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deposits making up >20 % of the drilled upper 220 m of 
the ca. 550-m-thick sedimentary fill. During basin develop-
ment, extension and subsidence alternated with compres-
sional periods, particularly between ~340 and 290 ka and 
sometime before ~14 ka, when normal fault movements 
reversed and gentle anticlines formed as a result of inver-
sion. The ~14 ka event was accompanied by widespread 
uplift and erosion along the northeastern margin of the 
lake, and substantial erosion took place on the crests of the 
folds. A series of closely spaced eruptions of Süphan vol-
cano occurred synchronously suggesting a causal relation-
ship. Compression is still prevalent inside and around Lake 
Van as evidenced by recent faults offsetting the lake floor 
and by recent devastating earthquakes along their onshore 
continuations. New, high-resolution bathymetry data from 
Lake Van reveal the morphology of the Northern Ridge 
and provide strong evidence for ongoing transpression on a 
dextral strike-slip fault as documented by the occurrence of 
several pop-up structures along the ridge.

Keywords Lake Van · Seismic data · Multibeam 
echosounder · Tectonic activity · Volcanism · 
Compression · Extension

Introduction

Lake Van is situated on the high plateaus of eastern Ana-
tolia, Turkey, at an altitude of approximately 1650 m a.s.l. 
(a.s.l.: above the sea level; Fig. 1). The total water volume 
of Lake Van is ca. 600 km3, and the present-day maximum 
water depth is 450 m (Degens et al. 1984; Cukur et al. 
2013). Süphan volcano on its northern shore rises to an 
elevation of 4434 m a.s.l. (Fig. 1), the adjacent Nemrut vol-
cano on the western shore to 3050 m a.s.l. (Fig. 1). Two 

Abstract The structural evolution of Lake Van Basin, 
eastern Turkey, was reconstructed based on seismic reflec-
tion profiles through the sedimentary fill as well as from 
newly acquired multibeam echosounder data. The major 
sub-basins (Tatvan Basin and Northern Basin) of Lake Van, 
bound by NE-trending faults with normal components, 
formed during the past ~600 ka probably due to extensional 
tectonics resulting from lithospheric thinning and man-
tle upwelling related to the westward escape of Anatolia. 
Rapid extension and subsidence during early lake formation 
led to the opening of the two sub-basins. Two major, still 
active volcanoes (Nemrut and Süphan) grew close to the 
lake basins approximately synchronously, their explosive 
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sites successfully drilled in the Northern Basin (NB) and at 
Ahlat Ridge (AR) in 2010 (Fig. 2; Stockhecke et al. 2014) 
in the framework of the ICDP (International Continen-
tal Scientific Drilling Program) show that Lake Van is an 
excellent Quaternary high-resolution paleoclimate archive 
for the Near East (Litt and Anselmetti 2014; Stockhecke 
et al. 2014).

Several large historic and modern earthquakes have 
characterized the Lake Van area (Utkucu 2013). The most 
recent Mw7.1 earthquake on October 23, 2011, (Fig. 1) 
struck the eastern part of the lake near the town of Van, 
caused over 600 deaths and led to major economic losses 
(Erdik et al. 2012; Taskin et al. 2013). This earthquake 
drew much attention to the Lake Van area not only for 
being the largest seismic event of the last 100 years, but 
also for being one of the largest historic shocks in Turkey 
(Koçyiğit 2013). Several studies (Elliot et al. 2013; Field-
ing et al. 2013; Bayrak et al. 2013; Dogan and Karakas 
2013; Toker 2013) suggest that the 2011 Mw7.1 earthquake 
of 2011 occurred on a northward dipping reverse fault 
with a minor strike-slip component. All of these studies 
focused, however, on onshore evidence. Because Lake Van 
has been characterized by continuous sedimentation over at 

least 600 ka (Stockhecke et al. 2014), any tectonic move-
ment within or around the lake is likely to be recorded in 
the sediments. Here, we identify the main structural fea-
tures within Lake Van Basin by analyzing recently acquired 
over 1500 km of multi-channel seismic reflection profiles 
in conjunction with multibeam echosounder data. These 
structural features provide important constraints on the 
evolution of Lake Van Basin and the adjacent areas. Fur-
thermore, the imaging of pop-up structures may provide an 
excellent natural example of transpressional settings that 
can be compared with existing analog models.

Geological and physiographic setting

Lake Van, the largest and deepest lake in Turkey, lies along 
the collision zone between the Arabian and the Eurasian 
Plates (Fig. 1). The N-S convergence between these plates 
is estimated to be about 16 mm/year based on global posi-
tioning system measurements (Reilinger et al. 2006) and is 
thought to have started at ca. 13 Ma (Şengör et al. 2003). 
As a result of this collision, a large continental block (the 
Anatolian Plate) escaped in a westerly direction along the 

Fig. 1  Location of Lake Van and surrounding tectonic elements. 
Major cities are indicated by red dots. Earthquake epicenters in the 
Lake Van region since 1900 (3 ≤ Mw ≤ 7) are denoted by colored 

dots. The earthquake data were taken from www.deprem.gov.tr. SBF 
South Boundary Fault

http://www.deprem.gov.tr
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North Anatolian and the East Anatolian fault zones (Fig. 1). 
The initiation of these major faults dates back to the late 
Pliocene (Gürbüz and Gürer 2008).

The geologic history of the basins in eastern Anatolia was 
also controlled, or at least influenced, by the interaction of 
the Arabian, Anatolian and the Eurasian Plates. However, 
it is still not known precisely how basin development was 
related to the interaction of these plates. A recent study, on 
the basis of geomorphic analyses of digital elevation model 
images, suggests that the tectonic evolution of the basins in 
eastern Anatolia has been controlled by lithospheric thinning 
and mantle upwelling related to gravity-controlled escape 
of Anatolia (Dhont and Chorowicz 2006). The interaction 
of these plates is manifested in the Lake Van region by the 
occurrence of several strike-slip and reverse faults (Fig. 1), 
intense volcanic activity and normal fault-controlled exten-
sional basins (i.e., Mus Basin, Fig. 1; Dhont and Chorowicz 
2006; Schmincke et al. 2014). The tectonic activity is still 
ongoing in the region as evidenced by the occurrence of sev-
eral earthquakes during the past 100 years (Fig. 1).

The surface area of Lake Van is approximately 3500 km2 
with a WSW-ENE length of about 130 km. The catchment 
area covers ~16,000 km2 (Kempe et al. 1978) and extends 
far to the eastern Mus Basin. The highest elevation of the 
catchment area, the Bitlis massif, underlain by Paleo-
zoic metamorphic rocks, extends south of the southern 
boundary of the lake, reaching 3500 m a.s.l. in elevation 
(Fig. 1). Volcanic rocks cover extensive areas, especially to 
the north and west of Lake Van (Wong and Finckh 1978; 
Litt et al. 2009; Sumita and Schmincke 2013; Görür et al. 
2015). Eocene-to-Pleistocene clastic sediments and Upper 

Cretaceous carbonates crop out east of the lake (Wong and 
Finckh 1978; Görür et al. 2015).

The cause and exact timing of the formation of Lake Van 
are unknown. Previously, it was suggested that the erup-
tion of a lava flow from the Nemrut volcano built a dam 
across the Mus Basin, cutting off the drainage to ancient 
Murat River (Lahn 1948; Degens et al. 1984). Sumita and 
Schmincke (2013) suggested that Nemrut volcano grew in 
the hinge area between the Van Basin and the Mus Basin. 
Thick ignimbrites underlying the high plateau south of 
Tatvan may have contributed to closing of the outlet of an 
ancient river. Following the separation from the Mus Basin, 
continued subsidence and extension further fostered the 
formation of a large drainage basin sometime prior to ca 
600 ka (Schmincke et al. 2014; Cukur et al. 2014a).

The morphology of the lake basin has been determined 
by seismic profiles (Cukur et al. 2013). The lake is divided 
into three deep sub-basins (the Northern, Tatvan and Deve-
boynu Basins) separated from each other by basement 
ridges (e.g., the Northern Ridge; Fig. 2). The deep Tatvan 
Basin is approximately outlined by the 400 m bathymetric 
contour and is separated from the smaller Ahlat sub-basin 
by the Ahlat Ridge (Fig. 2). The Tatvan Basin measures 
between 23 and 28 km and covers an area of ~400 km2. The 
much smaller Northern Basin, covering an area of ~90 km2, 
with a mean water depth of ~240 m is separated from the 
Tatvan Basin by the NE-trending Northern Ridge that is 
about 30 km long, ~5 km wide and rises ~300 m above the 
lake floor of the Tatvan Basin. The small Deveboynu Basin 
has an E-W length of 8 km and a N-S length of 10 km with 
an average water depth of 300 m.

Fig. 2  Bathymetric map of 
Lake Van showing the distri-
bution of seismic reflection 
profiles and the location of the 
ICDP wells drilled at Northern 
Basin (NB) and at Ahlat Ridge 
(AR). The map also shows 
sub-basins of the Lake Van. 
Thick purple lines and respec-
tive figure numbers indicate the 
position of the seismic profiles 
shown in Figs. 3, 4, 5, 6, 7 and 8
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Today, the lake is hydrologically closed. Major tributaries 
entering the lake include the Karasu, Morali and Engil rivers 
near the city of Van; the Guzel river near Tatvan; the Zilan, 
Delicay and Bendimahi rivers near Ercis; and the Papicek 
river near Ahlat. More than 50 % of the annual discharge is 
provided by the Zilan, Bendimahi and Engil rivers (Reimer 
et al. 2008). Since its formation, the lake has undergone dra-
matic fluctuations in lake level during the last ~600 ka in 
relation to major climatic changes (Landmann et al. 1996; 
Reimer et al. 2008; Kuzucuoglu et al. 2010; Cukur et al. 
2014b; Tomonaga et al. 2014). The sensitivity of Lake Van 
to most recent changes in the hydrological regime of the 
surrounding region has been shown by limnological studies 
(Kipfer et al. 1994; Kaden et al. 2010; Tomonaga et al. 2011).

Data sets and methods

Our data comprise more than 1500 km of migrated high-reso-
lution 2D seismic reflection profiles, multibeam echosounder 
data and ages from the ICDP drill site at Ahlat Ridge encom-
passing a depth range of about 220 m below the lake floor 
(Stockhecke et al. 2014; Fig. 2). The multi-channel seismic 
reflection datasets were collected in 2004 and 2012 with simi-
lar acquisition systems. A 16-channel (100-m-long) analog 
streamer was used in 2004 and a 48-channel (100-m-long) 
digital streamer in 2012. A Mini-GI-Gun with a frequency 
of 80–500 Hz was used for both surveys; these frequencies 
resulted in a vertical resolution of a few meters. Data pro-
cessing included editing of bad traces, geometry setup, bin-
ning, velocity analysis, normal moveout (NMO) correction 
and stacking. The bin distance was 10 and 3 m for the 2004 
and 2012 data, respectively. Acoustic and density logs from 
the Ahlat Ridge well were used to generate synthetic seismo-
grams for a seismic-to-well tie that allowed to obtain time–
depth relationships at the drill locations. The IHS Kingdom 
Suite (version 8.5) software was used to generate synthetic 
seismograms and to interpret and map the seismic data.

The multibeam echosounder data were collected in June 
2014 with an ELAC Seabeam 1050 multibeam system 
(Fig. 2). We used 50 kHz transducers for this campaign, 
which have a designated working depth down to 2000 m. 
Post-acquisition data processing was performed using a 
MB system. The processed data were then loaded into 
Global Mapper software for interpretation.

Results

Seismic stratigraphy

The detailed seismic stratigraphy of Lake Van has been 
studied by continuous seismic profiling to about 600 m 

depth (Cukur et al. 2014a). In total, 19 seismic unit bound-
aries (SUB) or unconformities were identified, including 
the top of the acoustic basement (Fig. 3). Approximate 
40Ar/39Ar ages of these unconformities, based on unpub-
lished ages and comparison with dated massive ignim-
brites on land (Sumita and Schmincke 2013), were taken 
directly from Cukur et al. (2014a). Sequences bound by 
these unconformities are, from oldest to youngest, referred 
to as SU1-SU19. The seismic reflection profiles show that 
the Tatvan Basin is characterized by alternating well-strat-
ified and chaotic seismic reflections. The well-stratified 
seismic facies are interpreted to be the result of undisturbed 
lacustrine sediments interbedded with turbidites and tephra 
layers (Cukur et al. 2014a). The chaotic seismic facies are 
interpreted as large mass-transport deposits that resulted 
from tectonic and volcanic activity along the lake mar-
gins (Fig. 3; Cukur et al. 2014a). The Northern Basin was 
filled predominantly by mass-flow deposits sourced in the 
highlands along the northwestern basin margin possibly 
triggered by ongoing tectonic activity. On the morphologi-
cally elevated ridges, such as Ahlat ridge that was drilled, 
lacustrine sediments and tephra layers predominate (Fig. 3; 
Cukur et al. 2014a). Prograding clinoforms (deltaic depos-
its), which had formed by lake-level fluctuations (Cukur 
et al. 2014b), cover most of the shelf and slope areas. 
Hence, the sedimentary infill in the sub-basins was primar-
ily controlled by climatic, tectonic and volcanic processes. 
Lake Van appears to have responded drastically to climatic 
changes as suggested by numerous lake-level fluctuations 
(Cukur et al. 2014b). We thus interpret that climate change 
had a significant impact on the sedimentary history of the 
lake.

Structural analysis of seismic reflection profiles

Seismic profile 1 (SP1; Fig. 4) is about ~29 km long and 
trends N-S, traversing the Tatvan Basin, Ahlat Ridge, Ahlat 
sub-basin, Northern Ridge and the Northern Basin. The 
northern part of the Tatvan Basin is cut by a large normal 
fault, while the southern part of the basin is bound by a 
reverse fault (South Boundary Fault, SBF; Cukur et al. 
2013). Sediment strata, abutting against the SBF scarps, are 
tilted upward. Thinning of sedimentary layers against the 
fault is also evident. SP1 shows the Ahlat Ridge bound by 
steep reverse faults. The acoustic basement and the overly-
ing sedimentary units appear to be folded and faulted. The 
ridge dies out and inversion disappears to the east (Fig. 5a). 
The Northern Ridge that separates the Tatvan and North-
ern Basins is a prominent NE-trending ridge that rises up 
to ~300 m above the lake floor of the Tatvan Basin. The 
southern and northern flanks of the ridge are cut by large 
faults; the fault on its southern flank has a vertical dis-
placement of ~500 m. The ridge is draped by a 20-m-thick 
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Fig. 3  Seismic unit bounda-
ries (in total 19, from SUB1 to 
SUB19), including the top of 
the acoustic basement (after 
Cukur et al. 2014a). Sequences 
bounded by these boundaries 
are referred to as SU1 to SU19 
from oldest to youngest. The 
vertical black line at Ahlat 
Ridge indicates the position of 
the ICDP PaleoVan drill site 
where 220-m-long sedimentary 
sequence has been recovered 
(Stockhecke et al. 2014). 
An alternating succession of 
well-stratified and chaotically 
reflecting layers character-
izes the basin sediments. The 
well-stratified reflections, on 
the basis of drilled cores, are 
interpreted as undisturbed 
lacustrine sediments interbed-
ded with tephra layers and distal 
turbidites (Cukur et al. 2014a). 
The chaotic layers represent 
mass-transport deposits (MTDs) 
formed by tectonic and volcanic 
activity (Cukur et al. 2014a)

Fig. 4  Seismic profile 1 (SP1) traversing the Tatvan Basin, Ahlat 
Ridge, Ahlat sub-basin, Northern Ridge and the Northern Basin. The 
southern part of the Tatvan Basin is cut by a reverse fault (named as 
South Boundary Fault, SBF), while the northern part is offset by a 
large normal fault. The sedimentary layers become thinner and appear 
to be tilted toward the SBF. The EW-trending Ahlat Ridge is bound 

by steep reverse faults; the sediments over the ridge, including the 
acoustic basement, are folded and uplifted. The Northern Ridge is 
flanked by two large faults. The vertical black line at Ahlat Ridge 
indicates the position of the ICDP PaleoVan well. See Fig. 2 for the 
exact location of SP1
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sedimentary cover and largely lacks internal reflectors sug-
gesting an igneous origin.

Seismic profile 2 (SP2) is about 30 km long and paral-
lels SP1, located approximately 5 km to the east (Fig. 5a). 
This profile clearly delineates a steeply dipping reverse 
fault that bounds the Ahlat Ridge. This fault offsets both 
the acoustic basement and the overlying seismic units; ver-
tical displacement of the fault reaches up to 80 m at the 
acoustic basement and decreases to <10 m at the seafloor. 
Here, the elevation of the ridge appears to have decreased 
(~10 m) compared to that of SP1 which is about 100 m. 
The Northern Ridge shows an irregular surface largely 
due to pervasive deformation of near-vertical faults that 

continue into the basement. Acoustically, the ridge is char-
acterized by disorganized reflections without any coherent 
internal reflection (i.e., opaque reflection).

Differential thickening and thinning onto sedimentary 
structures can be potentially used to constrain their growth 
through time. For this purpose, a part of profile SP2 is flat-
tened along a ~600 ka boundary in Fig. 5b. Here, the initial 
movement of Ahlat Ridge structure is indicated by abrupt 
change in thickness of seismic units above the 340 ka 
boundary across the fault plane. The underlying seismic 
units show uniform sediment thicknesses on both sides of 
the fault plane, suggesting that Ahlat Ridge did not exist at 
the time of their deposition. If the ridge was formed before 

Fig. 5  a Seismic profile 
2 (SP2) is extending from 
southern margin of the lake to 
the Northern Basin. SP2 shows 
that Ahlat Ridge structure forms 
a broad anticline; the crest of 
the Ahlat Ridge is less exposed 
at the lake floor. The Northern 
Ridge appears to have disrupted 
by numerous faults. b Flattened 
seismic section along ~600 ka 
boundary. The sequences 
below ~340 ka boundary do not 
exhibit changes in thickness 
along the fault plane, whereas 
the seismic unit above ~340 ka 
boundary thickens rapidly. 
This indicates that Ahlat Ridge 
started to form between ~340 
and ~290 ka. See Fig. 2 for the 
exact location of SP2
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deposition of these units, their thickness should not be con-
sistent on both sides of the fault plane.

Seismic profile 3 (SP3; Fig. 6) is about 40 km long 
and perpendicular to SP1 and SP2. The western margin 
of Tatvan Basin is formed by a major NE-trending normal 
fault downthrown to the east. The basin sediments below 
~150 ka boundary including the acoustic basement dip gen-
tly westward toward this fault. Tilting of higher sedimen-
tary sections along the fault is also evident. Smaller exten-
sional faults are present locally at the deep sedimentary 
sections of Tatvan Basin (Fig. 6), most lacking growth pat-
terns on their flanks. In the east, in contrast, a major reverse 
fault appears to be active today, offsetting the lake floor 
(Fig. 6). Here, the top of the acoustic basement is evident 
as an erosional unconformity and the sediments above the 
fault appear to be deformed and faulted. Chaotic seismic 
reflections, interpreted as mass-transport deposits (Cukur 
et al. 2014a), are seen on the downthrown block, immedi-
ately next to the reverse fault. The reverse fault has a verti-
cal displacement of ~200 m.

Seismic profile 4 (SP4; Fig. 7) is about 5.5 km long 
and trends NW-SE in the Northern Basin that is bound to 
the northwest by an NE-trending normal fault, character-
ized by an upward-steepening plane. This fault offsets the 
lake floor with a minimum throw of 150 m. The sedimen-
tary units progressively thin toward the NE-bounding fault. 

The shallow basement at the NW end of the seismic section 
appears to be offset by several small-scale normal faults.

Seismic profile 5 (SP5; Fig. 8) is about 25 km long, 
trends NE and traverses the northeastern part of the lake. 
This area appears to have undergone significant recent 
inversion; here, sediments, at least 40 m thick, were trun-
cated by the SUB19 unconformity (~14 ka). The SW part 
of the section is cut by a large reverse fault, accompanied 
by smaller normal faults. The fault appears to have dis-
placed prograding clinoforms by 40 m. The reverse fault 
seems to be active today, slightly cutting the lake floor. 
Many gentle symmetrical anticlines and synclines are also 
present in the NE part of the section. These structures are 
mainly oriented E-W, parallel to the general trend of the 
major stress direction. All folds observed in Lake Van are 
located mainly in the northern half of the lake.

Depth structure of the acoustic basement and total 
sediment thickness

The top of the acoustic basement (Fig. 9a) is consistently 
mappable only in the central part of the lake. The base-
ment is cut by dominantly NE-trending faults (Fig. 9a), 
most dipping SE, but NW-dipping faults also occur. EW-
trending reverse faults are present locally. The acoustic 
basement, shallowest (<50 m) in the east, is bound by an 

Fig. 6  Seismic profile 3 (SP3) traversing the Tatvan Basin in an EW 
direction. The Tatvan Basin forms a typical half-graben structure 
associated with extensional tectonics. To the west, the basin is cut 
by a steep eastward dipping normal fault. Thickening of sediments 
toward the respective fault is also evident. To the east, the basin is 
offset by a significant reverse fault; this fault offsets the basement 
with a vertical displacement of ~200 m. East of the reverse fault, 

the topmost part of the acoustic basement appears to form an ero-
sional unconformity, suggesting tectonic uplift and subsequent ero-
sion before the formation of the basin of Lake Van ~600 ka ago. The 
reverse fault appears to be still active today, slightly disrupting the 
lake floor. The tectonic activity along this fault deformed the overly-
ing lacustrine sediments. See Fig. 2 for the exact location of SP3
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EW-trending reverse fault. Maximum depths of more than 
850 m occur in the Tatvan Basin (TB), suggesting that 
maximum subsidence is located in this area. The EW-
trending Ahlat Ridge in the central part of TB is also well 
defined. Overall, the total thickness map (Fig. 9b) shows 

a pattern similar to that of the acoustic basement depth 
structure. The shape of the acoustic basement is, therefore, 
directly defined by the thickness distribution of sedimen-
tary strata in the lake. Total sediment thickness exceeds 
500 m in the TB.

Fig. 7  Seismic profile 4 (SP4) 
trends NW, traversing the 
Northern Basin. The NW part 
of the section is cut by a large 
normal fault, accompanied by 
smaller normal faults. Sedi-
ments thin gradually toward the 
normal fault. See Fig. 2 for the 
exact location of SP4

Fig. 8  Seismic profile 5 (SP5) crossing the NE corner of the lake. 
This part of the lake appears to have undergone recent, signifi-
cant inversion; here the uppermost lake sediments were leveled by 

the SUB19 unconformity (~14 ka). Several anticlinal folds are also 
observed. See Fig. 2 for the exact location of SP5
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Results of multibeam echosounder data

Newly acquired multibeam data reveal the morphology 
and structure of the Northern Ridge (Fig. 10a) that sepa-
rates the Tatvan and Northern Basins. The ridge rises up to 
more than 300 m above the lake floor of the Tatvan Basin, 
and its top is at a depth of <100 m (Fig. 10b). The bathy-
metric data clearly show the presence of pop-up structures 

along a NE-trending right-lateral (dextral) strike-slip fault 
(Fig. 10a). The bathymetric data, therefore, indicate that 
the Northern Ridge has been experiencing transpression 
on strike-slip faults. These structures are very similar to 
features observed from dextral strike-slip analog models 
(Rasas et al. 2009). Additionally, the data image traces of 
a NE-trending fault to the northwest are described in Fig. 7 
(SP4).

Fig. 9  a Depth structure map 
of the top of the acoustic base-
ment. The major basement 
faults are oriented NE, oblique 
to the NS-compressive stress. 
EW-trending reverse faults are 
also seen. The depths of the 
acoustic basement range from 
<50 m in the east to over 900 m 
in the west. NB Northern Basin, 
NR Northern Ridge, AR Ahlat 
Ridge, TB Tatvan Basin, DB 
Deveboynu Basin. b Overall, 
the map of the total thickness 
mirrors the basement structure, 
suggesting that the sedimenta-
tion in Lake Van is influenced 
by the morphology of its base-
ment. The sediment thicknesses 
in the TB reach more than 
500 m. The thinnest deposits 
(<100 m) are seen over the 
inverted block in the east
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Discussion

The seismic reflection profiles show that Lake Van com-
prises graben and half-graben structures (up to ~550 m 
thick) that are bound by major NE-trending faults, oblique 
to the main trend of the present-day NS-directed compres-
sional regime. The NE-trending faults further suggest E-W 
extension and subsidence (Fig. 11a) of the basins within 
Lake Van in response to a tensional regime synchronous 
with continental collision and convergence in eastern Tur-
key. The NS-compressive stress that was effective between 
the collision of the Arabian and Eurasian plates could eas-
ily be accommodated by extension along a strike-slip zone 
linking these two major systems.

Şengör and Kidd (1979) previously suggested active 
shortening and crustal thickening and inferred the presence 
of numerous thrusts in the Lake Van region. Recent stud-
ies show, however, that the lithosphere in eastern Turkey is 
anomalously thin (~60–80 km) consistent with an oceanic 
slab detachment model (Angus et al. 2006). Furthermore, 

seismic refraction data for eastern Anatolia suggest a com-
plete absence of mantle lithosphere beneath the plateau 
(Gök et al. 2007). Dhont and Chorowicz (2006), based 
on observations from digital elevation model images from 
eastern Anatolia, show that the orientations of the tectonic 
and volcanic structures fit with the tectonic regime char-
acterized by N-S shortening and E-W lengthening. These 
authors further attributed this tectonic setting to mantle 
upwelling and crustal thinning resulting from westward 
escape of Anatolia perpendicular to the direction of the 
Arabia–Eurasia shortening. These results are also consist-
ent with the high heat flow and copious volcanic activity 
across eastern Anatolia (Kempe et al. 1978). Indirect evi-
dence for the presence of an extensional tectonic regime in 
this area is provided by Nemrut volcano. The magmas of 
Nemrut volcano are alkaline to peralkaline, which is typical 
for rift volcanoes (Schmincke et al. 2014; Macdonald et al. 
2015). Our data do not favor a model of ongoing crustal 
thickening due to continental thickening, but rather support 
crustal thinning and mantle upwelling related to westward 

Fig. 10  a Multibeam bathy-
metric data from the North-
ern Ridge showing several 
transpressional structures 
(pop-up ridges) developed along 
a right-lateral strike-slip fault. 
White arrows indicate the inter-
preted sense of shear. b NW-SE 
oriented bathymetric profile 
showing the morphology of the 
Northern Basin, the Northern 
Ridge and the Tatvan Basin



249Int J Earth Sci (Geol Rundsch) (2017) 106:239–253 

1 3

escape of Anatolia as evidenced by subsidence of the Lake 
Van Basin as well as the dominance of extensional fault-
ing across the lake margins. Our data suggest that Lake Van 
basin lies in a region characterized by synconvergent exten-
sion (Gögüs and Pysklywec 2008; see their Fig. 4).

The base of the upper 220 m of the Lake Van sediments 
as drilled at AR is ca. 600 ka old (Stockhecke et al. 2014), 
but the age and lithology of the underlying sediment fill are 
unknown. Lake Van started to develop some time prior to 
~600 ka ago. Lahn (1948) and Degens et al. (1984) suggested 
that Lake Van is the product of damming of a river by a lava 
flow. The western part rapidly dried up and was filled with 
sediments. The water level rose significantly in the eastern 
part from the impoundment of water to form the modern lake. 
We favor the formation of the lake by tectonic activity, since 
the lake basin is almost completely bound by faults forming 
graben and horst topography as evidenced by our data. As 

a result of this topography, a graben lake could have easily 
developed and subsequently been filled with freshwater and 
sediments. This interpretation is also supported by drill cores 
as the basal layers on drill site AR consist of coarser grains, 
shells and mollusks reflecting initial lake formation under 
freshwater conditions (Cukur et al. 2014a). Thus, we propose 
that the origin of the lake is basically due to the extensional 
tectonics that caused graben and half-graben structures.

The initial formation of Lake Van may have been fur-
ther controlled by the growth of Nemrut Volcano before 
ca. 600 ka in the hinge area between Van and Mus gra-
bens, thick ignimbrites extending from the volcano and/or 
the collapse of excentric domes, all processes that could 
have led to the formation of a major sill toward the east-
ern entrance to adjacent Mus basin (Sumita and Schmincke 
2013; Schmincke et al. 2014). Drainage from this morpho-
logical high was thus mainly to the south.

Fig. 11  Schematic model 
illustrating the structural 
evolution of the basins within 
Lake Van. a Between ~600 ka 
BP and ~340 ka BP, extension 
dominated the lake basins form-
ing the graben and half-graben 
depocenters. b From 340 ka BP 
onward, the extension was taken 
over by the compression that 
created transpressional struc-
tures (pop-up ridges) bound 
by reverse faults across the 
Northern Ridge. The preexist-
ing normal faults also appear to 
have been reactivated as a result 
of the compression
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The southern edge of the lake, bound by the Bitlis meta-
morphic massif, is cut by the EW-trending reverse SBF 
(Cukur et al. 2013). The sedimentary strata abutting against 
the fault scarps are dragged upward, suggesting that they 
predate, or are contemporaneous with, the faulting. The 
fact that this holds true even for the topmost layers indi-
cates that faulting continues until today. Fourteen of the 
earthquakes that occurred after 1999 and for which the epi-
center determinations are particularly accurate (Pinar et al. 
2007) lie along the SBF and provide clear evidence that this 
fault is still active. Several stacked mass-transport deposits, 
mostly confined to the southern part of the lake, support the 
idea that this fault has been active throughout the evolution 
of the lake (Cukur et al. 2014a). The continuation of the 
SBF can also be traced on land (Fig. 1). There is well-doc-
umented field evidence suggesting the presence of reverse 
faulting along the northern margin of the Bitlis Massif, 
where Neogene lacustrine limestones of the Mus area are 
exposed 700 m lower than similar limestones found on the 
peaks of the Bitlis Massif to the south (Hall 1976).

The extensional regime appears to have been temporar-
ily replaced with compressional movements at a relatively 
late stage in the central part of the basin (Fig. 11b). Seis-
mic reflection data show that Ahlat Ridge might have been 
inverted between ~340 and 290 ka (Fig. 5b). This uplift cre-
ated an accommodation space in the southern and northern 
parts of the Ahlat Ridge (Fig. 5a; sedimentary unit between 
the ~290 and ~230 ka boundaries) where the thickest sedi-
ments occurred in these areas of the lake. Today, the EW-
trending Ahlat Ridge structure indicates NS compression, 
consistent with the GPS measurements and regional tec-
tonic pattern suggested by Reilinger et al. (2006) for east-
ern Anatolia. The reverse faults that bound the ridge show 
little continuity in an EW direction, and the ridge dies out 
toward the east (Fig. 5a), possibly indicating a plunging 
fold. The formation of folds only in the northern part of 
the section (Figs. 4, 5, 8) may further suggest that faulting 
was controlled by local factors such as the development of 
transpressional faults in line with evidence observed from 
multibeam bathymetric data (see below).

The presence of pop-up structures at the Northern Ridge 
provides evidence for ongoing transpression along the NE-
oriented dextral strike-slip fault (Fig. 10a). It thus seems 
very likely that the extension appears to have been replaced 
by compression along the preexisting NE-trending faults. 
It is, however, still unclear what caused the onset of the 
compressional deformation along the ridge. It might well 
be that the respective tectonic change in the study area is 
related to a change in the regional-scale plate geodynam-
ics. As a result of plate reorganization, a number of dis-
tinct episodes of extension probably occurred in the Lake 
Van Basin, punctuated by compressional events that were 
accompanied by uplift.

Our interpretation of the seismic data suggests that a 
significant tectonic inversion took place in the northeast-
ern part of the lake sometime before 14 ka (Fig. 8). This 
event led to the formation of several folded structures and 
reverse faulting in this part of the lake. Major uplift of lake 
sediments by several tens of meters is evident on Halep-
kalesi Peninsula approximately the western continuation 
of Ahlat Ridge (Sumita and Schmincke 2013). Folding and 
the accompanying uplift and erosion had ceased by 14 ka 
which truncates the folds (Fig. 8). SUB19 thus represents 
a major erosional unconformity over the lake margins with 
as much as 40 m of sedimentary section being removed 
from some anticlines in this area. The same unit boundary 
also represents the start of the transgression of the lake that, 
judging from the sediments drilled at AR, appears to have 
continued until the present (Cukur et al. 2014a; Stockhecke 
et al. 2014). This compressional event is also evidenced by 
several micro-deformational structures on the drill cores at 
AR (Schmincke et al. 2014). In addition, this event might 
have triggered a closely spaced swarm of several explosive 
bursts of Süphan volcano which occurred at the same time 
(Schmincke et al. 2014), seismic triggering of volcanic 
eruptions being common (Manga and Brodsky 2006).

Uplift and erosion took place repeatedly at the eastern 
margin of Lake Van along the EW-trending fault (Fig. 6), 
punctuated by periods of subsidence. Here, the top of the 
acoustic basement forms a significant erosional unconform-
ity as evidenced by tilted and truncated underlying strata, 
indicating a compressional movement and subsequent ero-
sion before the formation of Lake Van. Faulting appears to 
continue to the present as it offsets the current lake floor 
by 20 m (Fig. 6). We speculate that the EW-trending fault 
may be the lakeward continuation of the major fault that 
struck the region of Van in 2011 (Fig. 12), as both faults 
have the same E-W strike and the same reverse charac-
ter. Also, recent microseismic monitoring around the city 
of Van has revealed the presence of high seismic activ-
ity along this fault (KOERI 2011). Our data indicate that 
this fault has been quite active for a long time, even long 
before the formation of the Lake Van Basins, i.e., prior to 
~600 ka. Surprisingly, this major fault zone had not been 
recognized previously due to absence of seismic reflection 
profiles. Further studies such as multibeam bathymetric and 
sediment coring are urgently needed to improve our under-
standing of the nature and timing of future earthquakes in 
this area.

Conclusions

1. Seismic reflection data reveal major structural fea-
tures including NE-trending faults bounding the Tatvan 
and Northern Basins of Lake Van Basin, EW-trending 
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reverse faults and numerous anticline/syncline struc-
tures in the northeastern part of the lake.

2. The NE-trending faults, graben and half-graben struc-
tures, and the gradual thickening of sediments toward 
the fault scarps are strongly suggestive of an exten-
sional regime resulting from mantle upwelling and 
crustal thinning possibly related to the westward 
escape of Anatolia Plate as suggested by previous 
authors for eastern Anatolia. Extension was taken over 
by compression between ~340 and ~290 ka.

3. New, high-resolution multibeam bathymetric data 
reveal transpression-related structures that have formed 
on a northeast trending strike-slip fault (dextral shear 
sense) in the Northern Ridge. This further implies that 
the Northern Ridge has accommodated much of the 
N-S oriented compression throughout the lake.

4. The northeastern part of the lake experienced signifi-
cant inversion prior to ~14 ka that resulted in a series 
of anticlines, synclines and reverse faults. This event 
appears to coincide with a major swarm of volcanic 
eruptions of Süphan volcano implying a causal rela-
tionship.

5. The EW-trending Ahlat Ridge structure began to form 
between ~340 and ~290 ka ago and continues today, 
resulting in a prominent elevation at the lake floor.

6. The eastern margin of the lake experienced multi-
ple inversions along an EW-trending reverse fault. 
The tilted basement strata and the subsequent erosion 
over the inverted block suggest prominent inversion 
long before lake formation. This fault seems pres-
ently seismically active, as evidenced by the overlying 
deformed strata and offsetting of the lake floor, and 
could represent the continuation of the reverse fault to 
the east, along which the most recent strong earthquake 
occurred in 2011. Hence, the study of the sub-lacus-
trine part of this fault is very important for an adequate 
risk assessment of the area in order to develop strate-
gies for minimizing the consequences.

7. The present study provides new insights that will sup-
port future studies and monitoring strategies related to 
major seismic events in the region of Lake Van.
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