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Lucilla Benedetti', Didier Bourlés', and Khaled Hessami®

'Aix-Marseille Université, CNRS, IRD, CEREGE UM34, Aix-en-Provence, France, >Now at Institute for Advanced Studies in
Basic Sciences, Zanjan, Iran, *International Institute of Earthquake Engineering and Seismology, Tehran, Iran

Abstract The Doruneh Fault System (DFS) is one of the major active strike-slip faults in the Arabia-Eurasia
collision zone. Despite its geological activity, no large (M>6.5) historical or instrumental earthquakes have
been recorded along it. To date, the rate and distribution of slip, as well as the seismic behavior of the
DFS, have been unknown. We reconstructed 67 geomorphic offsets recorded by three successive alluvial
abandonment surfaces (Q1, Q2, and Q3) displaced along the western (WFZ) and central (CFZ) fault zones. The
determined ages of ~12, ~36, and ~120ka, using in situ-produced '°Be and 3°Cl cosmogenic nuclides for
theses surfaces, allowed to estimate three sets of individual left-lateral slip rates and consequently to describe
the spatiotemporal distribution of slip along the CFZ and WFZ. The slip rates averaged over time intervals
of ~36 and ~120 ka reveal variable slip rates along length but similar slip rates at a point with a maximum
rate of ~8.2 mm/yr. During the Holocene, however, the fault slip behavior appears more complex, with a
maximum rate of ~5.3 mm/yr. The CFZ is divided into two ~4 km apart segments, with symmetrical slip
distributions relative to a persistent boundary, which has not been ruptured over the last ~12 ka. The
maximum length of seismic fault segments varies from 70 to 100 km, which could produce earthquakes with
a magnitude of M,, 7.2-7.4. This emphasizes the necessity of segmentation models for long strike-slip
faults that may not necessarily rupture along their whole length during a single earthquake.

1. Introduction

Geological slip rates derived from the relevant ages and amounts of geomorphic/geologic fault offsets are
generally averaged over thousands to hundred thousand years [e.g., Ritz et al., 2003; Siame et al., 1997;
Philip et al., 2001; Hessami et al., 2006; Rizza et al., 2011; Shabanian et al., 2009a]. They therefore cover a large
number of seismic cycles and lead to the better understanding of (1) the role of active faults in the accommo-
dation of regional deformation and (2) the seismic behavior of faults that helps in seismic hazard assessment
and the development of physical earthquake models.

This study is focused on the slip behavior and seismic characteristics of the Doruneh Fault System (DFS). The
~400 km long DFS is one of the largest strike-slip faults of the Iranian plateau [e.g., Wellman, 1966; Tchalenko
et al,, 1973] along which few active tectonic studies have been carried out [e.g., Berberian and Yeats, 1999;
Fattahi et al., 2007; Farbod et al, 2011]. The structural and geomorphic investigations by Farbod et al.
[2011] led to a preliminary segmentation model according to which (1) the DFS is divided into three fault
zones having distinct structural and geomorphic characteristics and (2) independent seismic segments could
not exceed the length of ~140 km. However, the distribution and rate of slip on the fault zones, as well as the
true extent of the segments, remain poorly known.

In this study, we used the GeoEye© images (Google Earth) to systematically reconstruct left-lateral geomorphic
offsets recorded by three generations of alluvial fans (Q1, Q2, and Q3) affected by the DFS all along the fault. In
addition, we determined the surface abandonment exposure ages of these three generations of alluvial fans,
using in situ-produced '°Be and 3°Cl cosmogenic nuclides. These original data were used to evaluate the
distribution and variation in space and time of Quaternary left-lateral slip rates along strike of the DFS.

2. Tectonic Setting and General Geology

The Iranian plateau is deformed between the Arabian and Eurasian plates converging at a maximum rate of
26 + 2 mm/yr at ~59°E [e.g., Vernant et al., 2004; Reilinger et al., 2006]. The ongoing deformation is principally
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Figure 1. Location of the Doruneh Fault System (DFS) in the Iranian plateau, together with principal structural units
overlain on GTOPO30 shaded relief image. Black lines are faults after Hessami et al. [2003], Shabanian et al. [2010], and
Farbod et al. [2011]. Black arrows are GPS-derived horizontal velocities (mm/yr) from Masson et al. [2007] in a Eurasia-fixed
reference frame. The box in the upper left inset shows the location in the Arabia-Eurasia collision zone. Grey arrows and

associated numbers represent Arabia-Eurasia plate velocities (mm/yr) after Reilinger et al. [2006]. GKFS is the Great Kavir
Fault System.

taken up by strike-slip faulting [e.g., Talebian and Jackson, 2002; Walker and Jackson, 2004; Regard et al., 2005;
Authemayou et al., 2006; Ritz et al., 2006a; Le Dortz et al., 2009; Shabanian et al., 2009b; Farbod et al., 2011;
Solaymani Azad et al., 2011; Rizza et al.,, 2013; Calzolari, 2015; Calzolari et al., 2015]. Shortening is currently loca-
lized in the Zagros (5-9 mm/yr) [Hessami et al., 2006; Authemayou et al., 2009] and Alborz Mountains (~7 mm/yr)
[Djamour et al., 2010; Shabanian et al., 2012a; Mousavi et al., 2013].

In Central Iran, the DFS separates the lithospheric north trending dextral strike-slip faults, like the Nayband
and Neh faults to the south, from the NW trending Binalud and Kopeh Dagh deformation domains to the
north (Figure 1). The DFS separates the pre-Oligocene paleoreliefs to the north (~2500 m elevation) from
the Neogene folded rocks armored by Quaternary deposits (~1200 m elevation) to the south (Figure 2).
The south sloping Quaternary piedmont is covered by series of alluvial fans, mostly affected by the DFS.

The DFS comprises a western (WFZ), a central (CFZ), and an eastern (EFZ) fault zones (Figure 2) having distinct
structural, geomorphic, and kinematic characteristics. The CFZ is pure left-lateral strike slip, while the WFZ is reverse
left-lateral oblique-slip. The EFZ is predominantly reverse dip slip. These three fault zones accommodate part of the
northward motion between Central Iran and Eurasia in different ways that range from pure compression to the
partitioning of deformation on parallel strike-slip and reverse faults (i.e,, strain partitioning) [Farbod et al,, 2011].

3. Cumulative Left-Lateral Offsets Along the Doruneh Fault System

The surface trace of the DFS is marked by geomorphic features such as Quaternary alluvial fans and their
associated drainage system that have been laterally and/or vertically offset along the whole length of the
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Figure 2. Geological map of the region affected by the DFS simplified after Eftekhar-Nezhad et al. [1976] and Alavi-Naini
et al. [1992]. Fault traces are based on geomorphic and structural mapping by Farbod et al. [2011]. WFZ, Western Fault
Zone; CFZ, Central Fault Zone; and EFZ, Eastern Fault Zone. Focal mechanisms are mainly taken from the Harvard catalog
(http://www.globalcmt.org/CMTsearch.html) and Jackson and McKenzie [1984]. Epicenters are from the ISC—EHB Bulletin
(Internatl. Seis. Cent., Thatcham, United Kingdom, 2009—nhttp://www.isc.ac.uk). The regions of maximum destruction are
based on Ambraseys and Melville [1982].

DFS. Detailed geomorphic mapping based on SPOT-5 satellite images complemented by field observations
allowed us to identify and to map at the regional scale three successive generations of alluvial fans, which
form the inset Q3, Q2, and Q1 regional geomorphic surfaces, from upper to lower elevation and consequently
from older to younger age, respectively. All alluvial fans have formed at nearly same geographic latitude over
a longitudinal distance of less than 300 km and consequently within a similar desertic climate regime [e.g.,
Djamali et al., 2011].

The measurement and analysis of 18 geomorphic offsets recorded by these surfaces allowed Farbod et al.
[2011] to characterize along-strike variations in the kinematics of the fault system in a way that the cumula-
tive geomorphic offsets observed along the WFZ and CFZ imply the respective oblique-slip (reverse left lat-
eral) and strike-slip (left lateral) characters of faulting, whereas within the EFZ offsets are principally
vertical (reverse).

In order to complete the study by Farbod et al.[2011], we used high-resolution (resampled pixel size of 50 cm)
GeoEye®© images (Google Earth) to create a new data set of cumulative offsets measured in 67 sites that are
distributed along the DFS (Table 1). In this study we focus on the left-lateral offsets which only occurred along
the WFZ and CFZ. Left-lateral offsets recorded by alluvial fan morphologies (fan shape), associated streams
and/or terrace risers between two successive (Q1/Q2 or Q2/Q3) alluvial fan surfaces, were reconstructed
(Figure 3a and Table 1). Regarding to the degree of preservation of the Quaternary landforms, we were able
to measure 7, 24, and 36 offsets recorded within Q3, Q2, and Q1 surfaces, respectively (Figure 3b and Table 1).
We attributed quality criterion, taking into account of both the degree of preservation and the observation
quality of the Quaternary landforms (see caption Table 1).

Detailed analysis of Q3 surfaces in seven sites led us to characterize the overall distribution of left-lateral dis-
placements along the CFZ. The maximum offset of 840 + 70 m in the midlength of this fault zone decreases to
~160 m at both ends (Figure 3b). In the southern side of the WFZ, there are no corresponding surfaces for Q3
alluvial fans allowing such an offset measurement.

The 24 offsets of the Q2 fans and related landforms provided a displacement pattern similar to that deduced
from the Q3 offsets along the CFZ (Figure 3b). The CFZ, with the maximum offset of ~300 m, is characterized
by larger left-lateral displacement relative to the WFZ. A drastic decrease in offset amounts, from ~140 to
~70m, occurred at the boundary between the two fault zones. This important variation in offset values
may be characteristic of the fault segment maturity; the WFZ can be younger than the CFZ. However, the
low density of measurements along WFZ precludes any further interpretation (Figure 3b).

The 36 cumulative offsets recorded by Q1 related features give a complete image of the slip distribution
along the fault zones. The ~16 m maximum offset along the WFZ contrasts with the ~60 m offset measured
along the CFZ (Figure 3b). Between the longitudes of 58.400°E and 58.442°E, the mountain front is marked by
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Table 1. Detailed Characteristics of the Cumulative Left-Lateral Offsets Measured Along the DFS®

Site Number Longitude (°E) Latitude (°N) Geomorphic Surface Offset (m) Piercing Point and Remarks Quality
1 56.749 35.032 Q1 0 Western fault termination A
3 57.082 35.129 Q1 16+4 Fan apex A
4 57317 35.177 Q1 15+3 Fan border and incising streams A
5 57.44 35.201 Q1 122 Q1 fan apex A
8 57473 35.206 Q1 25+5 Streams incising on the Q1 fan-fan borders D
9 57.481 35.207 Q1 155 Streams incising on the Q1 fan-fan borders @
12 57.5 35.209 Q1 29+5 Fan shape—drainages A
13 57.507 35.212 Q1 20+10 Fan shape—individual stream B
14 57.519 35.213 Q1 27+6 Streams incising the fan A
18 57.558 35.220 Q1 18+4 Incised streams B
20 57.58 35.225 Q1 13+£3 Streams and small Q1 fans @
21 57.582 35.225 Q1 14+2 Q1/Q2 riser B
23 57.615 35.236 Q1 25+3 Incising streams, Q1 fan axial stream D
24 57.864 35.276 Q1 50+20 Q1 incising streams, Q1/Q0 riser C
25 58.145 35.294 Q1 55+5 Western fan border and main stream A
26 58.165 35.297 Q1 65+ 15 Eastern and western fan border A
28 58.233 35.297 Q1 40+10 Q1/Q2 riser—stream—fan border A
30 58.269 35.297 Q1 25+5 Fan border C
32 58.282 35.297 Q1 30£10 Fan border B
35 58.304 35.295 Q1 50+10 Eastern and western border of Q1 fan A
36 58318 35.295 Q1 60+ 20 Eastern fan border—one stream @
37* 58.338 35.295 Q1 60+10 Q1/Q2 riser—streams A
40 58.38 35.289 Q1 40+10 General reconstruction of borders of two Q1 fans D
41 58.395 35.288 Q1 102 Border of Q1 fan C
42 584 35.287 Q1 0 No faulting in Q1 surfaces A
43 58.442 35.286 Q1 0 No faulting in Q1 surfaces A
44 58.443 35.286 Q1 13+£3 general morphology of a Q1 fan @
45 58.46 35.287 Q1 17+£2 Q1 ridge—riser—overall geomorphology B
46 58.5 35.286 Q1 27+10 Risers—eastern border—eastern river—a kariz well B
47 58.549 35.285 Q1 25+5 Fan morphology—series of streams B
50* 58.66 35.278 Q1 60£10 Q1/Q2 riser—minimum offset in Q2 streams A
52 58.76 35.271 Q1 55+5 Incising streams—fan border A
53 58.764 35.271 Q1 55+5 Main streams incising the fan B
55 58.873 35.261 Q1 60+ 10 Pull-apart—western fan border—stream—eastern cultivated B
depression
57 58.926 35.252 Q1 40+10 Overall fan shape and streams reconstruction D
60 58.954 35.248 Q1 40+5 Overall reconstruction of streams A
62* 59.009 35.242 Q1 50+10 Q1/Q2 riser C
69 59.497 35.127 Q1 0 Eastern termination of CFZ A
1 56.749 35.032 Q2 0 Western fault termination A
2% 56.766 35.038 Q2 25+5 Eastern fan border B
6* 57.44 35.201 Q2 6010 Q2 fan apex A
7 57.454 35.204 Q2 50+10 Fans—feeding streams B
11* 57.496 35.205 Q2 70+£10 Fan morphology—streams C
15 57.528 35.214 Q2 90+30 Streams B
16 57.537 35.215 Q2 100+ 20 Streams incising Q2—fan morphology A
17 57.549 35.217 Q2 110+30 Streams incising Q2 D
19 57.571 35223 Q2 130+ 15 Fan borders—incising streams A
22* 57.584 35.226 Q2 140+ 40 Fan border—apex—feeding stream A
27 58.194 35.298 Q2 230+20 Two drainage basins in Q3 or older—main river—general Q2 shape @
29* 58.245 35.297 Q2 190+ 20 Q2 fan morphology—incising streams A
31 58.271 35.297 Q2 200+ 70 Q2 fan border and apex—axial stream C
33 58.284 35.297 Q2 220+70 Isolated Q2 fan, incising streams A
38* 58.343 35.295 Q2 200+ 50 Incising stream A
39 58.373 35.291 Q2 180+ 20 Incising and beheaded streams B
48 58.553 35.284 Q2 300+ 50 Fan apex—border and feeding stream A
51 58.669 35.278 Q2 30050 Eastern fans border—streams- A
54* 58.855 35.263 Q2 100+ 20 Fan borders—Incising stream A
58 58.932 35.251 Q2 210£20 General reconstruction of drainage—overall shape D
61 58.965 35.247 Q2 190+ 30 Abandoned and beheaded streams in Q2 B
63 59.009 35.242 Q2 190+ 30 Abandoned and beheaded streams in Q2 B
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Table 1. (continued)

Site Number Longitude (°E) Latitude (°N) Geomorphic Surface Offset (m) Piercing Point and Remarks Quality
64* 59.049 35.235 Q2 210+50 Overall form and incising streams @
66 59.131 35.22 Q2 170+ 50 Eastern border—main bordering stream of Q2 fan—Q2/Q3 riser D
67* 59.323 35.175 Q2 70+20 Western fan border—incising streams A
69 59.497 35.127 Q2 0 Eastern termination of CFZ A
1 56.749 35.032 Q3 0 Western fault termination A
10* 57.492 35.208 Q3 160 = 100 Streams incising Q3 deposits D
34 58.29 35.297 Q3 630+70 Streams incising Q3 deposits D
49 58.57 35.281 Q3 840+ 70 Fan morphology—main stream A
56* 58.921 35.253 Q3 330+80 Q3 remnants and incising streams @
59 58.932 35.251 Q3 350+ 70 Maximum offset reconstruction of streams (overall shape) D
65* 59.115 35.222 Q3 290+ 50 Incising streams in Q3 C
68 59.331 35.174 Q3 170+ 30 Overall form and incising streams D
69 59.497 35.127 Q3 0 Eastern termination of CFZ A

?For the location of sites see Figure 3a. The quality criterion indicates the quality level of the offset marker restoration empirically based on the degree of pre-
servation and constraint of the Quaternary offset reconstruction: A, well constrained; B, constrained; C, constrained with more than one possibility; and D, several

reconstructions are possible. Asterisks mark the sites in which the offsets presented by Farbod et al. [2011] are revised.

a degraded fault scarp line along which remnants of older Q2 and Q3 surfaces are observed on hanging wall
of the fault. The fault trace is cover by Q1 and recent alluvial fans such that there is no evidence of faulting at
the surface (Figure 4). This relative age relationship between faulting and depositional features reveals an
inactive period of faulting according which, since the formation of Q1 surfaces, the CFZ can be divided into
two eastern and western segments (see section 5), with symmetrical distribution of lateral displacement with
respect to the faulting gap (Figure 3b).

4. Surface Exposure Dating
4.1. Summary of Sampling Strategy and Analytical Procedure for Cosmogenic Dating
Cosmic ray exposure (CRE) dating is based on accumulation of certain cosmogenic nuclides in the surficial

materials (few top meters of the crust) exposed to cosmic radiation (see review by Gosse and Phillips [2001]
and Dunai [2010].

900 —— Q3
—o— Q2
—— Q1

Left-lateral offset (m)

Figure 3. (a) Distribution of the sites in which Quaternary left-lateral offsets were measured along the DFS (Q3 in blue, Q2 in
red, and Q1 in green). Details on the cumulative left-lateral offset measurements are given in Table 1 (refer to site numbers).
Asterisks mark the sites in which Quaternary surfaces have been dated by 36¢I and '°Be CRE methods. (b) Along-strike
variations in cumulative left-lateral offsets recorded by the Q1, Q2, and Q3 fan surfaces. Uncertainties associated to the
offset measurements are shown by error bars (see Table 1 for details).
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Figure 4. GeoEye satellite image (Google Earth, ©2012 Google, and ©2012 GeoEye) and the related morphotectonic map
of the area between 58.400°E and 58.442°E longitudes. The middle part of the area is affected by fault traces cutting Q2
and Q3 alluvial fans and covered by Q1 and younger surfaces. The northern fault strand also affected Q2 and Q3 fan
surfaces. Both the western and eastern fault strands clearly cut Q1 and younger alluvial fans.

In order to estimate the CRE ages of alluvial fan surfaces offset along the DFS, we had some difficulties to find
well-preserved geomorphic surfaces suitable for dating (in term of lithology) and which were directly
affected by faulting. Because the catchment areas of the studied alluvial fans are mostly composed of ande-
sitic rocks, locally intruded by granitic bodies, and rarely of carbonate rocks (Figure 2), the carbonate or
quartz-rich clasts necessary for 3*Cl and '°Be CRE dating were rare and limited us in the choice of the sam-
pling sites. This precludes sampling large number of surface samples and performing depth-profile sampling.

Instead, based on our geomorphic regional mapping of the three Quaternary surfaces, we dated the
well-preserved surfaces wherever it was possible (in term of the lithology) and then correlate the ages of each
surface along strike of the DFS. In this way, CRE dating has been done in four sites along the CFZ and two sites
along the WFZ, from the concentrations of the in situ-produced '°Be and 3°Cl cosmogenic nuclides accumu-
lated in quartz-rich and carbonate rocks, respectively. Despite all difficulties, a total of 36 samples were
carefully collected from cobbles 40 x 30 cm (length/wide) in size dispersed on the fan surfaces. The sampled
part of the Q1 and Q2 fan surfaces are located away from recent incision rills. Considering the exponential
decrease of the 3°Cl and '°Be concentrations with depth, the samples were collected from the upper 1-8 cm
on top of the cobbles embedded in the surfaces.

Among these 66 samples, only 20 provided enough quartz for analyses. In two sites (10 samples), along the WFZ,
catchment areas incised in Cretaceous limestones allowed using the in situ-produced *°Cl cosmogenic nuclide.

The quartz-rich samples were prepared for accelerator mass spectrometry (AMS) %Be measurements
following chemical procedures adapted from Brown et al. [1991] and Merchel and Herpers [1999], and the
carbonate samples were performed following the methodology describe by Stone et al. [1996]. All '°Be
concentrations are normalized to '°Be/°Be NIST standard reference material 4325 with an assigned value
of (279+0.03) 107"". The ""Be half-life of (1.39+0.01)10°years used is that recently recommended by
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Table 2. Elemental Composition of the Bulk Rock (%)

Sample Water Al,O3 Cao Fe503 K,0 MgO MnO Na,O P>0Os5 SiOy TiO, Th U

ANA [1-01 042 0.348 51.155 0.529 0.055 1314 0.0137 N.D. N.D. 3.66 0.027 0.29 1.048
ANA 1I-02 0.56 0.203 32.72 1.468 0.052 18.807 0.03 N.D. N.D. N.D. 0.019 0.13 1.873
ANA 11-03 0.39 0.425 33.76 0.22 0.084 18.007 0.008 N.D. N.D. 0.97 0.033 0.33 1.238
ANA 10-01 0.43 0.236 33.61 0.287 0.048 19.19 0.0121 N.D. N.D. N.D. 0.024 0.16 1.858
ANA 10-03 0.41 0.15 31.825 0.663 0.027 19.777 0.0146 N.D. N.D. N.D. 0.016 0.10 1.824
ANA 10-04 0.45 0.514 32.21 0.326 0.108 19.223 0.0081 N.D. N.D. 0.82 0.032 0.37 1.080
ANA 10-06 0.65 0.535 33.96 0.387 0.09 16.563 0.0169 N.D. N.D. 2.57 0.035 0.40 1.511
DOR-01 0.44 0.135 36.44 0.502 0.022 15.69 0.0117 N.D. N.D. N.D. 0.016 0.07 1.081
DOR-02 0.38 0.347 31.685 0.241 0.054 19.39 0.0084 N.D. N.D. 1.19 0.03 0.21 0.487
DOR-03 0.66 0.173 51.785 0.053 0.027 3.173 0.0099 N.D. N.D. N.D. 0.021 0.07 2.884

IN.D. is the nondetectable elements.

Korschinek et al. [2010] and Chmeleff et al. [2010] according to their two independent measurements. Three
chemical blanks prepared with the samples yield '°Be/°Be ratio of 1.9+0.6x 107", 2.1+0.7x 10" ">, and
53+2x10"°. To determine production rates, scaling factors for latitude and altitude corrections were
calculated according to Stone [2000] and using a modern '°Be spallation production rate at sea level and high
latitude of 4.5+ 0.3 atoms/g-SiO,/yr to account for the reevaluation of absolute calibration of '°Be AMS
standards proposed by Nishiizumi et al. [2007].

For the carbonate samples, major elemental compositions of rock samples were determined (Table 2) using
inductively coupled plasma-optical emission spectrometry technique at the Centre National de la Recherche
Scientifique (Service d'Analyse des Roches et des Minéraux (SARM), CNRS-Nancy). The ages of samples were
calculated using the Ca concentration in the dissolved part of the samples according to Schimmelpfennig
et al.'s [2009] Excel spreadsheet.

For all sampling sites, corrections for shielding by the surrounding topography, snow cover, and sample
geometry, following Dunne et al. [1999], have negligible impact on the surface production rates. The in
situ-produced 3°Cl and "°Be concentrations are presented in Tables 2-4. At each sampling site, the distribu-
tion of the estimated CRE ages and their associated uncertainties were examined using the sum of the
Gaussian probability distributions [e.g., Deino and Potts, 1992] according to Taylor [1997]:

Psum(t)z ef(tf"f)z/zgfz/a;\/ 27, (1)
t

where t is time, g; is the exposure age of sample i, and (20) is the associated uncertainty. The probability of
95%, i.e., 20, was chosen to calculate uncertainties associated with exposure ages:

i=N
?=1N=1)> " (t—1° ®))
i=1
Table 3. Sample Characteristic and =al Exposure Ages®
i B ; . 36 . 36 Age (ka)
Latitude  Longitude  Elevation Cao  Chlorine Cl Production (@
Sample Surface (°N) (°E) (m) (%) (ppm) Rate (atom/g/yr) (106atom/g) Zero Erosion 1 m/Ma 7 m/Ma
ANAII-01 Q2 35.24 57.61 972 54.25 80 46.86 1.66+0.11 383+4.2 38.6+4.2 -
ANAII-02 Q2 35.24 57.61 973 32.25 119 35.56 1.50£0.11 413+47 406+4.4 -
ANAII-03 Q2 35.24 57.61 973 3291 104 34.92 1.42 +0.09 40.6+4.4 40.1+4.4 -
ANA10-01 Q3 35.24 57.61 1001 33.89 111 36.43 1.59+0.12 424+48 - 414+45
ANA10-03 Q3 35.24 57.61 1000 31.27 269 56.72 3.85+0.34 70.2+£9.0 - 61.8+6.7
ANA10-04 Q3 35.24 57.61 1004 30.79 133 36.01 2.78+0.2 773+9.0 - 79.0+ 8.6
ANA10-06 Q3 35.24 57.61 999 35.88 92 3541 3.23+£0.2 982+11.1 - 130.3+14.3
DOR-01 Q3 35.23 57.57 990 34.53 117 37.44 2.65+0.19 743+£6.8 - 765+84
DOR-02 Q3 35.23 57.57 993 32.82 129 37.67 341+0.26 96.1+11.5 - 100.8+11.1
DOR-03 Q3 35.23 57.57 1005 53.32 35 42.52 2.7%+0.12 702+7.6 - 1003+£11

%In situ-produced 36(] concentration and modeled ages of samples. The CRE ages, from left to right, are calculated assuming: no denudation, the denudation
rate of 1 m/Ma reported for the well-preserved alluvial fan in Central Iran [Le Dortz et al., 2011], and a maximum possible denudation rate of 7 m/Ma estimated for
the most eroded Nay Q3 fan surface. The rejuvenation of some sample ages is explained by the high quantity of natural chlorine in the samples.
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Table 4. Sample Characteristics and 108e Exposure Agesa
. . ) 10, ) 10, Age (ka)
Longitude Latitude Elevation Be Production Rate Be (Atom/g-
Sample Surface (°E) (°N) (m) (atoms/g-SiO,/yr) SiO5,) Zero Erosion 1 m/Ma
KHA 07-2 Q1 58.335 35.294 1099 9.6767 136221 £20923 13.8+2.1 14+2.14
KHA 07-3 Q1 58.337 35.293 1102 9.6983 113362 +£7388 11.5+0.7 11.6x0.7
KHA 07-6 Q1 58.337 35.293 1101 9.6910 216499 + 14747 22+16 224+£15
KHA 07-7 Q1 58.338 35.293 1102 9.6983 255471+ 22321 26+23 26.5+23
AZ 11-03 Q1 58.839 35.263 1316 11.3627 246699 + 11897 214+£1.0 21.7£1.0
AZ 1I-04 Q1 58.839 35.264 1320 11.3964 257468 + 13338 222+1.1 226+1.2
AZ 11-05 Q1 58.839 35.264 1320 11.3964 192020 + 8701 16.5+0.7 16.8+0.7
AZ 11-06 Q1 58.839 35.264 1320 11.3964 156048 + 12382 13411 136=x1.1
AZ 1I-07 Q1 58.839 35.264 1320 11.3964 287008 + 8538 24.8+0.7 253+0.7
AZ 10-01 Q2 58.854 35.275 1385 11.9551 527182+ 15858 43613 452+1.4
AZ 10-03 Q2 58.854 35.275 1383 11.9378 359963 + 12688 29.7+£1.0 304+£1.1
AZ 10-08 Q2 58.854 35.276 1389 11.9905 328054 + 10746 26.9+0.9 27.5+0.9
AZ 10-09 Q2 58.854 35.276 1390 11.9992 609639 + 18122 503+1.5 5240+1.5
MAZ 07-2 Q2 58.239 35.295 1071 9.4753 331413 £43584 345+45 355+46
MAZ 07-4 Q2 58.239 35.294 1067 9.4465 502841 + 46495 52.8+49 55.0£5.1
MAZ 07-6 Q2 58.239 35.294 1065 9.4322 329875 + 20871 345+2.2 355+2.2
MAZ 07-7 Q2 58.239 35.295 1058 9.3828 337368 £ 64936 355+6.8 365+7.0
ESM 07-3 Q2 58.666 35.275 1345 11.6103 209169 + 20816 17717 18.0£1.78
ESM 07-6 Q2 58.664 35.274 1334 11.5167 586977 + 31640 50.5+2.7 526+2.8
ESM 07-9 Q3 58.6731 35.281 1361 11.7488 1204036 + 45597 102.8+39 -

¥In situ-produced 1%e concentration and modeled ages of the surface sample from the six alluvial fans offset by DFS. 198e concentrations analytical uncertain-
ties (reported as 10) include a conservative 0.5% external uncertainty based on long-term measurements of standards, a 1 sigma statistical error on counted '~“Be
events and the uncertainty associated with the chemical blanks correction [Arnold et al., 2010]. The samples collected from the Nay alluvial fan are named by ESM.
The CRE ages are calculated assuming no denudation (left hand), and the maximum denudation rate of 1 m/Ma reported for the well-preserved alluvial fan in
Central Iran [Le Dortz et al., 2011].

The chi-square inversion test [Ward and Wilson, 1978] has also been used to control the differences between
modeled and measured concentration.

4.2. Cosmogenic Dating Results

In this study, the determination of minimum exposure ages (Tables 2 and 4) relies on the assumption that the
effects of erosion on the most preserved part of the alluvial surfaces (i.e., sampled parts) and cosmogenic
nuclide inheritance from exposure prior to the deposition of clasts are negligible. Two other sets of exposure
ages were calculated using maximum denudation rates of 1 m/Ma and 7 m/Ma (maximum possible denuda-
tion rate on the oldest abandonment fan surfaces) allowing us to determine upper and lower bounds for the
surface abandonment ages (Tables 3 and 4 and see section 4.3).

4.2.1. "°Be CRE Ages From Q1 Surfaces

To verify the simultaneous abandonment of the Q1 surfaces, two Q1 surfaces were sampled at two ~45 km apart
localities along the CFZ (Figures 3a and 5). At the first site (Azghand) five samples were analyzed from quartz-rich
granite and granodiorite clasts embedded in the fan surface (Figure 5a). The samples from the Azghand surface
yield CRE ages ranging from 13.4 + 1 to 24.8 £ 0.7 ka (Table 4). The Gaussian age probability distribution (Pgq) of
these samples provides evidence for two populations; they are ranged from ~13 to ~16ka and from ~21 to
~24 ka, respectively (Figure 5c). At the second site (Khalilabad, Figure 5b), among the collected quartz-rich grani-
tic cobbles, we analyzed four samples that yielded CRE ages ranging from 11.5+0.7 to 26 £ 2.3 ka (Table 4). The
probability distribution also shows two populations of ages ranged from ~11 to ~14 ka and from ~22 to ~26 ka,
respectively (Figure 5d). The similar age distribution confirms that these both Q1 surfaces are coeval, with the
same complexity in the exposure history as shown by the bimodal age distribution (see section 4.3).

4.2.2. "°Be and 3°Cl CRE Ages From Q2 Surfaces

The Q2 surface was sampled in four localities along the CFZ and WFZ (Figure 3a). Those are Azghand, Nay,
Mazdeh (quartz-rich samples for '°Be dating), and Anabad (carbonate samples for 3¢Cl dating) alluvial fan
surfaces (Figure 6).

Four samples from andesitic clasts embedded in the Azghand Q2 fan surface (Figure 6a) yield '°Be CRE ages
ranging from 26.9 0.9 to 50.3 £ 1.5 ka (Table 4). Their probability distribution displays evidence for two dis-
tinct age populations ranged from ~27 to ~30 ka and 43.6 + 1.3 to 50.3 + 1.5 ka (Figure 6d), respectively.
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Figure 5. (a) Azghand and (b) Khalilabad Q1 fan surfaces. Figures 5a and 5b (left) show the geomorphologic interpretation of Quaternary inset fan surfaces (GeoEye
images—Google Earth). White circles show the position of the surface sampling. Labels are the 08¢ CRE ages as presented in Table 4. Other white boxes are offset
values recorded by the fan surfaces. Figures 5a and 5b (right) are the field photograph of the sampled part of the Q1 fan surfaces. (c and d) The age probability
distributions of '°Be exposure ages for the fan surfaces. The thick curve is the sum of the Gaussian distribution of sample ages. Thin grey curves represent the age
probability for each individual sample. (e) Age probability distribution of all Azghand and Khalilabad samples, showing two age populations. Weighted mean ages of
12.3+£2.9 and 23.8 + 4.6 ka are derived for each population. The thin blue curve represents the age rejected in chi-square test. A conservative uncertainty (20) is
associated to the abandonment ages.

Seven samples were collected on the Nay Q2 surface, ~17 km west of the Azghand Q2 alluvial fan. Only two sam-
ples have provided quartz mass amounts allowing '°Be dating (Figure 7a). They yield CRE ages of 17.7 + 1.7 and
50.5 + 2.7 ka, the latter being coherent with the maximum CRE age estimates at the Azghand site. Farther west,
on the Mazdeh fan surface (Figure 6b), the 19Be CRE ages deduced from the four andesitic samples, ranged from
345+22 to 52.8+49ka (Table 4), are within the range of those obtained on the Azghand Q2 surface.
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Figure 6. (a) Azghand, (b) Mazdeh, and (c) Anabad sampling sites. Figures 6a—6c¢ are the geomorphic interpretations of the sampled Q2 fan surfaces (GeoEye images—

Google Earth). Field photogr.

a6phs of the surfaces are shown in Figures 6a-6¢. The age probability distribution of the (d) CRE, (e) %8¢, and (f) 36cl ages. (g) Age probability

distribution of all '°Be and 3°Cl samples showing two populations of exposure ages. The weighted mean ages of 36.5 + 6.3 and 50.5 + 3.1 ka are calculated. The thin
red curve represents the outlier sample. See the caption of Figure 5 for more details.

The probability distribution of these four dated samples provides evidence for a sharp peak at 34.6+1.9ka
distinct from the 52.8 + 4.9 ka oldest CRE age (Figure 6e). Finally, in the westernmost Q2 fan surface at Anabad,

three selected carbonate clasts yield a 36CI CRE ages ranged from 38.3+4.2 to 41.3+4.7ka. The probability
distribution shows a single sharp peak at 39.9+ 2.5 ka (Figures 6¢ and 6f).

The sum of the Gaussian probability distribution of the 13 "°Be and *°Cl CRE ages obtained on the Q2 surfaces is
clearly bimodal, considering the ESM07-3 CRE age (17.7 + 1.7 ka) as an outlier (Figure 6g). The first CRE age popu-
lation ranges from ~27 to ~43 ka, while the second CRE age population clustered around ~50 ka. Such a bimodal
age distribution, regardless the age values, is similar to that obtained from the Q1 surfaces (section 4.2.1) and
confirms the complex exposure history of the clasts (see section 4.3 for the CRE ages discussion).

4.2.3. "°Be and 3°Cl CRE Ages From Q3 Surfaces

A total of 16 quartz-rich and carbonate samples were collected from three Q3 alluvial fan surfaces offset along
the CFZ and WFZ (Figures 3a and 7). Among five quartz-rich samples found and collected from rare, nearly pre-
served parts of the Nay Q3 alluvial fan (Figure 7a), only one sample provided the quartz mass amount allowing
'%Be dating and yielded a CRE age at 102.8 + 3.8 ka (Table 4). The four carbonate samples on the Anabad Q3
surface (Figure 7b) yielded 3°Cl CRE ages ranging from 42.4 + 4.8 to 98.2 + 11 ka, with three CRE ages clustering
at 79.8 + 5.5 ka (Figure 7d). Three samples from the Doruneh Q3 fan surface (Figure 7¢) yielded 36CI CRE ages of
70.2+7.5,74.2+8.6, and 96.1 + 11.5 ka, their weighted mean CRE age being 76.7 + 5.1 ka (Figure 7e).
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Figure 7. (a) Nay, (b) Anabad, and (c) Doruneh sampling sites (Q3 alluvial surfaces); description is like Figure 6. (d and e) The
age probability distribution of Anabad and Doruneh sites. (f) Age probability distribution of all %8¢ and 6cl samples which
show two populations of exposure ages. The weighted mean age of 72.7 £ 6.7 and 101.8 + 9.5 ka are calculated by chi-square
test for each population. The thin red curve represents the outlier sample. See the caption of Figure 5 for more details.

The sum of the Gaussian probability distribution of the seven 3°Cl and one '°Be CRE ages, considering the

CRE age of 42.4+4.8ka as an outlier, is bimodal providing evidence for two CRE age peaks at 72.7+6.7
and 101.8 £9.5 ka, respectively (Figure 7f).

4.2.4. Effects of Erosion and Inheritance on CRE Dating Results

Erosion minimizes CRE ages of surface samples by decreasing cosmogenic isotope concentrations. In a lack of
direct erosional features like young gullies and differential erosion on the sampled parts of alluvial surfaces,
one may attribute the current position of large clasts to erosion processes which cause upward migration of
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Figure 8. Age probability distribution of the Q1 and Q2 fan surfaces calculated assuming a denudation rate of 1 m/Ma; two
populations of exposure ages are recognized on both surfaces. See the caption of Figure 5 for more details.

clasts to the land surfaces [e.g., Thomas, 1989; Cooke et al., 1993; Wells et al., 1995]. In such cases, clasts are con-
centrated at the land surface at significantly different times, and thus, a random surface sampling (e.g., our strat-
egy) will show considerable scatter in the ages of clasts [e.g., Bierman, 1994; Zreda et al., 1994; Phillips et al,, 1997].1n
this case, the older age cluster is closer to the true surface abandonment age [e.g., Zreda et al., 1994; Ritz et al,,
1995; Phillips et al., 1997; Brown et al., 2005]. In contrast, the surface CRE ages calculated for Q1 and Q2 surfaces,
although bimodal, are relatively coherent and well clustered indicating that the clasts have stayed at the fan sur-
faces regardless of erosion processes (if any). The suggestion of low denudation rate on Q1 and Q2 surfaces is
likely to be valid; in the southern regions of Central Iran experiencing similar hyper-arid climatic and strike-slip tec-
tonic regimes, Le Dortz et al. [2009, 2011] reported a denudation rate lower than 1 m/Ma by analyzing cosmogenic
1986 and 36Cl in surface cobbles and near surface amalgams collected from alluvial fan surfaces (abandoned 10 to
300 ka ago). Moreover, the erosion rate affecting surface cobbles and boulders may be significantly lower than the
erosion rate estimated for the corresponding surfaces [e.g., Ritz et al., 2006b]. To be more conservative, we calcu-
lated two other sets of CRE ages (Tables 3 and 4) using denudation rates of 1 and 7 mm/Ma for the alluvial surfaces
(see section 4.3). The maximum denudation rate of ~7 m/Ma is based on the steady state nuclide concentrations
in samples collected from the most eroded Q3 surface (Nay alluvial fan).

Conversely to erosion, cosmogenic nuclide inheritance from exposure prior to the deposition of alluvial sur-
faces leads to exceed the true abandonment age of alluvial surfaces [e.g., Le Dortz et al., 2011; Schmidt et al.,
2011]. Two principal causes of such a high, variable inherited nuclide concentration are complex transport
histories and different sources of clasts. Clasts coming from a large catchment area and through a long trans-
port pathway should undergo a complex transport history. This problem would be worse for inset Quaternary
terraces, where clasts are detached from upper alluvial surfaces and form lower inset terraces downstream
[e.g. Le Dortz et al., 2009, 2011; Schmidt et al., 2011; Le Béon et al., 2010; Ritz et al., 2006b]. In the area of inter-
est, the prevailing of these particular geomorphic situations highlights the importance of inheritance in the
concentrations of in situ-produced cosmogenic nuclides in our samples (see section 4.3). In this case, the
older age population for a given surface overestimates its abandonment age, while the younger age popula-
tion is most likely closer to true abandonment age of the surface [e.g., Le Dortz et al., 2009, 2011].

4.3. Timing of the Abandonment of Q1, Q2, and Q3 Alluvial Surfaces

The CRE age distribution of all the samples collected either on the Q1 or the Q2 fan surfaces shows a bimodal
pattern evidencing two CRE age populations for each surface (Figures 5e and 6q). Given the similarity of CRE
age patterns for different geomorphic surfaces, the possible cause of this systematic age dispersion could not
coming from the sampling (section 4.2.4). Also, there is no geomorphic evidence of multistage clast deposi-
tion on the Q1 and Q2 fan surfaces.

For samples from Q1 and Q2 surfaces, two CRE age sets were calculated (section 4.2.4). The ages obtained for
1 m/Ma of denudation are slightly older than those calculated assuming no erosion (section 4.2), while their
distributions remain bimodal (Figure 8). Interestingly, for each fan surface, the younger age population,
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Figure 9. (a) 108e age probability distribution of Q1 fan surface in Azghand site showing two age populations ranging from
~13 to ~16 ka and ~21 to ~24 ka. (b) 10 age probability distribution of Q2 abandonment surface in the Azghand site
showing an age population between ~27 and ~30 ka and two older ages of 43.6 + 1.3 and 50.3 + 1.5 ka. (c) Age probability
distribution of both Q1 and Q2 inset abandonment surfaces. See the caption of Figure 5 for more details.

assuming a denudation rate of 1 m/Ma, is still younger than the older age population calculated assuming no
erosion. In such a way, denudation rates of ~10 m/Ma (on Q2 surfaces) and ~25m/Ma (on Q1 surfaces) are
necessary to overtake the older age population calculated assuming no erosion. Such denudation rates are
most unlikely considering the maximum denudation rate of 1 mm/Ma reported by Le Dortz et al. [2009,
2011] and the well-preserved geomorphology of the Q1 and Q2 fan surfaces. This indicates that the bimodal
age pattern does not result from surface denudation and the associated upward migration of the clasts to the
land surface [e.g., Thomas, 1989; Cooke et al., 1993; Wells et al., 1995].

In the study area, almost all younger alluvial surfaces are inset in older fan surfaces (Q1 in Q2 and Q2 in Q3).
The formation of inset alluvial fans during successive deposition/erosion stages could explain the bimodal
age distributions. The inset surface pattern allows clasts exposed on upper surfaces to be detached from
older alluvial fans due to stream channel incision, gravitational movements, or during occasional flooding
periods [e.g., Le Dortz et al., 2009, 2011; Schmidt et al., 2011; Le Béon et al., 2010; Ritz et al., 2006b] and to form
lower inset surfaces.

We have tested the aforementioned hypothesis comparing CRE ages of clasts embedded in two inset alluvial
surfaces; in the Azghand area, two inset Q1 and Q2 alluvial fan surfaces (sections 4.2.1 and 4.2.2) were
sampled. The CRE ages for the Q1 clasts show two age populations: the first one is between ~13 and
~16 ka and the second one between ~21 and ~24 ka (Figure 9a). The clasts from the Q2 surface yield ages
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Figure 10. (top) Schematic model for the three inset abandonment surfaces. The clasts of the upper (older) surface could
have reworked to the lower gyounger) forming surface during the incision of the upper surface by the feeding stream
and its tributaries. (bottom) '°Be and 36cl exposure ages of the three Q1, Q2, and Q3 surfaces. Red boxes correspond to the
20 uncertainty for the weighted mean ages of Q1 and Q2 surfaces (see Figure 8).

ranging between ~27 and ~30 ka (Figure 9b) and two older ages at 43.6 + 1.3 and 50.3 + 1.5 ka (section 4.2.2).
The mean CRE age deduced from the Q1 older samples (~23 ka) is similar to the mean CRE age deduced from
the Q2 younger samples (~27 ka), suggesting that older samples on the Q1 surface may originate from the Q2
surface. This is also suggested by the sum of the probability distribution of the ages of both Q1 and Q2 sam-
ples that shows only three ages populations (Figure 9c).

Accordingly, the inset scenario is retained to explain the bimodal distribution of the alluvial fan surface CRE
ages (Figure 10). These results, together with optically stimulated luminescence/infrared stimulated lumines-
cence dating performed along the Doruneh Fault System, which lead to a maximum abandonment age of
~10ka [Fattahi et al., 2007] for the younger (Q1, this study) abandonment surface, confirm that the younger
CRE age populations are most likely closer to true ages of abandonment surface, i.e., the negligible erosion
assumption. The exposure ages of 12.3+2.9 and 36.5 + 6.3 ka (+20) are therefore proposed for the Q1 and
Q2 alluvial fans, respectively (Figures 8a and 8b).

The bimodal pattern of the CRE age distribution on the Q3 fan surfaces could be explained differently.
The absence of alluvial surfaces above the Q3 alluvial surfaces considerably reduces the likelihood of a
systematic inheritance in the Q3 samples. On the other hand, as indicated by streams incising their entire
surface, the Q3 alluvial fan surfaces underwent denudation rates higher than the Q2 and Q1 surfaces. The
degree of preservation, however, varies among Q3 fan surface. As for the Nay Q3 surface (Figure 7a),

Table 5. Left-Lateral Slip Rates Along the DFS Based On Offsets Recorded by Q3 Surfaces®

Minimum  Maximum  Maximum Slip  Minimum Slip  Suggested Slip
Site Number  Surface Longitude (°E)  Latitude (N°)  Offset (m) Age (ka) Age (ka) Rate (mm/yr) Rate (mm/yr) Rate (mm/yr) Quality
1 Q3 56.749 35.032 0 103+4 130+ 14 0 0 0 A
10 Q3 57.492 35.208 160+ 100 1034 130+ 14 1.6+1.0 1.2+£0.8 1.3+£09 D
34 Q3 58.29 35.297 63070 1034 130+ 14 6.1+0.7 48+0.7 53+£1.1 D
49 Q3 58.57 35.281 840+ 70 103+4 130+ 14 83+0.8 6.5+0.9 7113 A
56* Q3 58.921 35.253 330+ 80 1034 130+ 14 3.2+0.8 25+£0.7 28+0.8 D
59* Q3 58.932 35.251 350+70 1034 13014 3407 27+0.6 291038 D
65* Q3 59.115 35.222 290+ 50 103+4 130+ 14 28+0.5 22+0.5 24+06 @
68* Q3 59.331 35.174 170+ 30 1034 130+ 14 1.7+£03 1.3+£03 14+03 C
69 Q3 59.497 35.127 0 103+4 130+ 14 0 0 0 A

3Suggested slip rates are based on the age of 120 + 20 ka inferred for the abandonment of Q3 surfaces (section 4.2.4). Asterisk marks the sites in which the
assignment of offset markers to weighted mean ages determined for the Q1, Q2, and Q3 fan generations is not straightforward.
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Table 6. Left-Lateral Slip Rates Along the DFS Based On Offsets/Ages of Q1 and Q2 Surfaces®

Site Number Surface Longitude (°E) Latitude (N°) Offset (m) Age (ka) Slip Rate (mm/yr) Quality
1 Q2 56.749 35.032 0 36.5+£6.3 0 A
2 Q2 56.766 35.038 25+5 36.5+6.3 0.7+£0.2 B
6 Q2 57.44 35.201 60+10 36.5+6.3 1604 A
7 Q2 57.454 35.204 50+10 36.5+6.3 14+04 B
11 Q2 57.469 35.205 7010 36.5+6.3 19+04 C
15 Q2 57.528 35.214 90+ 30 36.5+6.3 25+£0.9 B
16 Q2 57.537 35.215 100 + 20 36.5+6.3 27+0.7 A
17 Q2 57.549 35.217 110+ 30 36.5+6.3 3.0+£1.0 D
19 Q2 57.571 35.223 130+ 15 36.5+6.3 3.6+£0.7 A
22 Q2 57.584 35.226 140 + 40 36.5+6.3 38+13 A
27 Q2 58.194 35.298 230+20 36.5+6.3 63+1.2 @
29 Q2 58.245 35.297 190+ 20 36.5+6.3 52+1.1 A
31 Q2 58.271 35.297 200+ 70 36.5+6.3 55+2.1 @
33 Q2 58.284 35.297 220+70 36.5+6.3 6.0+2.2 A
38 Q2 58.343 35.295 200+ 50 36.5+6.3 55+1.7 A
39 Q2 58.373 35.291 180+ 20 36.5+6.3 49+1.0 B
48 Q2 58.553 35.284 300+50 36.5+£6.3 82+20 A
51 Q2 58.669 35.278 300+ 50 36.5+6.3 82+20 A
54* Q2 58.855 35.263 100+ 20 36.5+6.3 27+07 D
58 Q2 58.932 35.251 210+ 20 36.5+6.3 58+1.1 D
61* Q2 58.965 35.247 190+ 30 36.5+6.3 52+1.2 D
63* Q2 59.009 35.242 190 +30 36.5+£6.3 52+1.2 D
64 Q2 59.049 35.235 210+ 50 36.5+6.3 58+1.7 C
66* Q2 59.131 35.22 170+ 50 36.5+6.3 47+1.6 D
67* Q2 59.323 35.175 70+20 36.5+6.3 1.9+0.6 D
69 Q2 59.497 35.127 0 36.5+6.3 0 -
1 Q1 56.749 35.032 0 123+£29 0 A
3 Q1 57.082 35.129 16+4 123+29 1.3+04 A
4* Q1 57.317 35.177 15+3 123+29 1.2+04 D
5 Q1 57.44 35.201 12+2 123+£29 1.0£03 A
8 Q1 57.473 35.206 25+5 123+£29 20+06 D
9 Q1 57.481 35.207 155 123+29 1.2+05 C
12 Q1 575 35.209 29+5 123+£29 24+0.7 A
13 Q1 57.507 35.212 2010 123+29 1.6+0.9 B
14 Q1 57.519 35.213 27+6 123+29 22+0.7 A
18 Q1 57.558 35.22 18+4 123+£29 1.5+05 B
20* Q1 57.58 35.225 133 123+£29 1.1+£03 D
21* Q1 57.582 35.225 14+2 123+£29 1.1+03 D
23* Q1 57.615 35.236 25+3 123+£29 20+£0.5 D
24 Q1 57.864 35.276 50+20 123+29 41+£19 @
25% Q1 58.145 35.294 55+5 123+£29 45+1.1 D
26 Q1 58.165 35.297 65+15 123+£29 53+£1.7 A
28 Q1 58.233 35.297 40+10 123+29 33+1.1 A
30* Q1 58.269 35.297 25+5 123+29 20+06 D
32* Q1 58.282 35.297 3010 123+£29 24+£1.0 D
35 Q1 58.304 35.295 50+ 10 123+29 41+13 A
36* Q1 58.318 35.295 60+ 20 123+29 49+20 D
37 Q1 58.338 35.295 60+10 123+£29 49+14 A
40*% Q1 58.38 35.289 40+10 123+£29 33+1.1 D
41* Q1 58.395 35.288 10+£2 123+29 0.8+0.3 D
42 Q1 584 35.287 0 123+£29 0 A
43 Q1 58.442 35.286 0 123+29 0 A
44* Q1 58.443 35.286 13+£3 123+£29 1.1+£03 D
45% Q1 58.46 35.287 17+2 123+£29 14+04 D
46 Q1 58.5 35.286 27+10 123+29 22+1.0 B
47 Q1 58.549 35.285 25+5 123+£29 2.0+0.6 A
50 Q1 58.66 35.278 60+10 123+£29 49+14 A
52 Q1 58.76 35.271 555 123+£29 45+1.1 A
53 Q1 58.76 35.271 55+5 123+29 45+1.1 B
55 Q1 58.873 35.261 60+10 123+£29 49+14 B
57 Q1 58.926 35.252 40+10 123+29 33+1.1 D

FARBOD ET AL.

QUATERNARY SLIP RATES ALONG THE DORUNEH FAULT SYSTEM

400



@ AG U Tectonics

10.1002/2015TC003862

Table 6. (continued)

Site Number  Surface  Longitude (°E)  Latitude (N°)  Offset (m) Age (ka) Slip Rate (mm/yr)  Quality

60* Q1 58.954 35.248 40+5 123+£29 33+09 D
62* Q1 59.009 35.242 50+10 123+29 41£13 D
69 Q1 59.497 35.127 0 123+29 0 =

3Slip rates are calculated dividing the geomorphic offset value at each point by the weighted mean CRE age assigned
to the corresponding offset surface. Quality letters indicate the reliability of slip rates considering both the offset
reconstruction quality and the age relevance. Asterisk marks the sites in which the assignment of offset markers to
weighted mean ages determined for the Q1, Q2, and Q3 fan generations is not straightforward.

deeply incising streams form rounded ridges; flat-laying surfaces are too rare and small. This alluvial fan
is composed of loosely cemented volcanic clasts. In contrast, the Anabad and Doruneh alluvial fans con-
tain mostly carbonate clasts in different sizes, with some degree of carbonate cementation. This makes
the surfaces less erodible such that relatively preserved flat areas are more wide and abundant relative
to the Nay surface. Contrary to this fact, a single '°Be age of 102.8+3.8ka, from the Nay alluvial fan, is
older than the five 3°Cl exposure ages (~73 to 98ka) from the Anabad and Doruneh fan surfaces
(Figure 7). The slight difference between the maximum *¢Cl and '°Be nuclide concentrations could be
explained by a higher dissolution rate of the carbonate clasts relative to the quartz-rich volcanic clasts.
In summary, the Q3 CRE ages of samples may approach the minimum exposure age of Q3 abandonment
surfaces (see section 4.2).

Applying the denudation rate of 7 mm/Ma to two less eroded Anabad and Doruneh Q3 alluvial fan surfaces
yields the maximum 36C| CRE ages ranging from 100+ 11 to 130 + 14 ka (Tables 2 and 3). The oldest minimum
(103 + 4.0 '°Be age; no erosion) and maximum (130 + 14 ka 3°C| age; denudation rate of 7mm/Ma) CRE ages
could represent the lower and upper bounds for the age of the Q3 surface. In this case, the age of 120 £ 20 ka
may approach the true age of the Q3 abandonment surfaces.

5. Slip Rates Along the Doruneh Fault System

Cumulative left-lateral displacements recorded by either alluvial fan shape incised by streams or terrace risers
were measured at 67 sites (Table 1). The previously discussed in situ-produced '°Be (in quartz-rich clasts) and
36C] (in carbonate clasts) cosmogenic nuclide concentrations were used to estimate the ages of alluvial aban-
donment surfaces. The onset of a cumulative offset recorded by main streams incising a surface is assumed to
correspond to the age of the host abandonment surface [e.g., Regard et al., 2005, 2006; Authemayou et al.,
2009; Shabanian et al.,, 2009b, 2012b]. For the slip rate calculation from offset terrace risers a debate is
ongoing about the age of which terrace could be assigned to the offset riser [e.g., Tapponnier et al., 2001;
Cowgill, 2007; Kirby et al., 2007; Zhang et al., 2007]. In this paper, slip rates deduced from the offset terrace
risers (only in three sites) are based on lower terrace reconstruction [Cowgill, 2007] and provide a maximum
bound on the slip rate. In total, 67 independent slip rates averaged over ~12 to ~120ka have been deter-
mined along the CFZ and WFZ (Tables 5 and 6 and Figure 11).

At seven sites, Q3 alluvial fans cut by the DFS exhibit the largest cumulative offset (Table 1). From the mid-
length toward the ends of the CFZ, the measured geomorphic offsets vary from ~850 to ~160m
(Figure 3b). Farther east, at the longitude of 59.497°E, strike-slip faulting dies out. Applying the Q3 surface
abandonment age (section 4.2.4) to the offsets recorded by the Q3 surfaces yields left-lateral slip rates of
the DFS averaged over the last ~120ka (Figure 11a), with a maximum rate of 7.1+ 1.3 mm/yr in the middle
of the CFZ decreasing toward the fault zone ends (Figure 11a and Table 5).

At 24 sites along both the CFZ and WFZ, the left-lateral offsets recorded by the Q2 alluvial fans, usually inset
in older Q3 alluvial fans, were measured (Figure 3b and Table 1). Along the CFZ, the cumulative displace-
ments observed in the central part and the ends of the fault zone ranged between 300+ 50m and 70
+20m, respectively (Figure 3b). Along the WFZ, the Q2 offsets display a slight change from 70+ 10m, at
the junction with the CFZ, to 25+5m, near the western end of the fault zone (Figure 3b and Table 1).
Applying the 36.5 + 6.3 ka abandonment age of the Q2 surfaces to these cumulative offsets yields slip rates
that vary between 8.2+2.0 and 1.9+ 0.6 mm/yr (Figure 11b and Table 6); the maximum slip rate is esti-
mated at the midlength of the CFZ (Figure 11b). At the junction between the CFZ and WFZ, the minimum
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slip rate of 1.9+0.4mm/yr along the CFZ corresponds to the maximum slip rate along the WFZ
(Figure 11b). This maximum slip rate decreases to 0.7 +0.2 mm/yr close to the western termination of
the WFZ (Figure 11b). Interestingly, in one site along CFZ (Mazdeh, Figure 6b) the direct slip rate is
calculated from dating of an offset alluvial fan surface. It yields a slip rate of 5.5+ 0.7 mm/yr which is in
/yr deduced from the mean abandonment age of Q2 surface

agreement with the slip rate of 5.2+ 1.1 mm
at ~36 ka (Table 6 and section 4.3).
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Thirty-six left-lateral offsets associated to Q1 alluvial fans, ranging from 10+ 2 to 65 £ 15 m, have been mea-
sured along the DFS (Figure 3b and Table 1). Applying the Q1 surface abandonment age at 12.3+2.9ka
(Figure 11c and Table 6), slip rates ranging from 1.0+ 0.3 to 5.3 + 1.7 mm/yr are obtained. The overall trend
of the variations in the slip rates averaged over ~12ka is similar to that of the slip rates averaged over the
longer periods of ~36 and ~120 ka. Considering the distribution of slip recorded by the Q1 surfaces, two dis-
tinct fault segments are recognized (Figure 11c). Those are separated by a ~4 km long gap along which there
is no evidence of faulting on the Q1 surfaces (Figure 4). The slip distribution on a fault segment is mirrored in
the other segment showing the same minimum (~1 mm/yr) and maximum (~5 mm/yr) slip rates (Figure 11c).
The remnants of Q2 surface on north side of the fault indicate activity of the fault before covering of the fault
trace by Q1 and recent alluvial fans (Figure 4).

The three independent sets of slip rate, averaged over ~12, ~36, and ~120 ka (abandonment surface ages of
Q1, Q2, and Q3, respectively), show nearly similar overall distributions of slip along both the WFZ and CFZ
(Figure 11d). Considering the uncertainties associated to the slip rate estimates, left-lateral slip rates along
the WFZ and CFZ may have remained constant at least since the Late Pleistocene. However, at a shorter time
scale (during Holocene) the CFZ is divided into the 80 km long west and 100 km long east segments. The
boundary between these segments has remained persistent during the Holocene (Figure 11c). Beyond the
main fault zone, in rocks armored by Quaternary alluviums, the lack of evidence of active faulting rules out
the possibility of slip transfer into fault strands north of the gap. The absence of older Q2 and Q3 surfaces
has led to irregular spatial sampling of the slip rate along this part of the fault. This precludes us evaluating
the persistency of the gap in deformation before Holocene.

6. Discussion
6.1. Long-Term Geological Versus Short-Term Geodetic Slip Rates

Along the DFS, Fattahi et al. [2007] estimated a Holocene slip rate of ~2.5 mm/yr. This estimate is based on an
apparent offset of parallel terrace risers at the left bank of the Shesh Taraz River, which are disordered due to
left-lateral displacement of the fault (section 4.2). In addition to the complications at their site, as we have
shown, a single slip rate would poorly represent the complete DFS slip behavior. Farbod et al. [2011] have
estimated a short-term left-lateral slip rate of ~2.5 mm/yr using the present-day GPS-derived velocities of
KASH and SHIR stations in northeast Iran [Vernant et al., 2004; Masson et al., 2005, 2007]. This estimate was
based on an unproved assumption that the deformation accommodated between the KASH and SHIR sta-
tions, north of the DFS, is not significant. The recent GPS measurements in NE Iran [Mousavi et al., 2013] reveal
interesting facts about current slip rate of the DFS; no significant slip is directly deduced from geodetic mea-
surements [Mousavi et al., 2013, Tables 2a and 2b and Figure 2]. However, for the DFS, a maximum current slip
rate of 3 mm/yr was deduced from rigid block modeling in which both the northern and southern rigid-
assumed blocks are extremely wide and include several active faults in different deformation domains.
Moreover, this maximum rate decreases eastward to about 2 mm/yr at the eastern termination of the DFS,
where no evidence of left-lateral faulting is observed along the fault [Farbod et al., 2011; Farbod, 2012; this
studyl. In summary, there is no consistency between instantaneous geodetic and moderate- to long-term
geologic slip rates of the DFS. This discrepancy could be explained in terms of fault slip behavior, temporal
scale of measurements, the arrangement and distribution of geodetic arrays relative to geological structures,
boundary conditions for rigid block models, etc. Such discrepancies cannot be used for the discrimination of
methods which are different in concept and application (e.g., see the gradual improvement of GPS-derived
velocity vectors from Vernant et al. [2004] to Mousavi et al. [2013]). In fact, for phenomena such as after slip
that occurs at time scales of months to decades, geodetic studies of similar or longer duration can potentially
provide durable insights on short-term crustal deformation. But for problems spanning geological time scales
that extend well beyond those of geodetic observation, geodesy can never provide a complete answer
[Burbank and Anderson, 2012].

An important consequence of our results is that the long-term geological slip rate of the DFS differs from the
current slip rate deduced from GPS measurements. The cause of this difference remains unclear.
Interestingly, other geological and geodetic studies carried out on several active faults in Iran result in con-
sistent slip rates indicating stable fault activities since Pleistocene (i.e., NE Iran: Shabanian et al. [2009a,
2009b, 2012a, 2012b] and Moussavi et al. [2013]; Minab-Zendan transfer fault system (SE Iran): Peyret et al.
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[2009] and Regard et al. [2010]; North Tabriz fault system: Rizza et al. [2013]; Astaneh-Shahrud fault system:
Djamour et al. [2010], Mousavi et al. [2015], Javid Fakhr et al. [2011], and Hollingsworth et al. [2010]; and
South Main Recent Fault and Kazerun Fault: Tavakoli et al. [2008] and Authemayou et al. [2009]).

6.2. Seismotectonic Implications

The presented results improve the segmentation model of the DFS proposed by Farbod et al. [2011] thanks to
the accurate location of (1) the boundaries between the WFZ, CFZ, and EFZ fault zones and (2) the persistent
boundary between eastern and western segments of the CFZ. The slip rate varies spatially along the strike of
the fault zones (Figure 11d), but the overall distribution of slip rate over the three investigated time periods of
~12,~36, and ~120 ka is similar, i.e., constant slip rate at a point. This constant pattern implies a homogenous
long-term behavior for the western and central zones of the DFS.

The eastern and western fault segments of the CFZ are separated by a persistent boundary (section 5). The
100km long eastern fault segment slips at 5.3+3 mm/yr and could produce a maximum earthquake of
M,,~7.4 (deduced from scaling law of Wells and Coppersmith [1994]). Along this fault segment, Farbod
et al. [2011] have presented a coseismic offset of ~4 m recorded by a Qanat line (ancient underground irriga-
tion system). The offset location (longitude of 58.77°E) corresponds to the peak of Holocene cumulative slip
of the fault (Figure 11c) and likely represents a maximum coseismic displacement. Such an offset could also
be produced by an event as large as M,, ~ 7.4, in favor of the characteristic slip behavior. The ~80 km long
western segment of the CFZ slips at ~5.3mm/yr and is capable of producing large earthquakes of
M,, = 7.3. Similarly, the ~70 km long WFZ may produce earthquakes with a maximum magnitude of M,, ~ 7.2.

7. Conclusion

The slip distribution along the DFS was established through the systematic measurement of 67 left-lateral
offsets recorded by late Quaternary alluvial fan morphologies (i.e., fan surfaces and associated geomorphic
features). At six sites, the abandonment ages of three generations of inset Q1, Q2, and Q3 alluvial surfaces
were determined using in situ-produced *°Cl and '°Be cosmogenic nuclides at 12.3+2.9ka, 36.5+6.3ka,
and 120 + 20 ka, respectively. While local denudation rate was demonstrated negligible, significant inherited
cosmogenic nuclide concentrations due to clasts reworked from the upper alluvial fans were evident in the
inset Q1 and Q2 surfaces. The relevant ages and geomorphic offsets allowed estimating 67 independent left-
lateral slip rates and thus establishing the slip distribution along the CFZ and WFZ during the Late Pleistocene
and Holocene.

Along the CFZ, a Late Pleistocene maximum slip rate of 8.2 + 2.0 mm/yr is estimated, while during Holocene,
the fault zone is divided into two fault segments having symmetrical slip rate distribution with respect to
their boundary and slipping at 5.3 + 1.7 mm/yr. The boundary between the eastern and western sectors of
the CFZ has remained persistent during the last ~12ka. The left-lateral slip rate on the reverse-sinistral
WFZ is estimated at 1.9+0.4 mm/yr. The seismic segment lengths of the 400 km long DFS vary between
~70 and ~100 km and are thus able to produce earthquakes with magnitudes of M,, ~7.2-7.4.
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