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Numerous Quaternary faults are found in north-central Iran with an insignificant
history of seismic activity. Having either strike-slip or thrust mechanisms, these
faults are potentially active and therefore capable of creating destructive earth-
quakes. In this paper, Landsat Enhanced Thematic Mapper Plus (ETM+) images
were used, for the first time, to map these Quaternary faults located in an abandoned
area to the west of Kavir Plain in north-central Iran. We also demonstrate the use of
satellite imagery to identify Quaternary faults in an unpopulated area using geo-
morphological features, such as deformed quaternary alluviums, deflected stream
channels, shutter ridges and sag ponds, and also fault scarps. The major mapped
faults have two main northwest and northeast trends. These faults are following the
trends of their counterparts in the eastern and western Alborz range. Despite the
evidence of activity in the Quaternary faults, no large earthquakes have been
recorded in the study area and therefore they can be considered as only potentially
active faults. This is because of the lack of historically recorded earthquakes in the
abandoned area in the past centuries or to extensively developed evaporate layers at
depths that cause most of the recent deformations to occur aseismically.

1. Introduction

The central Iran structural zone forms a large triangular region within the
Arabian—Eurasian continental collision zone (figure 1(a)). The presence of long active
faults has been identified in northwest Zagros and in the southern part of Alborz
bounding central Iran (e.g. Berberian 1976a, Bachmanov ez al. 2004). In the east-
southeast part of central Iran, active faults such as Doruneh, Nayband and
Nehbandan faults with a long history of recorded earthquakes have also been
described (e.g. Bonini e al. 2003, Walker and Jackson 2004). Despite several inves-
tigations being carried out on the identification of the active faults in the east-
southeast part of central Iran (Berberian 1976a, Berberian and Yeats 1999,
Berberian et al. 2001, Walker and Jackson 2002, 2004), the occurrence of destructive
events is common, such as the 2003 Bam earthquake (magnitude (M) = 6.5), in
which the earthquake surface rupture did not follow the known Bam faults (Fu ez al.
2004, Talebian et al. 2004, Fu et al. 2007). This indicates that a large number of
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Figure 1. (a) The Arabian—Eurasian plate collision zone, showing the position of the study
area located between the major faults in north-central Iran. (b) Details of the location of the
later figures shown here on the Shuttle Radar Topography Mission (SRTM) image (90-m
digital elevation model, DEM) of the study area.

unknown active faults exist, particularly in abandoned areas within central Iran. It is
generally thought that the lack of evidence for the occurrence of large historical
earthquakes in these regions should not be interpreted as a lack of seismic activity
(e.g. Berberian 1976b). This is because of the long recurrence periods of earthquakes
that exceed both historically and instrumentally recorded intervals.

Unlike the east-southeast part of central Iran, no detailed investigations have been
performed on mapping of the active faults in the west of Kavir Plain in north-central
Iran in which the study area is located. Despite the tectonic situation of this area, low
seismic activity based on historically and instrumentally recorded earthquakes can be
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inferred. Therefore, mapping of the Quaternary faults can provide the basis for
identification of potentially active faults. The study area is located in an unapproach-
able and unpopulated area and almost all the fault kinematics indicators are obscured
and would not be detected at fields because of their poor outcrops. Thus, remote
sensing studies pave the way for mapping such Quaternary faults (e.g. Sabins 1997). In
this paper, we report the use of Landsat Enhanced Thematic Mapper Plus (ETM+)
imagery and aeromagnetic data, in attempts to map the Quaternary faults in the west
of Kavir Plain in north-central Iran. This also demonstrates the capability of the
interpretation of satellite imagery for identification of Quaternary faults in an aban-
doned area using geomorphological features.

2. Geological setting

The Cenozoic rocks comprise most of the outcrops in the west of Kavir Plain, while
the older rocks crop out dispersed in anticline cores. Paleocene succession consists
mainly of conglomerate and sandstone, mostly overlying older units as unconformity.
Eocene rock formations in central Iran as well as the Lut block contain mostly thick-
bedded lavas or volcanic rocks deposited in a marine basin (Berberian and King
1981). During the late Oligocene, this sea transgressed towards central Iran, leaving
marine Oligocene—Miocene deposits. Thick terrestrial series of marl, limestone and
red evaporates were also deposited in these basins. In the late Miocene, deposition of
sandstone, marl, conglomerate and evaporate rocks developed in a molasses-type
condition of sedimentary environment. The Pliocene succession, similar to that in
other Iranian regions, consists of conglomerate, overlying older deposits as an
unconformity. Quaternary deposits are classified as old alluvial fans known as Qtl
(Pleistocene) and young fans (Holocene) known as Qt2 (Emami 1991, Vahdati
Daneshmand 1991). The study area is also covered by several sand dunes.

Three major depressions encircle the study area: Kavir Plain to the east, Qom-Aran
to the west and Garmsar to the north (figure 1). These depressions are intercontinen-
tal basins filled with the detrital and evaporate deposits since the late Eocene (except
for the Oligocene—Miocene interval). They were developed because of uplift of the
surrounding area as a result of doming and/or subsidence of lowlands triggered by
major strike-slip faults (see Berberian and King 1981).

3. Materials and methods

To map the Quaternary faults in this study, first the satellite data were radiometrically
corrected. To recognize detailed objects for better performance in georectification, the
related bands were then combined and radiometrically corrected. Orthorectification was
also performed using 1:50 000 topography data and polynomial equations in the WGS84
as datum and the Universal Transverse Mercator (UTM) zone 39 as projection. For better
recognition of geomorphological features, the 7-4-2 composite bands were made as well.

Furthermore, for reduction of data correlation and redundancy, principal compo-
nent analysis (PCA) was performed. PCA is a technique that produces images among
which the correlation is either zero or close to zero and reduces the number of bands
without losing band information (Mather 2004). Therefore, PCA was performed in
order to be replaced with a band that has the closest correlation with it. For band
selection, scatter plots were obtained. They show that band 2 has the most correlation
with the others. Therefore, PC1 was replaced with band 2 (0.53-0.61 um) in order to
recognize geological features, especially structural lineaments.
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For better identification of rock units, faults and lineaments at a larger scale,
multispectral ETM+ images with a 28.5-m cell size and the panchromatic band of
the ETM+ image with a 14.25-m cell size were merged together by data fusion
methods. Data fusion was performed by using the intensity—hue—saturation (IHS)
method. In this method, a multispectral (ETM+) image is transformed from Red-
Green-Blue (RGB) into IHS space, and then the intensity component of the image is
replaced by the panchromatic band of the ETM+ image. Finally, inverse transforma-
tion from IHS space into RGB space was carried out. Contrast stretching, such as
linear contrast stretching and histogram equalization, was also performed on the
resulting image of data fusion.

The 7 x 7 edge sharpening filter has been used to detect more detail in the edges,
which can be fault lineaments (see figure 2(a)):

7 x 7 edge sharpening filter
-1 -1 -1 -1 -1
-1 -1 -1 -1 -1
-1 -1 49 -1 -1
-1 -1 -1 -1 -1

-1 -1 -1 -1 -1
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Figure 2. The ETM+ image of north-central Iran resulting from insertion () using the PCA
technique, data fusion and 7 x 7 sharpening filters, (b) the NW Robinson three-level filter and
(¢) the NE Robinson three-level filter.
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Among gradient filters, the Robinson three-level operator was also used in the
northwest and northeast directions to detect similar trending fault lineaments. The
Robinson three-level operator was then derived from the Prewitt operator. It is one of
the derivative-based filters (Pratt (2001); figures 2(b) and 2(c)). The resulting images
were used for mapping the Quaternary faults.

5 x 5 NE Robinson three-level operator 5 x 5 NW Robinson three-level operator

00 -1 -1 -1 -1 -1 -1 0 0
0 0 -1 -1 -1 -1 -1 -1 0 0
1 1 0 -1 -1 -1 -1 0 11
I 11 0 0 0 0 1 11
1 1 1 0 0 0 0 1 11

4. Mapping Quaternary faults

Quaternary faults were mapped in the four major areas across north-central Iran: the
Talkheh, Siahkuh, Davazdah Emam mountains and the southern part of Lake
Namak (figure 1(b)).

4.1 Quaternary faults around Mt Talkheh

Mt Talkheh is an anticline with a core of Eocene volcanic rocks. The fold surface is
composed of Oligo-Miocene as well as Miocene limestone and marl, which are highly
sensitive to erosion and therefore exhibit smooth topography (figure 3). Pliocene
conglomerates and Quaternary alluviums are observed in dark colours on the satellite
images. Mt Talkheh is cut by northeast-trending Talkheh faults (TF1 and TF2 in
figure 3).

The TF1 fault, which has deformed Quaternary alluviums on the northern slope of
Mt Talkheh, is interpreted as a Quaternary fault. Evidence includes cross-cutting of a
small fold developed in the Plio-Quaternary rock units and truncation of the alluvial
fans to the north of Mt Talkheh (figure 4(c)). To the west of the TF1 fault, two other
smaller faults have also been mapped. One of these faults has truncated an alluvial fan
close to its apex, producing a fault scarp of several metres in height (figures 3(a) and
4(d)). The other one has cut across some alluvial fan bodies (figure 4()). To the south
of the TF1 fault, Quaternary alluviums were displaced by about 500 m horizontally by
one of the TF1 splays (figure 5(b)). To the north of Mt Talkheh there are a few sand
dunes that have been cross-cut by a northeast-trending fault (figure 4(d)).

The southern flank of Mt Talkheh is also bisected by parallel TF3 and TF4
Quaternary faults (figure 3). These faults have cut and/or displaced laterally the
Holocene alluviums and drainage channels as well as the rock units of Mt Talkheh
and thus are interpreted as having a sinistral strike-slip mechanism (figure 3(«)). The
TF3 and TF4 faults, in their northern part, have left-laterally offset a stream channel
by approximately 1.5 and 2 km, respectively (figures 3(b) and 5(«)). It is generally
thought that the lateral deflection of rivers and stream channels is indicative of active
faults (Keller and Pinter 1996). The TF3 and TF4 fault scarps that have truncated the
Quaternary alluviums are also clearly observed on the satellite image (figures 4(a) and
5(a)). A shutter ridge contributing to the deviation of the stream channels is also seen
along the TF3 (figures 3(b) and 4(a)). In addition, development of sag ponds along the
strike of the TF3 fault constrains its dominant strike-slip mechanism (figure 3(b)).
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Figure 3. (a) Map of Quaternary faults around Mt Talkheh on the Shuttle Radar Topography
Mission (SRTM) image (90-m digital elevation model, DEM). (b) Structural and geomorpho-
logical interpretation of the TF3 and TF4 faults on the 3D view of the ETM+ image super-
imposed on the SRTM DEM (vertical exaggeration: 5x).
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Figure 4. (a) An image of the TF3 fault scarp that cut alluvial fans (al.f). Note the develop-
ment of a shutter ridge along the fault. (b) Truncation of a small fault to the west by the TF1 in
the north of Mt Talkheh. (¢) Truncation of alluvial fans by the TF1 in the north of Mt Talkheh
(d) Truncation of sand dunes and Quaternary alluviums by a small quaternary fault in the north
of Mt Talkheh. Refer to figure 3(a) for the location of these images within the study area.

To the west of Mt Talkheh there is a river, Talkhab River, that flows from south to
north (figures 1(b) and 5(b)). This river has been deflected right-laterally by the northwest-
trending TFS fault (figure 5(b)). In addition, to the west of the Talkhab River, there is a
dry river channel that is thought to be an abandoned channel of the Talkhab River
because of reactivation of the TF5 fault. The effect of the TFS5 fault can also be seen on the
Quaternary deposits in the vicinity of the Talkhab River (figure 5(b)).

4.2 Quaternary faults around Mt Siahkuh

Like Mt Talkheh, the Siahkuh mountain is an anticline in which the Eocene volcanic
rocks constitute the fold core and the Oligo-Miocene limestone and marl crop out in the
fold limbs (figures 1(b) and 6). The fold southern limb has been cut by the northeastern-
dipping Siahkuh thrust fault along which Mt Siahkuh thrust over the Quaternary
deposits (figures 6(a) and 6(h)). Channel incisions have occurred on rivers crossing
the Siahkuh thrust, causing the younger alluvial fans to form downslopes away from
their former locus (figure 6(b)). As argued by Keller and Pinter (1996), such an incision
is due to the continuous uplift of the Siahkuh thrust and hence indicates its recent
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Figure 6. (a) Map of the Siahkuh fault region. (b) The 3D view of the ETM+ image super-
imposed on the Shuttle Radar Topography Mission (SRTM) 90-m digital elevation model
(DEM) (vertical exaggeration: 5x) of the Siahkuh fault. (¢) The active segment of the Siahkuh
thrust in which old alluvial fans thrust over the young alluvial fans. Refer to figure 1(b) for the
location of these images within the study area.
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activity. Along the western part of the fault, the older alluvial fans with a darker colour
and rougher morphology thrust over the younger ones (figure 6(c)).

4.3 Quaternary faults around Mt Davazdah Emam

Mt Davazdah Emam, located to the north of Lake Namak, is composed of Eocene
volcanic rocks, Oligocene—Miocene and Miocene limestone and marl units, and
Pliocene conglomerate (figures 1(h) and 7(a)). The Davazdah Emam fault thrust the
Eocene volcanic rocks over a series of younger rock units from the Oligocene—Miocene
to recent alluvium deposits (figure 7(b)). This thrust fault is composed of a set of parallel
faults, one of which has cut alluvial fans close to the apex in the south of Mt Davazdah
Emam, suggesting the Quaternary nature of the fault (figure 7(c)). To the south of the
Davazdah Emam fault, Pliocene and Miocene rock units are folded to form a large
anticline in which its northern limb has been cut by the fault (figure 7(b)). On the
satellite image of this anticline, the Pliocene conglomerate has a darker colour and
rougher topography than the Miocene rock units (figure 7(b)). Like the Siahkuh fault,
along the Davazdah Emam fault channel incisions have occurred in the older alluvial
fans resulting in deposition of younger alluvial fans downwards away from their former
places (figure 7(b)). This geomorphological evidence as well as the epicentre of the 1937
[magnitude (M,,) = 5.4] and 2007 (M,, = 4.6) earthquakes along the Davazdah Emam
fault indicates that this is an active fault.

4.4  Quaternary faults to the south of Lake Namak

To the south of Lake Namak, three faults with different trends have been mapped that
have cut Quaternary deposits and sand dunes (figures 1(b) and 8(«)). These faults have
been named Maranjab-1, Maranjab-2 and Maranjab-3. The northeast-trending
Maranjab-1 fault that has a 50-km-long linear trace on satellite images of cut
Quaternary alluviums, alluvial fans, stream channels and sand dunes and is therefore
considered as a Quaternary fault (figure 8(b)). The Maranjab-1 fault, forming the
southern boundary of the Namak Lake, is a high angle fault interpreted as controlling
development of the Namak Lake basin (figure 8).

The northeast-trending Maranjab-2 fault that is located to the south of the
Maranjab-1 fault forms the structural boundary between sand dunes and
Quaternary deposits and in places crossing the sand dunes as well (figure 8(b)).
Detailed mapping of the fault on the satellite images reveals that the Maranjab-2
fault can be divided into three segments. The Maranjab-2 fault terminates at the
northwest-trending Maranjab-3 fault, which crosses the northern limb of a Plio-
Quaternary syncline (figure 8(b)). The southern limb of the syncline has also been
vertically incised by an east-trending stream. It is thought that such a rapid uplift of
the syncline is most probably due to Quaternary activity of the Maranjab-3 fault.

5. Discussion

The active tectonics in the Iranian plateau is thought to be related to the continental
collision between the Arabian and Eurasian plates (Vita-Finzi 2001). With regard to the
present-day deformation on major active faults in the Iranian plateau, shortening
occurred approximately 3—7 million years ago (Allen et al. 2004). Since that time, the
continental collision continues in the general north-northeast trending across the suture
zone between the Arabian and Eurasian plates and at a rate of 22 mm year™' based on
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Figure 7. (a) Map of Mt Davazdah Emam. (b) The 3D view of the ETM+ image super-
imposed on the Shuttle Radar Topography Mission (SRTM) 90-m digital elevation model
(DEM) (vertical exaggeration: 5x) of the Davazdah Emam thrust. (¢) Truncation of
Quaternary alluviums by the Davazdah Emam fault. Refer to figure 1(b) for the location of
these images within the study area.
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Global Positioning System (GPS) measurements. In central Iran, however, the short-
ening occurs in a north—south direction and at a rate of about 2 mm year™ (Vernant et al.
2004b). This shortening rate was also measured as 3 mm year™' by Vernant et al. (2004a)
across the Pishva thrust, which is a Quaternary fault located in north-central Iran. The
north—south shortening in central Iran is apparently caused by anticlockwise rotation of
crustal blocks, bounded by the right-lateral Dehshir and Anar strike-slip faults (figure
1(a)), about vertical axes (Walker and Jackson 2004). This crustal block rotation is
interpreted as resulting in reactivation of the Quaternary faults in the study area.

The Siahkuh, Davazdah Emam, Talkheh and Maranjab faults are major Quaternary
structural elements in the study area. The faults trends vary from northeast trending (the
Talkheh and Maranjab faults) to northwest trending (the Siahkuh and Davazdah
Emam faults) (figure 1(b)). These trends follow their counterpart in the Alborz range
in which active deformation within the broad region of the Arabian—Eurasian con-
tinental collision occurs (Allen ez al. 2003). These two main groups of fault trends have
also been detected on the magnetic basement lineaments map of Iran (Yousefi and
Friedberg (1994); figure 9(a)). According to this map, most of the mapped faults in the
study area are deep-seated basement structures that have been reactivated since the Late
Pliocene (Berberian et al. 2001). It is proposed that the Talkheh and Maranjab-1 faults
are in fact the southern continuation of the left-lateral northeast-trending Torud active
fault (figure 1(a)). The 1953 earthquake (M, = 6.5) is interpreted as occurring due to
reactivation of the Torud fault (Berberian 1976b). Furthermore, the Siahkuh and
Davazdah Emam faults are inferred to be a continuation of the northwest-trending
Kushk-e-Nosrat and Avaj active faults (figure 1(a)) (see Hessami ez al. (2003)).

Although central Iran has experienced shallow earthquakes with surface faulting,
large magnitudes and several hundred years of recurrence intervals (e.g. the 1968
Dasht-e-Bayaz earthquake with M, = 7.4 and the 1978 Tabas earthquake with M, =
7.6) (Berberian and Yeats 1999, Masson et al. 2005, Engdahl ez al. 2006), the study
area located in north-central Iran exhibits low seismic activity and no large earth-
quakes have been detected instrumentally (figure 9(b)). Lack of knowledge on
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Figure 9. (a) Basement lineaments of north-central Iran drawn from the aeromagnetic map of
Iran at scale 1:2 500 000 (Yousefi and Friedberg 1994). The small rectangle shows the western
part of the Kavir Plain (the study area) and the large rectangle shows the central part of the
Kavir Plain. (b) Distribution of the instrumental earthquake epicentres in the small rectangle
area (after: http://www.iiees.ac.ir from 1922 to 2008). Numbers are earthquake magnitudes.
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historical earthquakes in such areas should not be considered as due to a lack of large
earthquakes (Berberian 1976b). This is because the recurrence periods of large earth-
quakes exceed intervals historically as well as records instrumentally. The very low
shortening rate of 3 mm year™! in north-central Iran, as suggested by Vernant et al.
(2004a), constrains this interpretation.

6. Conclusions

The morphotectonics evidence presented in this study for mapping Quaternary faults
in north-central Iran comprises cut recent deposits, offset and deflected streams and
also linear features such as shutter ridges and sag ponds along faults. Application of
these geomorphological features to the identification of Quaternary faults in an
abandoned area has also verified the capability of the interpretation of satellite
imagery. Although these features cannot prove the active nature of the faults, due
to lack of historical as well as instrumental seismicity along them, they could indicate
that the mapped Quaternary faults are potentially active. This is because their earth-
quake recurrence intervals are probably longer than the history of such abandoned
areas. The low seismic activity of the study area might also be due to the presence of
ductile evaporates at depths that led the faults to have aseismic activity. The circular
to spheroidal shape of some of these folds as well as the existence of salt diapirs to the
south of Garmsar Plain, especially around Mt Kuh-e-Gugerd, represent the broad
deposition of such evaporates in north-central Iran.
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