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Abstract Varying estimates of both present-day strain accumulation and long-term slip rate on the
Doruneh left-lateral strike-slip fault, NE Iran, have led to suggestions that it exhibits large along-strike
and/or temporal changes in activity. In this study, we make and compare estimates of slip rate measured
using both geodesy and geomorphology, and spanning time periods ranging from decadal to 100 ka. To
image the present-day accumulation of strain, we process 7 years (2003-2010) of data from six ENVISAT
tracks covering the fault, with interferograms produced for 400-km-long strips of data to image the long-
wavelength signals associated with interseismic strain accumulation across the locked fault. Our analysis
shows that less than 4 mm/yr—and likely only 1-3 mm/yr—of slip accumulates across the fault. Using
high-resolution optical satellite imagery, we make reconstructions of displacement across six alluvial fans
whose surfaces cross the fault, in four separate river catchments. We determine the ages of these fans
using infra-red-stimulated luminescence dating combined with U-series dating of pedogenic carbonates.
The six fans vary in age from ~10- to 100 kyr, and a regression line fitted to four of these yields a slip

rate of 2.5 + 0.3 mm/yr. We conclude that within the uncertainty of our measurements, the slip rate has
remained constant over the last ~100 ka and is representative of the strain accumulation at the present-
day. The slip rate that we measure is consistent with the E-W left-lateral Doruneh fault accommodating
N-S right-lateral faulting by “bookshelf” faulting, with clockwise rotation about a vertical axis.

1. Introduction

The last 15 years have seen a rapid increase in the number and distribution of GPS and InSAR measure-
ments of tectonic strain across Iran (e.g., Djamour et al., 2011; Mousavi et al., 2013; Mousavi et al., 2015;
Tavakoli et al., 2008; Vernant et al., 2004; Walpersdorf et al., 2006, 2014), and also of the Holocene and late
Pleistocene slip rates on many of its major active faults (e.g., Fattahi & Walker, 2006; Fattahi et al., 2014;
Foroutan et al., 2014; Regard et al., 2005; Ritz et al., 2003; Rizza et al., 2011; Talebian et al., 2016). These
complementary sets of data offer insight into the ongoing debate over the extent to which late Quaternary
slip rates on major active faults are representative of the present-day accumulation of tectonic strain across
them.

There is broad agreement between the geodetic strain accumulation and the long-term average slip rate
in most of those places where meaningful comparisons can be made (e.g., Mousavi et al., 2013; Rizza
et al., 2013; Walker et al., 2010; Walpersdorf et al., 2014). However, variations in slip rate have been suggest-
ed for a small number of the active strike-slip faults in north-eastern Iran, potentially suggesting that the
long-term fault behavior in that region is fundamentally different from in other parts of the orogen (e.g.,
Farbod et al., 2011, 2016; Shabanian et al., 2009). If real, these variations have the potential to yield insights
into the mechanical behavior of fault zones and of the continental crust. The presence of time-varying
fault slip rates also has implications for estimates of seismic hazard, as they imply that measurements of
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Figure 1. Shaded relief topography of NE Iran. (a) GPS velocity field (Mousavi et al., 2013; Walpersdorf et al. 2014) and
focal mechanisms of earthquakes, including both first-motion and waveform-modeled solutions from McKenzie (1972),
Baker et al. (1993), and Walker and Jackson (2004) and the Global CMT catalog (http://www.globalcmt.org/CMTsearch.
html) during the period 1976-2012. Epicenters of these earthquakes are from Engdahl et al. (2006). Historical
earthquakes (blue dots) come from Ambraseys and Melville (1982). (b) Shows the spatial coverage of the ENVISAT
SAR tracks across the Doruneh fault. We used the ERA_Interim model, (the red dots) to correct the tropospheric delay
and we used both the permanent and campaign GPS stations to validate the tropospheric delay map. The inset shows

the region represented in “a” and “b” within the overall Arabia-Eurasia collision as a black box, with earthquakes from
Engdahl et al. (1998). SAR, synthetic aperture radar.

long-term fault slip rate (i.e., those averaged over many earthquake cycles) are not necessarily representa-
tive of the accumulation of strain at the present day.

Our focus in the present study is the Doruneh strike-slip fault of NE Iran (Figure 1), which has been suggest-
ed to display significant variability in slip rate through time (Farbod et al., 2011, 2016; Pezzo et al., 2012).
The Doruneh fault is one of the major strike-slip faults in Iran, extending for 700 km from the eastern
border of Iran to the central Dasht-e-Kavir (Berberian, 1976; Farbod et al., 2011, 2016; Fattahi et al., 2007;
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Jackson & McKenzie, 1984; Pezzo et al., 2012; Walker &Jackson, 2004; Wellman, 1966). It is prominent
in geomorphology and displays numerous indications of cumulative left-lateral displacements (Tchalenko
et al., 1973; Farbod et al., 2011, 2016; Fattahi et al., 2007; Wellman, 1966).

Geodetic measurements of interseismic strain accumulation across the Doruneh fault are contradictory:
Pezzo et al. (2012) measure ~5 mm/yr of left-lateral strain accumulation from synthetic aperture radar
(SAR) interferometry, whereas campaign and permanent GPS measurements (Mousavi et al., 2013; Walpers-
dorf et al., 2014), show little discernible strain accumulation, with a maximum ~ 2 mm/yr. Late Quaternary
estimates of left-lateral slip rate range from ~2.5 to 3.0 mm/yr (Fattahi et al., 2007; Walker & Fattahi, 2011),
up to > 8 mm/yr, with ~5.3 mm/yr in the Holocene, in the study presented by Farbod et al. (2011, 2016).

Here, we assess the slip on the Doruneh fault averaged over timescales ranging from 10 years to 100,000 years.
In Section 4, we provide a study of interseismic strain accumulation along the entire fault length using
InSAR. In Section 5, we present ages for alluvial fans that have been displaced by the Doruneh fault and
carefully reassess previous interpretations of the geomorphology of each site. The ages allow us to make six
separate estimates of slip rate, averaged over time periods ranging from 100 to 10 ka, and from sites span-
ning a distance of ~40 km in the central part of the Doruneh fault, coincident with where high (>8 mm/yr)
slip rates were postulated by Farbod et al. (2011, 2016). Finally, in Section 6, we discuss the implications of
our slip rates in assessing the differing ideas for the role of the Doruneh fault in accommodating regional
tectonic motions.

2. Tectonic Setting

The active tectonics of Iran result from the continental collision of Arabia and Eurasia (Figure 1, inset).
GPS velocities indicate ~30 mm/yr of northward-directed shortening relative to Eurasia at longitude 54°E.
Almost half of this shortening is accommodated within the Zagros Mountains, with most of the remainder
accommodated within the Alborz Mountains of northern Iran. The Central Iranian Plateau has few earth-
quakes recorded within it, and is likely to deforming at much slower rates than its surroundings. The GPS
velocity field shows that northward directed shortening relative to Eurasia decreases from ~15 mm/yr with-
in the central Iranian plateau to close to zero near the Afghan border (Figure 1). This N-S right-lateral shear
is accommodated south of latitude 34°N by a series of N-S right-lateral strike-slip faults within eastern Iran.
North of 34°N, the GPS velocities in NE Iran show the same N-S right-lateral shear as they do further south,
and yet the dominant active structures are E-W left-lateral faults, including the Dasht-e-Bayaz and Doruneh
faults. These E-W left-lateral faults, and the regions between them, can accommodate the N-S right-lateral
shear indicated by GPS measurements if they rotate clockwise about a vertical axis, as confirmed by recent
paleomagnetic measurements in NE Iran (Mattei et al., 2017). Others have argued that the Doruneh fault
allows a westward expulsion in the region north of it (e.g., Farbod et al., 2011, 2016); however, this model is
not supported by the GPS velocities.

Although being one of the longest and most prominent active faults in Iran, there are few large earthquakes
associated with it (e.g., Figure 2a). Destructive events occurred along the Doruneh fault in 1903 and 1926,
with the first of these causing damage in a zone westwards from Kashmar, and the second southwest of
Torbat Heydarieh (Figure 2a; Fattahi et al., 2007). The damage from both of these earthquakes was quite
limited in extent. There are no records of major earthquakes on the Doruneh fault further back in history.
Fattahi et al. (2007) report a number of streams offset by 3-5.5 m along the central section of the fault,
which they suggest result from displacement in a single earthquake of magnitude ~7.5.

3. Methods

Our study combines analysis of satellite RADAR, optical satellite imagery interpretation, field-based geo-
logical sampling, and analytical dating. The InSAR methods are described in full in the text of Section 4. The
optical image analysis is based on 50-cm Quickbird satellite data from 2003, which predates the quarrying
that has since destroyed much of the geomorphology of Site 1. Best-fitting measurements of strike-slip dis-
placement are made visually by realignment of the channel thalwegs, with an uncertainty centered on these
best-fitting measurements estimated from realignment of the thalweg on the upstream side of the fault with
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Figure 2. (a) Shaded-relief SRTM topographic map of the region around the Doruneh fault (see Green box in Figure 1a
for location). Major faults are marked, along with the focal mechanisms of earthquakes. (b) Shaded-relief SRTM
topographic map of the central Doruneh fault showing the four late Quaternary slip-rate measurement sites (a—d) along
with the main towns and villages. The fault trace is marked by a red line.

the two-channel margins on the downstream side. When more than one displaced stream is present within
a landform, we make a single best-fit restoration. Further details of our geomorphic interpretations and
restorations are provided on a site-by-site basis in Section 5.

For age constraint, we predominantly use infra-red stimulated luminescence (IRSL), with results shown
in Table 1, and full data presented in Tables Al and A2. A full description of the methods is given in the
Appendix, which vary slightly from those described in Fattahi et al. (2014). We also performed U-series
dating of pedogenic carbonates found at one site. We milled individual growth layers of carbonate from two
samples and dated them using the U-Series method. All preparatory and analysis steps are as reported in
Gregory et al. (2014), using an isochron-derived initial Thorium composition to correct for detrital compo-
nent in the samples. Additional details of sampling and analysis are given in the Appendix. The U-series
ages are presented in Table A3.

4. Decadal Strain Accumulation From InSAR

We used SAR images from the ASAR instrument (5.6-cm wavelength) on board the ENVISAT satellite to
investigate the interseismic deformation across the Doruneh fault. In the “image mode” of the ASAR instru-
ment (swath of 100 km), the studied area is covered by several tracks of the satellite (Figure 1b).

We chose to use 400-km-long interferograms to be able to integrate regions far from the fault trace, in con-
trast to an earlier study of Pezzo et al. (2012) that considers only 100-km interferograms centered on the
fault trace and does not correct for DEM errors and atmospheric effects. The 100-km-long strips of data used
by Pezzo et al. (2012) may be too short to discriminate between the long-wavelength orbital error signal and
the elastic interseismic deformation around the fault. InSAR analysis by Pezzo et al. (2012) suggests that
~5 mm/yr of displacement accumulates on the fault below 10-km depth in the central part of the Doruneh
fault. They also modeled the slip as not purely strike-slip (left-lateral) but also with a significant thrust
component.
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Table 1

Feldspar IRSL Ages Using a Central Age Model and Corrected for Fading Using a Correction Averaged Between Samples From Each Individual Catchment (See

Appendix for Full details)

Sample no. Site Fan Material Corrected age Age + (1 sigma)
Kashmar 1 Site C F2 Silt overlying alluvial gravel 98.6 7.3
Kashmar 2 Site C F2 Silt overlying alluvial gravel 89.2 6.8
Kashmar 3 Site C F1 Silt lens in alluvial gravel 26.3 1.8
Kashmar 4 Site C F1 Silt lens in alluvial gravel 19.6 14
Kashmar 5 Site B F3 Base of slit overlying gravel 130.9 13.0
Kashmar 6 Site B F3 Alluvial gravel 136.4 14.1
Kashmar 8 Site B F2 Sandy lens in alluvial gravel 96.9 8.9
Kashmar 9 Site B F2 Sandy lens in alluvial gravel 96.4 8.5
Kashmar 10 Site A F2 Silt lens in alluvial gravel 70.7 14.2
Kashmar 11 Site A F2 Silt lens in alluvial gravel 69.7 12.4
Kashmar 12A Site A F2 Silt lens in alluvial gravel 62.5 11.5
Kashmar 12b Site A F2 Silt lens in alluvial gravel 63.7 10.8

Note. The samples are separated by catchment (Site) and by the fan surface sampled, with the different generations of fan preserved at each site labeled from F1
(youngest) to F3 (oldest). We do not assume that there is direct correlation in age between fans F1, F2, and F3 between sites.

4.1. Processing

Raw radar images from 2003 to 2010 (Processing Level 0) were processed with ROI_PAC software (Rosen
et al., 2004) using the NSBAS package (Doin et al., 2011). The topographic phase contribution was estimated
from the SRTM Digital Elevation Model (DEM) at 90-m spatial resolution (Farr et al., 2007). Precise DORIS
orbital data for the ENVISAT satellite provided by ESA were used for interferometric processing. We pro-
duced single look complex (SLC) images with a common Doppler frequency band. A single master image
was chosen following the approach of Zebker and Villasenor (1992) and Hooper et al. (2007), and all other
SLCs were co-registered in the master image geometry using the DEM. We processed all possible interfero-
grams having baseline differences less than 500 m to minimize de-correlation of the signal.

The perpendicular baseline distributions of the available images through time are given in Figure Al. A
small baseline means that the two images were taken from a close point of view, which optimizes the
quality of the InSAR signal. An important factor that affects the coherency of interferograms in our study
is the presence of sand dunes. The areas of sand movement change rapidly through time, resulting in very
low spatial coherence in interferograms spanning several years, such that the phase cannot be unwrapped
across the whole interferogram.

The trade-offs of the tectonic signal with orbital errors and atmospheric phase delays make it necessary
to correct orbital, DEM residual errors and stratified tropospheric delay (Massonnet & Feigl, 1998; Zebker
et al., 1997). The DEM residual error can be reduced by selecting only interferograms with perpendicular
baselines lower than 500 m and temporal baselines lower than 4 years (Ducret et al., 2013). The unmod-
eled orbital errors in the flattening step can be removed using a best-fitting ramp in range, followed by a
best-fitting ramp in azimuth. More complex models could have been used, but we preferred the ramp model
to avoid removing the expected interseismic signal located around the fault. The interferograms are then
averaged by a factor of 4 in range and of 20 in azimuth, filtered using a power spectrum filter (Goldstein &
Werner, 1998), and unwrapped using a branch-cut algorithm (Goldstein et al., 1988).

After these successive corrections, the most important source of errors in this area of Iran is the change
in atmospheric conditions between acquisition dates. For example, track D163 (Figure 1b) covers a desert
area in the south, mountains in the middle of the image, and moderate topography in the northern part of
the track. The tropospheric delay can be split into two components, stratified and turbulent. The turbulent
component can be assumed to be distributed randomly both in space and time and can be reduced by stack-
ing or by smoothing during time series analysis. However, the stratified component can cause systematic
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errors and should be removed before the time series analysis. In this study, we used the ERA-Interim global
analysis to correct for atmospheric effects (Berrada Baby et al., 1988; Doin et al., 2009; Jolivet et al., 2011).

The global atmospheric model provides meteorological parameters (temperature, water vapor, and dry air
partial pressure) on a 75-km grid, four times a day. The first step is to select the meteorological parameters at
the time step that is closest to the SAR acquisition time, which is at 6 a.m. for descending tracks and 6 p.m.
for ascending tracks in our case. The delay map is obtained in two steps: The first step consists of an inter-
polation of pressure, water vapor partial pressure, and temperature onto height profiles for each ERA-I grid
node using a spline interpolation. These interpolated parameters are used to predict the LOS tropospheric
delay as a function of elevation on each ERA-I grid node. These LOS delay profiles (function of height) are
then horizontally interpolated to the resolution of an SRTM DEM with a bilinear interpolation. For each
point (with xyz position) from the DEM, the LOS delay value at that location is then selected. These values
are used to produce a predicted delay map. These delay maps at acquisition date can be combined to obtain
a differential delay map for each interferogram. Figure Al presents an example delay map for two dates and
their corresponding differential delay map.

GPS data can independently validate our ERA-Interim delay correction of interferograms. GPS phase meas-
urements are processed using GAMIT/GLOBK to derive tropospheric delay parameters (Zenith Total Delay,
ZTD) for the individual stations of the network for each ENVISAT acquisition date. We performed the pro-
cess in two steps. First, the tropospheric delay was determined together with the site position. Second, the
site position was fixed to the average position for that day, and only the ZTD was estimated. We follow this
method as simultaneous estimation of height and ZTD is less reliable as ZTD is correlated with height, and
variations of ZTD can lead to errors in height estimation.

4.2. Time Series Analysis

To estimate interseismic deformation from interferograms, we used the small baseline InSAR (SBAS) tech-
nique (Berardino et al., 2002) to generate a time series of ground deformation. Corrected interferograms
are inverted to solve for the phase of successive images using a least-squares inversion method (Cavalie
et al., 2007). We added two smoothing constraints on the SBAS time series analysis (Cavalie et al., 2007;
Schmidt & Biirgmann, 2003). The first is the temporal smoothing constraint, which is introduced as it is
difficult to make any other a priori assumption on the deformation behavior with time for the Doruneh
fault. The second constraint is related to the residual DEM error. Note that although these errors might be
negligible for baselines of less than 300 m, they may cumulate in the inversion as the cumulative baseline
reaches ~2,000 m. Then the inversion system becomes:

0 22— 0 e
Vo, DEM
o’

where b is the perpendicular baseline vector, W is the weight, eppy is the proportionality coefficient be-

tween phase and baseline due to the DEM error, y is the smoothing coefficient introduced to penetrate the
2

minimum curvature constraints 6_(2/7 (where t is time), and w,wi is the weighting factor that can be 1. The
aim of the time series can be either the temporal evaluation of ground deformation or Atmospheric Phase
Screen (APS) removal. The first option can be homogeneous across the time series by assuming ©, = 1 and
option two can be homogeneous across the time series by considering o, = Ztiz (where Zzi is the mean time
interval across the five-point differential operator). Cavalie et al. (2007) find that if the weighting factor is
the intermediate solution (w; = Zt,-z) then the APS removal is not negligible for widely spaced acquisitions
and the ground motion will not vary too much between densely spaced acquisitions. This inversion is then
applied to a very large number of pixels using a least-square inversion (Cavalie et al., 2007) to estimate the
long wavelength of the tectonic signal due to the interseismic deformation of the Doruneh fault.
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4.3. Results

Figure 3 shows the mean velocity map for six tracks that cover the Doruneh fault from west to east along
with their corresponding RMS misclosure maps (see Figure 1 for location of tracks). The RMS misclosure
map is not directly a measure of uncertainty of the LOS mean velocity map, but rather gives the relative
accuracy of the different parts of the interferogram. It is a measure for each pixel of the misclosure of the
unwrapped interferometric phase (expressed here in mm) through the network of interferograms. It is very
useful to help detect unwrapping errors, which appear to be significant at about 2 mm, in some of the tracks.
Profiles through each of the velocity maps are shown in Figure 4.

We performed a close visual examination of the velocity maps to look for sharp variations located exactly
along the fault trace, which may be representative of shallow fault creep, but none was found. Local defor-
mations related to subsidence phenomena were found in some valleys. Below we describe the velocity maps
for each track, from west to east.

Track A156: Irregular sampling in time through the network (Figure Al) means that the velocity map is
strongly dependent on two images (both in 2010), such that we are unable to detect a tectonic signal with relia-
bility. A long wavelength signal that is consistent with left-lateral movement is seen in this track, but the signal
is not centered on Doruneh fault.

Track D206: As with track A156, irregular sampling in time through the network means that the velocity map
is strongly dependent on two images (2008 and 2010). At first order, however, the regional phase gradient is sim-
ilar to that seen in A156 and is consistent with a left-lateral strain accumulation. However, the long wavelength
signal is oblique with respect to the fault trace and in addition there are strong local deviations such as the two
red patches south of the Fault that shown in 3. According to the RMS misclosure map, these red patches may be
due to unwrapping problems, and also may affect the northern part of the interferogram.

Track D435: The phase gradient across track D435 is located exactly on the Doruneh fault; however, it seems
there are unwrapping problems in this track as shown by the RMS misclosure map. Indeed, in most of the in-
terferograms of this track, it was necessary to bridge manually between patches of unwrapped phase in order to
make the link between the northern and southern part of the interferogram, which can be the source of errors.
The high value of RMS misclosure causes us to be careful in interpreting this phase variation across the fault.
Apart from these limitations, this track is also compatible with a left-lateral displacement of the Doruneh Fault.

Track D163: This track has a similar unwrapping problem as in track D435, with higher RMS misclosure in
northern part of the track and lower coherence. No clear interseismic signal can be seen in the mean velocity
map, which shows discrepancies with track D435 in their overlapping area.

Track D392: Track D392 shows a long-wavelength signal consistent with left-lateral displacement, and with a
relatively low RMS misclosure. A profile along track D392 (figure 4) shows a change in line-of-sight velocity of
1.5 mm/yr that is consistent with left-lateral strike-slip, but the arctangent shape is centered ~10-km south of,
rather than on the, Doruneh fault. We note, however, that there is no corresponding tectonic signal on neigh-
boring tracks to the west (D163) and east (D120). Also, the permanent GPS station THED north of the Doruneh
fault (figure 1) shows 1.5 mm/yr of subsidence probably related to ground water extraction, further complicat-
ing the tectonic interpretation.

Track D120: Track D120 has the largest number of images and the best network of interferograms, but shows
no discernible signal whilst also having lower RMS misclosure values with respect to the other tracks.

At the first order, the InNSAR measurements are compatible with left-lateral displacement (e.g., in tracks
A156, D435, and D392), but in each case, the signal is not centered on the Doruneh fault. In some tracks, our
results are affected by unwrapping problems as highlighted, for instance, by the increased RMS misclosure
in track D435. We have also found that differences in the signal within overlapping portions of adjacent
tracks are significant, and of a similar size to the expected range of interseismic deformation that we aim to
measure. The inconsistencies between the signals may be due to imprecise correction of DEM, orbital, and
stratified atmospheric errors, or correlation between the interseismic tectonic signal and the topography on
any individual track, which will cause our corrections to be biased, by removing part of the tectonic signal
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Figure 3. Mean line-of-sight (LOS) velocity maps (TS) and root mean square misclosure maps (RMS) for the one ascending (A146) and five descending tracks
(D206, D435, D163, D392, and D120), arranged from west to east. The Doruneh fault is shown in red to distinguish it from other active faults. The dashed
rectangles show the locations of SAR images used in the study of Pezzo et al. (2012). The solid rectangles represent the locations of profiles shown in Figure 4,

with the profiles drawn along the long axis of each rectangle, with data values across the rectangle width projected onto it. SAR, synthetic aperture radar.
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Figure 4. (a) Line-of-sight velocity profile (gray dots) with average (thick blue lines) and two-sigma envelope (thin blue lines). The profile boxes are shown

in Figure 3. The vertical dashed black line in each profile shows the mapped position of the Doruneh fault. The vertical black line on the profiles from Tracks
D435 and D392 is positioned at the center of the SAR signal, which is displaced southward of the mapped fault trace in both cases. The other tracks do not show
signals consistent with strain accumulation. An altitude profile is shown beneath each line-of-sight velocity profile. SAR, synthetic aperture radar.

or by adding artificial signal. We conclude that there is no signal of interseismic strain accumulation across
the Doruneh fault visible above the level of noise in our data.

As the overlapping portion of two adjacent descending tracks should give very similar ground displacement
measurement (the variation due to the slightly different look angle is small), we can compare the overlap-
ping bands to give an estimation of the uncertainty of the InSAR measurement, and hence place a bound on
the maximum tectonic signal that might be concealed. The comparison between neighboring tracks D206 &
D435 and D163 & D392 is about 1 mm/yr in the LOS direction while this comparison between D435 & D163
and D392 & D120 is in the range of 1-1.5 mm/yr in the LOS direction.

From this comparison, we make a rough estimate of ~1.5 mm/yr in LOS uncertainty at the ~100-km scale
of the interseismic signal we are looking for. Taking into account a simple model of left-lateral displace-
ment, the largest LOS difference of 1.5 mm/yr between tracks is equivalent to <4 mm/yr of horizontal
velocity. Assuming that the slip on the fault is dominated by left-lateral displacement, we argue that the
slip rate of the Doruneh fault cannot exceed 4 mm/yr and is likely to be in the range of 1-3 mm/yr (corre-
sponding to the range 0.5-1 mm/yr in LOS that we estimate as the uncertainty for the majority of tracks).

MOUSAVI ET AL.

9 of 31



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006256

This very rough estimation does not take into account the possible lateral variation of the slip rate along the
fault, and the possible thrust component on the fault, which, assuming southward-verging thrusting, would
potentially detract from the strike-slip signal in all descending tracks, and add to the strike-slip signal in
ascending tracks. However, given that tracks A156 and D206 overlap, but possess similar velocity maps, we
do not consider that any thrust component is important to the overall signal.

5. Late-Quaternary Slip-Rate

The four study sites are described from west to east and labeled A-D (see Figure 2). At each site, the differ-
ent generations of alluvial fans (labeled “F”) and river terraces (labeled “T”) are differentiated by number,
with the “1” assigned to the youngest. Field photographs of the sample pits are included as Figure 5. Sum-
mary age, displacement, and slip rates from each individual site are summarized in Table 2.

5.1. Site A: The Shesh Taraz River
5.1.1. Site Description

The geomorphology of the Shesh Taraz river was first described by Giessner et al. (1984). The present-day
river channel is incised into the surface of a well-preserved alluvial fan (F1, Figure 6). Lowering of the river
bed occurred in discrete periods, leading to the development of several inset river terraces. Two of the most
extensive (T2 and T3) are shown in Figure 6. A higher inset level (T1) is separated from the F1 surface by a
low riser at the fault, and merges with F1 downstream. Two older generations of alluvial fans (F2 and F3)
are also preserved, with the intermediate one (F2) truncated by the Doruneh fault and forming a scarp ~10-
m high (Figures 6 and 7). The eastern boundary of the F2 fan is offset where the edge of the Tigh-e-Ahmad
pressure ridge has been displaced by 200 m (Fattahi et al., 2007), to which we add an uncertainty of + 50 m.

The terraces of the Shesh Taraz river cover a small left-step and pull-apart basin along the Doruneh fault
(Figures 6b and 7). Within the pull-apart, Fattahi et al. (2007) identify left-lateral stream displacements of
~ 5 m on three streams incised into the T2 terrace surface. The two main strike-slip segments that define
the margins of the pull-apart are connected by a series of short NE-SW scarps, across which streams do
not appear to be displaced laterally, and presumably involve predominantly normal slip. Within the pull-
apart, all the faults, including the main strike-slip strands, possess vertical components of slip. East of the
pull-apart, the vertical component of slip is small, though not negligible, and has generated a south-facing
scarp of ~10-m high in older (F2) terrace material (Figure 7). The faults can be traced on all surfaces except
the present river bed, showing that the last motion postdates abandonment of the lowermost river terrace.

The above observations confirm that the fault motion is predominantly left-lateral, and that the last slip
postdates the youngest of the several inset river terraces. Fattahi et al. (2007) investigated the terrace se-
quence on the eastern bank of the Shesh Taraz river where there is a relatively simple fault trace, and where
left-lateral motion is most likely to have been preserved in the geomorphology as the downstream parts of
the terraces are moved away from the active river channel (e.g., Cowgill, 2007; Van der Woerd et al., 2002).
Fattahi et al. (2007) measured an offset of 22 + 1 m in the T2-T1 riser from topographic profiles drawn
through the terraces on the northern and southern sides of the fault. Our analysis of Quick bird imagery
suggests the riser offset is a little larger, at 25 + 5 m (Figure 8a).

A common problem with the use of terrace riser offsets to infer fault displacement is the ambiguity in
whether to associate the offset with the abandonment age of the upper or lower terrace tread. Lateral
displacement of geomorphic features on the terrace treads, however, provides an independent check on
whether significant erosion of the terrace riser has occurred (e.g., Cowgill et al., 2007). Fattahi et al. (2007)
estimate apparent 25 m displacements both of a stream channel on the upper fan surface, and of the apex of
an abandoned channel levee on the upper fan surface. The stream channel is visible in Quickbird satellite
imagery (Figure 8a).

Farbod et al. (2011) provide an alternative interpretation of the Shesh Taraz site. In their interpretation, the
T2-T1 riser is not displaced by an appreciable amount by fault slip, and is instead simply caused by a tight
bending in the river channel margin between two strands of the fault. In Figures 8b-8d, we show close-up
Quickbird imagery of the T2-T1 terrace riser. In panel “c,” the scene is annotated to show the interpretation
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Figure 5. Photographs showing sampling locations. See text and later figures for detailed descriptions of each site.
(aand b) Sampling from a cutting through the F2 fan deposits at the Shesh-Taraz river (see Figure 7c for location on
a map). Sample Kashmar-12 is the deepest, at ~4 m below the surface. (c) Wall of the sample pit in the Khalilabad
fan (see Figure 11b for location on a map) from which samples Kashmar-1 and Kashmar-2 were extracted. Both
were taken from base of a silt layer that overlies gravels, and hence give a post-date on the end of alluvial deposition.
Pedogenic carbonate samples on pebble clasts were taken from a depth of 55 cm within this pit. (d) View of the fan
surface with the sample pit in “c” shown. (e) River cutting exposure with two silt layers that were sampled (Kashmar-3
and Kashmar-4). The trace of the Doruneh fault, with uplift to the north and subsidence to the south, is marked by

a white arrow. (f) Sample pit in the oldest Nasirabad fan (see Figure 9b for location on a map). Samples Kashmar-5
and Kashmar-6 were taken from this pit from the uppermost part of the gravel sequence. (g) Sample pits from the
intermediate Nasirabad fan, from which samples Kashmar-8 and Kashmar-9 were extracted from a finer layer within
the gravel sequence.

of Fattahi et al. (2007), whereas in “d” the annotation shows the interpretation of Farbod et al. (2011), who
also discount the 25-m left-lateral displacement of a stream and channel levee on the T1 surface, claiming
that the apparent displacements result from miscorrelations of features of differing age. The original ob-
servations of Fattahi et al. (2007) were based upon field observations, field measurements of displacements
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Table 2
Summary of Displacements, Age Data, and Slip-Rate Estimates at the Four Sites
Site Displacement IRSL U-series Exposure Slip rate
A F1 25+5m 7.4-11.9 (gravel) 1.7-4.1
A F2 200 £ 50 m 51.0-84.9 (gravel) 1.7-4.9
B F2 190 = 50 m 87.9-105.8 (gravel) 34.5+2.2345+4.5355+£68528 £49 1.3-2.7
B F3 Unknown 117.9-150.5 (silt-gravel interface)
C F1 60 = 10 m 18.2-28.1 (gravel) 13.8 £2.111.5+0.722.0 £ 1.626.0 £ 2.3 1.8-3.8
C F2 260 £+ 50 m 82.4-96.0 (overlying silt) 91.3-105.9 (gravel) 2.0-3.8 (using full
U-series and
IRSL range)
D F2 200 £ 50 m 33.3-62.7 (gravel) 2.4-7.5

Note. Most IRSL ages are from upper parts of the alluvial gravel units (marked “gravel”) and pre-date abandonment of the alluvial fans, though some are from
the base of the overlying silt and hence post-date abandonment. Exposure ages are from Farbod et al. (2016).

| Kuh-e Teagh
~|Ahmad
ﬂ

- F3 (age unknown)

(58.9 +/- 5.9 ka)
F2(52.7 +/- 5.8 ka)
(53.7 +/- 4.5 ka)

l:] F1 (age unknown)
D T1(9.2 +/- 1.8 ka)
I:I T2 (8.2 +/- 2.8 ka)

I:l T3 (7.9 +/- 3.1 ka)

X i

Increasing age wp

Figure 6. (a) ASTER image of the Shesh-Taraz river. The Doruneh fault cuts east-west across the center of the image, forming a small pull-apart immediately
west of the main river channel. (b) The same image with interpretation of the geomorphology, along with available age constraints (see text for details). Three
main alluvial fan surfaces are recognized on the basis of elevation and level of incision. They are labeled F1-F3, from youngest to oldest. Fluvial terraces inset
into the F1 surface are labeled T1-T3. The uppermost fluvial terrace is separated from the surface of fan F1 by a small riser (see Figure 7). T1 and F1 merge
downstream to form a single fan, which we label T1/F1. T2 and T3 correspond to alluvial fans formed in the basin interior. The present-day river channel is
incised until the village of Kondor, far south of the Doruneh fault. The box represents the area shown in Figure 7.
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Fattahi et.al. (2007)

Figure 7. (a) Quickbird satellite image of the Doruneh fault trace as it crosses the Shesh Taraz river and alluvial
terraces. (b) The same image with the visible fault traces annotated. The faults define a small pull-apart basin. (c)
As before, but with the various terrace levels annotated. On the eastern side of the river, the lateral displacements of
terrace risers and of a stream on the T1 surface appear to be restricted to a single east-west fault trace that continues
to the eastern edge of the image. Age constraints from fan F2 are shown (sampling site shown by white dot, samples
Kashmar-11, Kashmar-12a, and Kashmar-12b represented by labels # 11, #12a, and #12b).

using kinematic GPS, and analysis of a DEM made from gridded kinematic GPS measurements. Further-
more, the Quickbird satellite imagery shown in Figure 8 shows both the displaced stream bed on the terrace
surface (Figure 8a), and the apparent displacement of the terrace riser (Figure 8c), confirming that the riser
and the T1 surface itself is displaced left-laterally by an amount that we estimate at 25 + 5 m.

5.1.2. Age Constraints and Slip-Rate

Fattahi et al. (2007) report IRSL ages for the youngest fan surface and the two main river terraces incised
into its surface. Matrix samples were collected from two pits dug into the T1 terrace surface, one on a flat
part of the surface, and the other from the apex of a channel levee preserved on the surface. IRSL ages
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Figure 8. (a) Close-up of the Quickbird image shown in Figure 7, showing the Doruneh fault trace cutting through terraces on the eastern side of the Shesh
Taraz river. The terrace risers are identifiable due to their dark shading, and we have highlighted their tops and bottoms with orange lines. A small stream
apparently displaced by 25 m on the F1 surface is shown, as are two small streams displaced left-laterally by ~5 m (from observations in Fattahi et al. [2007]).
(b) A detail of the boxed region in “A,” showing the fault cutting the T1-T2 riser. (c) Interpretation of 25 m of left-lateral displacement of the riser (cf. Fattahi
et al., 2007). (d) Interpretation of little to no fault displacement, with apparent displacement caused by fluvial erosion (cf. Farbod et al., 2011).

obtained from feldspar grains from two pits yielded ages of 10.6 + 1.3 ka and 9.2 + 1.8 ka, using 90-180 pm
grains. IRSL samples from the two lower inset river terraces yielded ages of 8.2 + 2.8 ka (T2) and 7.9 + 3.1ka
(T3). Giessner et al. (1984) extracted pottery fragments of unknown age from one of the inset river terraces.
A 25 + 5 m displacement of the upper fan surface combined with the 7.4-11.9 ka age of the fan sediments
yields a left-lateral slip rate of 1.7-4.1 mm/yr. At this site, we prefer the use of the “upper terrace” age for
calculation of slip rate, as the terrace riser is displaced by a similar amount to a stream bed on the upper
terrace surface (e.g., Cowgill, 2007). However, if we instead use the lower terrace (T2) age of 5.4-11.0 ka, the
slip rate becomes 1.8-5.6 mm/yr.

We add to the available age data from the Shesh Taraz site by determining the IRSL age of an older genera-
tion of alluvial fan (F2) present on the eastern side of the Shesh Taraz river (Figures 5a, 5b, 6b, and 7c). The
200 + 50 m left-lateral displacement of the F2 fan determined from offset of the Tigh-e-Ahmad pressure
ridge combined with its 51-84.9 ka age yield a slip rate of 1.7-4.9 mm/yr.
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5.2. Site B: The Nasirabad Fan
5.2.1. Site Description

The Nasirabad fan is situated at Site B in Figure 2b. Three generations of alluvial fans are observed, along
with at least one river terrace inset into the lower of these fan deposits (Figure 9). There are two parallel
strands of the Doruneh fault at this site, separated by a distance of ~100 m. Farbod et al. (2011) estimate
400 + 10 m of left-lateral displacement since abandonment of the middle fan surface (which they label
“Q2,” see their Figure 12d). Their evidence for this amount comes from the displacement of the riser be-
tween the middle and upper fan surfaces (e.g., Figure 9b). They also imply that the main stream channels
incised into the middle fan surface (On their figure labeled 1, 2, and 3 on the upstream side of the fault, and
1/, 2/, and 3’ on the downstream side) are also displaced by ~400 m. Farbod et al. (2016) estimate a smaller
displacement of 190 + 20 m for the surface, based upon the restoration of streams incised into its surface.

Figure 10 is a close-up Quickbird image centered on the Doruneh fault cutting the three generations of al-
luvial fan at Nasirabad. The upper panel (Figure 10a) is not annotated for ease of viewing. In Figure 10b, we
provide an interpretation of the geomorphology. The three generations of alluvial fans are identifiable from
their elevations and degree of dissection and incision by drainage. Our interpretation of the geomorphology
of the site differs from that presented by Farbod et al. (2011). Of particular importance are a number of
small hills, preserved within the middle fan surface, which from their appearance in the satellite imagery
appear to be formed of older Quaternary gravels (highlighted orange in Figure 10b). The row of small hills
would restrict the flow of sediment during deposition of the middle fan surface to four narrow passages
(which we labels 1-4). On the southern, downstream, side of the fault, we observe that the small tributary
channels incised into the fan surface define multiple small catchments that converge toward distinct points
along the Doruneh fault. In Figure 10b, we have colored these catchments in blue, green, and yellow. The
blue and yellow catchments form distinct fan shapes. The green catchment is less distinct, with no discrete
convergence point visible. The catchments have been incised by a number of prominent drainage channels

“,, »

that we label “w” to “z.

In Figure 10c, we have followed Farbod et al. (2016) in restoring 190 m of left-lateral displacement. In this
restoration, outlet “1” is adjacent to the apex of the blue catchment on the southern side of the fault, and
outlet “4” is adjacent to the apex of the yellow catchment. Outlets “2” and “3” are adjacent to the green
catchment. After abandonment of the fan surface, the main stream channels incised into its surface. We
note that restoring 190 m of slip approximately aligns the four main channels that have cut into the fan
surface on the northern and southern sides of the fault (Figure 10c).

5.2.2. Age Constraints and Slip Rate

We excavated pits into both generations of old alluvial fans present on the eastern side of the present-day
river (Figure 9b). Both sites were chosen to be on planar surfaces as far as possible from any drainage
channels. The older of the two fan surfaces was sampled at 35:17:39.5 N 58:15:12.1 E. This older fan surface
is heavily incised, and the pit was dug into a narrow spine between two gullies. The exposed stratigraphy
consisted of gravel (composed of both granitic and mafic lithologies) overlain by ~30 cm of silt mixed with
large clasts. The undersides of clasts throughout the exposed gravel layer possessed long fibrous growths of
calcite on their undersides. KASHMAR-6 was taken from the uppermost gravel deposits at a depth of 40 cm
and yielded an age of 136.4 + 14.1 ka. KASHMAR-5 was taken from the base of the overlying silt at 25 cm
and yielded an age of 130.9 + 13.0 ka. A third sample KASHMAR-7 was not analyzed. The two analyzed
samples thus bracket the age of abandonment of the fan surface. The amount of left-lateral displacement on
this fan displacement is not known, so we cannot estimate a slip rate from these age data.

A 1-m-deep excavation into the younger of the two fan surfaces was made at 35:17:19.0°N 58:15:01.0°E. The
exposed stratigraphy was similar in some respects to that seen in the older fan, with a mixture of granitic
and mafic gravel clasts overlain by ~30 cm of silt. Clast size was variable within the gravels, with some hori-
zons having typical sizes of <1 cm set in a sandy matrix, whereas other layers had clasts of typical diameter
of 5 cm. Occasional large, sub-rounded boulders 10-20 cm are present through the gravel section. Thin car-
bonate cements were found on the underside of gravel clasts throughout the deposit. At depths of >80 cm,
growths of fibrous calcite were observed on the undersides of clasts.
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Figure 9. (a) Quickbird imagery of an alluvial fan complex near Nasirabad village “Site B.” (b) An interpretation of the geomorphology, along with available
age control (white—this paper; yellow—Farbod et al., 2016). Three main fan surfaces are identified, and shaded in yellow, green, and orange from youngest to
oldest. Small hills formed of older alluvium are colored in opaque orange.

Two IRSL samples were collected from the center of a 15-cm-thick layer of relatively fine sediment at a
depth of 75 cm (Figure 5g). KASHMAR-8 yielded an age of 96.9 + 8.9 ka and KASHMAR-9 yielded an age
of 96.4 + 8.5 ka (Table 1). These IRSL ages are older than four boulder-top '°Be exposure ages taken from
what we interpret as the same surface by Farbod et al. (2016), three of which gave ages of ~35 ka, and a
fourth 52.8 + 4.5 ka. Combined with a left-lateral displacement of 190 + 50 m, our IRSL ages yield a slip
rate of 1.3-2.7 mm/yr.

5.3. Site C: The East Khalilabad Fan
5.3.1. Site Interpretation

Two generations of alluvial fans are present on the eastern bank of this catchment (Figure 11). There are
two parallel east-west fault traces on the fan surfaces at this site, with the two traces separated by ~100 m.
The exact motion on the two fault strands at this site may have changed through time, as the region between
the two faults has been uplifted since deposition of the older surface, and yet has been down-dropped in the
younger surface. The site is labeled as “Site 10” in Farbod et al. (2011). They estimate that the younger of the
two fans (which is assigned to be “Q1” in their correlation scheme) is displaced by 50 + 10 m, subsequently
revised to 60 £ 10 m in Farbod et al. (2016). This measurement comes from the apparent offset of a riser
between “Q1” and the older surface, which appears to be relatively straight both upstream and downstream
of the fault (e.g., Figure 11).

The older of the two fan generations (assigned a “Q2” age in the scheme of Farbod et al. [2011]) is deeply
incised, and the upstream and downstream parts of the fan are separated across the fault zone by a steep
pressure ridge composed of Quaternary gravels (Figures 11 and 12a). Distributary channels incised into the
fan surface appear to be deflected left-laterally across the fault. Farbod et al. (2011) restore these displaced
channels with 260 + 30 m of slip. Farbod et al. (2016) revise this offset to 200 + 50 m. In Figure 12b, we have
labeled the larger incised channels. Those upstream of the fault are labeled 1- 3 (following the scheme of
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Figure 10. (a) Close-up view of the Quickbird imagery within the boxed region in Figure 9b. (b) The same image, with
shutter ridges composed of older alluvium marked in orange, and four prominent incised streams that reach the fault
in gaps between successive ridges labeled 1-4. The fan surface to the south of the fault appears different to that in the
north, with slightly incised drainage networks that appear to converge at the fault. (c) Restoration of 190 + 50 m of slip
appears to align the channels 1-4 on the northern side of the fault with convergence points in the drainage networks
south of the fault.

Farbod et al. [2011]). We have also labeled an additional stream (x) that was omitted from the reconstruc-
tion of Farbod et al. (2011). On the downstream side, we mark the three main drainage channels as 1’, 2/,
and 3’. We also show a beheaded and abandoned channel that is part of the 2’ drainage system (shown as
a dotted line).

Apparent left-lateral displacements are interpreted from the stream courses (e.g., Farbod et al., 2011). In
Figure 12d, we show the main drainage channels (as described above). Some elements of the drainage
network are restored by 130 m of left-lateral slip (shown in orange in Figure 12e). Channels 1 and 1’ are
aligned. Channel “x” is aligned with the now abandoned second channel of “2.” The easternmost of the
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Figure 11. (a) Quickbird imagery of “Site C,” close to the village of Khalilabad. (b) Geomorphic interpretation showing the active fault traces and the
two generations of alluvial fan present at this site. Age constraints from this study are shown in white, and those from Farbod et al. (2016) in yellow (only

approximate location shown).

channels of “2” is aligned with “2.” However, the restoration of 130 m does not restore all drainage features
successfully, as shown by those drainage systems in red. Evidence for larger amounts of slip is provided by
the western channels of “2,” which have no outlet, and by the remaining left-lateral kink in the course of
channel 3-3'.

In Figures 12c and 12f, we have restored the 260 m of left-lateral slip estimated by Farbod et al. (2011),
though with a slightly larger uncertainty of + 50 m. This larger restoration also works for some elements of
the drainage network, in particular realigning 2-2" and 3-3’. However, channels 1 and 1’ are over-restored,
and channel “x” has no outlet. Although coming to the same overall conclusion, our restoration changes
in some details from that presented by Farbod et al. (2011), who states that all three of the main drainage
channels (1-1’, 2-2’, and 3-3’) are restored by 260 + 30 m of left-lateral slip (see their Figure 12f). We instead
show that 1-1’ is restored by only ~130 m of slip, and that the drainage systems associated with channels 2
and X underwent a reorganization after 130 m of slip had accrued. Our restoration favors the original 260 m
offset as described by Farbod et al. (2011), rather than the 200 + 50 m displacement of the fan presented by
Farbod et al. (2016), though we note that the two estimates overlap.

Those channels that are successfully restored by 260 + 50 m of left-lateral slip are those that were not suc-
cessfully restored by 130 m slip. Our conclusion is that 260 + 50 m of left-lateral slip has occurred since the
earliest visible period of drainage incision, but that the second generation of drainage was incised into the
fan surface after ~130 m of slip had occurred. It seems likely that the initial drainage network was estab-
lished soon after abandonment of the fan surface, given that any drainage elements forming a significant
time after abandonment would have to cross a topographic barrier between the two parallel fault strands.
It is plausible that channel 1’, which shows no more than 130 m of deflection from channel 1, might also
date from the establishment of the original drainage network, as the part of the fan surface that would have
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Figure 12. (a) Quickbird imagery of the fault crossing older and younger alluvial fan surface at site C (boxed region in Figure 11a). Two closely spaced fault
strands are present, marked by white arrows. (b) The same image, but with annotation to show the main drainage systems on the older fan surface (with

the bases of the channels in black and the tops in red). A 60 &+ 10 m left-lateral displacement of the terrace riser is also shown. (c) Restoration of 260 + 50 m
restores the displaced drainage systems in the older fan surface. (d-f) Restorations using the traced drainage channels shown in “b.” Some channels (in orange)
are restored to their original courses with only ~130 m of displacement, but others (in red) require 260 + 50 m.

originally been adjacent to channel 1, on the northern side of the fault, has been eradicated during the
emplacement of the younger surface (Figure 12f).

5.3.2. Age Constraints and Slip-Rate

We provide ages for both the older and younger generation of alluvial fans at East Khalilabad (Figure 11b).
A pit was excavated into the surface of the older fan at 35:18:04.8°N 58:20:21.0°E (Figures 5c and 5d). Nat-
ural exposures in the present-day river bank at 35:17:44.0°N 58:20:06.2°E were selected for sampling the
younger alluvial surface (Figure 5e).

The river bank exposures through the younger of the two abandoned alluvial fans are shown in Figure 5e.
The northern of the two parallel fault scarps, downthrown to the north, is visible in the center of the image.
The exposed deposits are mostly coarse alluvium, but two homogeneous silt bodies outcrop on the northern
side of the fault. The lower of these two silt bodies is ~1-m thick, and the upper one ~30-cm thick. The fault
itself is obscured, but we note that the silt bodies do not extrapolate to the southern side of the fault, and
are presumably displaced to beneath the level of the present-day river bed. IRSL samples from the two silt
bodies exposed in the river-bank exposure yield ages of 26.3 + 1.8 ka (sample KASHMAR-3, ~6-m depth
in the stratigraphy) and 19.6 + 1.4 ka (sample KASHMAR-4, ~4-m depth). The two sample ages are in
stratigraphic order and, if the sediment deposition rate was constant, imply an age of as little as 10 ka for
the surface abandonment itself. Also, we can constrain the maximum age of the surface to be 19.6 + 1.4 ka,
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which assumes very rapid deposition of the upper parts of the stratigraphy. Our IRSL ages are consistent
with four boulder-top exposure ages collected from the fan surface by Farbod et al. (2016) and dated be-
tween 11.5 + 0.7 and 26 + 2.3 ka (See Figure 11b for the four individual sample ages).

The older fan (highlighted in green and labeled F2 in Figure 11b) was sampled with the aid of a 1-m deep
pit excavated into the fan surface at 35:18:04.8°N 58:20:21.0°E (Figures 5c and 5d). The site was selected
to be on a planar section of the fan surface far from any drainage channels (Figure 11b). The fan surface
is armored with angular gravel clasts exhibiting a well-formed dark varnish, and there is little evidence
of bioturbation and little vegetation cover (e.g., Figure 5d). The upper layer of desert armor is underlain
by a 45-cm soil layer, with occasional pebbles set in a predominantly silty matrix. The amount of pebbles
set within the silt varies with depth, with very few in the upper 25 cm, and with a larger proportion in the
lowest 10 cm of the layer. Below the silt, there is an abrupt transition to coarse gravel with clasts 5-10 cm in
diameter. The clasts are mainly of mafic igneous composition. A well-formed carbonate cement consisting
of thick rinds on the underside of clasts is present at 55 cm. The carbonate formation is also present in the
lowest 10 cm of the overlying silt units (i.e., to a depth of 35 cm from the surface). Two IRSL samples were
taken from the silt unit at depths of 30-35 cm. These two samples yield ages of 98.6 + 7.3 ka (KASHMAR-1,
35-cm depth) and 89.2 + 6.8 ka (KASHMAR-2, 30-cm depth). We also dated the rinds of carbonate found on
the underside of gravel clasts at a depth of 55 cm. Detritally corrected ages are plotted in Figure 13. The data
shows a clear correlation of growth at the 92.4-98.0 ka isochron age. A further correlation between samples
exists at ~20-30 ka implying a younger generation of carbonate. There is also a single data point at ~80 ka,
which could either represent an episode of growth, or cross-contamination of the two sample groups. The
data strongly suggests the onset of carbonate growth around 100 ka, in agreement with the IRSL ages.

We calculate a slip rate of 2.0-3.8 mm/yr using a left-lateral displacement of 260 + 50 m combined with the
full range of IRSL ages of 82.4-105.9 ka, which are both likely to postdate the alluvial gravel deposition, and
are similar to the U-series isochron age, suggesting that both postdate gravel deposition by only minimal
amounts of time. Support for an interpretation that formation of the carbonate rinds started soon after dep-
osition of the gravels comes from the lack of carbonate growth from Marine Isotope Stage 5e, at ~125 ka.
The surface of the younger fan (highlighted yellow and labeled F1 in Figure 11b) is dated between 18.2 and
28.1 ka, yielding a slip rate of 1.8-3.8 mm/yr using the 60 + 10 m riser displacement of Farbod et al. (2016).

5.4. Site D: The Uch Palang Fan
5.4.1. Site Description

Drainage incised into alluvial fans at the village of Uch Palang (Figure 13) was described by Wellman (1966)
and Giessner et al. (1984), who both use the site to demonstrate the left-lateral nature of the Doruneh fault
due to the evidence of cumulative left-lateral slip. The overall morphology of the fan deposit, along with
apparent displacements of drainage incised into its surface, has led a number of authors to estimate the
left-lateral displacement of the fan surface to be 800 + 50 m (Farbod et al., 2011; Fattahi et al., 2007; Well-
man, 1966). In addition to the apparent drainage displacements, Farbod et al. (2011) state that a line drawn
down the apex of the fan is displaced by 880 + 50 m across the fault, providing independent support for that
order of displacement. However, there is little curvature of the fan surface, as visible in their Figure 13, such
that any choice of the “apex line” is highly subjective, and hence not useful in constraining displacement
of the fan surface.

Walker and Fattahi (2011) note that the majority of stream channels cut into the fan surface can be restored
to linear courses with only ~150 m of displacement, and suggest that the postulated 800-900 m restoration
is an overestimate. Walker and Fattahi (2011) further suggest that the overall shape of the fan, with mar-
gins that appear to be displaced left-laterally by 800-900 m, is deceptive. They argue instead that the shape
results partly from erosion of the margins of the remnant fan during later periods of river incision and fan
deposition.

In Figures 13c and 13d, we show the restoration of Walker and Fattahi (2011), though with a slightly in-
creased offset estimate of 200 + 50 m.
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Figure 13. (a) The Uch Palang alluvial fan (Site D). (b) Geomorphic interpretation of the site. The oldest fan surface is in orange and the youngest surface
in pale yellow. The small surface shown in bright yellow may be intermediate in age. (c) Close up IKONOS image showing the fault crossing the older fan
surface. (d) Restoration of 200 = 50 m restores the drainage channels (channel bases in blue and tops in red) to their original linear shape. Ages from Fattahi

et al. (2007) are shown.

5.4.2. Age Constraints and Slip-Rate

Fattahi et al. (2007) provided IRSL ages of 48.0 = 14.7 and 51.4 = 10.2 ka from two pits dug into the gravels.
200 + 50 m of displacement yields a slip rate of 2.4-7.5 mm/yr. The alternative 800-900 m of displacement
yields a much larger slip rate of at least 16 mm/yr.

6. Discussion

In Section 5, we dated a number of landform features that range in age from ~10 to 100 ka, and that are dis-
placed by measurable amounts across the Doruneh fault. The individual slip rate estimates are shown in Ta-
ble 2. In Figure 14, we show a plot of age against displacement, with data plotted for each of the sites where
we have firm constraint on age and displacement. A best-fitting regression line and associated two-sigma
satisfy a slip rate of 2.5 £+ 0.2 mm/yr when the inversion is fixed to go through the origin. We also performed
an inversion that was not constrained to go through the origin, which yielded a rate of 2.5 + 0.3 mm/yr. It
is this value that we use below.

Overall, as all of our sites satisfy a single rate of slip, it indicates that the slip rate has remained constant
when averaged over various time periods over the last 10-100 ka. The much faster slip rates proposed by
Farbod et al. (2011, 2016) appear to result mainly from miscorrelation of fan surface ages between catch-
ments, combined with overestimation of displacement in at least one case (the Uch Palang site, Section 5.4).
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Figure 14. Plot of age against displacement for the dated landforms,

with each labeled by site and then fan generation (i.e., DF2 = Site D, fan
F2). An orthogonal distance regression is fitted to the six data points for
which we have reliable age and displacement measurements (these six
measurements are shown as red squares, with their uncertainties shown as
black bars). The regression takes into account the uncertainties in both age
and distance uncertainties (one-sigma for both). The best fit line is shown
in red, with two-sigma uncertainty in the regression represented by the
pink area. In the plot shown, the best fit line is constrained to pass through
the origin. If the best fit line is not constrained to pass through the origin
the mean slip-rate does not change, but the uncertainty increases from +
0.2 to + 0.3 mm/yr.

Constancy in long-term averaged slip rates does not exclude variability
over shorter, millennial, time scales. We have therefore compared the
long-term rates with measurements of the present-day strain accumula-
tion across the fault, to see whether shorter timescale variations can be
inferred from any mismatch between the two. Using InSAR, we find that
the present-day strain accumulation on the Doruneh fault is similar, or
possibly lower, than its long-term slip rate, with a likely range of 1-3 mm/
yr and an upper limit of 4 mm/yr that is lower than suggested in the study
of Pezzo et al. (2012). Constraints on the present-day deformation from
GPS are varied, but again indicate relatively low (2.5 mm/yr or less) slip
rates. Initial results from the Iranian GPS network indicated a left-lat-
eral slip rate of 2-2.5 mm/yr at longitude 58°E decreasing eastwards to
1-2 mm/yr at longitude 60.5°E (Tavakoli, 2007). According to more re-
cent data from the permanent and campaign GPS networks the slip rate is
estimated at 2.1 + 0.4 mm/yr from a rigid block modeling approach, and
to 0.5 = 1.1 mm/yr from the difference of average GPS velocities of sta-
tions located on opposite sides of the fault (Mousavi et al. 2013; Walpers-
dorf et al. 2014). However, the usefulness of both of these approaches is
likely to be affected by the sparse and uneven distribution of GPS stations
around the fault, and by the presence of multiple active faults within the
“blocks” adjacent to the Doruneh fault.

Overall, we see no indications that the slip rate on the Doruneh fault has
varied substantially over the last 100 ka. Although present-day rates low-
er than the long-term average are possible given the existing constraints
from InSAR and GPS, the likely maximum present-day rate of strain ac-

cumulation (at < 4 mm/yr) is consistent with the fault slip rates (2.5 + 0.3 mm/yr) estimated over time
periods of 10-100 ka. It is not surprising that strain accumulation on the Doruneh fault is difficult to de-
termine using the available GPS and InSAR measurements, given the relatively slow rate, the sparse GPS
station distribution, and the dominant north-south right-lateral shear that occurs across this part of Iran.
Copley (2008), for instance, showed that the slip rate on faults in such regions is difficult to constrain with-

out dense GPS coverage.

In Figure 15, we show east-west profiles of northward-directed GPS velocity relative to Eurasia across north-
east Iran (see Figure 1b for profile locations). The profiles show an increase in northward velocity over a
distance of ~400 km, from zero near the Afghan border in the east, to ~8 mm/yr near the western end
of the Doruneh fault (near stations ROBA in Figure 15a and BIAJ in Figure 15b). Left-lateral slip on the
Doruneh fault, and on other east-west faults of northeast Iran, can accommodate the regional right-lateral
shear if they rotate anticlockwise about vertical axes. In Figure 15c, we show a simple model of the faulting
in northeast Iran. Using a value of 8 mm/yr for the north-south right-lateral shear, an east-west width of
400 km, and a fault spacing of 50 km returns a slip rate on the faults of 2 mm/yr. A model of left-lateral
faulting combined with clockwise vertical axis rotation is consistent with paleomagnetic declination chang-
es measured across northeast Iran (Mattei et al., 2017).

Our study has implications regarding the timing of major range-front alluvial fans in northeast Iran, and
for the ability to correlate such landforms between catchments and regionally. Our IRSL and U-series ages
suggest periods of fan deposition at ~125 ka and in the early Holocene at ~8-10 ka. There are also apparent
periods of fan development at ~80-100 ka, ~50-70 ka, which are in broad agreement with the few other
existing studies of late Quaternary alluvial fan development across Iran, though the low precision in ages

and the small number of dated surfaces prevent us from assigning any confidence to the correlation (e.g.,

Walker & Fattahi, 2011).

At sites B and C, where we have sampled the same alluvial fans as those dated by Farbod et al. (2016), our
IRSL ages are either older, or within the spread of boulder-top cosmogenic '°Be exposure ages obtained in
that study. For the older examples of alluvium dated with IRSL, the closest agreement is with the older end
of the spread of ’Be ages. If the oldest of the boulder ages is closest to the deposition age, it suggests that
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Figure 15. (a) East-west profile showing northward-directed components of velocity north of the Doruneh Fault. (b)
A similar profile south of the Doruneh Fault, with the positions of the right lateral West Lut and East Lut strike-slip
fault zones marked. The two profile lines are shown in Figure 1a. Approximately 8 mm/yr of north-south right-lateral
shearing occurs across a region ~400 km in east-west extent. (c) Cartoon adapted from Fattahi et al. (2007) showing
how the measured slip-rate on the Doruneh fault can be explained by regional right-lateral shearing and clockwise
vertical axis rotation (i.e., bookshelf faulting). We assume there is negligible shortening, as indicated by the two profiles
through the GPS in “a” and “b.” The left-lateral slip-rate (d) and clockwise rotation (6) vary depending on the input
block dimensions and rate of N-S right-lateral shear.

post-depositional processes are the dominant control on scatter within the boulder populations, at least
in those few sites with independent age control. A similar post-depositional signal can be seen in the full
dataset of '’Be boulder ages in Farbod et al. (2016), which show a general increase in scatter in progressively
older surfaces, as seen in their Figure 10, but again show broad agreement with our own chronology of
alluvial fan deposition. Although the two sets of age data are consistent, Farbod et al. (2011, 2016), were
incorrect in their correlation between fan surfaces between catchments, such that erroneous ages were as-
signed to fan surfaces in places without direct age control. We therefore highlight the dangers in correlating
geomorphic surface between different catchments, and in assuming the ages of individual surfaces without
direct age control.

MOUSAVI ET AL.

23 of 31



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006256

Table Al

7. Conclusion

The Doruneh fault is one the longest faults inside the political borders of Iran, with clear expression in the
geomorphology, yet there is large variability in its reported slip rate. We have shown that this variability
is likely to arise from inaccuracies in correlation between alluvial fan surfaces along with uncertainties
in restoration of displacement of the fan surfaces. Instead, the slip rate appears to have been constant at
2.5 + 0.3 mm/yr over the last 100 ka. Our result has implications for the hazard posed by the Doruneh fault,
for which there is no historical record of earthquakes over much of its length. Our age data and those from
'Be exposure dating published elsewhere are consistent with widespread alluvial fan deposition at distinct
times, though we highlight the dangers associated with correlations between different catchments, where
different sequences of fan deposit might be encountered due to incomplete preservation, or due to local
differences in the hydrology of individual catchments.

Appendix A
Al. Infra-Red-Stimulated Luminescence

All samples were collected by hammering steel tubes into the sediment, either into existing exposures, or
from the walls of pits dug by hand. The ends of the tubes were packed tightly with paper and aluminum foil
and then sealed with several layers of duct tape. The sealed tubes were then individually packed in opaque
black plastic bags.

Due to possible light exposure during sampling, the sediment of both ends of each sample tube was re-
moved in the laboratory under subdued red light (to avoid bleaching of the luminescence signal). The
discarded material was then used to estimate the water content and dose rates received during burial. We
are confident that sediment grains from the central part of the tubes, which we used to determine D,, were
not exposed to light during sampling. The samples were dry sieved to separate and remove the >500 um
sediment fraction. The remaining grains were then wet-sieved, and the 90-250 um fraction extracted and
chemically pre-treated by immersing for 96 h in 1 N HCl and 48 h in H,0, to eliminate carbonates and
organics, respectively. The samples were then sieved again to extract grain sizes in the range 150-250 um.
A K-feldspar enriched extract was then separated using a heavy liquid solution (density <2.58 g/cm®) and
etched for 10 min with 48% HF to remove the outer alpha-irradiated layer from the grains. After etch-
ing, any contaminating fluorides were dissolved using HCI. The second stage of dry sieving through a
150 mm sieve was undertaken to obtain the final feldspar concentrate used for experiments. At each stage
of the separation procedure, samples were generously rinsed with distilled water. Small (~2 mm) aliquots

IRSL Samples, Equivalent Dose, Dose Rate Calculations and Uncorrected Ages Using a Central Age Model

Sample ID De (Gy) + Depth (m) + Water (%) K (%) + U (ppm) + Th (ppm) + Cosmic (Gy/ka) + Total (Gy/ka) + Age (ka) +
Kashmar 1 335.31 15.95 035 005 5 2 257 003 198 0.10 947  0.16 0257 0.100 445 0415 80.81 5.4
Kashmar 2 26842 1254 03 005 5 2 220 005 192 $0.10 745 021 0264  0.100 367  0.14 73145 50
Kashmar 3 66.38 2.00 6 005 5 2 164  0.03 203 0.10 822 0.16 0113 0.100 3.08  0.13 2153 13
Kashmar 4 47.25 1.46 4 005 5 2 155  0.05 190  0.10 7.35 021 0143 0.100 294 013 16.09 1.0
Kashmar 5 32888 | 2038 025  0.05 5 2 207 003 204 010 807  0.16 0268  0.100 362 0.14 90.78 7.1
Kashmar 6 36866  25.09 04 005 5 2 227 005 228  0.10 891 021 0248 0.100 390 0.5 9460 7.9
Kashmar 8 27333 1373 075 005 5 2 244 005 233 0.10 939 021 0217 0.100 407 045 67.21 46
Kashmar 9 270.42 11.07 075  0.05 5 2 244 003 232 010 913  0.16 0217 0.100 404 045 66.88 4.2
Kashmar 10 19696 18.81 3 005 5 2 204 005 145  +1.54 513 #1.13 0163  0.100 315 029 6246 85
Kashmar 11 190.93 13.64 3 005 5 2 214 003 117 0.83 389  0.84 0163 0.100 310 0.9 61.61 6.1
Kashmar 12A 197.80  18.15 4 005 5 2 246  :0.05 166 0.7 530 0.76 0143 0.100 358 020 5522 6.1
Kashmar 12b 201.67 11.56 4 005 5 2 246  :0.05 166 0.7 530 0.76 0143 0.100 358 020 56.30 4.8
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Figure Al. Diagram showing the network of processed interferograms (gray lines) for each of the six tracks used in this study (five descending and one
ascending). Each plot shows the relative perpendicular baselines as a function of acquisition dates. Each date of ENVISAT image acquisition is represented by a

black dot.
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were mounted on 10-mm diameter aluminum discs using silicone oil as an adhesive for the single-aliquot
analyses.

All the experiments reported here were conducted using a Rise TL-DA-15 system, equipped with an infrared
light diode emitting at 830 nm and a blue light diode array (1 = 470 nm, p = 24 mW cm™>) as stimulation
sources. IRSL signals were detected using an EMI-9235QA photomultiplier tube and measured through
the Schott 2 mm thick BG39 and Corning 4 mm thick 7-59 filters (blue emission). Samples were irradiated
using standard sealed *’Sr/*°Y beta sources, calibrated against known y-irradiated samples over a range of
grain sizes from 5 to 200 um (Armitage & Bailey, 2005).

For age determination, we followed the approaches used by Fattahi et al. (2007). The dose rates for each
sample were calculated using radioisotope concentrations, present-day moisture content, and burial
depths. Uranium, thorium, and potassium concentrations were measured with ICP mass spectrometry
(Table Al). Present-day moisture contents were estimated by drying at 40 °C. Moisture contents ob-
tained directly from the samples were generally low, and spread from 0.2% to 6.7%. For our calculations,
we considered 2 + 2% moisture contents for all samples. We use the conversion factors of Adamiec and
Aitken (1998) and Aitken (1985) to calculate the resulting alpha, beta, and gamma dose rates. Alpha
and beta dose rates were corrected for attenuation due to grain size using the factors of Bell (1980) and
Mejdahl (1979). An alpha efficiency of 0.04 + 0.02 was assumed for all quartz samples. Cosmic-ray
dose rates were calculated from burial depth and overburden density (1.85 g cm™) using the formula
given by Prescott and Hutton (1988). For feldspar dose rate calculations, an internal potassium content
of 12.5 + 0.5% and an a-value of 0.150 + 0.015 were assumed, for feldspar samples following Preuss-
er (2003). Table Al shows the values used to determine the annual dose rates, along with ages uncor-
rected for fading.

We tested for fading on the feldspar signals using methods as described in Fattahi et al. (2007). The meas-
ured g-values are variable between samples from the same catchments, from individual geomorphic sur-
faces, and even from samples extracted from the same sample pits. Applying fading corrections for each
individual sample increases the spread of sample ages within each site with respect to the ages uncorrected
for fading, suggesting to us that, on average, the fading is on average similar for samples measured using the
same approach within each individual catchment.

To account for the fading present within each sample, but without introducing wide scattering of individual
sample ages within age geomorphic surface, we calculated the average g-value for each site (A, B, and C)
and then determined the standard error on the three site averages using the sample standard deviation di-
vided by the square root of the number of observations. This gives a first-order estimate of the mean fading
value, and the uncertainty attached to it. For each site, we estimated the fading correction at the higher 1
sigma fading limit (from the standard error added to the mean fading value for that catchment), and used
this to estimate a fractional uncertainty introduced from the uncertainty on the g-value. This uncertainty is
nonsymmetrical, and we were conservative in using the larger high-side (in age) 1 sigma limit to estimate
the fractional error from fading.

We then corrected each of the ages within the three individual catchments using our estimated correction
factor. We added the estimated uncertainty contribution in quadrature to the scaled (corrected) age uncer-
tainty to get a combined corrected age uncertainty, which takes account of the IRSL measurement uncer-
tainties (the regular error estimate) and the fading uncertainty (judged from the degree of variation within
that catchment). All values used for calculating fading corrections, along with the final corrected ages are
shown in Table A2. The final corrected ages are also summarized in Table 1 in the main text.

A2. Uranium-Series Dating

Four individual pebbles (KASH A-D) were collected from the sample pit at a depth of ~55 cm. The pebbles
were selected for the integrity and thickness of carbonate growth. The carbonate rind of KASH-A was lost
on slicing the pebble and KASH-D did not provide thick enough carbonate growth from which to derive a
microstratigraphy. The two remaining samples (KASH-B and KASH-C) were used for dating.

On slicing the two successful samples, a clear microstratigraphy was seen within the carbonate, and
mapped under magnification. The mapped stratigraphy within the rinds shows discrete periods of growth,
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Figure A2. The tropospheric delay map estimated by ERA-I (for track D392). (a and b) The delay map for dates 20100419 and 20100524, respectively. The
triangles show the GPS stations, with the color of the triangles representing the value of GPS tropospheric delay according to color bar, taken at the SAR image
date. (c) The delay map for 1-month interferogram (20100419-20100524).

Table A2

Fading Corrections and Final Age. The Table is Arranged by Each Individual Catchment (Sites A, B, and C). G-values are Given for Each Sample Null Ages of
Each Corrected Using Those G-values

Raw ka +1sigma g-value Corrage +1sigma Corr Ratio  Mean Mean
Site 1 g-value corrfactor  corrage origerror Fracerr newfracerr newerr
#10 62.5 8.5 4.0 93.0 12.4 15 70.7 9.6 0.14 0.20 14.17
#11 61.6 6.1 1.6 71.2 7.0 1.2 69.7 6.9 0.10 0.18 12.37
#12a 55.2 6.1 -1.0 55.2 5.9 1.0 62.5 6.9 0.11 0.18 115
#12b 56.3 4.8 fading not measured 63.7 5.4 0.09 0.17 10.8
mean g-value 1.5 15+/-1.4 1.13
Eddi stdev 2.5 mean correction Ratio 121
std err 14 stdev 0.249855
std err 0.083285
Site 2 corrage origerror Fracerr newfracerr newerr
#5 90.8 7.1 fading not measured 130.9 10.2 0.08 0.10 13.00
#6 94.6 7.9 31 127.8 10.5 1.4 136.4 11.4 0.08 0.10 14.12
#8 67.2 4.6 4.7 108.6 71 16 96.9 6.6 0.07 0.09 8.9
#9 66.9 4.2 4.0 99.7 6.1 15 96.4 6.1 0.06 0.09 8.5
mean 3.9 3.9+4/-0.5 1.44
stdev 0.8 mean correction Ratio 1.49
std err 0.5 stdev 0.132282
std err 0.044094
Site 3 corrage origerror Fracerr newfracerr newerr
#1 80.8 5.4 2.4 101.2 6.4 13 98.6 6.6 0.07 0.08 7.3
#2 73.2 5.0 1.8 86.4 5.5 1.2 89.2 6.1 0.07 0.08 6.8
#3 215 1.3 3.2 28.9 1.7 1.3 26.3 1.6 0.06 0.07 1.8
#4 16.1 1.0 2.0 19.3 1.1 1.2 19.6 1.2 0.06 0.07 1.4
mean 2.3 2.3+/-0.3 1.22
stdev 0.6 mean correction Ratio 1.24
std err 0.3 13 stdev 0.072421
std err 0.02414
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Figure A3. (a and b) Photographs of the two pebble rinds that were sampled for U-series dating. Sub-samples from individual growth layers are labeled.
(b) Raw and detritally corrected ages from the two samples. Five samples lie on an isochron and hence appear to be co-eval, with an isochron-derived age of
95.23 + 2.76 ka for this period of growth. Corrected ages also define periods of growth ~80 ka (one sample) and ~20-30 ka (two samples).

characterized by different textures and by the degree to which detrital material has been incorporated.
Patches of irregular growth within the rinds (particularly for KASH-C) were mapped and avoided during
sampling, as we consider these to be inclusions that have been incorporated within the rind.

Seven samples were taken from KASH-C and two from KASH-B (Figure A3). These samples were taken
from the cleanest section of each growth layer. The innermost layer of KASH-C was sampled twice (labeled
C Inner 3, C Inner 4) as this layer represents the earliest onset of carbonate growth, and so the most impor-
tant for our overall study aims. To target thin (<1 mm) carbonate growths, we used a New Wave micromill
drill. The pebble slice was attached to the stage and a microscope image was used to trace out the path of
the microdrill. Slow drill speed, plunge speed, and scan speed were used to minimize the loss of material
when drilling. The powder was then collected with a scalpel and weighed. Between each sample collection,
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5*;2:;213 Concentrations, U-Series Ratios, and Uncorrected Ages Calculated Using the Procedures Outlines in A2
Subsample 87 conc. Uncorrected Age

1D (ppm) #0Th/>8U #2Th/*U Zuu age (kyr) uncertainty
C Outer 1 1.52 0.7636 £+ 0.0369 0.1695 £+ 0.0043 1.2624 + 0.0145 96,763 +7,728-5,764
C Outer 2 5.41 0.4255 £ 0.0171 0.1620 £+ 0.0039 1.2933 + 0.0137 42,698 +6,045-7,254
C Inner 1 0.97 0.8391 £ 0.0583 0.1773 £ 0.0076  1.2566 £ 0.0208 113,607 +5,429-5,198
C Inner 2 3.63 0.8879 £ 0.0365 0.2925 £+ 0.0074 1.2590 + 0.0142 124,839 +12,513-11,359
C Inner 3 4.45 0.9462 £+ 0.0476  0.4964 £+ 0.0126 1.2118 + 0.0134 153,232 +19,934-17,135
C Inner 4 4.82 0.8945 + 0.0460 0.3238 + 0.0075 1.2309 + 0.0128 132,537 +27,188-22,130
C Matrix 2.66 1.0092 £ 0.0420 0.6050 + 0.0159 1.2448 + 0.0134 164,489 +13,939-12,572
B Outer 1 5.57 0.3070 £ 0.0158 0.0865 £ 0.0020 1.3006 + 0.0144 28,967 +13,079-11,771
B Outer 2 4.10 0.8247 £ 0.0431 0.1800 £ 0.0042 1.2428 + 0.0129 112,671 +21,189-17,983

the drill and pebble slice were thoroughly cleaned with compressed air to ensure no cross-contamination
of powder.

Uranium and Thorium were separated and their isotopic ratios were measured with a Nu Plasma multi-
collector inductively coupled plasma mass spectrometer (MC ICP-MS), following the same methods and
processes as described in Gregory et al. (2014). Uranium concentrations, U-series isotope ratios, and ages
calculated using the equation of Broecker (1963) are listed in Table A3. To correct for the effect of detrital
contamination on the calculated ages, we first determined detrital composition by assuming a crustal ele-
mental abundance of Uranium and Thorium archived in the EarthChem database (http://www.earthchem.
org), and then derived a ***Th/**U ratio of 0.7607 % 0.0139 and a ***U/***U ratio of 1.2679 + 0.172 from the
isochron relationship (e.g., Bischoff & Fitzpatrick, 1991; Luo & Ku, 1991) using the four “C-Inner” samples
and “B-Outer-2” (Table A3). To constrain the uncertainty of detrital isotopic concentration, the isochron
slopes and intercepts were calculated using a York fit, with error weighted in both x and y. The resulting
isochron age for carbonate growth is 95.2 + 2.76 ka.

Data Availability Statement

Maps were prepared using Generic Mapping Tools software (Wessel & Smith, 1995). FAIR data access state-
ment: For the interferometry, we used Envisat data, which was originally obtained through a European
Space Agency Category 1 project (7023), and which is now archived and freely available through the ESA
online catalog (http://esar-ds.eo.esa.int/socat/SAR-ASA_IMS_1P/pair_search). Commercial Quickbird sat-
ellite imagery used within this analysis was obtained at no cost through ESA Category 1 project (6462). The
data were obtained under license and are available for purchase from Maxar (https://www.maxar.com/). All
data derived from IRSL and U-series dating are provided in full within the main body of the study.
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