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Abstract The historically active Nemrut Volcano (2,948 m
asl) (Eastern Anatolia), rising close to the western shore of
huge alkaline Lake Van, has been the source of intense Plinian
eruptions for >530,000 years (drilled lake sediments). About
40 widespread, newly recognized trachytic and less common
rhyolitic fallout tephras and ca. 12 interbedded ignimbrites,
sourced in Nemrut Volcano, are documented in stratigraphic
traverses throughout an area of >6,000 km2 mostly west of
Lake Van. Phenocrysts in the moderately peralkaline trachytes
and rarer large-volume comenditic rhyolites comprise
anorthoclase, hedenbergite-augite, fayalite and, especially in
trachytic units, augite, minor aenigmatite, apatite and quartz,
and rare chevkinite and zircon. Dacitic to rhyolitic tephras from
nearby calcalkalic Süphan Volcano (4,058 m asl), locally
interbedded with Nemrut tephras, are characterized by disequi-
librium phenocryst assemblages (biotite, augitic clinopyroxene
and hypersthene, minor olivine, common crystal clots and/or,
in some deposits, amphibole). The magma volume (DRE) of
the largest Nemrut tephra sheet (AP-1) described in detail may
exceed 30 km3. Extreme facies and systematic compositional
changes are documented in the ca. 30 ka Nemrut Formation
(NF) deposits formed from one large and complex eruption
(thick rhyolitic fallout overlain by ignimbrite, welded aggluti-
nate, overbank surge deposits, and final more mafic fallout
deposits). Common evidence of magma mixing in Nemrut
ignimbrites reflects eruption from compositionally zoned

magma reservoirs. Several young Çekmece Formation tra-
chytes overlying ca. 30 ka old NF deposits and the late tra-
chytes of the NF deposits show compositional affinities to
tephra from Süphan Volcano possibly due to temporary influx
of Süphan magmas into the Nemrut system following the
evacuation of >10 km3 magma (DRE) during the caldera-
forming NF eruption. Axes of large fallout fans are dominantly
SW–NE but W–E in the younger sheets resembling the direc-
tion of the present dominant wind field. Growth of Nemrut
volcanic edifice and its peripheral domes since before 0.5 Ma
in the hinge area between the Van and Muş tectonic basins is
likely to have been the major factor in isolating Lake Van basin
thus initiating the origin and subsequent alkaline evolution of
the lake. This alkalinity was later significantly controlled by
climate forcing. Internal forcing mechanisms (volcanic and
geodynamic) may also have contributed to major lake level
changes in addition to climate forcing.
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Introduction and goals

Huge alkaline Lake Van (130 km WSW–ENE extent, max-
imum depth 450 m, area ca. 3,755 km2, present lake level at
1,648 m asl) in Eastern Anatolia is bordered by two large
volcanic edifices: Nemrut Volcano (2,948 m asl), the most
active volcano of Turkey having erupted basaltic and rhyo-
litic lava historically, is best known for its impressive cal-
dera (Fig. 1). The volcano has grown between the tectonic
and morphological pull-apart basins of Van Basin to the east
and the Muş Graben to the southwest and is of alkaline
intraplate character. Towering subalkaline Süphan Volcano
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(4,058 m asl) rises ca. 60 km northeast of Nemrut. The large
volcanic edifices are fed by highly contrasting magma
sources, illustrating the complexity of the collision zone
between the Arabian and Eurasian plates.

The most recent manifestation of ongoing tectonic and
seismic activity in the Lake Van area was the devastating
M7.2 Van–Erciş earthquake on October 23, 2011. The effect
of lithospheric loading on earthquake triggering even byminor
Van lake level changes has been demonstrated, with temporal
correlations of seismicity with the water level changes “very
persuasive and dramatic, indicating hydrogeological triggering
of the earthquakes” (Utkucu 2006). Many young dominantly
east–west, north–south and northeast–southwest-aligned faults
extend across the area (Horason and Boztepe-Güney 2007;
Selcuk et al. 2010) and cut the pyroclastic cover (see below).
The Van lake basin is subdivided tectonically into several

grabens and half grabens and has been shortened by ca. 2 km
during its evolution (Cukur et al. 2012). East–west and
northeast-trending tectonic structures dominate the basin floor.

Tephra from both volcanoes has contributed significantly
to the sediment fill and probably to the alkaline composition
of the lake. The alkaline composition of Lake Van and the
drastic oscillations of lake level (volume) are traditionally
thought to have been governed dominantly—if not
exclusively—by climate (e.g., Degens and Kurtmann
1978; Kuzucuoğlu et al. 2010 and literature therein), the
age of the lake basin’s isolation being placed most recently
at ca. 100–130 ka (Kuzucuoğlu et al. 2010).

Our study of the products of explosive eruptions, chiefly
in the eastern and northern slopes of Nemrut Volcano, began
in 2008 as a pre-site survey for the ICDP PaleoVan drilling
project (Litt et al. 2011). That project has the goal of

Fig. 1 a Anatolian, Eurasian, and Arabian plates with Lake Van just
north of the collision zone (Bitlis-Zagros Fault Belt). Tectonic elements
partly after Taymaz et al. (2007). bMap of Lake Van, volcanic edifices

Nemrut and Süphan, major localities mentioned in the text and
PaleoVan drill sites 1 and 2. Base map adapted from Google Earth
(2012) Cnes/Spot Image
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reconstructing the compositional evolution of the lake, using
tephra deposits to establish its chronology within the tecton-
ically and volcanically highly active closed Lake Van Basin,
and to then reconstruct the basin’s climatic and geodynamic
evolution. We here focus on the overall stratigraphy and
compositional characteristics of widespread Plinian fallout
deposits and ignimbrites, dominantly from Nemrut Volcano,
throughout a large area between the towns of Van–Bitlis–
Muş–Tatvan–Ahlat and Erciş in order to provide a rigorous
stratigraphic, compositional and temporal framework for the
PaleoVan drilling project. We also assess the timing and
cause of the isolation of the lake, its alkaline character and
the total mass of volcanic materials transferred into the lake
over time. The scant published information of pyroclastic
deposits in the area necessitates a basic documentation,
especially since the tephra deposits found by us are spread
over a large region in overwhelming abundance. We discuss
two representative fallout and flow eruptive units in more
detail in order to illustrate the volcanological and composi-
tional complexities of large-volume tephra deposits from
Nemrut Volcano. We also briefly characterize Süphan
tephras that are interbedded with those from Nemrut, such
knowledge being indispensable to reconstruct the evolution
of the Nemrut system. We briefly discuss climate impact,
environmental proxies and volcanic hazards. The major goal
of our work and that of this paper is to document and
understand the relative roles in time and space of the major
forcing factors—tectonic, volcanic and climatic—of the
Nemrut–Lake Van geosystem since its initiation more than
0.5 million years ago.

Geological setting

The origin of the East Anatolian plateau is generally
explained by collision of the Arabian Peninsula with the
Eurasian plate leading to uplift of an area of >20,000 km2.
The overall geodynamic setting and the evolution of colli-
sion, uplift, and subsequent volcanism since the Middle
Miocene is discussed in Dewey et al. (1986); Pearce et al.
(1990); Şengör et al. (2003); Keskin (2003, 2007) and
literature therein. The area coincides with the extent of the
Eastern Anatolian Accretionary Complex. Slab-steepening
and breakoff is invoked to explain voluminous magma
generation in the Middle Miocene. The mantle lithosphere
is either very thin or absent beneath a considerable portion
of the region, and collision, uplift and magma generation at
depth are closely connected. Post-collisional volcanism in
the area started at about 8–6 Ma (though possibly as early as
16 Ma according to our data from the PaleoVan drilling (Litt
et al. 2012)), with the younger age following the start of
major uplift at about 12 Ma (Pearce et al. 1990). As a result
of the collision, the North Anatolian block bound in the

south by the left-lateral East Anatolian fault, and in the north
by the right-lateral strike-slip North Anatolian fault moved
westwards, with the Muş and adjacent Van basins being
formed as pull-apart basins chiefly from strike-slip motion
of the North Anatolian fault. Pearce et al. (1990) present a
broad account of volcanism in eastern Turkey with a focus
on the nature of magma sources based on chemical compo-
sitions and isotope ratios of selected volcanic rocks.

Previous work

Deposits of explosive eruptions of Nemrut and Süphan
volcanoes have previously received only passing attention.
Yılmaz et al. (1998) postulated 5 evolutionary phases for
Nemrut—as for the other East Anatolian volcanoes: pre-
construction, cone building, climactic, post-caldera, and late
phase. Aydar et al. (2003) distinguish a construction and
destruction phase of what they call pre- and post-caldera
stage. They consider fissure-fed basalts and scoria cones,
dated by Pearce et al. (1990) as 1.18±0.23 Ma, as the oldest
products of the construction phase. As discussed by Sumita
and Schmincke (2013a) this age was determined on historic
lavas erupted in 1441 AD, the age being attributed to excess
argon by Pearce et al. (1990). The idea of Nemrut volcanism
having begun ca. 1 million years ago is still maintained
(e.g., Ulusoy et al. 2012) but published evidence is lacking.
Aydar et al. (2003) envision an early destruction phase to
have produced thick Plinian fall and ignimbrites with a
postulated volume of 40 km3 spread over an area of
86 km2, followed by caldera collapse. This collapse is
thought by most earlier authors to have occurred ca. 0.30
million years ago, the age of eccentrically located trachytic
Kirkor dome on the east flank of Nemrut cone (Ercan et al.
(1990) quoted in Aydar et al. (2003)). Karaoğlu et al. (2005)
basically imply that the caldera formed following eruption
of what is frequently called “Nemrut Ignimbrite”. This
ignimbrite is, however, a relatively young product of the
explosive activity of Nemrut Volcano dated by us as ca.
30 ka; unfortunately, several different ignimbrites have been
called “Nemrut Ignimbrite” in the literature as discussed
below.

Aydar et al. (2003) consider basalts and trachytes to be
the dominant rock type of the young flank eruptions of
Nemrut. They mention two pre-caldera ignimbrites, the
younger of which, called Nemrut Ignimbrite and interpreted
to be associated with the development of Nemrut Caldera, is
the main subject of the study by Karaoğlu et al. (2005).
Özdemir et al. (2006), like Karaoğlu et al. (2005), distin-
guish three major evolutionary stages, their pre-caldera
stage being further subdivided into effusive, extrusive and
explosive phases, the latter being responsible for caldera
formation. They present a geological map of the Nemrut
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Volcano area and 30 major and trace-element analyses of lava
flows and domes. They also postulate pyroclastic pre-caldera
deposits to have been deposited in three phases, subdivided by
paleosols and estimate that eruption of 62.6 km3 pyroclastic
material was responsible for caldera collapse. Çubukçu et al.
(2012) studied Nemrut lavas petrologically. Ulusoy et al.
(2012) subdivide the evolution of Nemrut Volcano into a
pre-caldera (1 Ma–80 ka) period, which they subdivide into
3 stages. (I: 1 Ma–300 ka; II: 300 ka–200 ka; and III: 200 ka–
80ka) followed by a syn-caldera stage (80–30 ka). They
postulate that the caldera collapse was associated with the
eruption of two fallout-ignimbrite associations: an older very
widespread Nemrut Ignimbrite and an overlying Kantaşi Ig-
nimbrite. Ulusoy et al. (2012), like Çubukçu et al. (2012),
assume that the present Nemrut Caldera collapsed sometime
between 90 and 30 ka with their Nemrut and Kantaşi strati-
graphic units consequently having erupted during this time
interval. We will discuss their detailed correlations below.
Sumita and Schmincke (2013a) postulated several caldera
stages based on 32 single crystal 40Ar/39Ar ages and bulk
chemical analyses of fallout tephra and ignimbrites. Holocene
lava flows and domes and some phreatomagmatic deposits
form the youngest fill of the caldera, some 10 km2 of which
is occupied by a lake up to 150 m deep.

Tephra layers recovered in shallow cores in Lake Van (e.g.,
Landmann et al. 1996; Litt et al. 2009) range in varve age from
ca 510 AD to 13,585 BP. İncekaya, Süphan, and Nemrut are
thought to be potential centers for these young tephra layers
(Ulusoy et al. 2008). İncekaya hyaloclastite cone (Fig. 1)
erupted ca 80,000 years ago as shown by its land stratigraphy
(Sumita and Schmincke 2013a) and can be considered extinct.
All Holocene tephras are related to Nemrut while five late-
glacial tephras near the base of these short cores were sourced
in Süphan based on their glass and mineral composition
(Sumita and Schmincke 2009). In 1441 AD, several basalt
lavas and a subsequent rhyolite obsidian flow erupted from a
north–south-oriented fissure close to the northern caldera rim
(Karakhanian et al. 2002). The descriptions of a subaqueous
eruption in Lake Van on October 27, 1650 (Haroutiunian
2006) resemble those of shallow submarine eruptions such as
that of El Hierro in 2011–2012 and others in remarkable detail
(Schmincke and Sumita 2013). The question whether one of
these two historic eruptions—or neither—is related to the
youngest tephra layer recovered in the short cores is under
study together with analysis of ca. 300 tephra layers drilled in
the PaleoVan ICDP Project in several holes at two sites, one
220 m deep, in Lake Van in 2010 (Litt et al. 2011, 2012).

Methods

Our reconnaissance fieldwork was carried out dominantly
around the western part of Lake Van (Figs. 1, 2). We have

focused on pyroclastic deposits to provide a basic strati-
graphic, lithological–compositional, and temporal frame-
work for the ICDP-drilling project (PaleoVan). Field
correlation based on characteristic aspects of tephra layers
(grain size, grading, thickness, color, special structures,
phenocrysts, marker horizons, stratigraphic position etc.)
was aided by distinct marker horizons, phenocryst, glass,
and whole rock compositions (see below) and single crystal
40Ar/39Ar ages. Methods for XRF and EMP analyses are
listed in the Appendix, those for single crystal dating and
additional whole rock analyses are shown in Sumita and
Schmincke (2013a, b).

We have used classic stratigraphic nomenclature:
Member for distinct mappable units such as individual
fallout tephra or ignimbrite units, Formation for several
members representing a larger stratigraphic unit while
Group includes several formations. Locality numbers
are shown in Sumita and Schmincke (2013a: Fig. 3 and
the supplement).

Regional tephrostratigraphy

Characteristic tephra units were stratigraphically correlated
over some 6,000 km2, here presented in composite strati-
graphic sections from 4 major areas, including mineralogi-
cal and chemical characteristics and ages where available for
each of the three major traverses (Fig. 2; see also Fig. 4 in
Sumita and Schmincke (2013a)).

We call buff, dominantly fine-grained, moderately to
poorly sorted, structurally highly varied intervals of amal-
gamated massive to bedded reworked tephra and discon-
tinuous remnants of centimeter- to decimeter-thick primary
fall layers and/or unwelded ignimbrites Inter-Tephra De-
posits (ITD) (Fig. 2). Their thickness varies from a few
centimeters to >2 m. In the well-dated main Ahlat section
(Fig. 3), many of these intervals represent some 20 to
50 ky that separated major explosive events. They can,
of course, locally represent much shorter intervals
depending on the contrasting climate impact north and
south of Lake Van and thus degree of erosion during a
particular climate stage, etc. Most of the local remnants of
one or more fall and ignimbrite deposits within the ITDs
could represent eruptions of smaller magnitude or were
severely removed during periods of more intense erosion.
We estimate that volcanic material makes up >90 % of
most ITDs. This is important when assessing the mass of
primary and secondary volcanic materials supplied to
Lake Van over time. Overprinting by soil-forming pro-
cesses is less pronounced in the morphologically subdued
areas north and west—compared to the precipitous moun-
tains south of Lake Van—reflecting dry climate through
the time interval considered.
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Stratigraphy of Plinian fall deposits

A couple of distinct Plinian pumice lapilli fall deposits were
recognized around Lake Van (Karaoğlu et al. 2005) but their

stratigraphy, thickness variation, volcanological parameters,
lateral extent (and thus magnitude of the eruptions), com-
position, age and orientation of depositional fan axes were
unknown. We will discuss the recent stratigraphic

Fig. 2 Composite stratigraphic sections of Nemrut tephra deposits in
four major areas. A Ahlat area (A-1 southwestern Lake Nazik-town of
Ahlat; A-2 north of Ahlat; A-3 east of Ahlat). H western coast area
between Halepkalesi Peninsula and northeast of Tatvan. S Şentepe area
at southeastern slope of Nemrut. E eastern Tatvan area (E-1 tephra
layers exposed in swamp deposit south of Yelkenli; E-2 composite
sections of eastern Tatvan area). Abbreviations (for details see also

Sumita and Schmincke (2013a)): ACP Alacabük Pumice; AP Ahlat
Pumice; ALP Ahlat Lower Pumice; BP Bolalan Pumice; DA debris
avalanche; DB debris flow; HP Halepkalesi Pumice; HPL Halepkalesi
Lower Pumice; KCI Küçüksu Ignimbrite; KMP Karmiş Pumice; KRI
Karak River Ignimbrite; KRP Karak River Pumice; NF Nemrut For-
mation; SP Şentepe Pumice; STP Selaviat Tepe Pumice; TI Tatvan
Ignimbrite; TP Tatvan Pumice; YP Yelkenli Pumice
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correlations of Ulusoy et al. (2012) following our general
stratigraphic descriptions.

So far, we have discovered—and correlated some over
tens of kilometers—at least six large-volume dominantly
rhyolitic pumice fallout deposits (on-land thickness >5 m
at 5 km distance from Nemrut Caldera), and >30 medium-
scale mostly trachytic fallout deposits erupted over the
past ca. 400 ky (Fig. 2). The large-magnitude explosive
eruptions are documented by (1) thickness—practically
all eroded at the top—at some 25 km distance from
Nemrut Caldera, the presumed source; (2) the diameter
of pumice bombs (up to 50 cm (!) in some) and (3) the

minimum magma volumes (DRE). One fallout unit
(Ahlat Pumice-1: AP-1; Fig. 3; described in more detail
below), up to ca. 15 m (!) thick near Ahlat 25 km away
from the source (calculated magma volume >30 km3

DRE), would have completely buried the town except
for the top of the highest minaret towers if it had
happened recently (e.g., Fig. 5). Outcrops (data density)
are insufficient to calculate a more precise DRE volume.
Nevertheless, magma volumes of the large sheets (up to
tens of cubic kilometers) are in the range of some of
the larger Plinian eruptions known (Fisher and
Schmincke 1984).

a

b c

Fig. 3 a Stratigraphic section 5 km west of Ahlat (loc. 25) showing
major units AP-1 to AP-8 with ages. Age data from Sumita and
Schmincke (2013a). b SiO2 vs. total alkalis; c FeO* vs. Al2O3 to

highlight peralkaline compositions (both EMP analyses of glass
shards). Variation diagrams also include tephra units not shown in
Fig. 5a (e.g., AP-8a, AP-8b, HP-10, M-AP-1)
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Most pumice fall sheets are composed of several subunits
following each other in a systematic pattern. (1) A basal
layer of fine- to medium-grained well-sorted coarse ash to
fine lapilli, generally <10 cm thick, underlies many large
tephra sheets with a sharp upper boundary (e.g., Fig. 6b). (2)
The bulk of the lower and often main part of a tephra sheet is
generally unbedded (in some units consisting of several
units), and separated from overlying subunits by thin layers
rich in hydrothermally altered lithics. (3) A middle subunit
is commonly layered, slightly finer-grained, slightly less
well sorted and with some showing inverse grading and
others consisting of several thinner subunits (e.g.,
Fig. 6a). (4) The top subunit in many fall sheets is
massive to chaotic and coarse-grained but always vari-
ably eroded. An ash fraction is generally absent at medial
distances (ca. 15–30 km from vent), except in layers a
few centimeters thick at the base or in the central subunit
of a fall unit. Phenocrysts are commonly sparse
(≪5 vol.%) in the lower subunit(s)—except in the fine-
grained basal ash layer of some sheets—but may increase
to <5 vol.% in the upper subunits. Fresh lithics, generally
<3 vol.%, comprise obsidian and, in some units, basalt
clasts some clearly mixed with rhyolitic pumice,
suggesting magma mingling and injection of basaltic
magma into the resident evolved magma body.

Fallout sheets older than ca. 60 ka have not been found in
the mostly shallow ravines along the proximal slopes of
Nemrut edifice. More thorough dissection of tephra pack-
ages in the mountain valleys east of Tatvan and north of
Ahlat, however, has exposed tephras as old as 400 ka
(Sumita and Schmincke 2013a). Erosion has generally been
much more severe in the Bitlis massif mountains south of
Lake Van, marked by wetter climate and thus more intense
weathering.

Our stratigraphy is at variance with the stratigraphic
correlations of Ulusoy et al. (2012).

1. More or less abrupt grain size changes in fallout sheets
interpreted by Ulusoy et al. (2012) as distinct fallout
events (examples: XF2 and XF3 in their Fig. 3b and c,
and NeF1 and NeF2 in their Fig. 3d) are interpreted by us
as subunits of specific fallout members subdivided as
described above, reflecting collapse and re-establishment
of eruption columns and changes in mass output rate, not
stratigraphically distinct fall units. Such subunits can lat-
erally merge and drastically change in grain size and
thickness.

2. Our evidence is incompatible with the correlation of all
major units proposed by Ulusoy et al. (2012). For ex-
ample, XF4 (their Fig. 3c) is actually identical to NeF1
and NeF2 (both are only subunits) in their Fig. 3b and d.
Units XF2 and XF3 (their Fig. 3c) on the other hand,
correspond to our trachytic HP-10 (Fig. 2, this paper),

and are identical to their XF4 in their Fig. 3d. Their
NeF1 is the finer-grained base of NeF2—both are
equivalent to the rhyolitic fallout, the lowest member
(L-NF) of the Nemrut Formation (NF) as discussed in
detail below.

3. We disagree with the identification of some units as
reworked (Rw) by Ulusoy et al. (2012). For example,
Rw in their Fig. 3c is not reworked material but the
coarse-grained upper part of L-NF. The Rw overlying
their XF3 in Fig. 3b is the ignimbrite overbank deposit,
locally surge-like, of NF and does not represent a period
of reworking (see, e.g., Fig. 9b in Sumita and
Schmincke (2013a)).

4. We disagree with the regional tephra correlations of
Ulusoy et al. (2012). For example, at their locality 58,
ca. 1 km west of Ahlat (their Fig. 5), they correlate the
lower part of the section (their unit XF2, XF3 and XF4)
to the southern section well exposed in two large
quarries west and southwest of Sarıkum (their localities
14 and 15). In our view, however, the lower part of the
section at their locality 58 begins with AP-1, a huge
rhyolitic fallout unit dated as ca. 190 ka (Sumita and
Schmincke 2013a), overlain by rhyolitic AP-2 (ca.
170 ka), trachytic AP-3 (ca. 140 ka), etc., as also shown
in Fig. 3 in this paper, while their tephra unit called XF2
and XF3 at the southern localities in their Fig. 3c is
equivalent to our HP-10 (ca. 60 ka). XF2 in their
Fig. 3b is equivalent to our L-NF dated at ca. 30 ka
(Sumita and Schmincke 2013a).

Our tephrostratigraphy is based foremost on field
criteria but all major units have also been characterized
by their qualitative and quantitative mineralogy, rock
and/or glass composition and 40Ar/39Ar single crystal
ages. The high-precision stratigraphy that we attempt is
indispensable for allowing convincing correlations with
at least some major units of the ca. 300 mostly thin
tephra layers drilled in Lake Van.

Stratigraphy of ignimbrites

Previous work

About two to three ignimbrites on and around Nemrut
Volcano have been mentioned previously in the literature:
the Nemrut Ignimbrite, so far not studied in detail, dated at
ca. 30 ka (our dates in Sumita and Schmincke (2013a)), and
an “older” Bitlis Ignimbrite at the town of Bitlis extending
for at least 40 km south of Nemrut (e.g., Karaoğlu et al.
2005; Özdemir et al. 2006) that some authors (e.g., Ulusoy
et al. 2012) correlate with the Nemrut Ignimbrite. Mouralis
et al. (2010) and Kuzucuoğlu et al. (2010) in their study of
Lake Van terraces mention three ignimbrites: (a) Bitlis flow
north of Tatvan, also equated with Nemrut Ignimbrite, is
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correlated to a black ignimbrite cropping out along Küçüksu
River—called “Obuz Ignimbrite” or “BPF” (Black Pumice
Flow) by these authors and to the Nemrut Ignimbrite of
Çubukçu et al. (2007) based on its trachytic composition.
(b) A younger ignimbrite, called “Kotum Ignimbrite”, is
believed to begin as a relatively small tongue at the southern
rim of Nemrut Caldera that extended into Kotum and
Güzeldere River canyons south of Tatvan. Our correlations,
age relationships and interpretations do not agree with the
interpretations in the literature as discussed below. “NeIg”
of Ulusoy et al. (2012), called Nemrut Ignimbrite in their
Fig. 7, is identical to their KaIg2 (their Kantaşi Ignimbrite).
We think the Nemrut and Kantaşi units represent a single,
albeit complex, depositional unit. Ulusoy et al. (2012) in-
terpret the ignimbrite as consisting of one flow but we found
Nemrut Ignimbrite to consist of at least three flow units as in
the valley-filling Nemrut Ignimbrite at the village of
Çekmece. This is significant because, interestingly, the ag-
glutinate facies of the Nemrut Formation (NF) (described
below) also seems to consist of three subunits, which we
tentatively correlate with the flow units of the valley facies.

Stratigraphy in the western–southern area
(Muş–Halepkalesi–Tatvan area)

We have recognized more than ten ignimbrites all probably
sourced in Nemrut and have dated eight of them directly or
indirectly by their underlying cogenetic fallout tephra
(Sumita and Schmincke 2013a). The oldest ignimbrite dated
so far by us has an age of 264.10±2.75 ka. This Muş
Ignimbrite (MUI) covers the uplifted graben shoulder north
of the Muş Graben and underlies the ca. 190 ka tephra AP-1
fall deposit and ignimbrite.

Correlation of ignimbrites in the area is difficult due to
strong contrasts between valley and overbank facies and
pronounced compositional zoning. Older ignimbrites are
not well exposed except locally, as along cliffs of Savazçayı
River (east of Lake Nazik), and are thus difficult to correlate
stratigraphically because they share similar major mineral-
ogical and chemical characteristics. All of the older ignim-
brites recognized are represented by plateau facies only.
Complex surge deposits are common at the base of some
ignimbrites, especially below the young Nemrut Ignimbrite
(e.g., Fig. 9).

The Tatvan Ignimbrite (TI) (ca. 45 ka) (type locality
along the road Tatvan–Van (route D-300) just outside
Tatvan where it overlies İncekaya hyaloclastite and Tatvan
Pumice (TP) (Fig. 8f in Sumita and Schmincke (2013a))
may have advanced across Lake Van for at least several
kilometers, because 10–20-m-thick primary TI deposits are
found on the opposite side of the lake east of Tatvan close to
İncekaya hyaloclastite cone (Fig. 1). Alternatively, the
flow was erupted during a major low stand of the lake

level, and we present strong evidence below that prior to
ca. 30 ka lake level was indeed much lower than at
present. An ignimbrite exposed near Dalda in a mountain
valley south of Tatvan (Ulusoy et al. 2012) may be
correlative with TI. At least one other pyroclastic flow
(the prominent black Küçüksu Ignimbrite: KCI) must have
overtopped a 2,600 m high mountain (the town of Tatvan
is at ca. 1,648 m asl) barrier between Nemrut Volcano and
the canyon of Güzeldere River where the deposits exceed
10 m in thickness.

The TI (ca. 45 ka) is only slightly sintered in the bed of
the Güzeldere River next to road D-300 and also shows
locally weakly cemented degassing pipes. The basal KCI
south of Tatvan was dated as ca. 216.4±14.3 ka (Sumita and
Schmincke 2013a) even though its excellent preservation
along Küçüksu River suggests a young age; KCI is signifi-
cantly older than Nemrut Ignimbrite (our M-NF). Poorly
defined Bitlis Ignimbrite—possibly more than one ignim-
brite may exist in the Bitlis area—is probably also old
(perhaps >200 ka). In the Ahlat–Lake Nazik area, we can
recognize four or five ignimbrites, all significantly older
than Nemrut Ignimbrite. Hydrothermally cemented and
eroded degassing chimneys of the Nemrut Ignimbrite are
spectacularly exposed near Tatvan (Fig. 9a in Sumita and
Schmincke (2013a)).

In summary, we recognize ca. ten different ignimbrites
although some may eventually be correlated between the
Ahlat–Lake Nazik and the Tatvan areas. The youngest ig-
nimbrites covering part or all of the huge flat Muş Graben
may be correlative to M-NF. Some ignimbrites in the Tatvan
area are valley-confined while superposition of probably at
least three different large ignimbrite sheets has formed the
extraordinarily flat surface of huge Muş Basin.

Stratigraphy of the northeastern area (Ahlat–Nazik)

The country between Ahlat and Lake Nazik is a subdued
valley traversed by the Karmiş River, which debouches into
Lake Van just south of Ahlat (Fig. 1). The gentle slope
southwest of Karmiş River represents the northern slope of
Nemrut while the country northeast of the river rises grad-
ually for some 10 km, is faulted north and east of Ahlat and
gently folded and faulted east of Lake Nazik. An unwelded
ignimbrite underlying the famous Seldchuk cemetery on the
southern outskirts of Ahlat extends in patches for several
kilometers to the west where it locally represents the top
deposit but is represented by a columnar intracanyon flow to
the north along Savazçyı River (Fig. 7a in Sumita and
Schmincke (2013a)). Several older ignimbrites occur in
the deeper canyons to the north, especially north of the
town of Ovakışla where the terrain forms a broad anticline
cut by a central post-ignimbrite graben (see below). The
source for the colorful building blocks of many older
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houses in Ahlat is the more strongly welded part of an
ignimbrite overlying AP-1.

Two case histories

Ahlat Pumice-1 (AP-1)

AP-1 is the most striking, and, owing to its tremendous
thickness, stratigraphically and volumetrically most impres-
sive tephra deposit in the entire pyroclastic Nemrut fan
(Figs. 2, 3, 4, 5, and 6). The minimum thickness in several
quarries around the town of Ahlat (Figs. 4, 5) is 12–15 m but
the top is generally eroded. We assume an original thickness
of >15 m for the Ahlat area, 21 km due NE of the center of
Nemrut Caldera. The deposit consists of three major and
several minor subunits.

Plinian fallout phase (L-AP-1: Lower Ahlat Pumice-1)

L-AP-1a AP-1 begins with a thin but ubiquitous basal ash
layer generally <10 cm thick (Figs. 4, 6b), locally cross-
bedded and crystal-enriched in some areas but crystal-free in
others. This layer is interpreted to have been emplaced by
fall, locally possibly also by surges. Similar fine-grained ash
layers also occur at the base of AP-2 and TP. Wavy struc-
tures in this basal layer are commonly not due to lateral
surge transport but to mantling of plants growing on the pre-
eruption surface, but each locality has to be analyzed
separately.

L-AP-1b The main massive basal unit is coarse-grained and
well sorted, practically devoid of ash (Md ca. 1–1.5 cm at
loc. 25). Its thickness decreases from 4 m (loc. 23) to 2.1 m
(loc. 43) but MP (maximum pumice size) does not change
much between these localities (loc. 23: 8 cm; loc. 27: 7 cm;
loc. 43: 8 cm). This most monotonous unit (Fig. 6a, b)
suggests unusually steady eruptive conditions during the
first major phase of AP-1 eruption following vent enlarge-
ment. Several other Nemrut fall units show a similarly
monotonous coarse-grained basal unit. The upper ca 50 cm
of this unit is slightly coarser grained.

L-AP-1c to L-AP-1e This subunit, commonly 3–4 m thick in
the pumice pits west of Ahlat, is distinctly layered on a gross
scale, individual beds ranging from 0.8 to 1.5 m and differ
from each other in grain size (Fig. 6a); an ash-size fraction is
commonly lacking.

A coarser 10–20 cm interval of L-AP-1c and/or a
distinct layer a few centimeters thick rich in dark vol-
canic (obsidian and/or basalt) and hydrothermally al-
tered rock fragments overlies the basal unit commonly
with a sharp boundary suggesting complete collapse of

the eruption column. Mafic lapilli-sized domains also
inside some white pumice lapilli and other textures
reflect ubiquitous magma mingling.

L-AP-1f Grain size is at a maximum in the chaotic top unit
of AP-1 as in several other sheets, tephra in some deposits
being also more poorly sorted (an ash fraction, however, is
generally lacking). Scattered larger decimeter-sized pumice
bombs occur in AP-1 as in some other deposits, irregular
bedding increasing toward the top. The top of AP-1—as of
other fall deposits—is practically always variably eroded.

The main fan axis for all of L-AP-1 is directed to the
northeast (Fig. 5a). Steep local dips of AP-1 suggest pre-
eruptive or syn-eruptive faulting in several areas. Post-
eruptive faulting is most spectacularly developed in the
southward dipping slopes north of, and in the outskirts of
Ahlat paralleling the northern boundary fault of Lake Van
Basin.

Ignimbrite phase of AP-1 (M-AP-1: Middle Ahlat Pumice-1)

In several outcrops, about 2 km west of Ahlat as well
as near Yolgözler (Fig. 7c in Sumita and Schmincke
(2013a)), 25 km west-northwest of the center of Nemrut
Caldera, fallout tephra AP-1 is overlain with slight
unconformity by an ignimbrite generally <5 m thick
and of identical mineralogical and chemical comenditic
composition and age (ca. 190 ka). The thickness of the
ignimbrite adjusts to slight depressions in the top of
AP-1 fallout sheet, which we interpret to be due largely
to syn-volcanic faulting. The AP-1 ignimbrite is locally
strongly welded and the raw material for many of the
colorful building blocks mined in small quarries ca.
8 km northwest of Ahlat.

Nemrut Formation (NF) (former Nemrut Depositional Unit
(NDU) in Sumita and Schmincke (2013a))

We here replace the term Nemrut Depositional Unit (NDU)
introduced by us (Sumita and Schmincke 2013a) to charac-
terize the extraordinary complexity of volcanologically and
compositionally highly variable eruptive and depositional
events by the simpler term “Nemrut Formation (NF)”. NF
consists of several contrasting mappable units and repre-
sents the most complex sequence of early fallout-surge-
ignimbrite-agglutinate-surge-late fallout deposits found by
us on the slopes of Nemrut Volcano. It reflects several
intervals of evacuation from a magma reservoir composi-
tionally zoned from large-volume peralkaline rhyolite to
trachyte (Figs. 7, 8 and 9; Tables 1, 2). The depositional
spectrum of the NF tephra deposits (fallout, ignimbrite,
agglutinate), their mineralogy and chemistry (peralkaline
trachytes and rhyolites) and ubiquitous magma mingling
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are remarkably similar to those of the ca. 960 AD
Baitoushan deposits (China/North Korea) (Horn and
Schmincke 2000).

L-NF (Lower Nemrut Formation): Plinian fallout phase

We name as L-NF a basal rhyolitic Plinian fallout sheet, well
exposed in ten sections between Şentepe and Halepkalesi
mainly along the road Tatvan–Ahlat and locally near
Adilcevaz. The well-sorted pumice lapilli deposit consists

of two main subunits, L-NF1 and L-NF2, separated from
one another by a <5-cm-thick tephra layer rich in colorful
hydrothermally altered rock fragments. Both subunits
change drastically but asymmetrically in thickness
(Figs. 5b, 7), structures and grain size from south to north.
In the southernmost road cut studied, L-NF1 is a 1.5 m thick
normally size-graded fall layer with median grain size vary-
ing from 5 to 1 cm. The normal size grading disappears
northward over 20 km while the grain size increases slightly,
thickness remaining approximately constant. L-NF2, in

a

b

Fig. 5 Isopach maps of AP-1 (a) and L-NF (b). Thickness at individual localities in meters

Bull Volcanol (2013) 75:714 Page 11 of 32, 714



contrast, thickens strongly from 0.2 m in the south (loc. 93)
to ca. 12 m in the northernmost outcrop (loc. 72), a coarse-
grained top layer, less than 15 cm thick in the south, grad-
ually thickening drastically to the north. In the northernmost
outcrop just west of Halepkalesi peninsula (loc. 72), L-NF2
can be subdivided into an extremely coarse-grained lower
half with pumice bombs locally exceeding 50 cm (!) in
diameter and a slightly finer-grained and vaguely bedded

upper part L-NF3 with pumice lapilli/bombs 5–20 cm in
diameter.

The very abrupt lateral change in grain size and thickness
of L-NF2 suggests pronounced lateral shifts in relatively
narrowly dispersed depositional lobes and a change from a
steady eruption to a brief lithic-rich pulse, the fragmentation
surface intersecting the hydrothermally altered lower conduit.
The re-established eruption column culminated in powerful

a b

c

Fig. 6 Photographs showing subunit and medial facies of AP-1. a Subunit of main part of L-AP-1 (L-AP-1a to L-AP-1f) with eroded top (loc. 25,
5 km west of Ahlat). b Basal fine-grained subunit L-AP-1a (loc. 25). c L-AP-1 (>5 m thick) at village of Yuvadamı, 30 km NE of Nemrut (loc. 34)
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a b

c

Fig. 8 a Nemrut Formation (NF) at Adabağ (loc. 72), west of
Halepkalesi Peninsula showing stratigraphic section of top of rhyolitic
L-NF fallout, overlain by M-NF ignimbrite overbank (L-NF-O) and
final more mafic fallout deposit U-NF. The compositional contrast
between subunits and major compositional gaps are well shown by
EMP analyses of glass shards (selected major elements) (b and c),

mol % fayalite (c) and feldspar phenocryst endmember compositions
(d). Subunits were subdivided into several fall and flow units as shown
in a and Fig. 7 (section of locality 72), also including the units not
shown in a (e.g. M-NF-R (surge) and M-NF-I (surge): loc. 96, see also
Figs. 7 and 9b; M-NF-I (late): loc. 94 and 79, later bomb-rich ignim-
brite). Representative glass analyses of NF are shown in Table 2
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but highly unsteady eruptions, with the deposit axis strongly
west–east oriented (Fig. 5b). The top of L-NF is variably
eroded, locally possibly by surges heralding the next phase
of the eruption. The fallout phase deposits (L-NF)—possibly
the most voluminous of the eruption (depending on the still
uncertain regional distribution of the M-NF)—are followed
by amazingly complex pyroclastic flow and agglutinate
deposits.

M-NF (Middle Nemrut Formation): Nemrut Ignimbrite

The youngest and best-exposed ignimbrite west, northwest
and north of Tatvan is the central multi-facies ignimbrite of
the Nemrut Formation, here called Nemrut Ignimbrite (M-
NF). It corresponds in part to the Nemrut Ignimbrite of
Karaoğlu et al. (2005) and most later authors, but has caused
much confusion in the past as to its definition, correlation

a

b c

d

Fig. 9 a Black unwelded ca. 40 m thick NF pyroclastic flow deposit
rich in variably vesiculated crystal-rich glassy bombs. Light-colored
layers are zeolitized horizons reflecting groundwater levels not primary
stratigraphy. Valley on eastern flank of Nemrut Volcano, 1 km south of
Sarıkum (loc. 79). b Complex base of Nemrut Ignimbrite showing two
rhyolitic basal layers. Part of the samples shown in Fig. 8 are taken
from this locality: the lower one (1 M-NF-R) layered, the upper one (2

M-NF-R) very rich in lithic fragments, and a thin rhyolitic surge unit (3
M-NF-I, surge) at the base of the main dark ignimbrite. c Complex
rhyolitic, in part lithic-rich surge deposits underlying main dark brown
Nemrut Ignimbrite ca. 2 km north of Güzelsu (loc. 52) d Up to 4 m
thick white, very crystal-rich rhyolitic surge/flow deposit covered by
dark relatively fine-grained Nemrut Ignimbrite. Ca. 1 km east of
Güzelsu (loc. 53)
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and areal distribution. It is exposed close to Tatvan and thus
visited frequently by geologists. This deposit is an impres-
sive example of the complex generation, transport and de-
position of pyroclastic density current tongues varying
widely in mode of eruption and emplacement temperature,
grain size, thickness, volume, areal distribution, composi-
tion etc. Correlation of this mass flow deposit even over
distances of less than 1 km was exceedingly difficult initial-
ly. Moreover, the various flow facies are underlain by the
major rhyolitic fallout sheet (L-NF) and overlain by a tra-
chyte late stage fallout sheet (U-NF) of lesser volume, all
together representing one eruptive episode.

We recognize at least four distinct, highly contrasting facies
types of M-NF, some locally restricted (proximal surge, thick
valley-confined unwelded, locally welded, agglutinate and
thin fine-grained overbank on interfluves). Different flow
units also differ in phenocryst mineralogy (Fig. 8).

1. Upper slope facies: A generally poorly to slightly
welded reddish-brown massive deposit, commonly
<2 m thick crops out in scattered road side outcrops
between the Nemrut Caldera rim and the village of
Çekmece. This unit may correspond to the “Kantaşi
Ignimbrite” of Çubukçu et al. (2012) and Ulusoy et al.
(2012).

2. Middle slope to upper plateau facies: A moderately
welded, valley-filling ca. 6 m thick ignimbrite in the
center of the village of Çekmece (at least three flow
units) represents local intracanyon thickening. A valley-
confined tongue marked at the top by impressive
grooves engraved over the centuries by cartwheels

continues south of the village for ca. 1 km in Seymiran
Valley. The gently sloping terrain between Ahlat and the
village of Serinbayır at the foot of Nemrut cone is
underlain by a poorly welded columnar-jointed facies
of this ignimbrite.

3. The lower slope or lower plateau facies, locally exposed
in road cuts, quarries and ravines for some 20 km, is
represented by basically four subfacies:

Subfacies-1 (M-NF-R) A basal light-colored, apparently en-
tirely rhyolitic, locally extremely lithic-rich, in part crystal-
rich, crudely layered to locally surge-like or massive facies
up to 4 m thick occurs at the base of a black bomb-rich thick
flow as in Seymiran valley (Fig. 9b). We interpret this
complex deposit as preceding the main dominantly trachytic
flow phase of M-NF. We speculate that pockets of rhyolite
magma that had remained in the reservoir following L-NF
eruption were flushed out by the ensuing M-NF eruption of
dominantly trachytic magma. The abundance of rock frag-
ments probably reflects conduit collapse caused by the
eruption of the large-magnitude L-NF.

Subfacies-2 (M-NF-I) A valley-ponded unwelded black ig-
nimbrite facies, up to ca. 40 m thick, heavily quarried in
several canyons west of Tatvan and between Sarıkum and
Kıyıdüzü, consists of black pumice lapilli and bombs up to
30 cm in diameter and represents the bulk of the ignimbrite
in the sector Tatvan–Sarıkum (Fig. 9a). The deposit can be
subdivided into several flow units differing in grain size,
grading and welding. The great thickness of the valley-

Table 2 Representative EMP analyses of glass shards in subunits of NF

Unit: U-NF M-NF-I
(late bombs)

M-NF-O5 M-NF-O5 M-NF-O4 M-NF-O4 M-NF-O3 M-NF-O3 M-NF-O2 M-NF-O1 M-NF-I
(surge)

M-NF-R L-NF3 L-NF-2 L-NF-1

Locality: 81 79 72 72 72 72 72 72 72 72 96 96 72 81 81
Sample No.: 2008-07-

05-07
2008-07-
05-09

2008-07-
05-12

2008-07-
05-12

2008-07-
05-13

2008-07-
05-13

2008-07-
05-14

2008-07-
05-14

2008-07-
05-15

2008-07-
05-16

2008-07-
06-20

2008-07-
06-21

2008-07-
05-17

2008-07-
05-05

2008-07-
05-03

Glass type
and grain No.:

cgl-8 cgl-4 l br gl-7 cgl-8 br gl-9 cgl-2 l br gl-11 cgl-9 cgl-5 cgl-6 d br gl-6 dgl-7 cgl-3 cgl-2 cgl-5

Number of
analyses:

2 1 2 1 2 2 2 2 2 2 2 2 2 3 3

(wt %)

SiO2 65.62 64.86 66.29 74.21 66.02 73.12 65.90 74.22 74.60 74.51 73.68 73.64 73.29 72.71 73.39

TiO2 0.51 0.40 0.38 0.27 0.41 0.23 0.43 0.25 0.26 0.24 0.16 0.21 0.24 0.25 0.26

Al2O3 16.61 15.96 16.02 11.16 16.38 10.90 16.38 11.22 11.25 11.15 12.29 12.63 11.21 10.44 10.61

FeO* 4.26 3.93 3.78 3.57 4.00 3.93 3.84 4.10 3.80 3.91 2.31 2.95 3.80 4.02 3.84

MnO 0.21 0.16 0.09 0.09 0.17 0.13 0.16 0.12 0.06 0.08 0.03 0.07 0.11 0.10 0.08

MgO 0.30 0.22 0.17 0.01 0.20 0.00 0.21 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.02

CaO 1.34 1.37 1.23 0.24 1.34 0.25 1.41 0.23 0.24 0.22 0.24 0.31 0.23 0.23 0.20

Na2O 5.58 5.57 5.96 5.20 5.97 4.62 6.45 4.94 5.36 5.50 4.97 5.37 5.30 4.74 4.64

K2O 5.27 5.70 5.44 4.42 5.41 4.95 5.09 4.85 4.42 4.38 5.11 4.71 4.24 4.27 4.41

P2O5 0.10 0.07 0.05 0.01 0.05 0.01 0.07 0.01 0.00 0.00 0.02 0.01 0.01 0.00 0.01

Total: 99.77 98.25 99.40 99.18 99.96 98.13 99.92 99.93 99.99 99.98 98.81 99.91 98.40 96.76 97.46

Na2O+K2O 10.87 11.47 11.47 9.70 11.38 9.75 11.54 9.80 9.78 9.88 10.20 10.09 9.69 9.31 9.29

Abbreviations for glass types: br gl brown glass; cgl clear glass (transparent, no color); d br gl dark brown glass; l br gl light brown glass
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ponded facies shows that the pre-NF terrain was highly
irregular with deeply carved canyons opening into lake
Van. The present gently undulating surface morphology is
largely the result of smoothing over by the M-NF pyroclas-
tic flows. Evidence of magma mingling (streaky pumice and
compositionally contrasting lapilli and corroded feldspar
phenocrysts) is common, the relative proportion of trachytic
and rhyolitic components being highly variable. The domi-
nant composition is trachyte but the overall black deposit
color is due to the abundance of glassy material (obsidian) in
lapilli and bombs. Spectacular vapor-phase cemented
degassing pipes are aligned on the southern slopes of a small
canyon just north of the road Tatvan-Çekmece (Fig. 9a in
Sumita and Schmincke (2013a)).

Subfacies-3 Agglutinate phase (M-NF-A): A compact, colum-
nar, brownish to burgundy-colored, generally ca. 2-m-thick
sheet of moderately welded tephra directly overlies the basal
fallout tephra L-NF in several road cuts for ca. 10 km between
the outskirts of Tatvan and the village of Kıyıdüzü (Fig. 7) as
well as along the northeastern slope of Nemrut cone where
welding is less pronounced. This blanket consists of about 3
subunits with indistinct boundaries that may correspond to the
3 flow units of M-NF in Çekmece village. The unit roughly
maintains its thickness even where the local dip is steep as in
Simek Bay (south of loc. 85). The regionally nearly constant
thickness of this unit across strike over a hilly terrain resembles
that of a fall deposit but welding provides proof that the deposit
was emplaced hot. We interpret this facies as agglutinate de-
posited from lava fountains. The agglutinate blanket is transi-
tional south and northeast to the ca. 6-m-thick moderately
welded ignimbrite (subfacies 2 above) in the village of
Çekmece and to welded ignimbrite exposed in small ravines
west of the former Tatvan city dump (Fig. 7, loc. 93).

Subfacies-4 Overbank facies (M-NF-O). Completely
unwelded, soft, friable, massive fine-grained ash deposits, up
to 2 m thick with a common light brown “cappuccino” hue
overlie L-NF, e.g. at locality 72 (Figs. 7, 8). This thin interval
presents in a nutshell the striking compositional gradation of
the main valley-ponded deposit. The lower rhyolitic white part
is possibly correlative to the white surge deposit at the base of
the main black ignimbrite (Fig. 9b) while the compositionally
and mineralogically more primitive brown massive ash corre-
sponds to the top of the black bomb-rich facies. At slightly
higher elevations, M-NF-O is represented by a surge facies
(loc. 81) (Fig. 9b in Sumita and Schmincke (2013a)).

U-NF (Upper Nemrut Formation): Terminal (upper) fallout
phase

An extremely lithic-rich, up to 3 m thick coarse fall and
surge deposit consisting of darker and denser trachytic

pumice and rather denser pumice caps the fine-grained
overbank deposits (Figs. 8a and 9c in Sumita and
Schmincke (2013a)), the abundance of lithics apparently
reflecting final clearing of the collapsed conduit (caldera).

Regional distribution of NF

We found the equivalent of Nemrut Ignimbrite around the
village of Güzelsu ca. 15 km north of the center of Nemrut
Caldera. Here, the basal rhyolitic subfacies M-NF-R is rep-
resented by white crystal-rich surge deposits up to 4 m thick
overlain with a relatively sharp boundary by a massive
trachytic ignimbrite distinctly finer-grained than south of
Nemrut Volcano (Figs. 9c, d). West of Nemrut Volcano,
the uppermost of several ignimbrites that leveled out Muş
Basin may correspond to M-NF-I that also appears to have
climbed the eastern side of morphologically prominent elon-
gate Mazik Dome. If this areal distribution is confirmed, the
total volume of the ignimbrite may be similar in magma
volume (DRE) to the basal rhyolite “fall deposit”, which is a
reworked facies consisting of pumice lapilli ca. 1 cm in
diameter (Mager personal comm.) at Van, 140 km due east
of Nemrut Volcano. In any case, the total magma volume of
the ca. 30 ka Nemrut Formation deposits may exceed
10 km3 DRE.

Mineral and chemical compositions

Below, we briefly summarize the main mineralogical
and chemical characteristics of the tephra deposits main-
ly of Nemrut but also of locally interlayered Süphan
tephras that fortunately differ significantly in composi-
tion from Nemrut tephra (Sumita and Schmincke 2009,
2012). This summary is based on 140 whole rock (sin-
gle large lapilli or several adjacent lapilli) major and
trace element analyses (Table 1 this paper; Table 2 in
Sumita and Schmincke (2013b)) and several tens of
thousands of EMP analyses (> 60 Nemrut and Süphan
tephra units) of glass shards (e.g. Table 2) and feldspar
(Table 3), clinopyroxene (Table 4) and olivine pheno-
crysts (Table 5), as well as selected glass inclusions; a
more in-depth petrological evaluation will be presented
elsewhere. Previously published chemical analyses of
Nemrut rocks (Pearce et al. 1990; Yılmaz et al. 1998;
Özdemir et al. 2006; Çubukçu et al. 2012) are practi-
cally all of lavas or intrusions and most lack published
documentation of localities, elevation, stratigraphy, and
mineralogy.

Özdemir et al. (2006) listed plagioclase, clinopyroxene,
olivine and amphibole as the major phases in Nemrut
magmas joined by K-feldspar, biotite and apatite in the
fractionating assemblages during the course of magmatic
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Table 3 Representative EMP analyses of feldspar phenocrysts from Nemrut and Süphan tephra deposits

Source: Nemrut Süphan

Tephra unit: AP-1
(L-AP-1b)

AP-2 AP-3 AP-4a AP-4b AP-5 AP-6 AP-8a Erciş Pumice Patnos
Pumice

Patnos
Pumice

Kömrütlü
Pumice

Kömrütlü
Pumice

Rock type: CR-PR CR CT PR PR T T CR R R R R R
Locality: 25 23 23 23 23 25 25 26 166 162 162 159 159
Sample no.: 2008-07-

06-06
2009-07-
18-08

2009-07-
18-04

2009-07-
18-05

2009-07-
18-06

2008-07-
06-10

2008-07-
06-11

2008-07-
06-14

2008-07-
08-04

2010-08-
29-05

2010-08-
29-05

2010-09-
01-08

2010-09-
01-08

Grain no.: fp-2 fp-10 f-p18 fp-8 fp-11 fp-9 fp-1 fp-8 fp-8 fp-3 fp-1 fp-1 fp-19
Number of
analyses:

4 2 2 2 2 2 4 3 3 2 2 2 2

(wt. %)

SiO2 67.30 66.24 66.89 67.09 67.36 66.17 67.28 67.11 61.32 65.49 65.64 65.02 65.75

TiO2 0.02 0.03 0.02 0.01 0.01 0.02 0.03 0.01 0.00 0.01 0.00 0.01 0.00

Al2O3 19.56 19.77 18.99 18.78 18.74 20.73 19.60 18.98 24.04 22.11 19.23 22.62 19.36

FeO* 0.34 0.21 0.32 0.48 0.68 0.21 0.53 0.46 0.15 0.05 0.06 0.09 0.06

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 0.07 0.45 0.05 0.00 0.01 0.56 0.06 0.03 4.96 2.48 0.21 3.20 0.19

Na2O 6.73 6.27 6.31 6.59 6.98 6.06 6.47 6.86 7.28 8.42 3.52 7.93 3.46

K2O 6.06 6.69 7.08 6.76 6.13 6.89 6.15 5.97 0.89 1.43 11.00 1.34 11.21

Total: 100.08 99.66 99.64 99.71 99.91 100.63 100.12 99.42 98.64 99.98 99.66 100.19 100.02

Or 37.1 40.3 42.4 40.3 36.6 41.6 38.4 36.3 5.5 8.7 66.6 8.3 67.4

Ab 62.6 57.4 57.4 59.7 63.4 55.6 61.3 63.5 68.6 78.5 32.3 75.0 31.6

An 0.3 2.3 0.2 0.0 0.0 2.8 0.3 0.2 25.9 12.8 1.1 16.7 1.0

Table 4 Representative EMP analyses of clinopyroxene phenocrysts from Nemrut and Süphan tephra deposits

Source: Nemrut Süphan

Tephra unit: AP-1
(L-AP-1b)

AP-2 AP-3 AP-3 AP-4a AP-4b AP-5 AP-6 AP-6 AP-8a AP-8a Erciş
Pumice

Rock type: CR-PR CR CT CT PR PR T T T CR CR R
locality: 25 23 23 23 23 23 25 25 25 25 25 166
Sample no.: 2008-07-

06-06
2009-07-
18-08

2009-07-
18-04

2009-07-
18-04

2009-07-
18-06

2009-07-
18-05

2008-07-
06-10

2008-07-
06-11

2008-07-
06-11

2009-07-
19-04

2009-07-
19-04

2008-07-
08-04

Grain no.: px-6 px-8 px-4 px-7 px-17 px-3 px-1 px-2 px-5 px-1 px-14 px-1
Number of
analyses:

2 2 2 2 2 2 2 2 2 2 2 2

(wt. %)

SiO2 48.94 49.62 48.70 48.81 48.52 48.73 48.94 49.54 48.84 48.95 51.75 49.30

TiO2 0.25 0.24 0.37 0.40 0.31 0.42 0.55 0.18 0.43 0.28 0.42 0.09

Al2O3 0.17 0.41 0.29 0.32 0.20 0.41 0.85 0.24 0.30 0.17 0.96 0.42

Cr2O3 0.01 0.01 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03

FeO* 29.67 25.95 29.52 30.05 29.20 28.17 26.28 28.17 28.74 30.44 14.36 38.16

MnO 1.36 1.33 1.23 1.30 1.13 1.22 1.33 1.23 1.51 1.13 0.69 1.86

MgO 0.28 3.74 0.57 0.53 0.37 1.38 2.15 1.71 0.70 0.14 11.35 9.80

CaO 18.63 19.01 19.33 18.58 18.98 19.96 19.82 19.15 19.46 18.36 20.69 1.08

Na2O 0.83 0.43 0.75 0.80 1.09 0.52 0.51 0.58 0.65 1.22 0.45 0.03

K2O 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NiO 0.01 0.02 0.01 0.05 0.01 0.00 0.01 0.03 0.01 0.02 0.04 0.00

Total: 100.15 100.77 100.77 100.86 99.81 100.81 100.44 100.83 100.64 100.70 100.70 100.76

En 0.9 11.4 1.8 1.7 1.2 4.3 6.7 5.4 2.2 0.5 32.8 29.7

Fs 56.0 46.8 54.3 42.5 54.7 51.1 48.6 51.6 53.6 56.9 24.3 68.0

Wo 43.1 41.8 43.9 55.8 44.1 44.6 44.7 43.1 44.2 42.6 42.9 2.4
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differentiation. Nemrut Ignimbrite was said to be character-
ized by sanidine, plagioclase, clinopyroxene and hornblende
(Karaoğlu et al. 2005). Çubukçu et al. (2007; 2012) point
out that Nemrut volcanic deposits are dominated by silica-
saturated peralkaline rocks, plagioclase-bearing units
representing only a small fraction and being restricted to mafic
compositions. Moreover, they found anorthoclase—
rather than sanidine—to be the major K-feldspar, with olivine
ranging widely in composition up to fayalite and occurring in
all eruptive units of Nemrut; amphibole is restricted to pre-
caldera rocks. They also did not find biotite but aenigmatite
and chevkinite. Çubukçu et al. (2007; 2012) also agreed with
Pearce et al. (1990) on the peralkaline nature of the felsic
magmas of Nemrut.

We have recognized several contrasting mineral assem-
blages in the >60 tephra units (Nemrut and Süphan) studied
by us (Figs. 10, 11). Feldspar phenocrysts, chiefly
anorthoclase (Or30–46) dominate. Ternary feldspars or pla-
gioclase, generally strongly corroded, are most prominent in
trachyte fall deposits and ignimbrites in which feldspars are
commonly highly fragmented and corroded due to mixing of
more mafic (trachytic) with rhyolitic magma during later
stages of an eruption (Fig. 10b). Most of the trachytic and
rhyolitic tephra layers contain Fe-rich green clinopyroxene
close to hedenbergite in composition (Fig. 10a, f), lesser
augite and most also Fe-rich olivine to fayalite (Fig. 10a)
apart from Fe-Ti-oxides. Colorless to light brown, generally
somewhat corroded augitic clinopyroxene occurs especially
in some trachytic tephras and in the slightly more mafic
ignimbrites. Aenigmatite occurs in distinct phenocryst as-
semblages: (1) aenigmatite + quartz next to the dominating

anorthoclase, (2) aenigmatite + Fe-rich clinopyroxene, +
quartz, and (3) aenigmatite + hedenbergite + fayalitic oliv-
ine with anorthoclase as only felsic phenocryst. Accessory
aenigmatite occurs, e.g., in units AP-3 and AP-6 and minor
quartz in some units. Apatite generally attached to Fe-rich
clinopyroxene is common. Chevkinite and zircon are rare
accessories. Alkali amphibole occurs exclusively in sub-
volcanic/plutonic rock fragments in several tephra deposits
but never as phenocryst.

Nemrut tephras range from rare mugearitic and moderately
mafic trachyte to highly evolved rhyolite; intermediate com-
positions are all but absent. Many Nemrut tephras are slightly
to moderately peralkaline (comenditic to rarely pantelleritic)
(Fig. 11). We distinguish high-Si from low-Si trachytes.

Basalts are a rare commodity in the felsic Nemrut system
and comprise a couple of scoria deposits near the base of the
tephra succession (older than AP-1) plus the lava flows (loc.
61, 62) erupted in 1441 from a fissure just north of the
caldera (Fig. 11; photograph see Fig. 8a in Sumita and
Schmincke (2013a)). All basalt compositions are moderate-
ly evolved (MgO generally <7.0 wt. %, Cr and Ni ppm <80)
mildly alkaline basalts commonly with <2 vol.% olivine
phenocrysts and microphenocrysts and <1 vol.% of plagio-
clase. The basalts of the huge, dominantly hyaloclastite
İncekaya system, whose eruptive center was located far
outside Nemrut edifice, are high alumina basalts.

Süphan tephras are generally easy to distinguish petro-
graphically, mineralogically and chemically from Nemrut
tephras (Sumita and Schmincke 2009) (Fig. 10; Tables 3,
4, 6). Macroscopically, small vesicles and distinctly white
color characterize pumice of rhyolitic tephras sourced in

Table 5 Representative EMP analyses of olivine phenocrysts from Nemrut tephra deposits

Tephra unit: AP-1
(L-AP-1a)

AP-2 AP-3 AP-4b AP-8a U-NF Holocene surge
deposits

Rock type: CR CR CT PR CR CT CR
Locality no.: 21 23 23 23 25 81 100
Sample no.: 2009-07-20-05 2009-07-18-08 2009-07-18-04 2009-07-18-05 2008-07-06-12 2008-07-05-07 2008-07-03-03
Grain no.: ol-2 ol-4 ol-19 ol-9 ol-1 ol-3 ol-3
Number of analyses: 2 2 2 2 2 2 2

(wt. %)

SiO2 30.41 30.87 30.47 30.20 30.69 38.35 29.72

Al2O3 0.00 0.00 0.00 0.00 0.00 0.04 0.00

FeO* 66.11 63.82 64.64 66.73 65.74 21.57 65.34

MnO 4.04 3.70 3.72 3.46 3.15 0.35 2.94

MgO 0.11 2.44 1.41 0.24 0.07 40.49 0.40

NiO 0.00 0.00 0.00 0.00 0.00 0.07 0.00

CaO 0.37 0.32 0.61 0.27 0.31 0.27 0.27

Cr2O3 0.01 0.01 0.00 0.00 0.00 0.02 0.00

Total 101.05 101.14 100.85 100.90 99.96 101.14 98.67

Fo 0.3 6.1 3.5 0.6 0.2 76.7 1.0

Fa 99.7 94.0 96.5 99.4 99.8 23.3 99.0
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Süphan. Chemically, Süphan rhyolites are high silica,
subalkaline and are characterized by lower TiO2 and
FeO*, slightly lower total alkalis, mostly slightly higher
K2O/Na2O-ratios and higher SiO2 and CaO concentrations
compared to Nemrut compositions. Incompatible trace
element concentrations of, e.g., Zr, Nb, Ce, La, Ga and
others are lower than in Nemrut tephras at similar SiO2-

concentrations while Sr and Ba-concentrations are generally
significantly higher. Hypersthene, clinopyroxene and lesser
olivine are the major mafic phenocryst phases (Fig. 10c).
Hydrous crystals are biotite alone, or with rare amphibole
and/or hypersthene in many evolved tephras (Fig. 10d)
while others contain only two pyroxenes and olivine.
Chevkinite is a common accessory phase in compositionally

a d

b

c

e

f

Fig. 10 Thin section photomicrographs of grain mounts of Nemrut (a
and b) and Süphan (c and d) tephra layers. a Grain mount of AP-3 (loc.
23). bM-NF-A: Thin section of agglutinate unit of the M-NF (loc. 84).
Note flattened trachytic lapillus and strongly corroded plagioclase
feldspar crystals in upper half of photomicrograph. c Pumice from
fallout deposits from canyon bottom north of Aygil Maar on the ca.

2,000 m asl southern slope of Süphan Volcano (loc. 156) d Erciş
Pumice at Çelebibağı southwest of Erciş (loc. 156). e Ternary feldspar
diagram showing contrast in feldspar compositions of Nemrut com-
pared to Süphan tephras. f Pyroxene quadrilateral showing contrast
between Nemrut and Süphan compositions
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highly evolved Süphan rocks. Corrosion and complex in-
tergrowths characterize pyroxene phenocrysts with plagio-
clase, the dominant felsic phase, showing common
oscillatory and patchy zoning, the latter suggesting preva-
lent magma mixing. Glomerocrysts of varied and non-
equilibrium phenocryst clusters include several mafic
phases, some also containing plagioclase rich in melt in-
clusions, dominate many deposits. From them we infer
advanced crystallization and mixing in magma reservoirs
probably distinctly smaller than those beneath Nemrut.

These petrographic characteristics, also noted by Özdemir et
al. (2011), have been very helpful in distinguishing Süphan
tephras from Nemrut ones, which are mostly much less phyric
and characterized by largely equilibriummineral assemblages.
Glass shards, commonly only moderately vesicular (<ca.
20 vol.%) in many Süphan tephras contain more or less equant
feldspar microlites, also reflecting more-complex eruptive
triggering and fragmentation mechanisms. Süphan tephras
thus commonly reflect advanced degrees of crystallization,
presumably due to complex magma chamber/magma pathway

a b

c

d e

Fig. 11 Harker variation
diagram (Le Bas et al. 1986)
showing nomenclature of
Nemrut and minor Süphan
tephra bulk rock pumice
compositions (a and b). Also
shown are the fields for
peralkaline compositions (c
Macdonald 1974), and trace
element concentrations of Zr vs.
Nb (d) and Ba vs. Sr (e).
Stratigraphically coherent
trachyte groups are shown by
different color symbols and also
as a field in case the symbols
are too dense. For details, see
text. Representative analyses
are shown in Table 1 (this
paper) and Table 2 in Sumita
and Schmincke (2013b), and
will be discussed fully in a
petrological account of Nemrut
Volcano magma evolution (in
prep)
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structures as well as highly viscous magmas with high silica
and an abundance of phenocrysts. In other words, the volcano
appears to have grown preferentially from within by sub-
volcanic intrusions and domes, a behavior also reflected in
large-volume debris avalanche deposits interpreted as due to
common flank oversteepening by sub-volcanic intrusions. We
speculate that the dominance of turbidites in the sediments
drilled at Site 1 (Litt et al. 2011) may be related to the dynamic
behavior of Süphan Volcano.

A gradual north–south increase in lava alkalinity has
been noted (Nemrut and the older Muş volcanics) (Pearce
et al. 1990). A north-to south change from H2O-rich to H2O-
poor magmas, as expressed by hydrous mineral phases
(amphibole, biotite) has also been assumed (e.g., Pearce et
al. 1990). This, however, is contradicted by our data because
many highly evolved Süphan tephras studied by us are
characterized by biotite and some also by amphibole while
we have found no biotite or amphibole in any of the ca. 45
Nemrut tephra deposits studied by us.

Discussion

The detailed stratigraphy here documented allows initial and
semi-quantitative reconstruction of the explosive evolution
of the most active volcano of Turkey through at least
400,000 years with respect to

& Temporal history;
& Eruptive and transport mechanisms and dominant

hazards;
& Compositional development (magma sources and low

pressure differentiation);
& Dependance of the eruptive record on alternating glacial

and interglacial stages, including reconstruction of
paleowind directions over more than half a million years;

& Geodynamic evolution of the highly active Van Basin,
situated in the collision zone between the Arabian and
Eurasian plates;

& Evolution of huge Lake Van especially its change
from fresh water into a highly alkaline closed lake
and the impact of tephra input throughout its
evolution.

Temporal evolution of eruptive and transport mechanisms
of Nemrut Volcano

As discussed in more detail elsewhere (Sumita and
Schmincke 2013a), fallout and pyroclastic flow eruptions
in Nemrut Volcano alternated throughout the past
400,000 years at intervals lasting thousands to tens of thou-
sands of years. Most single crystal ages are compatible with
their stratigraphic position. As would be expected, the abun-
dance of deposits formed between ca 400 ka and 300–
250 ka is lower, most likely due to erosion. Similarly,
ignimbrites appear to be more common relative to fallout
deposits deposited prior to 200 ka, possibly due to their
greater resistance to erosion. Despite these trends, which
may reflect climate impacts more than volcano dynamics,
the number and frequency of large-volume, mostly rhyolitic
fall deposits appears to have increased to prominence since
about 300 ka, increasing again with the “mega-tephra” unit
AP-1 at ca. 190 ka. The assessment of temporal evolution of
tephra frequency given here differs slightly from that pro-
posed in Sumita and Schmincke (2013a, b). The increase in
tephra output, reflecting an increase in mass input of parent
magma into the substructure of Nemrut Volcano, remained
high until the present. Powerful support for this conclusion
is provided by a similar increase in Nemrut tephras over
roughly the same time interval in the cores drilled during the
PaleoVan drilling project (unpublished data) because ero-
sional effects on land should be minimal in the lake sedi-
ment “library”. Stratigraphic and single crystal age data
available are not precise enough to calculate magma output
rates per unit time quantitatively for the past ca. 200 ky but
data at hand do not indicate major changes. In other words,
Nemrut Volcano appears to be alive and well.

Table 6 Major compositional
contrasts between Nemrut and
Süphan tephras

Nemrut Süphan

Glass: (Per-) alkaline Subalkaline (calcalkaline)

Whole rock trace elements: LREE + HFS high LREE + HFS low, Ba + Sr high

Phenocrysts: Anorthoclase, quartz, fayalite,
hedenbergitic cpx, augite

Pl (zoned), alkali feldspar, quartz, cpx,
hypersthene, biotite, amphibole, olivine

Equilibrium: Yes No

Ascent velocity: Fast Slow (microlites)

Types of major deposits: Fallout, ignimbrite Fallout and (older) ignimbrite, debris
avalanche derived from domes and lava

Tephra coverage of Lake Van: Complete Mostly eastern part
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Differentiation and compositional evolution

The chemical and mineralogical composition of the tra-
chytes and rhyolites very much resemble those of many
other peralkaline systems, crystal fractionation being gener-
ally invoked for the derivation of the highly evolved rhyo-
litic magmas (Pantelleria: Mahood and Hildreth 1986; Gran
Canaria: Schmincke and Sumita 1998; large intra-
continental rift zones such as the East African Rift: Mac-
donald and Scaillet 2006; the Baitoushan Volcano (conti-
nental rift setting North Korea/China) is the closest
analogue: Horn and Schmincke 2000). This line of differ-
entiation has also been inferred by Pearce et al. (1990) and
Çubukçu et al. (2012) for Nemrut. Moderately evolved,
slightly alkaline to transitional basalts such as those few
exposed at Nemrut are the likely parent magma.

The volcanological and stratigraphic data here presented add
another perspective to this general model of magmatic evolu-
tion. Several land sections (e.g., Fig. 3, 25 km NE of Nemrut
and 1–3 km W of Ahlat represented by about 12 fall units
separated from each other by moderate paleosols and erosional
unconformities; see also Fig. 2) show a general evolution in
composition from chiefly high-Si trachytic in the older tephra
deposits below the major AP-1 fallout sheet to highly evolved
rhyolitic units AP-1 andAP-2 that in turn are overlain by highly
peralkaline HP-1 and AP-4 (Fig. 11; Table 1). Dominantly low-
Si trachytes were erupted between ca. 82 and 30 ka, before
emplacement of NF. We thus tentatively recognize at least four
compositional “cycles” developing from trachyte to high silica
rhyolite, indicating that extremely fractionated rhyolitic
magmas evolved repeatedly in the Nemrut magma reservoirs
at several different times (as reflected in the pyroclastic cover):
between 160 and 190 ka, at around 130 ka, 60–80 ka and at ca.
30 ka, and in the Holocene although this very young eruption
was of minute volume compared to the older ones (see also
Fig. 10 in Sumita and Schmincke (2013b)).

New vintages of magma, each with its own distinct trace
element signature, were supplied from time to time follow-
ing large-volume eruptions, i.e. during the intervals between
paroxysmal eruptions. Some strikingly distinct composition-
al groups are especially evident from trace-element abun-
dances. For example, a group of distinct fallout tephra
deposits below the NF (Şentepe Formation) are basically
low silica trachytes (SiO2 mostly 63–64 wt.%) with unusu-
ally high total alkalis and such high concentrations of sev-
eral LIL elements such as Zr (1500–1650 ppm) and Nb (97–
107 ppm) and LREE that they exceed the concentrations of
these elements in the comenditic to pantelleritic rhyolites.

The rhyolitic L-NF fallout initiating the compositionally
strongly zoned NF represents the youngest major peralkaline
rhyolite fall deposits (Fig. 8). NF is separated from the rhyo-
litic, dominantly phreatomagmatic Holocene tephra spectacu-
larly exposed at the caldera rim of Nemrut (Fig. 12) by ca. 6 to

8 mainly high-Si trachytic fall units (Çekmece Formation;
Fig. 9d in Sumita and Schmincke (2013a)) that show the
highest Ba and Sr concentrations of all samples analyzed,
and which also more strongly resemble Süphan tephras than
those erupted from Nemrut. Removal of the huge magma
volume represented by the NF fall deposits and ignimbrite
together, probably ≫ 10 km3 DRE, during a single eruption
must have upset the stress field between the marginally
overlapping Nemrut and Süphan systems, and may have facil-
itated temporary magma transfer from the Süphan to the
Nemrut reservoir. “Normal” Nemrut compositions were re-
stored by the time late Holocene (?) rhyolitic phreatomagmatic
deposits were emplaced at the caldera margin.

Volcanism in the framework of the geodynamic evolution
of the highly active Van basin in the active collision zone
between the Arabian and Eurasian plates

Although the focus of our work is on tephra deposits, there
is much evidence that volcanism in a still highly active
collision zone was profoundly influenced by tectonism.
For example, Nemrut Volcano grew in the hinge zone be-
tween two tectonic pull-apart basins: the east–west-oriented
Van Basin to the east and the extremely flat-floored Muş
Basin extending for ca. 50 km west-southwest of Nemrut
Volcano. It is logical to infer that the position of Nemrut in a
location between the two basins is not fortuitous. Syn- and
post-volcanic faults throughout the area studied by us are
ubiquitous. We noted two major fault orientations: north–
south, possibly deeper-reaching ones, that allowed basaltic
magmas to reach the surface, and subsidiary southwest-
northeast-oriented ones. The impressive Halepkalesi defor-
mation belt whose uplift and deformation history has a
direct bearing on the products of explosive volcanism and
timing and origin of the alkaline Lake Van system has been

Fig. 12 Holocene hydroclastic rhyolitic surge, ballistic and fallout
deposits mantling the southeastern rim of Nemrut Caldera (loc. 102)
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briefly described by Sumita and Schmincke (2013a). Re-
gional deformation will be discussed in more detail else-
where (Schmincke et al. in prep.).

Paleoclimate evolution over more than half a million years

Because the main aim of the ICDP PaleoVan project that
provides the overall framework for this study is
paleoclimate reconstruction, we will briefly discuss some
paleoclimate proxies and indirect types of evidence that
demonstrate that the role of volcanism has, in the past, not
received due attention in reconstructing the evolution of the
Lake Van System.

1. Environmental proxies and impacts of pyroclastic
eruptions

The environmental impacts—and resulting proxies—of a
succession of many major pyroclastic eruptions over
>400,000 years on the land surface around huge Lake Van
and its sediment and water fill at a time of dominantly dry
climate have beenmanifold and massive. North and northwest
of the lake, basically the Ahlat hinterland, we found no wide-
spread epiclastic sediments, but only primary fallout and flow
deposits interbedded with reworked volcaniclastic Intra-
Tephra Deposits (ITD, see above). Most ITDs are presumably
dominantly variably wind-reworked tephras including rem-
nants of primary tephra layers except in the river canyon that
drains the lower Süphan slopes and inside the town of Ahlat.
Here, well-bedded coarse volcaniclastic (near-shore?) sedi-
ments >10 m thick that also contain limestone fragments and
are eroded at the top unconformably overlie AP-1 and AP-2
fallout at ca. 1,770m asl (loc. 31). These sediments could have
been laid down during a period of lake high stand sometime

after 160 ka, the age of the youngest tephra unit preserved in
situ (AP-2), but could also be quite young. In view of the
pronounced syn- and post-volcanic deformation in this gener-
al area (e.g., a major, roughly N–S oriented morphologically
expressed graben with >10 m of displacement is crossed by
the main road Ahlat–Lake Nazik) we are reluctant, however,
to infer ancient lake high stands from this outcrop.

Incomplete development of clay-rich paleosols between
tephra units, the general absence of vegetation (for an ex-
ception see Fig. 13) and dominant wind erosion and
reworking of unconsolidated tephra suggests dry conditions
prevailing through much of at least the past ca. 400 ky,
reflecting a sensitive environment highly susceptible to ex-
ternal forcing such as massive pyroclastic sealing. In other
words, soil development, however subtle, has been repeat-
edly interrupted by tephra falls and/or ignimbrites that seal
the pre-eruption surface from further surface weathering. At
present, there is a striking contrast between the dry, steppe-
like environment of the lowlands and that of the more subdued
mountains. The former are the arid eastern and northern slopes
of Nemrut edifice, west and east of Ahlat, north and northwest
of western Lake Van, while the latter are the more humid and
thus vegetated high mountains and steep valleys of the moun-
tainous Bitlis massif that rises to more than 3,000 m asl
bordering Lake Van to the south. Consequently, more
mature paleosols between tephra deposits are slightly more
common between tephra deposits south of Lake Van
suggesting that the present regional climatic contrasts have
persisted since at least 500 ka. Moreover, conglomerates
several m thick interbedded with tephra deposits reflect severe
and rapid erosion, and occur locally south of Lake Van. The
south-southeast-facing slopes of the Nemrut edifice and
uplifted shoulders of the Muş Graben system that are exposed

Fig. 13 Several thin (lower
part of photograph) and thicker
tephra layers (upper part of
photograph) (Derin River
Formation, ca. 80 ka old)
interlayered with dark swamp
deposits ca. 20 km east of
Tatvan (loc. 145; see also
Fig. 2, section E-1). These wet
climate conditions are also
documented by abundant root
and tree molds in the overlying
basaltic İncekaya tephra
deposits
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to the dominant south-southwest directed wind system show
more intense weathering. This effect must have become pro-
gressively more pronounced as Nemrut edifice and its outly-
ing domes grew in elevation with time.

Present wind directions are WSW to WNW. From the ca.
14 larger fall tephra fans correlated over the area and with
thicknesses and grain size measured at three or more localities,
dominant wind directions are inferred to have been fairly
stable since 400 ka, practically identical to present day di-
rections. The axes of the fallout fans of the two youngest
major fallout fans from Nemrut—HP-10/AP-6 (ca. 60 ka)
and L-NF (ca. 30 ka)—are oriented west–east reflecting west-
erly (Fig. 5b), contrasted with dominant SW wind directions
for the older tephra layers. Whether or not this reflects a
change in dominant wind direction or not is uncertain. In
any case, the tight tephra fan of L-NF suggests high wind
velocities and a constant direction during the eruption.

2. Rapid rise and lowering of lake level: climate forcing
(alternating periods of massive precipitation and sub-
sequent droughts) or volcanic/geodynamic forcing, or
both? A precisely dated case history reflects significant
climatic forcing along southeastern Halepkalesi penin-
sula: the remarkable drowning and resurfacing of the L-
NF pumice fallout deposit at Halepkalesi beach
(Fig. 14).

The base of well-dated ca. 30 ka rhyolitic L-NF (Fig. 14b,
c) overlies at lake level an ITD below which the top of HP-10
(ca. 60 ka), well-exposed farther west, is barely visible under
water. Most of the NF deposits are removed by shallow water
erosion, and we correlate the 2 m-thick erosional remnant to
the more fully preserved L-NF in an abandoned pumice pit
ca. 2.5 km to the west where L-NF is ca. 13 m thick (Fig. 14c;
loc. 72 in Fig. 7). At the beach section, L-NF is overlain by
ca. 10 m of pebbly to sandy-bedded shallow water
volcaniclastic sediments no doubt largely derived by erosion
mainly from L-NF. Farther east along the cliff, L-NF is
completely eroded. The reworked deposits are topped by a
weakly developed soil. Structural evidence shows unequiv-
ocally that L-NF now exposed on land was also deposited
subaerially—as were the underlying fall deposits outcrop-
ping along cliffs farther to the west. This sequence of fallout
deposits must, therefore, have (a) been deposited subaerially,
(b) been subsequently inundated and eroded subaqueously
and (c) returned back to subaerial conditions. Which parts of
the system have moved, the land or the lake level or both—
and when and how fast and why?

A rise in lake level not only would have affected remnant
NF and overlying clastic sediments—combined total thick-
ness ca. 10 m—but also possibly 20 m or more which
includes the underlying HP-10 and other subaerially depos-
ited fallout tephras overlying the uplifted Halepkalesi cliff
section described above and dated as 160 ka and younger

(Fig. 2, section H; Fig. 5 in Sumita and Schmincke (2013a)).
The level of Lake Van must have been significantly lower
than at present because there is no evidence that underlying
HP-10 was not deposited on land—or the land surface
significantly higher. Given the thickness of HP-10 (ca.
12 m in this area), its upper surface when deposited lay at
least 15 m above lake level, possibly significantly more.
Moreover, the agglutinate member of NF dips steeply into
Lake Van at several places between Halepkalesi and Tatvan,
further evidence that both HP-10 and upper members of NF
were deposited well above lake level at ca. 30 ka and before.
In other words, lake level must have been significantly
lower than today prior to ca. 30 ka. Seismic evidence ac-
quired in August 2012 confirms the long-held suggestion of
significantly lower lake level prior to ca. 15 ka (Cukur pers.
comm.)—but after L-NF (30 ka). We here suggest that the
level of Lake Van at 30 ka was (a) much lower than at
present, (b) quickly rose soon after emplacement of NF,
(c) subsequently fell by some 240 meters before it (d) finally
(probably between ca. 15 ka and today) rose to its present
level.

Several mechanisms can theoretically explain a signifi-
cant and very rapid rise and fall of lake level following
emplacement of NF—and underlying tephra deposits—
subaerially: (a) Vertical subsidence of the eastern lower flanks
of Nemrut volcanic edifice—or parts thereof—following
eruption of NF—by several meters soon after eruption is
possible and would explain the massive elevation changes;
we have documented uplift of tens if not hundreds of m in
western Halepkalesi Peninsula (see above). The main
Nemrut magma reservoir was drastically exhausted follow-
ing the NF eruption, and modest eruptive and thus possibly
magma recharge rates meant it was not “refilled” for some
time. Trace element patterns for post-NF tephras on land
show Süphan-type characteristics, suggesting that collapse
of the Nemrut system may have allowed influx of Süphan-
type magmas into the Nemrut system. Inter-volcano lateral
magma transfer of 10 km is well known from historic
eruptions, as well documented at Katmai (Hildreth and
Fierstein 2012). (b) A total thickness of 15 m of NF tephra
(fallout plus turbidites transformed from ignimbrite entry
into the lake) was deposited on the lake floor based on
recent seismic (Cukur pers. comm.) and drilling evidence
(unpublished). Unknown volumes of tephra were also
washed down from the flanks of the enclosing mountains
soon after the eruption, adding perhaps several m of solid
material to the floor of the lake thereby raising lake level
quickly. (c) Since the ca. 30 ka transgression probably
started from a very low preceding lake level (our data),
we suggest that massive loading of the eastern—now
sublake—lower flanks of Nemrut by major lake level increase
may have triggered the NF eruption. The effect of lithospheric
loading on earthquakes, even by minor Van lake level
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changes has recently been demonstrated, with temporal
correlations of seismicity with the water level changes being
“very persuasive and dramatic, indicating hydrogeological
triggering of the earthquakes” (Utkucu 2006). (d) Strongly
humid conditions (massive precipitation) are well known to
have prevailed in the eastern Mediterranean at this time (at

ca. 30 ka) and have been invoked by Kuzucuoğlu et al.
(2010) to explain terraces, up to 20 m above lake Van’s
present shoreline level. An early lake-level lowstand
followed by inundation would fit the evidence from the
Halepkalesi section well. Moreover, invoking a rise of lake
level from a much lower level expands the model for lake-

b

a

c

a

b

c

Fig. 14 Photographs of eastern end of Halepkalesi Peninsula east of
deformation belt along coast of western Lake Van. a Overview (loc.
74). b Subaerially deposited L-NF (loc. 74), almost completely eroded,

is overlain by bedded shallow water reworked tephra. Note present
lake level ca. 1,640 m asl. c Thick (12 m) L-NF fallout tephra at
Adabağ pumice pit (loc. 72, 1,750 m asl)
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level variation, adding to the ca. four times lake level low
stands invoked previously (see above). A climate-controlled
rise in lake level could, of course, be enhanced by depo-
sition of the voluminous L-NF tephra sheet on the lake
bottom, which would help explain the rapid pace of lake
level rise. Incessant rain would also contribute to quick
removal of tephra from the mountain slopes. In short,
climate-controlled fast rise and fall of the level of Lake
Van could explain subaerial tephra deposition followed by
drowning at eastern Halepkalesi peninsula especially in
view of the impressive temporal coincidence of the age
of L-NF eruption and of the humidity peak. A significant
subsequent drop in lake level—as reflected in the soil
topping the epiclastic sediments overlying L-NF—also co-
incides with a major drop in lake levels in the eastern
Mediterranean at ca. 20 ka as postulated by many workers
(see Kuzucuoğlu et al. (2010) for discussion). However,
whether or not climate forcing alone (i.e. evaporation,
cloud changes and reduced orographic rainfall) can ac-
count for a major drop of the level of a huge lake in
some 15,000 years needs to be well documented; a more
in-depth analysis of differential lithosphere reaction to high
but variable loads in the Van basin is highly desirable.

In summary, the Halepkalesi beach section is clearly a
key location for more quantitatively assessing rates of lake
level rise and fall modulated by climate and possibly mod-
ulated or enhanced by volcanic forcing mechanisms and
differential lithospheric loading.

Hazards

The Lake Van area is developing at a rapid pace. The lake is
encircled by excellent modern highways and the major
towns Van, Tatvan, Erciş and Ahlat are growing at a fast
pace as witnessed by ongoing construction activities. Rele-
vant volcanic hazards derived from the new stratigraphy
here presented include: Large-magnitude mostly rhyolitic
explosive eruptions, several with volumes (DRE) > 5 km3,
occur at intervals of 20–40,000 years and several produced
pyroclastic flows. Based on past eruption styles and general
periodicity alone, the next major Plinian eruption could take
place at any time, since the Nemrut eruption (NF) occurred
30,000 years ago. Such an eruption would represent a high-
risk event especially for the western Lake Van area between
the towns of Tatvan and Ahlat. Our work shows that pyro-
clastic flows, the major hazard on land, have occurred
repeatedly throughout the history of Nemrut Volcano and
many immediately succeeded major fallout phases of an
eruption, as for example NF. Powerful tsunamis are likely
to be generated when large pyroclastic flows enter the lake
as demonstrated recently for Lake Managua (Freundt et al.
2007). Such tsunamis could be a major risk also for the
distant towns at the northern and eastern shores of Lake Van:

Adilcevaz, Van, and Erciş. Several debris avalanche deposits of
young age (possibly late Holocene) recognized by us near the
northern outskirts of Tatvan and along the north shore are
another major hazard, especially since they are also
tsunamogenic when debouching into Lake Van. The major
and more frequent natural hazards in the area are, of course,
large earthquakes, the most recent one having occurred on
October 23, 2011 in the vicinity of the city of Van resulting in
more than 600 deaths and destruction of >2,000 houses. A
temporal and causal relationship between large earthquakes
and ensuing volcanic eruptions has been recognized over the
past decades globally and should be applicable to the Van Basin
as well. We thus speculate that the probability of an explosive
eruption in the near future has increased following the devas-
tating magnitude 7 earthquake on October 24, 2011. Another
major hazard are debris avalanches from Nemrut or Süphan
that could be catastrophic for the towns at the feet of the lower
slopes of the volcanoes: Tatvan, Ahlat, and Adilcevaz. Erup-
tions of Nemrut Volcano may be triggered preferentially by
magmatic forcing while we tentatively interpret the cluster of
(small) Süphan eruptions of late-glacial age (Sumita and
Schmincke 2009) as externally triggered, possibly by preceding
long lasting earthquake activity and/or fluctuating stress condi-
tions in the lithosphere resulting from major lake level changes
(e.g., Utkucu 2006) or melting of large volumes of ice.

Conclusions

1. We document the first detailed regional tephrostratigraphic
framework of Nemrut Volcano. Approximately 45 major
trachytic to rhyolitic Plinian fallout deposits (DRE volumes
up to ≫10 km3) and ca. 12 major trachytic to rhyolitic
ignimbrites, both plateau-forming and valley-confined,
sourced in active Nemrut Volcano beginning before
400 ka have been stratigraphically correlated over
>6,000 km2, dated and compositionally characterized.
The oldest dated of ca. 12 ignimbrite sheets found covers
the highland southwest of Nemrut and formed at ca.
250 ka; the multiple sheets indicate several caldera collapse
stages of Nemrut Volcano.

2. Süphan volcanic deposits differ mineralogically and chem-
ically from those of Nemrut and reflect derivation of its
magma from a subduction-zone related source. Süphan
magmas are interpreted to reside in relatively small reser-
voirs and generally tend to form domes and sub-volcanic
intrusions rather than voluminous tephra deposits.

3. Isolation of Lake Van is tentatively suggested to have
resulted from the growth of Nemrut edifice prior to
400 ka—probably before 500 ka—in the hinge area
between the Muş and Van pull-apart graben structures.

4. The lake had become alkaline certainly by 200 ka and
possibly before 400 ka—based on the age of uplifted
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tephra beds interbedded with carbonate lake sediments.
Massive influx of highly alkaline fine-grained tephra
into the lake, alkaline groundwater from beneath the
volcanoes and possibly intralake hydrothermal springs
may have contributed to the alkaline composition of
Lake Van as much as has climate.

5. Nemrut explosive products since 400 ka or before are
characterized by equilibrium phenocryst assemblages
and peralkaline compositions that indicate low viscosity
magmas. The episodicity of large-volume mostly rhyo-
litic explosive eruptions at 20–40 ky intervals, separated
by smaller trachytic eruptions, may indicate a dominant
mode of relatively constant magma supply from depth.
Periods when small volumes of magma underwent mod-
erately high levels of differentiation have been punctu-
ated by episodic large-volume eruptions of highly
evolved magma that accumulated to a critical threshold
volume. Similar incompatible trace-element signatures
of groups of trachyte tephras erupted between large-
volume rhyolite eruptions changed drastically following
the next major—rhyolitic—eruption suggesting repeat-
ed significant resetting of the magmatic system.

6. A significantly lower lake level prior to 30 ka and possi-
bly as early as 120 ka, is well supported. A rapid rise of
lake level soon after deposition of L-NF (ca. 30 ka),
reflected in the almost complete erosion of L-NF deposits
decreasing landwards, could be attributed to heavy pre-
cipitation as found throughout much of the Eastern Med-
iterranean at this time, and possibly aided by deflation of
Nemrut edifice following discharge of magma to form the
voluminous NF deposits. To what degree the subsequent
lowering in lake level was entirely climate-controlled or
also by rise of the ground at the west end of the lake due to
magmatic swelling is unknown.
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Appendix

Bulk XRF analyses

Selected rock fragments (pumice lapilli) were crushed in a
jaw crusher, pulverized in agate mills and dried at 110 °C in

an oven for about 12 h to drive off moisture. Fused beads
were prepared by mixing 600 mg sample powder with
3,600 mg lithium tetraborate (Li2B4O7). The mixture was
melted at about 1,000 °C; the melt was cast into a preheated
mold and slowly cooled to avoid shattering due to thermal
stress. Major elements and selected trace elements were
determined on a fully automated WDS X-ray fluorescence
spectrometer equipped with a Rh-tube (Panalytical Magix
Pro). International rock standards prepared as described
above were used for internal calibration according to the
recommended values given by Govindaraju (1994). Several
international standards were run as unknowns and the mea-
sured values are in good agreement with the recommended
values. Detection limits for major elements are <0.01 wt%
except for Na2O and MgO, which are <0.02 wt%. Detection
limits for trace elements are generally lower than 10 ppm
except for Ba, La, Ce, and Nd which are ca. 20 ppm. LOI
(loss-on ignition) was determined gravimetrically at
1,050 °C for 1 h (Lechler and Desilets 1987).

EMP analyses

Major elements and S, Cl, and F of glassy groundmasses and
minerals of tephra particles were carried out with a JEOL JXA
8200 electron microprobe (EMP) at the GEOMARHelmholtz
Institute for Ocean Research Kiel. Analytical conditions were
15 kVof accelerating voltage, 6 nA of beam current for felsic
glass, 10 nA for sideromelane, feldspar, amphibole, and mica,
20 nA for pyroxene, and 20 s of peak counting time. Analyses
were performed with an electron beam rastered to 5×5 μm in
the scanningmode for felsic glass, sideromelane, feldspar, and
10×10 μm for other minerals. Basaltic glasses USNM
111240/52 and USNM 113498/1 (VG-A99), apatite USNM
104021, and microcline USNM 143966 (Jarosewich et al.
1980) were used as standards for calibration.

Analyses of phenocrysts of feldspar, pyroxenes, olivine
and glass shard were selected from either grain mount
polished sections of sieved tephra samples (generally −1 to
−2 phi) or polished sections of solid rock (or pumice)
samples. As shown in Tables 2, 3, 4 and 5, several points
were analyzed in single grains (number of analyses) and
recalculated as average. We here only show analyses of the
cores of phenocrysts.
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