

The TRC has experienced multiple events of uplift and exhumation that led to the exposure of the crystalline
basement as documented by the nonconformity stratigraphic contacts with the Eocene and the Oligo-Miocene
sediments. Independently from the mechanisms that produced basement exhumation (i.e., tectonic denudation vs.
erosional exhumation, see Section 8), our forward thermal histories are based on geological data and observations
reported in Sections 2 and 3 and include the following steps (Figure 11): (a) fast cooling started at ~32-30 Ma
from temperature greater than 200°C and was associated with several km of exhumation; (b) the crystalline base-
ment exposed on the surface experienced limited subsidence from ~22-20 to (at least) 11-10 Ma; (c) reheating
occurred during subsidence and sediment burial (see details concerning two reheating scenarios in Section 7.2);
(d) slow erosional cooling from shallow depth took place sometime after 11-10 Ma (see details in Section 8.4).

7.1. Effect of Thermal Perturbations on ZHe, AFT, and AHe Systems

To test the effect of reheating on LTT ages we set up four forward models where we imported in HeFTy the
time-temperature (t-T) paths reported in Figures 10d and 10h (see also Figure S6 in Supporting Information S1).
For the ZHe and AHe data we used the mean spherical radius (Rs) and mean uranium content (eU) of our analyzed
samples that yielded reliable ages (Zircon: Rs = 53 pm, eU = 581 ppm and Apatite: Rs = 53 pm, eU = 89 ppm).
For the AFT data we considered the mean Dpar (2.4 pm) of the analyzed samples and the c-axis projected lengths.
The forward modeling results reported in Table 3 show that only the t-T path from the “conductive model” at
2.25 km yields an almost fully reset ZHe age (13.8 instead of 12.5 Ma). The rest of the imported t-T paths gave
modeled ZHe ages that are unaffected by reheating. Conversely, the AFT ages are fully reset for both t-T paths
of the “conductive model” and for the t-T path of the “convective model” at 2.25 km of depth. Finally, the AHe
are fully reset for all the t-T paths. Overall, our modeling setup shows that the intrusion of an igneous body can
affect the LTT ages of samples located at ~2 km of depth. In particular, the AHe ages will be always reset, while
the AFT and ZHe ages will be affected by reheating only under certain circumstances. This because the t-T paths
of the conductive and convective models represent two end-member reheating scenarios that are function of rock
permeability. As rock permeability diminishes, the heating time increases and a transition from partially to fully
reset AFT and ZHe ages will occur.

7.2. Effect of the Reheating Scenarios on Our LTT Data Set

To test if our LTT ages could be explained by reheating we designed a forward modeling strategy with HeFTy
based on the regional thermal history reported in Figure 11a. In particular, we imposed two reheating scenar-
ios according to the age of the major mineralization events (Table 1). In scenario 1, reheating is maximum at
~18 Ma, which is approximately the age of the oldest Miocene volcanics (Touzlar mineralization, the eastern
TRC; Figures 2 and 9). In scenario 2, reheating peaks at ~13 Ma, which is approximately the age of the youngest
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Figure 11. (a) Time-temperature diagram displaying the boundary conditions of the forward thermal modeling (see text for details). Forward modeling results

presented as measured versus modeled low-temperature thermochronology ages for reheating at (b) 18 and (c) 13 Ma; AHe and ZHe data are modeled as single grain
ages. Inverse modeling results for sample TA69, with acceptable (green) and good (magenta) time-temperature paths and best-fit model (black) using single (A3 and

A2; panels (d and e), respectively) and multiple (g) AHe aliquots.
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Table 3
HeFTy Forward Modeling Results for Reheating at 13 Ma

Conductive at 2.25 km Conductive at 1.75 km Convective at 2.25 km Convective at 1.75 km
(max T pre-perturbation: ~ (max T pre-perturbation: ~ (max T pre-perturbation: (max T pre-perturbation:
66°C; peak T 188°C) 54°C; peak T 145°C) 66°C; peak T 187°C) 53°C; peak T 144°C)

ZHe (Ma) 14.2 29 294 30.8
AFT (Ma) 12.1 12.7 12.7 26.7
MTL (pm) 15.01 + 0.89 15.11 + 0.86 15.02 +£0.79 14.07 £ 1.29
AHe (Ma) 9.4 10.7 9.5 11.6

Note. For the thermal perturbation we imported the temperature time paths from the conductive and the convective numerical
thermal models of Figure 10 at 2.25 and 1.75 km of depth (Figure S6 in Supporting Information S1). Details of the thermal
history before and after the reheating event are summarized in Figure 11 and are reported in Section 7.

Miocene volcanics (Angouran and Zarshouran mineralization; central-western TRC; Figures 2 and 9). The two
modeled reheating events, however, can be considered two end-member scenarios, given the age of the local
Miocene magmatism (Table 1 and Figure 9). Moreover, more than one thermal perturbation may have occurred
within the entire TRC. Consequently, some of our ages could reflect the effect of multiple thermal events. Each
modeled scenario lasted <~2.5 Myr (Table 3). The input data for each forward model include ZHe and AHe
single grain ages and AFT data (central ages; track length only for sample TA69; Table S6 in Supporting Infor-
mation S1). For both scenarios, we explored a range of peak temperatures varying between 70°C and 250°C with
steps of 10°C. In Table S6 in Supporting Information S1, Figures 11b and 11c we report, for each sample, the
results of the forward model that generated the highest combination of GOF values among the used LTT systems
for all analyzed grains. Sample TAS53 was not modeled because it presents overdispersed single grain AHe ages.
Samples TA48 and MH105 where not modeled because they are not crystalline basement rocks (Table 2).

Although in several samples the forward model does not predict all single grain ZHe and AHe ages, in most of
the samples we observe a relatively good match between measured and predicted ages (Figures 11b and 11c).
This match is more evident for the 13-Myr-old reheating scenario where 59% and 38% of the modeled ages have
GOF >0.1 and 0.5, respectively (Table S6 and Figure S7 in Supporting Information S1). For the 18 Ma reheating
scenario, 58% and 32% of the modeled ages have GOF >0.1 and 0.5, respectively (Table S6 and Figure S8 in
Supporting Information S1). The 18 Ma reheating scenario predicts a ZHe and AHe age cluster at 20—-15 Ma, but
it does not provide a good fit for older and younger cooling ages (Figure 11b and Table S6 in Supporting Infor-
mation S1). Good fit samples for the 18 Ma scenario are from the eastern (MH14, MH15) and the northern TRC
(TA90, TA9S; Table S6 in Supporting Information S1; Figure 8). Instead, the 13 Ma scenario exhibits a slightly
better fit for different LTT age intervals (Figure 11c; Table S6 in Supporting Information S1). Good fit samples
for the 13 Ma scenario are mostly from the western (TA49, TA50), southern (TAS9, TA61, TA77), and central
TRC (TA69, TA83, TA84; Table S6 in Supporting Information S1; Figure 8). Samples with only AHe data can
be modeled with both reheating scenarios (see similar GOF of samples TA67, TA80, TA87, TA96, TA101; Table
S6 in Supporting Information S1).

To further corroborate the reheating hypothesis for our LTT ages, we performed HeFTy inverse modeling of the
best constrained sample (TA69). This sample is the only one with track length and AFT age data and includes
also three AHe single ages that do not reproduce well (STDEV 3.3 Myr over a mean age of 14.5 Ma). Instead of
using the AHe mean age, we model the two youngest single ages separately (Figures 11d and 11e) and together
(Figure 11f) imposing the 13 Ma reheating scenario. Models with single AHe ages present good t-T paths
(GOF > 0.5, Figures 11d and 11e), while the model with both AHe ages yields only acceptable paths (GOF > 0.1,
Figure 11f). These results are consistent with the reheating hypothesis.

Overall, we conclude that our LTT data set can be interpreted as a record of thermal perturbations induced by
igneous intrusions, at peak temperatures and for a duration that is consistent with the output of our TOUGH2
model. Reheating occurred between ~18 and ~13 Ma, most likely before the onset of exhumation that should
have started after 11-10 Ma. Finally, the reheating scenario can also explain why some of our samples have
AHe ages that are slightly older than the paired AFT ages (e.g., TA61 and MH15; Table 2 and Figures 8 and 9).
Specifically, Reiners (2009) demonstrated that during thermal pulses (<10° years) such as short-lived magmatic
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or fluid-advections events, the occurrence of non-monotonic cooling may resulti in a complete AFT resetting and
only a partial AHe resetting (i.e., kinetic cross-over; Reiners, 2009). Consequently, the AFT ages, which in our
forward model present a rather good fit for both reheating scenarios (Figures 11b and 11c) may be better recorder
of the timing of reheating events than the paired AHe ages.

8. Evolution of the TRC Metallogenic District
8.1. Late Cretaceous to Paleocene Erosional Exhumation

The oldest Cenozoic deposits covering the upper Neoproterozoic metamorphic basement are Eocene clastics
exposed along the southern TRC margin, that are coeval with the volcanics of the Eocene magmatic flare up
(Figures 2 and 3, Verdel et al., 2011). This configuration suggests that the removal of the Paleo-Mesozoic sedi-
mentary cover and part of the basement (at least in the southern TRC) must have occurred before the Eocene,
rather than during tectonic denudation associated with the Eocene magmatic flare up as observed in other sectors
of the upper plate (Karagaranbafghi et al., 2012; Verdel et al., 2007). The timing and mechanisms of this episode
of exhumation, however, are poorly constrained, because our samples have been thermally overprinted during
the Oligo-Miocene and because older tectonic structures have been obliterated by collisional deformation. Late
Cretaceous to Paleocene exhumation has been also observed in northern (Talesh, Alborz and Kopeh Dagh moun-
tains; e.g., Ballato et al., 2011; Guest et al., 2006; Madanipour et al., 2017; Robert et al., 2014), and central Iran
(e.g., Berberian & King, 1981; Stocklin, 1968; Tadayon et al., 2018), where it has been linked to a regional phase
of compressional deformation. Moreover, this event of deformation is coeval with the development of a foreland
basin over the northern margin of the Arabian Plate associated with ophiolite obduction (Homke et al., 2009).
Overall, these observations suggest that exhumation was probably related to variations in the geodynamic bound-
ary conditions along the entire Neo-Tethys subduction zone (Agard et al., 2014; Boutoux et al., 2021). Thus, we
favor erosional exhumation induced by contractional tectonics as the major cause for the latest Mesozoic earliest
Cenozoic unroofing observed in the southern TRC.

8.2. Oligocene to Possibly Early Miocene Thermal Anomaly and Tectonic Denudation (~29 to 22-20 Ma)

The Oligocene represents a rather enigmatic period in the geological history of the Eurasian upper plate of
Iran because the stratigraphic record, which is represented by the LRF, is discontinuous and poorly dated (e.g.,
Berberian & King, 1981). Available petrological data indicate that during the Oligocene, the metamorphic
basement of the TRC was characterized by: (a) formation of localized migmatitic gneisses, (b) emplacement of
small size granitoids and fractures/dikes filled by leucosome formed during the partial melting of the crystalline
basement, and (c) emplacement of large plutons like the Almalou and Shahrak intrusives, which were previ-
ously mapped as Neoproterozoic basement or Triassic/Jurassic granitoids (Babakhani & Ghalamghash, 1998;
Hajialioghli et al., 2011; Moazzen et al., 2013; Saki et al., 2012; Shafaii Moghadam et al., 2016, 2017; Figures 2
and 8). The metamorphic conditions that led to migmatization and the development of a leucosome through
the melting of metamorphosed middle crust rocks (mostly amphibolites) are estimated to be 750°C-800°C
and 5-7.5 kbar, corresponding to 13.5-20 km of depth assuming a density of overlaying rocks of 2.7 g/cm?
(Shafaii Moghadam et al., 2016). This crustal melt was injected at depths of 9.5-13.5 km (subsolidus magmatic
conditions of 650°C-600°C and 5-3.5 kbar; Hajialioghli et al., 2011). Locally, these intrusive bodies produced
contact metamorphism that overprinted the regional Pan-African metamorphism at peak conditions of ~580°C
and ~3—4 kbar, suggesting a depth of 8—11 km and a geothermal gradient of 50°C/km-70°C/km (Saki et al., 2012).
This Oligocene to possibly early Miocene thermal activity has been also recorded in the host rock of the Zarshu-
ran and Angouran mines (Figure 2), where a few mica and whole rock Ar-Ar ages record a phase of resetting
between 27 and 20 Ma (Table 1 and Figure 8). Overall, these data indicate that between 29 and 22-20 Ma the
TRC experienced a large thermal anomaly that led to widespread partial melting of the middle crust with the
formation of magmatic bodies emplaced around 8—13 km of depth.

These middle to upper crustal rocks are overlain by red clastics of the LRF and lower Miocene volcanic, volcan-
iclastic and marine deposits of the Qom Formation (Figures 2 and 4). This implies a removal of an up to 8- to
13-km-thick section of crystalline rocks, and possibly a part of its Phanerozoic cover, between 29 and 22-20 Ma
at rates >1 mm/yr. These values appear to be rather elevated for erosional exhumation during contractional defor-
mation (especially if we consider the lack of coeval clastic deposits), although a phase of Oligocene regional
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compression in response to the earliest stages of the Arabia-Eurasia collision has been observed in the lower
(e.g., Homke et al., 2009; Pirouz et al., 2017) and upper plate (e.g., Ballato et al., 2011; Madanipour et al., 2017,
Robert et al., 2014). Thus, basement exhumation could have been driven by tectonic denudation (Hassanzadeh
et al., 2008; Moazzen et al., 2013; Shafaii Moghadam et al., 2016, 2017; Stockli et al., 2004) as observed in
several metamorphic domes where low-angle normal faults are closely associated with in situ crustal melting
(e.g., Schmidt et al., 2011; Stiibner et al., 2013). These older extensional structures, however, are difficult to
detect in the field because they juxtapose different sectors of the crystalline basement and/or because they have
been obliterated by younger contractional deformation.

In conclusion, we interpret the Oligocene cooling ages as a record of tectonic denudation (i.e., controlled by
normal faulting). It should be noted, however, that the southern and south-western sectors of the TRC were
already exhumed, because the Eocene sedimentary cover overlays the crystalline basement (Figure 3). This agrees
with the occurrence of a few early Cenozoic partially reset to unreset AHe and AFT ages (TA53, TA59, and
TAS57) indicating that the Oligocene exhumation of deep crustal rocks through normal faulting must have been
very localized rather than a regional feature (see discussion in Paknia, Ballato, Heidarzadeh, Cifelli, Oskooi,
et al. (2021)).

8.3. Miocene Reheating During Magmatism and Sedimentary Burial (~22-20 to 11-10 Ma)

As discussed in Section 7, our LTT ages could be explained through transient heating induced by shallow intru-
sions sometime between 18 and 13 Ma during regional subsidence. Although plutons of Miocene age have not yet
been exhumed (except for the middle-late Miocene shallow intrusions exhumed along the SE sectors of the TRC;
Figure 2) their potential emplacement is suggested by the occurrence of widespread volcanism and mineralization
(Table 1). The thermal perturbations should have been induced by heat conduction and convection (Figure 10),
where the latter could have been facilitated by the syn-sedimentary normal faults (Figure 7). Our field data,
however, are too sparse to elucidate any spatio-temporal pattern of extension and the importance of normal faults
in controlling volcanic activity during contractional, collisional deformation.

8.4. Late Miocene to Present Erosional Exhumation and Evolution of the Chahartagh Fault (After
~11-10 Ma)

Stratigraphic data indicate that the most recent event of basement exhumation should have started sometime
after the deposition of the middle-upper Miocene URF (Figure 2). In the Great Pari Basin, to east of the TRC
(Figure 2), the UREF strata are superseded by a ~10.7-Myr-old sheet of conglomerates marking the start of exhu-
mation in the nearby sediment source area (Tavaq conglomerates, Ballato et al., 2017). Conglomerate clasts
include metamorphic rocks like those exposed in the TRC (Ballato et al., 2017). Similarly, in the central sectors of
the TRC (Angouran mine area) the youngest volcanics that experienced contractional deformation are 10 + 1 Ma
(Daliran et al., 2013; Table 1). This is also consistent with the occurrence of ~11 Myr old intrusive rocks inter-
bedded within the URF in the south-western sectors of the TRC (Heidari, 2013; Mehrabi et al., 1999). Collec-
tively, these stratigraphic constraints suggest that basin uplift and erosion started after 11-10 Ma, and hence our
late Miocene to early Pliocene LTT ages must have recorded erosional cooling during rock uplift induced by
collisional deformation (see samples TA49 and TAS50). Considering that the late Miocene cooling ages represent
the most recent, but also the least abundant ages (Figure 9), the magnitude of associated exhumation must have
been 2 km at maximum in most of the TRC.

Concerning the mechanisms that led to the recent topographic growth and the erosional exhumation of the TRC,
we should refer to the structural characteristics described in Section 3. The range is characterized by a set of
NW-SE striking, SW-verging sigmoidal reverse faults, and an en-echelon array of folds to the east and the west of
Chahartagh Fault, respectively. Importantly, the sigmoidal thrusts join the Chahartagh Fault suggesting a possible
genetic link. Furthermore, the TRC is oblique to the Neogene regional contractional direction (McQuarrie & van
Hinsbergen, 2013), suggesting that this zone must have accommodated oblique shortening across a wide zone.
Wide oblique shear zones generally evolve through progressive fault localization associated with strain weaken-
ing until a master fault develops (e.g., Tikoff & Teyssier, 1994). Typical examples of these processes include the
North Anatolian Fault (Sengor et al., 2005), the Dead Sea Fault (Nuriel et al., 2017), and the Kuh-e-Faghan Fault
in central-eastern Iran (Calzolari et al., 2015) among others. Specifically, for the North Anatolian Fault oblique
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A) < 11-10 Ma B) Sometime after 10 Ma to present shearing started 12—-11 Myr ago in eastern Anatolian along a wide shear zone
N _ of transpressional deformation while a well-established through-going strike-
'\ slip fault formed only during the last 4 Ma (e.g., Sengor et al., 2005). In
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the case of the Chahartagh Fault, the accommodation of oblique shortening
across a wider shear zone should have started sometime after 11-10 Ma and
hence the master, right-lateral, strike-slip Chahartagh Fault could be more
recent (Figure 12).

9. Conclusions

This study highlights the impact of magmatic activity on a LTT data set
consisting of ZHe, AHe, and AFT data. Our thermal numerical models
performed with the TOUGH2 code indicate that the occurrence of magmatic
intrusions emplaced in the middle-upper crust (top pluton at 7 km) can
perturb the geothermal gradient of the host rocks for a duration ranging from
<2.5 Myr for a “conductive model” to <0.1 Myr for a “convective model.”
These thermal perturbations produce a transient heating up to ~144°C and
~186°C for depths of 1.75 and 2.25 km, respectively. The duration and the

TRANSPRESSIONAL
DEFORMATION

FAULT LOCALIZATION AND
STRAIN PARTITIONING

magnitude of the reheating can partially or totally reset the investigated LTT

systems in rocks at shallow depths (~2 km) that are in an undisturbed situa-

Figure 12. Evolutionary sketch in map view for the Takab Range Complex
showing (a) right-lateral transpressional deformation along the Chahartagh
Shear Zone, followed by (b) strike-slip faulting along the master Chahartagh
Fault. Black arrows show direction of compression and lateral shear. For the
(approximate) horizontal scale see Figure 2.

tion (e.g., with a steady geothermal gradient of 25°C). These results strongly
suggest that a correct interpretation of a LTT data set in an area character-
ized by protracted and intense magmatic activity requires the combination
of multiple thermochronometers, field observations, and geochronologic
data. This multidisciplinary approach has allowed interpreting the Ceno-
zoic geologic history of the basement-cored TRC (NW Iran), one of the
most productive metallogenic districts of the Arabia-Eurasia collision zone.
Although some time windows require additional work, our study documents:

. Late Cretaceous-early Paleocene erosional exhumation probably associated with compressional deformation

as recorded along the entire southern and northern margin of the Neo-Tethys subduction system. This event
was followed by the deposition of Eocene clastic deposits onto the exhumed TRC basement (Eocene deposi-
tional cycle).

. Rapid Oligocene to possibly early Miocene (29 to 22-20 Ma) exhumation with the removal of an 8- to

13-km-thick crustal section and the exposure of basement rocks on the surface. This was most likely driven by
normal faulting (i.e., tectonic denudation) in association with a thermal anomaly that caused partial melting
and migmatization.

. Limited subsidence from 22-20 (and possibly earlier) to 11-10 Ma with the deposition of continental deposits

of the LRF, marine strata and interlayered volcanics of the Qom Formation and red beds of the Upper Red
Formation (the Oligo-Miocene depositional cycle). Sediment burial was associated with reheating, sometime
between ~18 and ~13 Ma, triggered by the emplacement of shallow intrusions in association with volcanism,
mineralization, and minor normal faults.

. Basin uplift after 11-10 Ma with the erosional removal of a 2- to 3-km-thick section composed of basement

rocks and overlaying sediments and volcanics of the Oligo-Miocene depositional cycle. This was associated
with the development of a wide transpressional shear zone, that included sigmoidal reverse faults and an
en-echelon array of folds, evolving into a master, localized, right-lateral strike-slip fault.
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