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Resume

The slope time-dependent deformations are usually related to Mass Rock Creep
(MRC) process that acts on large time-space scale through a continuous and non-
linear variation of the tensile-deformational state of entire portions of slopes. Such
processes are related to large gravitational stresses acting on steep mountain slopes
but might also be accelerated by rapid fluvial downcutting, glacial debuttressing
(the exposure of glacially steepened rockwalls, due to the down wastage and retreat
of glacier ice) and seismic activity. In this regard, it is also strongly conditioned by
the tectonics and the evolution of the drainage network. Indeed, both uplift and
the morphoevolution kinematically release portions of slopes isolating a rock mass
carapace that starts to deform by MRC process until collapse. The limit of these the-
oretical schemes is represented by the difficulty of estimating accurately the starting
time of the process, discriminating the distinct phases, as well as determining the
viscosity of the rocky matrix, one of the most important component in the system.
In this regard, the general objective of my research is to isolate the contribute of geo-
logical aging (intended as the time-evolution of morphostructures in the direction of
propagation of the orogen from the hinterland to the foreland), and of landscape evo-
lution in the development of MRC-driven time-dependent deformations. However,
the specific objective is to demonstrate the relationships among the aforementioned
factors through a methodological test along a transept oriented parallel to direction
of the morphostructures in Lorestan, in the Zagros Mountains (Iran) from NE (older
geological age) to SW (younger geological age). The thesis is structured as follows:

1. Introduction: MRC-driven instabilities and conditioning factors
Bibliographic study of predisposing, preparatory and triggering factors that
influence the deformational process with particular regard to landscape evo-
lution, geological aging and stratigraphy highlighting the goal of the research:
a transpositive analysis of MRC current processes in space and time along a
transept oriented in the propagation direction of the Zagros chain (NE-SW).

2. Geological aging and deformation style of Lorestan region (Zagros Mountains)
Geological setting of the Zagros orogen and validation of the starting ergodic
model through the reconstruction of the tectonic evolution and of the defor-
mation style of the Lorestan folds as well as of its geomorphic response in the
landscape obtained by applying terrain analyses.

3. Landslide Inventory and sensitivity analysis
In order to evaluate the sensitivity of the slopes to the MRC conditioning
factors and to calibrate the landscape evolution models, I built an inventory
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Resume

of landslides, in which I distinguished the occurred and ongoing instabilities
in shear driven landslides (rockfalls, earth/rock slides and earth/debris flows),
and creep-driven ones (viscous slidings, flexural topplings, rock avalanches,
slope-scale deformations and lateral spreadings).

4. Case studies:

4.1. Loumar creep driven slide
This research focused on the Loumar instability that affects the NE slope
of the Gavar anticline whose evolution is strictly related to the vertical
and lateral growth of the fold and to the evolution of the Seymareh river
drainage system. In this regard, I inferred the Quaternary tectonic and
landscape evolution of the Gavar fold, as well as the chronology of the
events that led to the gravitational deformation, throught linear tempo-
ral conversion of river longitudinal profiles, geomorphometric and remote
analysis, field surveying and OSL dating.

4.2. The giant Seymareh rock avalanche
It was used optically stimulated luminescence (OSL) to date lacustrine
and fluvial terrace sediments, whose plano-altimetric distribution has
been correlated to the detectable knickpoints along the Seymareh River
longitudinal profile, allowing the reconstruction of the evolutionary model
of the fluvial valley. I infer that the knickpoint migration along the main
river and the erosion wave propagation upstream through the whole
drainage network caused the stress release and the ultimate failure of
the rock mass involved in the landslide.

4.3. Siah-kuh spreading deformation
The ongoing gravitational deformation affects the SE slope of the Siah-
kuh anticline in its SE periclinal tip and is strictly related to the evolution
of the of Dowairij River drainage system. River incision originated a stress
release at the bottom of the slope which likely caused the initiation of
the deformational process. In this regard, I present an integrated study,
based on InSAR techniques and quantitative geomorphic analyses to as-
sess the present-day landscaping processes, in terms of tectonic, erosion
and ground displacement rates due to landsliding.

5. Landscape Evolution Modelling
Based on the time constraints to the pre-failure morpho-evolutionary 
reconstruction provided by the aforementioned works on the 3 case studies, a 
Landscape Evolution Modelling (LEM) was implemented in order to 
calibrate the model by back-analysis individuating the exact temporal step in 
which a crit-ical morpho-evolutive condition was reached originating the 
MRC process re-sponsible for unelastic strains within the involved rock mass.

6. Strain evolution modelling and creep history reconstruction
The strain rate computation, and then subsequently the displacement rate,
was performed, first, on the real landslide profiles to evaluate the possible
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Resume

strain rate value range in the case studies through a sensitivity analysis on the
viscosity parameter. After that, it was also implemented in the LEMs to define
the deformation history linked to the MRC process of the simulated slopes.

7. Discussion
Here, the main resulted predisposing and preparatory factors of large rock slope
deformations, highlighting the geological, tectonic, and morpho-evolutionary
contributes, are highlighted and discussed according to the occurrence of trig-
gering factors (e.g., earthquakes).

8. Conclusion
I can conclude that the landscape evolution modelling, temporally constrained
by the morpho-evolutionary analysis, allows reconstructing the creep history
of slope-valley systems. The presented multi-modelling approach will be con-
tinued by the stress-strain numerical modelling to calibrate the rock mass
rheology by further back analysis allowing assessing a time-dependent risk.

v



Chapter 1

Introduction: MRC driven
instabilities and conditioning
factors

The topography of tectonically active regions shows the dynamic feedback between
tectonic and surface processes (Agliardi et al., 2009; Korup et al., 2010; Larsen and
Montgomery, 2012; Montgomery and Brandon, 2002). Hillslopes adjust to high rates
of rock uplift and erosion attaining a threshold angle characteristic of limit equilib-
rium conditions of slope failure (Larsen and Montgomery, 2012; Montgomery and
Brandon, 2002; Roering et al., 2009). In response to rock uplift, as relief and hill-
slope angles approach the threshold angle, landslide erosion rates are predicted to
increase nonlinearly (Korup et al., 2007; Larsen and Montgomery, 2012; Montgomery
and Brandon, 2002). The threshold slope conditions are associated with the hillslope
material strength (Schmidt and Montgomery, 1995) and when the latter is exceeded
by gravitational stress, bedrock landslides occur. This leads to a general growth
in erosion rates in landscapes affected by long-lasting or high-rate tectonic forcing,
where the increase in the rate of channel incision is accommodated by an increased
frequency of slope failure rather than by slope steepening (Montgomery and Bran-
don, 2002; Binnie et al., 2007; Larsen and Montgomery, 2012). In this scenario, when
threshold conditions on hillslopes are reached, there are considerable implications
for natural hazards related to seismicity and to the geomorphic coupling between
hillslopes and rivers, with both fluvial control on hillslopes and landslides affecting
the fluvial network.
In this context, slope failures may represent the terminal phase of Mass Rock Creep
process (MRC; Chigira, 1992) contributing to the development of gravity-driven
deformations due to time-dependent rheology. MRC process (Chigira 1992) may be-
come a primary factor for damaging rock masses so leading to slope failures that
generate huge rock avalanches. MRC acts on large time-space scale through a contin-
uous and non-linear variation of the stress-strain state of entire portions of slopes,
giving rise to processes known as Deep Seated Gravitational Slope Deformations
(DSGSD). Furthermore, as shown in Figure 1.1, the MRC process starts at a time
(t = t0) when the rock mass has already cumulated elasto-plastic strains caused
by the local stress variation. It follows a phase of Primary Creep (I), in which the
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Chapter 1. Introduction

strain rate decreases over time (Decelerating Creep) under constant stress condi-
tions. In general, if there is enough time, the process evolves into the Secondary
Creep (II) stage, where the deformations increase with a steady trend (Steady State
Creep). From the Secondary Creep stage the curve can evolve with different trends,
depending on the deformation rate achieved: if it decreases, constant deformations
are reached and the process is suspended; if the creep is kept constant, it remains
secondary for a time that, theoretically, tends to infinity; if the applied stresses are
close to the peak ones, the Secondary Creep can evolve into Tertiary Creep (III),
where the strain rate increases over time until it reaches the failure (Accelerating
Creep) (Saito 1992; Petley and Allison 1997), which can be anticipated in the case
of transient external forcing (e.g. earthquakes).

Figure 1.1: Simplified temporal evolution of Mass Rock Creep process in terms of strain
deformation along time.

The structural setting as well as the presence of discontinuities that drive rock mass
deformations and groundwater circulation exerts a strong control on the develop-
ment of the deformation process (Agliardi, 2009; Brestschneider et al., 2013). Still,
MRC is significantly related to the timing of landscape evolution and tectonics (Boz-
zano et al., 2012; Della Seta et al., 2017), and to the rock mass mechanical properties
(Apuani et al., 2007; Bozzano et al., 2012). In mountain areas characterized by con-
trasting rheological layering, the evolution of the drainage network can de-stress
and kinematically release rock masses, isolating a portion of slope (carapace) that
start to deform by MRC process until the failure. Nevertheless, if transitory effects
occur (i.e. earthquakes, teleseismic events, intense rainfalls, ground water changes,
anthropic actions) time for failure could be anticipated or delayed depending on
what it happens, i.e. on the changes sharply induced in the slope shape and/or in
the stress-field (Martino et al., 2004; Maffei et al., 2005; Lenti et al., 2015; Bozzano
et al., 2016). As a consequence, it is not obvious to assume that slope stability con-
ditions become more critical with time as transitory effects could induce a re-start
of the creep process (i.e. zeroing the creep time) or, on the contrary, they could be
responsible for an increase in strain rate. Moreover, contrarily to the widely diffused
idea that MRC processes can only affect high-dimensioned slopes (i.e. km-scale), it is
worth stressing that theoretically they can be considered also in case of slopes having
more reduced dimensions (i.e. hm-scale) if the involved rock masses are character-
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Chapter 1. Introduction

ized by low viscosity and stiffness values (Petley et al., 2005). Anyway, the limit of
these theoretical schemes is represented by the difficulty of precisely and accurately
estimating the starting time of the process, of discriminating the different phases
as well as of inferring a more suitable evaluation of the elapsing time for failure in
creep evolving slopes. The complexity of the topic is strictly related to the rheolog-
ical behavior of jointed rock masses due to their discontinuous, heterogeneous, and
anisotropic nature, and then to the viscosity determination.
In this context morpho-evolutionary analysis and landscape evolution modelling play
a key role, as instruments through which it is possible to provide chronological con-
straints to the creep evolution of entire slopes (Bozzano et al., 2016; Della Seta et al.,
2017) highlighting the predisposing and conditioning factors influencing the time-
dependent process. On one hand, morpho-evolutionary analysis allows to identify
phenomena of gravitational instability that affect slopes in different evolutionary
stages through the analysis of accessory landforms as a possible instrument of recog-
nition. Moreover, it allows to reconstruct the timing of the variation of interesting
valley sections from the above phenomena providing important chronological con-
straints through the plano-altimetric analysis and the dating of geomorphic mark-
ers. The morpho-evolutionary investigation allows in fact, through the identification
and analysis of geomorphic markers, to reconstruct the geological, geomorphological
and stress history of entire morpho-structures, especially in tectonically active areas
(Burbank and Anderson, 2012). On the other hand, Landscape Evolution Models
(LEMs) have become an important numerical modelling technique for understand-
ing the coupled tectono-geomorphic evolution of mountain belts, simulating how the
earth surface evolves in response to different driving forces, including tectonics, cli-
matic variability, and human activity (Howard, 1994). LEMs encompass empirical
data and conceptual models into a set of mathematical equations that can be used
to reconstruct or predict terrestrial landscape evolution and corresponding sediment
fluxes (Howard, 1994). More in general, the morpho-evolutionary and landscape
evolution modelling take place in a broader multi-modelling approach aimed at an-
alyzing the rheological evolution of a river valley slope over approximately 102 ky
(Martino et al., 2017). Such an approach should include the three contributions
summarized as follows:

1. A morpho-evolutionary and landscape evolution modelling of the rock slope,
based on geo-morphometric and geochronological techniques addressed to point
out geomorphic markers, useful to reconstruct a temporal scanning of the main
episodes and rates of morphological variations (i.e. due to the combination of
tectonic offsets and erosional processes) that affected the slope-to-valley floor
system.

2. A detailed engineering-geology modelling, that transposes geomechanical pa-
rameters to geological-structural features on significant geological sections adopt-
ing an equivalent continuum approach for attributing mechanical parameters
to lithotechnical units. Such an approach is particularly suitable for slope-scale
processes especially in addition to a geomechanical zoning that considers the
statistical variability of parameters values.

3. A time-dependent stress-strain numerical modelling, performed by a sequential
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Chapter 1. Introduction

approach according to the main morpho-evolutionary stages of the slope. The
time-dependent stress-strain analysis requires the assignment of rheological
parameters that should result from a numerical calibration by means of well
constrained back-analyses of already occurred failure events.

Experiencing such a multi-modelling approach allows to include in a unique method-
ology the back-analysis of occurred landslide events and the forecast of slope evolu-
tion by considering possible scenarios of suitable destabilizing actions (forced mod-
elling). Moreover, the computed strain rates can be considered to establish the best
solutions for slope monitoring by terrestrial or remote sensing devices. In this re-
gard, the general objective of my PhD research is to isolate the contribute of the
geological aging (intended as the time-evolution of morphostructures in the direc-
tion of propagation of the orogen from the hinterland to foreland), and landscape
evolution in the development of MRC time-dependent deformations. And, the spe-
cific objective is, then, to prove the relationship among the aforementioned factors
through a methodological test along a transept oriented parallel to the direction of
propagation of the morphostructures in Lorestan, in the Zagros Mountains (Iran)
from NE (older geological age) to SW (younger geological age).

4



Chapter 2

Geological aging and deformation
style of Lorestan region (Zagros
Mountains)

With the purpose of isolating the contribute of geological aging, and landscape evo-
lution in the development of MRC time-dependent deformations, I assume that the
evolution of tectonic deformation is directed from NW to SE (increasing geological
aging from NW to SE), and that landscape shaping by hillslope and river processes
has developed in time accordingly. The geological aging assumption constitutes the
basis of an ergodic model. In the study of stochastic processes, such as all-natural
phenomena, which follow random or probabilistic laws, such model is intended as
a system in which a single member is statistically representative of all the others
(ensemble averages and long-time averages are equivalent in the limit of long mea-
surement times) (Lebowitz and Penrose, 1973; Sinai, 1973).
In this regard, it can be applied to a space-time transposition of objects of a system,
that evolves over a long time and is not observable during this period. Specifically,
the deformations observable in the present are to be considered expression of a single
deformation process (MRC) with different evolutionary stage as a function of the
position within the orogen or geological aging. Thus, if the evolution of the drainage
network in response to uplift can de-stress and kinematically release rock masses
that starts to deform by MRC process until the failure, then the evolution of the
MRC process should evolve in the same way. Then, the rock masses with evidence of
ongoing rock mass creep should be located close to the foreland, while the massive
rock slope failures already occurred in the innermost areas of the chain. Nonetheless,
it is possible that out-of-sequence events, such as thrust or splays, may disobey the
foreland propagating or in-sequence deformation style. They include both isolated
thrusts which develop hindward of the thrust front and sequences of break-back
thrusts which propagate from the foreland to the hinterland (Morley, 1988).
For this purpose, it is necessary first to shed light on the tectonic deformation style
of the Lorestan structures as well as to quantify the response of the geomorphic
response in the landscape to such a forcing.
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Chapter 2. Geological aging and deformation style of Lorestan region

2.1 Regional geological framework and stratigra-
phy of Lorestan

The Zagros mountain range is part of the Alpine-Himalayan orogenic system that
originates from the Late Cretaceous-Cenozoic convergence between Africa and Arabia-
Eurasia (Talbot and Alavi, 1996; Stampfli and Borel, 2002; Golonka, 2004; McQuar-
rie, 2004; Mouthereau et al., 2012). The Zagros orogen was traditionally classified
by distinctive lithological units and structural styles into four NW trending tectono-
metamorphic and magmatic belts (Fig. 2.1). These are bounded by discontinuities
on a regional scale such as the Main Zagros Thrust (MZT), High Zagros Fault (HZF)
and Mountain Front Fault (MFF) (Agard et al., 2005 and references therein). These
tectonic units are from the inner to the outer sectors of the belt are: the Urumieh
Dokhtar volcanic arch, the Sanandaj-Sirjan Zone, the Imbricate Zone, the Zagros
(or Simply) folded belt and the continental Mesopotamian Foreland (Fig 2.1).

Figure 2.1: Simplified structural map of the Zagros mountain range with location of the
MZT, Main Zagros Thrust; HZF, High Zagros Fault; MFF, Mountain Front Fault; BF,
Bala Rud fault zone (modified from Casciello et al., 2009) . © OpenStreetMap contributors
2019. Distributed under a Creative Commons BY-SA License.

The Sanandaj-Sirjan zone represents the accretionary prism of the Arabian margin
of the Zagros orogen in which metamorphosed Paleozoic to Mesozoic sedimentary
rocks mainly crop out (Mohajjel and Fergusson, 2000; and references therein). Also,
calc-alkaline Jurassic to Early Eocene intrusions occur in the tectonic domain. The
southwestward boundary between the Sanandaj-Sirjan zone and the Imbricate zone
is defined by the MZT. Imbricated tectonic sheets involving radiolarite-ophiolite
complexes, Mesozoic and Cenozoic sedimentary and volcanic rocks compose the Im-
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Chapter 2. Geological aging and deformation style of Lorestan region

bricate Zone, or High Zagros, which is defined as the innermost deformed part of
the Arabian plate. The southwestward boundary between the Imbricate zone and
the Simply Folded Belt is defined by the HZF (e.g., Agard et al., 2005).
Lorestan region, the study focus of my thesis, is in the latter tectonic domain, in-
cluded between the HZF to the northeast and the MFF to the southwest. The Simply
Folded Belt involve in spectacular folds the 12–14 km thick sedimentary rocks of the
Arabian margin succession covering the continental basement (e.g., McQuarrie, 2004;
and references therein). The irregular geometry of the MFF that bounds the Simply
Folded Belt southwestward from the Mesopotamian foreland basin, describes salients
and reentrants (McQuarrie, 2004; Sepehr and Cosgrove, 2004): respectively, from
northwest to southeast, the Pusht-e Kuh Arc (Lorestan), the Dezful Embayment,
the Izeh Zone and the Fars Arc (Fig. 2.1). A representative balanced cross-section of
the Dezful embayment (Blanc et al., 2003) indicates 49 km of shortening across the
Simple Folded Zone. Homke et al., 2004 provide the dates of 8.1 and 7.2 Ma for the
onset of the deformation in the front of the Push-e Kush Arc (related to the base of
the growth strata observed in the NE flank of the Changuleh syncline) that lasted
until 2.5 Ma, around the Pliocene–Pleistocene boundary. A long-term shortening
rate of ∼ 10mmy−1 was derived for the deformation in the Simple Folded Zone,
which is the same as the present-day one derived by GPS measurements (Tatar et
al. 2002).

Figure 2.2: Magnitude and depth of the recent earthquakes recorded in the Za-
gros Mountains (source: IRIS Earthquake Browser, https://www.iris.edu/hq/inclass/
software-web-app/iris earthquake browser).

Seismicity is distributed in a 200-300 km wide area of the Zagros mountain range
(Hatzfeld et al., 2010, Paul et al., 2010, Rajabi et al., 2011), with a sharp cut along
the Main Zagros Reverse Fault in the NE (e.g., Yamini-Fard et al., 2016), with
recurrent earthquakes of Mw 5-6 and exceptional earthquakes of higher magnitude,
i.e., up to Mw 6-8 (Fig. 2.2).
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Chapter 2. Geological aging and deformation style of Lorestan region

2.1.1 The role of mechanical stratigraphy in fold develop-
ment

The 12-14 km thick sedimentary succession is composed of both the passive margin
sequence, lasting from the Upper Paleozoic to the Late Cretaceous, as well as of the
foreland sequence, developed from Late Cretaceous to the present (Casciello et al.,
2009; James and Wynd, 1965; Vergés et al., 2011; Vergés et al., 2019). The Meso-
zoic succession testifies that the region was dominated by large carbonate platforms
with associated shallow basins filled with marls, shales, and marly limestones in-
terbedded with episodic plugs of evaporites, typical of a passive margin. It includes
the carbonates of the Bangestan Group, one of the largest reservoirs for hydro-
carbons in Iran, as well as the Gurpi Formation. Whereupon, two clastic wedges,
separated by the Early-Middle Miocene carbonate of Asmari Formation, developed
(Casciello et al., 2009; Vergés et al., 2011; Vergés et al., 2019): the proto-Zagros fore-
land sequence (Paleocene-Early Eocene) and the Mesopotamian foreland succession
(Miocene-Early Pleistocene).

Figure 2.3: Generalised stratigraphic column indicating the main detachment horizons
in the Central and Eastern Zagros. The mechanical properties are not uniform throughout
the belt (the mechanical stratigraphy proposed by O’Brien (1957) is given for the record).

The mechanical behavior of the sedimentary pile in response to folding was first
discussed by O’Brien (1950) and by Dunnington (1968) and has been the focus of
several recent articles (e.g., Sherkati et al., 2005; Vergés et al., 2011, among others).
O’Brien (1950) and Dunnington (1968) used regional stratigraphy and divided the
succession of the Zagros fold belt in five major structural units having a similar
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Chapter 2. Geological aging and deformation style of Lorestan region

mechanical behavior that from top to bottom are (Fig.2.3) (1) Passive Group, (2)
upper Mobile Group, (3) Competent Group, (4) lower Mobile Group, and (5) Base-
ment Group. The Passive Group consists of 3–4-km thick foreland clastic deposits
corresponding to Agha Jari and Bakhtyari formations. The upper Mobile Group
is mostly formed by the thick Gachsaran evaporites. The Competent Group is the
thickest tectonic unit with a thickness of almost 6 km and consists of limestones,
marls, and evaporites from the Oligocene–Miocene Asmari Formation down to the
Triassic incorporating the entire Bangestan and Khami groups, as well as the Per-
mian and Paleozoic deposits. The lower Mobile Group is formed by Late Proterozoic–
Early Cambrian Hormuz evaporites. At the bottom of this tectonic succession lies
the Precambrian metamorphic basement, which forms the Basement Group.

Figure 2.4: (a) Continua of possible fold geometries in cross-section, including detailed
models of the distinct geometries considered in this study, showing characteristic aspect
ratio, asymmetry and drainage diversion; (b) fault bend fold (FBF) with a high aspect
ratio and long hinge length showing wind gaps and defeated streams diverted parallel to
the fold hinge line; (c) detachment fold (DF) with low aspect ratio and short hinge length
showing a wind gap in the center of the structure and a water gap at the end. From
Burberry et al., (2008).

The anticlines in the Simply Zagros Folded Belt are well exposed in the resistant
Oligo-Miocene limestones of the Asmari Formation and in the Cretaceous group of
Bangestan, are often more than 100 km long (Ramsey et al., 2008). The folding
mechanisms appear to be a function of stratigraphy, depth, and regional tectonic
structure. Specifically, the geometry of the folds varies significantly, both vertically
and horizontally, as a function of the mechanisms of the detachment zone and the
presence of intermediate horizons of detachment (Burberry et al., 2008, 2010), includ-
ing the basal level of the Lower Paleozoic (Hormuz), the intermediate of the Triassic
(Dashtak) and the level of the Upper Cretaceous - Lower Paleocene (Gurpi). In the
presence of an alternation of contrasting rocks within the sedimentary pile, a thrust
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fault propagates along a planar surface along detachment horizons, or by creating a
ramp and then propagating upwards at the more resistant levels. Detachment folds
(DFs) are formed, in response to compression, by the buckling of rock units above a
fault sub-parallel to the stratification (Wallace and Homza, 2004). No ramp is nec-
essary to create this type of fold: it simply forms as the displacement dies at the tips
of the fault (Fig.2.4a). DFs are therefore commonly associated with the presence of
weak horizons, such as evaporites or shales, where the detachment propagates and,
the not very competent and deformable rocks can flow to the core of the folds, filling
the void created by the concentric folding of the same multilayer sequence (Burbank
and Anderson, 2012). When the DFs grow up, the lateral propagation of the ’tips’ of
the folds occurs, so that the uplift rate in a specific point of the structure varies over
time and, at the same time, varies along the axis of the fold (Fig.2.4c). The continu-
ous shortening during growth can be accommodated by the development of a thrust
in the forelimb of the fold, inducing the formation of asymmetric detachment folds
(or fault propagation folds; ADFs) (Fig. 2.4b). The truncation and dislocation by
the thrusts in the pre-existing bends changes the geometry of the bend thus making
it more difficult to determine its origin. The rocks transported along the ramp to the
overthrust roof deform, therefore, forming fault bend foldS (FBFs), characterized by
the wide, asymmetrical hinge and their length (Burberry et al., 2008, 2010).

2.2 Geomorphological background
The Zagros Range globally provides one of the most spectacular examples of land-
scape evolution in response to active tectonics (Bourne and Twidale, 2011) because
its drainage network clearly adapted to the growth of the fold structures (Ramsey
et al., 2008; Bretis et al., 2011) and to the erodibility of the outcropping formations
(Oberlander, 1985). Oberlander (1968) suggested that the drainage network in the
NW Zagros was superimposed from structurally conformable younger horizons. In
his model, the breaching of hard geological units of the antiformal ridges follows a
phase of river cutting and expansion of the fold axial basins through the softer over-
lying units. In the Kabir-kuh fold, the largest and highest anticline in the Pusht-e
Kuh arc (Vergés et al., 2011), the transverse cutting of the Asmari limestone, and the
exposure of the underlying more erodible Pabdeh-Gurpi marls, leads to the forma-
tion of a low-relief landscape with synformal ridges on which the new through-going
drainage system can be developed. In Oberlander’s hypothesis, it is the Pabdeh and
Gurpi marls that facilitate the creation of a low-relief landscape across the anticline
crests and are therefore integral to the story of drainage superimposition. In this
regard, Tucker and Slingerland (1996) computed a numerical landscape evolution
model, calibrated on the Kabir-kuh fold, to understand how the growth and propa-
gation of the folds, the different lithologies and the drainage network can influence
the sediment flux from a tectonically active belt towards the foreland basin. The
authors calibrated the landscape evolution model with the current topography of
the range, obtaining time constraints for landscape evolution modelling.
In agreement to the Oberlander model, Figure 2.5 shows four main steps that de-
scribe the landscape evolution of the Kabir-kuh fold with the timing provided by
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Tucker and Slingerland (1996).

Figure 2.5: Evolution of the drainage network in the Zagros chain sector of the Kabir-
kuh fold, according to the Oberlander’s model (1985) and with the timing provided in the
landscape evolution model by Tucker and Slingerland (1996). See the text for explanation
of the four steps. (modified from Oberlander, 1985).

1. Approximately 4.3 Ma in response to the initial stages of fold growth, an or-
thoclinal drainage develops parallel to the main structures. The tributaries
flowing along the flanks of the folds transport debris, which is deposited in
the synclines. In the Kabir-kuh fold the carbonate core is still buried by the
Miocene cover units.

2. Approximately 3.8 Ma, as soon as the deformation front migrates towards the
SW, new folds raise with a progressive adjustment of the drainage to these
morpho-structures. The previously deposited sediments are remobilized and
transported towards the depocenter of the syncline basins and partly outside;
the syn-orogenic deposits are strongly eroded along the crests of the anticlines,
thus exposing the underlying formations. This causes a topography character-
ized by resistant hogbacks that flank the inner cores.
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3. Approximately 2.4 Ma, with the ongoing deformation, the drainage develops
in a “trellis” pattern. The river erosion affects the erodible units located strati-
graphically between the limestone of the Asmari Formation and the inner core
of the folds. At the end of this step the Miocene cover is completely removed
from the ridges and the river erosion also affects the marls and evaporites of
the syn-orogenic formations in the valleys, exposing the underlying limestone
of the Asmari Formation.

4. Approximately 1.6 Ma, due to the continuous uplift and exhumation of younger
more external folds, the sediment accumulation becomes negligible and the
Asmari limestone is strongly eroded giving rise to syncline ridges. The following
Quaternary landscape evolution is then likely driven by the evolution of the
drainage network and is also influenced by climatic factors and by the slope-
to-channel dynamics.

2.3 Materials and Methods
For the computation of geomorphic indexes and for the terrain analyses, the SRTM,
a digital elevation model (DEM) obtained by the Shuttle Radar Topography Mission,
which has a ground resolution of 1-arc-second (30 m) and images from Google Earth
(2018 Landsat Imagery) were used. Moreover, I referred to the geological maps
provided by the National Iranian Oil Company (NIOC) at a scale of 1:100,000. In
particular, the following sheets were used: Balarud (Sahabi and Macleod, 1969),
Dalpari (Setudehnia and O’B Perry, 1977), Dehluran (Llewellyn, 1973), Kabir-kuh
(Macleod, 1970), Khorramabad (Fakhari, 1985) , Kuh-e Anaran (Setudehnia, 1967),
Kuh-e Varzarin (Macleod and Roohi, 1970), Mehran (Macleod and Roohi, 1972),
Naft (Macleod and Fozoonmayeh, 1971) Pul-e Dukthar (Takin and Macleod, 1970),
Palganeh (Llewellyn, 1974).

2.3.1 Analysis of geomorphic indexes
The fold axes as well as the associated outcropping areas of Asmari Formation were
mapped by consulting the NIOC maps and Google Earth Imagery. Then, I measured
the geomorphic indexes used by Burberry et al. (2008, 2010) in the Fars region for
the categorization of the folds: Aspect Ratio (AR), defined as the ratio between the
length of the axis (L) and the width (W ) of the fold:

AR = L

W
(2.1)

and Fold Symmetry Index (FSI), as the ratio between the width of the forelimb (S)
and half of the total width of the fold:

FSI = S

W/2 (2.2)

Generally, the DFs are symmetrical (a perfectly symmetrical fold will have a unitary
symmetry index) and with a low length-width ratio, that is a low aspect ratio;
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FBFs have a more asymmetrical profile and a high aspect ratio, while ADFs can be
identified by the combination of asymmetry and limited axis length (Burberry et
al., 2008, 2010).
Moreover, Tableau software was used with purpose of making a cluster analysis
of the values of geomorphic indexes quantifying the goodness of the correlation.
Tableau uses the K-Means clustering algorithm under the hood. K-Means is one of
the clustering techniques that split the data into K number of clusters and falls under
centroid-based clustering. In K-Means clustering, for a given number of clusters k,
the algorithm splits the dataset into k clusters where every cluster has a centroid
which is calculated as the mean value of all the points in that cluster. The data
points are then clustered based on their distances from the centroids. In this regard,
cluster analysis partitions marks (AR, FSI, Hinge Length) into clusters, where the
marks within each cluster are more like one another than they are to marks in
other clusters. In detail, Analysis of variance (ANOVA) performed on the clusters
is a collection of statistical models and associated procedures useful for analyzing
variation within and between observations that have been partitioned into groups or
clusters. In this case, analysis of variance is computed per variable, and the resulting
analysis of variance table can be used to determine which variables are most effective
for distinguishing clusters. The F-statistic for one-way, or single-factor, ANOVA is
the fraction of variance explained by a variable. It is the ratio of the between-group
variance to the total variance. The larger the F-statistic, the better the corresponding
variable is distinguishing between clusters. The p-value is the probability that the F-
distribution of all possible values of the F-statistic takes on a value greater than the
actual F-statistic for a variable. If the p-value falls below a specified significance level,
then the null hypothesis (that the individual elements of the variable are random
samples from a single population) can be rejected. The degrees of freedom (DF)
for this F- distribution are (k-1, N-k), where k is the number of clusters and N is
the number of items (rows) clustered. The lower the p-value, the more the expected
values of the elements of the corresponding variable differ among clusters. The Model
Sum of Squares is the ratio of the between-group sum of squares to the model degrees
of freedom. The between-group sum of squares is a measure of the variation between
cluster means. If the cluster means are close to each other (and therefore close to
the overall mean), this value will be small. The Error Sum of Squares is the ratio
of within-group sum of squares to the error degrees of freedom. The within-group
sum-of-squares measures the variation between observations within each cluster. The
error has N-k degrees of freedom, where N is the total number of observations (rows)
clustered and k is the number of clusters. The Error Sum of Squares can be thought
of as the overall Mean Square Error if each cluster center represents the ”truth” for
each cluster.

2.3.2 Terrain Analysis
For the purpose of quantifying the geomorphic response to the tectonics by the
drainage network, it was first extracted and analyzed using TopoToolbox (Schwang-
hart and Scherler, 2014) setting the flow accumulation threshold for the fluvial do-
main to 10−1km2 according to that proposed by Montgomery and Foufoula-Georgiu
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(1993). In detachment-limited conditions, typical of tectonically active regions, the
evolution of the river profile is described by the stream power law (SPL) as the
change in elevation z of a channel point x through time t (Howard and Kerby,
1983), which relates to the competition between erosion (E) and uplift (U):

dz(x, t)
dt

= U(x, t)− E(x, t) (2.3)

where fluvial erosion E is computed as:

E(x, t) = KA(x)m
(
dz(x, t)
dt

)n
(2.4)

The powers m and n are positive constants controlling the erosion mechanism.
Specifically, m depends on the climatic conditions and hydraulic properties of the
discharge, and n is a function of other erosional thresholds (Di Biase and Whipple,
2011; Whipple and Tucker, 1999). The erodibility, K, accounts for the lithology,
the climatic conditions, and the channel geometry. In the general case, K can vary
in space and time, but in the treatment presented here, it is taken as a constant.
A power-law relationship between the local channel slope (S) and the upstream
drainage area (A) reveals the steady-state river profile:

S(x, t) =
(
E(x, t)
K

) 1
n

A(x)−m
n = ksA(s)−θ (2.5)

where ks = (E(t, x)/K)1/n is known as the steepness index and mn-ratio or θ is
defined as concavity index. According to the steady-state conditions, the surface
elevation, the erosion rate, and the relative uplift rate do not vary over time, U(x) =
E(x), n = 1 and the steepness index takes the form (Kirby and Whipple, 2012):

ks = E(x, t)
K

= U(x, t)
K

(2.6)

If U and K are space-invariant, I can perform the integration of (U/K)1/n from a
base level xb to an arbitrary upstream point x of the channel to predict the elevation
of a river profile (Perron and Royden, 2013):

z(x) = z(xb) +
(

U

KAm0

) 1
n

χ (2.7)

where A0 is an arbitrary scaling area and χ is an integration of river horizontal
coordinates defined by the equation:

χ =
∫ x

xb

(
A0

A(x′)

)m
n

dx′ (2.8)

where x′ is an integer variable.
I analyzed also the divide network, its planform geometry, and its relation to topog-
raphy, following the method described in Scherler and Schwanghart (2020). In detail,
I extracted drainage divides based on drainage basin boundaries that I obtained for

14



Chapter 2. Geological aging and deformation style of Lorestan region

drainage areas at tributary junctions and drainage outlets organizing the collection
of divide segments into a drainage divide network and ordering it with the Strahler
rule (1945). To quantify the morphologic asymmetry of a divide, the across-divide
difference in hillslope relief (∆HR), normalized by the across-divide sum in hillslope
relief (ΣHR), and call its absolute value the divide asymmetry index (DAI), was
computed:

DAI =
∣∣∣∣∣∆HRΣHR

∣∣∣∣∣ (2.9)

The DAI ranges between 0 for entirely symmetric divides and 1 for the most asym-
metric divides.
Building on the idea that not only individual river profiles but also the fluvial land-
scape and more in general, the topography of the basins, as a whole keeps track of
uplift events, the R metric (Demoulin, 2011) was computed. It is a ratio of differences
between the three integrals linked respectively to the classical basin’s hypsometric
curve (Hb), to the main river’s long profile (Hr), and at the intermediate level, to
a ‘drainage network’s hypsometric curve (Hn). This metric relies on the statistics
of incision at nested levels, from individual profiles (short term) through tributary
networks (middle term) to catchment data at the regional scale (long term). Calcu-
lable for every catchment with a more than embryonic network of tributaries, the
metric R is computed as follows:

R =
∫ 1

0 (Hn−Hr)dl∗∫ 1
0 (Hb−Hn)dl∗

(2.10)

where l∗ is the dimensionless expression of length (for Hr and Hn) or area (for Hb).
While its ratio form minimizes the lithological effect on R, this index is generally
strongly correlated with basin size (and then to their abrupt changes, i.e. due to
stream piracy), reflecting the way an erosion wave propagates from the outlet of a
basin toward its headwaters. In this regard, I propose a R metric modified dividing
its value by the natural logarithm of the drainage area of the basin. In this way, it
can be read as a relative tectonic activity index normalized by the drainage area.

2.4 Spatial Arrangement of Fold Types
The analysis conducted and the use of the methods described above led to the
classification of the folds by the mechanism of emplacement in Figure 2.6a. In Figure
2.6b the folds have been categorized using the AR to distinguish DFs and FBFs based
on length. From the map and its histogram, it is possible to observe how the range
of index values, calculated for the individual bends, is between 2.07 and 23.20. The
wide interval, therefore, highlights an inhomogeneity in the length of the anticlines
present in the study area also evidenced by the map and histogram of Figure 2.6d
which shows a range of values between 1900 and 200,000 m. In particular, the Kabir-
kuh is the fold characterized by the maximum value of the AR index being also the
longest in the chain. The folds with minor and intermediate AR are concentrated in
the area between the Kabir-kuh and the NE most folds.
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Figure 2.6: a) Classification of anticlines in asymmetric Detachment Folds (ADFs), De-
tachment Folds (DFs) and Fault Bend Folds (FBFs) based on the analysis of geomorphic
indexes. Graduated categorization of the anticlines of the study area based on the values
of b) Aspect Ratio (AR), c) Fold Symmetry Index (FSI) and d) Hinge Length (L). The
distribution histograms of the former values are also reported.
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Figure 2.7: Scatter plots between a) Aspect Ratio (AR) and Hinge Length (L), and
b) absolute Fold Symmetry Index (FSI) and Hinge Length (L) related to the analyzed
anticlines. Furthermore, the points were classified in Asymmetric Detachment Fold (ADF),
Detachment Fold (DF) and Fault Bend Fold (FBF) based on the results of the cluster
analysis.

In Figure 2.6c, the folds were categorized using the FSI, thanks to which it was
possible to differentiate, based on the symmetry of the folds, DFs from ADFs, and
FBFs. From the corresponding histogram, it is possible to observe how the interval of
the index values, calculated for the single folds is between 0.18 and 1.83 with a fairly
symmetrical distribution of the values whose average is close to 1. Specifically, the
index value equal to 1 indicates a perfectly symmetrical bend while values close to
0 indicate an asymmetry with the shorter side towards SW and for values tending
towards 2 towards NE. The Kabir-kuh, with a value of 0.99, represents the most
symmetrical fold among those present in the study area. Although the index refers
to the entire morphostructure, observing the SE portion of the fold, it can be seen
how this gradually becomes more asymmetrical, as evidenced by the position of the
axis. The anticlines located respectively in the SW and NE portion of the map are
distinguished by their FSI values, between 0.86 and 0.97, therefore from slightly
asymmetric towards SW to asymmetric. On the contrary, the folds located in the
central area show a more marked asymmetry towards SW. In order to classify the
different types of bends, a cluster analysis has been performed on the values of AR
and absolute FSI (variable from 0, symmetrical, to 1, asymmetric) with those of the
hinge length (Fig. 2.7). As shown in Figure 2.7a, the absolute FSI constitutes an
important discriminatory variable between the DFs and ADFs as well as the AR and
the Hinge Length (Fig.2.7b) highlight the FBFs.
In Figure 2.8, the summary diagnostics of the results and the average values of each
variable for every cluster and statistical significance of the analysis are also reported.
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Figure 2.8: Summary diagnostics and statistical significance of cluster analysis.

In this regard, ANOVA on the cluster analysis results confirms the statistical sig-
nificance of the classification into three groups. The variation within and between
observations that have been partitioned into groups or clusters support resulting
classification. Specifically, the F-statistic for one-way ANOVA shows that the frac-
tions of variance explained by the variables (AR, abs(1-FSI), Hinge Length) are quite
similar even if the highest value refers to the abs(1-FSI), indicating it as the best
variable to distinguish the clusters. The p-value results indicate the null hypothesis
for all the variables can be rejected and that the expected values of the elements of
the corresponding variable differ among cluster. The between-group sum of squares
points out that the clusters have quite well separated each other, while the Error
Sum of Squares that the variation between observations within each cluster is quite
acceptable. Concluding, the Analysis of Variance on the cluster analysis results con-
firms the statistical significance of the classification into three groups.
Analyzing the fold classification map of Figure 2.6a, it is possible to observe how the
FBFs are concentrated respectively in the SW and NE portions of Lorestan, high-
lighting a central sector characterized by short axis folds of both DF and ADF type.
According to Casciello et al. (2009), the distribution of anticlines in the Lorestan
Province, in terms of axis length and wavelength, show a direct connection with
the characteristics of the sedimentary multilayer in which they develop. In Lorestan,
the stratigraphy differs above all for the sediments of the Jurassic and Lower Cre-
taceous, when the area currently occupied by the Simply Zagros Folded Belt was
characterized by the presence of thinly stratified limestones, shales and evaporites,
acting as further potential detachment horizon. The two competent lithologies are
represented by the deposits of the Bangestan group (the Sarvak and Ilam forma-
tions) and the carbonate formation of Asmari, which create topography and control
the behavior of the folds in this region. In particular, the Bangestan group exerts
the greatest control over the development of the folds: the variation of facies from
pelagic to neritic of the Sarvak formation influences the wavelength of the anticlines,
determining a threefold increase, as well as can be associated with the development
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of thrusts. in the forelimb of the anticlines. The variation in the thickness of these
less competent deposits influences the folding style of the overlying Asmari forma-
tion: where in fact the thickness is reduced, the limestone layers of the Asmari unit
are harmoniously folded with those of the underlying Bangestan group; when, on
the other hand, the Paleogenic deposits interposed between the two competent units
exceed a thickness of 1300 m, the Shahbazan-Asmari unit deforms independently of
the Bangestan group, forming geometries that do not reflect the underlying ones
and folds characterized by a minor wavelength. In this regard, a hypothesis can be
made about the distribution of the fold classified as in Figure 2.6a and the facies of
the Mesozoic stratigraphic units in which they develop. This could therefore be a
consequence of the different mechanical properties between the neritic and pelagic
facies of the Sarvak formation present within the sedimentary cover or, in the event
of an increase in thickness in the area considered, the variation in wavelength could
be attributed to the local thickening of clastic deposits interposed between the units
of Shahbazan-Asmari and the Bangestan group.

2.5 Geomorphic response in the landscape to the
tectonic deformation

The maps and the associated histograms in Figure 2.9 show the distribution of ks
index and R/ln(A) ratio. On one hand, ks metric measures the steepness of river
segments (Fig. 2.9a), whose value is directly proportional to the uplift rate and in-
versely concerning the erodibility of the crossed lithologies. As previously described
from the lithological point of view, the not-breached folds of Lorestan are character-
ized by a carbonate carapace of Asmari Formation while in the tangs of the others
the softer lithologies emerge. Furthermore, as reported by Casciello et al. (2009) and
confirmed by the analysis of geomorphic indexes, the distribution of anticlines in
the Lorestan Province, in terms of axis length and wavelength, show a direct con-
nection with the characteristics of the sedimentary multilayer in which they develop
highlighting a central sector characterized by short-axis folds of both DF and ADF
type. For this reason, it is possible to observe from the map that the values of ks
generally follow this pattern, highlighting how the sector between the Kabir-kuh
and the MFF is characterized by high values while the one immediately to the NE
by medium-low values. This depends on a tectonic signal which seems to propagate
from NE towards SW and which is inevitably influenced by the rheology of the sed-
imentary multilayer. On the other hand, the R/ln(A) maps and histograms (Fig.
2.9b, c, d) show the effect of the tectonic signal in the third (3246 basins), fourth
(790 basins), and fifth order basins respectively (170 basins). The values of R were
calculated as in Eq.2.10, for the different basin orders. For each of these, three inte-
grals linked respectively to the classical basin’s hypsometric curve (Hb), to the main
river’s long profile (Hr), and at the intermediate level, to a drainage network’s hyp-
sometric curve (Hn) have been computed. Figure 2.10 shows the histograms of the
three integrals relating to the three orders of basins and the scatter plots between
Hr and Hn colored as a function of the Hb value. From this last figure it is possible
to observe how the integral values are always greater for the basin, whose response
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is long-term, and subsequently for the network with a medium-term response and
the trunk a short-term one.

Figure 2.9: a) Map and histogram of ks index distribution; b) third order, c) fourth order
and d) fifth order drainage basin maps and histograms of the R/ln(A) ratio distribution.

Specifically, from the scatter plots it can be observed that the points are all located
above the dividing line at 45◦ which indicates a 1: 1 ratio between Hn and Hr.
The normalization of R metric for the logarithm of the drainage area of the basin
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is displayed in the maps of Figures 2.9b,c,d. By comparing them, it is possible to
identify sectors that are more active than others in relative terms: the area to the
SE and NW and sporadically in the sector between the MFF and the Kabir-kuh.
Regarding the effect of tectonics on divide migration, the chi (χ) map illustrated in
Figure 2.11 shows the main results of the analysis. In general, whether a drainage
basin is a victim or aggressor, i.e., will lose or gain catchment area in the future, is
indicated by the variable χ in the vicinity of the divides. If all drainage basin outlets
have the same elevation, then χ values should be roughly the same on both sides of
the divides in a steady-state situation. In this case, no drainage basin reorganization
should be expected.

Figure 2.10: Histograms of the three integrals (Hb, Hn and Hr) relating to the three
orders of basins (third, fourth and fifth) and the scatter plots between Hr and Hn colored
as a function of the Hb value are reported.

Yet, if χ values differ, then one should expect that divides migrate from the basins
with lower χ values (i.e. the aggressors) towards those with higher χ values (i.e.
the victims) (Willett et al., 2014). Specifically, I fixed the outlet elevation to 270 m
a.s.l. for all the stream network, ensuring that all drainage basins were complete.
Moreover, I choose a suitable value for the mn-ratio fixed to 0.42 (see parameter
computation results in Figure 4.4). Moreover, to quantify the morphologic asymme-
try of a divide, I exploited the DAI, based only on values of hillslope relief (HR) ,
being it therefore complementary to the χ values in order to identify unstable di-
vides. Only divides of order equal to or greater than the fourth have been selected.
The results of the analysis reported in Figure 2.11, shows an interesting interaction
among Seymareh river basin in the middle, the westward and the eastward basins.
The histograms of χ distributions highlight that Seymareh river basin is character-

21



Chapter 2. Geological aging and deformation style of Lorestan region

ized on average by high values, while the E basins and the W basins, respectively, by
medium and lower values. Although the averages give interesting information, it is
necessary to observe the values of χ along the divides. Specifically, the divide between
Seymareh river basin and the basins in the W area runs parallel to the Kabir-kuh
along which the χ values appear to be fairly homogeneous. Occasionally along the
fold, it is possible to find divide sections with values tending to 1, which testify
to anomalies of hillslope relief. This demonstrates that apart from local anomalies
associated with the morphostructure of the Kabir-kuh the divide appears stable.
Instead, the divide between Seymareh river basin and the E basins (Bakhtyari zone
in Fig. 2.1) shows both diverging values and generally high DAI values.

Figure 2.11: Chimap and histogram distribution of stream segment values associated to
Seymareh river basin (S), the westward basins (W ) and the eastward basins (E).

The migration direction of the divide is from W to E, defined on the fact that the
lowest χ values, typical of aggressors, are in E zone. Following what was also observed
by the ratio R/ln(A), the χ and divide stability analysis testifies that the area at E
associated with the Bakhtyari zone is characterized by the greatest relative tectonic
activity.
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2.6 Summary
Lorestan region, as part of the Simply Folded Belt, is included between the HZF
to the northeast and the MFF to the southwest. The Simply Folded Belt involve in
spectacular folds the 12–14 km thick sedimentary cover whose deformation onset is
dated to 8.1 and 7.2 Ma and it lasted around the Pliocene–Pleistocene boundary
(Homke et al., 2004). Through the analysis of geomorphic indexes on the anticlines
of Lorestan, a deformation style map of the folds was reconstructed. The FBFs are
concentrated in the SW and NE portions of Lorestan, highlighting a central sector
characterized by short axis folds of both DF and ADF type. According to Casciello
et al. (2009), the distribution of anticlines in the Lorestan Province, in terms of axis
length and wavelength, show a direct connection with the characteristics of the sed-
imentary multilayer in which they develop. The drainage and topographic response
to the tectonic signal was investigated by means of terrain analysis. Specifically, the
steepness of river segments as well as the hypsometric metric of the basin normalized
to the drainage area generally follow the pattern described by the previous analysis,
highlighting the sector between the Kabir-kuh and the MFF as characterized by
high values while the one immediately to the NE by medium-low values. Regard-
ing the effect of tectonics on divide migration, chi (χ) and divide stability analysis
demonstrates that apart from local anomalies associated with the morphostructure
of the Kabir-kuh the divide between Seymareh river basin and the westward basins
appears stable, while the divide between Seymareh river basin and the eastward
basins, migrates westward.
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Landslide Inventory and
sensitivity analysis

A landslide inventory map records the location and, where known, the date of oc-
currence and the types of mass movements that have left discernable traces in an
area (Guzzetti et al., 2012; and reference therein). The purposes of an inventory are
multiple, among which: 1) to perform a preliminary step toward landslide suscep-
tibility, hazard, and risk assessment (e.g., van Westen et al., 2006, van Westen et
al., 2008, Bălteanu et al., 2010), (2) to investigate the distribution, types, and pat-
terns of landslides in relation to morphological and geological characteristics (e.g.,
Guzzetti et al., 1996), and (3) to study the evolution of landscapes dominated by
mass-wasting processes. In this regard, the purpose of this chapter is to evaluate the
sensitivity of the slopes to the MRC conditioning factors calibrating some morpho-
logical parameters for the landscape evolution models.
To achieve this objective, it was then necessary to build a landslide inventory, in
which I distinguished the occurred and ongoing instabilities by the deformative pro-
cess in shear driven (falls, slides and flows) and creep driven landslides (MRC-driven
landslides). In detail, I used the classification proposed by Hungr et al. (2014) for
the former, while the classification of Strom (2021) for the latter. The MRC or creep
driven landslides were differentiated in: 1) creep driven-slide, defined as a slow vis-
cous sliding, involving discrete volumes of slope along the slip surface, characterized
by trenches in the upper slope and a poorly fragmented debris; 2) rock avalanche,
intended as a starting rockslide whose mass disintegrates and fragments during the
failure process increasing its initial volume (e.g., Hungr and Evans, 2004); 3) slope-
scale deformation, as a kind of typical gravitational deformation in slab-like rock
mass, which forms a cataclinal overdip slope and buckling folds and is supported
downslope by its toe (Wang et al., 2003); 4) flexural toppling, a mode of failure
involving the bending of interacting rock columns formed by a single set of steeply
dipping discontinuities (Adhikary et al., 1997); 5) lateral spreading, characterized by
mechanically strong-soft lithological alternation, due to the unconfined ductile lat-
eral flow of the underlying soft rocks, the more rigid cap rocks accommodate strain
by developing tension cracks, trenches and scarps, which often evolve into surficial
topples, rockfalls or landslides (Pànek and Klimeš, 2016); 6) ongoing deformation,
whose deformational mechanism is still unknown.
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Figure 3.1: a) Regional sketch of the Zagros Mountains. The region of interest as well
as the instrumental seismicity (U.S. Geological Survey, 2020) from the period 2006-2020
area also reported. MFF: Mountain Front Fault, HZF: High Zagros Fault, MZRF: Main
Zagros Reverse Fault, BF: Balarud Fault. b) Stratigraphic column and c) geological map
of Lorestan Arc.

The inventory was built exploiting 30 m resolution SRTM digital elevation models
(DEM), Google Earth satellite imagery (2018 Landsat Imagery) and referring to the
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geological maps provided by the NIOC at a scale of 1:100,000 (Fig.3.1). Moreover,
I mapped only the detachment area or deforming zone to evaluate the predisposing
factors for such kind of movements.

Figure 3.2: Landslide inventory map of the Lorestan region in which both the shear
driven and creep driven gravitational movements are reported. Slope, Aspect and Relief
maps are illustrated in the bottom of the image. The landslide categories histograms are
shown too.

In Figure 3.2, the landslide inventory map is reported, while in the supplementary
material, the detailed tables of the shear driven, and creep driven landslide are
reported. The detected creep driven movements have been 109, including: 13 creep
driven slides, 54 rock avalanches, 11 slope-scale deformations, 6 flexural topplings,
11 spreading and 14 ongoing deformations. The shallow gravitational movements
identified have been 606, of which 311 falls, 260 slides and 34 flows (Fig.3.3).
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3.1 Sensitivity analysis
The conditioning factors examined in the analysis were: 1) topographic slope; 2)
strata dip; 3) topographic aspect; 4) relief computed with a radius of 2000 m. More-
over, the lithology as well as the fold typology distribution for each class of MRC
driven instabilites were determined. Here, the results of the sensitivity analysis of
the former parameters are reported (Figs. 3.4, 3.5, 3.6).

Figure 3.3: MRC driven movement tipologies: a) Rock avalanche; b) Slope-scale deforma-
tion (with buckling evidence); c) Lateral spreading; d) Flexural toppling; e) creep driven
slide; f) Ongoing deformation. The locations of the movements are reported in Fig. 3.2
(modified from ©Google Earth).
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Figure 3.4: Box plots for each typology of MRC driven landslide are shown for strata
dip, slope, aspect, relief (computed with a radius of 2000m) parameters.

In the Figure 3.4, the box plot distributions grouped by type of MRC driven landslide
are presented for strata dip, slope, aspect and relief parameters. Negative values of
strata dip are associated to the dip oriented in a normal direction respect to the
slope. On each box, the central mark indicates the median, and the bottom and top
edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers
extend to the most extreme data points not considered outliers, and the outliers are
plotted individually using the ’o’ symbol. In Figure 3.4, the distinction between the
groups of MRC deformations is very marked concerning the parameters analyzed.
Rock avalanches generally develop on sloping slopes between 20◦ and 40◦ with a
median on about 35◦, where the strata dip slopes quite the same, from 25◦ to 35◦
with a median on about 30◦. The creep driven slides show similar setting as they
develop with an inclined stratification ranged between 20◦ and 25◦ with a median on
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about 25◦, in association with slopes with values between 20◦ and 35◦. Rock sliding
mechanism is common to both classes as this similarity of slope and strata dip
values may be due to the geomechanical characteristics of the sedimentary sequence
Asmari and Pabdeh Formation of the deformed zones. Slope-scale deformation, on
the other hand, develops on a very large range of slopes, between about 20◦ and just
less 50◦ with generally very inclined layers, greater than 50◦. Flexural toppling, on
the other hand, are characterized by by an anti dip strata setting, with inclinations
between −20◦ and −40◦ and a median about −30◦. They generated on slopes with an
inclination between 15◦ and 25◦. Finally, the lateral spreading is distinguished by an
inclination of the layers between 15◦ and 0◦ with slopes inclined around 20◦. As far
as the topographical aspect is concerned, the different types of landslides seem to be
concentrated as follows: rock avalanches mainly towards SE and ranging from E to
S; slope scale deformations ranging between SSE and SSW; the spreadings with the
median value around SE and ranging between E to SSE; flexural topplings ranging
between SSE and SSW; viscoslides concentrating around SE and ranging from E to
SSE; ongoing deformation distributions characterized similarly to avalanches. It is
evident from the distribution of classes for the aspect, strata, dip and slope that the
values are affected by a structural control. Indeed, avalanches, creep driven slides
develop on moderately inclined slopes, dip slopes and with an aspect between E and
SSE, as the forelimb of the folds. While, slope scale deformations affected a very
large range of slopes, with very dip slope strata, with aspect values concentrated
towards SSW, as the back limb of the structures. Spreadings develop with sub-
horizontal strata with slopes until 25◦ and aspect similar to the avalanches and
creep driven slides, as the axial areas and periclinal closures of the folds. Finally
flexural topplings are distinguished by the anti slope strata and by the main aspect
towards SSW, that is the anti slope sides of the fold forelimb. In Figure 3.5, you
can see also the sensitivity of the relief computed on a radius width of 2000 m
and aspect parameters. Specifically, the difference between the types of movement
regarding relief is very clear. The rock avalanches break away from the others with
the most of values that oscillate from 750 to 1600 m, with the median on 1100 m.
For viscoslides, flexural toppling and the ongoing deformations there are no major
differences in the median values that oscillate between 800 and 890 m. Anyway, the
ongoing deformations include several cases in which the relief is more than 1000 m.
While as regards flexural topplings, the median relief is 600 m and lies from 580 to
770 m. Finally, the slope scale deformations, as the former, are characterized by low
relief with a median value on 650 m.
In the pie plots of Figure 3.5, for each category of MRC driven landslide the lithology
distribution is shown. In general, it can be observed that for most of the landslide
classes the predominant lithology is limestone and secondarily marly limestone and
calcirudite mixed with marl. Specifically, the avalanches and creep driven slides are
characterized by similar percentages of limestone, respectively 54% and 43%, while
the avalanches by 24% marly limestone and 13% marl while the viscoslides by 48%
marl. The slope scale deformations, in addition to developing in limestone (39%) and
marly limestones (15%), also affect Quaternary deposits of fluvial origin (42%). The
spreadings also concern alluvial lithotypes (32%), and secondarily limestone (26%),
marl (26%) and ongoing deformations (14%). Flexural topplings develop mainly in
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calcirudites and marl (72%) and secondarily in limestone (13%), marl (9%) and
marly limestones (6%). Finally, the ongoing deformations almost exclusively involve
limestone (93%). In general, the lithological influence on the topographic slopes
and relief on which landslides develop is evident. In fact, the limestone lilotypes
(limestones and marly limestones) allow the slopes to support greater angles and
reliefs. In this respect, strata dip also exerts its influence, as for flexural toppling.

Figure 3.5: Pie diagrams representing the lithology distribution for each typology of creep
driven landslide.

In the pie plots of Figure 3.6, for each category of MRC driven landslide the fold
distribution identified in the previous chapter is shown. What is particularly in-
teresting from the paper is that also in this case the rock avalanches and creep
driven slides show similar results, following a similar distribution respectively, ADF
12% and 31%, FBF 51% and 46%, DF 37% and 23%. Lateral spreadings and slope
scale deformations prefer FBF both with 60%. Finally, the flexural toppling is dis-
tributed between ADF (33%) and FBF (67%). Also in this case, the structural factor
in the predisposition of the slope to gravitational movement is evident. Both FBF
and ADF are characterized by an asymmetry in the sides of the fold, increasing
from the first for the second while DF are symmetrical. So the predisposition of the
rock avalanches, of the creep driven slides, and the lateral spreading for the FBF
is probably connected to the geometric arrangement of the limbs that are not too
asymmetrical and inclined, whereas the flexural topplings interested the ADF.
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Figure 3.6: Pie diagrams representing the fold type distribution for each typology of
creep driven landslide.

3.2 Summary
The inventory of landslides in which I distinguished the occurred and ongoing in-
stabilities in shear driven landslides (falls, slides and flows), and creep driven land-
slides (creep driven slides, flexural deformations, rock avalanches, slope-scale defor-
mations and lateral spreadings) allows to evaluate the sensitivity of the slopes to the
MRC conditioning factors. Specifically, a similarity was highlighted between the rock
avalanches and creep driven slides movements as regards slope values (> 20 − 25◦)
and strata dip (20◦ - 40◦), and type of folds (mainly low to moderate asymmet-
ric folds, as DFs and FBFs). Although the median relief values at which the rock
avalanches mobilize are far greater than the other categories. The lateral spreading
develops on slightly less inclined slopes (15◦ -20◦) with a dipping layer of less than
15◦ concentrating in the FBFs. Flexural topplings, on the other hand, are typical
of slopes inclined on average around 20◦ with normal dipping layers with a value
of −20◦, involving both FBFs and ADFs. The litholgical control on the relief and
slope paramenter resuted evident as well as the structural positions along the fold,
determined by the comparison among aspect, slope and dip slope values. In this re-
gard, it is possible to confirm that although gravitational movements should arrange
themselves with different evolutionary stages as a function of geological aging, the
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deformation style of the structures is a predominant conditioning factor.
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Case studies

Among the types of creep driven movements highlighted in the inventory, three case
studies were selected: 1) Loumar creep driven slide; 2) Seymareh rock avalanche; 3)
Siah-kuh ongoing lateral spreading. In Figure 3.2, it can be observed the map on
which their locations of cases are reported.

4.1 Loumar creep driven slide

4.1.1 Seymareh river basin in the Zagros Mountains
The Seymareh river basin (Fig. 4.1) lies within the north-western part of the belt.
With a total extent of at least 42,000 km2, its drainage network dissects most of the
Push-e Kuh Arc (Vergés et al. 2011): from the hinterland of the chain it passes in
the Lorestan region where it flows into the Karkheh River, a major tributary of the
Tigris whose mouth is located in the Persian Gulf. The Seymareh River crosses sev-
eral tectonic units of the mountain range, from NE to SW: Sanandaj-Sirjan Zone, the
Imbricate Zone, the Zagros (Simply) Folded Belt and the continental Mesopotamian
Foreland (Agard et al., 2005, and references therein). In the Lorestan arc, the in-
strumental seismicity (U.S. Geological Survey, 2020) from the period 2006-2020 is
distributed in a 200-300 km wide area (Hatzfeld et al., 2010; Paul et al., 2010; Ra-
jabi et al., 2011), with a sharp cut from the HZF to the MFF in the NW and SE,
MZRF in the NE (e.g., Yamini-Fard et al., 2006), with recurrent earthquakes of Mw
5-6 and exceptional earthquakes of higher magnitude, i.e., up to Mw 6-8 (Fig. 4.1)
indicating that HZF,MFF and BF are still active. The aforementioned active areas
are associated with transferring zones bordering the Lorestan salient and Dezful and
Kirkuk reentrants. The Loumar slope deformation has been affecting the northeast-
ern flank of the Gavar anticline, developed in the Zagros Simply Folded domain.
In such a geological context, the development and the evolution of fluvial network
are strongly linked to tectonic folding, since the growth, lateral propagation, and
linkage of individual fold segments interacts with fluvial incision and denudational
processes generating high-relief hillslopes and narrow river valleys (Delchiaro et al.,
2019, 2020a, 2020b). The rejuvenation of the drainage system, marked by the passage
of erosional waves and by knickpoints migrating upstream, predispose the hillslopes
to approach the threshold angle for landslide occurrence and the MRC deformations
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to initiate, eventually evolving in massive rock slope failures (Delchiaro et al., 2019).

Figure 4.1: Regional sketch of the Zagros Mountains. The region of interest as well
as the magnitude and the depth of the instrumental seismicity (U.S. Geological Survey,
2020) from the period 2006-2020 are also reported. MFF: Mountain Front Fault, HZF:
High Zagros Fault, MZRF: Main Zagros Reverse Fault, BF: Balarud Fault.

4.1.2 Stratigraphy of the study area
The total thickness of the sedimentary succession in the Gavar anticline (Lorestan
Arc) is 12-14 km and it is composed of both the passive margin sequence, lasting
from the Upper Paleozoic to the Late Cretaceous, as well as of the foreland sequence,
developed from Late Cretaceous to the present (Casciello et al., 2009; James and
Wynd, 1965; Llewellyn, 1974; Vergés et al., 2011; Vergés et al., 2019). In this regard,
I referred for the geological mapping (Fig. 4.2) to the most detailed stratigraphic
column proposed by Alavi (2004) and James and Wynd (1965) and to the detailed
mapping conducted by the NIOC (Llewellyn, 1974). The 3-4 km thick Mesozoic suc-
cession testifies that the region was dominated by large carbonate platforms with
associated shallow basins filled with marls, shales, and marly limestones interbedded
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with episodic plugs of evaporites, typical of a passive margin. It includes the carbon-
ates of the Bangestan Group, one of the largest reservoirs for hydrocarbons in Iran,
as well as the Gurpi Formation (Upper Cretaceous, thickness about 400 m) consist-
ing of marly limestone, marl and hemipelagic shales of deep marine facies associated
to the progressive migration toward the south of the pro-foreland areas, which are in
unconformity with the Bangestan Group (Vergés et al., 2011). Whereupon, two clas-
tic wedges, separated by the Early-Middle Miocene carbonate of Asmari Formation,
developed (Casciello et al., 2009; Vergés et al., 2011; Vergés et al., 2019): the proto-
Zagros foreland sequence (Paleocene-Early Eocene) and the Mesopotamian foreland
succession (Miocene-Early Pleistocene). The proto-Zagros foreland sequence consists
of a clastic wedge filled up by a mixed carbonatic-siliciclastic sequence formed by
Amiran, Taleh Zang, and Kashkan formations (Casciello et al., 2009). The Amiran
Formation is formed by marly shales, sandstones, and cherty conglomerates, dis-
playing an overall shallowing upward trend (thickness variable from 1100 m to 150
m), the Taleh Zang Formation is composed of carbonate-clastic deposits and reef
limestones (thickness variable from 350 m to 40 m) and the Kashkan Formation
characterized by a continental succession formed by reddish cherty conglomerates,
sandstones and mudstone (thickness variable from 400 m to 150 m). At the top of
the clastic wedge, the succession is completed by the Early-Middle Miocene carbon-
ate of Asmari Formation (thickness 200-250 m). It consists of alternating fossilif-
erous, massive, thinly stratified gray-brown limestone, microcrystalline limestone,
dolomitic limestone, and marly limestone (Casciello et al., 2009; James and Wynd,
1965; Llewellyn, 1974; Vergés et al., 2011; Vergés et al., 2019). The Mesopotamian
foreland succession overlaps the Asmari Formation. Referring to the Changuleh syn-
cline studied by Homke et al. (2004), the foreland stratigraphy includes the follow-
ing: (i) the Gachsaran Formation (Early Miocene- 12.3 Ma, thickness approximately
400m), composed of salt, anhydrite, marl, and gypsum; (ii) the Agha Jari Forma-
tion (12.3-3 Ma, thickness approximately 1400m); and (iii) the Bakhtiari Formation
(3 Ma-Early Pleistocene, thickness approximately 900m). The Agha Jari Formation
consists of sandstones and conglomerates, linked to the evolution from deltaic to
fluvial transitional environments (Elyasi et al., 2014), and the Bakhtiari formation
consists of conglomerates characterized by coarse and mud-supported grains, sand-
stones, shales and silts and marks the onset of a syn-orogenic fluvial environment
(Shafiei and Dusseault, 2008).
In the Gavar anticline, the proto-Zagros foreland sequence is involved in the folding
and the Asmari Formation creates a carapace covering its top, while in the synclinal
valleys between the Gavar fold and the adjacent folds, the Mesopotamian foreland
succession crops out extensively. Regarding the timing of the deformation, Homke
et al., 2004 provide the dates of 8.1 and 7.2 Ma for the onset of the deformation in
the front of the Push-e Kuh Arc (related to the base of the growth strata observed
in the NE flank of the Changuleh syncline) that lasted until 2.5 Ma, around the
Pliocene–Pleistocene boundary, while Vergés et al. (2019) locate the onset 11.8 Ma
referring to the Afrineh syncline in the inner part of the Lorestan region. From the
structural point of view, the anticline is markely asymmetrical towards SW and the
spatial arrangement analysis of Chapter 2 indicated it as an ADF. Moreover, from
the bedding data of Figure 4.2, the asymmetry between fore and backlimb strata is
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higher in the NW sector of the fold where minor folds propagated in the NE flank.

Figure 4.2: Geological map of a) the Gavar fold area and b) focus on the NW part of the
Gavar fold where Loumar gravity-induced slope deformation is located. The cross-section
of the Loumar deformation evolved in a rockslide is also reported.

4.1.3 Geomorphological setting
Several landscape evolution models have been proposed so far to explain the drainage
history of the Zagros in response to the tectonic deformation of the area. The mile-
stone works by Oberlander (1965, 1968, 1985) explained the role of rock erodibility
of the outcropping formations in the drainage evolution of the Zagros Mountains.
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Tucker and Slingerland (1996) computed a numerical landscape evolution model,
calibrated on the Kabir-kuh fold, to understand how the growth and propagation
of the folds, the different lithologies, and the drainage network could influence the
sediment flux from a tectonically active belt towards the foreland basin. More re-
cently, Ramsey et al. (2008) and Bretis et al. (2011) focused on the drainage network
modifications testifying the lateral growth of the thrust-fold structures. Only a few
recent studies (Delchiaro et al., 2019, 2020b) investigated the relationship among
time-dependent rock mass deformations, landscape evolution rates, and tectonics as
predisposing factors for massive rock slope failures. In this context, the gravitational
deformation of Loumar slope as well as the others affecting the Seymareh River gorge
downstream of the latter, represent a further and not yet investigated case study
to better understand the role of tectonics and landscape evolution in predisposing
the development of the MRC process. The gravity-induced slope deformation covers
an area of about 3 km2 while the others range from 0.5 to 2 km2. Loumar is lo-
cated along the NE flank of the Gavar fold just upstream the river gorge where the
other deformations affected the slopes (Fig. 4.2). The evolution of the gravity driven
instabilities could be closely connected to the vertical and lateral growth of the an-
ticline and to the evolution of the Seymareh River drainage system. In particular,
the erosional rejuvenation of the drainage network due to the fold growth generated
an excess of topography, mainly of Asmari carapace that was kinematically released
both at the top and toe of the slope by the evolution of the drainage network, likely
causing the initiation of the deformational processes.

4.1.4 Materials and Methods
The Gavar fold area was firstly investigated through the analysis and interpretation
of remote sensing data, such as Google Earth satellite optical images (2018 Landsat
Imagery), vector topographic maps (National Cartographic Center of Iran, topo-
graphic map of Kuhdasht, scale 1:25000) and satellite SAR Interferometry, which
led to the first detection of gravity-induced features and possible geomorphic markers
along the fold and the surrounding areas. Vector topographic data also allowed the
computation of a 10m digital elevation model (DEM) for terrain analyses performed
on all the 154 basins draining the Asmari carapace of the Gavar fold. The DEM was
obtained by the ArcGIS10 © software package, starting from vector topographic
data (contour lines, hydrography, and point elevation) and using the ANUDEM in-
terpolation algorithm (Hutchinson et al., 2011, and references therein). The drainage
network was extracted and analyzed using TopoToolbox (Schwanghart and Scherler,
2014) and the Topographic Analysis Kit (TAK) by Forte and Whipple (2019), both
sets of Matlab functions for topographic analysis. Furthermore, a geological and
geomorphological field survey was carried out with the aim of mapping the most
significant active and relict landforms for the Quaternary evolution of the Seymareh
River valley and of sampling the corresponding deposits for dating with the OSL
method (optically stimulated luminescence; Murray and Olley, 2002; Wintle and
Murray, 2006; and references therein). Based on the results of the previous phases, I
implemented an accurate analysis on the topography and stream networks that drain
the fold. Then, I reconstruct the main stages of tectonic evolution of the Gavar fold
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throught the tau analysis of the longitudinal profiles of the streams carving just the
Asmari lithology. More in detail, to accomplish the purpose of inferring the Quater-
nary tectonic and landscape evolution of the Gavar fold as well as the chronology of
the events that led to the gravitational deformation assessing the related present-day
residual activity and risk, it was necessary to:

1. detect, confirm and analyze possible gravity-induced landforms through field
and remote data, quantifying their ground displacement rate through space-
borne SAR Interferometry;

2. constrain the final morpho-evolutionary stage that culminated in the Loumar
landslide with OSL dating of a river deposit;

3. perform terrain analyses (both on topography and on stream networks) at the
Gavar fold scale calibrating the input parameters with a basin-scale geomor-
phometric analysis of the Seymareh River basin;

4. apply the tau analysis to the drainage network of the fold that carves the
Asmari Formation to cronologically reconstruct the tectonic and morphological
evolution of the Gavar fold and its impact on the hillslopes.

Remote and field surveying

A remote survey was carried out to map the gravity-induced landforms, based on
the Google Earth satellite images (2018 Landsat Imagery) and on satellite SAR
Interferometry. SAR Interferometry analysis was performed to detect any active,
gravity-induced deformation of the slope already affected by the gravity-induced
slope deformation, all along the river gorge and the surrounding areas. A multi-image
interferometric approach was chosen, which uses many images (STACK) character-
ized by the same acquisition geometry to create interferograms related to a given area
(Bert, 2006; Berardino et al., 2002; Ferretti et al., 2000, 2001; Hanssen, 2005). Among
the various techniques, the Persistent Scatterer Interferometry (PSI) (Ferretti et al.,
2000, 2001) analysis was used, based on the observation of time and space-coherent
pixel, the so-called persistent scatters, represented by anthropogenic and natural
structures like buildings, antennas, exposed rocks, etc. The SARscape software tool
was used to process 86 Sentinel-1 SAR (Synthetic Aperture Radar) images for the
ascending orbit in the time frame between 08 June 2016 and 08 November 2019, as
well as 95 Sentinel-1 SAR images for the descending orbit in the time frame between
16 May 2016 and 21 November 2019. A coherence threshold of 0.7 has been used to
obtain an improvement in the signal-noise ratio but guaranteeing at the same time
a good PS (Persistent Scatter) density. Then, the decomposition of vertical and
horizontal displacements was performed by combining PS InSAR ascending and de-
scending data by using a proprietary software kindly provided by NHAZCA S.r.l.
Then, a field cross-check was also performed. Specifically, during the geological and
geomorphological field survey, the mapping of the most significant active and relict
landforms for the Quaternary evolution of the Seymareh River valley, as well as the
sampling of the river pond deposit to be dated with the OSL method (Murray and
Olley, 2002; Wintle and Murray, 2006; and references therein), were carried out.
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OSL sampling is a very delicate and quite complex technique. In fact, it is ab-
solutely necessary to prevent the sample from being exposed to light because the
luminescence signal could be reduced or even reset. In choosing the most suitable
site to sample, of course, levels were identified with original sedimentary structures,
avoiding bioturbations and post-depositional alterations. Once the site for sampling
was identified, it was important to carefully clean off the slope and prepare, ac-
cording to the consistency or cementation of the material, the equipment necessary
for taking the sample, without it being exposed to light. Furthermore, to minimize
the effects of cosmic radiation and to thereby avoid the risk of rejuvenated ages,
the samples were taken at least one meter below the topographic surface (or below
eventual erosional surfaces identified within the deposits). The soil, mainly charac-
terized by fine-grained loose sediments (size <2 mm) was sampled by a hammer to
insert a metal tube horizontally into a vertical face, which must be isolated from
light and humidity immediately after collection. To maximize the uniformity of the
natural radioactivity of the burial period, the tube was inserted into zones of ho-
mogeneous sediment at least 30 cm wide and thick. From the same level where it
was sampled, an additional 500–800 g of sediment was extracted to evaluate natural
radioactivity (if the annual dose rate measurement is not performed in situ), for
the mineralogical and granulometric analysis, as well as to determine the moisture
content. The OSL dating was performed by the LABER OSL Laboratory, in Water-
ville, Ohio, USA. Quartz was extracted for the equivalent dose (De) measurements.
In the OSL laboratory, the sample was treated first with 10% HCl and 30% H2O2
to remove organic materials and carbonates, respectively. After grain-size separa-
tion, the fraction of 90 − 125µn size was relatively abundant, so this fraction was
chosen for De determination. The grains were treated with HF acid (40%) for ap-
proximately 40min to remove the alpha-dosed surface, followed by 10% HCl acid
to remove fluoride precipitates. Luminescence measurements were performed using
an automated Risø TL/OSL-20 reader. Stimulation was carried out by a blue LED
(λ = 470± 20nm) stimulation source for 40s at 130◦C. Irradiation was carried out
using a 90Sr/90Y beta source built into the reader. The OSL signal was detected by
a 9235QA photomultiplier tube through a U−340 filter with a 7.5 mm thickness. For
De determination, the single-aliquot regenerative-dose (SAR) protocol (Murray and
Olley, 2002; Wintle and Murray, 2006) was adopted. The preheating temperature
was chosen to be 260◦C for 10 s and then cut heat was 220◦C for 10 s. The final
De is the average of the De of all aliquots, and the final De error is the standard
error of the De distribution. For each sample, at least 12 aliquots were measured
for De determination. The De was measured using SAR on quartz, and the aliquots
that passed criteria checks were used for final De calculation. Recycling ratios were
between 0.90–1.1, and recuperation was relatively small. The cosmic ray dose rate
was estimated for each sample as a function of depth, altitude, and geomagnetic
latitude. The concentration of U , Th, and K was measured by neutral activation
analysis (NAA). The elemental concentrations were then converted into the annual
dose rate, considering the water content (lab measured) effect. The final OSL age is
then De/Doserate.
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Figure 4.3: Total basin slope area plot of the Gavar fold and the surrounding areas for
threshold determination. The box plot of the ksn values of the stream network of the Gavar
fold carving just the Asmari Formation is reported.

Geomorphometric analysis at basin and fold scales

The drainage network was extracted and analyzed using TopoToolbox (Schwanghart
and Scherler, 2014) and the Topographic Analysis Kit (TAK) by Forte and Whipple
(2019). The flow accumulation threshold for the fluvial domain was calculated on
the Gavar fold area (1.710−5m2) according to Vergari et al. (2019) procedure. In
Figure 4.3 the results are reported.
The geomorphometric analysis was focused first on the Seymareh river basin, closed
at the confluence with the Karkheh River in order to calibrate the parameters for the
next analyses. The mnoptim function of TopoToolbox was used to obtain the best
mn-ratio for the stream power law. Such a function uses Bayesian Optimization with
cross-validation to find a suitable mn-ratio. Bayesian Optimization finds a minimum
of a scalar-valued function in a bounded domain. Specifically, the mnoptim uses χ
(Chi) analysis (Perron and Royden, 2013) to linearize long-river profiles. If there are
several river catchments (or drainage network trees), the function picks a random
subset of these trees to fit a mn-ratio and then tests it with another set of drainage
basins. This allows to assess how well a mn-ratio derived in one catchment can
actually be applied to another catchment. In this regard, I chose to refer the value
to the whole drainage basin deriving a mn-ratio that applies best to all sub-basins.
In Figure 4.4, the results of Bayesian Optimization on the entire drainage area of
the Seymareh basin (41,244.8 km2) is reported.
Then, I focused on the terrain analysis on the Gavar fold. In detail, I computed
the excess of topography using the ’excesstopography’ function (Blöthe et al., 2015)
in TopoToolbox (Schwanghart and Scherler, 2014). The excess topography, ZE is
defined as the column of rock material (in meters) located between the terrain surface
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Figure 4.4: The results of the Bayesian Optimization performed for finding a suitable
mn-ratio.

(ż) and an idealized topography (z) with slopes less than or equal to a given threshold
hillslope angle st. The idealized topography is:

ż(x, y) = min(s,t)∈(∞,−∞){z(x+ s, y + t) + st
√
s2 + t2} (4.1)

which refers to a sliding-window minimum filter with additional offsets calculated
by the threshold hillslope angle and the cardinal distances s and t to the window
center. Specifically, I restricted the maximum horizontal distance to 3 km because
larger sizes did not change results significantly. Regarding the choice of maximum
gradient of slopes, I referred to the results of the susceptibility analysis for sliding
movements (viscoslides and avalanches) of landslide inventory, choosing 20◦. Still,
the stream networks draining the Asmari Formation carapace that outcrops in the
Gavar fold was selected. In this way, the contribute measured by morphological and
stream network analysis is a direct marker of tectonics without multi-lithological
noise. Accordingly, 154 Asmari carving basins were obtained and for each of them
the hypsometric integral HI as well as steepness index ksn (Howard and Kerby, 1983;
Perron and Royden, 2013; Whipple and Tucker, 1999) were computed. The integral
metric allows to distinguish relatively “young” or weakly eroded regions (with HI
values close to 1) and relatively “old” or highly eroded regions (with HI values close
to 0). While, ksn index computed on the same lithology (Asmari limestone), can be
considered as a direct proxy of the tectonic uplift.

Tau analysis on fold stream networks

In detachment-limited conditions, typical of tectonically active regions, the evolu-
tion of the river profile is described by the stream power law (SPL) as already
demonstrated in Chapter 2 (Eq. 2.3-2.8). Furthermore, the erosional wave celerity,
C(x) = KA(x)mS(x)n−1, controls the speed at which perturbations travel along the
channel (Whipple and Tucker, 1999). The response time, τ(x), for perturbations to
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propagate from the river outlet, at x = 0, to a point x along the channel when n = 1
is expressed as (Whipple and Tucker, 1999):

τ(x) =
∫ x

x=0

dx′

C(x′) =
∫ x

x=0

dx′

KA(x′)mS(x′)n−1 = χ(x)
KAm0

(4.2)

where x′ is an integer variable. The response time, τ(x), increases constantly with
x, from the base level to the high channel reaches. τ -plot is the starting point for
the linear inverse scheme to study the rock-uplift/base-level fall history recorded in
the fluvial topography (Di Biase and Whipple, 2011; Whipple and Tucker, 1999).
Along the channel profile on the χ-z plot, the slope of different channel segments
represents the corresponding channel steepness (ksn). The time scale to invert river
longitudinal profiles is decided by the recession rates of the knickpoints within the
drainage basin. The less the erosional coefficient (K) is, the longer history I can
finally decode. Meanwhile, it takes more time for knickpoints to migrate along longer
river channels, but as those channels are mostly of bigger contributing area and
associated discharges, thus, knickpoints retreat faster. Therefore, a balance between
higher recession rate of the knickpoints and higher discharge in setting the time scale
of inversion can be expected. Rates of tectonic uplift and incision into bedrock are
irrespective to the time scale of inversion, which is decided by the horizontal, not
vertical recession rate of the knickpoints (Wobus et al., 2006). Since a key assumption
of tau analysis is that the drainage area of the fluvial channels remains fixed during
the history that is represented by the long profiles of the rivers. Area change can
take the form of stream piracy, migration of the main water divide, or migration of
the lateral divides between the analyzed basins. In this regard, the evidence of river
piracy can be traced back to a period prior to the one studied as they are located
along the heads of the network considered in the analyzes. Such an assumption is
not only important for the correct inference of the uplift rate history but also for
constraining the m exponent correctly. On one hand, I removed from the stream
networks all the reaches showing evidence of past capture event extracting and
analyzing divide networks. On the other, the m coefficient was calculated at the
scale of the whole main basin and cross validated between the different sub-basins
(4.4).

4.1.5 Results
Remote surveying: advanced SAR interferometry

A remote survey of the gravity-induced landforms was carried out in the Loumar
slope and surrounding areas, based on the Google Earth satellite images (2018 Land-
sat Imagery). Furthermore, in order to confirm and quantify the present-day ground
displacement rate of Loumar landslide as well as the shallow gravitational move-
ments along the NW part of the fold, satellite SAR Interferometry was applied.
In detail, I performed the decomposition of vertical and horizontal displacements
by combining PS InSAR ascending and descending data using proprietary software
provided by NHAZCA S.r.l. For the ascending orbit, I analyzed 86 Sentinel-1 SAR
images in the time frame between 08 June 2016 and 08 November 2019 while for the
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descending geometry 95 Sentinel-1 SAR images in the time frame between 16 May
2016 and 21 November 2019.

Figure 4.5: a) Surface velocity map of the vertical component displacement of the
Loumar slope obtained by using a 3D decomposition algorithm developed by NHAZCA
Co. Ltd.. Gravity-induced movements emplaced along the Seymareh river gorge (includ-
ing the Loumar deforming slope) are also reported (A-E). b) 3D map focusing on Loumar
deforming slope and river gorge instabilities.

Figure 4.5 shows the vertical surface velocity map of the areas, thus allowing to iden-
tify different zones showing downward and upward displacements within the Loumar
deformation area. As it resulted by the performed analysis, the trenching zone of
the Loumar gravity-induced slope deformation is affected by the highest negative
displacements ranging between −5 and −7.5mmy−1, confirming the active tensional
release inferred by the remote survey. Regarding the minor scars in the middle of the
25◦ dipping slope, they show a moderate displacement rate variable between −4 and
−2mmy−1. Finally, the debris zone where blocks released from the latter zone ac-
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cumulate, is characterized by a positive displacement rate of about 1 and 3mmy−1.
The above results demonstrate that the rockslide is active and have a progradational
style. Moreover, it is important to highlight that in the surrounding areas the highest
ground displacement rates are linked to the Seymareh River gorge evolution, allow-
ing to identify at least 4 other minor gravity-induced processes. Such instabilities
are shear driven rockslides that affected the limestone carapace of the Asmari Fm.
They are shallow phenomena with short evolution times and displacement rates up
to −10mmy−1. Despite the difficulty of transposing a decennial observation on an
extremely long process, especially if you want to identify the MRC phase in which
the process is located, the good fit of the satellite interferometric evidence with the
slope landforms testifies an ongoing rock mass creep process.

Field surveying: OSL dating

A field survey followed the remote analysis, during which it was possible to sample
a river pond deposit identified upstream of the gravity-induced deformed slope, for
OSL dating. The results of the analyses allowed to recognize and distinguish areas
of the deformed slope characterized by different gravity-induced landforms as well
as to define the stratigraphic relationships between the Quaternary deposits and the
outcropping formations in the neighbouring areas.

Sample Description Elevation (m a.s.l.) OSL age (ka) Error (ka)
L1 River pond deposit 810 5.52 ±0.36

Table 4.1: OSL age obtained for pond sediments deposited upstream of the landslide due
to the partial damming of the river. Detailed information and photos of sampling sites are
available in the text and in Figure 4.6.

In Figure 4.6a, the general perspective of the Loumar gravity-induced slope defor-
mation is reported, along with the evidence of its evolution into a viscous rockslide.
It is possible to identify: 1) a trenching zone; 2) minor scars along the 25◦ dipping
slope; 3) a debris zone where blocks detached from the slope accumulated. The first
zone involves the Asmari Formation just below the upper limit of the deformed area
and the trenching was likely favored by the tensional release due to the change of
dip-slope strata angle from 10◦ to 25◦. The width of this zone, as well as the north-
eastward deflection of the Seymareh River, suggest that the gravity-induced slope
deformation likely reached the tertiary phase of MRC evolving to a viscous rock-
slide. In the second zone, blocks of Asmari Formation detached from minor scars
and accumulated in the third area. As confirmed by the field survey (Fig. 4.6b and
4.6c), the blocks accumulated above a strath terrace surface recognizable on both
sides of the river at around 850m a.s.l. The latter is sculpted on the folded strata of
the Bakhtiari Formation (Fig. 4.6d), whose thickness is decreasing from SE to NW.
Upstream of the Loumar landslide, a river pond deposit at 810 m a.s.l. was detected
by remote and confirmed by the field survey to lie upon the Bakhtiari Formation
(Fig. 4.6e-g). It consists of a coarsening upward deposit with a variable thickness
(up to 2 m) along the present river gorge. The deposit is composed mainly by sand
and silt with increasing gravel towards the top (Fig. 4.6f and 4.6g). It can be related
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to a narrowing of the valley floor of the river due to the displacement associated to
the viscous rockslide, which has led to a local loss of river erosive power. I sampled
the basal, finer deposit and the obtained OSL age is 5.52± 0.36ka (Table 4.1).

Figure 4.6: Google Earth satellite general perspective of area (a) and pictures were taken
during the field survey performed in August 2019 (b-f) which represent different typologies
of gravity-induced landforms associated to the Loumar landslide system (scars and blocks)
and stratigraphic relationships.

This age constrains the evolution of the MRC driven gravity-induced slope deforma-
tion to a rockslide. Since the sampling position is quite near to the bedrock (Bakhtiari
Fm.) outcropping (∼ 2m), the obtained age can be reasonably used to calculate the
mean river erosion rate affecting the bedrock after the landslide emplacement, which
corresponds to the uplift rate over the last ∼ 5.52 ky. The ratio between the thick-
ness of the eroded bedrock below the terrace surface (∼ 12m) and the time elapsed
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since the initiation of the erosional phase (∼ 5.52 ky, which is overestimated) al-
lowed us to obtain a minimum uplift rate for the last 5ka of 2.18 ± 0.14mmy−1.
The remote and field surveying allowed also to identify an abandoned meander of
the Seymareh River (Figs. 4.5b and 4.6a) which flowed upstream of the deformed
area where the Asmari Formation strata attitude changes from 30◦ SW to 10◦ NE,
to form a parasitic anticline along the NE flank of the Gavar fold. The growth of
the parasitic fold was likely linked to the lateral propagation of the entire structure,
which helped the meander abandonment. This change in the river course allowed
the kinematic release of the NE flank of the Gavar fold, likely giving the start to the
MRC deformation process.

Morphological and tectonic analyses

The whole Seymareh river basin was firstly analyzed in order to evaluate the best
mn-ratio by applying Bayesian Optimization. In Figure 4.4 the results of the Bayesian
Optimization with cross-validation to find a suitable mn-ratio are also reported. The
function picked 34 random drainage network trees to fit a mn-ratio, by testing them
with another set of drainage basins. The minimum of the estimated objective func-
tion value is 0.42. The high density of observed points around this value indicated
the good reliability of the result. This value was therefore used in the calculation of
the ks index and in the tau analysis. In Figure 4.4, the density distribution of the
steepness index, ks, is shown. It was computed on the Gavar fold drainage network
using the obtained value of channel concavity (or mn-ratio) of 0.42. The median
value of ks is 47.
Then, the local topography and drainage associated to the Gavar fold were focused
on. From the morphological point of view, I computed the excess of topography with
a threshold angle of 20◦ and a kernel of 3 Km. In Figure 4.7, the excess of topog-
raphy map shows the distribution of the highest values is concentrated especially
in the NW sector of the fold (up to 340 m) and secondly in the SE sector (up to
about 250 m). In the NW sector, the map shows that in correspondence with the
river gorge there are much higher values than in the rest of the area. Specifically, as
can be seen from the swath profiles with a width 2000 m of two sections crossing
the axis in NW sector of the fold (Fig. 4.7), Loumar landslide occurs just upstream
the river gorge and the excess of associated topography is between 50 and 100 m.
This value is much lower compared to the excess material values obtained both on
the backlimb at the gorge (around 250 m) and on the forelimb (around 150 m).
Furthermore, the swath profile represents the trends of maximum, minimum, and
mean elevations and therefore shows all the wavelengths of topography. The gap
between the maximum elevation and the minimum elevation is proportional to the
erosional stage of the examined sector and the morphology of the minimum curve
is an indicator of the activity of the process that generated it. In this regard, it is
possible to note that the elevation gap is greater in association with greater excess
of topography. This indicates a very active erosional state of the sector, especially
at the river gorge. The map views of ks and HI values averaged for each basin of
the fold carving exclusively Asmari Formation (Fig. 4.8 a and b) confirm what has
already been highlighted by the distribution of excess of topography. It is observed
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that the NW sector and secondly the SE sector are the most tectonically active in
terms of ks values and relatively the ”youngest” or the most weakly eroded regions
in terms of HI.

Figure 4.7: Excess of topography of Gavar fold computed with a threshold angle for the
idealized surface of 20◦ and a kernel of 3 Km. The swath profiles with a width 2000 m of
two sections crossing the axis in NW sector of the fold are reported too.

From the projections of the mean elevation (the error bar shows also the minimum
and maximum elevation) of basin centroids colored by ks and HI values along the
swath profile (with a width of 2 Km) parallel to the fold axis (Fig.4.8 a and b), it is
possible to recognize a general increase of both indices from SE to NW. Specifically,
the difference in mean elevation between backlimb (NE side of the fold) and forelimb
(SW side of the fold) is much greater in the NW sector than in SE. Indeed, as it is
possible to observe also from the minimum elevations of the backlimb and forelimb
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basins, the difference in outlet elevation of the backlimb and forelimb basins of the
NW sector is very marked while in the SE sector it is quite coincident.

Figure 4.8: a) Map view of ks values averaged for each basin of the fold carving exclusively
Asmari Formation, and the projections of the mean elevation (the error bar shows also the
minimum and maximum elevation) of basin centroids colored by ks values along the swath
profile (with a width of 2 Km) parallel to the fold axis. b) Map view of HI values computed
for each basin of the fold carving exclusively Asmari Formation, and the projections of the
mean elevation (the error bar shows also the minimum and maximum elevation) of basin
centroids colored by HI values along the swath profile (with a width of 2 Km) parallel to
the fold axis.
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Furthermore, the difference in the ks and HI values that characterize the backlimb
and forelimb basins also confirms that the asymmetry increases from SE to NW.
Regarding the swath profile along which the centroids are projected, it includes
the water gaps where Seymareh River is currently flowing and forming a gorge in
the NW sector and the SE drainage network carves the carapace limestone in the
SE. While the valleys in the middle portion of the profile correspond to wind gaps.
Generally, the water gaps are frequent in the closing area of a growing fold with
lateral tip migration and are characterized by a narrow V-shaped cross-profile, since
the fluvial process is still acting, while the wind gaps are typical of the most central
part of the anticlines and have an open V-shaped profile because of the inactivity
of the fluvial incision.The gap between the maximum elevation and the minimum
elevation is greater in the wind gaps as the erosional stage is advanced compared to
the water gaps in which the erosive action is younger. When a fold starts growing
laterally, the rivers erode the raised area or, otherwise, they are deflected from their
course and forced to flow around the fold periclinal closure. If the erosion rate of
the river is higher than the uplifting rate, a water gap is set up, otherwise its course
is deflected generating a wind gap. Even the elevation of the valley floors along the
swath profile testifies to a greater and older uplift of the central part of the fold and
a subsequent lateral growth towards NW and SE, respectively. The average elevation
of the water gaps stands at 800 and 1400 m a.s.l. respectively for the Seymareh River
and the SE drainage network while that of the wind gaps is around 1620 m a.s.l.

Timing of tectonic evolution

In this analysis a linear dependency between the local slope, S, and the erosion rate,
E, in the stream power erosion model was assumed according to Equation 2.5, i.e.,
the slope exponent, n = 1. When n 6= 1, river reaches are consumed or generated
along slope breaks (Royden and Perron, 2013), a situation that is interpreted as shock
behavior (Pritchard et al., 2009). In agreement with Pritchard et al. (2009), shocks
occur when a steeper reach of the river, which is propagating rapidly upstream,
overtakes a less steep reach, which is propagating more slowly upstream. However,
in our case the tectonic perturbation is not expected to be shocking and impulsive as
in a fault case since I am dealing with a folding style. An additional key assumption
that I adopt in the current analysis is that the drainage area of the fluvial channels
is fixed during the history that is represented by the long profiles of the rivers. Area
change can take the form of stream piracy, migration of the main water divide, or
migration of the lateral divides between the analyzed basins. In this regard, it was
necessary to analyze the main fold divide in association with axis fold in order to
recognize areas where a migration may have occurred and possibly exclude them from
tau analysis (Fig. 4.9). I analyzed the divide network, its planform geometry, and its
relation to topography, following the method described in Scherler and Schwanghart
(2020). In detail, to quantify the morphologic asymmetry of divides, DAI metric was
computed (2.9). From Figure 4.9, it is evident how the divide and the axis of the fold
coincide in the NW portion of the fold diverging instead in the SE portion. Generally,
in ADFs, the dip of the forelimb is established during the first increment of folding,
and it retains this dip throughout subsequent growth (Burbank and Anderson, 2012).
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In few words, the forelimb angle remains constant and consequently the topographic
divide should coincide with the axis of the structure (like in NW sector) unless river
captures occur (like SE sector). The streams that caused the captures were removed
by the analysis (Fig. 4.10). Figure 4.9 also shows that the NW sector, especially
close to the divergence between the divide and the fold axis, is characterized by
generally higher DAI values around. This implies a large difference in hillslope relief
between forelimb and backlimb which associates well with the evidence of windgaps
along the swath profile of the fold axis. In this regard, the evidence of river piracy
can be traced back to a period prior to the one studied as they are located along
the heads of the network considered in the analyzes. Such an assumption is not only
important for the correct inference of the uplift rate history but also for constraining
the m exponent correctly. For this reason, the m coefficient was calculated at the
scale of the whole main basin and cross validated between the different sub-basins. I
performed the tau analysis of all the drainage networks carving the Asmari carapace
of Gavar fold.

Figure 4.9: a) Map of Gavar fold axis and drainage divide coloured by DAI. b) Along
axis swath profile (1000 m width) with projected divide points coloured by DAI.

For the tau analysis, only the stream networks of the fold just carving the same
lithology (Asmari Formation) and with no evidence of stream piracy were taken
into account. They were divided into 4 groups (S1, S2, S3 and S4), for each of which
the base level was set to zero in order to allow a comparison among the different
sectors. To calibrate the erodibility K, Equation 2.6 was applied.
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Figure 4.10: Longitudinal (a,b,g,h), chi space (c,d,i,j) and tau space (e,f,k,l) profiles with
knickpoints relatively to S1 (a,c,e), S2 (b,d,f), S3 (g,i,k), and S4 (h,j,l) stream networks.
The mean ages with standard deviation values related to every network is reported.

In detail, an average regional uplift rate of 0.6mmy−1, from the Kurdistan area
(Tozer et al., 2019; Zaberi et al., 2019) and a mean ks value of 47 obtained on the
Asmari lithology of the Gavar fold(Fig. 4.3) were used. The estimate of K obtained
applying the Equation was 1.2766 e−5m0.16 y−1. The m parameter used in the analy-
sis (being n = 1 for the steady-state condition then θ = m) was set equal to 0.42 as a
result of mn-ratio Bayesian Optimization. In Figure 4.10, the stream network eleva-
tion was reported along profile distance, in χ space and converted in τ space for the
aforementioned K value, by applying Equation 4.2. The knickpoints were extracted
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using the function ‘knickpointfinder’ of TopoToolbox applying a tolerance value of
70 m that should reflect uncertainties that are inherent in longitudinal river profile
data. In the tau curves (Fig. 4.10), the response time, τ(x), for perturbations to
propagate is plotted against the elevation, therefore, knickpoints can be associated
with perturbations that can be time constrained. Then, it is possible to recognize
that: 1) the longest tectonic history, about 0.55 Ma, is recorded by S2 network, i.e.
the NW backlimb sector; 2) the oldest knickpoints are dated between 0.15 Ma (S2
network) and 0.12 Ma (S3 and S4 networks); 3) both sectors S1, S2, and S3 record
a strong tectonic uplift impulse, respectively 0.61 ± 0.027Ma, 0.79 ± 0.032Ma and
0.6± 0.038Ma ago. Since the slope of chi and tau curves is proportional to tectonic
uplift, it is possible to observe that upstream to the knickpoints, generally the uplift
should have been low to moderate until the arrival of strong impulse that affected
first the NW backlimb side (S2), referable to the meander abandonment by the
Seymareh River and then the NW e SE forelimb sides (S1, S3).

4.1.6 Morpho-evolutionary model
In a tectonically active region, slopes, composed by contrasting rheological layering,
control the evolution of the drainage network as they can be released providing
kinematic freedom to deforming rock masses or carapaces; this results in isolated
portion of caprock which starts MRC deformations until slope failure occurs.

Figure 4.11: 3D geological map of Loumar deforming slope and Seymareh river gorge
areas with associated gravity-induced movements detected by SAR technique. The height
drop and age of knickpoints is reported.

The results obtained for the Loumar landslide that affects the NE slope of the
Gavar anticline in the Simply Folded Zagros, whose evolution is strictly related to the
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vertical and lateral growth of the anticline and to the evolution of the Seymareh River
drainage system, are here discussed. From the 3D geological map of the backlimb
slope of the NW sector of the Gavar fold (Fig. 4.11), it is possible to observe how
several gravitational movements are connected to the development of the river gorge
in the carbonate carapace of the Asmari Formation. In association with the river
engraving in the dip slope structure with angles that decrease going towards the
pericline closure of the fold (from 40◦ to 15◦), an excess of material is generated
which begins to deform under gravity. Specifically, Loumar landslide is characterized
by 20− 25◦ slope and was released in the previously in the upper part by the paleo-
meander and then downslope by the meander abandonement associated to the minor
folds growth and knickpoint formation. River rejuvenation due to tectonic uplift was
responsible for both the stress and kinematic release of the rock mass which initiated
the viscous deformational process until slope failure.

Figure 4.12: Evolutionary model of the Gavar fold and the Seymareh river valley in
association with mass rock creep evolution curve. See text for explanation.

I constrained the role of Quaternary tectonics and landscape evolution history of the
Gavar fold, as well as the chronology of the events that led to the Loumar gravita-
tional deformation, through remote and field surveys, OSL dating, geomorphometric
analysis and tau conversion of river longitudinal profiles. The landscape evolution
of the Gavar fold drainage network before and after the slope failure occurrence can
be summarized in the following 2 steps and 2 events (Fig. 4.12):

• ∼ 600kyr to 79 ± 32kyr (Fig. 4.12a) – In this phase, the network, previously
draining towards the SW as evidenced by the windgap along the axis of the
fold, splits due to the uplifting of the structure.

• 79± 32kyr (Fig. 4.12b) – The strong tectonic impulse due to the vertical and
lateral growth of the Gavar fold, in association with the propagation of minor
folds, leads to the abandonment of the meander and to the migration of the
Seymareh River, as well as to the formation of the gorge. This event allowed
the kinematic release of the NE flank of the Gavar fold, likely starting the
MRC deformation process.
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• 79± 32kyr to 5.52± 0.36kyr (Fig. 4.12c) – During this phase, the rock mass
kinematically isolated by drainage under the impulse of tectonics deformed
from primary to secondary stages of MRC, cumulating elasto-plastic strains.

• 5.52 ± 0.36kyr (Fig. 4.12d) – The gravity-induced slope deformation reached
the tertiary stage of MRC, evolving to a slope failure with a rock slide mech-
anism that caused a partial occlusion of the Seymareh River and generated a
upstream pond area, characterized by the silty-clay deposits.

4.2 The giant Seymareh rock avalanche
This work is focused on the evolution of the Seymareh River valley before and after
the valley was dammed by the landslide worldwide recognized as the largest sub-
aerial landslide ever observed, the Seymareh rock avalanche (Roberts and Evans,
2013). 44Gm3 of debris detached from the northeastern flank of the Kabir-kuh fold
covering an area of about 220 km2 with a run-out from the top of headscarp to distal
debris limit of 19 km (Roberts and Evans, 2013). Different interpretations have been
proposed so far by the scientific community to explain the generation of such an
exceptional event and different scenarios have been hypothesized for explaining the
induced changes in landscape. Harrison and Falcon (1937, 1938) provided much of
the present knowledge on the rock avalanche, including the geology and structure of
the source area, the general geomorphology, and the basic geometry of the landslide.
Oberlander (1965) included a short appendix on the landslide in his study of Za-
gros streams and discussed its origin in relation to the activity of Seymareh River.
Later, in the 1960s, Watson and Wright (1969) characterized the geomorphology and
stratigraphy of the debris, discussed the origin of the initial rockslide, and examined
the debris avalanche emplacement mechanisms. Roberts (2008) and Roberts and
Evans (2013) provided a detailed model of how the geological and tectonic evolution
of the Kabir-kuh fold predisposed the slope to such a large-scale failure, including
formation of structural/kinematic and rheological control, and inferred a seismic
trigger. Specifically, Roberts and Evans (2013) obtained from a charcoal-rich layer
approximately 15 m above the base of the lacustrine sequence with a 14C age of
8710 years BP. Based on the interpretation of three separate radiocarbon ages pro-
vided additionally by Griffiths et al. (2001) an estimated radiocarbon bracket age of
the Seymareh event was suggested between 9800–8710 14C years BP. Yamani et al.
(2012) provided some general details on the evolution of the dammed lake drainage,
describing a sequence of entrenched lacustrine terraces upstream of the landslide
dam. Finally, Shoaei (2014) reviewed the possible mechanisms of failure and inter-
preted the post-failure geomorphic features through analyzing the processes respon-
sible for the formation and erosion of the landslide dams of the Seymareh, Jaidar
and Balmak (called also Chah Javal) lakes by using available annual sedimentation
data and field measurements of the deposits in these lakes.
Despite the number of scenarios proposed so far, quantitative constraints on the
river valley evolution before and after the occurrence of this giant landslide are still
missing, which could help in quantitatively modelling the trigger scenario of this
end-member case study of massive rock slope failures. In this regard, recently, some

54



Chapter 4. Case studies

works (Bozzano et al., 2012, 2016; Della Seta et al., 2017; Martino et al., 2017)
have focused on the role of landscape evolution rates on the development of MRC
processes. Among these, Bozzano et al. (2016) demonstrated that erosion rates play
a key role in the development of MRC processes within the rock masses and, con-
sequently, in their possible evolution into massive rock slope failures, even without
invoking transient external forcing (e.g., earthquakes). Furthermore, evidence of gi-
ant rock slides due to MRC that caused valley river damming have been recently
documented by Zhao et al. (2019) in the Sichuan River basin; these rockslides are
related to the effects of river knickpoint propagation and inner gorge formation and
serve as a further confirmation of the combined role played by the fluvial dynamics
and the geological structural setting.
This work is aimed at filling the knowledge gap in landscape evolution associated
with the Seymareh landslide. Detailed geomorphological mapping, correlation and
dating of certain geomorphic markers (Burbank and Anderson, 2012) represented by
pre- and post-failure fluvial and lacustrine terraces have been performed upstream
and downstream of the landslide dam. I provide new time constraints to the Sey-
mareh River valley evolution and outline the role of the geomorphic processes both
as predisposing factors for MRC processes and as response to this giant gravitational
instability.

4.2.1 Regional geological and geomorphological framework
The Seymareh landslide detached from the northeastern flank of the Kabir-kuh fold,
the largest and highest anticline in the Pusht-e Kuh arc, in the northwestern part
of Iran (Vergés et al., 2011), in a very densely seismically active area and recurrence
rate of nearby strongly felt earthquakes considerably higher than the rate of slope
steepening led Roberts and Evans (2013) to hypothesize that seismic forcing may
have played a primary role in triggering the landslide. The outcropping formations
in the Kabir-kuh anticline date to a time interval ranging from the Late Cretaceous
to the early Miocene and are characterized by different lithological and rheological
properties (Vergés et al., 2011). Since the geo-structural setting of the fold flanks
represented a crucial predisposing factor for the catastrophic massive rock slope fail-
ure (Roberts and Evans, 2013), I referred to the most detailed stratigraphic column
proposed by James and Wynd (1965), Alavi (2004) and to the detailed mapping of
the Kabir-kuh fold conducted by the Iran Oil Operating Companies (Setudehnia and
Perry, 1967; Takin et al.,1970; Macleod, 1970). Specifically, the investigated area in-
cludes the middle and low reaches of Seymareh River starting approximately 60 km
upstream of the Seymareh landslide down to the SE termination of the Kabir-kuh
fold. In Figure 4.13, the geological map of the study area, the stratigraphic column
and two geological cross-sections related to different structural sectors are reported.
It is noteworthy that, in the Kabir-kuh anticline, the Pabdeh Formation is com-
posed of three rheologically contrasting members, which crop out in the Seymareh
landslide scar area: i) the lower Pabdeh member (150 m thick), which is dominated
by marls and shales, ii) the Taleh Zang member (50 m thick), consisting of platform
limestone, and iii) the upper Pabdeh member (150 m thick), composed mainly of
calcareous marl. The Asmari Formation creates a carapace originally covering the
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top of the Kabir-kuh fold, while in the synclinal valleys between the Kabir-kuh fold
and the adjacent folds, the Asmari Formation is overlapped by a Miocene-Pliocene
succession (Homke et al., 2004).

Figure 4.13: Geological map, stratigraphic column, and cross sections of the study area.

Referring to the Changuleh syncline studied by Homke et al. (2004), the foreland
stratigraphy includes the following: i) the Gachsaran Formation (early Miocene -
12.3 Ma, thickness approximately 400 m), composed of salt, anhydrite, marl and gyp-
sum; ii) the Agha Jari Formation (12.3 Ma – 3 Ma, thickness approximately 1400 m);
and iii) the Bakhtiari Formation (3 Ma – early Pleistocene, thickness approximately
900 m). The Agha Jari Formation consists of sandstones and conglomerates, linked
to the evolution from deltaic to fluvial transitional environments (Elyasi et al., 2014),
and the Bakhtiari formation consists of conglomerates characterized by coarse and
mud-supported grains, sandstones, shales and silts and marks the onset of syn-
orogenic fluvial environment conditions (Shafiei and Dusseault, 2008).
The reported cross-sections intersect the synclinal valley of the Seymareh River.
The dip angle of the northeastern flank of the syncline considerably decreases from
NW to SE from 45◦ (section A-A’) to 18− 20◦ (section B-B’). Therefore, along the
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section A-A’ the Cretaceous-Paleogene bedrock (from the Sarvak Formation to the
Asmari Formation) offers a greater accommodation volume to the continental and
epicontinental formations (Gachsaran Formation and Agha Jari Formation), as the
synclinal axis is located at a lower elevation than in the B-B’ section.
As described in Chapter 2, the Zagros Range globally provides one of the most spec-
tacular examples of landscape evolution in response to active tectonics (Bourne and
Twidale, 2011) because its drainage network clearly adapted to the growth of the
thrust-fold structures (Ramsey et al., 2008) and to the erodibility of the outcropping
formations (Oberlander, 1985). Nevertheless, the model by Tucker and Slingerland
(1996) is the unique numerical model existing on the Kabir-kuh fold and this moti-
vates the choice of using it as a reference for the medium-to-long term evolution of
the Seymareh River valley.

Figure 4.14: Overview and zoomed-in view (in the red box) of the Seymareh landslide,
Zagros Fold–Thrust Belt, NW Iran (modified from ©Google Earth).

The Seymareh River valley is arranged parallel to the Kabir-kuh fold and its evo-
lution was inevitably influenced by the exceptional landslide event that temporarily
dammed it, causing the formation of the three-lake system which included the Sey-
mareh, Jaidar and Balmak lakes (Fig. 4.14). The valley evolution before and after
the event is well recorded by Quaternary landforms preserved along the valley. Ya-
mani et al. (2012) focused on the post-failure evolution of the valley describing
four levels of terraces upstream of the landslide dams as a sequence of lacustrine
terraces. Shoaei (2014), in addition to evaluating the longevity of the Seymareh
landslide dams, identified in the merging of Seymareh River with the Kashgan River
left tributary as the reason for strong river incision at the base of the northeastern
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flank of the Kabir-kuh fold and as a possible causal factor for the Seymareh land-
slide collapse. However, none of the previous studies on the Quaternary evolution of
the Seymareh River valley provided absolute dating of geomorphic markers (mainly
fluvial terraces) preserved upstream as well as downstream of the landslide dam or
provided robust and quantitative constraints to the pre-failure valley evolution as a
possible geomorphological factor for failure occurrence.

4.2.2 Methods
The geomorphological study of the area was carried out first through the analysis
and interpretation of remote sensing data, such as aerial photos (National Carto-
graphic Center of Iran, aerial photo, scale 1:20,000, acquired on 24 August 1955),
Google Earth satellite optical images (2018 Landsat Imagery) and vector topo-
graphic maps (National Cartographic Center of Iran, topographic map of Kuhdasht,
scale: 1:25,000), which led to the first detection of possible geomorphic markers
within the Seymareh River valley. Vector topographic data also allowed the con-
struction of a 10 m Digital Elevation Model (DEM) for terrain analyses and led to
the projection of the possible geomorphic markers along the river longitudinal profile
(Wilson and Gallant, 2001; Burbank and Anderson, 2012). The DEM was obtained
by the ArcGIS10 © software package, starting from vector topographic data (contour
lines, hydrography, and point elevation) and using the ANUDEM interpolation algo-
rithm (Hutchinson et al., 2011 and references therein). To automatically extract the
hydrographic network from the DEM and then to project the geomorphic markers
along the longitudinal river profiles, some of the ArcGIS10 © tools of the Hydrology
toolbox were used (Flow Direction, Flow Accumulation, Reclassify, Stream Order
and Stream to Feature), setting the flow accumulation threshold according to that
proposed for the fluvial domain (10−1 km2) by Montgomery and Foufoula-Georgiu
(1993). The longitudinal profile was therefore transformed into a route along which
the elevation of the top surfaces of geomorphic markers identified in the area were
projected through the Linear Referencing Tools (Create Route and Locate Features
along Route). A geological and geomorphological field survey was then carried out
with the aims of mapping the most significant active and relict landforms for the
Quaternary evolution of the Seymareh River valley and of sampling the correspond-
ing deposits in order to date them with the OSL method (Murray and Olley, 2002;
Wintle and Murray, 2006; and references therein) whose sampling and dating pro-
cedure has been described before.

4.2.3 Results
The best geomorphic markers preserved in the study area are represented by a
lacustrine terrace and two suites of fluvial terraces.
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Sample Description Elevation (m a.s.l.) OSL age (ka) Error (ka)
SEY4 Lacustrine deposit 590 7.37 ±0.37
SEY5 Alluvial terrace deposit (Qt1 m) 607 4.49 ±0.48
SEY6 Alluvial deposit beneath the lacustrine deposit 580 17.9 ±1.5
SEY8 Lacustrine deposit at the base of Qt2 m 560 10.4 ±0.9
SEY9 Strath terrace on landslide debris 570 6.59 ±0.49
SEY3 Alluvial terrace deposit (Qt2 l) 485 ≥373* ±34
SEY10 Alluvial terrace deposit (Qt3 l) 436 ≥312* ±45
SEY11 Alluvial terrace deposit (Qt4 l) 400 60 ±5

Table 4.2: OSL ages obtained for the geomorphic markers recognized in the Seymareh
River valley. Detailed information and photos of sampling sites are available in the supple-
mentary material. * Minimum ages from samples saturated due to their low concentration
of quartz grains.

The suites are distributed both upstream and downstream of the landslide debris,
marking the evolutionary stages of the valley, respectively, after and before the land-
slide emplacement. Fluvial terraces consist of gravel, sand, silt, and clay, in com-
parison to the lacustrine deposits mainly composed by silt (detailed information on
each sampled deposit is provided with the supplementary material).Conglomerates
outcropping immediately upstream and downstream of the landslide pertain to in-
active alluvial fans connected to a relict position of the valley floor, likely of a
paleo-Seymareh river.
In the upper reach of the Seymareh River valley, the geomorphic markers include:
inactive, terraced conglomeratic alluvial fans (Cg m), a terraced lacustrine deposit
and a suite of four orders of fill terraces (named from Qt1 m to Qt4 m). The ge-
ometry of the terraced conglomerates (section A-A’ in Fig. 4.13) can be associated
with alluvial fans generated on the flanks of a former synclinal valley by streams
likely forming the tributaries of a paleo-Seymareh river whose path was to the SW
of the present one. The fill terraces are entrenched in the terraced lacustrine de-
posit of Seymareh Lake upstream of the landslide, in the area where Harrison and
Falcon (1938), Roberts and Evans (2013) and Shoaei (2014) hypothesized this nat-
ural damming lake could be located (Figs. 4.15 and 4.16). Prograding lacustrine fan
deltas formed by tributaries of Seymareh Lake have been recognized (Fig. 4.15). In
this sector, I successfully dated 4 samples (SEY4, SEY5, SEY6, and SEY8; Table
4.2 and supplementary material); in particular the lacustrine deposit at two different
stratigraphic levels, 560 and 590 m a.s.l., which provided OSL ages of 10.4± 0.90 ka
(sample SEY8) and 7.37 ± 0.73 ka (sample SEY4), respectively. The OSL age of
17.9± 1.50 ka (SEY6) obtained for an alluvial deposit at the base of the lacustrine
deposits predated by ca. 7 ky the emplacement of the Seymareh landslide, accord-
ing also to the time constraints provided by Roberts and Evans (2013). A suite of
2 strath terraces and a flood plain formed onto the landslide debris along the Sey-
mareh River gorge have been identified (Figs. 4.17a and 4.17b), which are important
markers of the evolution of the natural dam because they formed after its cut likely
due to an overflow of the damming lake. Here, I successfully dated one sample taken
on a strath terrace (SEY9; Table 4.2 and supplementary material), which provided
an age of 6.59±0.49 ka as time constrain for the initial stage of lake emptying. In the
lower reach of the Seymareh River valley, the downstream geomorphic markers in-
clude: inactive, terraced conglomeratic alluvial fans (Cg l) and a suite of four orders
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of fill terraces (named from Qt1 l to Qt4 l) downstream of the Seymareh landslide
(Figs. 4.17c and 4.18).

Figure 4.15: Geomorphic markers upstream of the Seymareh landslide, represented by
a suite of four orders of alluvial terraces entrenched in the lacustrine deposits (Lac) of
Seymareh Lake upstream of the landslide, in the areas where Harrison and Falcon (1938),
Roberts and Evans (2013), and Shoaei (2014) hypothesized the natural damming lake
could be extended. (a) Overall view of the suite of terraces; (b) example of fluvial terrace
deposit; (c) example of lacustrine deposit;(d) evidence of a prograding lacustrine fan delta
formed by one of the right tributaries of Seymareh Lake during its early emptying phase.
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Here, I successfully dated three samples from the fill terraces deposits (SEY3, SEY10,
SEY11; Table 4.2 and supplementary material). The ages obtained provide useful
time constraints to the main depositional events during the pre-failure valley evolu-
tion. Minimum ages of 373±34 ka and 312 ± 45 ka have been obtained for samples
SEY3 and SEY10, respectively, since these samples were saturated due to their
low concentration of quartz grains, and SEY11 was dated at 60± 5 ka. The above-
described geomorphic markers of the Seymareh River valley have been mapped and
reported in morpho-stratigraphic profiles. The most significant landforms for the
valley slope evolution are presented with a detail for the post-failure fluvial and la-
custrine terrace suites upstream of the landslide dam (Fig. 4.16) and the pre-failure
fluvial terrace suite downstream of the landslide dam (Fig. 4.18), respectively.

Figure 4.16: Map of the lacustrine and alluvial terrace suite and of the most significant
landforms for the valley slope evolution upstream of the Seymareh landslide.

Figures 4.19 and 4.20 report the longitudinal profile of Seymareh River, along which,
in addition to the geomorphic markers, were projected also: the benchmarks of the
basal contact of the Quaternary deposits on the bedrock, the projection of points
corresponding to the top of the Seymareh landslide debris, the upstream and down-
stream limits of the landslide, the location of the OSL sampling, and the projection
of the outcrop of the Bakhtiari Formation (Fig. 4.19), which is rarely preserved and
marks the initial alluvial infill of the Seymareh River valley. Figure 4.19 shows the
height distribution of the pre-failure geomorphic markers. The benchmarks along
Seymareh River indicate a mostly bedrock channel, and the longitudinal profile is
characterized by two knickpoints located upstream of the Seymareh landslide and
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downstream of the lowest suite of alluvial terraces (as indicated by the black arrows
in Figs. 4.19 and 4.20).

Figure 4.17: Geomorphic markers upstream of the Seymareh landslide. (a) Strath terraces
and a flood plain developed over the landslide debris, which are important markers of the
evolution of the natural dam since they testify to the overcoming of the damming lake and
the overflooding of the river onto the landslide debris, respectively; (b) detail of the strath
terrace deposit sampled for OSL dating; (c) bedrock exposure below the landslide debris
along the modern river profile passing through the relict landslide dam; (d) the suite of
fluvial terraces downstream of the Seymareh landslide; the Qt1 level is poorly preserved
and not visible in this photo.
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Figure 4.18: Map of the alluvial terrace suite and of the most significant landforms for
the valley slope evolution downstream of the Seymareh landslide.

Figure 4.19: Projection of the pre-failure geomorphic markers along the longitudinal
profile of Seymareh River. They are named according to the legend of Figures 4.16 and
4.18 (see the text for explanation). The obtained OSL ages are indicated.
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Figure 4.20: Projection along the longitudinal profile of Seymareh River of the post-
failure geomorphic markers They are named according to the legend of Figure 4.16 (see
the text for explanation). The obtained OSL ages are indicated.

The geomorphic markers downstream and upstream do not belong to the same suite
of terraces, as their projections along Seymareh River do not have any topographic
correlation to each other (Figs. 4.19 and 4.20). The tops of all the fluvial terraces
downstream of the Seymareh landslide are located lower in height than the most
important knickpoint located immediately upstream and sculpted in the bedrock.
Figure 4.20 shows the height distribution of the post-failure geomorphic markers.
The markers are represented by: i) the horizontal lacustrine terrace formed by the
incision of the deposits pertaining to the Seymareh Lake, formed as a consequence
of the landslide damming; ii) the two levels of the strath terraces and a flood plain
formed on the landslide debris during the initial stages of dam cutting and empty-
ing of the lake; and iii) the four fill terrace levels formed after the emptying of the
Seymareh Lake.
The geomorphological field survey, supported by a remote survey based on optical
satellite and aerial images, also allowed us to demonstrate the evidence of gravity-
induced features of the downslope dipping strata, along the scar of the Seymareh
landslide. As shown in Figure 4.21, evidence of MRC driving towards stress concen-
tration and failure has been recognized in gravity-induced folding within the thin-
layered Pabdeh Formation just below the sliding surface of the Seymareh landslide
(i.e., that cannot be ascribed to parasitic structural folding). Furthermore, impres-
sive buckling of the downslope dipping strata, which crop on the sliding surface of
the Seymareh landslide, have been interpreted as a release of concentrated stresses
due to the post-failure rebound caused by the collapsed rock mass.
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Figure 4.21: Scar area of the Seymareh landslide. (a) Front view of the scar area with the
location of sites where evidence of buckling has been recognized (Source ©Google Earth:
Image ©2018 CNES/Airbus, Image ©2018 DigitalGlobe, Image ©Landsat/Copernicus);
(b) ductile buckling deformations within the layers of the upper Pabdeh member which
cannot be referred to as parasitic structural folding due to their localization just below
the Seymareh landslide sliding surface and to their reduced persistency (both lateral and
vertical) within the rock mass; (c) brittle buckling deformation of the Taleh Zang member
along the scar area.

4.2.4 Discussion
Constraints to pre-failure valley evolution

The longitudinal profile of the Seymareh River and the geomorphic markers pre-
served mainly downstream of the landslide dam provided new constraints on the
pre-failure valley evolution. The major knickpoint located immediately upstream of
the Seymareh landslide is the most interesting to be analyzed in relation with the
landslide event (Fig. 4.19). Its shape in the longitudinal profile clearly let us identify
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it as a “slope-break knickpoint” (Kirby and Whipple, 2012; Boulton et al., 2014),
thus developed as a knickpoint retreating in response to a persistent perturbation to
the fluvial system (Tucker and Whipple, 2002), as frequently observed in tectonically
active regions. The location of this knickpoint upstream of the Seymareh landslide
and the exposure of the basal contact of the landslide at the bottom of the Sey-
mareh River gorge (Fig. 4.17c) suggests that this shape of the longitudinal profile
was already developed before the failure, meaning that the erosion wave which gen-
erated the knickpoint affected the Seymareh landslide slope foot before the failure
occurrence.
The poorly preserved, well-cemented alluvial fan conglomeratic deposits outcrop-
ping upstream of the landslide lie on the Miocene Agha Jari Formation, at a higher
elevation than the outcrops of the Bakhtiari Formation. Their remnants are aligned
in correspondence with the axis of a relict synclinal valley, likely corresponding to a
very early stage (Pliocene?) of the Seymareh valley evolution. On the other hand,
the conglomerate deposits outcropping downstream of the landslide (Cg l) are closer
in height to the major knickpoint, thus suggesting that they were in equilibrium with
a local base level corresponding to the early propagation of the major knickpoint.
Furthermore, they must be younger than the Bakhtiari Formation, which is pre-
served at higher elevation.
The alluvial terraces preserved downstream of the Seymareh landslide likely mark
the valley evolutionary stages during the major knickpoint retreat (Demoulin et al.,
2017). Along the longitudinal river profile, the uppermost outcrops of each level
of this terrace suite were swept away by the landslide, which unfortunately pre-
vents estimation of the rates of knickpoint retreat. Nonetheless, according to what
was observed by Bridgland et al. (2017) about river terrace development in the NE
Mediterranean region, the sedimentation phases should correspond to cold periods.
In particular, Bridgland et al. (2012) observed, in the valleys of the Tigris and Cey-
han in Turkey, the Kebir in Syria and the trans-border rivers Orontes and Euphrates,
a regular terrace formation in synchrony with 100 ka climatic cycles that can be cor-
related with MIS 12, 10, 8, 6 and 4-2. Therefore, the minimum ages obtained for the
SEY3 and SEY10 samples could be reasonably extended to 478 ka (MIS 12) and
374 ka (MIS 10), respectively, and the OSL age of the SEY11 fits well with the Last
Glacial Period.

Constraints to post-failure valley evolution

The geomorphic markers preserved upstream of the landslide dam provided new con-
straints on the geomorphic response of the Seymareh valley to the 44 Gm3 natural
dam (Roberts and Evans, 2013). Such a response was first the formation of three
lakes (Seymareh, Jaidar and Balmak; Fig. 4.14) whose persistence and evolution are
well recorded by the deposits outcropping in the valley. In this regard, the estimation
of a sedimentation rate of 10 mmy−1 in the Seymareh Lake was obtained using the
OSL ages of 10.4± 0.90 ka and 7.37± 0.73 ka for the lacustrine deposit sampled at
560 and 590 m a.s.l., respectively.
The strath terrace sculpted on the landslide deposit and dated at 6.59 ± 0.49 ka
is the oldest time-constrained marker of the natural dam breaching due to over-
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flow, which caused the lake to empty. The lake overflow was likely caused by the
gradual filling of the reservoir with lacustrine deposits, which progressively reduced
the dam infiltration section. A large literature treated the effects of infiltration on
the longevity of large landslide dams (Ischuk, 2011; Schuster and Alford, 2004; and
references therein). Internal drainage through the Seymareh landslide dam – or at
least parts of it – is extremely likely given the coarse nature of the debris (Wat-
son and Wright, 1969; Roberts and Evans, 2013). Nevertheless, the possible role of
groundwater seepage within the pervious natural dam in balancing the Seymareh
River discharge and delaying the dam overflow remains a questionable topic to be
approached and solved in future studies. Despite their interpretation as progres-
sively younger lacustrine deposits by Yamani et al. (2012), the four terrace levels
entrenched in the terraced lacustrine deposit show a longitudinal downstream gradi-
ent, which, along with their sedimentological characters, identify them as fluvial fill
terraces. Furthermore, the OSL age obtained for the lacustrine deposit at the base
of the Qt2 m terrace (sample SEY8) is 10.4± 0.90 ka, demonstrating that the suite
of alluvial terraces is entrenched into the same (and unique) lacustrine deposit. The
OSL age of 4.49 ± 0.48 ka obtained for the Qt1 m terrace (sample SEY5) provides
time constraints to the emptying phase of Seymareh Lake. Such time constraints are
fine-tuned by the age of the strath terrace formed on the landslide debris, which cor-
roborate the initial stage of lake emptying at 6.59±0.49 ka (SEY9). As indicated by
the age of the Qt1 m terrace (of 4.49± 0.48 ka), the Seymareh Lake likely persisted
up to ∼ 5 ka, much longer than the 935 years estimated by Shoaei (2014). Since
the top of the lacustrine deposit lies at 630 m a.s.l., an increased sedimentation rate
of ∼ 17mmy−1 can be inferred for the late stage of the lake evolution, which is in
agreement with an increased sediment yield from tributaries during the early stages
of lake emptying (Fig. 4.15d).
The oldest strath terrace sculpted onto the landslide deposit and dated at 6.59 ±
0.49 ka is just few meters below its top. Therefore, it can be reasonably used to cal-
culate the erosion rate affecting the landslide deposit after the overflow. The ratio
between the thickness of the eroded sediment below the strath surface (∼ 120m)
and the time elapsed since the beginning of the process (∼ 6.59 ky) allows estimation
of an erosion rate of 1.8 cmy−1 for Seymareh River along the gorge. The cut of the
landslide dam induced a new change in the fluvial base level, bringing the slope-to-
valley floor system into disequilibrium. For this reason, a dense drainage system was
set on the scar area, which, due to the high erodibility and low permeability of the
less competent Pabdeh-Gurpi Formation immediately below the sliding surface on
the Kabir-kuh ridge NE slope, has generated the badlands mapped in Figure 4.16.

Evolutionary model of the Seymareh river valley

The landscape evolution of the Seymareh River valley before and after the failure
occurrence can be summarized in the following six phases:

1. Setting of a paleo-Seymareh river into a synclinal valley, likely developed in
the Pliocene, to the west of the present position of the Seymareh River and
deposition of fan deposits (Cg m) (Fig. 4.22a).
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2. Development of the valley with local base level correlated to the Seymareh
longitudinal profile segment upstream of the major knickpoint along the Sey-
mareh River and coeval to the deposition of the Bakhtiari Formation (late
Pliocene-early Pleistocene) (Fig. 4.22b).

3. Emplacement of the downstream fan deposits corresponding to the Cg l con-
glomerates (early Pleistocene) and generation of the four orders of Middle-Late
Pleistocene alluvial terraces (Qt1 l - Qt4 l) preserved downstream of the land-
slide and formed during the progressive migration of the major knickpoint,
which is presently located upstream of the landslide (Fig. 4.22c).

4. Seymareh landslide event (∼ 10 ka), according to the 14C ages by Roberts and
Evans (2013) and to the OSL ages provided in this work for the lacustrine
deposits (Lac) (Fig. 4.22d).

5. Formation and permanence of the Seymareh Lake (∼ 10 − 6.6 ka), accord-
ing to the 14C estimated ages by Roberts and Evans (2013) and to the OSL
ages provided in this study for the lacustrine deposits (Lac) (Fig. 4.22e). The
progressive infilling of the lake reservoir progressively reduced the infiltration
section on the upstream side of the landslide dam. The presence of a minor
emissary on the downstream side of the landslide debris cannot be excluded.

6. Overflow of the lake and cut of the natural dam with formation of the first
strath terrace (6.59± 0.49 ka), followed by a second strath terrace and a flood
plain during the emptying of the lake, which upstream is associated with the
sedimentation of a fluvio-lacustrine sequence at the top of the lacustrine sedi-
ments (Fig. 4.22f).

7. Complete emptying of the lake and generation of the suite of fill terraces
entrenched in the deposits of Seymareh Lake (4.5 ka - Present) (Fig. 4.22g).
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Figure 4.22: Evolutionary model of the Seymareh River valley. See text for explanation.
Traces and legend of geological cross sections are reported in Fig. 4.13.

4.3 Siah-kuh spreading deformation
The object of the present study is the Siah-kuh DSGSD, located at the tip of a fold
in the Zagros Mountains (Iran), 30 km south of the Seymareh landslide (Delchiaro
et al. 2019, 2020a, 2020b; and references therein). Although the case study repre-
sents an excellent example in which tectonics and landscape evolution originated
the predisposing conditions for MRC process development, the Siah-kuh DSGSD
has not yet been described by the scientific community. The study is framed in the
International Programme of Landslides (Project IPL-237) whose topic focuses on
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the role of time-dependent rock mass deformations and landscape evolution rates as
predisposing factors for massive rock slope failures. In this work, I present the results
of an integrated research, aimed at assessing the present-day landscaping processes,
in terms of tectonic, erosion and ground displacement rates due to landsliding, and
at estimating the time at which the creep process could have started. Specifically, I
combined A-Din SAR and geomorphometry in order to compare the rate of ground
displacements with the ones of the drainage system erosion and fold uplift rates, to
justify the preservation of gravity induced landforms.
To achieve this objective, it has been necessary to:

1. detect and analyze possible gravity-induced landforms through field and re-
mote data;

2. project along the river longitudinal profile the geomorphic markers of the valley
and fold evolution dated with OSL method;

3. confirm and quantify the ground displacement rate through space-borne SAR
Interferometry in order to verify the state of activity and better constrain the
kinematic role of the detected landforms;

4. derive the erosion rate produced by the Dowairij River system on the deforming
area through geomorphometry.

4.3.1 Regional Setting of the Siah-kuh anticline
The ongoing gravitational deformation of Siah-kuh covers an area of about 8 km2
and is located along the periclinal tip of the homonymous fold near the SW boundary
of the Zagros Simply Folded Belt (SBF). This anticline lies above the intersection
between the MFF and the Balarud lineament. The MFF is a northwest–southeast-
trending blind basement thrust with a top-to-the-southwest sense of movement that
causes a large (up to 5 km) step in the structural elevation (e.g, Emami et al., 2010;
Saura et al., 2015). It divides the SBF in the northeast from the Mesopotamian
foreland basin in the southwest. On one hand, the stratigraphic succession of the SBF
in the Lorestan arc is 10–12 km thick and consists of Paleozoic–Cenozoic sediments
thatwere deposited in the northeastern Arabian paleomargin. On the other, the
foreland basin fill is mostly nonmarine and, in agreement with the ages of collision-
related folding in the SFB (Homke et al., 2004; Emami, 2008; Fakhari et al., 2008;
Khadivi et al., 2010), it records the onset of basin flexure circa 18 Ma (Saura et
al., 2015). The east–west trending Balarud lineament is not directly exposed at the
surface. Its presence is inferred from the different exposure level between the SFB
and the Dezful embayment and from the alignment of earthquake hypocenters (e.g.,
Berberian, 1995). The Balarud lineament has been defined as a left-lateral shear
zone (Berberian, 1995), a discontinuous left stepping flexure (Hessami et al., 2001),
a left-lateral strike slip (Bahroudi and Talbot, 2003), and, more recently, as an
oblique lateral ramp (Sepehr and Cosgrove, 2004). The Siah-kuh anticline is about
40 km long and is one of the frontal anticlines of the SBF (Casini et al., 2018).
It is an asymmetric fold that is characterized by a steep backlimb and a moderate
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to gently dipping forelimb. In map view, the Siah-kuh anticline is featured by a
sigmoidal geometry.

Figure 4.23: General map of the study area in which the flat surfaces, the related ordered
points and the knickpoints are shown. MFF: Mountain Front Fault.

The trace of the fold hinge and crest can be divided into four segments from the west
to the east: (1) west–northwest/east–southeast, (2) east–west where the topographic
and structural culmination is located , (3) east–northeast/west–northwest, and (4)
west–northwest/east–southeast segments (Fig. 4.23). Segments 1 and 4 are parallel
the general trend of the folds in the belt. The sigmoidal shape of the Siah-kuh
anticline was achieved in the Pliocene due to vertical axis rotations of an already
existing anticline (Casini et al., 2018). The development of such sigmoidal shape is
to some extent expected to be characterized by outer arc extension and inner arc
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compression due to vertical axis rotations at its bends (Casini et al., 2018).

4.3.2 Stratigraphy of the study area
The available geological map produced by NIOC (Setudehnia and Perry 1967) has
been used as reference for the geological setting of the study area (Fig. 4.24) in
addition to data collected during geological field survey.

Figure 4.24: Geological map and cross section along trace P of the study slope.

The outcropping stratigraphy is that typical of a passive margin that evolves in
a foreland basin, characterized by strength contrasts between stratigraphic units.
Units exposed in the SE sector of the Siah-kuh fold (Fig. 4.24) range from the Up-
per Cretaceous Emam Hassan to the Upper Miocene Agha Jari Formations (James
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and Wynd 1965 and Alavi 2004). Specifically, the most ancient unit of the local
stratigraphy is the considerably more calcareous Emam Hassan Member of the Gurpi
Formation. The marly Pabdeh-Gurpi Formation overlies it. On top, the Asmari For-
mation creates the carbonatic carapace of the fold. The most recent units of the
local stratigraphy include: the Gachsaran Formation, consisting of salt, anhydrite,
colored marl and gypsum and the Agha Jari Formation, composed of marls and
red sandstones. Such a rheological layering is mirrored in the geomorphology of
the breached anticline in the NW part of the studied area, where less resistant units
(Gurpi and Pabdeh-Gurpi Formations) and more resistant units (Emam Hassan and
Asmari Formations) have been differentially eroded, respectively forming secondary
valleys and ridges (Roberts and Evans 2013). The DSGSD enucleated mainly in the
Pabdeh-Gurpi marls and passively involved the carapace of the Asmari limestone.
The evolution of the gravitational instability is closely connected to the drainage
evolution of Dowairij River, since its erosion produced the stress kinematic release
at the base of the slope, likely starting the deformation process. For this reason, it
could have begun as soon as the marly formation was uncovered by water erosion
along the main river (see geological section in Fig. 4.24).

4.3.3 Materials and methods
In order to assess the present-day landscaping processes, in terms of tectonic, ero-
sion and ground displacement rates due to landsliding, I combined field and remote
studies with A-Din SAR and geomorphometric analyses. Specifically, it has been
necessary to:

1. detect and analyze possible gravity-induced landforms through field and re-
mote data;

2. project along the river longitudinal profile the geomorphic markers of the valley
and fold evolution dated with OSL method;

3. confirm and quantify the ground displacement rate through space-borne SAR
Interferometry in order to verify the state of activity and better constrain the
kinematic role of the detected landforms;

4. derive the erosion rate produced by the Dowairij River system on the deforming
area through geomorphometry.

Field and remote surveying

A remote survey was carried out to map the gravity-induced landforms, based on the
Google Earth satellite images (2018 Landsat Imagery); a field cross-check was also
performed. Specifically, during the geological and geomorphological field survey, the
mapping of the most significant active and relict landforms for the evolution of the
Dowairij River valley, as well as the sampling of a strath and an alluvial terraces to
be dated with the OSL method (Murray and Olley, 2002; Wintle and Murray, 2006;
and references therein), were carried out whose sampling and dating procedure has
been described previously.
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Geomorphometric analysis

The ALOS PALSAR Digital Elevation Model (DEM) with 12.5m resolution was
used in the analysis. The drainage network was extracted and analyzed using Topo-
Toolbox (Schwanghart and Scherler, 2014) and the Topographic Analysis Kit (TAK)
by Forte and Whipple (2019). The flow accumulation threshold was set according
to that proposed for the fluvial domain (10−1 km2) by Montgomery and Foufoula-
Georgiu (1993). The TopoToolbox function STREAMobj2SWATHobj was used to
create the swath profile of Dowairij River with a width of 1000 m. Then, the TAK
function ProjectOntoSwath was used to project points (identified geomorphic mark-
ers) on the river swath profile. Specifically, the identified geomorphic markers are
flat surfaces associated to fluvial terraces (both strath and depositional). The flat
surfaces were extracted from the DEM following the equation (Weiss, 2001):

Flats = (−0.5SD(TPI) ≤ DEM ≤ +0.5SD(TPI)) and (G < 5) (4.3)
where TPI is Topographic Position Index and G is the slope expressed in degree.
More in detail, TPI has been defined as the integer difference between a point el-
evation (z0) and the mean elevation of its surrounding neighbourhood (z̄) (Weiss,
2001).

TPI = int((z0 − z̄) + 0.5) (4.4)
So defined, TPI provides information about the relative position of a point in the
landscape. Positive values mean that the elevation of the point is higher than the
surrounding mean elevation, so the point is in a prominent-convex position, while
negative values result from points having an elevation lower than that of their sur-
roundings, so the point is in a depressed-concave position. Values near 0 represent
points with an elevation about the same of the mean elevation of its neighbors, this
is possible on flat areas or straight slopes. The TPI computation was performed
using the TopoToolBox function ‘roughness’ with a kernel size of 51 cells (637.5
m). To conduct river profile analysis using the chi or integral method ChiProfiler
(Gallen and Wegmann, 2017), a series of Matlab functions that utilize TopoTool-
box (Schwanghart and Scherler, 2014) was exploited. The χ or integral method is
based on the stream power law (SPL) that describes the evolution of the river profile
in detachment-limited conditions, typical of tectonically active regions, as already
demonstrated in Chapter 2 (Eq. 2.3-2.8).

Advanced SAR Interferometry

Satellite SAR Interferometry was applied to confirm above described evidences and,
in particular, to quantify the ground displacement rate associated to the above
described gravitational landforms. The analysis was performed using a multi-image
interferometric approach that uses many images (STACK) characterized by the same
acquisition geometry, to create interferograms related to a given area (Ferretti et al.,
2000, 2001; Hanssen, 2005; Bert, 2006). Among the various techniques the Persis-
tent Scatterer Interferometry (PSI) (Ferretti et al., 2000, 2001) was used, based on
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the observation of time and space-coherent pixel, the so-called persistent scatter-
ers, represented by anthropogenic and natural structures like buildings, antennas,
exposed rocks, etc. The SARscape software tool was used to process 147 Sentinel-1
SAR (Synthetic Aperture Radar) images for the ascending orbit in the time frame
between 17 October 2014 and 31 March 2019, as well as 132 Sentinel-1 SAR images
for the descending orbit in the time frame between 06 October 2014 and 26 March
2019. A coherence threshold of 0.75 has been used to obtain an improvement in the
signal noise ratio but guaranteeing at the same time a good PS density. Then, the
decomposition of vertical and horizontal displacements was performed by combining
PS InSAR ascending and descending data by using a proprietary software provided
by NHAZCA S.r.l..

Tu analysis

To quantify the erosive contribution offered by the drainage network, a quantitative
morphometric evaluation was performed, through the Tu index (Della Seta et al.
2009; and references therein). The computation of such an index allowed to predict
the catchment-scale suspended sediment yield on the deformation area produced
by the drainage system, hierarchized according to the Strahler’s method (Strahler,
1957). The index is calculated using an empirical equation obtained empirically
statistical correlations among measured catchment-scale suspended sediment yield
and geomorphic parameters of the drainage network calculated at the outlets of
several Italian badlands areas developed on marly/clayey lithological units (similar
to the Pabdeh-Gurpi Fm.). The experimental equation for calculating the Tu index
is as follows:

logTu = a+ b · logD + c ·∆a (4.5)
where a=1.060, b=2.797 and c=0.140 are empirical coefficients. D is the drainage
density = ΣLi/A (ΣLi is the total length of the drainage segments in the drainage
area; A is the drainage area); ∆a is the hierarchical anomaly index = Ga/N1 (Ga
is hierarchical anomaly number, i.e. the minimum number of Strahler’s first order
channels which would be necessary to make the drainage perfectly hierarchized; N1
is the number of Strahler’s first order channels present in the drainage network). The
reported equation has an R2 of about 0.96 and the max error recorded between the
measured Tu and the calculated one is about 305 ton km-2 y-1, which correspond to
a possible error in the order of 0.1mmy−1 considering a density value of 2.6 g cm−3
and a drainage area of 9.18 km2 same as the Siah-kuh condition. This index was al-
ready tested by Delchiaro et al. (2020) in a close (therefore climatically similar) area
in the Zagros Mountains, in order to derive the erosion rate affecting the Seymareh
landslide scar after the breaching of the landslide dam by the Seymareh River. In
this case, the erosion rate derived from the analysis provided a starting time for
the erosion which is coherent with the one obtained independently by OSL ages
of a strath terrace cutting the landslide dam. Furthermore, the applicability of the
morphometric method over a quite long time span had already been demonstrated
in the study by Del Monte et al. (2013), in which the volume removed by water
erosion processes over a time-span 300 ky long, in a badland area of Central Italy,
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was computed and compared to the one estimated through the Tu.

4.3.4 Results
Remote and field surveying

The gravity-induced landforms detected by remote surveying are shown in Figures
4.25a, 4.25b and 4.25c while the ones by fieldwork are shown in Figures 4.25d, 4.251e
and 4.25f. As a main outcome, four zones characterized by different gravitational
stress were identified: zone A (Fig. 4.25a) is referred to tension cracks in the Asmari
Fm.; zone B (Fig.4.25b and 4.25e) represents scars involving the contact between
the Pabdeh-Gurpi and Asmari Fms.; finally, zone C figures compressional bulges
developed mainly in the Pabdeh-Gurpi Fm. (Fig. 4.25e and4.25f). Moreover, as it
can be observed along the river gorge, an auxiliary landslide in the deformation
system was detected (Fig. 4.25d) characterizing the zone D.

Figure 4.25: Google Earth satellite images (a-c) and pictures taken during the field survey
performed on August 2019 (d-f, see Fig. 4.24 for locations) which represent different ty-
pologies of gravity-induced landforms: a) Tension cracks; b) Scars; c) Bulging; d) Auxiliary
landslide along the river gorge ; e) Scars and bulges; f) Bulges.

The best geomorphic markers preserved in the study area are represented by two
suites of fluvial terraces. A suite is located entirely upstream the MFF while the
other outcrops from the southwestern periclinal closure of the Siah-kuh fold and
downstream the MFF. They testify to the mutual evolution between the footwall
and the hangingwall of the MFF. The upstream suite included four orders of terraces
while the downstream one just three. As reported in Figure 4.26, I sampled for
OSL dating the first and the third order levels of the downstream suite. In detail,
the former is a strath or erosional terrace that shapes directly on the bedrock or
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somewhere on preexisting deposits and the latter is a fill terrace. On one hand,
the traditional model for the formation of strath terraces involves gradual fluvial
widening of the valley floor to create a broad, flat, bedrock surface into which the
river later incises, leaving behind a strath. This process was inferred to occur during
intervals of tectonic quiescence, and sequences of straths were interpreted as records
of episodic tectonic uplift (Burbank and Anderson, 2012). On the other hand, the
aggradational terraces primarily result from a downstream rise in local base level
often associated with climate, and their gradients are likely to be gentler than those
of most upstream strath terraces.

Sample Description Elevation (m a.s.l.) OSL age (ka) Error (ka)
S1 Cut fill terrace (Q1) 325 9.54 ±0.60
S2 Alluvial terrace deposit (Q3) 241 4.77 ±0.3

Table 4.3: OSL ages obtained for the geomorphic markers recognized in the Dowairij
River valley. Detailed information and photos of sampling sites are available in the text
and in Figure 4.26.

Figure 4.26: Geomorphic markers downstream the MFF dated with OSL method. a)
overall view of the periclinal closure of the Siah-kuh fold and the associated strath terrace
level at 325 m a.s.l. (see Fig. 4.24 for location); b) a focus on the sedimentological structure
of the terrace; c) the cut on fill terrace belonging to the same level sampled for OSL dating;
d) a focus on the sampling point; e) overall view of the downstream third order terraces
at 241 m a.s.l. (see Fig. 4.23 for locations) and f) a zoom on the sampling deposit.

In Table 4.3, the results of OSL dating are reported. The strath terrace dated at
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9.54±0.60 ka can be reasonably used to calculate the uplift rate affecting the pericli-
nal closure of the Siah-kuh fold upstream the MFF. The ratio between the thickness
of the eroded sediment below the strath surface (∼ 27m) and the time elapsed since
the beginning of the process (∼ 9.54 ky) allows for estimation of an uplift rate of
2.8 ± 0.2mmy−1. While the age of the fill terrace at 4.77 ± 0.3 ka can be referred
to a climate change in the area already recorded in the first order alluvial terrace of
the Seymareh River valley (Delchiaro et al., 2019) that marked the passage from a
humid to an arid environment increasing the amount of sediment supply delivered
from slopes into the stream networks. It is interesting age about the discussion of a
possible climatical factor in the evolution of such kind of gravitational deformation.

Topographic and river longitudinal profile analysis

Topography is generally steep at high elevations along the course of Dowairij River,
and a major break in slope is noted downstream the Siah-kuh fold in proximity of
the MFF (Figs. 4.27 and 4.28).

Figure 4.27: Projection along the swath longitudinal profile of Dowairij River of the
geomorphic markers and knickpoints. They are named according to the legend of Fig.
4.23.

Along the swath profile of the river, the maximum displacements (the difference
between the maximum and minimum elevation) generally characterized the over-
all reach upstream in comparison with the downstream prosecution. In detail, the
upstream sector shows the maximum elevation gaps in correspondence with the in-
tersection of the Siah-kuh and Kaseh mast folds. In this perspective, the swath profile
highlights all the wavelengths of topography. The elevation gap is proportional to
the erosional stage of the examined sector and the morphology of the minimum curve
is an indicator of the activity of the process that generated it.
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Figure 4.28: a) Distance from outlet versus elevation b) χ versus elevation and c) χ
versus steepness index ksn plots Dowairij River. Knickpoint are shown as triangles and the
dashed red lines show the linear regressions used to determine reach-specific normalized
channel steepness index (ksn).

The clear topographical difference between the river sector upstream of the MFF
and the downstream sector suggests a rejuvenation of the upstream sector, at the
main morphostructures where the uplift is greater. In correspondence with the Siah-
kuh fold it is possible to observe in the course of the lower standard deviation
line some correspondence with the position of the gravitative deformation. Figure
4.27 also shows the projections of the geomorphic markers identified in the previous
phases of the study. In detail, the four orders of fluvial terraces that make up the
upstream suite are characterized by a greater interdistance than the downstream
suite and close to the Siah-kuh fold, the first-order terrace is slightly tilted in the
opposite direction to that of the flow. Also, the plano-altimetric projection of the
main knickpoints identified in the area seems to correlate very well with the orders of
terraces, allowing us to reconstruct the trends of the relict baselevels (Fig. 4.27). The
latter show a gradually greater inclination from the younger to the older highlighting
the regional tilt caused by the thrusting of the footwall of the MFF. In Figure 4.28,
the longitudinal profile of Dowajirii River as well as the χ versus elevation and χ
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versus steepness index ksn plots are reported. The mn-ratio was calculated through
slope area method at 0.37. Along the river, three reaches have been identified, two
upstream and one downstream of the MFF and a knickpoint between the first and
second reaches. As described in Equation 2.6, ksn is directly proportional to the uplift
and inversely to the erodibility so by observing the χ versus ksn plot (Figure 4.28c)
it is possible to recognize that generally upstream of the MFF the ksn values are
greater regardless of the lithology but a cause of higher uplifting rate. Furthermore,
the knickpoint separates the first two reaches along the river path characterized by
respectively a ksn value of 37.05±0.2951 and 76.4±1.153. In this case the difference
in value as well as the presence of the knickpoint is due to the combined action
between the more intense uplifting that occurs along the fold and the limestone
lithology of which the carapace of the Siah-kuh fold is made up.

Deformation rate: Advanced SAR Interferometry

In Figure 4.29 the vertical surface velocity map of the Siah-kuh slope and surround-
ing areas is reported, thus allowing to identify different zones showing a downward
displacement.

Figure 4.29: Surface velocity map of the vertical component displacement of the Siah-kuh
slope obtained by using a 3D decomposition algorithm developed by Nhazca Co. Ltd.

As it resulted by the performed analysis, the zones A and B are characterized by
the highest negative displacement (respectively, about −4 and −6mmy−1) and are
associated to tension cracks and scars observed by the previous phase of the inves-
tigation. Zone C is characterized by positive displacement rate (3mmy−1-), likely
caused by the bulging movement in the middle part of the deformation. Finally,
zone D shows a negative displacement rate (about −2mmy−1), likely associated to
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the auxiliary landslide, whose main movement occurred before October 2014, since
its displacement rate indicates a quiescent phase. The obtained rates are not sig-
nificant for landslide failure forecasting purposes. In fact, several limits affect the
ability of the interferometric technique to monitor deep seated gravitational slope
deformations overall, especially during the pre-failure phase (Tertiary creep). The
main limitation is related to the difficulty of transposing a decennial observation on
an extremely longer process, especially if you want to catch the creep phase in which
the process is located: in fact, there is a high risk of confusing short-term temporary
change of the displacement trend with the transition between the different displace-
ment trends that characterize the 3 different phases of the creep. Nonetheless, the
good fit of the satellite interferometric evidences with the slope accessory landforms,
which testify to an ongoing rock mass creep process, is encouraging.

Erosion rate: Tu index

In such a kind of gravitational instability the role of run-off and river erosion is
twofold: on one hand, it can be a predisposing factor for gravity-induced defor-
mational processed, while on the other hand, it can contrast the preservation of
gravitational landforms.

ΣL(km) ∆a Area(km2) Tu(ton km−2 y−1)
74.10 1.72 9.18 6,887.44

Ton by Area per Year Erosion Rate (mm y−1) Missing Pabdeh-Gurpi Volume (m3) MRC t0 (y)
6.32e4 2.65 9.71e3 39.94e3

Table 4.4: Removed volume of the Pabdeh-Gurpi Fm. and erosion rate in the deformation
area due to water erosion as obtained through the Tu index to calculate an estimate of the
starting time of the deformation.

Table 4.4 shows a catchment-scale erosion rate of about 2.65mmy−1 obtained from
the Tu Index, after considering a density value for the Pabdeh-Gurpi Fm. of 2.61 g cm−3.
Such an erosion rate allowed also to calculate a time-span of ∼ 40 ky needed by the
drainage network, hierarchized according to the Strahler’s method (Strahler, 1957),
to erode the missing volume of the Pabdeh-Gurpi Fm. from the bottom of As-
mari Fm. to the present topography. Since the drainage network started eroding
the Pabdeh-Gurpi Fm. ∼ 40 ky, therefore this can be considered approximately as
the time at which the MRC process began to act on the entire carapace of Asmari.
Therefore, it is reasonable to believe that the deformation process began earlier when
the Asmari Fm. it was not entirely free to deform. In this calculation, the erosion
rate was assumed to be spatially and temporally invariant and was compared to the
calculated volume of the missing Pabdeh-Gurpi Fm. so it is reasonable to think that
the erosion rate was less effective on a lithology such as the limestone of Asmari
Fm. and that the process started in a time range from 101 − 102 ka. The latter was
estimated in ArcGIS10 © using the Trend tool to reconstruct the top of the Pabdeh-
Gurpi Fm. and the Cut-Fill tool to obtain the missing volume given the present
topography.
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4.3.5 Discussions
Transient, tectonically active mountain landscapes are widely affected by landslides
in response to gravitational disequilibrium on hillslopes. In this regard, forecasting
the failure of a large hazardous landslide is a difficult task as it involves the evalu-
ation of a large number of inter-related variables, among which the most important
are: geometrical and geological complexity of the involved mass, nonlinearity of the
time-displacements relationships, and superposition of seasonal effects (Crosta and
Agliardi, 2003; and reference therein). The MRC process involving the Siah-kuh fold-
slope can be regarded as a very suitable case study to output the relations between
gravity-induced slope deformations, tectonics, and landscape evolution as predis-
posing factors for large rockslide triggering. Remote and field surveys allowed to
identify four different zones characterized by different gravity-induced stress fields.
The whereabouts of every ground displacement were well mirrored by the spatial
location of the most rapidly moving radar targets. In detail, advanced SAR Inter-
ferometry was applied to confirm the above described evidence and to quantify the
ground displacement rate. It was measured a maximum present displacement rate
of −6mmy−1 and a maximum total displacement of about 30 mm over 5 years. On
the other hand, the tectonic uplift impulse reaches 2.8 ± 0.2mmy−1 obtained on
the first order strath terrace of the downstream suite outcropping along the pericli-
nal closure of the Siah-kuh fold. The catchment-scale erosion rate resulting from Tu
analysis is about 2.6mmy−1 and almost completely compensates the amount de-
rived by tectonics, resulting in a transient condition of the slope. Indeed, as shown
in Figure 4.29, the displacement rate compared to the catchment-scale erosion and
the tectonic rates justifies the preservation of gravity-induced landforms that would
otherwise have been obliterated by the action of the surface run-off. An estimation
of the order of magnitude between 101 -102 ka for a possible starting time of the
MRC was obtained assuming spatially and temporally invariant the provided ero-
sion rate of about 2.65mmy−1. Over this time window, water erosion removed the
volume of Pabdeh-Gurpi Fm. missing from the present topography to the bottom of
the Asmari Fm. likely starting the Siah-kuh MRC slope deformation on the entire
limestone carapace.
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Landscape Evolution Modelling

Landscape evolution models (LEMs) simulate how the earth surface evolves in re-
sponse to different driving forces, including tectonics, climatic variability, and human
activity. Based on the temporal constrains to the pre-failure morpho-evolutionary
reconstruction as well as and tectonic rates provided by the works on the 3 case
studies (Loumar, Seymareh and Siah-kuh from now on just ”Siah” deformations),
the Landscape Evolution Modelling (LEM) was implemented. The objective of this
section was to reconstruct the dynamic and kinematic slope histories calibrating the
model by back analysis. In this regard, the exact temporal step in which a critical
morpho-evolutive condition was reached originating the MRC process responsible
for unelastic strain within the involved rock mass was individuated.

5.1 LEM components
In particular, it was used TTLEM (TopoToolbox Landscape Evolution Model), a
spatially explicit raster-based LEM (Campforts et al., 2017), which is based on
the object-oriented function library TopoToolbox (Schwanghart and Scherler, 2014).
TTLEM solve the stream power river incision model using a flux-limiting finite vol-
ume method (FVM), which is total variation diminishing (TVD), to avoid numerical
diffusion (Campforts and Govers, 2015). TTLEM solves the following Partial Differ-
ential Equation (PDE), whereby an explicit distinction is made between the fluvial
and hillslope domain. The fluvial domain is determined by cells having a contributing
drainage area exceeding a critical drainage area (Ac) [L2]:
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(5.1)

where the change in elevation of the earth surface over time ∂z
∂t

is due to lat-
eral tectonic displacement ∂z/∂ttd [LT−1], the vertical rock uplift U [LT−1], the
detachment-limited fluvial erosion ∂z/∂tfluv, the hillslope denudation ∂z/∂thill. The
detachment-limited incision model assumes that rivers incise directly into bedrock
and instantaneously excavate all material entering rivers from adjacent hillslopes.
Material fluxes on slopes mobilize either soil or regolith that have different bulk
density than the bedrock. This is accounted for by multiplying the rock uplift rate
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Figure 5.1: Simplified geological map of the Seymareh River valley and surrounding
areas.

with the density ratio between ρr and ρs [ML−3] representing the bulk densities of
the bedrock and the regolith material, respectively (Perron, 2011). More in detail,
the fluvial erosion is calculated referring to the Stream Power Law (SPL) (Howard
and Kerby, 1983):

(∂z
∂t

)
fluv

= −KAm
( ∂z
∂xΓ

)
(5.2)

The equation is solved on a dendritic stream network domain Γ, where xΓ refers to
the distance from the outlet. A [L2] is catchment area and proxy for the local dis-
charge, and K [L1–2m T−1] is an erodibility parameter that depends on local climate,
hydraulic roughness, lithology, and sediment load. m and n are the area and slope
exponents: their values reflect hydrological conditions, channel width and the dom-
inant erosion mechanism. On the other hand, river incision drives the development
of erosional landscapes by setting the base level for hillslope processes defined as the
divergence of the flux of soil-regolith material qs [L3 L−1 T−1].

qs = − D∇z

1−
(
|∇z|
Sc

)2 (5.3)

where the D is the diffusivity [L2 T−1] that parameterizes hillslope erodibility and
determines rate of soil–regolith creep, ∇z hillslope gradient and the critical slope Sc
(Andrews and Bucknam, 1987; Roering et al., 1999).
In this regard, for each case studies it was developed and run an original plain model
in which the main LEM components were: i) the stratigraphy characterized by al-
ternating rheological behaviors of the outcropping formations, ii) the tectonic defor-
mations that include not only uplifting but also sinusoidal folding and iii) surface
processes, such as river incision and the hillslope processes. Specifically, to consider
different lithologies, the original TTLEM script was modified and a 3D erodibility
K datacube was implemented and the K values were calibrated exploiting the geo-
logical mapping performed in the Seymareh area. The outcropping formations were
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Figure 5.2: Planar and profile views of the three uplift function patterns considered to
represent the emplacement mechanisms of the folds obtained from the morphometric study
of the Lorestan morphostructures.

divided in hard (Sarvak Fm., Ilam-Surgah Fm., Emam Hassan Mb., Taleh Zang
Fm., Asmari Fm.) and soft (Gurpi Fm., Pabdeh-Gurpi Fm., Upper Pabdeh Fm.,
Gachsaran Fm., and Agha jari Fm.) lithologies according to their litho-technique
features. In Figure 5.1, it can be observed the simplified mapping of the outcropping
formations.

Table 5.1: Model parameters used for the TTLEM simulations.

Furthermore, as regards the sinusoidal uplift, three rate functions with different
degrees of asymmetry have been taken into consideration, to represent the defor-
mation style of the folds obtained from the morphometric study of the Lorestan
morphostructures. As can be seen in Figure 5.2, detachment folding is character-
ized by a symmetric distribution of the uplift unlike the fault bend folding and by
the fault propagation fold defined instead by an average and high asymmetric dis-
tribution, respectively. In Table 5.1 the model parameters for each case study are
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reported.

5.2 Loumar case study

5.2.1 Parameter setting
The slope dynamic and kinematic history of the Loumar creep driven slide was
investigated implementing in TTLEM the Quaternary tectonic history provided by
the linear temporal conversions of river longitudinal profiles, geomorphometric and
remote analysis as well as field surveying and OSL dating.

Figure 5.3: Slope area bilogartimic plot of the entire drainage network with an upslope
area threshold for channel initiation of 1 km2.

Specifically, it was considered a time span of 1.6 Ma with a time step of 1000 years
since the drainage network of Gavar fold recorded ∼ 0.6My of tectonic history from
the outcropping of Asmari Formation. Indeed, the temporal simulation span included
also the time necessary for the network to remove the formations above the Asmari
Formation. The tectonic history was characterized by variable base level fall rates
(corresponding to uplift rates) that describe the lateral and vertical propagation of
the fold. According to the tau analysis history, the growth of the anticline interested
from ∼ 0.6Ma to ∼ 0.1Ma the middle part of the structure. The formation of a
parasitic fold ∼ 0.1Ma led to the meander migration of the old course of the paleo-
Seymareh river kinematically releasing the NE flank of the Gavar fold at the toe,
likely starting the MRC deformation process. From the analysis of the emplacement
mechanism of the Lorestan folds, it was possible to infer that the evolution of the
Gavar fold is linked to a fault propagation, that gives it a marked asymmetry and a
medium-low aspect ratio. In this regard, it was considered an uplift matrix spatially
characterized by a pronounced asymmetry (fault propagation fold in Fig. 5.2) in the
direction of propagation of the fold while temporally it varies following the rates
obtained from the previous analyzes. In addition, the propagation of a detachment
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parasitic fold (DF in Fig. 5.2) on the less inclined side of the fold was modeled
starting from 1.39 Ma from the beginning of the simulation.The initial surface of
the model is 40x20km weakly inclined towards W, the general boundary conditions
are of the Dirichlet type while the flow boundary conditions are forced along the
N and W borders inward directed. The diffusivity D was set to 0.01m2yr−1, the
density ratio between rock (ρr) and soil (ρs) to 1.3, and the threshold angle Sc (in
tangents by default) for hillslope adjustment to oversteepening to 0.8 (Table 5.1).
The modelled stratigraphy was referred to an alternating sequence of hard and soft
erodibilities values with a thickness from the top to the bottom: 1300 m of Gachsaran
Fm. (Soft), 300 m Asmari Fm. (Hard), 400 m Pabdeh-Gurpi Fm. (Soft), 250 m of
Ilam Fm. (Hard); 200 m Surgah Fm. and >500 m of Bangestan Group (Hard).
Furthermore, channel slope, S, and upstream drainage area, A, were plotted on a
SA log-log plot (Fig. 5.3) and used to calculate the channel concavity, θ. In fact,
the relation usually follows a power law defined in Equation 2.5. In Figure 5.3 the
binned values (number of bins used to aggregate upslope area was 100), statistical
parameters, and measures of such relation are reported.

Figure 5.4: Slope area bilogartimic plot of the drainage networks flowing on hard and
soft lithologies with an upslope area threshold for channel initiation of 1 km2.

While in Figure 5.4 the hard and soft lithologies mapped in the Seymareh area
were used to isolate the drainage network flowing into the two lithologies on which
it was carried out SA log-log plot in order to calculate the steepness index, ks,
keeping fixed the concavity value provided by the total network analysis. The average
concavity, θ, relative to the entire drainage basin of the upper Seymareh River valley
is 0.43 while the steepness indices, ks, 25 and 81, for the soft and hard lithologies,
respectively. In order to calibrate the erodibilities, K, I referred to literature data
about the uplift rate affecting Zagros Mountains by which I provided an averaged
uplift rate of 0.7mmy−1, used in the Kurdistan (Tozer et al., 2019; Zaberi et al.,
2019). By applying Equation 2.6, it was possible to obtain 2.79X 10−5m0.1 yr−1 and
8.56X 10−6m0.1 yr−1 for the soft and hard lithologies, respectively (Table 5.1).
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5.2.2 Results
The results of the simulations were compared with the real DEM of the study area
to calibrate with a back-analysis the present-day time step. For this purpose, the
HI, defined as the area below the hypsometric curve altitude (Strahler, 1952), was
calculated for the area of the fold every 3000 years up to the entire time span of
the simulation (Fig. 5.5). In Figure 5.5b the hypsometric curves for the last 170
kyr used for the comparison with the real hypsometric curve are also reported. The
computations were referred to the entire real DEM area (Fig. 5.5c) and to the white
box area in the modelled DEM (Fig. 5.5d). These curves have been used to infer
the stage of development of the drainage network, i.e., the erosional stage of the
catchment (Keller and Pinter, 2002). Convex hypsometric curves characterize young
slightly eroded regions; S-shaped curves characterize moderately eroded regions;
concave curves point to old, highly eroded regions. While the HI varies from 0 to 1,
with values close to 0 in highly eroded regions and values close to 1 in slightly eroded
regions. The area below the hypsometric curve portrays the amount of material
left after erosion, as the curve gradient becomes sharper in its left-initial section
(that represent the river-head) the amount of material left after erosion is smaller
(Strahler, 1952, Harlin, 1978, Luo, 2000). That can be considered a sign of maturity
of the basin, since it indicates that the lateral erosion has been intensive in river
head (Ohmori, 1993, Keller and Pinter, 2002).
It is clear, that a piracy process or differential uplift would have an influence in the
shape of an hypsometric curve of a basin. Such processes would increase erosion in
the basin, and it would be reflected in the hypsometric curve as a progressive increase
in convexity. From the HI temporal evolution of Figure 5.4a, it can be appreciated
an initial increasing of the integral value related to the emplacement of the fold that
grows until reaching 0.7 at 400 ky after the starting of the simulation. In this step, the
carapace with a low erodibility associated to the Asmari Fm. outcropped and started
to be eroded. The spike value of 0.65 at 700 ky is probably linked to a stream piracy
that rejuvenated the region. After that, the value progressively decreases reaching
the minimum value of 0.35 at 1.36 Ma from the starting of the simulation. From
that point, it can be observed a rapid growth of the value to 0.52, associated to the
emplacement of the parasitic fold on the E flank of the main morphostructure. In
Figure 5.4b, the hypsometric curves related to the last 0.170 Ma as well as the real
one are reported. It can be observed the increasing of the area below the curves from
the 1.43 Ma after the starting of the simulation to 1.6 Ma as an effect of a positive
inflection of the upper part of the curve. It means that the river heads were involved
in the growth of the parasitic fold. The best fit between the modelled curves and
the present-day one is the time step 1.50 Ma one and it is confirmed by the integral
computation equal to 0.47 in both cases.
Then, the time window between 1.35 to 1.5 Ma (from 0.15 Ma ago to the present)
were selected in order to analyze the evolution of the predisposing factors that caused
the gravitational instability. Specifically, as reported in Figures 5.6, 5.7, 5.8, the
topography, slope, local relief, excess topography, and erodibility map are computed.
The slope returns the numerical steepest downward gradient of a digital elevation
model using an 8-connected neighborhood.
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Figure 5.5: a) The hypsometric integral (HI) temporal evolution with a time step of
30000 years for the entire time span of 1.6 Ma, b) the hypsometric curves related to the
last 170 ky used for the comparison with the real hypsometric curve, c) real DEM and
d) the modelled DEM (bottom right). The computations were referred to the entire real
DEM area and to the white box area in the modelled DEM.
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The relief quantifies local topography, the elevation range within a radius of 1000
m. The excess topography calculates the difference between the DEM and an ideal-
ized topography that features only slopes equal or less than the threshold slope of
20◦. Finally, the erodibility map returns the geo-lithological configuration starting
from the values of K. Moreover, the W-E profiles relating to all the terrain analysis
parameters mentioned above are shown.
In Figure 5.6, 0.15 Ma ago, it is possible to observe a strongly asymmetrical topog-
raphy linked to the development of the fold due to fault propagation with elevation
values of just under 1000 m a.s.l. on the W flank and around 700 m a.s.l. on the E
flank. Also, in the slope, relief, and topography excess maps, it is possible to see this
discrepancy of values between flank W and E. As regards the slope, values of 60◦ at
W and 40◦ at E are reached. The relief shows a local topography around 600 m at
W and 400 m at E. Excess topography confirms what has been said with values on
the W side that reach 100 m while on the E flank just under 50 m. Finally, from the
erodibility map, it can be observed how the most resistant carapace definitively out-
cropping and begins to be affected by the drainage action with the exception of the
more S-shaped portion where there are sporadic outcrops of soft lithology associated
with the Gachsaran Fm. The configuration of the parameters 0.12 Ma ago remains
the same unlike the fact that both the W and E sides have continued to undergo
the uplifting of the main fold. From the point of view of the outcropping lithologies,
tangs begin to form properly in the more resistant lithology which results in some
areas completely engraved.
In Figure 5.7, 90 and 60 ka ago, the growth of the parasitic fold on the E slope
of the main is already markedly visible from all terrain analysis parameters. The
topography of the E side tends to equate the values of the W side while in the
slope maps, a marked difference between W and E is still clearly visible, which is
decreasing between 90 and 60 ka. As regards the local relief, it is possible to observe
that between 60 and 90 ka ago the values between W and E are almost completely
comparable. The excess of topography, although confirming a strong asymmetry be-
tween W and E, which gradually fades away between 90 and 60 ka ago. In fact, a
value of around 150 m is reached on the E flank. The erodibility map shows how the
tangs are developing mainly along the main watercourses.
In Figure 5.8, 30 ka ago and at present, the growth of the parasitic fold on the E
side of the main is responsible for the imbalance of the terrain analysis parame-
ters towards the E flank. In fact, we pass from an asymmetry in the direction of
propagation of the fold main to one opposite on the E side. This is evidenced by
the topography and the slope map where there are the major gradients associated
with the higher elevation differences on the E side. From the relief map, the local
topography between W and E are completely equal, while the excess of topography
shows a marked difference in values in favor of the E side, reaching peaks of 300 m.
Finally, the erodibility map shows the continuation of the incisions by the drainage
which has now also affected sector E, highlighting the formation of tangs.
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Figure 5.6: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.15 and 0.12 Ma ago. Moreover, the W-E profiles
of all the terrain analysis parameters mentioned above are shown.
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Figure 5.7: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.09 and 0.06 Ma ago. Moreover, the W-E profiles
of all the terrain analysis parameters mentioned above are shown.
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Figure 5.8: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.03 Ma ago and present-day. Moreover, the W-E
profiles of all the terrain analysis parameters mentioned above are shown.
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5.3 Seymareh case study

5.3.1 Parameter setting
The slope dynamic and kinematic history of the Seymareh rock avalanche was inves-
tigated implementing in TTLEM the time constraints on the Seymareh River valley
evolution before the emplacement of the landslide provided by the plano-altimetric
correlation of OSL dating on lacustrine and fluvial deposits.

Figure 5.9: Stream elevation projection based on slope-area scaling of the upper reach of
the Seymareh River.

The geomorphic processes developed before the failure of the Seymareh landslide
likely acted as predisposing factors for MRC processes as the rock mass successively
collapsed. Kinematic freedom, both at the top and on the fold flank, was created
by the incising network of streams that dissect the Asmari Formation carbonate
caprock following the major joint set in the Asmari Formation already described
in Roberts and Evans (2013, and references therein). In particular, the headward
erosion of streams towards the anticline’s structural high, described by Oberlander
(1968), caused the expansion of the fold axial basins through the softer units, de-
termining the upslope kinematic freedom. In the timing proposed by Tucker and
Slingerland (1996), the latter was reached at approximately 1.6 Ma. Stress release
at the slope base was produced by the Middle–Late Pleistocene upstream migration
of the knickpoint along the Seymareh River longitudinal profile over the last 500
ky.The considered time span of the simulation was set to 5 Ma in agreement with
Homke et al., 2004 that provided the dates of 8.1 and 7.2 Ma for the onset of the
deformation in the front of the Push-e Kush Arc that lasted until 2.5 Ma and with
Vergés et al. (2019) that located the onset 11.8 Ma referring to the Afrineh syn-
cline in the inner part of the Lorestan. The time step at which flow directions and
diffusion are calculated was set to 1000 years.
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Figure 5.10: Bayesian Optimization results to find a suitable mn-ratio.

In this regard, it was considered an uplift matrix spatially characterized by an av-
erage asymmetry in the direction of propagation of the fold (FBF in Figure 5.2).
The associated rate values are referred to an average uplifting rate in the region
of 0.7mmyr−1 (Tozer et al., 2019; Zaberi et al., 2019). Temporally it propagates
from E to W (the Zagros vergence is from NE to SW) during a time window of
2.5 Ma after that the uplift becomes uniform. In the last 500 ky, the propagation
of a retreating erosion wave with a vertical rate of 0.36mmyr−1 and an horizontal
rate of 109mmyr−1 was introduced (Fig. 5.9). For this reason, the uplift rate of the
valley region in front of the E slope of the fold has been reduced by the vertical
retreating rate mentioned above, propagating towards N with a rate equal to that
of horizontal retreating. The initial surface of the model is 40x20km weakly inclined
towards W, the general boundary conditions are of the Dirichlet type while the flow
boundary conditions are forced along the N and W borders inward directed. The
diffusivity D was set to 0.01m2yr−1, the density ratio between rock (ρr) and soil (ρs)
to 1.3, and the threshold angle Sc (in tangents by default) for hillslope adjustment
to oversteepening to 0.8 (Table 5.1). The modelled stratigraphy was referred to an
alternating sequence of hard and soft erodibilities values with a thickness from the
top to the bottom: 1300 m of Gachsaran Fm. (Soft), 300 m Asmari Fm. (Hard),
400 m Pabdeh-Gurpi Fm. (Soft), 250 m of Ilam Fm. (Hard); 200 m Surgah Fm. and
>500 m of Bangestan Group (Hard). Bayesian Optimization with cross-validation
allowed to find a suitable mn-ratio by minimizing a cross-validation loss as input for
the landscape evolution model (Fig. 5.10). The function picked 34 random drainage
network trees to fit a mn-ratio testing them with another set of drainage basins.
Cross-validation is performed using repeated 2-fold validation on individual stream
networks. The minimum of the estimate objective function value lies on 0.43. The
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high density of observed points around that values indicated a good reliability of
the result.

Figure 5.11: Slope area bilogartimic plot of the drainage networks flowing on hard and
soft lithologies with an upslope area threshold for channel initiation of 1 km2.

While in Figure 5.1 the hard and soft lithologies mapped in the Seymareh area were
used to isolate the drainage network flowing into the two lithologies on which it was
carried out SA log-log plot in order to calculate the steepness index, ks, keeping
fixed the concavity value provided by the Bayesian Optimization. The average con-
cavity, θ, relative to the entire drainage basin of the upper Seymareh River valley
is 0.43 while the steepness indices, ks, 25 and 81, for the soft and hard lithologies,
respectively. In order to calibrate the erodibilities, K, I referred to literature data
about the uplift rate affecting Zagros Mountains by which I provided an averaged
uplift rate of 0.7mmy−1, used in the Kurdistan (Tozer et al., 2019; Zaberi et al.,
2019). By applying Equation 2.6, it was possible to obtain 2.79X 10−5m0.1 yr−1 and
8.56X 10−6m0.1 yr−1 for the soft and hard lithologies, respectively (Fig. 5.11).

5.3.2 Results
The results of the simulations were compared with the real DEM of the study area
to calibrate with a back-analysis the present-day time step. For this purpose, the
HI, defined as the area below the hypsometric curve altitude (Strahler, 1952), was
calculated for the area of the fold every 50000 years up to the entire time span of
the simulation (Fig. 5.12). In Figure 5.12b the hypsometric curves for the last 600
ky with a time step of 100 ky used for the comparison with the real hypsometric
curve are also reported.
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Figure 5.12: a) The hypsometric integral (HI) temporal evolution with a time step of
50 ky for the entire time span of 5 Ma, b) the hypsometric curves related to the last 600
ky of the simulation with a time step of 100 ky used for the comparison with the real
hypsometric curve, c) the real DEM and d) the modelled DEM. The computations were
referred to the entire real DEM area and to the white box area in the modelled DEM.
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The computations were referred to the entire real DEM area (Fig. 5.12c) and to the
white box area in the modelled DEM (Fig. 5.12d).
It is clear, that a rejuvenation process caused by the propagation of the erosional
wave at base of the E slope of the model would have an influence in the shape of an
hypsometric curve of a basin. Such processes would increase the range of elevation
values in the basin, and it would be reflected in the hypsometric curve as a progres-
sive increase in convexity. From the HI temporal evolution of Figure 5.12a, it can
be appreciated the propagation of the uplift matrix from E to W between 0 and 2.5
Ma from the starting of the simulation during which the integral value oscillates in
a range between 0.5 and 0.55. In the last 2.5 Ma of the simulation, the model stops
propagating from E to W, and begins to settle with a temporally uniform uplift ma-
trix. About 3.5 Ma from the beginning, it is possible to observe a peak of values that
reaches 0.7 associated with the outcropping of the more resistant lithology (Asmari
Fm.) in agreement with what hypothesized by Tucker and Slingerland (1997). In
this step, the carapace with a low erodibility associated to the Asmari Fm. started
to be eroded creating the tang morphologies. After that, the value progressively de-
creases reaching the relative minimum value of 0.55 at 4.5 Ma from the starting of
the simulation. From that point, it can be observed a rapid growth of the value to
0.58, associated to the passage of the erosional wave along the E flank of the main
morphostructure. In Figure 5.11b, the hypsometric curves related to the last 600 ky
as well as the real one are reported. It can be observed the increasing of the area
below the curves from the 4.4 Ma to 5 Ma after the starting of the simulation as an
effect of a positive inflection of the upper and medium parts of the curve. The best
fit between the modelled curves and the present-day one is the time step 5 Ma and
it is confirmed by the integral computation equal to 0.58 in both cases.
Then, the time window between 4.3 to 5 Ma (from 0.6 Ma ago to the present) were
selected in order to analyze the evolution of the predisposing factors that caused the
gravitational instability. Specifically, as reported in Figures 5.13, 5.14, 5.15, 5.16, the
topography, slope, local relief, excess topography, and erodibility map are computed.
Specifically, the relief quantifies the elevation range within a radius of 1000 m and
the excess topography calculates the difference between the DEM and an idealized
topography that features only slopes equal or less than the threshold slope of 20◦.
Moreover, the W-E profiles relating to all the terrain analysis parameters mentioned
above are shown.
In Figure 5.13, 0.7 and 0.6 Ma ago, it is possible to observe a slightly asymmetrical
topography between the W flank which from an altitude of 1000 m a.s.l. drops to 250
a.s.l. with respect to the flank E that from 1000 m a.s.l. decreases around 500 m asl.
The slope maps confirm, in fact, a greater gradient of the side towards which the fold
is propagating with respect to flank E. Regarding the local topography, two peaks
associated with the relief created in W and E can already be distinguished from the
outcropping of Asmari’s tangs. Also, in this case the distribution of values between
W and E is slightly asymmetric. The excess of topography shows values around 100
m exclusively along the W flank of the morphostructure, further demonstrating the
asymmetric state of the two sides of the fold. Finally, the erodibility maps present
the fold in an advanced state as regards the outcrop of the Asmari carapace along
the hinge of the fold but still confined at the base by the Gachsaran Fm.
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In Figure 5.14, 0.5 and 0.4 Ma ago, the propagation of the regressive erosive wave is
already markedly observable by all the terrain analysis parameters. The topography
with respect to the previous steps shows both an increase due to the continuous up-
lift of the fold and an undercutting at the base due to this new erosive impulse. The
slope map confirms what has been said by showing along the E flank of structure in
step 0.5 Ma spike values just below 40◦ still lower than the W flank, while in step
0.4 Ma it shows values almost 60◦ that exceed those of the W flank. The relief still
shows two main peaks of local topography with almost equal values which in step
0.5 Ma ago are around 500 m while at the next step they reach 800 m. The excess
of topography first records in step 0.5 Ma the appearance of a spike of almost 100 m
in the E part of the structure, while in the following step an increase in the values
in both sides until reaching almost 300 m. Finally, from what can be observed from
the erodibility maps, the base of the E side begins gradually from S towards N to
be affected by the erosive wave responsible for the removal of the Gachsaran Fm.
In Figure 5.15, 0.3 and 0.2 Ma ago, the development towards N of the erosive wave
in parallel with continuous growth of the fold is responsible for the imbalance of
the terrain analysis parameters towards the E flank. In fact, from a topographical
point of view, values that border on 2000 m a.s.l. on the E side can be observed, far
greater than the W side which remains below 1500 m a.s.l.. In any case, the slope
maps show more or less equivalent values between the W and E sides, unlike what
is, instead highlighted by the relief map which shows an overcoming of the local
topography of the E flank compared to the W flank with values exceeding 1000 m.
The excess of topography confirms the trend shown by the local relief highlighting
higher values close to 600 m on the E side compared to the W side around 300/400
m. From the erodibility map, the gradual removal towards the N of Gachsaran Fm
is increasingly evident. at the base of the slope and the formation along the axis of
the fold of increasingly evolved tangs.
In Figure 5.15, 0.1 Ma ago and at present, it is possible to observe from all the
parameters of terrain analysis a settling of the values along the E flank and their
diminution along the W flank. From a topographical point of view, the elevations
on the E flank reach altitudes of just over 2000 m a.s.l. while the W flank registers
altitudes that from about 1300 m a.s.l. go down to 1100 m a.s.l. The slope maps
show gradients of around 60◦ on the W side while slightly lower on the E side. As
regards the relief and the excess of topography, the asymmetry between the E and
W sides is increasingly evident with values that remain constant or increase on the E
side and decrease on the W side. Specifically, on the E side, the relief records values
slightly less than 1500 m while the topography excess reaches 600 m. Finally, from
the erodibility maps, it is possible to appreciate the complete breaching of the hinge
area of the fold and the continuous propagation of the erosive wave at the base of
the E side.

99



Chapter 5. Landscape Evolution Modelling

Figure 5.13: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.7 and 0.6 Ma ago. Moreover, the W-E profiles
of all the terrain analysis parameters mentioned above are shown.
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Figure 5.14: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.5 and 0.4 Ma ago. Moreover, the W-E profiles
of all the terrain analysis parameters mentioned above are shown.
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Figure 5.15: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.3 and 0.2 Ma ago. Moreover, the W-E profiles
of all the terrain analysis parameters mentioned above are shown.
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Figure 5.16: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.1 Ma and present day. Moreover, the W-E
profiles of all the terrain analysis parameters mentioned above are shown.
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5.4 Siah case study

5.4.1 Parameter setting
The slope dynamic and kinematic history of the Siah ongoing deformation was in-
vestigated implementing in TTLEM the time constraints and the tectonic rates pro-
vided by the quantitative morphometric evaluation with Tu index, a morphometric
index suitable for predicting the catchment-scale suspended sediment yield on the
deformation area produced by the Dowairij River system as well as the uplift rate
calculated by the ratio between the thickness of the eroded sediment (27 m) below
the dated strath surface and the time elapsed since the beginning of the process
(9.54± 0.6 ka).

Figure 5.17: Slope area bilogartimic plot of the entire drainage network with an upslope
area threshold for channel initiation of 1 km2.

It was derived a tectonic rate of 2.65mmy−1 and 2.8±0.2mmy−1. The evolution of
such a gravity-induced process is strictly related to the evolution of Dowairij River
drainage system since the incision originated a stress release at the bottom of the
slope which likely caused the initiation of the deformational process. In this regard,
the derived erosion rate of the drainage network responsible for the valley engraving
allowed to estimate a starting time for MRC in the order of 101 - 101 ka. Over this
time window, water erosion removed the volume of Pabdeh-Gurpi Fm. missing from
the present topography to the bottom of the Asmari Fm. likely starting the Siah-kuh
MRC slope deformation. The considered time span of the simulation was set to 4
Ma in agreement with Homke et al., 2004 that provided the dates of 8.1 and 7.2
Ma for the onset of the deformation in the front of the Push-e Kush Arc that lasted
until 2.5 Ma and with Vergés et al. (2019) that located the onset 11.8 Ma referring
to the Afrineh syncline in the inner part of the Lorestan. The time step at which
flow directions and diffusion are calculated was set to 1000 years.
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Figure 5.18: Slope area bilogartimic plot of the drainage networks flowing on hard and
soft lithologies with an upslope area threshold for channel initiation of 1 km2.

In this regard, it was considered an uplift matrix spatially characterized by a se-
quence of two sinusoidal folds with a periclinal closure in the S of the model.
The associated rate values are referred to an average uplifting rate in the region
of 0.7mmy−1 (Tozer et al., 2019; Zaberi et al., 2019). Temporally it propagates
from E to W (the Zagros vergence is from NW to SE) during a time window of 1
Ma after that the uplift becomes uniform. In the last 500 ky, the uplift rate related
to the fold is set to 2.8mmy−1. The initial surface of the model is 40x20km weakly
inclined towards W, the general boundary conditions are of the Dirichlet type while
the flow boundary conditions are forced along the N and W borders inward directed.
The diffusivity D was set to 0.01m2yr−1, the density ratio between rock (ρr) and
soil (ρs) to 1.3, and the threshold angle Sc (in tangents by default) for hillslope
adjustment to oversteepening to 0.8. The modelled stratigraphy was referred to an
alternating sequence of hard and soft erodibilities values with a thickness from the
top to the bottom: 1300 m of Gachsaran Fm. (Soft), 300 m Asmari Fm. (Hard),
400 m Pabdeh-Gurpi Fm. (Soft), 250 m of Ilam Fm. (Hard); 200 m Surgah Fm. and
>500 m of Bangestan Group (Hard). Furthermore, channel slope, S, and upstream
drainage area, A, were plotted on a SA log-log plot (Fig. 5.17) and used to calculate
the channel concavity, θ. In Figure 5.17 the binned values (number of bins used
to aggregate upslope area was 100), statistical parameters, and measures of such
relation are reported. While in Figure 5.18 the hard and soft lithologies mapped
in the Seymareh area were used to isolate the drainage network flowing into the
two lithologies on which it was carried out SA log-log plot in order to calculate the
steepness index, ks, keeping fixed the concavity value provide by the total network
analysis.
The average concavity, θ, relative to the entire drainage basin of the upper Sey-
mareh River valley is 0.37 while the steepness indices, ks, 10.2 and 33.6, for the
soft and hard lithologies, respectively. In order to calibrate the erodibilities, K, I
referred to literature data about the uplift rate affecting Zagros Mountains by which
I provided an averaged uplift rate of 0.7mmy−1, used in the Kurdistan (Tozer et
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al., 2019; Zaberi et al., 2019). By applying Equation 2.6, it was possible to obtain
6.84X 10−5m0.1 yr−1 and 2.08X 10−5m0.1 yr−1 for the soft and hard lithologies, re-
spectively.

5.4.2 Results
The results of the simulations were compared with the real DEM of the study area
to calibrate with a back-analysis the present-day time step. For this purpose, the
HI, defined as the area below the hypsometric curve altitude (Strahler, 1952), was
calculated for the area of the fold every 5000 years up to the entire time span of the
simulation (Fig. 5.19). In Figure 5.19b the hypsometric curves for the last 300 ky
with a time step of 50 ky used for the comparison with the real hypsometric curve
are also reported. The computations were referred to the entire real DEM area (Fig.
5.19c) and to the white box area in the modelled DEM (Fig. 5.19d) related to the
first fold from the W.
It is evident, that a rejuvenation process caused by the emplacement of a more
intense uplift along the main fold would have an influence in the shape of an hypso-
metric curve of a basin. Such processes would increase erosion in the basin, and it
would be reflected in the hypsometric curve as a progressive increase in convexity.
From the HI temporal evolution of Figure 5.19a, it can be appreciated the propaga-
tion of the uplift matrix from E to W between 0 to 1 Ma from the starting of the
simulation during which the integral value oscillates in a range between 0.45 and
0.5. In the last 3 Ma of the simulation, the model stops propagating from E to W,
and begins to settle with a temporally uniform uplift matrix. About 1.5 Ma from
the beginning, it is possible to observe a peak of values that reaches 0.65 associated
with the outcropping of the more resistant lithology (Asmari Fm.) In this step, the
carapace with a low erodibility associated to the Asmari Fm. started to be eroded
creating the tangs morphologies tangs. After that, the value progressively decreases
reaching the relative minimum value of 0.44 at 2.7 Ma from the starting of the sim-
ulation. From that point, it can be observed two rapid increases can be observed at
values around 0.47 between which a local minimum around 0.42 is recorded. The
emplacement of an higher uplift rate between 3.5 and 4 Ma since the beginning of
the simulation it is responsible for the growth of the integral value. In Figure 5.19b,
the hypsometric curves related to the last 300 ky as well as the real one are reported.
It can be observed the increasing of the area below the curves from the 3.5 Ma to
3.8 Ma after the starting of the simulation as an effect of a positive inflection of
the upper and medium parts of the curve. The best fit between the modelled curves
and the present-day one is the time step 3.8 Ma and it is confirmed by the integral
computation equal to 0.47 in both cases.
Then, the time window between 3.55 Ma and 3.8 Ma (from 0.25 Ma ago to the
present) were selected to analyze the evolution of the predisposing factors that caused
the gravitational instability.
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Figure 5.19: a) The hypsometric integral (HI) temporal evolution with a time step of
5000 years for the entire time span of 4 Ma, b) the hypsometric curves related to the time
window between 3.5 Ma to 3.8 Ma with a time step of 50 ky from the starting of the
simulation used for the comparison with the real hypsometric curve, c) the real DEM and
d) the modelled DEM. The computations were referred to the entire real DEM area and
to the white box area in the modelled DEM related to the first fold from the W.
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Specifically, as reported in Figures 5.20, 5.21, 5.22, the topography, slope, local
relief, excess topography, and erodibility map are computed. Specifically, the relief
quantifies the elevation range within a radius of 1000 m and the excess topography
calculates the difference between the DEM and an idealized topography that features
only slopes equal or less than the threshold slope of 15◦. In the same figures, it is
possible to distinguish two main morphostructures characterized by different stages
of development and maturity. The fold to the E emplaced previously and is defined
by a much higher topography even more than 4000 m a.s.l. that it is not reflected
in the actual real landscape except in the Kabir-kuh anticline whose elevation does
not reach similar altitudes anyway. In any case, the propagation from W to E of
an uplift matrix characterized by two distinct folds allowed to better calibrate the
model with the real topography. In this regard, from now on I will refer exclusively
to the first fold from W. Moreover, the N-S profiles along the forementioned fold
relating to all the terrain analysis parameters mentioned above are shown.
In Figure 5.20, 0.25 and 0.2 Ma ago, along the same structure, two localized water
gaps can be recognized, separated from the central sector of the fold, from whose
topographical profile it is possible to recognize some wind gaps. In any case, the
water gaps are placed along the periclinal closures of the fold and are located at
different altitudes, about 1300 m a.s.l. and around 900 m a.s.l., respectively N and
S. From the maps of the slope, it is possible to associate these morphologies with
the highest gradients that reach both N and S peaks lower than 70◦. As regards
the relief, two main peaks are evident at about 850 m and 1000 m, respectively at
N and S in the time step 0.25 Ma and both around 1000 m, in the time step 0.20
Ma ago. They are associated with water gaps rather than the most elevated area of
the fold, the central area. Excess topography shows highlights the presence of two
peaks for each water gaps. The values oscillate around 150-170 m in sector N and
at 250-200 m in sector S in the time step 0.25 Ma ago, while in the subsequent time
step between 200-250 m in sector N and 200-300 m in sector S. These are due to the
greater excess of material compared to the ideal surface at 15◦ along the steep cliffs
of the newly generated water gap. From the point of view of the erodibility maps,
a fold can be observed whose carbonate carapace is partially covered in the central
portion of the fold compared to the periclinal closures where the intensive action
of the main streams has already generated tangs in the most resistant formation
(Asmari Fm.).
In Figure 5.21, 0.15 and 0.1 Ma ago, the growth of the fold is manifested in all the
terrain analysis parameters reported here. Specifically, the elevation of the water gaps
increases to about 1500 m a.s.l. and 1000 a.s.l. respectively to the N and S while the
central part of the fold reaches about 2500 m a.s.l .. Furthermore, as can be seen
from the topographical profile, the shape of the water gaps becomes progressively
more flared. The slope maps record the topographical growth in terms of gradients
which increase especially along the periclinal closures where peaks above 75◦ are
reached. In the time step 0.15 Ma, the relief always shows peaks of local topography
values equal to 1000 m for the N side and greater than 1000 m for the S side. This
slight asymmetry is also confirmed in the time step 0.10 Ma fa. Regarding the excess
of topography, a balance of values is reached between the N and S sector.
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Figure 5.20: a) From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.25 Ma and 0.20 Ma ago. Moreover, the N-S
profiles along the first fold from the W of all the terrain analysis parameters mentioned
above are shown.
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Figure 5.21: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.15 Ma and 0.10 Ma ago. Moreover, the N-S
profiles along the first fold from the W of all the terrain analysis parameters mentioned
above are shown.
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Figure 5.22: From the top, the topography, slope, local relief, excess topography, and
erodibility map related to the time steps 0.05 Ma ago and at present day. Moreover, the
N-S profiles along the first fold from the W of all the terrain analysis parameters mentioned
above are shown.

For the time step 0.15 Ma ago, the recorded values oscillate between just over 200
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m and 300 m while in the time step 0.1 Ma ago, between 200 m and 350 m. The
highest values refer both along the N and S sector to the region of the water gaps
that are innermost and close to the central sector of the fold. Finally, as regards the
evolution of the lithologies in the erodibility maps, the engraving of the watercourses
along the water gaps continues and also begins to affect underlying lithologies while
the central part of the anticline continues to be affected by the removal of softer
lithology.
In Figure 5.22, 0.05 Ma ago and at present, the growth of the fold continues to be
recorded by the topography which increases its altitude in the central area but not
in the pericline areas where it more or less maintains the elevations of the previous
step. From the topographical profile, it is possible to appreciate how the hillslope
processes acted for adjustment to oversteepening along the water gap sectors, gen-
erating an even more obtuse and less acute form. This is also demonstrated by the
slope maps, where although the spikes can still be associated with the water gaps,
the gradient values are contained below about 75◦. As regards the relief, there is a
slight asymmetry in favor of sector S where the values associated with the pericline
closure are close to 1300 m. The excess of topography does not show major changes
compared to the previous steps, evidence that the diffusive action of the hillslope
processes acted in order to remove the excess of material above the threshold slope
limit Sc. Finally, from the erodibility maps, it is possible to appreciate how the action
of the main courses along the periclinal closures of the folds affected the lithologies
below the Pabdeh-Gurpi Fm.
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Strain evolution modelling and
creep history reconstruction

6.1 Procedure
The strain and displacement rate computation was firstly performed on the real land-
slide profiles to evaluate through a sensitivity analysis on the viscosity parameter
the possible strain rate value range in the case studies related to a secondary phase
of the MRC process. Subsequently, the values compared with typical strain yielding
value for secondary-tertiary phase transition, are used to hypothesize the time spans
of the transition for each case study, in agreement with the morpho-evolutive recon-
structions of the previous chapters. In this regard, since the aim of this procedure
was to test a methodological approach, I decided to apply a simplified model such as
the Newtonian (viscous) behavior model which implies the proportionality between
the stress and the strain rate through a constant parameter called viscosity. After
that, it was also implemented in the LEMs to define the deformation history linked
to the MRC process of the simulated slopes. The computation procedure follows
these steps:

1. Reconstruction of the hypothetical sliding surface using the ’excesstopogra-
phy’ function (Blöthe et al., 2015) in TopoToolbox (Schwanghart and Scher-
ler, 2014). For this purpose, I restricted the maximum horizontal distance to
3 km because larger sizes did not change results significantly. Regarding the
choice of maximum gradient of slopes, I referred to the results of the suscep-
tibility analysis of landslide inventory. For the creep driven slide and for the
rock avalanches (Loumar and Seymareh case studies), I choose 20◦ and for the
spreadings (Siah ongoing case study) 15◦.

2. Sensitivity analysis on the viscosity parameter. Specifically, to compute the
viscosity of the jointed rock mass (µm) starting to the stationary creep for
intact rock value (µr), I referred to the equation by Discenza et al. (2020):

µm = µr
exp(2.386− 1.032 · 10−2sj + 3.362 · 10−7s2

jdj − 1.147 · 10−22s10
j ) (6.1)

where sj is the joint spacing (in cm) and dj is the joint dip (in degree). As it
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Table 6.1: The resulting viscosity values of the jointed rock mass and the intact rock
calculated.

regards the stationary creep for intact rock viscosity µr, typical values from
literature ranging from 1e20 - 1e22 (Pa s) have been taken into consideration
for the secondary creep stage. The joint spacing sj was referred to the mean
value of 22 cm obtained in the geomechanical station 1 (S1 – Asmari Formation,
see supplementary material) in the Seymareh area. The joint dip dj value of
25◦ is coincident to the strata dip in Loumar and Seymareh cases while for
the Siah, I referred to 15◦. The resulting viscosity values of the jointed rock
mass (µm) calculated by Equation 6.1 are almost an order of magnitude less
ranging from 1e19 - 1e21 (Pa s) for the secondary creep stage (Table 6.1).

3. Application of the Newtonian model to the resulting strain and displacement
rate computation of the rock mass along the sliding/shear surface. The vertical
strain rate (1 s−1) is defined as follows:

ε̇ = σ

µ
(6.2)

where σ (Pa) is the effective stress and µ (Pa s) is the viscosity. As regards the
vertical effective stress σ the sliding/shearing surface (i.e. at the basis of the
deforming zone for MRC) I referred to the density value of 2652 kg m−3 of the
Asmari Fm. obtained on the samples of the Seymareh area, multiplied by the
gravity constant and divided by the excess topography value (m) along the
landslide profile. The mass rock viscosity values were computed as at Equa-
tion 6.1. Finally, multiplying the value obtained by the sine of the angle of
the sliding surface (θ), the resulting strain rate acting parallel to the aforesaid
surface is obtained. Finally, I converted the unit of measurement to make com-
parison with other rates such as tectonic or interferometric easier. Specifically,
the frequency of deformation (1 s−1), acting parallel to the sliding surface has
been reported with respect to the year (N=mean seconds in a year) and to an
integration length of the DEM cell resolution R (in the case of ALOS - 30 m).
The unit of measurement of the displacement rate δ is expressed in mmy−1.

δ = ε̇ ·N · sin(θ) ·R (6.3)

Another solution to the problem of dimensioning would have been to refer
to the length of the sliding surface but it would have made the comparison
between the rates calculated on different sides with very different dimensions
more complex (for example Seymareh in respect to Loumar).

In Figure 6.1 strain and displacement rate computation along the landslide profile
according to rock mass viscosity values ranging from 1e19 - 1e21 (Pa s) are reported.
More in detail, as it concerns the Seymareh case study, I referred to two topographic
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profiles located NE and SW of the failure zone respectively (Fig. 6.1b) while for the
Siah case, I took into consideration two threshold angle of 15◦ and 20◦ for defining
the excess of topography (Fig. 6.1c).
From the comparative study of the strain rate profiles (Fig. 6.1) calculated for the
sectors of the slope of the case studies, it is possible to ascertain that for the same
viscosity the rate of the Seymareh rock avalanche (Fig. 6.1b), represented both in
the NW and SE sector with respect to the area of detachment is of an order of
magnitude higher than the other two cases. The strain and displacement rates of
the Loumar creep driven slide (Fig. 6.1a) are comparable with that measured for the
Siah case study (Fig. 6.1c) with a threshold angle of 20◦ while with a threshold set
at 15◦ the rates are instead higher. Another substantial difference between the three
case studies is certainly the volume (the area along sections) of isolated material as
an excess of topography which in the case of the Seymareh is far greater than in
the case studies as well as the relief between the upper slope and the valley that
for Loumar and Siah cases is around 400 m and 600 m, respectively while for the
Seymareh reaches 1600 m.

6.2 Secondary to tertiary creep time hypothesis
In order to hypothesize the timing of the transition from the secondary creep to the
tertiary creep, thus establishing the period of time necessary for the process from
starting to acceleration, I referred to the following equation:

ty = εy
ε

(6.4)

where the time ty (expressed in years) is calculated starting from the ratio between
the secondary-tertiary passage strain yielding εy and the strain rate ε̇ (expressed in
1 yr−1). In other words, it is assumed that strain yielding can be achieved with a
constant strain rate from the beginning of the creep process. Obviously, in natural
systems, the primary phase is not characterized by a stationary rate but covers a
much shorter time interval than the secondary phase and for this reason negligible for
time windows on the order of 102 ky. In particular, as regards the secondary-tertiary
passage strain yielding values, I took into consideration 0.075-0.125 from the work of
Marmoni et al. (2020) where in a similar structural and lithostratigraphic context,
the evolution of the gravitative stability of Monte Conero (Italy) for temporal win-
dows on the order of 102 ky. Instead, secondary strain rates were measured starting
from computations along the landslide profiles (Fig. 6.1). Specifically, the represen-
tative mean strain rate of the case studies was measured for mass rock viscosity
values between 1e19 and 1e21 (Pa s). In Table 6.2, the strain rate values related to
the case studies are reported.
In Figure 6.2, the time (yr) vs strain rate (1 yr−1) curves calculated for strain yielding
values equal to 0.075 and 0.125 relative to the case studies are reported. Furthermore,
I have identified some fields of existence of the two variables (defined by the gray
rectangles). As regards the strain rate, the interval between the values measured
for viscosity between 1e20 and 1e19 (Pa s) was considered, while the creeping times
obtained from the morpho-evolutionary analyzes carried out in the previous chapters

115



Chapter 6. Creep history reconstruction

Figure 6.1: Strain and displacement rate computation according to viscosity values rang-
ing from 1e19 - 1e21 (Pa s) a) along the landslide profile related to Loumar case study, b)
along profiles located NE and SW of the failure zone related to Seymareh case study and
c) along the landslide related to Siah case study profile with a threshold angle of 15◦ and
20◦. The geological boundary between Asmari Fm. and Padbeh Fm. is also reported.
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Table 6.2: Strain rate values related to the case studies for mass rock viscosity values
between 1e19 and 1e21 (Pa s).

were considered as limits on time axis. For viscosity values of 1e19 and 1e20 (Pa s),
two-time values can be obtained for each strain yielding.
Specifically, in the case of Loumar: for viscosity values equal to 1e19 Pa s the resulting
time is between 8225 years (for strain yielding equal to 0.075) and 23520 years (for
strain yielding equal to 0.125) and for values equal to 1e20 Pa s the time resulting is
between 82250 years (for strain yielding equal to 0.075) and 235200 years (for strain
yielding equal to 0.125). For the case of Seymareh: for viscosity values equal to 1e19
Pa s the resulting time is between 4952-10000 years (for strain yielding equal to
0.075) and 8854-16850 years (for strain yielding equal to 0.125) and for values equal
to 1e20 Pa s the resulting time is between 49520-100000 years (for strain yielding
equal to 0.075) and 88540-168500 years (for strain yielding equal to 0.125). Finally
for the case of Siah: for viscosity values equal to 1e19 Pa s the resulting time is
between 8825-11880 years (for strain yielding equal to 0.075) and 13710-19790 years
(for strain yielding equal to 0.125) and for values equal to 1e20 Pa s the resulting
time is between 88250-118800 years (for strain yielding equal to 0.075) and 137100-
197900 years (for strain yielding equal to 0.125). Some values fall outside the time
range reconstructed on a morpho-evolutionary basis, nevertheless the average of the
values obtained for each case study (Loumar 87 ka on a total creep time of 150 ka;
Seymareh 36-74 ka on a total creep time of 500 ka Siah , 60-87 ka on a total creep
time of 150 ka) the results show that in the case of the Seymareh, unlike the two,
the turn to the tertiary sector in relation to the total creep time occurs much earlier.

6.3 Strain evolution modelling
In order to connect it with what it can be observed from the real landslide profiles
at the beginning of the chapter, the strain computation along hypothetical landslide
profile related to the landscape evolution models of the three case studies were
carried out. Specifically, the strain computation was performed in agreement with
following equation:

ε = ε̇ ·N · Ts · sin(θ) (6.5)
where the strain rate ε̇ (1 s−1) has been reported to the year (N=mean seconds in a
year), multiplied by the sine of the angle of the sliding surface (θ) in order to obtain-
ing the resulting acting parallel to the sliding surface and integrated with respect to
the simulation time step Ts of landscape evolution models (1000 years). In Figures
6.3, 6.4, 6.5, the topographic profiles, the idealized surfaces with a threshold angle of
20◦ (15◦ for Siah) as well as the strain profiles according to viscosity values ranging
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Figure 6.2: Time (yr) vs Strain rate (1 yr−1) curves calculated for strain yielding values
equal to 0.075 and 0.125 relative to a) the Loumar, b) Seymareh and c) Siah case studies.
The gray rectangles define the field of existence of the variables based on the assumptions
in the text.
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from 10e19-10e20 are reported for each case study. The profile traces coincide with
those reported in the previous sketches, except that they focus on the fold area. As
for the Siah case, it was considered the periclinal closure at S. The time window
as well as the time steps shown are the same as for the landscape evolution model
sketches. In Figure 6.3, the strain history of the Loumar case study along a section
of the fold is reported. Specifically, it is possible to observe a strain profile that varies
along the section as a function of the calculated excess topography. In any case, it
is possible to appreciate how the average strain rate relative to the E side of the
fold increases progressively over time. Furthermore, by observing the various steps
in detail, the distribution of the strain along the profile initially focuses exclusively
on the W slope of the fold, being the steepest slope of a fault propagation fold char-
acterized by a strong asymmetry.

Figure 6.3: Strain computation along the W-E fold profile according to viscosity values
ranging from 10e19-10e20 related to Loumar case study.

Subsequently, there is a reversal of this trend towards the E flank following the
emplacement of the parasitic fold starting from 1.39 Ma ago. In Figure 6.4, the strain
history of the Seymareh case study along a section of the fold is reported. Also, in
this case, even if with different times and processes it is possible to appreciate how
the average strain relative to the E side of the fold increases progressively over time.
Furthermore, the distribution of the strain along the profile initially focuses on both
sides and then moves only on the W slope of the fold about 0.6 Ma. In this case the
milder asymmetry between the slopes is due to the emplacement mechanism chosen
for the typical structure of a FBF. Subsequently, an inversion of this trend towards
the E flank is recorded, parallel to the action of the headward erosive wave that
moves from S towards the N of the model, gradually affecting the entire flank of
the fold, generating a greater excess of topography in the erodible material minor
(Asmari Fm.). In Figure 6.5, the strain history of the Siah case study along a section
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of the fold is reported. In this case, the spatial location of the section trace and the
gravitational movement is along the pericline closure of a FBF. This means that
there are no asymmetries along the section as in the previous cases.

Figure 6.4: Strain computation along the W-E fold profile according to viscosity values
ranging from 10e19-10e20 related to Seymareh case study.

Figure 6.5: Strain computation along the W-E fold profile according to viscosity values
ranging from 1e19-1e20 (Pa s) related to Siah case study.
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In any case, it is possible to appreciate the evolution of a water gap carved in a hard
lithology (Asmari Fm.) superimposed on a soft one. From a more detailed view of
the different time steps, the average strain tends to increase over time up to 0.1 Ma
when the value stops and decreases slightly. On the other hand, the deformation area
as a function of the diffusive action of the hillslope processes tends to increase giving
rise to a resistant carapace that retreats over time as in a spreading deformation.

6.4 Creep history reconstruction
In Figure 6.6 it is reported the excess of topography history for each case study
in terms of mean and standard deviation values. The computation is referred to
the area of possible landsliding for each time step until the present. From a first
comparison between the cases, the difference between the evolution of the Loumar
and Seymareh case studies compared to Siah is clearly marked. In fact, it is possible
to observe in the first two, accelerations in the trend of the curves while in the third
the trend is characterized by a gradual increase that stabilizes today with constant
values over time. Furthermore, it is possible to notice how Seymareh is distinguished
from the other case studies both in terms of evolution times and of topographical
excess material, showing much higher values. These differences between the case
studies can be connected both with the different types of deformation mechanisms
and with the activity state of the instabilities. In fact, Loumar and Seymareh are
both creep driven slides for which they evolve similarly in terms of accelerations
and decelerations of the evolutionary trend of the excess topography while Siah, in
addition to being ongoing, is also a spreading that evolves both with lower limit
angles equal at 15◦ and with the retreat of the escarpment in correspondence with
the carbonate cliff carried out by diffusive processes at the slope scale that smooth
out the steep morphologies generating continuous deformations not characterized
by paroxysms or accelerations. Finally, the orders of magnitude of the temporal and
spatial scales of difference between Seymareh and the other case studies allows us
to understand the evolution of this in a rock avalanche.
Then, it was possible to reconstruct the creep curves for the three case studies. It
was taken into consideration the mean excess of topography values (Fig. 6.6) in order
to calculate the strain by applying Equation 6.5. The timings of the transition from
the secondary creep to the tertiary creep were the temporal windows hypothesized
in Figure 6.2 related to the viscosity value. In detail, strain versus time curves were
calculated with viscosity values in the range between 1e19 Pa s and 1e20 Pa s. For
each viscosity value, the time window of transition between secondary and tertiary
was taken into consideration, calculating the curve for the minimum and maximum
time of the aforementioned range. The transition to the tertiary sector was simulated
by lowering the viscosity by an order of magnitude (from 1e19 Pa s to 1e18 Pa s
and from 1e20 Pa s to 1e19). In order to obtain all the possible scenarios within
the viscosity range 1e19-1e20 (Pa s), the hypothesis of evolution to the stationary
tertiary sector was also simulated, thus keeping the viscosity constant. As for the
secondary-tertiary transition times that fall outside the range reconstructed on a
morpho-evolutionary basis, they were not taken into consideration except as plotted
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asymptotes in the graphs.
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Figure 6.6: Excess of topography evolution for each case study. It is reported the mean
and the standard deviation values related to the entire area affected by the possible grav-
itational movements.
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Figure 6.7: Creep evolutionary reconstructions of a) Loumar, b) Seymareh and c) Siah
case. Strain and excess topography are reported with respect to time. It was considered
the secondary to tertiary creep times hypothesized in the Figure 6.2. The viscosity unit is
Pa s. 124
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From the comparison between the plots of Figure 6.7, it is possible to observe that
the Seymareh case differs from the other two for several reasons. First, the strain
values reached at failure by Seymareh are considerably higher than the other cases.
The transition to the tertiary sector in relation to the total creep time occurs much
earlier than in the other cases for which the deformations with lower viscosity are
greater and affect the slope for large time windows. In this context, it is possible
to define this deformation style as rock mass damaging that predisposes the slope
to a paroxysmal collapse. As regards the Loumar case, it is possible to observe
similarities regarding the evolution of the excess topography curve, characterized by
a high initial rate which subsequently settles and then accelerates again. On the other
hand, the evolution of the strain is also influenced by the timing of the secondary-
tertiary passage which, in this case, are strongly conditioned by the viscosity value.
For viscosity equal to 1e19 Pa s, the passage takes place in the first part of the creep
time while for viscosity equal to 1e20 Pa s it takes place in the second part. A similar
behavior also characterizes the Siah case which is distinguished from the others by
the almost entirely stationary evolution of the excess topography.
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Discussions

Mass Rock Creep (MRC) process is one of the main factors for damaging rock masses
in transient tectonically active mountain landscapes. This process encompasses en-
tire hillslopes or valley flanks acting on a large time-space scale so leading in re-
sponse to gravitational disequilibrium to slope failures that can generate huge rock
avalanches. The strain evolution develops in a continuous and non-linear way, and is
characterized by three main stages: primary or decelerating, secondary or stationary
and tertiary or accelerating. Although the limit of theories is represented by the dif-
ficulty of accurately estimating the starting time of the process as well as of discrim-
inating the distinct phases, reconstructing the morpho-evolutionary history of the
river valley slope is a key to shed light into the evolution of the gravity-induced defor-
mation as well as into the evaluation of many other interrelated variables, including
rock mass viscosity. Indeed, according to the multimodelling approach proposed by
Martino et al. (2017), Quaternary landscape evolution modelling of slope-to-valley
floor systems plays a fundamental role as a tool for chronological constraints on the
creep evolution of entire slopes (Bozzano et al., 2016; Della Seta et al., 2017). Still,
the most important relationships to study indeep, besides the accurate definition of
the geometry and rheological behavior of the geological formations, are the nonlin-
earity of the time-displacements relationships as well as the accurate history of the
past erosion rate evolution and its nexus with the deforming slope.
In this regard, I reconstructed the morphoevolutionary models of three case studies
(Loumar, Seymareh and Siah), deciphering the main stages of the landscape evolu-
tion before and after the slope failure occurrence (for the first two cases) and until
present (for the latter). The morpho-evolutionary study, as well as being prepara-
tory to the subsequent phase of landscape and creep evolution modeling, was decisive
first in identifying the main structural and geomorphic predisposing factors at the
Lorestan region scale. From a comparison among them relatively to the Lorestan
region, it is possible to observe similar predisposing factors for such a kind of gravi-
tational instabilities: 1) constrasting rheological behavior within the stratigraphy; 2)
a moderately dipping downslope; 3) high relief energy and the involved rock mass;
4) kinematic release, necessary for the initiation of the MRC process.
It is noteworthy that the stratigraphy of the source rock mass, also described in
detail by Roberts and Evans (2013) for the Seymareh case, accounts for different
rheological behaviors, which could have induced differential strain rates within the
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slope leading to failure according to a MRC process. To date, a quantification of
such rheological properties is lacking for the lithological units of the folds stud-
ied in the thesis (Gavar, Kabir-kuh and Siah). Nonetheless, some inferences can be
done according to previous studies on rock masses affected by MRC (Apuani et al.,
2007; Bozzano et al., 2012; Bretschneider et al., 2013; Della Seta et al., 2017). More
particularly, the time-dependent viscoplastic behavior, more typical of clayey and
marly deposits, which have lower viscosity values, can justify time-dependent (creep)
strains which could have generated a high-stress concentration within the higher vis-
cosity level over time (i.e., mostly characterized by elastoplastic rheology), inducing
their cracking and leading to failure. In fact, a stiffness contrast exists between the
upper member of the Pabdeh Formation and the overlying Asmari Formation.
The attitude of the strata is moderately dipping downslope (15◦ for Siah case and
20◦ for Seymareh and Loumar ones), leading to a lower vertical thickness of (and
consequently a reduced lateral confining effect by) the epicontinental and continental
units, such as the Gachsaran and Agha Jari Formation. Moreover, the low dip angle
of the strata reduces also the vertical thickness of the Asmari Formation caprock
(Roberts, 2008) and consequently the incision necessary for kinematic freedom of the
landslide, relative to a more steeply dipping sequence, which would require a greater
depth of incision. Nevertheless, from the sensitivity analysis conducted on the MRC-
driven movements of the landslide inventory to topographical conditioning factors,
a similarity was highlighted between the rock avalanches and creep driven slides as
regards slope values (> 20◦) and strata dip (20◦ - 40◦), and type of folds (mainly
FBF and ADF) with respect to the lateral spreadings that develop on slightly less
inclined slopes (15◦ - 20◦) with a dipping layer of less than 15◦ concentrating in the
FBF.
Moreover, the relief energy is crucial in the development of such instabilities as di-
rectly proportional to the potential gravitational energy involved in the slope, whose
values range from 500-600 m for Loumar and Siah to more than 2000 m for Sey-
mareh. The relief energy and the slope and strata dip as well as the mass of rock
involved in the gravitative deformation seem to be the discriminating factors in the
evolution of the phenomenon towards a paroxysmal (such as a rock avalanche), a
medium-slow movement (such as a creep driven slide), slow movement (such as lat-
eral spreading).
The multi-modeling approach therefore made it possible to implement the Land-
scape Evolution Modeling (LEM) based on the temporal constraints to the pre-
failure morpho-evolutionary reconstruction and the tectonic rates obtained by the
works on the 3 case studies. The LEM technique was crucial in identifying the crit-
ical morpho-evolutionary threshold that once reached originated the MRC process.
Starting from the time limits of the MRC, the creep histories of the 3 slopes were
reconstructed by first applying Newton’s simple model. The estimated starting time
that for the Loumar case is on the order of 102 ka similarly with the Seymareh
case study, unlike with Siah-kuh case in which MRC acted in the range 101 - 102 ka.
Then, the creep time must also be considered, understood as the temporal parenthe-
sis from when the slope is kinematically released to when the gravitational movement
occurs. Specifically, the time ranges obtained for the various cases allow us to hy-
pothesize a correlation with the volume under deformation. The Seymareh with a
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failed mass area of 100 km2 has evolved for about 500 ka, while Siah and Loumar
cases respectively with 9 km2 and 3 km2 for about 150 ka. Even the timing of evo-
lution between the secondary and tertiary creep, although they were determined by
applying a simplified model such as the Newtonian (viscous) behavior model, show
that in the Seymareh case it occurred very early concerning the total duration of the
process, allowing the cluster to accumulate a greater deformation in terms of rock
mass damaging. Regardless of the model used the strain rate is strictly dependent
on the concept of excess topography. Moreover, the volume of rock in deformation
is interrelated with the evolution time so that it is possible to hypothesize a close
correlation between the failure mechanism and the achievement of a critical volume
for which the MRC process can evolve into a paroxysm (Seymareh rock avalanche)
rather than in more progressive deformations such as viscous sliding (Loumar case).
Therefore, MRC is significantly related to the rock mass mechanical properties
(Apuani et al., 2007; Bozzano et al., 2012; Hou et al., 2014), on the presence of
discontinuities that drive rock mass deformations and groundwater circulation (Asef
and Reddish, 2002; Brestschneider et al., 2013; Bozzano et al., 2013), as well as, to
the timing of landscape and tectonic evolution (Bozzano et al., 2012). As for the
Zagros, the tectonic input can be broken down into an aliquot deriving from the
propagation of the belt from NE to SW in terms of geological aging and another as
a deformation style of the morphostructures. The deformation style seem to have a
greater role in MRC than in geological aging, whose assumption may be unrealistic.
Anyway, the geomorphic response to tectonic deformation takes the form of a reorga-
nization of the topography, relief and drainage network. The aforementioned signals
are recorded by the variation of the excess topography parameter, whose space-time
study provides important indications regarding the paroxysmal development or not
of the gravitative deformations. Specifically, the diffusional processes, unlike the lin-
ear ones, favor slow movements, while, on the contrary, the creep time seems to be
a function of the rock mass critical damaging. That is, as time increases, critical
conditions are reached such that a paroxysm is favored. Furthermore, earthquakes
are not to be neglected as a possible cause of acceleration of deformations already
in progress although they are not the most widespread type of trigger (e.g., Keefer,
1996; Malamud et al., 2004; Owen et al., 2008; Parker et al., 2011; Hovius et al.,
2011; Li et al., 2014). Indeed, they can occur when the creep state of the slope has
already advanced causing its collapse. From the study on the Seymareh landslide,
the seismic input cannot be excluded since the slope was already in deformation by
about 490 ka. The widespread creep time window caused the achievement of a criti-
cal rock mass damaging. In this context, it is necessary to consider the proximity of
active seismogenic elements such as BF and MFF, capable of generating earthquakes
with a magnitude greater than 7.5 Mw.
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Conclusions

The here presented research allowed to test a quantitative multi-modelling method-
ological approach. The aim is to reconstruct the nonlinearity of the time-displacements
relationships as well as the accurate history of the past erosion rate evolution and
its nexus with the deforming slope. It, therefore, represents a useful methodology
to analyze the space-time evolution of a slope, introducing the concept of ”time-
dependent risk”, in which the transposition of this multi-temporal approach to an
ergotic model of landform evolution allows to assess multi-temporal hazard scenario.
The originality of my contribution lies in having given a quantitative value to valley-
slope evolution modeling and in a broad sense also to the multi-modeling approach,
in which stress-strain analysis alone had this meaning. The approach incorporates
contributions from morpho-evolutionary modelling, detailed engineering-geological
modelling, and time-dependent stress-strain numerical modelling to analyze the rhe-
ological evolution of a river valley slope over approximately 102 kyr. The method-
ological structure is cyclical in that the output of one becomes the input for the
next. For each time step of which the deformation history of the slope is composed,
the morpho-evolutionary modeling provides the time constraints, while engineering
modelling the geomechanical characteristics of the rock mass which are therefore im-
plemented as input in the stress-strain modelling. Specifically, morpho-evolutionary
analysis and landscape evolution modelling allow reconstructing the timing of the
variation of interesting valley sections from the above phenomena providing impor-
tant chronological constraints through the plano-altimetric analysis and the dating
of the geomorphic markers. Furthermore, they highlight the predisposing and con-
ditioning factors influencing the time-dependent process. In this regard, Landscape
evolution models (LEMs) have become an important numerical modelling technique
for understanding the coupled tectonic-geomorphic evolution of mountain belts, sim-
ulating how the earth’s surface evolves in response to different driving forces, includ-
ing tectonics, climatic variability, and human activity (Howard, 1994). In the present
thesis, LEMs were implemented to reconstruct the dynamic and kinematic slope his-
tories calibrating the model by back analysis. The exact temporal step in which a
critical morpho-evolutive condition was reached originating the MRC process re-
sponsible for unelastic strain within the involved rock mass was individuated.
A detailed engineering-geology modelling, that transposes geomechanical parameters
to geological-structural features on significant geological sections adopting an equiv-
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alent continuum approach for attributing mechanical parameters to lithotechnical
units. Such an approach is particularly suitable for slope-scale processes especially
in addition to geomechanical zoning that considers the statistical variability of pa-
rameter values. The time-dependent stress-strain analysis requires the assignment
of rheological parameters that should result from a numerical calibration using well-
constrained back-analyses of already occurred failure events.
Experiencing such a multi-modelling approach allows to include in a unique method-
ology the back-analysis of occurred landslide events and the forecast of slope evolu-
tion by considering possible scenarios of suitable destabilizing actions (forced mod-
elling). Moreover, the computed strain rates can be considered to establish the best
solutions for slope monitoring by terrestrial or remote sensing devices.
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Chéry, J. (2002). The present-day deformation of the central Zagros from GPS
measurements. Geophysical research letters, 29(19), 33-1. https://doi.org/10.1029/
2002GL015427

Tozer, R. S., Hertle, M., Petersen, H. I., and Zinck-Jørgensen, K. (2019). Quan-
tifying vertical movements in fold and thrust belts: subsidence, uplift and erosion
in Kurdistan, northern Iraq. Geological Society, London, Special Publications, 490,
SP490-2019. https://doi.org/10.1144/SP490-2019-118

Tucker, G. E., and Slingerland, R. (1996). Predicting sediment flux from fold and
thrust belts. Basin research, 8(3), 329-349. https://doi.org/10.1046/j.1365-2117.1996.
00238.x

U.S. Geological Survey (2020). Earthquake Lists, Maps, and Statistics. https://
earthquake.usgs.gov/earthquakes

Van Westen, C. J., Castellanos, E., and Kuriakose, S. L. (2008). Spatial data for
landslide susceptibility, hazard, and vulnerability assessment: an overview. Engineer-
ing geology, 102(3-4), 112-131. https://doi.org/10.1016/j.enggeo.2008.03.010

Van Westen, C. J., Van Asch, T. W., and Soeters, R. (2006). Landslide hazard
and risk zonation—why is it still so difficult?. Bulletin of Engineering geology and
the Environment, 65(2), 167-184. https://doi.org/10.1007/s10064-005-0023-0

143

https://doi.org/10.1016/S0012-821X(01)00588-X
https://doi.org/10.1016/S0012-821X(01)00588-X
https://doi.org/10.1007/978-3-030-60319-9_1
https://doi.org/10.1007/978-3-030-60319-9_1
https://doi.org/10.1144/GSL.SP.1996.100.01.08
https://doi.org/10.1144/GSL.SP.1996.100.01.08
https://doi.org/10.1029/2002GL015427
https://doi.org/10.1029/2002GL015427
https://doi.org/10.1144/SP490-2019-118
https://doi.org/10.1046/j.1365-2117.1996.00238.x
https://doi.org/10.1046/j.1365-2117.1996.00238.x
https://earthquake.usgs.gov/earthquakes
https://earthquake.usgs.gov/earthquakes
https://doi.org/10.1016/j.enggeo.2008.03.010
https://doi.org/10.1007/s10064-005-0023-0


Bibliography

Vergari, F., Troiani, F., Faulkner, H., Del Monte, M., Della Seta, M., Ciccacci, S.,
and Fredi, P. (2019). The use of the slope–area function to analyse process domains
in complex badland landscapes. Earth Surface Processes and Landforms, 44(1), 273-
286. https://doi.org/10.1002/esp.4496

Vergés, J., Goodarzi, M. G. H., Emami, H., Karpuz, R., Efstathiou, J., and Gillespie,
P. (2011). Multiple detachment folding in Pusht-e Kuh arc, Zagros: Role of mechan-
ical stratigraphy. AAPG Bulletin. https://doi.org/10.1306/13251333M942899
Vergés, J., Emami, H., Garcés, M., Beamud, E., Homke, S., and Skott, P. (2019).
Zagros foreland fold belt timing across Lurestan to constrain Arabia–Iran collision.
In Developments in structural geology and tectonics (Vol. 3, pp. 29-52). Elsevier.
https://doi.org/10.1016/B978-0-12-815048-1.00003-2

Wallace, W. K., and Homza, T. X. (2004). Detachment folds versus fault-propagation
folds, and their truncation by thrust faults.

Wang, W. N., Chigira, M., and Furuya, T. (2003). Geological and geomorpholog-
ical precursors of the Chiu-fen-erh-shan landslide triggered by the Chi-chi earth-
quake in central Taiwan. Engineering geology, 69(1-2), 1-13. https://doi.org/10.
1016/S0013-7952(02)00244-2

Watson, R. A., and Wright, H. E. (1969). The saidmarreh landslide, Iran. Geo-
logical Society of America Special Paper, 123, 115-139.

Weiss A.D. (2001). Topographic position and landforms analysis. In: ESRI User Con-
ference, San Diego, CA

Whipple, K. X., and Tucker, G. E. (1999). Dynamics of the stream-power river
incision model: Implications for height limits of mountain ranges, landscape re-
sponse timescales, and research needs. Journal of Geophysical Research: Solid Earth,
104(B8), 17661-17674. https://doi.org/10.1029/1999JB900120

Wilson, J. P., and Gallant, J. C. (Eds.). (2000). Terrain analysis: principles and
applications. John Wiley and Sons.

Wintle, A. G., and Murray, A. S. (2006). A review of quartz optically stimulated
luminescence characteristics and their relevance in single-aliquot regeneration dat-
ing protocols. Radiation measurements, 41(4), 369-391. https://doi.org/10.1016/j.
radmeas.2005.11.001

Wobus, C., Whipple, K. X., Kirby, E., Snyder, N., Johnson, J., Spyropolou, K.,
Crosby, B. T. and Sheehan, D. (2006). Tectonics from topography: Procedures, promise,
and pitfalls. Special papers-geological society of america, 398, 55.

Yamani, M., Goorabi, A., and Azimirad, S. (2012). Large Seymareh landslide and

144

 https://doi.org/10.1002/esp.4496
https://doi.org/10.1306/13251333M942899
https://doi.org/10.1016/B978-0-12-815048-1.00003-2
https://doi.org/10.1016/S0013-7952(02)00244-2
https://doi.org/10.1016/S0013-7952(02)00244-2
https://doi.org/10.1029/1999JB900120
https://doi.org/10.1016/j.radmeas.2005.11.001
https://doi.org/10.1016/j.radmeas.2005.11.001


Bibliography

Lake Terraces Sequence.

Yamini-Fard F., Hatzfeld D., Tatar M., and Mokhtari M. (2006). Microearthquake
seismicity at the intersection between the Kazerun fault and the Main Recent Fault
(Zagros, Iran). Geophysical Journal International, 166(1), 186-196, https://doi.org/
10.1111/j.1365-246X.2006.02891.x
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Detailed table of the creep driven movements detected in the inventory.
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Detailed table of the shear driven movements detected in the inventory.
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Sample No.
SEY3
Sample Location
LAT: 32◦ 59.591′N ; LONG: 47◦ 46.144′E
Sample depositional environment:
SANDY-GRAVELLY ALLUVIAL DEPOSIT. I SAMPLED A SANDY
LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 2 OF 4 - same terrace
sequence of SEY10 and SEY11)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
485 m a.s.l.
Burial depth (meters from surface)
∼1.5 m
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Sample No.
SEY4
Sample Location
LAT: 33◦ 13.197′N ; LONG: 47◦ 18.382′E
Sample depositional environment:
VARVED LACUSTRINE DEPOSIT
Stratigraphic and/or geomorphic context, sketch below (or attach photo):

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
590 m a.s.l.
Burial depth (meters from surface)
∼25 m
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Sample No.
SEY5
Sample Location
LAT: 33◦ 13.437′N ; LONG: 47◦ 18.219′E
Sample depositional environment:
ALLUVIAL PLAIN DEPOSIT. I SAMPLED A SANDY LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 1 OF 3 – same sequence
of SEY6 and SEY8)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
607 m a.s.l.
Burial depth (meters from surface)
∼1.5 m
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Sample No.
SEY6
Sample Location
LAT: 33◦ 13.291′N ; LONG: 47◦ 18.358′E
Sample depositional environment:
ALLUVIAL PLAIN DEPOSIT. I SAMPLED A SANDY LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 3 OF 3 – same terrace
sequence of SEY5 and SEY8)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
587 m a.s.l.
Burial depth (meters from surface)
∼5 m
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Sample No.
SEY8
Sample Location
LAT: 33◦ 7.402′N ; LONG: 47◦ 28.795′E
Sample depositional environment:
SANDY-GRAVELLY ALLUVIAL PLAIN DEPOSIT. I SAMPLED A
SANDY LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 2 OF 3 – same sequence
of SEY5 and SEY6)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
561 m a.s.l.
Burial depth (meters from surface)
∼2.5 m
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Sample No.
SEY9
Sample Location
LAT: 33◦ 4.462′N ; LONG: 47◦ 34.197′E
Sample depositional environment:
SANDY-GRAVELLY ALLUVIAL DEPOSIT. I SAMPLED A SANDY
LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
570 m a.s.l.
Burial depth (meters from surface)
∼1.5 m
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Sample No.
SEY10
Sample Location
LAT: 32◦ 59.335′N ; LONG: 47◦ 46.071′E
Sample depositional environment:
SANDY-GRAVELLY-CONGLOMERATIC ALLUVIAL PLAIN
DEPOSIT. I SAMPLED A SANDY LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 3 OF 4 - same sequence
as SEY3 and SEY11)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
436 m a.s.l.
Burial depth (meters from surface)
∼2 m
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Sample No.
SEY11
Sample Location
LAT: 32◦ 59.265′N ; LONG: 47◦ 45.869′E
Sample depositional environment:
SANDY-GRAVELLY-CONGLOMERATIC ALLUVIAL PLAIN
DEPOSIT. I SAMPLED A SANDY LAYER
Stratigraphic and/or geomorphic context, sketch below (or attach photo):
TERRACED ALLUVIAL DEPOSIT (LEVEL 4 OF 4 - same sequence
as SEY3 and SEY10)

Estimate of burial moisture content:
The one expected for an alluvial deposit in arid climate
Elevation (meters above sea level)
400 m a.s.l.
Burial depth (meters from surface)
∼1 m
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