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ABSTRACT

Geomorphic indices such as Asymmetry Factor (Af), Stream Length Gradient ratio (SI),
Hypsometric integral (Hi), Valley floor width to height ratio (Vf), Basin shape factor (Bs) and
Mountain front sinuosity (Smf), are particularly useful in tectonic studies, because they can be
used for rapid tectonic evaluation of large areas, and the necessary data often can be obtained
easily from topographic maps and aerial photographs.

Geographic Information system (ArcGIS V-9.3) and Digital Elevation Model (DEM)
with resolution of 30 m have been used to extract the stream network watersheds of Mandili
Quadrangle, sheet No. NI-38-11, scale of 1: 250 000, east of Iraq.

Mandili Quadrangle is chosen to analyze the relationships between the morphometric
characteristics and the active tectonics. The area concerned is located at the western edge of
the well-known Zagros mountainous belt, which is a well-known tectonically active area.

Ten sub-basins were extracted by DEM and the above mentioned morphometric indices.
In addition relative active tectonics were calculated to evaluate the tectonic history of the area.

The results show that the active tectonic effects on Mandili area range between inactive
(low) to moderately active, which may be due to the soft and weakly resistant sediments that
cover almost all the area concerned or due to prevailing climatic conditions in a tectonic
quiescence.
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INTRODUCTION

Morphometry is defined as quantitative measurement of landscape shape (Keller and
Pinter, 1996). At the simplest level, landforms can be characterized in terms of their size,
elevation, and slope. Some geomorphic indices have been developed as basic reconnaissance
tools to identify areas experiencing rapid tectonic deformation (Bull and Mc Fadden, 1977
and Keller and Pinter, 1996). Geomorphic indices are particularly useful in tectonic studies
because they can be used for rapid evaluation of large areas, and the necessary data often can
be obtained easily from topographic maps and aerial photographs. In recent years, Digital
Elevation Models (DEM) and Geographical Information Systems (GIS) have been extensively
used to determine the morphometric properties of tectonically active regions (Sarp et al.,
2010). Some of the geomorphic indices most useful in studies of active tectonics include:
Asymmetry Factor (Af), Hypsometric curve and Hypsometric Integral (Hi), Valley Floor
Width to Height Ratio (Vf), stream length-gradient (Sl), Basin Shape (Bs) and Mountain Front
Sinuosity (Smf).

In mountainous ranges, recent and active tectonics can be viewed as the main factor
contributing to rock uplift, their present-day topography being the result of the competition
between tectonic and erosional processes (Andermann and Gloaguen, 2009; and Perez-Pena
et al., 2009) The drainage patterns in tectonically active regions is very sensitive to active
processes such as folding and faulting, which are responsible for accelerated river incision,
basin asymmetry, drainage geometry and complexity, and river deflection (Cox, 1994).

In the present study, an attempt has been made to evaluate the geomorphic indicators of
active tectonics in Mandili Quadrangle watershed through remote sensing and GIS approachs.
This investigation applies quantitative analyses of geomorphic indices of Mandili Quadrangle,
Sheet No. NI-38-11, scale of 1: 250 000. This area is located at the western parts of Zagros
Thrust Belt, which is well known as tectonically active region due to the Anatolian- Eurasian
-Arabian collision.

The main aim of this study is to assess the active tectonics in Mandili drainage basin area,
which is a part of the Low folded zone, and the Mesopotamian foredeep. Mandili Quadrangle
is located in the middle part of the eastern borders of Iragq between 33° 00" — 34° 00" North,
and 45° 00" — 46° 30' East (Fig.1).

Yacoub (1983) described the geology of Mandili area, specially the Quaternary cover of
the Mesopotamian Plain. Hasan (1985) described the regional photo-geological and
geomorphological maps of Mandili, Badra, Zurbatiya, Sheikh Faris and Al-Teeb areas.
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Barwary (1991) described the geology of Mandili Quadrangle, based on the data gained by
the aforementioned reports data. Sissakian (2014) updated the report of Barwary (1991) by
digitalizing Mandili geological map, using GIS technique. The following rock formations are
exposed in the area; Euphrates, Fatha, Injana, Mukdadiya and Bai Hassan in addition to
several types of Quaternary sediments. Kadhum (2014) prepared a land use land cover map
for Mandili Quadrangle using remote sensing technique.

Lastly, detailed geological mapping of Zurbatiya area were conducted during 2014
(Mahmood et al., in press), in which some geological formations were investigated and
marked. These are; Ibrahim Formation (Late Oligocene — Early Miocene), Dhiban Formation
(Early Miocene), Jeribe Formation (Miocene), in addition to the aforementioned exposed
formations.
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Fig.1: Location map of Mandili Quadrangle,
sheet No. NI-38-11, scale of 1: 250 000
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GEOLOGICAL SETTING

The study area reveals a variegated topography due to the combined action of tectonics
and erosion. The landforms developed in the drainage basin area are controlled by the climate,
structure and lithology of the exposed sediments.

This area occurs to the west of the Zagros Fold — Thrust Belt. In fact it lies partly in the
Low Folded and partly in the Mesopotamian Foredeep.

= Geomorphologically

About 10% of the area is characterized by hilly terrain that may reach up to 960 m a.s.l.,
in the east and northeastern parts, and about 90% is gently sloping pediment plain in the
central and southwestern parts which may be as low as the sea level (Barwary, 1991). Hence,
different geomorphological features were developed, such as:

At the most extreme northeastern part of the drainage basin, the structural-denudational
forms are represented by "Himreen South" structure, which shows intense erosion. The
discontinuous homoclinal ridge of the southwestern limb of Himreen structure form Cuestas
and Hogbacks. Valleys are deep with steep banks and flat floors (U-shaped), whereas
V-shaped valleys are short related to early stages of streams.

Almost all other parts of the studied area show geomorphological features, of fluvial
origin.

Alluvial fans form a wide belt alongside the southwestern flank of Himreen South
structure, reaching in some places 15 Km in width, and consist of many individual fans
coalescing to form Bajada. Alluvial fans are composed of sandy gravels with secondary
gypsum. In the studied area, the alluvial fans are developed in five stages. Boundaries
between them are often marked by a break in the slope. Fine clastics dominate the younger
stages and the margins of the fans.

Accumulation Glacis which is accumulation of the clastics is originated from the
weathered and eroded materials of the alluvial fans and pre-Quaternary rocks. The surface is
gently sloping to the south and southwest. Both erosional (sheet erosion, wind abrasion) and
accumulation (sand sheet and small sand dunes), exist.

The studied area comprises two flood plain provinces. The first one is in the southwestern
corner, representing the highest stage of the Tigris River and partly of Diyala flood plain
characterized by almost flat surface with micro relief made up of ancient irrigation canals and
shallow depressions. The second flood plain province is that of the lower foothill streams,
includes several separated and independent flood plains. The younger stage of the flood plain
is restricted to the main channels which include the recent and sub recent channel fill and
point bars.

Aeolian forms also exist. Very shallow depressions, and ponds with commonly cracked
surfaces, mantled by very thin salt crust, are common too.

= Stratigraphically

The previous geological mapping of Barwary (1991); and Sissakian (2014) suggest that
the oldest exposed rock in the extreme eastern part of Mandili Quadrangle belong to the
Euphrates Formation of Early Miocene age (Fig.2). However, during 2014, detailed
geological mapping in Zurbatiya area, indicates that the Euphrates Formation exposures are
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considered to be the Jeribe and Dhiban formations of Early Miocene age, which overly the
Ibrahim Formation of Late Oligocene — Early Miocene.

— Pre-Quaternary sediments: The exposed succession in Mandili  Quadrangle are
described hereinafter following Mahmood et al., (in press) for Ibrahim, Dhiban and Jeribe
formations and Sissakian (2014) for the youngest formations:

Ibrahim Formation (Late Oligocene — Early Miocene), consists of alternations of marl,
limestone and marly limestone. A basinal anhydrite bed of more than 4 — 5 m thick, lies
directly on the Ibrahim Formation and is considered as the upper contact of Ibrahim
Formation with the overlying Dhiban Formation (Agrawi and Goff, 2010). Dhiban Formation
(Early Miocene) is exposed at the eastern parts and as relics along the thrust faults with total
thickness of 70 m. It consists of alternations of gypsum, marl and marly limestone. The upper
contact is conformable with Jeribe Formation. Jeribe Formation (Early Miocene) is exposed
as relics along the thrust fault in the southeastern part, and consists of thickly bedded
dolomitic limestone; grey, tough, fossiliferous, finely crystalline. The total thickness of this
formation is 60 m. Fatha Formation (Middle Miocene) is exposed only north of Zurbatiya
town, forming continuous steep escarpment. The Fatha Formation consists of two members of
cyclic nature, starts with claystone followed by marl, thin limestone and thick gypsum. The
upper member contains reddish brown claystone, which does not appear in the lower member.
The upper contact with the overlying Injana Formation is conformable, based on the first
appearance of thick sandstone beds. Injana (Late Miocene), Mukdadiya (Late Miocene —
Pliocene) and Bai Hassan (Pliocene — Pleistocene) formations, respectively follow the Fatha
Formation. All these formations are characterized by alternations of clastic sediments and
fluvial sediments. These sediments are composed of monotonous alternation of sandstone,
claystone and siltstone beds in Injana and Mukdadiya formations, and with conglomerate beds
in Bai Hassan Formation.

— Quaternary sediments: All of the studied area are covered with different types of
Quaternary sediments.

Due to the abrupt changes in the gradients, the studied area is regarded as typical region
in which alluvial fans are developed (Fig.2). Alluvial fans form a continuous belt along the
southwestern limb of Himreen structure, and they represent the marginal facies of the
Mesopotamian sedimentary basin. They are developed in five stages marked often by sudden
break in morphologic relief. They usually consist of cobbles, boulders, with subordinate
amounts of sands, silts and clays. Slope sediments usually accumulate on the foot hill slopes,
covering the Pre-Quaternary rocks, by combined action of sheet wash and gravity. They
mantle the pre-Quaternary strata, or sometimes mixed with the alluvial fan sediments. Slope
sediments are composed generally of gypsiferous sand or loam with rock fragments and
gravels. The thickness is variable depending on the topographic relief. Sheet runoff sediments
occupy wide area between alluvial fans; flood plains and shallow depressions fill units. They
are the weathering and erosional product of pre-Quaternary rocks, alluvial fans, etc. This unit
is built up by silty clays, silt and sand sediments.
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= Tectonics

The studied area is located within the Low Folded Zone and the Mesopotamian Foredeep;
both belong to the Outer Platform (Unstable Shelf) of the Arabian Plate (Fouad, 2014), which
are affected by the late regional intensive tectonic movements of the Alpine Orogeny (Fouad,
2012; and Ajirlu et al., 2016). This tectonic movement caused the uplifting of Himreen
structure, in the Low Folded Zone and the development of asymmetrical sinking basin in the
Mesopotamian Foredeep, in the Late Pliocene. The influence of this movement is extended to
deform the sediments of the Mesopotamian Foredeep. The evidence of this deformation is the
uneven paleo-surface of the pre-Quaternary rocks, which is now covered by thick Quaternary
sediments.

The Mesopotamian Foredeep is characterized by still active gradual subsidence that can
be evidenced by the continuous filling of the basin by recent sediments. Simultaneously, these
sediments rose in the adjacent Himreen mountain as indicated by the development of different
levels of alluvial fans and river terraces on the southwestern flank.

The Himreen South structure is the only elevated structure within the studied area. Three
anticlines occur in the studied area within this structure, the southwestern limb of the
anticlines is within the studied area, although many minor anticlines and synclines are
developed within the limb, especially north of Zurbatiya; all have the same trend of the main
Himreen structure, which shows clear deflection towards the north (from its main NNW —
SSE trend). This phenomenon is very clear in the contact between the Injana and Fatha
formations (Sissakian, 2014).

During the detailed geological mapping of Zurbatiya area (2014), southeast Mandili
Quadrangle, many longitudinal and transversal faults were recorded along the southwestern
flank of Himreen South anticline. The longitudinal faults are represented by three major thrust
faults with NW — SE trend associated with minor faults, while the transversal faults are
relatively short with NE — SW trend (Mahmood et al., in press).

= Hydrology

Except the sloping range of Himreen Mountain in the extreme northeast part of the
studied area, the other parts slope down from the north towards south, and southwest leading
to the comparatively flat Mesopotamian Plain. This Plain is dissected by some intermittent
major streams, such as Galal Badra, Galal Tersug, Galal Haran, etc. These streams disappear
finally in the flood plain of the Tigris River. The studied area is a part of the Tigris River
basin.

The studied area is built up by discontinuous lenticular bodies of fine-coarse grained
gravels and sands and silty clay and sandy bodies (alluvial fans), Generally, the sediments
have good permeability and high infiltration capacity, so the water seeps into the ground,
some remain in the soil, some evaporate and the remainder passes into the zone of saturation.
The recharge is restricted almost entirely to the winter and spring seasons, when rain is the
only source of feeding the surface water, although, numerous springs are perennial and occur
as natural ponds.

METHODOLOGY

Digital Elevation Models data and Geographical Information System techniques have
been widely used to determine the geomorphic characteristics of tectonically active regions.
Some of the geomorphic indices are most useful in the study of active tectonics (Sarp et al.,
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2010). Indices of active tectonics may detect anomalies in the fluvial system or along
mountain fronts. These anomalies may be produced by local changes in tectonic activity such
as uplift or subsidence (ElI Hamdouni et al., 2008).

The present study is carried out in order to find the active tectonics of the watershed
catchment of Mandili Quadrangle. The main objective of the study is fulfilled by computing
the geomorphic indices, using GIS and remote sensing. The digital elevation model (DEM)
with 30 m spatial resolution, of Iraq territory, has been used as a base map in Arc GIS 9.3
software, to extract the stream networks and their stream orders according to Strahler (1957).
Then the watershed was delineated and ten subbasins were divided, using the Hydrological
tools of the GIS system (Fig.3).
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Fig. 3: Stream network and subbasins of Mandili watershed map

»= Morphometric Indices and Results

The geomorphic indices are based either on analyses of the drainage network or mountain
fronts. In order to evaluate rate of tectonic activity, six of the morphometric indices of
Mandili watersheds, were analyzed and assigned into different tectonic classes based upon the
range of values of individual geomorphic index, as follows:

— Asymmetry Factor (Af): This index is related to tectonic and non-tectonic factors. Non-
tectonic factors may be related to lithology and rock fabrics. Tectonic factor is a way to
evaluate the tectonic tilting at the scale of a drainage basin (Hare and Gardner, 1985; and
Keller and Pinter, 2002).

To calculate this index in the area, At and Ar are obtained using the subbasins and the
master river maps. The index is defined as follows:
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Af =100 1

Where, Ar: is the right-side area of the master stream basin (looking downstream), and At: is
the total area of the basin.

Af is close to 50% (when symmetry) if there is no or little tilting perpendicular to the
direction of the main stream. Af is significantly greater or smaller than 50 under the effects of
active tectonics or strong lithologic control. The values of this index are divided into three
categories (EI Hamdouni et al., 2008).

Class 1 (Af < 35 or Af> 65), Class 2 (57 < Af < 65 or 35 < Af < 43) and Class 3 (43 < Af < 57)

Values under and over 50% represent rightward and leftward tilting (according to the
main stream flow), respectively.

In Mandili watersheds, the minimum value of the Af values is 20.15 in subbasin 7, while
the maximum value is 56.74 in subbasin 4 (Table 1). The subbasins; 2, 5, 7, and 9 are
classified as class 1 with high asymmetry (High tectonic tilting), the subbasins; 1 and 10 are
within class 2 of moderate active tectonics (close to symmetry), while the subbasins; 3, 4, 6,
and 8 are within class 3 (Fig.4) with low or inactive tectonics. These results may be due to the
soft lithology prevailing of the studied watersheds.

Table 1: The calculated values of Af index for Mandili watersheds

Subbasin 1 2 3 4 5 6 7 8 9 10
Af 36.8 28.0 | 52.42 56.7 26.0 48 20.2 | 453 | 28.7 | 41.1
T ] LEG}Z?&J
All Subbasins
Af Classes

[ High Right Tilting
[ Moderate Right Tilting
Il L ow to Symmetry

== Tilting Direction

33°30'N
1

33°0'N
1

T T T
45°0'E 45°30'E 46°0'E

Fig.4: Af classes and tilting directions in Mandili watershed map
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— Stream Length — Gradient Index (SI): The rivers flowing over rocks and soils of various
strengths tend to reach equilibrium with specific longitudinal profiles and hydraulic geometry
(Hack, 1973; and Bull, 2007). Thus, Hack (1957, 1973 and 1982) used Sl index to test
whether stream have reached equilibrium or not. Mathematically, Sl is given by:

Sl=(AH [AL) * L .........cc.cvunrss 2

Where, 4H: is the change in elevations of the reach, AL: is the total channel length from
the midpoint of the reach of interest upstream to the highest point on the channel, and,
(4H/AL): is the channel slope or gradient of the reach (Keller and Pinter, 1996) and L.: is the
horizontal length of the watershed divide to the midpoint of the reach.

The high values of Sl index occur where rivers cross the hard rocks and reflect relatively
high tectonic activity. Alternatively, low values of Sl index indicate relatively low tectonic
activity and suggest less-resistant and softer underlying rock types (Hack, 1973; and Keller
and Pinter, 2002). Also, the anomalous Sl values that are observed in uniform lithological
conditions are due to tectonic activities. The Sl index value will increase as rivers and streams
flow over an active uplift, and may have lesser values when they are flowing parallel to
features such as valleys produced by strike-slip faulting.

Sl values are divided into three categories according to EI Hamdouni et al. (2008):
Class 1 (SI > 500); Class 2 (300 < Sl <500); and Class 3 (S| < 300)

For the current study, no Sl values are calculated for the sub-basins 8 and 9, because the
values of the contour lines which cut the main stream trunks cannot be used. All the
calculated Sl values are less than 300 i.e. within class 3 (Fig.5), which indicate that most of
the streams, cross very low resistant sediments of the young and old alluvial fans. Among the
calculated Sl values, minimum value belongs to subbasin 3, with 31%, and the maximum
value belongs to sub-basin 1, with 108.125% (Table 2).
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Fig.5: Sl values and classes of Mandili watershed map
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Table 2: The calculated values of Sl index for Mandili watersheds

Subbasin | 1 2 3 4 5 6 7 8 9 10
Sl 108.1 | 443 | 31 |6150]69.2 553|790 - - |1 700

— Hypsometric Integral Index (Hi): The Hi describes the relative distribution of elevation
in a given area of a landscape, particularly a drainage basin (Strahler, 1952). The hypsometric
integral (Hi) reveals the maturity stages of topography that can, indirectly, be an indicator of
active tectonics. This index expresses the volume of a basin that has been eroded.

The hypsometric integral is calculated by the following formula (Keller and Pinter,
2002):

~ (H mean - H min.)
Hi =

H max.— H min.)

Where; H max: maximum, H min: minimum and, H mean: mean of elevation are calculated
from the DEM.

In general, high values of the Hi are generally greater than 0.5 and mean that not as much
of the upland have been eroded, and may propose a younger landscape, possibly produced by
active tectonics.

Intermediate values tend to have values between 0.4 and 0.5; lower values (< 0.4)
indicate mature or old area that have been much eroded (EI Hamdouni et al., 2008). The Hi
index like the Sl index in that rock strength as well as other factors affects the value.

This index is calculated for all subbasins in the area, and the minimum value is 0.085 for
subbasin 7, and the maximum value is 0.588 for subbasin 4 (Table 3). Subbasins; 2, 4 and 8
are of high Hi values (within class 1), subbasins; 1, 3 and 9 are of moderate Hi values
(class 2) and sub-basins; 5, 6, 7 and 10 are of low Hi values (class 3) that indicate these
subbasins have been much eroded due to its closeness to Himreen ridge (Fig.6).

Table 3: The calculated values of Hi index for Mandili watersheds

Subbasin 1 2 3 4 5 6 7 8 9 10
Hi 046 |05 045 |059 |014 (039 |0.08 |051 (049 |0.22

— Valley Floor width — Valley Height Ratio (Vf): The Vf is sensitive to tectonic uplift.

This index can separate V-shaped valleys from U-shaped valleys. The calculation formula is
(Bull, 2007):

Vi = 2Vfw [ (Ald + Ard - 24sc) ................... 4

Where; Viw: is the width of the valley floor, and Ald, Ard and Asc: are the altitudes of the left
and right divisions (looking downstream) and the stream channel, respectively.

When rapid stream down cuts in tectonically active mountains, valley floor is narrowed
with steep slopes and V-shaped, while in tectonically inactive mountain fronts, streams have
U-shaped valley floor (Bull and McFadden, 1977).
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Fig.6: Hi classes and values of Mandili watershed map

Because uplift is associated with incision, the index is thought to be a proxy for active
tectonics where low values of Vf are associated with higher rates of uplift and incision. Deep
V-shaped valleys (Vf < 1) relate to linear, active down cutting streams distinctive of areas
subjected to active uplift, while flat floored (U-shaped) valleys (Vf > 1) showing attainment
of the base level of erosion mainly in response to relative tectonic quiescence (Keller, 1996;
and Keller and Pinter, 2002). Values of Vf vary depending on; basin size, stream discharge,
and rock type encountered. Vf values are divided into three classes (El Hamdouni et al.,
2008):

Class 1 (Vf<0.3), class 2 (0.3 <Vf<1), and class 3 (Vf>1)

This index is calculated for the main valleys of the studied subbasins using cross section
drawn from DEM, along three locations (up, mid and downstream) for the main stream trunk
in each subbasin and then the average of Vf values are obtained for each main stream. The
calculated VT index values are listed in Table (4).

Table 4: Vf values of Mandili subbasins

Subbasin 1 2 3 4 5 6 7 8 9 10
\ii 5.5 5.5 2.7 1.8 3.6 2.4 0.7 | 28 | 56 1.3

Only one Vf value of subbasin-7 is within class 2 (0.3 < Vf < 1.0), which indicate
moderate to low uplifting rates, whereas, all the other subbasins have high Vf values within
class 3 (> 1.0) which is associated with low uplifting rates and characterize places where the
stream cut broad (U-shaped) valley floor (Fig.7).
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Fig.7: Vf classes and values map

— Mountain Front Sinuosity Index (Smf): Smf is an index that reflects the balance between
erosional forces that tend to cut embayment into mountain front and tectonic forces that tend
to produce a straight mountain front coincident with an active range-bounding fault (Bull and
McFadden, 1977).

Those mountain fronts associated with active tectonics and uplift are relatively straight,
with low values of Smf. If the rate of uplift is reduced or ceased, then erosional processes
would carve a more irregular mountain front, and Smf would increase. Mountain front
sinuosity index is defined by Bull (2007) as:

Smf = Lmf fLs ................... 5

Where; Smf: is the mountain front sinuosity, Lmf: is the length of the mountain front along
the foot of the mountain, and Ls: is the straight-line length of the mountain front.

The mountain front sinuosity (Smf) is commonly less than 3, and approaches 1 where
steep mountain rise rapidly along a fault or fold (Bull, 2007). Therefore, this index can play
an important role in tectonic activity. Because mountain front sites are independent of
subbasin places, chances are that some of them have various fronts and that the others have no
mountain fronts. The sinuosity of highly active mountain fronts generally has low values that
range from 1.0 to 1.5 that indicate uplift prevails over erosional processes, yielding straight
mountain fronts. The moderately active fronts range from 1.5 to 3.0, and that of inactive
fronts ranges from 3 to more than 10 indicating erosional processes that generate irregular or
sinuous mountain fronts (Bull, 2007). A sinuosity greater than 3 describes a highly-embayed
front (Bull and McFadden, 1977). The Smf values are divided into three classes (Keller,
1986):

Class 1 (Smf < 1.5), class 2 (1.5 < Smf < 3), and class 3 (Smf > 3)
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All the calculated Smf values (except subbasin 5) in Mandili drainage subbasins are
within class 3, and only subbasin 5 has Smf value (1.73) which is within class 2 (1.5 < Smf <
3) as shown in Fig. (8). Subbasin 2 have no Smf value because there is no mountain front
involved (Table 5). These results suggest relatively low rate of mountain front activity that
wears down with time; the front is more eroded and sinuous, and the mountain front valley is

wide.
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Fig.8: Smf values and classes

Table 5: Smf values of Mandili subbasins

Subbasin 1 2 3 4 5 6 7 8 9 10
Smf 3.24 - 185|462 | 1.7 | 138 | 3.2 43 43 | 35

— Basin Shape Index (Bs): Relatively young drainage basins in active tectonic areas tend to
be more elongated than their normal shape on the topographic slope of a mountain. The
elongated shape tends to evolve into a more circular shape (Bull and McFadden, 1977). The
horizontal projection of the basin shape may be described by the Bs or elongation ratio
(Cannon, 1976; and Ramirez-Herrera, 1998). The calculation formula is:

Bs = BI/Bw ............... 6

Where; Bl: is the length of the basin measured from the headwater to the mountain, and
Bw: is the basin width at the widest point of the basin.

In the studied area, Bl and Bw are obtained using the subbasins and the main river maps;
then, the values are divided into three classes: class 1 (Bs > 4), class 2 (3 < Bs <4), and class
3 (Bs < 3) (El Hamdouni et al., 2008). The high values of Bs are associated with elongated
basins, generally associated with relatively higher tectonic activity. Low values of Bs indicate
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a more circular shaped basin, generally associated with low tectonic activity. Therefore, Bs
may reflect the rate of active tectonics.

Bs results (Table 6) show that; only two subbasins (6 and 10) are within class 1, which is
associated with elongated shape basins that reflect the relatively higher tectonic activity
(Fig. 9). Whereas, subbasins; 1, 4, 7, 8, and 9 are within class 2 and subbasins; 2, 3, and 5 are
within class 3, which indicate a more circular shaped basin, generally associated with low
tectonic activity.

Table 6: Bs values of Mandili subbasins

Subbasin 1 2 3 4 5 6 7 8 9 10

Bs 3.2 1.9 2.2 3.1 2.1 45 2.5 2 3.4 55
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Fig.9: Bs values and classes

— Relative Active Tectonic Index (lat): To calculate the lat in the studied area, the average
of the six geomorphic indices is used. The average (lat) values are classified into four classes
(El Hamdouni et al., 2008):

Class 1 (lat < 1.6 = Very High), Class 2 (1.6 < lat <2 = High), Class 3 2 < lat<2.5 =
Moderate), and Class 4 (lat > 2.5 = Low)

The calculated lat values listed in Table (7) show the subbasins of Mandili Quadrangle
drainage basin to be divided between moderate (Class 3) and low (Class 4) relatively active
tectonics (Fig.10).
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Table 7: Morphotectonic classes of Mandili watersheds

Sub Af Sl VT Bs Hi Smf lat lat Active
basins | Class | Class | Class | Class | Class | Class | Values | Class | Tectonic
1 2-M | 3-L 3-L | 2-M | 2-M 3-L 5 4 Low
2 1-H 3-L 3-L 3-L 1-H 0 3.7 4 Low
3 3-L 3-L 3-L 3-L 2-M 3-L 2.83 4 Low
4 3-L 3-L 3-L | 2-M 1-H 3-L 2.5 3 Moderate
5 1-H 3-L 3-L 3-L 3-L 2-M 25 3 Moderate
6 3-L 3-L 3-L 1-H 3-L 3-L 2.7 4 Low
7 1-H 3-L | 2-M 3-L 3-L 3-L 25 3 Moderate
8 3-L 0 3-L | 2-M 1-H 3-L 2.6 4 Low
9 1-H 0 3-L 3-L 1-H 3-L 2.2 3 Moderate
10 2-M | 3-L 3L 1-H 3-L 3-L 2.7 4 Low
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Fig.10: Relative active tectonic (lat) map of Mandili watershed

By reviewing the results in Table (7), it is noted that the values of the moderate lat in
subbasins; 4, 5 and 7 are so close (lat = 2.5) to the values of the low relative active tectonics
(lat > 2.5), which support the idea of the low active (inactive) tectonics in the studied area.
These are due to the soft and low resistant sediments of the alluvial fans and flood plain
prevailing in the studied drainage basin.
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DISCUSSION

Three plates; Arabian, Anatolian and Eurasian collided forming the Zagros mountainous
region of Irag. The uplift of Arabian Plate was more effective in the Early Pleistocene
(Yacoub et al., 2012; and Fouad, 2012). In the Pleistocene, the tectonic importance was less
in comparison with the influence of climate changes. Climatic changes result in diversity of
fluvial processes mainly in the time, variety of neotectonic movements result in their diversity
in the space more than in time.

In the current study, the results of calculated indices have been compared with the
geological map of the studied area. Relative tectonic activities were achieved by calculating
geomorphic indices and averaging them. The total area of Mandili Quadrangle watershed
basin is 8064.169 Kmz?, and has 10 subbasins; subbasin 7 is the largest with 4283.068 Km?
area and subbasin 9 is the smallest with 58.326 Km2 area. To identify more active and less
active subbasins, six geomorphic indices; Af, SI, Hi, Vf, Bs and Smf indices are calculated.

In Mandili Quadrangle watershed basin Af values varies from 20.152 in subbasin 7 to
56.74 in subbasin 4 (Table 1). Some subbasins are asymmetrical and demonstrate longer
tributaries on the left side of their main trunk stream than those to the right, which means a
westward (right ward) tilting, such as subbasins; 1, 2, 5, 7, 9 and 10. The other subbasins such
as; 3, 4, 6 and 8, are so close to the symmetry case, that mean no or little tilting effects.

The highest values (> 50%) of Af index demonstrate low asymmetry occurring in sub-
basins 3 and 4. These two subbasins were tilted left of the main stream trunk. The high values
(class 1) are in the subbasins; 2, 5, 7 and 9, that means highly tilted subbasins, while the low
values (class 3) are in the subbasins; 3, 4, 6 and 8, that means low tilted subbasins, but
subbasins; 1 and 10 are with moderate value (class 2), according to EI Hamdouni et al.
(2008), which means moderately tilted subbasins (Fig. 3). All the subbasins, show right ward
tilting with relatively long left side tributaries, except subbasins; 3 and 4, which show left
ward tilting with relatively long right side tributaries.

All Sl values are less than 300 and thus classified within class 3, because most of the
streams cross through very low resistant (soft) sediments of the young and old alluvial fans.

Hypsometric integral (Hi) values are low in the adjacent subbasins; 5, 6, 7 and 10, which
may be related to older landscapes that have been more eroded and less affected by recent
active tectonics. The high values are within subbasins 2, 4 and 8 and could be resulted from
recent incision into a young geometric surface formed by deposition. Subbasins; 1, 3 and 9
are within class 2 of moderate Hi values.

The values of the calculated Vf index illustrate that only subbasins; 3 and 4 show low
rightward tilt (within class 3), while the other subbasins are of leftward tilt. Among these
leftward tilted subbasins, the subbasin; 2, 5, 7 and 9 are highly tilted (within class 1),
subbasins; 1 and 10 are moderately tilted (within class 2), whereas, subbasins; 6 and 8 are low
tilted (within class 3).

Subbasin 7 has Vf value less than 1.0 and deep V-shaped valley related to linear, active
down cutting stream distinctive of area subjected to active uplift, while other subbasins have
VT values greater than 1.0 and flat floored U-shaped valley floors, show an attainment of the
base level of erosion mainly in response to relative tectonic quiescence.
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Valleys upstream from the mountain front tend to be narrow, and Vf is usually calculated
at a given distance upstream from the mountain front.

Smf values of the studied subbasins are more than 3, within class 3, that are normally
associated with inactive fronts in which the initial range front fault may be more than 1 Km
away from the present erosional front. This case is easily observed in the irregular or sinuous
front due to erosional processes along Himreen ridge.

Bs values of the studied subbasins indicate only two subbasins; 6 and 10 to be high
(> 4, within class 1), which indicate elongated shape that refer to relatively active tectonics.
Whereas, subbasins; 2, 3, 5, 7 and 9 of low Bs values (< 3, within class 3), which indicate
close to the circular shape subbasins that refer to inactive tectonics, while subbasins; 1, 4 and
8 are within class 2 with Bs values between (3 — 4), which indicate the pear shape subbasins.

The results of the measured indices and average lat indicate that, the ten subbasins have
Low and Moderate classes of relatively active tectonics, which means that about 64% of the
studied area are of Moderate relative activity and about 36% of the area are of Low active
tectonics.

The currently obtained lat results coincide with results gained for a nearby areas in west
Iran, (Arian and Aram, 2014; Faghih et al., 2015; Gholamhosein Fard et al., 2015; Omidali
et al., 2015; Ahmed et al., 2016; and Lari, et al., 2016), which were classified within classes 3
and 4 of moderate and low active (inactive) tectonics, for each. Also, it strongly supports the
inference that “the progressive decrease in the magnitude of deformation, of the Zagros Fold
— Thrust Belt, from northeast to southwest towards the Foredeep” (Fouad, 2012).

CONCLUSIONS

It seems that the calculated geomorphic indices by using GIS are suitable for assessment
of the tectonic activity of the study area. Therefore, the analyses of the raster DEM-30 m,
of Mandili Quadrangle watershed, displays ten subbasins with streams ranging between 4th
and 7th order. Six measured morphotectonic indices for these ten sub-basins are added and a
unit index obtained as the relative tectonic activity (lat) with two classes of tectonic activities.
Six subbasins of the studied watershed become related to class 4 (lat) with an area of
2921.476 Km? (36.2%), which indicate low active tectonics (inactive), and four subbasins of
class 3 (lat) with an area of 5142.693 Km? (63.8%) that indicate moderate active tectonics.

The prevailing low and moderate active tectonics may be due to the low resistant (soft)
sediments, climatic changes and tectonic quiescence, dominating most of the Mesopotamian
Foredeep Zone, and the erosional processes have overcome the tectonic processes and the
initial development of alluvial fans is clearly distinguished.

The results of this paper coincide with many previous researches in the adjacent Zagros
Fold Thrust Belt, in west Iran region and support the concept that the magnitude of
deformation in the Zagros Fold — Thrust Belt progressively decreases from northeast towards
southwest towards the Foredeep.
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