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ABSTRACT

We describe and summarize the geomor-
phology of fl uvial terraces along the four 
major rivers draining the central, onshore 
Makran accretionary wedge in Iran, and de-
scribe uplifted marine terraces on the coast 
of this region. Thirty-fi ve strath terraces 
at different sites were dated using in situ–
produced cosmogenic 10Be concentrations 
from surfaces and depth profi les. These new 
measurements reveal abandonment ages 
between ca. 15 and 380 ka. The age distri-
bution allows determining the chronology 
of terrace levels and establishing regional 
correlations between two major regional 
levels. The geographically widespread cor-
respondence suggests that these two levels 
result from a regional, climatically driven 
force. Systematic dating also provides evi-
dence for time and spatial variations in 
incision rate, which enables distinguishing 
between a regionally uniform incision rate 
of 0.3–0.4 mm/a and higher local incision 
and/or uplift (~0.8 mm/a) rates. These spa-
tial changes are consistent with where lo-
calized tectonic activity is recognized in the 
fi eld. We also dated, using 14C in shells, four 
uplifted marine terraces on the coast of the 
study area. Comparing incision rates de-
rived from strath terraces (0.3 mm/a) with 
published uplift estimates from marine ter-
races (0.2 mm/a) reveals that fl uvial rivers 
responded to a regional, long-term incision 
and surface uplift pattern. This rate refl ects 
the tectonically steady state of the wedge on 
a regional scale. Locally high incision rates 
delineate active faults and folds, indicating 
that perfect steady state is unlikely on short 
length scales.

INTRODUCTION

The spatial and temporal distribution of defor-
mation is a central issue to characterizing the 
bulk, natural rheology of major tectonic units. 
This information is in turn needed to refi ne 
numerical models of geodynamic processes. 
In attempting this, tectonic geomorphology has 
proven to be a very effi cient approach, reveal-
ing the direct response of surface processes to 
tectonic activity (e.g., Burbank and Anderson, 
2001; Bull, 2009). Many applications in active 
mountain regions have established the relevance 
of such an approach (e.g., Hartshorn et al., 2002; 
Montgomery and Brandon, 2002; Friend et al., 
2009). The concept of equilibrium between sur-
face slope, basal slope, basal friction, and inter-
nal friction of orogenic wedges has often been 
applied to seismic and geological profi les of 
fold-and-thrust belts (e.g., Spence et al., 1991; 
DeCelles and Mitra, 1995; Bilotti and Shaw, 
2005). One little-explored topic is the interplay 
between surface processes and the dynamic evo-
lution of such belts over wide areas (e.g., Storti 
and McClay, 1995; Simpson, 2010). Given that 
fl uvial terraces are preserved in all of the main 
Makran river valleys (Iran), they are good tar-
gets for regional correlation and therefore long-
term incision/uplift studies.

Incision and aggradation in fl uvial networks 
are dictated by three main factors: (1) base level 
change (Blum and Törnqvist, 2000; Blum et al., 
2001), (2) climate oscillations (Molnar et al., 
1994), and (3) tectonic activity (e.g., Seeber 
and Gornitz, 1983; Burbank et al., 1994). How-
ever, because these factors generally interact in 
a complex manner, it remains diffi cult to deci-
pher their respective roles (Wegmann and Paz-
zaglia, 2009).

In this work, we extend the techniques of 
tectonic geomorphology to refi ne our under-
standing of the surface behavior of the accre-

tionary wedge of Makran in southern Iran. Our 
motivation is to offer a large-scale, quantitative 
morphotectonic study covering a wide sub-
aerial wedge surface. This study reports and 
compares geochronologic data complementing 
fi eld observations from four adjacent catch-
ments that drain much of the onshore Makran 
accretionary wedge. We used dated strath 
terraces as geomorphic reference markers  
(Lavé and Avouac, 2001; Pazzaglia and Bran-
don, 2001; Pazzaglia, 2013) in combination 
with river longitudinal profi les to extract and 
determine local surface uplift and/or incision 
(Snyder  et al., 2000; Whipple et al., 2000; 
Kirby and Whipple, 2001; Whipple, 2004). 
Results permit us to identify the regional cor-
relations and develop a robust interpretation of 
the landscape response to tectonic and climate 
changes (e.g., Van den Berg and van Hoof, 
2001). The geomorphological record dem-
onstrates two length scales of time-averaged 
uplift and/or incision rates linked to distributed 
and localized tectonic deformation. We fore-
see that the measured vertical velocities can 
be transformed into a full accretion rate and 
are key to the internal dynamics of the wedge 
on a different time scale than denudation rates 
derived from low-temperature geochronology 
(e.g., Brandon et al., 1998; Willett et al., 2003).

SETTING

Geological Setting

The Makran accretionary wedge occupies 
the subduction zone between the Arabian plate 
to the south and the Eurasian plate to the north 
(Fig. 1). This north-dipping subduction is 
thought to have begun in the Late Cretaceous 
(Farhoudi and Karig, 1977; McCall, 1997). 
The wedge is the largest exposed on Earth, 
extending more than 1000 km from the Minab 
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fault zone to the west, in Iran, to the Chaman 
fault zone to the east, in Pakistan (Fig. 1). The 
high incoming sediment thickness (~7 km) and 
a low taper angle of ~3° (Davis et al., 1983) are 
exceptional characteristics of Makran wedge. 
Accepting the classical Coulomb wedge theory 
(Davis et al., 1983), the small taper suggests 
either a weak basal décollement or a high inter-
nal strength. In any case, the wedge should 
grow in a self-similar manner, combining 
frontal accretion, tectonic underplating, and 
normal faulting (Fig. 2), so that its long-term 
bulk topography rises uniformly and steadily 
(Dahlen, 1990).

The studied part of Makran covers an area 
of the exposed accretionary wedge ~150 km 
across and 250 km trench parallel in south-
eastern Iran, away from the lateral Minab and 
Chaman transform boundaries. Four tectono-
stratigraphic units separated by major thrust 

faults have been distinguished in the bedrock 
of the study area (Fig. 2). From the north to the 
south, i.e., from the structural top to bottom, 
these units are: North Makran, Inner Makran, 
Outer Makran, and Coastal Makran (Dolati, 
2010; Burg et al., 2012). The main fault system 
is composed of fl at-and-ramp thrusts, which 
refl ect a thin-skinned fold-and-thrust belt over 
blind décollement surfaces (Burg et al., 2012). 
The Bashakerd thrust is the tectonic bound-
ary between North Makran, which exposes 
ophiolite-bearing “colored mélanges” and 
deep-sea sediments and volcanics (McCall, 
2002; Dolati, 2010), and the turbidite-domi-
nated Inner Makran. The Inner, Outer, and 
Coastal Makran units include Eocene to recent 
sediments deformed in the fold-and-thrust belt. 
Folding and thrusting were active before, and 
reactivated after, the emplacement of a Tor-
tonian (ca. 10 Ma) olistostrome (Burg et al., 

2008). Folding and thrusting caused middle 
Miocene to Pliocene growth structures. Most 
of the deformation was then shifted to the 
 present-day submarine wedge, perhaps as a 
consequence of the load brought by the olis-
tostrome (Smit et al., 2010). However, defor-
mation did not stop onshore, so that some of 
the studied terraces have been folded in the 
last 120 k.y. (Haghipour et al., 2012). We fur-
ther constrain the Quaternary deformation of 
the Makran wedge with this study, which is 
focused upon surface uplift and subsequent 
fl uvial incision rate, which we use as a proxy 
of the internal deformation of the wedge. The 
only uplift rates reported for Makran were 
derived from marine terraces dated with ura-
nium series and 14C (Falcon, 1975; Vita-Finzi, 
1975; Page et al., 1979; Snead, 1992). Mean 
uplift of the coast was estimated at 0.2 mm/a 
in the Pleistocene and 2 mm/a in the Holocene.

45°E

70°E65°E60°E55°E50°E

70°E65°E60°E55°E50°E

22°N

24°N

26°N

28°N

30°N

32°N

34°N

36°N

38°N

22°N

24°N

26°N

28°N

30°N

32°N

34°N

36°N

38°N

Iran

Pakistan

Afghanistan

250 km

Zagros M
ountain Range

Karachi

Kabul
Tehran

Caspian
Sea

Kuwait

Iraq

UAE

OmanSaudi 
Arabia

K
irt

ha
r R

an
ge

Mashkel

Jaz Murian

Sistan M
ountain Range

Fig.2
Strait of
Hormuz  Minab

Fault

 Chaman
Fault

Oman Subduction

Makran Accretionary Wedge

ca.
20 mm/a

*

MD04-2861

Figure 1. Tectonic setting of the Makran subduction zone. The convergence arrow is the GPS convergence rate 
between Arabia and stable Eurasia, after Vernant et al. (2004). StarHoti cave with speleothems studied by Burns 
et al. (1998); diamond—core studied by Clemens and Prell (2003). UAE—United Arab Emirates. Background: 
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Seismicity—Active Tectonics

Geodetic data at the longitude of the Gulf 
of Oman document a roughly north-south con-
vergence rate of ~2 cm/a (Vernant et al., 2004; 
Masson et al., 2005). Compared to other con-
vergence zones (e.g., Tonga subduction zone, 
16 cm/a [Bevis et al., 1995]; Sumatra subduc-
tion zone, 6.5 cm/a [Gahalaut and Catherine, 
2006]), Makran is a slow subduction zone, often 
compared to the Cascadia subduction zone 
(3.5 cm/a; Wong, 2005). Although the region 
has experienced large earthquakes such as the 
Mw 8.1, A.D. 1945 event (Jackson and McKen-
zie, 1984; Byrne et al., 1992), the present-day 
Makran, like Cascadia, is in an interseismic 
interval. Byrne et al., 1992 suggested that high 
pore pressure of unconsolidated and water-
saturated sediments causes this low seismicity. 
The low taper would result from these overpres-
sured, low-friction sediments (Smit et al., 2010). 

Mud volcanoes along the Iranian and Pakistani 
coasts of Makran substantiate the concept of 
overpressured shale layers at depth.

Climate Setting

The frequency, direction, and timing of Qua-
ternary climate changes in Iran are sparsely 
documented, compared to the extensive litera-
ture from other parts of the world. Evidence of 
Pleistocene and Holocene climate fl uctuations 
in Iran is based on several sources, such as lake 
sediment (e.g., van Zeist and Wright, 1963; 
Djamali et al., 2008), glacial moraines (e.g., 
Kuhle, 2008; Kehl, 2009), alluvial sediments 
(Vita-Finzi, 1969), and fl uvial and marine ter-
races (Degens and Paluska, 1979; Regard et al., 
2006). The present climate of Makran is arid to 
semi-arid with a mean annual precipitation of 
113 mm/a. The dryness is caused by northeast-
erly winds that transport mainly dry air masses. 

It is further enhanced by the mountain ranges 
in the north (Alborz) and southwest (Zagros), 
which prevent northwesterly and westerly 
depressions from the Caspian and Mediter-
ranean Seas from entering the Iranian Plateau 
(Kehl, 2009). Two main sources of monsoon 
winds, the summer and winter monsoons, gov-
ern the modern climate around the Arabian Sea 
(Fig. 3). Marine sediments from the Makran 
margin show that the northern Arabian Sea is 
controlled by a southwest monsoon rather than 
by a northeast monsoon (Caley et al., 2011). 
The paleoclimate record based on speleothems 
from Hoti cave (northern Oman; Fig. 1; Burns 
et al., 1998) provides information on two peri-
ods of wetness: (1) 9.7–6.2 ka, and (2) the last 
interglacial (marine isotope stage [MIS] 5). 
Fluid inclusions in speleothems from the same 
cave record continental pluvial periods at 6–10, 
78–82, 120–135, 180–200, and 300–330 ka 
(Fleitmann et al., 2003). The present-day main 
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rain season is from December to February; 
water discharge in the four studied catchments 
is mainly derived from heavy and short winter 
rainfalls that produce fl ash fl oods and coastal-
plain inundation.

METHODS

Field Observation and Surveying

Fluvial terraces of the Makran valleys had 
not been studied beyond reconnaissance sur-
veys (Falcon, 1975; McCall and Kidd, 1982). 
Very recent studies (Haghipour et al., 2012; 
Kober et al., 2013) provide few age constraints, 
but only on the local or single-catchment scale. 
Most of the studies on Quaternary deposits 
in eastern and central Iran are limited to the 
Holocene (e.g., Walker and Fattahi, 2011). 
We mapped fluvial terraces parallel to the 
main trunks and main tributaries of four con-
tiguous catchments fl owing southward, nearly 
perpendicular to the strike of the major geo-
logical structures (Fig. 2), down to the Oman 
Sea. Mapping was based on aerial photographs 
(scale 1:50,000) using ERDAS IMAGINE 
V11 software, satellite images, and an ASTER 
digital elevation model (G-DEM) with 1 arc-
sec (~30 × 30 m) resolution. Terraces were 
mapped and classifi ed in sequence according 
to their relative elevation with respect to the 
local stream, in increasing order from T1, the 
locally highest level. Field verifi cation focused 
on important and critical geomorphologic fea-
tures identifi ed on remote images. The river 
segments between these critical points were 
surveyed in a less detailed manner, unless 
unexpected features were discovered. A 
handled  GPS (Garmin Vista Cx) with baromet-
ric altimeter was systematically used to mea-
sure the elevation of strath terraces and modern 
channel beds. We admit a 4 m uncertainty for 
the absolute measured elevations. The thick-
ness of the alluvial cover was measured with a 
tape. In places where the alluvial cover is >3 m, 
the strath elevation measured by GPS was cor-
rected for the thickness of the alluvial cover. 
Fieldwork priorities focused upon identify-
ing the most reliable sampling sites for dating 
and spatial correlation. Topographic shielding 
of 10Be sample collection sites was measured 
with high-precision compass and clinome-
ter (1° error for both measurements). Both 
aggradational (fi ll) and degradational (strath) 
terraces occur along the four river networks. 
Although strath terraces are dominant, we also 
dated fi ll terraces for a complete record of river 
incision and aggradation. The description of 
sampled surfaces, topographic shielding, and 
GPS positions is given in Table 1.

Channel Steepness Indices

Under some simplifi cations, elevation versus 
distance profi les of rivers in dynamic equilib-
rium with their environment (i.e., the amount 
of sediment they can transport away balances 
the amount of material their drainage areas 
deliver) tend to follow a smooth, concave-
upward power-law function (Hack, 1957; Smith 
et al., 2000). Flint’s law expresses this empirical 
assertion, where the local channel slope (S) is 
inversely proportional to the upstream drainage 
area (A) of the river to the power of an exponent 
θ called the concavity index (Flint, 1974):

 S = KS A–θ, (1)

where KS is the channel steepness index. θ is a 
critical exponent because it defi nes the shape of 
the length profi le of detachment-limited chan-
nels, those where vertical abrasion and plucking 
can equal (or overcome) tectonic uplift of the 
bedrock or base-level fall (Hancock et al., 1998; 
Whipple and Tucker, 1999). Best-fi t values of 
θ = 0.25–0.6 represent long-term equilibrium 
between erosion and rock uplift rates (Whipple 
and Tucker, 1999; Kirby and Whipple, 2001). 
The value θ = 0.5 is accepted to be pragmati-
cally realistic in modeling fl uvial erosion if cli-
matic conditions and basement erodibility are 
uniform over the studied drainage system (e.g., 
Kirby and Whipple, 2001; Tucker and Whipple, 
2002; Wobus et al., 2006). Following these pre-
dictions and assumptions, the KS value stands 
as a convenient index metric to locate tectonic 
or lithological anomalies (e.g., Merritts and 
Vincent, 1989). This steepness index, however, 
does not quantify uplift rates. In practice, one 
extracts a normalized channel steepness index 
using a reference concavity θref in order to best 
compare relative changes in nonlinear profi les 
of different channels (Sklar and Dietrich, 1998; 
Wobus et al., 2006). The normalized form of 
Equation 1 is

 S = KSnA–θref,  (2)

in which KSn is a measure of the rock uplift 
rate in areas with steady-state landscape (e.g., 
Snyder  et al., 2000; Kirby and Whipple, 2001; 
Hilley and Arrowsmith, 2008). Applying this 
equation generates ideal long profi les to which 
actual river profi les can be paralleled. Deviations 
between the ideal and actual profi les are diag-
nostic for dynamic disequilibrium between the 
river and its environment. Field observations in 
departing river segments provide keys to decide 
whether tectonic uplift or subsidence, changes 
in rock erodibility or base level, climate, or other 
environmental changes are responsible for pro-

fi le divergence. For this study, we followed the 
methodology provided by Wobus et al. (2006) 
and used a set of Matlab and ArcGIS scripts 
(http:// www .geomorphtools .org) to calculate 
KSn for the studied river networks.

Cosmogenic Nuclide Dating and Sampling

The lithological content of the studied fl uvial 
terraces (essentially mixed pebbles and coarse 
gravel) and the lack of datable and correlatable 
material such as sand or silt lenses, ash layers, 
and organic matter restricted dating possibili-
ties to terrestrial cosmogenic nuclides (TCN). 
We employed the in situ terrestrial 10Be cosmo-
genic nuclide method because the investigated 
sites did not offer suitable samples for opti-
cally stimulated luminescence. 10Be and 26Al 
are produced from the interaction of second-
ary cosmic rays with Si and O in quartz at and 
near the Earth surface (e.g., Lal, 1991; Gosse 
and Phillips, 2001). Sampled sites met several 
conditions. (1) They belong to paired and well-
preserved terraces. This precaution is necessary 
because paired surfaces indicate that the river 
has not shifted laterally for large distances and 
therefore had a nearly constant geometry since 
the studied terraces were formed in the bedrock 
stream section, whereas unpaired, small terraces 
may result from local tectonic or autocyclic pro-
cesses unrelated to regional signals of tectonic 
and climate forcing. (2) There was no sign of 
bioturbation (including human activity) or any 
surface disturbance such as colluvial deposits. 
(3) We chose wide, planar terraces whose sur-
face shows the least evidence for erosion, with 
minimal surface (tread) relief (Figs. 4A and 4B), 
which could affect TCN ages (e.g., Matmon 
et al., 2009). (4) The sampled terrace profi les 
contain rounded, tiled clasts typifying their fl u-
vial environment.

We dated 35 sites along six rivers of the 
four investigated catchments (Fig. 3) using the 
amalgamation method (Anderson et al., 1996; 
Repka et al., 1997). Dating the exposed surface 
of single clasts is an alternative method, taking 
the youngest absolute age as the closest estimate 
of the age of the depositional surface (Frankel 
et al., 2007; Vassallo et al., 2011). However, 
10Be measurements of single clast surfaces 
may strongly vary from clast to clast, depend-
ing on several geologic factors such as erosion 
and fl uvial transport (e.g., Owen et al., 2011). 
Consequently, the inferred age may be older 
or younger than the actual time of landform 
deposition, as much as for the amalgamation 
approach (Schmidt et al., 2011; Ivy-Ochs et al., 
2012). In any case, the small, few-centimeters 
size of clasts in Makran terraces is inappropriate 
for single clast analysis.
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We therefore collected more than 30, equal-
size, resident quartz–rich clasts at each sam-
pling site. The gathered clasts were crushed 
and sieved to a grain size of 0.25–0.7 mm. 
Purifi ed quartz was physically extracted apply-

ing magnetic and/or heavy liquid separation 
methods and chemically purifi ed using HF 
40% (e.g., Kohl and Nishiizumi, 1992; Bier-
man and Nichols, 2004). A known amount 
(0.3 mg) of 9Be carrier was added to the pure 

quartz, which was dissolved in concentrated 
hydrofl uoric 40% (HF) and nitric (HNO3) 
acids. To extract Be(OH)2, samples were 
passed through anion and cation exchange col-
umns along with chemical blanks, following 

TABLE 1. SAMPLE INFORMATION AND MEASURED 10Be CONCENTRATION

Sample number
Local terrace 

name
Latitude

(N)
Longitude

(E)
Elevation

(m above sea level)
Depth
(cm)

10Be, blank corrected
(105 atoms/g)

±
(105 atoms/g)

Topographic
shielding

Site

Sedij catchment

Q-Mak-10-36 A-T1 26.3191 58.8900 411 0 4.480 0.20 1 A
Q-Mak-10-37 A-T2 26.3161 58.8838 388 0 1.134 0.06 1 A
Q-Mak-10-38 NA-T2 26.4058 58.8902 471 0 0.998 0.05 1 A
Q-Mak-09-41 B-T1 26.0850 59.0622 241 0 4.373 0.19 1 B
Q-Mak-09-43 B-mch 26.0908 59.0443 199 0 0.961 0.09 0 B
Q-Mak-11-25 A-mch 26.3449 58.8822 380 0 0.746 0.05 0 A

Fanuj catchment

Q-Mak-09-49 C-T1 26.3188 59.3258 417 0 2.940 0.14 1 C
Q-Mak-09-45 C-T6 26.3130 59.3202 373 0 0.636 0.07 1 C
Q-Mak-10-40 D-T1 26.1966 59.2669 300 0 3.947 0.17 1 D
Q-Mak-09-56 E-T1 26.6088 59.7636 941 0 8.550 0.33 1 E
Q-Mak-09-57 E-T2 26.6089 59.7615 931 0 1.120 0.06 1 E
Q-Mak-09-10 F-T2 25.9817 59.6371 180 0 2.798 0.33 1 F
Q-Mak-11-23 F-T1 25.8836 59.5755 130 0 3.488 0.11 1 F
Q-Mak-10-44 G-T1 26.1593 60.0249 464 0 8.644 0.20 1 G
Q-Mak-10-45 G-T2 26.1114 59.9837 369 0 2.649 0.10 1 G
Q-Mak-09-44 C-mch 26.3125 59.3188 370 0 0.541 0.05 0 C
Q-Mak-11-24 F-mch 25.8912 59.5748 107 0 0.520 0.05 0 F

Nikshahr catchment

Q-Mak-10-56 I-T4 26.0330 60.1366 273 0 0.949 0.04 1 I
Q-Mak-10-51 Depth profi le 26.0330 60.1366 273 20 ± 10 0.710 0.03 – I
Q-Mak-10-53 Depth profi le 26.0330 60.1366 273 50 ± 10 0.416 0.03 – I
Q-Mak-10-54 Depth profi le 26.0330 60.1366 273 140 ± 10 0.420 0.05 – I
Q-Mak-10-55 Depth profi le 26.0330 60.1366 273 180 ± 10 0.576 0.06 – I
Q-Mak-11-21 I-T1 25.9975 60.1438 281 0 5.858 0.20 1 I
Q-Mak-11-15 I-T2 26.0425 60.1380 302 0 3.993 0.18 1 I
Q-Mak-11-13 I-T3 25.9621 60.1624 220 0 1.835 0.07 – I
Q-Mak-11-12 H-T1 26.3707 60.1131 759 0 6.966 0.33 1 H
Q-Mak-10-28 J-T1 25.8350 60.1813 240 0 5.801 0.20 1 J
Q-Mak-10-31 J-T3 25.8413 60.1627 144 0 6.966 0.33 1 J
Q-Mak-10-50 J-mch1 25.8327 60.1657 133 0 0.570 0.04 – J
Q-Mak-11-16 J-mch2 26.0320 60.1399 267 0 1.280 0.08 – J
Q-Mak-11-14 I-mch 25.8491 60.1686 144 0 1.949 0.07 0 I

Pishin catchment

Q-Mak-11-01 P-T1 25.9336 61.5513 135 0 3.988 0.15 1 P
Q-Mak-11-02 P-T2 25.9341 61.5477 116 0 1.376 0.07 1 P
Q-Mak-09-62 O-T1 25.9824 61.7008 265 0 7.290 0.19 1 O
Q-Mak-09-32 O-T3 25.9641 61.6816 209 0 4.033 0.10 1 O
Q-Mak-10-22 O-T4 25.9543 61.5543 117 0 1.038 0.09 1 O
Q-Mak-10-19 N-T1 26.1393 61.5819 321 0 16.300 0.93 1 N
Q-Mak-11-09 N-T2 26.1756 61.4638 391 0 10.245 0.30 1 N
Q-Mak-10-14 N-T3 26.1336 61.5569 283 0 6.182 0.30 1 N
Q-Mak-10-15 Depth profi le 26.1336 61.5569 283 40 ± 10 3.514 0.14 0 N
Q-Mak-10-16 Depth profi le 26.1336 61.5569 283 80 ± 10 2.748 0.11 0 N
Q-Mak-10-17 Depth profi le 26.1336 61.5569 283 120 ± 10 1.837 0.10 0 N
Q-Mak-10-18 Depth profi le 26.1336 61.5569 283 190 ± 10 1.672 0.07 0 N
Q-Mak-10-20 N-T4 26.1348 61.5835 290 0 5.400 0.15 1 N
Q-Mak-10-03 NN-T1 26.2973 61.3936 558 0 11.801 0.40 1 NN
Q-Mak-10-23 M-T1 26.1911 61.0767 545 0 7.435 0.28 1 M
Q-Mak-10-46 K-T1 26.0494 60.5197 327 0 2.216 0.08 1 K
Q-Mak-10-47 K-T2 26.0447 60.5247 264 0 1.610 0.06 1 K
Q-Mak-11-18 L-T1 25.7561 60.7930 117 0 6.759 0.74 1 L
Q-Mak-11-19 L-T2 25.7505 60.8163 84 0 4.801 0.14 1 L
Q-Mak-11-11 NN-mch 26.2800 61.4231 444 0 1.540 0.07 0 NN
Q-Mak-11-06 O-mch 25.9911 61.6806 152 0 0.963 0.05 0 O
Q-Mak-11-03 P-mch 25.9340 61.5470 97 0 0.828 0.07 0 P
Q-Mak-11-20 L-mch 25.7600 60.7889 54 0 1.253 0.05 0 L
Q-Mak-10-48 K-mch 26.0458 60.5266 245 0 2.162 0.09 0 K

Marine terrace

Q-Mak-12-2b Marine terrace 25.351 60.301 77.000 0.000 2.800 0.09 1 Konarak
Note: All samples analyzed for 10Be/9Be ratio at the ETH Zurich Tandem/Tandy Accelerator Mass Spectrometry facility (Kubik and Christl, 2010). Quoted uncertainties 

are the 1σ internal error. A mean blank 10Be/9Be = 0.004 × 1012 was used for correction. mch—modern channel.
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Figure 4. Photographs of fl u-
vial terraces, inland Makran. 
( A )  S a m p l e  J - T 4  ( G P S : 
(25°50′23.07″N, 60°09′43.50″E). 
(B) Sample A-T1 (26°19′19.74″N, 
58°53′37.88″E). (C) Profi le view 
showing the sharp strath and 
the clast-supported J-T1 flu-
vial deposits (26°19′05.11″N, 
58°53′46.57″E). The alluvial 
part is less than 1 m. (D) T1 and 
T2 levels of strath terraces along 
Guredak River in the Fanuj 
catchment (25°50 ′20.80″N, 
60°11′03.90″E). The length of 
T1 is about 100 m. (E) Tilted 
fi ll terrace along Sarbaz River 
(26°11′48.00″N, 59°16′01.90″E). 
(F) 10-m-thick fl uvial fi ll along 
Sarbaz River (26°07′34.61″N, 
61°35 ′08.86″E).  (G) T1 to 
T4  s t ra th  t erraces  a long 
Sarbaz  River (25°58′26.66″N, 
61°40′57.48″E).
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the preparation procedure presented by Ochs 
and Ivy-Ochs (1997).

The analyses were carried out at the ETH 
Zurich Tandem and Tandy Accelerator Mass 
Spectrometry facility (Kubik and Christi, 2010). 
All 10Be/9Be ratios were normalized to the 
ICN 01-5-1 standard with a nominal value of 
10Be/9Be = 2.81 × 10–11 (Nishiizumi et al., 2007) 
and using a 10Be half-life of 1.387 ± 0.012 m.y. 
(Chmeleff et al., 2010; Korschinek et al., 2010). 
Surface exposure ages were calculated using 
the CRONUS online age calculator, version 2.2 
(Balco et al., 2008). Aware of ongoing debate 
and studies regarding geomagnetic corrections 
(Balco et al., 2009), we made no correction for 
geomagnetic fi eld variations. The results for 
standards, blank, and model age calculation are 
given in the footnote of Tables 1 and in Table 2. 
The measured skyline shielding was negligible 
(inclination from sampling site <8°) in all direc-
tions for all sites. Therefore, ages were not cor-
rected for topographic obstruction. Obviously, 
for a desert like Makran, no vegetation shielding 
had to be considered either. The ages presented 
in the Results and Discussion sections and in 
fi gures were calculated using scaling schemes 
from Stone (2000) modifi ed after Lal (1991).

All 10Be surface exposure ages reported in 
the Results section were calculated assuming 
no erosion or weathering and zero inheritance 
(Table 2). To overcome nuclide inheritance com-
ponents, two depth profi les were measured and 
12 modern channels with the same quartz-rich 
lithologies as in adjacent sampling sites were 
sampled. Estimated values for surface erosion 
are based on the surface condition of sampled 
terraces and depth profi le measurements. The 
model ages corrected for inheritance and differ-
ing erosion rates are also given in Table 2.

Radiocarbon Dating of Marine Terraces

Wavecut marine terraces form well-devel-
oped, steep-like elevation with sharp (well-
defi ned) cap-rock deposits all along coastal 
Makran. In contrast to fl uvial terraces, they have 
been studied in more detail (Vita-Finzi, 1975; 
Page et al., 1979; Reyss et al., 1999). They cover 
unconformably what generally are Miocene–
Pliocene marly-silty deposits. The number and 
the height of terraces vary from a single level 6 
m above sea level at the western end of Makran, 
to 11 levels in Konarak (Fig. 2) where the high-
est terrace is 147 m above sea level (Fig. 5F).

Four shell samples (pecten and clams; Figs. 
5D and 5E) were collected for 14C dating from 
four marine terraces between Konarak and Beris 
(Table 3; Figs. 2 and 5). The 14C was analyzed 
at the Laboratory of Ion Beam Physics at ETH 
Zurich. After graphitization, the carbon iso-

topic ratios were measured using accelerator 
mass spectrometry (Synal et al., 2007). The 
14C ages were calibrated using the OxCal ver-
sion 4.1 open source program (http:// c14 .arch 
.ox .ac .uk /oxcalhelp /hlp _contents .html; Bronk 
Ramsey, 2009) and the IntCal09 calibration 
curve (Reimer et al., 2009). Scanning electron 
microscopy showed that the aragonite texture is 
well preserved in the dated samples (Fig. 6).

Incision and Uplift Rate

To quantify incision rates from in situ–pro-
duced cosmogenic nuclides, we sampled strath 
surfaces. The studied river terrace deposits are 
characterized by a very sharp and well-defi ned 
basal unconformity and thickness of alluvial 
cap (Fig. 4; Table 2). The duration of surface 
occupation, a period of steady discharge and 
sediment fl ux (Pazzaglia and Brandon, 2001), is 
diffi cult to determine. We assumed that the river 
did not spend much more time than measure-
ment uncertainties at a particular surface, and 
that the measured exposure ages correspond to 
the abandonment time of the strath at that rela-
tive elevation. Hence, we calculated the mean 
rate of fl uvial incision from the ratio of terrace 
elevation with respect to the present river level 
versus the abandonment TCN age of the terrace. 
The uncertainties on incision rates accumulate 
uncertainties on measured elevations and uncer-
tainties on the timing of strath preservation from 
exposure ages (Table 2).

This approach is relatively reliable for the 
western catchments, where tectonic infl uence 
was visibly limited and where river profi les are 
consistent with steady state. Equating incision 
and uplift rates where local tectonics has clearly 
affected the terraces is less accurate. In that case, 
incision of strath terraces roughly records rock 
uplift, and, if there is little erosion of the bed-
rock, rock uplift will essentially be equivalent 
to surface uplift (Bishop, 2007). We therefore 
applied the same method for the four studied 
catchments to elucidate the spatial and temporal 
incision and/or uplift pattern over a wide area of 
the wedge (Fig. 7). For this study, the elevation 
of marine terraces has been corrected using the 
global sea-level curve of Lambeck and Chappell 
(2001) to estimate the elevation at the time of 
deposition (Table 3).

RESULTS

Site Description and 10Be 
Abandonment Ages

The sampled terraces exhibited homoge-
neous, clast-supported profi les (Fig. 4C). The 
lack of remarkable lithostratigraphic identities 

and soil horizons prevented regional correlation. 
Therefore, the only criteria used with due cau-
tion was initially based on the height above the 
associated modern channel and, in some cases, 
the alluvial thickness (Table 1). These two cri-
teria are inadequate where local tectonics has 
clearly affected the landscape. In such places, 
we had to rely on quantitative age comparisons.

The studied catchments (Fig. 3) are described 
from west to east. Terraces are described 
according to their locality, specifi ed with an 
initial letter, and their elevation with respect to 
the present-day channel. They were numbered 
from top downward (for instance, O-T1 high-
est to O-T4 lowest at site O; Figs. 2 and 4G). 
They could be tracked along lengthy sections 
of all studied rivers, upstream from the lower 
~30 km of each river, where the waterways cut 
through and meander on the easily eroded late 
Miocene marls and Pleistocene deposits of the 
coastal plain. We fi rst present minimum, uncor-
rected 10Be TCN ages. Modeled ages corrected 
for inheritance and erosion are given in Table 2.

Sedij Catchment

Two sites 100 km apart (A and B, Fig. 2) were 
investigated in the Sedij catchment. At both sites 
the main river is a bedrock channel. T1 and T2 
strath terraces of the two sites are morphologi-
cally well correlated thanks to their near conti-
nuity for ~170 km of river distance from near 
Konardar in the north to near Majgi in the south 
(Fig. 2).

At site A (Fig. 2), terraces A-T1 and A-T2 
(both <2 m thick) stand 42 m and 21 m above 
the present-day river, respectively (Fig. 8). Their 
even thickness over long distances suggests that 
the area was tectonically stable during the period 
represented by these degradational terraces, 
which are both underlain by sand-dominated 
Miocene turbitides. A-T2 is a paired surface that 
stretches continuously for several kilometers, 
whereas A-T1 is more disrupted. In addition to 
the A-T1 and A-T2 surfaces, we sampled a local 
T2 level (NA-T2) 30 km to the north of site A 
to further constrain the age of this regionally 
extensive geomorphological level.

At site B (Fig. 2), three extended fl at strath 
surfaces (B-T1–B-T3) stand 33, 16, and 7 m 
above the present-day river (Fig. 8). The high-
est, B-T1, has been sampled for temporal cor-
relation with terraces of site A.

Samples made of 1–2-cm-thick pieces a few 
centimeters across, chopped off from the sur-
face of quartz-rich cobbles in the modern chan-
nel, were collected at sites A (A-mch) and B 
(B-mch) to examine nuclide inheritance.

The abandonment ages of the strath terraces 
sampled at sites A and B correlate very well 
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numerically and morphologically (Table 1 and 
Fig. 8), clustering at 19 ± 1 ka for T2 and 100 ± 
8 ka for T1. All data in the age-elevation plot 
fall in the 95% interval bounds, which indicates 
a uniform spatial-temporal incision rate (Fig. 7). 
The calculated mean fl uvial incision rate since 
abandonment is 0.35 mm/a. The exceptionally 

high incision rate (0.91 mm/a) obtained from 
the A-T2 surface reveals fast tectonic uplift at 
the sampling site, which pushed A-T2 10 m 
higher than its equivalent level (NA-T2). In 
most places, we tried to collect samples from 
the modern channel similar lithology to the one 
collected from the terrace surfaces.

Fanuj Catchment

We mapped the terraces of the two largest 
rivers  (Guredak to the west and Fanuj to the 
east), which merge at ~35 km from the mouth of 
the Fanuj catchment. The two rivers display bed-
rock and mixed alluvial-bedrock channels along 

A B

C D

F

E

G

MT-12-2b

S N

E W

SW NE SE NW

N S

Figure 5. Photographs of ma-
rine terraces along the coast 
of Makran. Nearby cities are 
shown in Figure 2, excepted 
Sedij, which is just to the west 
of fi gure boundary. (A) Near 
Sedij (GPS: 25°32′59.18″N, 
58°50 ′55.75″E).  (B)  Near 
G u r d i m  ( 2 5 °2 1 ′ 2 8 . 5 7 ″ N , 
60°6′54.64″E). (C) Between Cha-
bahar and Beris (25°14′10.20″N, 
60°53′25.00″E). (D) Shells sam-
pled for 14C dating close to Sedij 
(25°32′51.00″N, 58°50′40.00″E). 
(E) Shells sampled for 14C dat-
ing near Beris (25°11′44.90″N, 
61°5 ′11.50″E). (F) Normal 
faults cutting marine terraces 
at Konarak (25°21′10.63″N, 
60°18 ′14.10″E); white box 
indicates human for scale. 
(G) Normal fault pointed out 
by M. Faridi (scale) and cutting 
marine terraces close to Sedij 
(25°35′26.90″N, 58°48′29.30″E).
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most of their courses. Miocene sand-domi nated 
turbidites are the main bedrock lithology.

Sites C and D are on Guderak River. Field-
work has revealed that this river abandoned two 
major levels equivalent to those mapped along 
Sedij River (Fig. 4D).

Six terraces are preserved at site C (Figs. 2 
and 8). They likely represent local base-level 
falls because they were not found anywhere else 
in the Fanuj catchment. The highest and lowest 
levels are standing 72 and 2 m above the con-
temporary channel, respectively (Fig. 8). We 
sampled the highest (C-T1) and lowest (C-T6) 
surfaces to determine the local incision rate. The 
obtained numeric ages are 59 ± 5 ka for C-T2 
and 13 ± 1 ka for C-T5.

At site D we sampled the two prominent, 
paired levels D-T1 and D-T2 (Figs. 2 and 4D). 
The thickness of the alluvial cap, composed of 
thin, clast-supported fl uvial pebbles, varies from 
0.8 to 3 m. The obtained age on D-T1 is 86 ± 
8 ka. Consistency of morphology and age cor-
relation with terraces T1 and T2 of Sedij River 
made it unnecessary to date D-T2.

Two sites (E and F), separated by a meander-
ing channel segment too short to infl uence the 
equilibrium profi le, were investigated along 
Fanuj River (Fig. 2). The meandering part is 
characterized by an extensive fi ll terrace, which 
was not sampled because it is likely related to 
autocyclic processes.

Two terrace levels, E-T1 and E-T2, were 
identifi ed at site E (Fig. 2). E-T2 is a large, 
broad surface 8 m above the modern steam, 
whereas E-T1 consists of small remnant sur-
faces 12 m higher than E-T2. The alluvial parts 
are 2 m thick for E-T1 and 5 m thick for E-T2. 
The obtained ages are 119 ± 11 and 15 ± 1 ka, 
respectively (Table 2).

Two <2-m-thick strath terraces are prominent 
at site F (Fig. 8). The highest level (F-T1) was 
sampled for regional correlation. It yielded and 
age of 86 ± 8 ka.

A huge alluvial fan system is developed at 
site G (Figs. 2 and 9) where two major, gently 
tilted levels (G-T1 and G-T2) were recognized 
and surveyed with Differential GPS (DGPS) 
for precise record of the tilt (Fig. 9). Based on 
these measurements and fi eld observation, we 
concluded that this fan system is infl uenced by 
the synclinal structure against which it abuts 
(Fig. 9). G-T1 and G-T2 were sampled to put 
age constraints on the abandonment of this 
fan system. The ages (174 ± 16 and 55 ± 5 ka, 
respectively; Table 2), morphology, and very 
low incision rate (0.05 mm/a) differentiate these 
two surfaces from regional-scale terraces.

The dated terraces of the Fanuj catchment 
have exposure ages scattered from 13 ± 1 ka to 
119 ± 9 ka (Fig. 7). Plotting age versus incision 
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values yields a homogeneous mean rate of 0.41 
mm/a. Two samples did not fi t the 95% interval 
confi dence curve, yielding higher (C-T2) and 
lower (E-T1) incision rates (Fig. 7). C-T2 is one 
of the six staircase terraces of site C. The anom-
alously high incision rate (0.8 mm/a) is attrib-
uted to the recent activity of a mapped splay of 
the Gativan thrust (Fig. 2). Conversely, the low 
incision rate (0.17 mm/a) obtained from E-T1 
may be inaccurate due to variations of E-T1 
alluvial thickness and its fan-terrace characteris-
tic, as exhibited by angular gravels in the trench 
dug into the tread. Therefore, we excluded this 
sample from the fl uvial incision plot.

Nikshahr Catchment

Nikshahr River (Fig. 9) incised in narrow 
gorges in North Makran where several allu-
vial surfaces line the bedrock-controlled and 
mostly bedrock-fl oored channel. The matrix-
supported profi le of these surfaces and their 
thick (>20 m) colluvial cover of angular clasts 
(>10 cm) indicate mass-wasting and hillslope 
processes. Therefore we did not consider them 

for this work. A knickpoint at ~125 km from the 
mouth occurs where the river cuts through the 
so-called Bashakerd thrust, the tectonic bound-
ary between North and Inner Makran (Fig. 2; 
Dolati, 2010). Below this location, Nikshahr 
River abandoned mainly <3-m-thick strath ter-
race deposits of fl uvial gravel and pebbles on 
Oligocene–Miocene turbidites and marls, down 
to ~40 km from the coast, where the river fl ows 
onto the alluvial coastal plain.

Two levels have been mapped at site H 
(Fig. 2). The highest, H-T1, 51 m above the 
present-day channel, has been sampled for spa-
tial and temporal correlation.

Well-preserved terraces developed large pla-
nar surfaces in tectonic basins bounded by the 
Ghasr-e-Ghand and Chah-Khan thrusts at sites 
I and J (Fig. 2). At site I, four paired levels are 
each capped by thin (<2 m) veneers of gravel 
(Fig. 10A). They are 35 (I-T1) to 16 m (I-T4) 
above the contemporary river bed. A sample 
was collected from each (Table 1). A depth pro-
fi le was sampled in I-T4.

Another knickzone occurs ~80 km from the 
mouth, where Nikshahr River is deeply incised 

through the so-called Rahde-Gardz anticline 
(Fig. 2). Five levels of variably tilted (Fig. 10B), 
1–3-m-thick strath terraces were abandoned at 
site J, in the downstream knickzone (Table 1). 
J-T1 stands 106 m and J-T5 8 m higher than the 
modern channel.

The 10Be exposure ages of strath terraces along 
Nikshahr River vary between ca. 20 and 135 ka 
(Table 2). The mean incision rate obtained from 
the age-elevation plot is 0.37 mm/a (Fig. 7). 
J-T1 and J-T4 do not fi t the 95% interval confi -
dence boundary. This spatial change in incision 
rate is attributed to ongoing amplifi cation of the 
Rahde-Gardz anticline (Haghipour et al., 2012).

Pishin Catchment

The Pishin catchment has a northwest-south-
east orientation that makes it different from other 
catchments, where the main rivers fl ow nearly 
north-south. We surveyed fl uvial terraces in the 
two main trunks, Peer Sohrab in the west and 
Sarbaz in the east (Fig. 2), which join together 
~60 km from the mouth. Noting that the spac-
ing between the mouths of the Sedij, Fanuj, 

10μm

10μm 10μm

10μm

A B

DC
Figure 6. Scanning electron microscope images showing the well-preserved aragonite texture of dated shells. Elongate to pris-
matic sections and bladed crystal outlines typify primary, acicular aragonite and/or calcite pseudomorphs after aragonite.
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and Nikshahr Rivers is regular, and about half 
that between the Nikshahr and Pishin mouths 
(Fig. 3), we suspect that the Peer Sohrab River 
has been deviated eastward and joined the Sarbaz 
River. The upstream part of both rivers incised 
upper Eocene to lower Miocene turbidites of 
Inner Makran (Fig. 2). Both rivers are defl ected 
from their bulk north-south fl ow direction along 
the northern side of the anticlinal ridge in the 
hanging wall of the Gativan thrust. Further south 
(on the middle parts of the rivers), the studied 
fl uvial terraces were mainly located on Miocene 
siltstone and marl with calcareous sandstone.

Two sites were investigated along the Peer 
Sohrab River, which displays two prominent 
knickpoints, one where it cuts the Gativan thrust 
(~115 km from its mouth) and the other where it 

cuts the Chah-Khan thrust (Fig. 2). Three strath 
terraces were distinguished at site K, where the 
river cuts the Gativan thrust. We sampled the 
highest (K-T1, 79 m above the modern channel) 
and the lowest (K-T3, 15 m above the modern 
channel) terraces. The alluvial caps of these two 
levels are very thin (<1 m). The same three lev-
els have been dated between sites K and L by 
Kober et al. (2013).

Site L is located ~50 km (straight distance) 
from site K (Fig. 2). The two extensive, paired 
strath terrace levels 56 m (L-T1) and 23 m 
(L-T2) above the present river channel were 
sampled. L-T1 is folded. Its alluvial part con-
sists of ~3 m of consolidated, coarse conglom-
erate. L-T2 is a planar surface that extends for 
several kilometers.

Five sites were investigated along Sarbaz 
River, which is divided into four segments by 
the three knickpoints that coincide with the 
still-active Pishamak (between Northern and 
Inner Makran), Gativan (the most prominent), 
and Chah-Khan thrusts (Fig. 2; Haghipour and 
Burg, 2014).

Site M, on a main west-east–fl owing tribu-
tary (Fig. 2), exposes three terrace levels. We 
sampled only M-T1, which has 7-m-thick fl u-
vial fi ll and stands 23 m above the present-day 
river channel.

Site N (Figs. 2 and 11) also shows three ter-
race levels characterized by thick (>30 m), 
clast-supported alluvial fi lls representing a mas-
sive aggradational stage (Figs. 4E and 4F). This 
volume of alluvium was not observed anywhere 
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else. After fi eld observation, we determined 
that these terraces were related to rapid fi ll-
ing of east-west–trending, fl at synclinal basins 
within which the river course has been defl ected 
behind the ramp and/or fault-propagation anti-
cline formed on the hanging wall of the Gativan 
thrust (Dolati, 2010; Fig. 2). The lack of lake 
deposits suggests that these intra-mountainous 
basins were not closed, but the growth of the 
ramp anticline partly obstructed the river fl ow. 
We collected samples from these three paired 
levels, which are 67, 43, and 36 m above the 

modern channel. N-T1 is tilted (Fig. 4E). We 
took samples from a depth profi le in N-T3. A 
very high terrace (NN-T1, 4-m-thick fl uvial 
deposits, 75 m higher than the modern channel) 
was sampled near Firuzabad, to the north of site 
N (Fig. 2), for correlation.

At site O (Fig. 2), four strath terraces stand 
113 (O-T1) to 57 m (O-T4) higher than the pres-
ent-day Sarbaz River (Fig. 4G). They represent 
an abandoned, now-dry stream fl owing into the 
adjacent Torbat catchment, largely developed 
in Pakistan. The geomorphological characteris-

tics of site O denote capture after deposition of 
O-T4 of an old, topographically higher Torbat 
river system by the Sarbaz River (Haghipour 
and Burg, 2014). We collected samples from the 
highest (O-T1) and lowest levels (O-T4).

At site P (Figs. 2 and 11), the two paired lev-
els P-T1 and P-T2 consist of thin (1–2 m) allu-
vial caps (Table 1). They can be followed for 
several kilometers and stand 38 and 19 m above 
the modern channel. Their morphology and 
exposure ages of 99 (P-T1) and 34 ka (P-T2) 
make them comparable to T1 and T2 terraces 
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of sites A, B, F, and H in the Sedij, Fanuj, and 
Nikshahr catchments. The modern channels at 
fi ve sites along the Pishin catchment were sam-
pled (Fig. 3; Table 1).

The 10Be exposure ages obtained from the 
Pishin catchment span from ca. 20 to ca. 380 ka 
(Table 2). The morphological sequence of fl u-
vial terraces differs in age from site to site along 
both Peer Sohrab and Sarbaz Rivers. Recent 
activity of the thrusts mapped in the geological 
basement is responsible for this bias and dislink-
age of fl uvial sequences. Consequently, the age-
elevation plot does not show a good fi t for all 
samples of this catchment. Yet, the mean inci-
sion rate derived from all samples of the Pishin 
catchment is 0.3 mm/a. Samples K-T1, O-T1, 
and O-T3 do not fall in the 95% interval con-
fi dence boundary and yield incision rates >0.3 
mm/a (Table 2). This deviation refl ects recent 
activity of the Gativan thrust and also the river 
capture where O-T1 and O-T3 samples were 
taken (Fig. 7). Conversely, samples L-T2, N-T3, 
and M-T1 yield incision rates of <0.2 mm/a. 
These samples represent fi ll terraces with rela-
tively thick (>30 m) alluvial caps. The exposure 
ages for N-T3 and M-T1 are around 140 ka. The 
local presence of such thick sediments and their 
deep incision can be explained, in the absence 
of glacial evidence, by a change in local chan-
nel slope due to tectonic activity on the Gativan 
thrust, which also caused a local increase in 
discharge. Field checking confi rmed this inter-
pretation, as these surfaces are tilted and folded 
(Fig. 4E).

Depth Profi les

Deep depth profi les slightly more than 2 m 
deep were dug and sampled in terraces I-T4 
(Nikshahr catchment; Fig. 12B) and N-T3 
(Pishin catchment; Fig. 12A). The thickness of 
the alluvial cap in the two depth profi les (~2 m) 
is the minimum pit depth required to access 
the amount of TCN inheritance (Anderson 
et al., 1996).

We applied the geologically constrained 
Monte Carlo approach from the best model 
fi t of 100,000 solutions (Hidy et al., 2010) to 
determine the 10Be model ages of these sur-
faces, which are 120 ± 10 ka for N-T3 and 15 ± 
1 ka for I-T4. In N-T3, the 10Be concentrations 
plot on an almost perfect curve of exponential 
decrease with depth. The deepest sample in 
I-T4 does not fi t the theoretically exponential 
depth versus nuclide concentration relation-
ship (e.g., Anderson et al., 1996; Gosse and 
Phillips, 2001). Excluding this sample from the 
simulation, the other measurements fi t well the 
downward exponential decrease in 10Be nuclide 
concentration. This agreement falls in line with 
the principle of longevity of desert pavement 
stability (e.g., Haff and Werner, 1996; Matmon 
et al., 2009). No stratigraphic feature or internal 
bedding was found in these two depth profi les. 
Their homogeneity (Fig. 12) strongly suggests 
that sedimentation of the gravel happened dur-
ing one event over a short time period. Accord-
ingly, we assumed a constant bulk density (~2.4 
g/cm3) of sediment through the terrace profi les. 

The estimated inheritance from best fi t in N-T3 
is 1.1 × 105 atoms/g SiO2 and 0.4 × 105 atoms/g 
SiO2 in I-T4. This result indicates that inheri-
tance may alter ages younger than 20 ka but 
has a very small effect on the dating of older 
terraces.

Active Channels

Another approach to estimate the inherited 
nuclide component is to analyze samples from 
the active channel (Repka et al., 1997; Han-
cock et al., 1999), assuming that erosion and 
discharge have not changed since the deposi-
tion time. However, the assumption behind this 
approach is not systematic and may lead to mis-
interpretation of true ages (e.g., Schaller et al., 
2004). We collected 11 amalgamated samples 
from the active main trunks to determine pres-
ent-day cosmogenic inheritance (Table 1).

The 10Be concentration in modern channel 
samples varies between 0.5 × 105 and 2.1 × 105 
atoms/g. These values are equivalent to apparent 
ages of 11 ± 1 ka and 48 ± 4 ka, respectively. The 
agreement between concentration accumulated 
in river bed samples and concentration from 
depth profi le samples (Table 1) suggests that the 
current source of pebbles has not signifi cantly 
changed over the last few thousand years. The 
similarity of concentration in modern channels 
and the lowest terrace surfaces (e.g., C-mch and 
C-T6, K-mch and K-T2, Table 1) further sug-
gests that modern samples are reworked from 
older terraces. Yet, the 10Be concentrations in the 
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Figure 10. (A) Four levels of strath terraces at site I (Fig. 2) along Nikshahr River (GPS: 26°01′02.84″N, 
60°08′41.45″E). (B) Tilted fl uvial terraces at site J (Fig. 2) along Nikshahr River (25°49′19.88″N, 60°08′00.24″E).
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two depth profi les are lower than those of modern 
channels. Therefore, concentration values from 
modern channels cannot be used as the amount 
of the inheritance component everywhere.

14C Dating of Marine Terraces

The 14C ages obtained from our samples clus-
ter in two groups: Holocene (MT-12-01A at 
5165 ± 25 yr B.P. and MT-12-01B at 4873 ± 25 
yr B.P.) and Pleistocene (MT-12-02 at 41,482 ± 
1057 yr B.P. and MT-12-03 at 41,567 ± 1068 
yr B.P.; Table 3; Fig. 13). Calculated uplift rates 
are 1.7–2.3 mm/a for Pleistocene terraces and 
2.5–5 mm/a for Holocene terraces. These rates 
are higher than previously reported but still 
indicate an increase in Holocene time as pointed 
out by Page et al. (1979). However, our new 
Pleistocene ages are very close to the limit of 
14C dating; therefore, they must be considered 
as minimum ages, and caution should be taken 
for interpretation.

Comparison Between Incision Rate 
and River Gradient

In general, the average KSn values increase 
eastward with a positive relationship between 
channel steepness and incision rate (Fig. 14). 
The KSn values and calculated incision rates do 

not show remarkable changes along Sedij and 
Fanuj Rivers. Conversely, marked but local-
ized changes in KSn and incision rates along 
Nikshahr, Sarbaz, and Peer Sohrab Rivers 
are clearly associated with faults and/or folds 
mapped in the bedrock, the Gativan thrust being 
the most prominent, with the highest KSn values 
and an incision rate of >0.5 mm/a. Therefore 
the spatial changes in KSn and incision rates 
refl ect differential and tectonically driven rock 
uplift. Folded and tilted terraces in the vicinity 
of active structures are additional evidence for 
current deformation.

DISCUSSION

Age Uncertainties and Resolution

Although the surface exposure age method 
provides useful constraints on intermediate time 
scales (103–105 yr), the age accuracy suffers 
from several sources of uncertainty. In particu-
lar, TCN ages from surface clasts may be over-
estimated if the clasts have acquired measurable 
TCN concentrations prior to fi nal deposition 
(inheritance). Conversely, TCN ages may be 
underestimated if the clasts have been recently 
exhumed or weathered. Inheritance uncertainties 
have far more impact on determining the TCN 
ages than uncertainties in absolute production 

rates and scaling factors (e.g., Ivy-Ochs et al., 
2012). Total analytical errors on ages includ-
ing production rates (10%), accelerator mass 
spectrometry measurements (3%–4%), and 
chemical processing (1%–2%) are ~10%–15%. 
The largest analytical uncertainty comes from 
site estimation of production rate (e.g., Gosse 
and Phillips, 2001). To approach uncertainties 
related to inheritance and erosion components, 
we corrected our ages to measured inheritance 
and erosion. Samples older than 20 ka are not 
affected by inheritance. Another argument for 
small inheritance is that we did not observe any 
relationship between amount of nuclide concen-
tration and river length (longer traveling time 
causes more inheritance and therefore older 
ages). The good consistency between obtained 
ages and the morphostratigraphy of the terraces 
is further evidence for minor inheritance effect.

The surface condition and pavement of sam-
pled terraces record very little erosion out of 
small, lowest-order, narrow and dry, ephemeral 
rills and thalwegs, and bear no anthropogenic 
disturbance (Figs. 4A and 4B). The preserva-
tion of terraces as old as ca. 379 ka suggests 
that the erosion rate is ≤1 cm/k.y. This is much 
smaller than the few centimeters per thousand 
years reported by other studies of quartz-rich 
river sediments in tectonically quiescent land-
scapes under similar climate regimes (e.g., 
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Clapp et al., 2002; Matmon et al., 2009). The 
estimated erosion rate from the space solution 
plot for the old N-T3 surface is 0.07 cm/k.y., 
and 0.05 cm/k.y. for the younger I-T4 surface. 
These results, based on minimum age values, 
confi rm that the mean erosion rate is very low. 

Because there is no independent estimate of ero-
sion rate in Makran and adjacent areas, we mod-
eled the exposure ages for a constant maximum 
denudation rate of 1 cm/a while allowing for net 
erosion to vary between 0 and 30 cm using the 
approach of Hidy et al. (2010) (Table 2).

Age Correction and Resolution

One may dispute the reliability and resolution 
of exposure ages, and thus the interpretation we 
make from their distribution, if both inheritance 
and erosion corrections are not introduced.

For age correction, we applied to each dated 
site the consistent inheritance obtained from 
depth profi les and modern channels (Table 2). 
We also applied a minimum (0.05 cm/k.y.) and 
maximum (1 cm/k.y.) erosion rate to generate 
modeled ages.

Ages between 20 and 270 ka exhibit very 
small (within error) shifts from uncorrected to 
modeled values. Accordingly, these ages have a 
good resolution. Conversely, ages younger than 
20 and older than 270 ka shift dramatically with 
correction and therefore lose their robustness 
(Fig. 15; Table 2). Therefore the usefulness of 
quantitative estimates on incision rates is brack-
eted between these two ages.

Climatic and Tectonic Forcing

The coexistence of several levels of fl uvial ter-
races generally results from alternating incision 
and aggradation events linked to rhythmic varia-
tions in climate and/or base level. An important 
question was whether the river dynamics were 
sensitive to climate variability or infl uenced by 
the tectonic evolution of the Makran wedge. 
The distribution of exposure ages obtained in 
this work helps to answer that, in Makran, both 
tectonic and climatic forces controlled river 
incision, with obvious intervention of tectonic 
forcing in the eastern part of the study area.

The reliable 10Be exposure ages (with zero 
erosion and negligible inheritance) range 
between 20 and 270 ka. They correspond to 
both glacial and interglacial episodes and are 
interpreted as follows. (1) Age clusters between 
15 and 22 ka and between 85 and 120 ka corre-
spond to the Last Glacial Maximum MIS 2 and 
interglacial marine MIS 5, respectively (Fig. 
15). The ~20 ka terrace has also been identifi ed 
in western Makran (Regard et al., 2006). Having 
argued that basement erodibility is not a factor, 
we can only attribute the widespread consis-
tency in age and morphological classifi cation 
of the terraces belonging to these two clusters, 
over four adjacent catchments and away from 
coastal regions, to external, regional processes 
like climate. Moreover, stages MIS 2 and MIS 5 
coincide with global formation of terraces (e.g., 
Bridgland and Westaway, 2008). In addition, 
paleoclimate studies reveal MIS 5 as a wet 
period in the area (e.g., Burns et al., 1998). The 
corresponding wide surfaces indicate that their 
straths were preserved during river widening. 
(2) Ages between 130 and 180 ka correspond  to 
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the glacial MIS 6. Their location on the hang-
ing wall of active structures such as the Gativan 
and Chah-Khan thrusts (Haghipour et al., 2012) 
indicates that they represent local base-level 
changes in response to tectonic forces. (3) Aban-

donment ages between 50 and 60 ka correspond 
to MIS 3 (Fig. 15). They were obtained from 
local and narrow surfaces in the Fanuj catch-
ment (Fig. 8). Field evidence suggests that they 
are the products of lateral incision subsequent 

to transient disturbance of the main river chan-
nel. (4) The terraces dated at 220 ka (i.e., MIS 
7) are wide and continuous. The incision rates 
derived from these surfaces (~0.3 mm/a) match 
the regional steady-state rate and also the 180–
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200 ka continental pluvial period recorded in 
the speleothems of Hoti cave in northern Oman 
(Fleitmann et al., 2003). These two observa-
tions suggest climate-driven formation. The 
>5-m-thick alluvial deposits indicate aggrada-
tion. (5) Terraces younger than 20 ka and older 
than 270 ka are diffi cult to interpret because sur-
face erosion and nuclide inheritance may have 
disturbed the actual age.

In summary, the widespread consistency of 
dated surfaces and the inferred steady-state 
incision rate (~0.3–0.5 mm/a) support that cli-
mate fl uctuations played a role in terrace devel-
opment. The globally most accepted reason for 
climate-driven genesis of terraces is glacial-
interglacial transition (Westaway, 2002). How-
ever, the standard error in TCN numeric ages 
does not allow such precision in this study. The 
measured age populations corresponding to 
MIS 2, 5, and 7 in Makran have a 100 k.y. peri-
odicity comparable to that of the Milankovitch 
cycles over the last 500 k.y. (Hays et al., 1976), 
which supports the interpretation of the corre-
sponding terrace abandonment as climatic sig-
nals. In contrast, the scattered preservation of 
terraces yielding unsteady incision rates (>0.5 
mm/a) near active faults and folds indicates tec-
tonic forcing on the formation of disconnected 
surfaces. This conclusion is further supported 
by coincidence of high incision rates with high 
KSn values and fi eld observation of structures 
with typical geomorphological traits of active 
tectonics. However, equally strong monsoons 
in the northern Arabian Sea in both glacial and 
interglacial stages have been reported (Clemens 
and Prell, 2003).

Uplift Rates

Incision can be used as a proxy for tectonic 
uplift if incision kept pace with regional uplift 
(e.g., Burbank and Anderson, 2001; Pazzaglia 
and Brandon, 2001) and the river were not 
adjusting to isostatic and/or eustatic changes. 
Some studies argued that a river never reaches 
a state of equilibrium, so that its terraces can-
not be used to infer vertical tectonic move-
ment (Kiden and Tornqvist, 1998). We did not 
observe any sign of reoccupation of the straths 
by a younger channel, and we excluded fi ll ter-
races for incision and/or uplift rate calculation. 
The results show that the mean rates of fl uvial 
incision in Pleistocene times (regionally ~0.3 
mm/a) are similar to uplift rates previously 
inferred from marine terraces of the Iranian 
Makran coast (0.1–0.4 mm/a; Page et al., 1979). 
This similarity suggests that the same tectonic 
regime caused uplift of both the fl uvial terraces 
and the marine terraces together. This is likely 
the surface uplift rate subsequent to distributed 

internal strain in the onshore Makran accretion-
ary wedge. Coastal uplift was apparently faster 
in Holocene times (2 mm/a after Page et al. 
[1979], 3 mm/a in this study). The difference in 
Pleistocene and Holocene uplift rates does not 
appear in uncorrected data of the studied fl uvial 
terraces. Therefore, we attribute high Holocene 
coastal uplift rates to surface uplift along the 
shoulders of large normal faults (Figs. 5F and 
5G) known near the coast and offshore (Grando 
and McClay, 2007; Burg et al., 2012). However, 
direct comparison of geologic process rates 
in different time scales is not always reliable 
because these processes depend on the mea-
sured time interval (Gardner et al., 1987).

CONCLUSION

We produced absolute ages of the fl uvial ter-
races over a large area of the onshore Makran 
accretionary wedge. The 10Be exposure ages 
range between 13 and 380 ka. Terraces younger 
than 20 ka and older than 270 ka are diffi cult 
to interpret because surface erosion and nuclide 
inheritance may have disturbed the actual ages. 
These results highlight the problems one may 
face in dating surfaces assuming no erosion and 
negligible inheritance for very old (>300 ka) 
or very young (<20 ka) terraces in regions like 
Makran, with semi-arid climate and moderate 
tectonic activity.

Rivers have drained and erodeed central 
Makran since at least 340 ka and have, since 
then, undergone several cycles of incision and 
aggradation.

Two major, regional levels are correlatable 
over the four adjacent catchments mapped in 
central Makran. This geographically wide-
spread correspondence suggests that the genesis 
of these two terrace levels is associated with a 
regional, climatically driven force at the transi-
tion between glacial and interglacial periods . 
The older probably dates from MIS 5; the 
younger correlates with MIS 2.

The comparison of incision rates in differ-
ent, adjacent catchments enables distinguishing 
between a regional mean rate of 0.3–0.4 mm/a 
and higher (0.8–1 mm/a) local incision and/or 
uplift rates. The similarity between regional fl u-
vial incision rates and Pleistocene coastal uplift 
rates (0.2 mm/a) constrained by uplifted marine 
terraces supports the inference that rivers in 
the study area responded to a long-term inter-
play between climatically driven incision and 
tectonically driven surface uplift in this region. 
The latter refl ects uniform, steady-state wedge 
growth during Quaternary times. However, 
perfect steady state is unlikely on short length 
scales, with local instabilities in response to 
localized deformation.
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