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S U M M A R Y
The Zendan–Minab zone is the transition zone between the Zagros collision to the west and
Makran subduction to the east. It is also linked to the north with the Nayband–Gowk fault system
that bounds the Lut Block to the east. The total convergence rate between Arabia and Eurasia is
estimated to range between 23 and 35 mm yr−1 in a NNE-trending direction. The deformation
through the Minab–Zendan system is accommodated within two fault systems, the western
N160◦E-trending Minab–Zendan fault system and the eastern north–south Sabzevaran–Jiroft
fault system. The study area is characterized by a well-defined succession of Quaternary deposit
levels. The age of these deposits was estimated by archaeological data, regional palaeoclimate
correlations and constrained by additional in situ 10Be dating in another paper in this study.
These deposits exhibit offsets, both lateral and vertical, that are evaluated by satellite image
analysis and GPS profiles. Thanks to offsets and ages the strike-slip rates associated with the
Minab–Zendan and the Sabzevaran–Jiroft fault systems are calculated to be 5.1 ± 1.3 or 6.6 ±
1.5, and 6.2 ± 0.7 mm yr−1, respectively. These results allow an evaluation of the velocity
vector of the Musandam Peninsula (Oman) with respect to the Lut Block of 11.4 ± 2.0 or
12.9 ± 2.2 mm yr−1 in a N10 ± 15◦E direction, close to the GPS estimates. This study also
constrains the in-plane slip rates for each fault.

Previous works indicate that the Zagros accommodates only 10 mm yr−1 of shortening,
while 10 mm yr−1 should be accommodated by the Alborz mountains in northern Iran. This last
10 mm yr−1 may be accommodated through the Nayband–Gowk system and the East Iranian
ranges, implying that the two fault systems constituting the Zagros–Makran transfer zone
have different geodynamic roles. The western Minab–Zendan fault system links the Makran
and Zagros deforming zones, whereas the northwestern Jiroft–Sabzevaran fault system is
transmitting the deformation to the Nayband–Gowk system and then to the Alborz ranges.
The presence of another such strike-slip zone within the Makran seems to indicate that the
accommodation zone between the Zagros and Makran is wide, of the order of 400 km. We
interpret this deformation pattern that accompanies the genesis of the immature transform zone
by a flexure of the slab under the Zagros–Makran transfer zone instead of a tear in the slab that
may be expected to induce a sharper transition zone.
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1 I N T RO D U C T I O N

Iran is located within the convergence domain between the
Arabian and Eurasian plates. The Arabian–Eurasian convergence
off the Hormoz Strait (26.5◦N; 56.5◦E) is trending north to NNE
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Figure 1. Geodynamic setting of Iran and adjacent areas. The main geodynamic structures are indicated and the study area is indicated by an open rectangle.
In this paper we mention the evaluations of GPS relative motion between Arabia and Eurasia of Sella et al. (2002) and Vernant et al. (2004). The estimate
of the Zagros shortening comes from the GPS study of Tatar et al. (2002), and that of strike-slip motion on the boundaries of the Lut Block is from Vernant
et al. (2004). 1, Minab–Zendan fault system; 2, Nayband–Gowk fault system; 3, Neh–Zahedan fault system (East Iranian ranges); 4, Chaman fault; MZT, Main
Zagros Thrust.

(Fig. 1). Estimates of the convergence rate range from 35 mm yr−1

according to the NUVEL-1 model (DeMets et al. 1990) to about 23–
25 mm yr−1 deduced from GPS measurements (Bayer et al. 2003,
2005; McClusky et al. 2003; Vernant et al. 2004).
The northwest-striking Zagros fold and thrust belt is an active conti-
nental collision zone that corresponds to a continental accretionary
prism within the Arabian Plate, which accommodates about 10 mm
yr−1 of NNE-trending shortening, between Arabia and Asia (Alavi
1994; Talebian & Jackson 2002; Tatar et al. 2002; Blanc et al.
2003). To the east, the east-striking Makran belt is the emerged
portion of an accretionary prism resulting from the subduction of
the Oman Gulf oceanic lithosphere beneath the Iranian Platelet
(Byrne et al. 1992; McCall 1997; Kopp et al. 2000). A NNW-
trending deformation zone, the oblique reverse-dextral Minab–

Zendan fault system, connects the western Makran to the eastern
Zagros deformation domains (Fig. 2) (McCall & Kidd 1982; Regard
et al. 2004).

Zagros is a northwest-trending fold and thrust belt made up of
a 6 to 15 km thick sedimentary pile which overlies a Precambrian
metamorphic basement (McCall et al. 1985; McCall 1997). The
sedimentary cover can be divided into three successive sequences:
Precambrian to lowermost Cambrian shallow water platform de-
posits with thick evaporitic layers at the base; a Carboniferous to
Cretaceous carbonate sequence platform (Faure-Muret & Choubert
1971; Farhoudi 1978); and uppermost Cretaceous to Recent syn-
orogenic deposits which consist of intertongued platform carbon-
ates and siliclastic sediments (Alavi 1994). GPS measurements esti-
mated that 10 ± 4 mm yr−1 of shortening is currently absorbed by the
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The Zagros–Makran transfer zone 179

Figure 2. (a) Map of the study area and the active faults therein. Continuous lines are the confirmed active faults and dashed lines the active faults inferred
from satellite images (Regard et al. 2004). We add the sites visited during the field study. Sites labelled in bold italic type are sites where fault slip offsets were
measured. Triangles show the main mountain summits and circles are villages. Open circles represent the seismicity recorded by global seismological networks
for the period 1973–2002 (NEIC 2002). JF, Jiroft Fault; KF, Kahnuj Fault; MF, Minab Fault; PF, Palami Fault; SF, Sabzevaran Fault; ZF, Zendan Fault. The
locations of the cross-section of Fig. 3 and of the other figures are shown. The only focal mechanism clearly related to the zone corresponds to a CMT solution
(CMT 2002). Parts (b) and (c) are enlargements of parts of (a) for the Minab area and for the Jiroft–Sabzevaran fault system area, respectively.

Central Zagros deformational belt (Tatar et al. 2002). This value is
in agreement with the long-term deformation rate determined from
balanced cross-sections by Blanc et al. (2003).

Active since the Late Oligocene (Harms et al. 1984), the Makran
is an accretionary wedge fed by detrital sediments from the Hi-
malayan belt and deposited in the Arabian Sea and the Gulf of
Oman (Garzanti et al. 1996; Fruehn et al. 1997; Kopp et al. 2000).
Its mean elevation is about 1500 m and its across-strike width 400–
600 km (Byrne et al. 1992). The wedge front propagates seawards
with an estimated rate of about 10 mm yr−1 (White 1982).

North of the active accretionary belts, the Eurasian Plate is de-
formed in its interior up to 40◦ north on the east-striking Alborz

and Kopet-Dagh mountain belts (Fig. 1). Between the two belts, the
deformation is accommodated by two large-scale fault belts, namely
the Nayband–Gowk and Neh–Zahedan north-trending fault systems,
separating the relatively undeformed Central Iran, Lut and Hel-
mand blocks (Fig. 1). The lateral displacement along the Nayband–
Gowk and Neh–Zahedan fault systems has been estimated as about
2 mm yr−1 (Walker & Jackson 2002) and 15 mm yr−1, respectively
(Freund 1970; Tirrul et al. 1983; Walker & Jackson 2002). The
rates estimated in Walker & Jackson (2002) made the assumption
that the faults are 5 Myr old, and that the present-day shear across
eastern Iran is 20–25 mm yr−1 based on global plate circuits. It is
now known from GPS that there is only 15 mm yr−1 of shear in
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Figure 2. (Continued.)

eastern Iran (Vernant et al. 2004), and so the rates implied for the
Sistan faults in Walker & Jackson (2002) are probably too high.
The main point here is that the total amount of shear in the eastern
Iranian ranges is much more than across the Gowk–Nayband Fault.
The Central Iranian Plateau is moving northwards with respect to
Eurasia with a velocity deduced from GPS measurements of 13 ± 2
mm yr−1 (Nilforoushan et al. 2003; Vernant et al. 2004), or of 15–20
mm yr−1 from reconstruction based on NUVEL-1 (DeMets et al.
1990; Jackson et al. 1995, 2002), this convergence velocity being
accommodated through the Alborz and the Apsheron–Balkan belts.
To the east, the Lut Block drifts northwards at a rate of about 6.5 ±
2 mm yr−1, while the Helmand Block does not seem to move with
respect to Eurasia (Walker & Jackson 2002; Vernant et al. 2004).

Seismicity, as recorded by global seismic networks and histori-
cal records (Berberian & King 1981; Kadinsky-Cade & Barazangi
1982; NEIC 2002), indicates a relatively low level of seismic ac-
tivity in the study area, shallow earthquakes being mainly located
within the Zagros as a wide seismic cluster, northwest of the Minab–
Zendan fault system (Fig. 2).

The NNW-trending reverse-dextral Minab–Zendan fault system
permits transfer of the deformation from the Zagros to the Makran

prisms. Taking into account its location at the plate boundary and its
NNW trend that is drastically oblique with respect to the direction
of the convergence, the Minab–Zendan fault system could have two
major roles on a lithospheric scale: (1) to accommodate the plate
convergence obliquity and (2) to transform the Zagros collision
process into the Makran subduction. Preliminary study shows that
this transfer is accommodated by combined reverse and right-lateral
faulting, distributed over a wide domain (Regard et al. 2004). To
the west, three major NNW-trending faults constitute the Minab–
Zendan fault system, the Minab, Zendan and Palami faults, while
three north-trending faults, the Sabzevaran, Jiroft and Kahnuj faults
(Jiroft–Sabzevaran fault system, Fig. 2), affect the eastern part of
the studied zone.

Tectonic study and fault slip-vector analyses indicate that two dis-
tinct tectonic regimes have occurred successively since the Miocene
within a consistent regional northeast-trending compression
(Regard et al. 2004):

(1) A Late Miocene to Pliocene tectonic regime characterized by
partitioned deformation, between reverse faulting and right-laterally
arranged en echelon folding.
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Figure 3. Schematic profile through the Minab anticline and the Zendan chain (see Fig. 2 for location). The faults within the cross-section suggest a flower
structure. A–A′–A′′: entire cross-section. A–A′: zoom of section A–A′′ (highlighted by the dashed line over section A–A′′)—unscaled schematic cross-section
showing the stratigraphic position of the Quaternary alluvial deposits. Left: stratigraphic sequence of the Minab area, including Quaternary terraces, modified
after McCall (1997).

(2) Since Middle–Late Pliocene, a N45◦E-trending σ 1 axis trans-
pressional regime that homogeneously affects the region, mainly
producing faulting.

This last regime corresponds to the present-day one and pro-
duces reverse-dextral displacements along the Minab–Zendan fault
system. Only one large earthquake (M w = 5.9, 1983 July 2, latitude
26.3◦N, longitude 57.2◦E; Fig. 2) recorded by the global seismic
network highlights the activity of the present-day kinematics of the
studied area. The focal mechanism provided by the Harvard CMT
database gives evidence for a right-lateral component on a N05◦E-
trending (for a dip of 42◦E) focal plane (Dziewonski et al. 1981;
CMT 2002), consistent with the regional orientation of the struc-
tures and agreeing with the fault system kinematics. The Minab,
Zendan and Palami faults connect the Main Zagros Thrust (MZT)
with different thrusts of the inner Makran. Consequently, the total
expected slip rate of the Minab–Zendan fault system is increasing
northwards, by the progressive addition of the slip of each Makran
thrust. In addition, the Jiroft–Sabzevaran fault system is linked to the
north with the Nayband–Gowk fault system, contributing to transfer
convergence deformation northward of Iran, i.e. to the Alborz and
Kopet-Dagh deformation belts.

Here we present a quantitative analysis of the Quaternary slip
rate of each individual fault segment of the fault systems based
on detailed mapping of the active fault traces using SPOT im-
ages, aerial photographs and field survey. The investigated area ex-
tends over the transition zone between Zagros and Makran, north-
east of the Hormoz Strait. On selected sites, a detailed survey of
surface morphology has been made using topographic linear pro-
files with differential GPS. The age of deformation has been esti-
mated by dating Quaternary alluvial fan abandonments using in
situ-produced 10Be concentrations and/or deduced from archae-
ological investigations (Regard 2003). This data set will furnish
solid constraints to define the role of the both Minab–Zendan and
Jiroft–Sabzevaran fault systems within the accommodation of the
relative motion between the Arabian, Iran and Lut blocks and
Eurasia.

2 Q UAT E R N A RY G E O M O R P H I C
F E AT U R E S

2.1 Sequence defined in the western part
of the studied zone

Pre-Quaternary formations cropping out in the studied zone have
been intensively folded and uplifted during the Late Tertiary tec-
tonic event. Since the Pleistocene, erosion of the resulting relief has
produced piedmont spreading deposits at the foot of the range es-
carpments. These series of Quaternary alluvial and colluvial sandy
conglomerate deposits constitute the youngest formations. Their
succession corresponds to a Quaternary morphoclimatic sequence
previously described by Dufaure et al. (1978) (see also Dufaure
1984; McCall et al. 1985, and Fig. 3).

During a Middle Pleistocene wet episode, folds and thrusts were
dissected by the drainage network and unconformably overlain by
detritic materials (mainly sandy conglomerates) forming a primi-
tive pediment produced by a sheetflood episode (Fig. 3). During
this period, the western slope of the Zendan range was levelled to
produce a west-dipping pediment planation of regional extent (la-
belled Qt1 in the Minab quadrangle of McCall et al. 1985). The
resulting primitive pediment morphology is a regional geomorphic
surface marked by the absence of bars and swales and by the oc-
currence of well-developed desert pavement, and that dips slightly
westwards. Geological, geomorphological and archaeological argu-
ments (Upper to Late Acheulian industry sampled at the surface
top by Thibault, unpublished work, 1977; Dufaure et al. 1978) sug-
gest an approximately Middle Pleistocene age for the sedimentary
episode that produced the primitive pediment (Acheulian is thought
to end at around 100 ka, but its boundaries are spatially varying and
not well defined in Iran). This surface may have formed during a
humid period corresponding to the deglaciation between isotopic
stages 6 and 5e, before the setting of the last interglacial conditions
(∼125 ka).

A second generation of pediment (Qt1a, Fig. 3) dated from the
early Late Pleistocene (Dufaure et al. 1978) corresponds mainly to
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coarse anastomosed alluvial terraces. This second pediment surface
provides less developed desert pavement (a less ‘regified’ surface)
and displays Mousterian (Middle Palaeolithic) industry, consistent
with an early Late Pleistocene age (∼40 ka). Again, Mousterian is
not well defined in Iran; in Europe it is thought to last from ∼100
to ∼35 ka).

The last depositional phases correspond to two Late Pleistocene
and Holocene generations of alluvial fan deposits. In the study area,
those fans are entrenched by cut and fill processes as a consequence
of lowering of the base level as a result of major external influ-
ences such as tectonism and climatic changes (e.g. Schumm et al.
1987). The spatial relationships between the alluvial fans lead to
subdivision of the alluvial fans into two units. The youngest fans,
(Qt2a in the Minab quadrangle, McCall et al. 1985), cone shaped
in plan view, are slightly incised. During deposition, they truncated
parts of the older fans, Qt2, which are affected by stream carving.
Stratigraphically lower than Qt2a, the Qt2 fans present slightly de-
graded shapes inherited from the emplacement of the Qt2a alluvial
fans (Fig. 3). They are made of poorly consolidated fanglomerate
comprising coarse debris (mainly cobbles and abraded boulders)
interbedded with silt and sand levels. Although outcrop conditions
are fairly good, no significant difference in weathering has been
observed between Qt2 and Qt2a fan surfaces. Nevertheless the two
generations of fans can be easily distinguished on aerial photographs
by their differential elevations, as well as by the different degree of
incision of their surfaces. Epi-Palaeolithic (or Mesolithic) industry
has been found on the Qt2 fan surfaces, suggesting an uppermost
Late Pleistocene age for the abandonment of the Qt2 surfaces that
could correspond to the initiation of the deglaciation ending the Last
Glacial Maximum (end of stage 2) (Sanlaville 1992). Therefore its
emplacement was achieved during the last major humid period re-
lated to glacial termination while younger Qt2a emplaced during
a minor humid period during the Holocene. These two generations
(Qt2 and Qt2a) of well-preserved fans can be correlated with alluvial
terraces recognized within the Zendan range and with alluvial fans
observed within the Rudan and Jaz Murian depressions, particularly
on the eastern slopes of the Zendan range and the Sabzevaran and
Jiroft horsts (see Fig. 2 for location).

Younger deposits, consisting of sand deposits, crop out within the
coastal plain between the folded domain and the sea.

2.2 Correlation with the alluvial fan sequences cropping
out in the eastern area

In the eastern part of the study area, that is to say to the east of
the Zendan and Palami faults (Fig. 2), McCall et al. (1985) ap-
plied the same labels as in the western, coastal, part for Late Qua-
ternary deposits, even if their geomorphic characteristics are not
strictly similar on both sides of the Zendan range. Combined geo-
morphic studies (SPOT image and field analyses) indicate that the
eastern domain of the Zendan range, i.e. the Rudan Depression and
the Jiroft–Sabzevaran fault system frontal alluvial plains, comprises
four alluvial fan units. Successive generations of fans can be distin-
guished by relative elevation, degree of surface erosion and incision
and relative levels of regification, marked by the intensity of dark
desert varnishing at their surface. Even in satellite images, they ap-
pear with strong colour variations, white, light grey or dark (Fig. 4):

(1) The lowest white fans are the youngest and represent the
current active fans. Coarse materials (up to metre-scale) lie at their
surface. By correlation with the Minab area to the west, they are
labelled Qt2a.

(2) Light grey fans are partly regified. They are labelled Qt2 but
sometimes include deposits that are related to the Qt2a deposits of
the Minab area. To avoid confusion, we labelled them as Qt2∗.

(3) Dark grey fans correspond to highly regified fans, whose
surface is dark on satellite images as well as in the field. They do
not correspond to a single event since at least two generations of
‘dark fans’ are observed. They are both labelled Qt1a on the map
by McCall et al. (1985). Thus, new labels have been added to avoid
confusion: Qt1a for the youngest of them (∼20 10Be kyr, see the
following), and Qt1a∗ for the oldest (∼45 10Be kyr).

2.3 Age of Quaternary surfaces

Accurate chronological records are critical for understanding land-
form evolution, and, in particular, alluvial fan emplacement se-
quences during local/global climatic changes. We measured in situ-
produced 10Be in quartz boulders exposed on the top surfaces of
Late Quaternary sequences; 10Be ages given hereafter correspond
to weighted means (cf. Table 1). 10Be dating is used similarly by
Brown et al. (1991), Siame et al. (1997) and Braucher et al. (2000).
Details of the dating of these exposures are reported in a compan-
ion paper (cf. Regard 2003; Regard et al. 2005), where 10Be ages
are compared with archaeological data and chronologies (collected
and processed by C. Thibault in 1977) to constrain the ages of the
successive depositional periods and to provide an insight into the
regional palaeoclimatic correlation. In the following we summarize
the major conclusions, highlighting the chronology of the abandon-
ment of the successive Quaternary deposit sequences and climatic
events:

(1) The lowest (younger) fan/terrace level was deposited during
the Holocene optimum (see, among others, Bar-Matthews et al.
1997; Burns et al. 1998; Fontugne et al. 1999; Burns et al. 2001;
Glennie & Singhvi 2002; Hoelzmann et al. 2003; Bar-Matthews
& Ayalon 2005), between 5 and 9 kyr BP. 10Be ages indicate a
surface abandonment at 5.7 ± 0.6 10Be kyr. This age is calculated
for surfaces of fans deposited at the fronts of both the Minab and
Sabzevaran faults, while at the front of the Palami Fault escarpment,
fan surfaces are dated at 9.2 ± 1.0 10Be kyr. However, this seems to
correlate with the same climatic/deposition event.

(2) The abandonment of the second Quaternary deposit sequence
is well defined thanks to epi-Palaeolithic industries sampled at its
regional surface. They indicate for this stage an age older than 10
kyr. It is consistent with the calculated exposure age of 13.6 ± 1.1
10Be kyr, which in addition is in agreement with a regional climatic
period reported at about 12 kyr BP (Sanlaville 1992; Yan & Petit-
Maire 1994; Bar-Matthews et al. 1997).

(3) A wet period between 22 and 30 kyr BP is well defined
throughout the region (Clark & Fontes 1990; Sanlaville 1992;
Fontugne et al. 1999). The local 20.3 ± 1.9 10Be kyr age for Sabze-
varan cannot be strictly related to it in a first approximation. This
can, however, be explained in two ways: either, since the minimum
10Be exposure ages are calculated assuming negligible erosion, a
low but significant erosion rate will imply an increase of that 10Be
age over 22 kyr or the fan deposition results from local effects such
as uplift. Thus, in the following, the 10Be exposure age of 22.1 ± 1.6
10Be kyr determined on correlated features will be used (cf. Table 1).

(4) Both 10Be exposure ages (mean 49.0 ± 3.8 10Be kyr) and
regional records document an important humid and depositional
period between 40 and 50 kyr BP (Sanlaville 1992; Yan & Petit-
Maire 1994; Hoelzmann et al. 2003). Because of the dispersion of
the 10Be ages the value of 42 kyr BP from the literature is preferred;
an arbitrary error of 10 per cent is associated with it. It may not be
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Figure 4. (a) SPOT satellite image of the Sabzevaran Fault. White arrows highlight its trace. The open circle gives the location of site S02 with the direction
of photograph (b). The fan sequence is clearly highlighted by the different coloration of the fans; this is due to the degree of regification of each fan surface
(evolution toward a desert pavement). (b), (c) North-facing view of the Sabzevaran Fault at site S02 and interpretative sketch. The different fan colorations are
clearly visible (modified after Regard et al. 2004).

associated with Mousterian industries since they are thought to end
near 50 kyr BP.

(5) Older humid periods are reported at around 65–70, 80,
115–120 (highly reliable), 180–210 and 300–325 kyr BP, the last
two being suggested by only one team (Burns et al. 1998; Burns
et al. 2001). Deposits associated with the Acheulian industry
were most likely emplaced during the 115–120 kyr BP or 180–
210 kyr BP humid periods. For calculations we infer an error of
10 per cent.

In summary, Dufaure et al. (1978) (see also Dufaure 1984) first
established that the Minab area, located in the western part of the

studied zone, is characterized by Quaternary alluvial deposits strati-
graphically organized in a four-level sequence. Previous investiga-
tion (Regard et al. 2004) indicates that Quaternary alluvial deposits
can be found all over the studied zone (see also McCall et al. 1985)
and that much of them are cross-cut by the fault traces and dis-
play evidence of offsets caused by fault motion. We previously
estimated the ages of these deposits with the archaeological in-
dustries discovered by Thibault (e.g. Thibault, unpublished work,
1977), and with 10Be dating (Regard 2003; Regard et al. 2005). The
first deposit of the Dufaure et al. (1978) classification (Qt2a) is an
alluvial terrace dated between 5 and 9 kyr BP. According to our
study, the second level (Qt2) corresponds to terraces or fan surfaces
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Table 1. 10Be calculated surface abandonment ages (e.g. Regard 2003; Regard et al. 2005). The assumption of negligible erosional loss results in a calculated
lower limit for surface exposure ages (Brown et al. 1991; Cerling & Craig 1994). The minimum exposure ages presented here have been calculated using 10Be
production rates estimated from the altitude- and latitude-dependent polynomials of Lal (1991). The associated uncertainties result from analytical uncertainties
based on counting statistics (1σ ) conservative assumptions of 3 per cent variability in machine response, a 50 per cent uncertainty in the chemical blank
correction and, mainly, from 10 per cent error associated with calculated production rates. 10Be indicate the abundance of 10Be in sample, and the a priori level
indicates the deposit age expected, after the field work and the mapping from McCall et al. (1985). Average weighted values and corresponding uncertainties
are calculated for the different deposition stages.

Site A priori level Sample 10Be 10Be error Production Age Age error
(104 atoms g−1) (104 atoms g−1) (atoms g−1 yr−1) (yr) (yr)

M05bis Qt2 VR00-1 6.28 0.906 5.0 12 592 1815
M05bis Qt2 VR00-2 6.53 0.968 5.0 13 095 1939
M05bis Qt2 VR00-3 9.11 1.42 5.0 18 271 2846
M06 Qt2 VR00-5 2.60 0.472 5.0 5182 940
M06 ? VR00-9 11.4 1.60 5.0 22 990 3206
M09 Qt1 VR00-11 15.7 3.18 5.1 30 977 6278
M09 Qt1 VR00-12 15.7 3.60 5.1 31 022 7108
M09 Qt1 VR00-13 89.8 22.4 5.1 183 984 45 996
M09 Qt1 VR00-15 11.3 1.79 5.1 22 359 3535
Z04 Qt2 or Qt2a VR01-16 5.85 1.49 4.7 12 383 3160
P07 Qt2 VR00-23 5.51 1.01 6.2 8881 1632
P07 Qt2 VR00-24 4.95 0.899 6.2 8006 1452
P07 Qt2 VR00-25 7.80 1.35 6.2 12 573 2179
S01 Qt1a VR01-5 47.7 5.89 6.8 71 216 8787
S01 Qt1a VR01-6 27.2 3.73 6.8 40 225 5520
S01 Qt1a VR01-8 33.0 4.38 6.8 49 069 6515
S02 Qt1a VR01-02 12.4 2.05 7.0 17 765 2942
S02 Qt1a VR01-3 12.2 2.05 7.2 17 199 2884
S02 Qt1a VR01-4 26.8 3.66 7.1 38 018 5190
S03 Qt2a VR00-20 4.73 0.887 7.9 5991 1125
S03 Qt2a VR00-21 7.78 2.19 7.9 9873 2778
S03 Qt2a VR00-22 4.30 0.890 7.9 5449 1127
S03 Qt2a VR01-19 4.37 0.915 7.5 5842 1222

assigned to the epi-Palaeolithic, from the industries they display
and dated at 13.6 ± 1.1 10Be kyr. In the Minab area, the third level
of the Dufaure et al. (1978) classification (Qt1a) displays Mouste-
rian industries (100–50 kyr BP). 10Be exposure ages performed on
geomorphologically related fans near the Sabzevaran Fault yield
two distinct deposition events at 22.1 ± 1.6 10Be kyr and 42 ±
4.2 kyr (respectively Qt1a and Qt1a∗). Finally, according to the in-
dustries it displays, the highest level of the Dufaure et al. (1978)
classification (Qt1) is assigned to the Late Acheulian age (300–
100 kyr BP). However, there may be depositional gaps in the Minab
area where Dufaure (1984) established their classification, and this
highest level may correspond to one of the deposition stages de-
scribed in the literature for that time interval, that is at around 65–70,
80, 115–120, 180–210 or 300–325 kyr BP.

3 M E T H O D O L O G Y F O R O F F S E T
C A L C U L AT I O N S

Through the study domain, the faults offset the geomorphic features
right-laterally as streams, Late Quaternary alluvial fans, etc. The
faceted spurs and vertical scarps that also mark the fault traces
indicate a coeval lateral and reverse faulting, i.e. an oblique dextral-
reverse fault slip.

Horizontal/vertical cumulative offsets of the studied geomorphic
features were attempted by surveying surface morphology. Differ-
ential GPS using two Trimble PRO XRS receivers (one as a base,
generally upstream from the fault scarps, the other one mobile, at-
tached to a hand carried pole) was used to measure three different
kinds of topographic profiles:

(1) profiles perpendicular to the fault scarp;
(2) profiles parallel to the fault trace on both sides of the fault

scarp (i.e. upstream and downstream domains) to reconstruct the
surface shape of the Quaternary deposits, for example the surface
shape of the fan envelope;

(3) profiles all along-strike river streams, i.e. from upstream to
downstream through the fault trace.

After the survey, positioning data were processed by Asset Sur-
veyor and Pathfinder Office Trimble software. When data points
were dense enough, a local digital elevation model (DEM) was pro-
cessed (Fig. 5).

Vertical offsets were estimated from profiles perpendicular to the
fault scarp. Theoretically, the envelopes of the footwall and hang-
ingwall topographic slopes are parallel. As currently used in active
tectonic studies, the vertical offset is therefore deduced from the ver-
tical distance between both envelope slopes (Fig. 6) (Avouac 1993;
Gaudemer et al. 1995; Carretier et al. 2002). However, the two en-
velopes are often not strictly parallel; in this case measurements
were made as close as possible to the scarp location to obtain the
best possible measurement. Moreover, sometimes the fans present
a rough shape due to morphogenetic processes (such as erosion)
affecting the abandonment surfaces. The profiles that indicate badly
preserved surfaces are rejected.

In many cases the alluvial surfaces we dealt with were mountain-
ous alluvial fans with a characteristic conical shape. When offset by
a fault, their upper and lower slopes are not in continuity (Fig. 7).
The 3-D shape of the fan then permits us to reconstruct the relative
position of the upthrown and downthrown walls before fault motion.
In turn, we used this property to obtain a graphic estimate through
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Figure 5. 3-D drawing of a digital elevation model of location S03 on the Sabzevaran Fault. It is measured by differential GPS and interpolated from 2-D
profiles by Matlab software. The fault trace is indicated by black arrows.
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Figure 6. Profile D measured at location S03 on the Sabzevaran Fault. The same mean slope is found for the hangingwall and footwall slope envelopes. The
vertical distance between the two slope envelopes is measured to 3.7 m. It is assumed to be the vertical offset due to the fault whose superficial trace is indicated
by the black arrow.

superposition of the upper and lower parallels to the fault profiles
(cf. Fig. 8).

Usually, vertical offsets are better defined than the horizontal
ones. Horizontal offset can be indirectly calculated knowing the
vertical displacement, slip-vector (given by striae measurement) and
fault plane geometry (azimuth and dip), as illustrated in Appendix A.

Upstream to downstream profiles through the fault trace along
river streams provide direct measurement of the lateral stream offset.
Indeed, in geographical coordinates these stream profiles allow a
direct measurement of the cumulative horizontal offset due to a
fault since the most recent of two important events—the beginning
of fault activity or the set-up of the hydrographic network. This

procedure consists of removing the effects of the fault motion by
calculating the backward motion of the fault that removes the kinks
of streams. Care must be drawn on the possibility of stream captures
(Gaudemer et al. 1989). In this study, graphical methods were used
to determine such horizontal offsets (see, for example, Fig. 9).

To complement these detailed surveys, SPOT images and aerial
photographs have been used to map the active fault traces and the
horizontal along-strike offsets, through examination of fan edges,
fan envelopes and streams incising Quaternary deposits exhibiting
large right-lateral offsets. A new method consisting of localizing the
fan median, both in the hangingwall and the footwall, was also tried.
The median is assumed to be the straight line at an equal distance
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Figure 7. True observed offset where a fault cuts a fan (schematic front view). Indeed, the local slope can induce misfits in the calculation of vertical offsets
(see Appendix C).
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Figure 8. Graphical strike-slip offset measurement for site K01. The view is a projection into a vertical plane parallel to the fault trace; the abscissa is
north–south with coordinates in metres in the UTM 40 North reference frame; the ordinate is the elevation, indicated in metres above sea level (m asl). Pup and
Pdown are two observed profiles parallel to the fault trace, upstream and downstream to the fault, respectively. Pr is Pup restored to a possible initial position
that fits the highs and lows of Pdown. The horizontal distance d between Pr and Pup represents the horizontal offset due to fault slip.

from both fan boundaries. In the absence of horizontal offset, the
hangingwall and footwall medians should meet at a fault trace; oth-
erwise, the distance between the meeting points of each median at
the fault trace represents the offset (cf. Fig. 10c). Even if this method
was successfully applied to some fans (Fig. 10c), it cannot be gener-
alized to the studied area. This method indeed requires well-defined
fan boundaries. Since fans are densely distributed in the studied
area, their boundaries have often been perturbed. In addition, this
method has to assume that the median is a straight line, implying
a local slope perpendicular to the fault and to the relieves. In the
studied area, the fans are mainly along the lateral slope of valleys
and show an important curvature, which is incompatible with the
preliminary assumption.

Average long-term slip rates along the faults were then estimated
using the previously described Late Quaternary alluvial fan aban-
donment dating. Indeed, the observed cut and fill-in process em-
placement strongly suggests that the offset channel networks of the
different fan units were formed just after their abandonment. In such
cases alluvial fans that are indicators of climatic changes may be

used not only as markers allowing identification of cumulative tec-
tonic displacements through their offset streams, but also to directly
estimate the horizontal displacement slip rate through the dating of
the abandonment of the alluvial fan surface using in situ-produced
10Be (e.g. Siame et al. 1997, 2001).

4 R E S U LT S : O F F S E T FAU LT
S L I P R AT E S

We have investigated the major Minab, Zendan, Palami, Jiroft and
Sabzevaran faults and the secondary Kahnuj Fault (Fig. 2). Their sur-
face trace usually consists of a discontinuously steep, fresh-looking
scarp at the foot of relieves. The Zendan, Minab and secondary
Kahnuj faults are located west of the relief and are west facing
(east-dipping fault planes), while the others are east-facing frontal
faults associated with west-dipping faults (Fig. 2).

Offset measurement and site locations are presented Table 2 and
Fig. 2, respectively. For convenience, the same site references as
in Regard et al. (2004) were used, i.e. sites are presented from
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Figure 9. Digital elevation model (DEM) of location P02 and the offset
estimate (d) of 94 m. Coordinates are in metres in the UTM 40 North refer-
ence. This DEM is generated after GPS measurements along red and black
profiles (black profiles are stream profiles); elevation increases from white to
brown then violet. Extrapolation was made by the surface function of GMT
software (Wessel & Smith 1995) in order to produce a map suitable for the
evaluation of offsets and correspondence between eastern and western parts.
Pixel size is 5 × 5 m.

southwest to northeast and from that along the Minab Fault to those
along the Zendan, Palami, Sabzevaran, Kahnuj and then Jiroft faults.
Offset values and inferred ages of the displaced geomorphic fea-
tures and abandonment surfaces of each along-strike fault site used
to calculate the vertical-/lateral-component slip rate (lateral, col-
umn dss, and vertical, column dv), are presented in Table 2. We
assume that the vertical slip rates around our faults are not constant

along the fault, whereas the strike-slip velocities must be nearly
constant.

In Table 2, the method used to determine the strike-slip dis-
placements is specified. In addition, we report the relative dis-
placement of the southwestern part with respect to the northeast-
ern one and indicate its azimuth (Table 3), following the method
detailed in Appendix B. Below we report results of offset measure-
ment and deduced slip rate for significant localities along each fault
zone constituting the Minab–Zendan and Jiroft–Sabzevaran fault
systems.

4.1 Minab Fault

The Minab Fault zone is conspicuous along about 50 km and trends
parallel to the coast of the Hormoz Strait with a N160◦E mean strike
(Fig. 2). It consists of a discontinuous and non-linear segment suc-
cession of 25◦–45◦ east-dipping thrust faults that affect the Late
Cenozoic strata and the Quaternary deposits and it is closely asso-
ciated with the Minab Fold and bounds it to the west. To the south,
it obliquely cross-cuts the fold, while to the north the thrust splits
into two distinct segments (Regard et al. 2004). The western seg-
ment corresponds to an east-dipping reverse fault affecting the Late
Pleistocene fans at the front of the fold and thrust belt, while the
eastern segment is an inactive northeast-dipping thrust that obliquely
cross-cuts the Minab Fold.

Measurements were conducted at four sites along the Minab Fault
north of Minab City, where the active fault trace is clearly underlined
by a relatively continuous west-facing scarp affecting Quaternary
surfaces. At these localities, slip-vector (striae) measurements on the
fault plane provide evidence for a present-day nearly dip-slip motion
with a small right-lateral component (the major faulting horizontal
slip-vector strike is about N45◦E) (Regard et al. 2004).

The first site is located immediately south of the Karun River (site
M05bis, 27◦20.8′N/56◦59.0′E, Fig. 2) which has dissected the east-
ern and northern flanks of a relatively small remnant extension of a
Qt1a fan. The top surface of the fan is flat and the Minab Fault dis-
places its southwestern edge. The amplitude of three vertical offsets
on the abandoned fan surface was measured by profiles perpendic-
ular to the fault scarp established using differential GPS. At site
M05bis, vertical offset averages 8.8 ± 0.3 m. As Qt1a age in the
western piedmont is 22.1 ± 1.6 10Be kyr (see above, Section 2.3),
the vertical displacement rate is 0.40 ± 0.03 mm yr−1. Knowledge of
the fault geometry and kinematics allows us to calculate an average
strike-slip rate of 0.15 ± 0.10 mm yr−1 (Table 2).

Between this first site and the Karun River, a well-preserved
Qt2 fan surface (site M05) has been displaced by the Minab Fault.
Five vertical offsets surveyed provide an average vertical offset of
2.3 ± 0.2 m. However, three values corresponding to well-preserved
parts close to each other converge to a constrained vertical offset of
2.2 ± 0.1 m. 10Be dating indicates for this surface an abandonment
(location M05bis) 13.6 ± 1.1 10Be kyr ago (cf. Section 2.3). This
leads to a vertical displacement rate of 0.16 ± 0.02 mm yr−1 that is
turned into a strike-slip rate of 0.10 ± 0.07 mm yr−1 (Table 2).

The next site is localized along the Karun River (M06,
27◦22′N/56◦58′E, Fig. 2). At this location, the surface morphology
is complex due to numerous erosion and deposition phases. Conse-
quently, it is difficult to follow and map the damaged fault scarp.
To better locate the fault trace, we thus produced a DEM (Fig. 11)
based on 20 measured topographic profiles (profiles perpendicular
and parallel to the fault and along-strike streams through the fault
trace). This allows us to determine a vertical offset of 0.7 ± 0.1 m.
Since no abandonment age can be proposed for this surface due to
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emplacement occurred just after the Qt1a∗ deposition. d1 and d2 represent two possible values of offset. We prefer d1 because it only represents an offset along
the fault without internal fan deformation. They are respectively of about 150 and 300 m. (b) Right-lateral offset of stream and fan edge, along the Zendan
Fault. The fan edge is the convergence point of little streams that developed within the fan. This point should indicate the former main stream emplacement.
The offset, d, between this point and the current main stream is measured to 240, 310 or 390 m as a function of the uncertainties on the fan edge. The fan is Plc,
after the Minab quadrangle map (McCall et al. 1985), but could be also of Qt1 age. (c) Fan evidence of right-lateral motion. The median method is used: first,
the envelope of the fan is drawn, then the line between the two lateral sides of the fan, and the median of this line. Finally, the distance between two medians is
measured along the fault trace. Generally these two medians are the upstream and downstream medians of the same offset fan. Here the method is applied with
two generations of fans, the first one being offset with respect to the second one. This offset, d, is thought to indicate the right-lateral motion on the Sabzevaran
Fault between the two deposition stages. This offset evaluation ranges from 56–81 m.

the significant inheritance and complex surface history no slip rate
can be provided (Table 2).

North of the Karun River, the geomorphic surface offset of
remnant alluvial deposits (Qt1a and Qt2; site M07 at 27◦22.2′N/

56◦57.5′E, Fig. 2) lying between two secondary streams of the ma-
jor river was studied. Since they incised the alluvial deposit surface,
minor streams displaced by the fault activity developed after em-
placement of the alluvial deposit and abandonment of the related
surface. Nine fan surface topographic profiles, measured by differ-

ential GPS across the fault scarp, provide evidence for vertical fault
offsets ranging from 1.6 to 3.6 m. Considering the data distribution,
an average value, computed from seven out of the nine measure-
ments, gives a vertical offset of 2.0 ± 0.2 m. (This site is considered
in detail in Appendix D to show the way in which we calculate site
offsets.) A graphical method applied over the general mapping of
the site indicates a possible right-lateral offset of ∼23 m. This is
significantly higher than the 0.7 ± 0.5 m horizontal offset implied
by a vertical offset of 2 m when considering the azimuth (N140◦E),
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Figure 11. Contour map of a digital elevation model (DEM) of site M06 which permits us to differentiate scarps of erosional origin (es) from those of tectonic
origin (fs); elevation increases from violet to red. Large arrows indicate the deduced Minab fault trace. The DEM is interpolated from 2-D profiles by the
griddata function of Matlab software, with a linear extrapolation method that smooths the data: as a consequence the scarps observed are underestimated: every
scarp observed on this DEM thus corresponds to something real in nature, not an artefact.

the dip (32◦E) and the pitch (75◦N) of the fault plane. Qt2 fan surface
abandonment was dated by regional geomorphic correlation at 5.7 ±
0.6 10Be kyr; this leads to a vertical slip rate estimate of 0.35 ± 0.05
mm yr−1, and then to a strike-slip rate of 0.13 ± 0.09 mm yr−1

(Table 2).
In summary, geomorphic evidence for displacement along the

Minab Fault indicates that this fault-strike average slip rate is 0.13 ±
0.09 mm yr−1 (Table 2). These values yield an average horizontal
motion velocity of one side of the fault with respect to the other
side of the fault of 0.13 ± 0.09 mm yr−1, its azimuth being around
N33 ± 53◦E (average value, Table 3); the fault corresponds to a
nearly pure thrust.

4.2 Zendan Fault

The NNW-trending, east-dipping, Zendan Fault represents the main
lithological boundary between the Zagros and the Makran (Fig. 2).
It is a roughly 250 km long oblique reverse-lateral fault going from
the MZT to the north, to the Gulf of Oman to the south. The Zendan
Fault is highly segmented and it is arranged in en echelon segments,
along the northernmost 50 km.

The central part of the fault zone is characterized by relatively
continuous traces locally highlighted by a west-facing scarp within
the Quaternary deposits. However, places where offset measure-
ments are possible along the Zendan Fault are rare and virtually
inaccessible. Consequently, fault offset measurements and deduced
slip rates are limited to three sites.

The first site (Z04, 26◦55′N/57◦15′E, Fig. 2) corresponds to a
fan (Qt2) whose abandonment surface, partly reworked, presents a
west-facing scarp. Since the fan shape is not well preserved, vertical
offsets deduced from profiles perpendicular to the fault scarp using
differential GPS are scattered. They give an average vertical offset
of 1.7 ± 0.1 m.

The second site (Z09, 27◦24.9′N/57◦00.8′E, Fig. 2) corresponds
to a fan made up of coarse material (Qt2a). Surveying the morphol-
ogy of the surface by profiles normal to the fault scarp provides
vertical offsets whose estimates range from 1.2 to 3.7 m (mean
2.4 ± 0.4 m). The large dispersion of data is due to surface degrada-
tion; the maximum vertical offset is probably representative of the
cumulative faulting displacement.

The third studied site (Z09bis, 27◦25.2′N/57◦00.8′E, Fig. 2) is
of slightly better quality than the second one. It corresponds to
a recent fan, whose deposition is probably contemporaneous with
Qt2a deposits. A fault scarp crosses the fan. Seven selected GPS
profiles perpendicular to it, out of a total number of eight, indicate
a vertical offset of 1.3 ± 0.1 m.

These three sites do not provide robust constraints for an ac-
curate estimate of vertical offset, and, consequently, of horizontal
slip rates. An alternative approach for quantification is SPOT image
analysis. To constrain the long-term slip rate of the fault detailed
mapping of the active fault traces and of the along-strike offsets has
been performed using SPOT images. This permits us to determine
a horizontal long-term slip rate on the fault, at the Late Pleistocene
timescale, by observations of stream offsets. Along the Zendan Fault
trace (south of the two latter sites, near 27◦30′N/57◦10′E), they are
right-laterally offset, the offset values being distributed around three
mean values of 86, 165 and 313 m (Table 4). Unfortunately, these
offsets were measured in remote areas. Dating is thus attempted
by correlation with the time succession of deposits as previously
described.

The 86 m mean offsets are undoubtedly associated with the most
recent of the studied deposits and the 313 m mean offsets are asso-
ciated with deposits mapped as Plc. Based on previous analysis of
the regional climate variations (Regard 2003; Regard et al. 2004),
this implies that the sequence of deposition is either 22.1 ± 1.6 10Be
kyr, 42 ± 4.2 kyr BP and 80 ± 8 kyr BP, or 42 ± 4.2, 80 ± 8 and
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Table 4. Evidence of offsets along the Zendan, Sabzevaran and Jiroft faults as deduced from satellite images. Observed offsets are indicated in metres. Types
of measurements can be stream or fan offsets, offset between the edge of the fan or the median of the fan and the main stream of the fan (see text and Fig. 10).

Fault Location Observed offsets Type Age Mean offset Std dev.

Zendan ∼27◦30′N, 80 Stream Qt2 86.2 9.5
57◦10′E 80 Stream

85 Stream
100 Stream
145 Stream Qt1a 165 17.3
175 Stream
175 Stream

240–310–390 (b) Stream–fan edge Plca 313.3 75.6
Sabzevaran ∼27◦47′N, 30b Stream Qt1a∗ 65 15

57◦40′E 50–85 Stream
50–80 Stream–fan

50 Fan–fan Amount of time 59.2 14.8
56–81 (c) Fan–fan between Qt1a∗ and Qtc 1a

150 or 300b (a) Stream Qt1a + (Qt1a∗ − Qt1a)c 124.2 29.8
112–137–162 Stream–fan edge Qt1a 143.5 17.3

Jiroft ∼27◦35′N, 25–70 Fan Qt1a∗ 48.7 18.4
57◦48′E 50 Stream–fan

125 Fan Qt1a 121.6 27.7
95 Fan

100–137–187 Stream–fan edge
100–125–150 Stream

aPlc, after the Minab geological map (McCall et al. 1985) or younger, may be Qt1.
bItalic numbers are low-confidence measurements.
cThe offset between two fans generations is thought to indicate the total offset between the two deposition stages Qt1a and Qt2; thus adding this offset with the
offset since the last deposition stage (Qt2) gives the total offset since the first deposition stage Qt1a.
Labels (a), (b) and (c) refer to parts of Fig. 10.

120 ± 12 kyr BP. Depending on the chosen sequence, this leads to
values of strike-slip rates ranging either between 3.9 ± 0.7 mm yr−1

or 2.2 ± 0.4 mm yr−1. We discard periods of 9.2, 13.6, 65–70, 180–
210 and 300–325 kyr BP, the first two because they imply a young
age incompatible with the fan surface signature on satellite images
(colour, position relative to other fans). The others have been dis-
carded because we cannot arrive at coherent values, on the contrary
to the chosen sequences that leads to closely distributed values.

Due to the rough relief and the lack of sites where the Zendan Fault
crosses Quaternary deposits, it has not been possible to discriminate
between mean values of strike-slip rate of 3.9 ± 0.7 and 2.2 ±
0.4 mm yr−1. The azimuth of the associated displacement is N3 ±
19◦E (Table 3).

4.3 Palami Fault

The Palami Fault is an oblique reverse-lateral slip fault nearly paral-
lel and similar to the Zendan Fault. To the north, near the MZT, it is
not conspicuous. Near Minab it is located 5 km east of the Zendan
Fault, while to the south it is 20 km away from the Zendan Fault. The
Palami Fault is a high-angle west-dipping fault, whose trace is all
along-strike underlined by east-facing scarps affecting Quaternary
fans. The Palami Fault was investigated at three sites. In addition,
we studied two sites on fault traces that split southeastwards from
the Palami Fault.

First, near Geru (location P02, 26◦50.8′N/57◦15.9′E, Fig. 2), we
mapped, again using differential GPS, streams incised in Qt2 de-
posits (as mapped by McCall et al. 1985) and the associated crests,
both being horizontally displaced by the fault. Forty-eight GPS pro-
files, the majority corresponding to crest and streams, allow the gen-
eration of a local DEM that covers an area of 400 × 900 m (Fig. 9).
Graphic correspondence between upstream and downstream areas
of the DEM, as well as between upstream and downstream chan-

nels, demonstrates four right-lateral offsets. The lowest river stream
offsets measured using differential GPS indicate consistent values
of 15.7 ± 0.5 m (six measurements) and 27.9 ± 1.5 m (five mea-
surements). The best explanation for them is a minor reorganization
of drainage following pluvial or tectonic events. The highest offsets
correspond to two possible offset values since the Qt2 surface aban-
donment. These are 53 m and 94 m with an associated uncertainty
of the order of 1 m. All these offsets are associated with the end of
wet periods on the basis of regional correlation at 9.2 ± 1.0 10Be kyr
(Holocene in the eastern domain of the study area), 13.6 ± 1.1 10Be
kyr (epi-Palaeolithic), 22.1 ± 1.6 10Be kyr BP and 42.0 ± 4.2 10Be
kyr, respectively. The strike-slip rates calculated are respectively
1.7 ± 0.2, 2.0 ± 0.2, 2.4 ± 0.2 and 2.2 ± 0.2 mm yr−1 (Table 2).

Farther north, to the southeast of the Palami Mountains, the site
P04 (27.08◦N, 57.28◦E, Fig. 2) displays an interesting feature of
stream offsets that provide evidence for a 113 ± 8 m horizontal
displacement on the fault (cf. Fig. 12), measured on aerial pho-
tographs. After geological mapping (McCall et al. 1985), the
deposits are Qt1a, i.e. dated at 42.0 ± 4.2 10Be kyr. The deduced
strike-slip rate is thus 2.7 ± 0.3 mm yr−1 (Table 2).

To the northeast of the Palami Mountains, at Dast Kerd village
(P07, 27◦08.8′N/57◦15.2′E, Fig. 2), an important fault scarp, af-
fecting a Quaternary fan, has an height, measured by differential
GPS, of 8.8 ± 0.6 m. Note that in spite of the number of measure-
ments (seven) the standard deviation is important. However, this
mean value is considered as valuable, since these seven profiles are
carefully selected from 11 on the basis of their freshness. 10Be ages
indicate an abandonment of this surface at 9.2 ± 1.0 10Be kyr. This
leads, using fault kinematics, to a strike-slip rate of 1.5 ± 0.5 mm
yr−1 (Table 2).

Northeast of Dast Kerd, two scarps are found on two faults linked
to the Palami Fault. They are situated within a plain containing
deposits coming from Palami Mountain. The first scarp (Middle
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Figure 12. Aerial photograph of location P04 and its interpretative sketch, up to the north. The fault delimits the Palami mountain to the west and the Jaghin
plain to the east.

Plain-1, P08, Fig. 2) within Qt1a deposits is 16.4 ± 0.6 m high.
This value results from four well-defined differential GPS profiles
perpendicular to the scarp, to which we can add two others, of lesser
quality, without significantly changing the average value (16.0 ± 0.4
m). The second scarp (Middle Plain-2) is not so well preserved and
may also be within Qt1a deposits. A single measurement indicates
a vertical offset of ∼25 m (low-confidence). Taking into account
regional correlation and assuming that these faults are still active
nowadays, we infer strike-slip rates for these two faults of the order
of 0.21 and 0.22 mm yr−1, respectively (Table 2). In fact, if Middle
Plain-1 belongs to an apparently active fault, this may not be the
case for Middle Plain-2, since it looks more like a hill alignment
than a fault scarp. Note that the displacements associated with these
two faults are oblique with respect to that of the Palami Fault. Their
azimuths lie at around N50–N60◦E (70◦ confident, Table 3).

In summary, these assumptions lead to an estimate of the mean
strike-slip rate of the Palami Fault (without any contribution from the
Middle Plain faults) of 2.1 ± 0.3 mm yr−1, the associated direction
of motion being around N3 ± 10◦E (Table 3).

4.4 Sabzevaran and Kahnuj faults

The north-trending Sabzevaran Fault is along the western front of
the 600 m elevation Zamin Band–Bargah valley whose trace is par-
ticularly well expressed and associated with morphological features
such as faceted spurs, tectonic ridges, horizontal stream offsets, al-

Figure 13. Photograph of the Sabzevaran Fault (see Fig. 2 for location). The fault scarplet is clear and is outlined by black arrows. It offsets the fan surface
(vertical offset of about 5 m). Note that higher surfaces are cut by the fault.

luvial fan asymmetries or displacements at the base of the relief
(Fig. 2). This and the linear characteristics of the fault trace sug-
gest a closely vertical fault plane (i.e. about 80◦W) and a main
strike-slip faulting for its recent activity. However, geomorphic fea-
tures as well as fault slip-vector (striae) measurements all along the
fault provide evidence for recent strike-slip faulting with a small
but significant reverse component (Regard et al. 2004). The Sabze-
varan Fault also exhibits a fresh north-trending east-facing scarp
over 30 km all along the road to Bandar Abbas, south of Kahnuj. It
marks the foot of the frontal escarpment characterizing the eastern
boundary of the 1500 m elevation Gireh Mountains, at the west of
the 600 m elevation Zamin Band–Bargah valley. Consequently, the
Sabzevaran Fault delimits two morphological domains: the moun-
tainous domain characterized by a deeply incised drainage network
and sharp mountain flanks, and the alluvial plain dipping gently 10◦

eastwards. The alluvial fans, localized within the alluvial plain, cor-
respond to gently sloping, fan-shaped landforms created over time
by the deposition of clastic sediments. They have been studied using
combined cartography and geomorphic (SPOT and field) analyses.
North of the Zamin Band–Bargah valley, the Sabzevaran Fault is re-
layed by the north-trending Kahnuj Fault underlined by west-facing
scarp along the eastern valley side (Fig. 13). We found seven sites
displaying clear stream or fan offsets (Fig. 13 and Table 2).

The first site, a well-preserved conic-shaped fan surface, is located
near the road to Deh (S03, 27◦42.0′N/57◦38.2′E, Fig. 2). Vertical
offsets at the fault scarp obtained using differential GPS profiles
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range from 2.3 to 3.7 m. A careful check of the different profiles
shows that maximum and minimum values correspond to parts of the
fan which are not well preserved. The four remaining profiles give a
vertical offset of 2.9 ± 0.1 m. However, as the conical shape induces
systematic error, a geometrical method giving both the strike-slip
and dip-slip displacements was applied (see Appendix C). From six
selected profiles for site S03, a lateral displacement of 16.1 ± 8.3 m
and a vertical offset of 3.7 ± 0.6 m were deduced. Since this method
requires subjective selection of the data and has large uncertainties
(50 per cent) on strike-slip offsets deduced from vertical ones when
the striae pitch angle is small (see for example Table 2), it was
complemented by a graphical method (Fig. 8) that gives a lateral
displacement of 10.6 to 12.8 m, in agreement with the previous
estimate. This first site fan is assigned to Qt2∗ thanks to its mapping
by McCall et al. (1985) and 10Be ages of pebbles from its surface. It
is dated at 5.7 ± 0.6 10Be kyr. This evidence implies a local strike-
slip rate of 2.6 ± 2.1 mm yr−1 using the vertical offset, or of 2.04
± 0.25 mm yr−1 from the graphical method (Table 2).

For the Sabzevaran Fault, the uncertainties on the fault dip angle
generate strike-slip offset with uncertainties which are too large to
yield robust offset estimates. Thus, offset measurement methods
other than GPS profiles were used in the other sites studied along
this fault (Table 2).

At site S02 (27◦47′N/57◦39′E, Figs 2 and 4), the fault cross-cuts
a ‘black’ (on satellite imagery) fan and offsets by 77 ± 5 m (along-
stream differential GPS) two rivers that incise this fan. After 10Be
exposure dating, this fan was found to belong to the Qt1a deposit
level, whose age of surface abandonment is 22.1 ± 1.6 10Be kyr
(cf. Section 2.3), leading to a strike-slip rate of 3.5 ± 0.3 mm yr−1

(Table 2).
At the same site, a river offset of 144 ± 2 m is measured on

a ‘black’ fan probably emplaced during the previous wet episode
(Qt1a∗), regionally dated at 42.0 ± 4.2 kyr (cf. above). This yields
an average slip rate of 3.4 ± 0.3 mm yr−1 (Table 2).

Additionally, SPOT image analyses were performed to define the
fan envelope of the generation of each fan and to determine the
offsets within these fan envelopes (Fig. 10). Three measurements
indicate a mean horizontal offset of 65 ± 8 m related to Qt1a fans,
and two other measurements a mean offset of 143 ± 12 m related to
Qt1a fans (Table 4). Two additional offsets indicating a right-lateral
motion of 59 ± 10 m characterize the time interval between the de-
position of Qt1a∗ and Qt1a fans. The sum of the offset accumulated
during the time period between deposition of Qt1a∗ and Qt1a fans
and of the offset since deposition of Qt1a fans is 124 ± 18 m, in
agreement with the value of 143 ± 12 m found for the total offset
since deposition of Qt1a fans. Regional correlation sets abandon-
ment of the generation of black Qt1a∗ fans at 42.0 ± 4.2 kyr and
Qt1a at 22.1 ± 1.6 10Be kyr (see above). This leads to mean strike-
slip rates of, respectively, 3.4 ± 0.5 and 2.9 ± 0.6 mm yr−1. The
interval between the deposition of Qt1a∗ and Qt1a fans lasted for 19.9
± 5.8 kyr; a third estimate for the fault strike-slip rate is 3.0 ± 1.1
mm yr−1 (cf. Table 2).

In summary, these data indicate a mean strike-slip rate for the
Sabzevaran Fault of 3.0 ± 0.8 mm yr−1, with an associated dis-
placement directed northwards (±N8◦E, cf. Tables 2 and 3).

The sole measurements site on the Kahnuj Fault exhibits two
scarps on a relatively well-preserved light grey-coloured fan (K01,
27◦51.6′N/ 57◦40.8′E, Fig. 2). Their vertical offsets measured using
differential GPS are 2.8 ± 0.1 m (four values) and 1.4 ± 0.1 m (two
values). The lower scarp offsets streams (Fig. 14). Geographical
differential GPS profiles indicate horizontal offsets ranging from 6

to 12 m while evaluations using graphical analysis range from 4.1
to 7.8 m. Out of these GPS profiles and graphical estimates three
evaluations cluster around the most likely horizontal offset of 7.9 ±
0.4 m. The higher scarp horizontal offset of 4.0 ± 0.5 m is derived
from the first scarp offset by applying the same ratio for horizontal
offsets as for vertical offsets of the two scarps (Table 2). The studied
fan belongs to the light-grey generation (Qt2∗) whose abandonment
has been dated by correlation at 5.7 ± 0.6 10Be kyr. The total strike-
slip motion on the Kahnuj Fault can thus be evaluated, by addition
of the contribution of the two sub-faults, to 2.3 ± 1.0 mm yr−1 and
the azimuth of displacement is around N14 ± 16◦E (Table 3).

4.5 Jiroft Fault

The Jiroft Fault represents the boundary between a mountainous
zone to the west (Kuh-e-Khema, 1426 m) and the Jaz Murian de-
pression to the east. To the south, it splits into several segments
bifurcating into a southeast- then east-trending direction within the
northern termination of the Makran range.

Only one site has been investigated along the Jiroft Fault (J01,
27◦35.1′N/57◦48.0′E, Fig. 2). This site is a ‘black’ fan surface (Qt1a∗;
cf. the correlation fan sequence cropping out in eastern and western
areas of the studied zone) made up of coarse materials (up to 1 m
in diameter). Differential GPS topographic profiles yield values for
the vertical offset ranging from 2.5 to 6.7 m. Nevertheless, this site
is very useful for the characterization of the fault plane. Indeed, 3-D
mapping of a fault plane in a case of non-horizontal topography
allows estimation of both the azimuth and the dip of the fault plane,
respectively at about 3◦N and 52◦W.

A SPOT satellite image analysis of this fault reveals some indi-
cators of strike-slip deformation. The offsets of fans and streams
give two distinct average values: 49 ± 17 m (two measurements)
for Qt1a fans and 133 ± 18 m (four values) on assumed Qt1a∗ fans
(Table 4). On the basis of regional correlation, the two episodes of
fan abandonment occurred, respectively, at 22.1 ± 1.6 10Be kyr and
42.0 ± 4.2 kyr. Strike-slip rates consequently range between 2.2 ±
0.8 and 3.2 ± 0.5 mm yr−1 (Table 2). The mean strike-slip rate on
the Jiroft Fault is evaluated at 2.7 ± 0.7 mm yr−1 and the horizontal
direction of motion is N18 ± 17◦E (Table 3).

4.6 Total motion accommodated through the
Zagros–Makran transition zone

The sum of the fault slip rates determined through the Zagros–
Makran transition zone allows us to quantify the motion of the Mu-
sandam Peninsula with respect to Jaz Murian. The Minab–Zendan–
Palami fault system accommodates a convergence velocity of 5.6 ±
2.3 or 7.4 ± 2.7 mm yr−1, in the direction N11 ± 24◦E or N13 ±
26◦E, depending on the strike-slip rate considered for the Zendan
Fault. Since the Minab Fault behaves like a pure thrust accommo-
dating a N33 ± 53◦E-trending motion, a slight partitioning of minor
contributions to the total convergence accommodated through the
system is noted, whereas the Palami and Zendan faults are transpres-
sional and indicate N0◦E to N5◦E-trending (±7–19◦E) convergence
vectors. The Jiroft–Sabzevaran fault system accommodates an al-
most pure strike-slip motion. The horizontal velocity of its western
wall with respect to its eastern wall (Jaz Murian) is 5.7 ± 1.7 mm
yr−1 in a direction N9 ± 12◦E (Table 3).

Finally we found that the total motion of the Musandam Peninsula
with respect to Jaz Murian is 11.2 ± 3.9 or 13.0 ± 4.3 mm yr−1 de-
pending on the slip rate of the Zendan Fault, in a direction of N11 ±
19◦E and N10 ± 19◦E, respectively. Along the main compressional
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Figure 14. Frontal view of the lower scarp at site K01. The Qt2∗ fan is offset by the fault. Vertical and horizontal offsets appear to be dv (∼2.5 m) and dh
(∼10 m), determined by fan and stream offsets respectively. Note that at this site the Kahnuj Fault is divided into two subfaults. The upper scarp is in the
background of the photograph, but is not clearly visible in this picture.

stress axis direction (N45◦E), this corresponds to a displacement
rate of 9.5 ± 3.5 or 11.2 ± 3.9 mm yr−1, respectively (Table 3).

5 D I S C U S S I O N

The Minab-Zendan fault zone accommodates the transition between
the Iranian collision zones and the Makran accretionary prism of
subduction. The fault zone itself is made up of two main fault sys-
tems. The first one is the Minab–Zendan fault system, consisting
of three more or less parallel faults (Minab, Zendan, and Palami),
whose mean trend is N160◦E. The second one includes two major
north-trending faults, the Sabzevaran and Jiroft faults and a sec-
ondary fault, the Kahnuj Fault. Fault segmentation and kinematics
are consistent with a transpressional regime produced by a roughly
northeast-trending compressional stress regime. Combined geomor-
phic arguments and topographic levelling with stratigraphic and ra-
diometric dating presented here also constrain the slip rate of the
fault system. In particular, we present here a new chronological chart
for the Quaternary deposits of the study area.

Dufaure et al. (1978) (see also Dufaure 1984) first established
that the Minab area, located in the western part of the studied zone,
is characterized by Quaternary alluvial deposits stratigraphically or-
ganized in a four-level sequence. The first deposit of the Dufaure
et al. (1978) classification (Qt2a) is an alluvial terrace dated between
5 and 9 kyr BP. According to our study, the second level (Qt2) cor-
responds to terraces or fan surfaces assigned to the epi-Palaeolithic,

from the industries they display, and dated at 13.6 ± 1.1 10Be kyr.
In the Minab area, the third level of the Dufaure et al. (1978) clas-
sification (Qt1a) displays Mousterian industries (100–50 kyr BP).
10Be exposure ages performed on geomorphologically related fans
near the Sabzevaran Fault yield to two distinct deposition events
at 22.1 ± 1.6 10Be kyr, and 42 ± 4.2 kyr (respectively Qt1a and
Qt1a∗). Finally, accordingly to the industries it displays, the highest
level of the Dufaure et al. (1978) classification (Qt1) is assigned
to the Late Acheulian age (300–100 kyr BP). However, there may
be depositional gaps in the Minab area where Dufaure (1984) es-
tablished their classification, and this highest level may correspond
to one of the deposition stages described in the literature for that
time interval, that is at around 65–70, 80, 115–120, 180–210 or
300–325 kyr BP.

The lateral and vertical offsets affecting the Quaternary alluvial
fans and terraces has been estimated by topographic profiles estab-
lished using differential GPS receivers, as well as analysis of aerial
photographs and satellite images. We obtain horizontal fault slip ve-
locities that range from 0.4 to 3.0 mm yr−1 for individual faults (or
4.2 mm yr−1 due to an uncertainty linked to the slip of the Zendan
Fault). The similarity of convergence directions through the fault
zones of the study area (about N10◦E) confirms that there is no
partitioning. The total motion accommodated between the Hormoz
Strait and the Jaz Murian depression is 11.2 ± 3.9 or 13.0 ± 4.3 mm
yr−1 in a direction trending about N10◦E (Fig. 15). The convergence
direction is consistent with the NUVEL-1 convergence direction and
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Figure 15. Tectonic motion through the transition Zagros–Makran. The active faults traces are mapped after Regard et al. (2004). Two fault systems
accommodate the motion: the Minab–Zendan fault system (MZFS) and the Jiroft–Sabzevaran fault system (ZJFS). The strike-slip component accommodated
by both of them is indicated. Their sum indicate a convergence vector of Munsandam (black arrow) relatively to Jaz Murian (black open circle) of about
12 mm yr−1 directed ∼N10◦E.

earthquake focal mechanism inversion (Regard 2003). The veloc-
ity is consistent with GPS results of about 10 mm yr−1, from the
local network (Bayer et al. 2005), and about 11 mm yr−1 from the
regional network (Nilforoushan et al. 2003; Vernant et al. 2004). In
addition, the current study indicates that the parts accommodated by
the two fault systems constituting the Zagros–Makran transfer zone
are roughly equivalent. The Minab–Zendan fault system accommo-
dates 5.6 ± 2.3 or 7.4 ± 2.7 mm yr−1 in a direction trending about
N12◦E while the Jiroft–Sabzevaran fault system accommodates 5.7
± 1.7 mm yr−1 in a direction N9 ± 12◦E (Fig. 15). However, on
a larger scale, the two fault systems may not play the same role
in the accommodation of Arabian–Eurasian convergence. Indeed,
to the north, the Minab–Zendan fault system connects to the Za-
gros through the MZT, to which it is directly linked, whereas the
Jiroft–Sabzevaran fault system goes northwards within the

Nayband–Gowk fault system, to finally transfer the deformation
to the northern Iranian compressional ranges (Kopet-Dagh, Alborz,
Apsheron) (cf. Fig. 1).

This study documents different faults which all make a signifi-
cant contribution to the total convergence accommodated through
the system. This is not supported by GPS data which are not dense
enough to discriminate the respective role of each fault (Bayer et al.
2005). This discrepancy contrasts with the far-field similarity of the
results of this study and GPS studies. This could be explained by con-
sidering the deep geometry of the faults. Indeed they may all connect
at depth to make a single crustal-scale or lithospheric-scale struc-
ture. At the surface the convergence accommodated through this
deep structure could be distributed in space and/or time through
the different faults. In other words, deformation could occur on
one single structure at a given time but the deformation could shift
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Figure 16. Schematic diagrams showing two different possible geometries for the slab under the Zagros–Makran transition zone: the slab can be continuous
with some bend (right) or in two independent parts (left). PG, Persian Gulf; OG, Gulf of Oman; N, Nayband Fault; JS, Jiroft and Sabzevaran faults; NZ, Neh
and Zahedan faults.

periodically to another structure. In this scheme GPS give an instan-
taneous image of actual deformation whereas the long-term geolog-
ical rate shows an integrated deformation pattern over thousands of
years. Further studies may check this hypothesis and its mechanical
implications, and possibly give a characteristic time for the flip of
deformation between the different structures.

Further east, the transition zone between the Arabian–Eurasian
collision zone and the Makran subduction zone appears wider (Re-
gard et al. 2004). The results presented here confirm this previous
observation, since the study area accommodates only one-third to
one-half of the total differential motion expected between Zagros
and Makran (compare the Arabian–Eurasian convergence estimates
from this study of ∼12 mm yr−1 with the 23–35 mm yr−1 estimates
from other studies). This motion discrepancy must thus be accom-
modated by other structures in the east Makran, close to the East
Iranian Ranges, as indicated by geological studies (Tirrul et al. 1983;
Byrne et al. 1992; Walker & Jackson 2002), and by GPS results (Ver-
nant et al. 2004; Bayer et al. 2005). These structures transfer the
deformation northwards, as the Jiroft–Sabzevaran–Nayband–Gowk
system does. This distribution of deformation on different north-
trending fault zones suggests a continuity of Zagros- and Makran-
related structures and processes from west to east that could be
related to a flexure in the shape of the slab, from that under the
Zagros collision zone to that within the Makran subduction zone
(cf. Fig. 16). Analogue modelling shows that such wide deforma-
tion zones imply relatively low deformation of the slab at depth
(Regard et al. 2005). In addition the width of this transition zone
may be influenced, in experiment as in the Zagros–Makran case,
by the presence of inherited lithospheric-scale zones of weakness,
such as the former plate boundaries of the Lut Block. This widely
distributed deformation characterizes an immature transform zone,
since under mature conditions collision would involve slab break off
at depth which would individualize two different slabs, respectively
under the subduction zone and under the collision, which would lead
to individualization of a superficial fault zone, finally turning into a
transform fault zone.

It is interesting to note that the eastern termination of the Makran
is also characterized by a subduction–collision transfer zone. The
transfer zone constitutes the Chaman, Ghazaband and Ornach-Nal
faults. The system connects the Makran accretionary prism to the
Pamirs (Panjshir Fault) (Lawrence et al. 1992). It is made up of three
main faults (cf. Fig. 17):

(1) The 860 km long Chaman Fault connecting the Panjshir Fault
to the north to the inner Makran thrusts to the south. Its azimuth is
N10◦E to N35◦E, and it is slightly oblique to the convergence vector,
lying between N0◦E and N10◦E, after the NUVEL-1 model (DeMets
et al. 1990). The Chaman Fault is active and 60 per cent of its trace
cuts Quaternary formations.

(2) The Quetta line–Ghazaband Fault, which laterally passes to
a thrust fault at the edge of the Katawaz Basin.

(3) The 270 km-long Ornach-Nal Fault which displays evidence
of activity to the north and seems to end to the south under sand
deposits.

The overall system is thought to accommodate between 25 and
35 mm yr−1, following geological evidence (Beun et al. 1979), and
40 mm yr−1, after the NUVEL-1 model (DeMets et al. 1990).

There is a strong analogy between the Chaman fault system and
the Zagros–Makran transition zone. The two systems are made of
en echelon faults and accommodate oblique convergence through
transpressional faults. The most important part of the deformation
is transmitted to the inner Makran and there is no evidence of active
deformation transmission to the frontal, offshore, Makran thrust.
Conversely the Chaman system differs from the Zagros–Makran
transition by a larger localization of the deformation and some slight
evidence of partitioning to the north between the Chaman strike-slip
fault and the Sulaiman fold belt (Lawrence et al. 1992; Davis & Lil-
lie 1994). The Chaman fault system is moreover characterized by
longer fault segments and an azimuth closer to the convergence
vector. In summary, the modern pattern of the Zagros–Makran tran-
sition zone and the Chaman fault system express the same mecha-
nism. They only differ in age: the Zagros–Makran fault system is
young (it must be younger than 5 Myr) whereas the Chaman fault
system is mature, at least 20–25 Myr old, and shows evidence of
cumulative offsets (∼450 km) (Lawrence et al. 1992). The maturity
of the Chaman system is attested to by the localization of the active
deformation. On the contrary the Zagros–Makran transition zone
efficiently decouples its eastern and western walls, implying no con-
nection at depth like a continuous slab (see above and Regard et al.
2005).

Comparison between the Chaman fault system and the Zagros–
Makran transition zone shows evidence of slip on the inner Makran
thrust and not on the frontal one. There is, however, current de-
bate on where deformation occurs in accretionary prisms (Gutscher
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Figure 17. Landsat image of the Chaman Fault (bands 7, 4 and 2) and its tectonic interpretation, after Lawrence et al. (1992).

et al. 1998). Actually our results show that there is no detectable
Quaternary activity of the frontal thrust of the Makran at its eastern
and western termination. During the Quaternary, most of the de-
formation should occur within the inner, onshore, Makran thrusts,
which supports the episodic model for accretion, i.e. the episodic
flip of deformation from an inner wedge to its front and vice versa
(e.g. Gutscher et al. 1998).

6 C O N C L U S I O N S

The transition between the Iranian collision zone and the Makran
subduction zone in southeastern Iran is characterized by two dis-
tinct fault systems. The first, the Minab–Zendan–Palami fault sys-
tem, connects the Zagros continental prism to the Makran. It trends
NNW–SSE and accommodates about 6 mm yr−1 of convergence in
a direction about N10◦E. The second, the Jiroft–Sabzevaran fault
system, connects the Makran to the deforming belt in northern Iran
(Alborz and Kopet-Dagh). It trends north–south and also accom-

modates about 6 mm of convergence in a direction about N10◦E.
The contribution of this system is about 12 mm yr−1 in a direction
N10◦E. It is noteworthy that instead of a good coherence with the
N06◦E direction of the convergence vector deduced by global GPS,
the convergence rate accommodated here is far from the 24 mm yr−1

accommodated between Arabia and Eurasia (see table 1 in Regard
et al. (2004) which is based on the work of Sella et al. (2002)).
The ‘missing’ convergence must be found farther east, along the
north-trending East Iranian ranges (Vernant et al. 2004).
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A P P E N D I X A : O F F S E T
D E T E R M I N AT I O N

A horizontal offset (dss) can be deduced from knowledge of the
vertical offset (dv) together with that of the dip of the fault plane
(δ) and the pitch of its striae (γ ) (see Fig. A1). We use intermediate
values of the total displacement on the fault plane (s), the dip-slip
displacement (dvs) and their respective horizontal projections (dh
and dd) (Fig. A1). Triangular relations give:

dd = dv

tan θ
(A1)

and also dd2 + dss2 = dh2 and dh2 + dv2 = s2. Therefore:

s2 = dss2 + dd2 + dv2 (A2)

thus

dss2 = s2 − dv2

(
1 + 1

tan2 δ

)
. (A3)

Triangular relations also give:

dvs

s
= sin γ (A4)

then dss2 + dvs2 = s2 gives

dss2 = s2 cos2 γ. (A5)

When incorporating (A5) in (A3) we obtain a relation that links the
pitch (γ ), the vertical offset (dv), the horizontal offset (dss) and the
dip of the fault plane (δ):

dss = dv

tan γ

√
1 + 1

tan2 δ
. (A6)

An important item of information for seismic hazard is the finite
slip along the fault plane. In Fig. A1 it is represented by s, whose
relationships with dss or dv are formulated by eq. (A3).

A P P E N D I X B : D I S P L A C E M E N T
A C RO S S T H E FAU LT E X P R E S S E D
I N N O RT H A N D E A S T M O T I O N

For the geodynamic conclusions it is important to deduce a veloc-
ity of the southwestern part of the study zone with respect to the
northeastern one. We aim to give this in north, east and vertical
components (respectively, vN , vE and vv). They are easily derived
from the offsets in the same directions (respectively, dN , dE and dv)
and deduced from Az and α, respectively, the azimuth of the fault
plane counted clockwise from the north (N0◦E to N360◦E) and the
angle between the azimuth of the plane and the horizontal conver-
gence vector. α + Az represents the azimuth of the convergence
vector through the fault. Thus, after the relations of Appendix A, it
is possible to calculate (Fig. A1):

d N = dh cos(α + Az) (B1)

d E = dh sin(α + Az) (B2)
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Figure A1. Diagram showing the relationships between vertical offset dv and horizontal offset dss around a fault plane (P) whose dip is δ. γ is the pitch of
the striae. We found that (see text) dss = dv (1 + 1/ tan2δ)1/2/ tan γ . The inset shows the relationships of these parameters plus the azimuth of the fault (Az)
and the horizontal motion across the fault (dh). The eastward (dE) and northward (dN) components can be differentiated.

with:

α = A tan
dv

dss tan δ
(B3)

dh =
√

dss2 + dv2

tan2 δ
. (B4)

A P P E N D I X C : C O R R E C T I O N
F O R S L O P E

When considering an alluvial fan cross-cut by a fault. The total
displacement can be divided into a strike-slip displacement dh and
a dip-slip displacement dz which is different from the apparent dip-
slip displacement h measured along a dip-line of the fault mirror
(see Fig. C1):

h = dz + dh tan β (C1)

where β is the local slope of the fan parallel to the fault. If β

and h are measured twice in the fan (respectively β 1 and β 2 and
h1 and h2), both dip-slip and strike-slip displacements can be
calculated:

dh = h1 − h2

tan β1 − tan β2
(C2)

dz = h1 tan β2 − h2 tan β1

tan β2 − tan β1
. (C3)

A P P E N D I X D : S I T E M 0 7

In Table D1 (left) are offset estimates for site M07. The ‘Quality’
column corresponds to the reliability of the results. Profiles are
considered to be of good quality when noise level is low and when
there is little ambiguity in offset measurement. In this case, profile
J is of very good quality. Additional information is derived from
field observation. For example profile L was considered in the field
to be of low reliability; this is confirmed since it strongly differs
from the others. Measurements are reported in the offset columns.
In the ‘Offset’ column are reported unambiguous offsets. In ‘Offset
high’ and ‘Offset low’ columns are reported the higher and lower
values determined for the offset. There mean is reported in ‘Offset
mean’ column. In Table D1 (right) is statistical analysis of offset
measurements.

In the left part of the table numerous values are found between
1.6 and 2.4 m. We chose, within this range, a maximum of one value
for each profile (highlighted in bold type). Checking between two
values can be made on the basis of our observations (e.g. profile
F). If no observation allows such a check, a default value is chosen,
being the average value (e.g. profile P).

In the right part of the table the mean calculated from these values
is reported (‘Mean offset’ column). N is the number of values con-
sidered; Std is their standard deviation, also indicated in per cent.
Conf. 66 per cent is the 66 per cent confidence half-interval; it is
used as the error. To this error we add 0.1 m (i.e. the error is 0.21
m), that represents the error from the kinematics of GPS. Finally,
we give an offset measurement for this site of 2.0 ± 0.2 m.
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Offset

h
dz
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β

Figure C1. Calculation of offsets where the slope parallel to the fault is non-zero (β here). Top: schematic case of offset measurements on the fan side.
Bottom: enlargement at fault scarplet. Unlike in the top view, the assumption is made that the scarp is locally rectangular, the observation window being small
enough. The observed vertical offset is h, together with the knowledge of the horizontal offset dh, leads to the calculation of a true vertical offset dz.

Table D1. Table of offset estimates. See text for details.

Profile Quality Offset Offset high Offset low Offset mean

D–A 5.0 3.6 4.3
D–B 2.94
F Bad 3.6 1.7 2.6
H Good 2.03 1.85 1.94 Mean offset N Std Std (%) Conf. 66%
J Very good 2.36
L ? 0.73 1.98 7 0.30 15.16 0.108
N Good 1.74
P 2.03 1.23 1.63
R1 2.24
R2 2.24
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Figure D1. Profiles across the fault. The abscissa is north–south with coordinates in metres in the UTM 40 North reference frame. The ordinate is the elevation,
indicated in metres above sea level. Vertical offset evaluations are in red and green, based on the vertical distance between two parallel lines, representing,
respectively upstream and downstream topographic fan envelopes.
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