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Abstract The Quaternary Süphan debris avalanche deposit is
located in Eastern Anatolia, Turkey. The avalanche formed by
the sector collapse of a major stratovolcano towards the north,
possibly during a single catastrophic event. The deposit has an
estimated volume of 4 km3 and ran out over 25 km to cover an
area of approximately 200 km2. Products of the collapse are
overlain by younger eruptive units from the Süphan volcano.
We have tested the numerical code VolcFlow to first reproduce
the emplacement of the Quaternary Süphan debris avalanche
and then to develop a hazard assessment for potential future
sector collapses and subsequent emplacement of debris ava-
lanches and associated tsunami. The numerical model cap-
tures the main features of the propagation process, including
travel distance, lateral spread, and run up. The best fit obtained
for the existing flow has a constant retarding stress of 50 kPa
and a collapse scar volume of 4 km3. Analysis of potential
future collapse scenarios reveals that northern sector debris
avalanches (up to 6 km3) could affect several towns. In the
case of a sector collapse towards the south, a tsunami will
reach the city of Van and several of the biggest towns on the

southern shoreline of Lake Van. Cities most affected by the
larger amplitude waves would be Van, Edremit, Gevaş,
Tatvan, and, to a lesser extent, Erciş, with wave amplitudes
(first waves after the onset of the collapse) between 8 and 10 m.

Keywords Süphan stratovolcano . Eastern anatolia . Debris
avalanche . Tsunami . Volcflow

Introduction

Volcanic debris avalanches result from the catastrophic col-
lapse of flanks of volcanic edifices (Ui 1983; Siebert 1984).
They are common events in the history of many volcanoes
(Siebert et al. 1987). In just a few minutes, a debris avalanche
can fill and change the surrounding landscape and cover ex-
tensive areas. Debris avalanche deposits extending beyond the
flanks of volcanoes have been detected at more than 350 ed-
ifices around the world (Siebert 2002), although many more
must exist. Volcanic debris avalanches are one of the most
destructive hazards for inhabited areas around volcanoes, di-
rectly or through secondary events, such as tsunamis (Keating
and McGuire 2000; Sosio et al. 2011), lahars (Scott et al.
2005; Sosio et al. 2011), or magmatic eruptions (e.g., Mc
Guire 1996; Sosio et al. 2011; Borselli et al. 2011). Debris
avalanches have caused approximately 20,000 casualties in
the last 400 years (Siebert 1984).

The volumes of volcanic debris avalanche deposits vary
from 0.1 to 45 km3 and run out distances can exceed
100 km (Stoopes and Sheridan 1992). Such deposits are char-
acterized by two depositional facies, Bblock^ and Bmatrix^
(Ui 1989; Ui et al., 2000). The processes that form the debris
avalanches are variable, but three typical styles of debris ava-
lanches have been proposed based on: Bezymianny, Bandai,
and Unzen (Sigurdsson et al. 2000). Bezymianny debris
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avalanches are associated with magmatic eruptions, as in the
case of Mount St. Helens in 1980 (e.g., Voight et al. 1981,
1983; Glicken 1986). Magmatic eruptions that shortly follow
edifice collapse such as the Mount St Helens eruption can
produce extensive pyroclastic density currents and fallout
(Siebert 1984; Siebert et al. 1987). Bandai-type avalanches
are associated with phreatic or hydrothermal eruptions, as in
the case of Bandai, Japan, in 1888. No juvenile material is
includedwithin this type of deposit. AnUnzen-type avalanche
is not directly related to volcanic activity, but is instead trig-
gered by an earthquake (Siebert et al. 1987). A new type of
edifice collapse has been recently recognized in Casita-type
events that result from extreme rainfall onto a previously
weakened and hydrothermally altered edifice (van Wyk de
Vries et al. 2000; Scott et al. 2001; Kerle et al., 2001, 2003a,
b; Devoli et al. 2009). Edifice collapse can occur on a variety
of volcanic structures from stratovolcanoes to dome com-
plexes. In an active volcanic area, the triggering cause of ed-
ifice collapse could be magmatic, phreatomagmatic, or seis-
mic, and the first two causes are normally associated with
dome-growth deformation and explosive eruptions (Glicken
1996; Mc Guire 1996). The instability of a volcanic edifice is
promoted by many factors directly related to volcanic activity,
as well as exogenous forcing processes such as tectonic seis-
micity, extreme rainfall, and hydrothermal alteration.

The most active and voluminous Quaternary volcanoes of
Turkey are situated in eastern Anatolia (Fig. 1). The volcanic
centers Ağrı, Nemrut, Süphan, and Tendürek are the most
famous and form significant peaks, reaching an elevation of
5500 m at Ağrı These dormant/active volcanoes represent a
significant threat to the surrounding populations. The reacti-
vation and/or partial collapse of such a volcano in Eastern
Anatolia could result in catastrophic consequences given the
dearth of previous studies, hazard maps, emergency informa-
tion programs, monitoring, and land-use planning. The
Süphan stratovolcano is one of the most important
Quaternary volcanic centers in the region. It is situated along
the northern shore of Lake Van (Fig. 1) which extends for
130 kmWSW-ENE and is the fourth largest lake in the world
by volume (volume 607 km3, area 3574 km2, maximum depth
450 m) (Degens et al. 1984; Litt et al. 2009; Cukur et al.
2014). The Lake Van basin has formed in a tectonically active
region (Şengör et al. 2003; Pınar et al. 2007). The northern and
western parts of Lake Van are influenced by Pliocene and
Quaternary volcanic eruptions (e.g., Nemrut and Süphan vol-
canoes; Karaoğlu et al. 2005; Özdemir et al. 2006, 2011;
Özvan et al. 2015). Reactivation of any one of these volcanoes
could cause tsunamis by entrance into the water of large py-
roclastic flows or debris avalanches from edifice collapse. The
results of this would be most devastating for the settlements of
Van, Tatvan, Adilcevaz, and Ahlat (Fig. 1) around Lake Van.

Süphan volcano is formed by lava flows, lava domes, py-
roclastic fall deposits, debris avalanches, and maar—related

pyroclastic falls and flows (Figs. 1 and 2). Recent studies
(Özdemir et al. 2012; Özdemir and Güleç 2014) suggest there
was a debris avalanche in the volcanic past of Süphan, which
travelled approximately 25 km north of the volcano. There has
been no hazard assessment regarding the potential volcanic
risk of Süphan volcano. The aim of this study is to characterize
the Süphan Debris avalanche deposits, to make inferences
regarding pre-avalanche topography and volume of the sector
collapse, and to present a quantitative hazard assessment that
includes future sector collapses and subsequent tsunamis
using the numerical code VolcFlow (Kelfoun and Druitt
2005; Kelfoun et al. 2010).

Background geology

Süphan (lat. 38.550 N, long. 42.590 E) is a steep-sided stra-
tovolcano that reaches ∼4050 m above sea level, towering
above the surrounding plains at 1700 m. It is located close to
the northern coast of Lake Van. The volcanic center is located
at the intersection of two major fault zones, trending NE–SW
and NW–SE (Yılmaz et al. 1998). It has a base diameter of
40 km. Volcanic products of Süphan span an area of 2000 km2

(Özdemir et al. 2011; Özdemir and Güleç 2014) and are
emplaced over the Miocene and Pliocene-Pleistocene sedi-
mentary units in eastern Anatolia (Fig. 2). The current mor-
phology of Süphan is a complex volcano that resulted from
the formation of a crater, domes, lavas, and pyroclastic fallout
and flow deposits. It consists of a 2-km crater with a large,
ellipsoidal, young summit dome (∼64 ka) of 1 km in diameter
and remnants rhyolitic domes. Beside the central edifice,
several volcanic structures, including maars and domes, are
present around the volcano. Detailed geological and
petrological evolution of the Süphan stratovolcano is given
in Özdemir et al. (2011) and Özdemir and Güleç (2014).
The available radiometric ages range between 0.76 and
0.06Ma (Özdemir and Güleç 2014). Observed initial products
of Süphan volcanism include pyroclastic deposits, rhyolitic
and perlitic lava flows, and associated debris avalanche de-
posits. These units are overlain by basaltic, basaltic
trachyandesitic, and trachandesitic lava flows. Several plinian
eruptions and a block and ash flow unit overlay these basic
and intermediate units. Trachytic lava flows and rhyolitic/
dacitic domes occurred during the last eruption phase of the
main cone (Fig. 2). The most recent products of volcanism are
phreatomagmatic and include the formation of a maar in the
southern region of the volcano (Özdemir and Güleç 2014).
The recent study of Schmincke et al. (2014) proposed the
existence of younger Süphan tephra layers within the Lake
Van sediments with an age range between 13,078 and 12,
740 BP. These explosive products possibly originated from
Aygır maar (Lake Aygır in Fig. 2), which is one of the youn-
gest volcanic structure of the Süphan volcanic complex.
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Fig. 1 Location of Süphan and some of the other Quaternary volcanoes (Ağrı, Nemrut and Tendürek) of the Eastern Anatolia, Turkey, and major towns
and faults (black lines). Geographical coordinates are expressed in UTM projection, zone 38 S
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Süphan debris avalanche

A partial volcanic edifice collapse commonly generates a vol-
canic debris avalanche. A debris avalanche is a sudden, rapid
flowage of wet or dry, incoherent, unsorted mixtures of rock,
and matrix in response to gravity (Schuster and Crandell
1984).

The deposit is characterized by two depositional facies,
Bblock^ and Bmatrix^ (Ui 1989; Sigurdsson et al. 2000). A
debris avalanche block is a fractured and deformed piece of
the source volcano includedwithin a debris avalanche deposit.
The sizes of single blocks vary from more than several hun-
dred meters across to less than a meter. A debris avalanche
matrix is a mixture of smaller volcanic clasts derived from
various parts of the source volcano that forms the bulk of the
deposit and often support the debris avalanche blocks. This
facies is massive, poorly sorted, and made up of fragments of

volcanoclastic formations and occasionally of fragments of
paleosols and plants (Sigurdsson et al. 2000). An
amphitheater-shaped scar is often observed at the source,
and hummocky topography on the surface of the deposit is
characteristic topographic features of a debris avalanche.
Hummocky topography is composed of numerous hills and
longitudinal and transverse ridges (Glicken 1982, 1996;
Siebert 1984).

The Süphan debris avalanche deposit, which will be re-
ferred to as the SP-DAD, can be traced approximately
25 km to the north of the Süphan volcanic edifice. The most
characteristic feature of SP-DAD is the hummocky topogra-
phy, characterized by block facies and displaying ellipsoidal-
circular hills and longitudinal-transverse ridges (Figs. 3 and
4a, b). The size of the hummocks decreases away from the
source. Debris avalanche blocks are composed of rhyolite
obsidian and perlite fragments (Fig. 4c). Sizes of the blocks

Fig. 2 Geological map of
Süphan volcano (modified from
Özdemir and Güleç 2014). Green
represents mostly basaltic and
basaltic trachyandesitic lava
flows. Orange represents mostly
trachyandesitic and trachytic lava
flows. Lava flow ages 760 ± 40–
150 ± 40 ka. Ages of dacitic
domes 110 ± 30–64± 14 ka.
Geographical coordinates are
expressed in UTM projection,
zone 38 S. PSU Pliocene
sedimentary units, MSU Miocene
sedimentary units
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reach up to 1.5–2 m in some outcrops, and most are angular.
The size and the number of the large blocks decrease with
increasing distance from the source. Siebert (1984) ascribed
such decreasing size of the blocks in debris avalanche deposits
as a result of progressive fracturing of megablocks as they
move down the valley. Matrix facies of SP-DAD (Fig. 4d)
consists of a mixture of rhyolitic obsidian, perlite, and some
exotic material such as clay, fluvial gravel, and basement
rocks. Exotic materials are eroded and mixed with the debris
avalanche matrix material during flow. Matrix facies display
gray, yellow, and brown colors and are mostly characterized
by flat topography.

In the Süphan stratovolcano, the source area of the de-
bris avalanche is obscured by later volcanic units and post
avalanche erosion, and hence, the avalanche scar is not so
visible on the volcanic edifice (Fig. 2). This makes it

difficult to speculate on the possible triggering mecha-
nisms for the debris avalanche. In the Süphan volcanic
complex, dacitic and rhyolitic domes are present at the
summit and on the flanks of the volcano. The ages of these
domes are ranged between 110 ± 30 and 64 ± 14 ka. The
youngest one is rhyolitic and has developed on the summit
crater of the volcano and possibly plugs the main conduit
of Süphan volcano. Additionally, some remnant older
domes are present in the northern and eastern parts of the
crater; however, the ages of these structures are not known.
There are no syn-eruptive pyroclastic deposits associated
with the debris avalanche deposits in the area. It is there-
fore difficult to suggest volcanic activity as the trigger with
the available data. However, given the important role of
tectonic structures in the evolution of the Süphan volca-
nism and the development of dacitic and rhyolitic domes

Fig. 3 Distribution of debris avalanche hummocks at northeast of Süphan volcano. Solid lines represent the avalanche scar. Contour interval is 200 m.
Geographical coordinates are expressed in UTM projection, zone 38 S
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on the flanks and summit of the volcano, it is possible that
a combination of magmatic and tectonic processes may be
responsible for the sector collapse of Süphan.

Volume and age of the SP-DAD

The SP-DAD covers a large area of about 200 km2 on the
northern flanks of the Süphan volcano, reaching a distance
of approximately 25 km. The dispersal area, the distal and
marginal parts of the SP-DAD, are not well constrained due
to the younger units of the Süphan volcanism. Mafic lava
flows with low viscosity, and intermediate to acidic lavas of
the Süphan have covered the SP-DAD. The observable thick-
ness of the SP-DAD varies between 5 and 30 m, with an
overall average estimated at 20 m. The estimated volume of
the SP-DAD using the identified areal extent is 4 km3. This
estimated volume is not well constrained because part of the
deposited has been eroded or buried under the younger units
of the Süphan volcano. The age of the SP-DAD is also un-
known, but the oldest Süphan volcanic unit that appear to
overly the SP-DAD have been dated at 428 ± 40 ka
(Özdemir et al. 2011; Özdemir and Güleç 2014) suggesting
the SP-DAD is older. Most of the avalanche blocks in SP-
DAD are a composition of obsidian and perlite. The study of
Ogata et al. (1989) reported the K-Ar age of the Süphan ob-
sidians as 760±40 ka; if this age is true, the collapse of the
Süphan northern flanks is possibly constrained between 428
and 760 ka.

Numerical model

Numerical simulations of debris and rock avalanches are be-
ing increasingly used for hazard assessment on volcanoes and
will be essential for future hazard mitigation (e.g., Hungr and
Evans 1996, 2004; Chen and Lee 2000; Crosta et al. 2004,
2009; McDougall and Hungr 2004; Pitman et al. 2003;
Kelfoun and Druitt 2005). Among them, two rheological be-
haviors have been widely used to determine the basal shear
stress for non-volcanic events, including the frictional (Savage
and Hutter 1989) and Voellmy (Chen and Lee 2003) resistance
equation. The first is exhibited by dry granular materials, in a
wide range of shear rates and stresses. The second empirically
accounts for rate-dependent resistance that may be due to the
change of material behavior at high shearing strain rates or,
possibly, to pore-fluid effects (Sosio and Crosta 2009).
However, only a few volcanic debris avalanches (e.g., St.
Helens, Socompa, Montserrat, Mt. Pelée, Soufrière Hills,
Little Tahoma Peak, and Nevado de Toluca) have been numer-
ically modeled to date. These examples have been best repli-
cated by using a Coulomb frictional rheology (Le Friant et al.
2003; Heinrich et al. 2001; Sheridan et al. 2005; Capra et al.
2008), or a plastic rheology (Kelfoun and Druitt 2005).

The numerical code used for SP-DAD simulations is called
VolcFlow (Kelfoun and Druitt 2005). This code specifically
aims to simulate volcanic flows (pyroclastic flow, debris ava-
lanche, lava flow). Sedimentation, erosion, and other geo-
physical flows, such as mud flow or tsunami, can also be
simulated using VolcFlow (Kelfoun et al. 2010; Bernard

Fig. 4 Süphan debris avalanche
hummocky topography seen from
the northeast (a) and east (b). c
Block facies (∼15 km northeast of
the main edifice) and d matrix
(∼20 km north of main edifice) of
the SP-DAD
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et al. 2014). The code is based on a depth-averaged approxi-
mation, where equations are solved using a shock-capturing
numerical method based on a double upwind Eulerian
scheme. The code is based on the assumption that the bulk
of the avalanche slid on a thin basal layer (a common assump-
tion for granular flow). The depth-averaged equations are
solved on a topography-linked coordinate system with x and
y as horizontal points (parallel to the local ground surface).
After each time increment, new thicknesses and x and y com-
ponents of the velocities are calculated.

For the simulation of tsunamis generated by debris ava-
lanche, VolcFlow can simulate both the avalanche and the
water together with their interactions. We use the same model
as developed in Kelfoun et al. 2010: the tsunami is formed (1)
by the topographic change cause by the avalanche through a
pseudo 3D interaction and (2) by the drag between the ava-
lanche and the water, which depends on the surface of the
landslide in contact with the water and on the square of the
relative velocity, following the work of Tinti et al. (2006). The
depth-averaged approach is adapted for the simulation of
flows whose extent is larger than their thickness. The debris
avalanche as well as the depth/extent of the Lake Van is fully
compatible with this approach. The variables used in our sim-
ulations are given in Table 1.

Reconstructed pre-edifice topography

Before using a numerical model for hazard assessment, it is
important to check its quality by reproducing a past event, and
this requires an accurate reconstruction of the topography. At
Süphan volcano, an accurate reconstruction of the pre-
avalanche topography is not possible because SP-DAD is

one of the oldest units of the volcanism. The edifice collapse
scarp that produced the SP-DADwas filled with post-collapse
lava flows and rhyolitic domes. Thus, details of the deposits
(morphology, thickness) such as those available for the
Socompa volcano and its DAD (Kelfoun and Druitt 2005)
cannot be used to validate or model. However, it is possible
to reconstruct first-order morphology of the edifice to deter-
mine the best rheological parameters that allow the simulation
of the thickness and the runout of the SP-DAD. Pre-collapse
topography of SP-DAD and the surrounding valley was re-
constructed from the 25-m interval contours of the 1/25.000
topographic map. Debris avalanche deposits and post ava-
lanche volcanic units are removed to gain the paleo-
topography of the terrain on which the SP-DAD flowed. It is
probable that the pre-collapse height of Süphan was lower
than the current elevation and also that the topography of the
summit could mostly differ from the current topography. A
very approximate estimate of the volume of the collapse ma-
terial can be made by subtracting the pre-collapse topography
from the post-collapse topography. The is estimated volume is
about 1.75 km3; adding the expansion of 25–30 % (Voight
et al. 1983) of material during the avalanche gives a volume
of ∼2.2 km3. Only the visible hummocks at the northern parts
of the volcano are used for this estimation. Some of the
hummock-like structures that were completely covered by
post-avalanched younger lavas were not taking into account
during the calculation. This explains why the derived value of
2.2 km3 is quite different from the estimated volume of 4 km3

calculated using the dispersal area and average thickness.
Digital elevation models (DEMs) with a 25-m spatial res-

olution are derived for the reconstructed pre-collapse topogra-
phy without SP-DAD and post avalanche deposits by interpo-
lating between edited contours, using the Triangular Irregular
Network method (TIN). The DEM of the pre-collapse topog-
raphy is used as an input file of the VolcFlow model, together
with a set of parameters to model the ancient sector collapse of
Süphan volcano and to find the best fit parameters to model a
future edifice collapse scenario of the current volcanic edifice.
The parameters used in modeling are as follows: ρ, the ava-
lanche density;φint, internal angle of friction;φbed, basal angle
of friction; and additional friction coefficients that can be con-
stant or can depend (linearly or to the second power) upon
debris avalanche velocity. This enables the modeling of fric-
tional (with one or two friction angles), viscous, Bingham,
Voellmy, or other avalanche flow behaviors (Kelfoun and
Druitt 2005). The SP-DAD is modeled using different rheo-
logical laws and a range of parameters. Flow density was kept
constant as 2000 kg/m3. Different volumes of the collapse scar
are used during the simulations to obtain the best fit with the
SP-DAD by means of matching the flow run out and deposit
distribution, as well as some morphological features.

The frictional avalanche rheology was first tested using
three possible combinations, as in Kelfoun and Druitt

Table 1 Main variables used in simulations

Variable Value Unit

Gravity 9.78 m s−2

Time 100–200–400 s

Flow density 2000 kg m−3

Water density 1000b kg m−3

Viscosity 0.001 Pa s

Volume of flows 2 to 6 km3

Internal angle of friction (φint) 0a degrees

Basal angle of friction (φbed) 2a degrees

Constant retarding stress 50 kPa

Mean velocity ∼55b m s−1

Cs 0.01b –

Cf 2b –

BFlow^ refers to the avalanching material
a Frictional avalanche models
b Tsunami model
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(2005), (1) φbed<<φint =30°; (2) φbed≠0° but φint =0°; (3)
φint =φbed≠0°. In each case, the parameters were varied in
multiple simulations. Most of the scenarios do not tend to
simulate SP-DAD accurately. In general, taking the collapse
scar volume constant (3 km3), high frictional coefficients
(φbed and φint) reduce the run out distance of SP-DAD. For
our initial best fit model (Fig. 5a–d), φint = 0 and a value of
φbed =2 is required to reach the northeastern edge of the de-
posit. However, eastern and northwestern lateral distributions

are not very realistic. Based on the best available field data, the
products of SP-DAD were not observed at the eastern and
northwestern parts of the volcano, as in Fig. 5. However, the
thickness of proximal deposits is not similar to the observed
SP-DAD. Increasing the basal and internal friction angles de-
creases the run out distance and increases the lateral
spreading.

The second best fit is obtained using a constant
retarding stress in the range of 50–100 kPa (Dade and

Fig. 5 Snapshots of the emplacement of frictional avalanchemodels with
a volume of 3 km3 at t= 100 s, t= 200 s and until the rest of avalanche
(400 s), with the corresponding deposits. a–c Avalanche simulated with
φint = 0 φbed = 2. The color scale denotes the thicknesses (m) of the

avalanche. d Outlines of the final deposits. Red, t = 100 s; Blue,
t= 200 s; Brown, t= 400 s. Geographical coordinates are expressed in
UTM projection, zone 38 S
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Huppert 1998). Kelfoun and Druitt (2005) also argued that
unlike the frictional rheologies, this constant retarding
stress law produces a deposit with a well-defined edge
and levées with a deposit of realistic thickness on all
slopes, irrespective of slope angle. Using a different col-
lapse scar volume (1–4 km3) and constant retarding stress
in the range of 50–100 kPa, the models provide a good fit.
Using a volume of 4 km3 for collapse scar and with a
constant retarding stress of 50 kPa (Fig. 6a–d), northeast-
ern run out distance and eastern lateral distribution of SP-

DAD are reproduced. However, the western distribution of
the model is much greater than the observed deposit
distribution.

The estimated approximate volume of the SP-DAD is
4 km3, a similar collapse volume fit with the run out
distance and some lateral distribution of the SP-DAD.
However, if the erosional, buried part of the debris av-
alanche deposit is taken into account the volume of the
SP-DAD should be somewhat higher than this
approximation.

Fig. 6 Avalanche evolution using a constant retarding stress T= 50 kPa
and a volume of 4 km3. The color scale denotes thickness. a–c Snapshots
at 100, 200, and 400 s. d Outlines of the final deposits. Red, t= 100 s;

Blue, t= 200 s; Brown, t= 400 s. Geographical coordinates are expressed
in UTM projection, zone 38 S
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Possible hazard scenarios

One of the main hazardous events of Süphan, judging from its
deposits, is debris avalanche. Süphan volcano has various
domes on the summit crater. These domes together with lava
flows have filled the avalanche scar. In this study, we simulate
two scenarios mainly based on the collapse of these structures:
(1) collapse of the new edifice northward from Süphan volca-
no, and (2) a southward edifice collapse. The northern-
collapse scenario would be similar to the emplacement of
the SP-DAD previously discussed. In the case of the southern

scenario, a debris avalanche would enter Lake Van and trigger
a tsunami.

Vulnerability of the region

The vulnerability of an area to natural processes results from
the combined spatial distributions of natural processes and
human activity (demography, economy) (Pouget et al. 2012).
The economy of an entire region around Süphan volcano re-
lies on agriculture and livestock. Many inhabitants live under
the risk of an edifice collapse from the Süphan volcano.

Fig. 7 Avalanche evolution using a constant retarding stress T= 50 kPa.
The color scale denotes thickness. a–c Snapshots at 400 s for a volume of
2,4, and 6 km3, respectively. d Avalanche-related hazard map exposed

towns of the northern region of Süphan volcanic complex. Geographical
coordinates are expressed in UTM projection, zone 38 S
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However, in the case of emplacement of a debris avalanche
into Lake Van, the number of people at risk is increased due to
the additional threat of an avalanche-triggered tsunami.

Northward edifice collapse scenario

To conduct a hazard assessment for emplacement of a debris
avalanche, the recent topography of Süphan volcano was con-
structed from the 25-m interval contours of the 1/25.000 to-
pographic map. The first (northern) scenario models are run
with a constant retarding stress of 50 kPa, which gave the best
fit for modeling the previous debris avalanche of Süphan.
Several models are run with a constant retarding stress of
50 kPa and density of 2000 kg/m3. In each model, only the
volume of the collapse scar is changed, and the models are run
for t=100 s, 200 s, and for the duration of the avalanche
(400 s). In Fig. 7, volume for 2, 4, and 6 km3 debris avalanches
at t=400 s are shown. The edge thickness of deposits is dif-
ferent for each volume. These thicknesses range between 20,
25, and 35m for 2, 4, and 6 km3, respectively. The hummocks,
lateral levees, and transverse ridges of the older debris ava-
lanche, as well as the younger domes and lava ridges of the
Süphan Volcanic Complex, behave like barriers and prevent
the flow from reaching higher run out distances. With a

collapse scar volume of 6 km3, the products of the modeled
debris avalanche can reach the vicinity of Malazgirt, one of
the biggest towns of the region. The hazard map of the SP-
DAD for different volumes is shown in Fig. 7e.

Southward edifice collapse scenario and tsunami

In this study, we simulate several tsunami scenarios originat-
ing from different volumes of flank collapses of the Süphan
Volcano towards the South. For this purpose, we combine our
digital elevation model (DEM) with Lake Van bathymetry
data (the bathymetry data is from BLake Van Drilling
Project-PaleoVan^, Litt et al. 2009; Cukur et al. 2014).
Again, we use the numerical code VolcFlow (Kelfoun and
Druitt 2005; Kelfoun et al. 2010; Giachetti et al. 2011) to
simulate both Süphan debris avalanche and the tsunami prop-
agations with different collapse volumes (2, 3, 4, 5, and
10 km3) to determine the magnitude of wave arrival and to
characterize the dynamics of the tsunami.

In all scenarios, coastal settlements are affected by the tsu-
namis. The simulated debris avalanches spread south of the
volcano and then enter the lake, pushing and lifting the water
surface tens of meters above the initial level. Tsunami run-ups
range from 6 to 10 m on the shoreline of Lake Van (Fig. 8)

Fig. 8 Water amplitude (meters) generated by a volume of 4 km3 avalanche at a t= 300 s (4.06min), b 430 s (6.54min), c 600 s (8.27min), and d 1000 s
(14.02 min). Debris avalanche deposits appear as dark shading
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producing wave amplitudes that could exceed 10 m at land
fall. The avalanche reaches a maximum distance of ∼25 km to
the southeast at a mean velocity of ∼55 m s−1. Numerical
results presented here are calculated using a volume of
4 km3, in a single-event collapse, avalanche/water interaction
parameters values of Cs=0.01 and Cf=2 (Tinti et al. 2006;
Kelfoun et al. 2010), and a constant retarding stress rheology
of 50 kPa for the avalanche.Water density is 1000 kgm−3 with
a viscosity of 0.001 Pa s. Figure 8 shows four propagation
stages for the waves using a single-event collapse with a con-
stant retarding stress of 50 kPa. Five minutes after the onset of
the avalanche, the resulting waves reach 10 m (Fig. 8a). The
first wave would reach the city of Van, approximately 14 min
after the onset of the debris avalanche, with amplitude of near-
ly 8 m. This would be followed by another ∼6 m wave, with a
smaller period of 17 min after the onset of the avalanche
(Fig. 8d). Subsequently, there would be several smaller and
shorter waves. Adilcevaz and Ahlat, which are located to the
southwest, are one of the first towns affected by the tsunami,
after 4 and 7 min, respectively (Fig. 8b). Tatvan, the second
largest settlement, is affected by the tsunami after 12 min
(Fig. 8c). Gevaş and Edremit, which are located on the south-
ern shoreline of Lake Van, are affected by the tsunami after
12.5 min (Fig. 8d). The northeastern coast is protected by the
shape of the lake and is affected by waves less than 5 m in
amplitude (Fig. 8d).

Conclusions

Eastern Anatolian Quaternary volcanoes have often been con-
sidered as inactive. However, recent studies suggest the pres-
ence of relatively young volcanic products (e.g., Schmincke
et al. 2014) and an active magma chamber at mid crustal
depths between Nemrut and Süphan volcanoes (e.g., Angus
et al. 2006). These dormant/active volcanoes represent a sig-
nificant threat to the surrounding populations. This study is
the first to provide a quantitative hazard assessment for
Süphan Volcano by modeling the emplacement of debris av-
alanches and an associated tsunami that would result from
different partial edifice collapse scenarios. The SP-DAD
covers a large area of northern flanks of the Süphan volcano,
reaching a distance of over 25 km with dispersal area of
roughly 200 km2. We have simulated the older Süphan debris
avalanche by using various parameters to obtain a best fit by
means of matching with known flow run out and deposit dis-
tribution, as well as some morphological features. The best fit
is obtained for a 4-km3 failure volume, which is similar to the
volume of SP-DAD estimated from its thickness and areal
distribution. A large number of people could be threatened
by the consequences of another edifice collapse from
Süphan. In the case of a southward edifice collapse, the debris

avalanche would enter into Lake Van, thus greatly increasing
the number of people threatened by an associated tsunami.
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