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Sev eral event lay ers have been iden ti fied in lac us trine de pos its in the AÈrÏ Ba sin of Anatolia (E Türkiye). Sedimento logical
and palaeontological data newly in di cate a storm-in duced or i gin for some of them. The sed i men tary struc tures in three sec -
tions, a few tens of metres apart from each other lat er ally, such as hummocky cross-strat i fi ca tion, wave-gen er ated
cross-bed ding, par al lel bed ding, ero sional sur faces, and graded bed ding, which are con sid ered char ac ter is tic of tempe -
stites, are clearly pres ent. Ad di tion ally, fin ing-up wards units and biogenic es cape struc tures lo cated at dif fer ent lev els of
these sec tions in di cate a sim i lar or i gin. The ver ti cal vari a tions in layer thick ness, grain size, and sed i men tary struc tures in
these sed i men tary sec tions in di cate fluc tu at ing hy dro dy namic con di tions dur ing de po si tion, while lat eral de crease in the size 
and wave length of the struc tures re flects deep en ing. This in ter pre ta tion of storm-in duced de po si tion is com pat i ble with re -
gional palaeoclimatological and palaeo geo graphi cal data, and is sup ported by ev i dence of Qua ter nary storm-in duced sed i -
men ta tion in ad ja cent lac us trine bas ins in the re gion.
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INTRODUCTION

The shape of coastal sys tems can change ei ther rap idly or
slowly as a re sult of ero sion or de po si tion (Boyd et al., 1992;
Bird, 1994). Storm events rep re sent pro cesses that can shape
coasts very quickly. An cient storm de pos its, known as
tempestites, con sti tute im por tant palaeoclimatic data, but they
are much less com monly re ported than de pos its of other pro -
cesses in sub aque ous en vi ron ments, such as those gen er ated
by waves, tides, and cur rents. Most tempestites have been re -
ported from ma rine (Ball, 1971; Kelling and Mullin, 1975; Aigner 
and Reineck, 1982; Jeffery and Aigner, 1982; John son, 1989;
Mo naco, 1992; Baarli, 1998; Ito et al., 2001; Bussert and
Aberhan, 2004) and tran si tional set tings (Kahn and Rob erts,
1982; Liu and Fearn, 1993; Ro man et al., 1997; Col lins et al.,
1999; Mor ton, 2002; Don nel ly, 2005; Wang et al., 2006; Sa -
batier et al., 2008, 2010, 2012; Wood ruff et al., 2009; Dezileau
et al., 2011; Phantuwongraj et al., 2013).

Al though heavy storms most com monly oc cur in oce anic
equa to rial re gions, they also may af fect con ti nen tal ar eas, and

con se quently also lac us trine bas ins. Lac us trine tempestites are 
rare in the geo log i cal re cord, due to the rapid ero sion that is a
log i cal con se quence of the na ture of the storm pro cess it self
(Van Djik et al., 1978; Allen, 1981; Li et al., 2007; Myrow et al.,
2008; Kempf et al., 2009; Page et al., 2010; Orpin et al., 2010;
Liu et al., 2012; Wang et al., 2015; Üner, 2018; Zhang et al.,
2018; Üner et al., 2019). Pre vi ous in ter pre ta tions of an cient lac -
us trine tempestites have mostly been based on the rec og ni tion
of hummocky cross-strat i fi ca tion (Green wood and Sherman,
1986; Hamblin, 1992; Liu et al., 2012; Zhang et al., 2018). How -
ever, storm de pos its may also show ero sive sur faces, graded
bed ding, par al lel bed ding, wave-gen er ated cross-bed ding,
shell beds and biogenic es cape struc tures (Harms et al., 1975;
Hamblin and Walker, 1979; Allen, 1982; Dott and Bour geois,
1982; Walker et al., 1983; Myrow and Southard, 1996; Myrow,
2005; Morsilli and Pomar, 2012; Alván and Von Eynatten, 2014; 
Li et al., 2016; Puga-Bernabéu and Aguirre, 2017; Üner, 2018).

The AÈrÏ Ba sin is lo cated on the East ern Ana to lian Pla teau
that was formed as a re sult of the col li sion be tween the Ara bian
and Eur asian plates (Fig. 1A). The ba sin de vel oped ma rine to
ter res trial en vi ron ments as a re sult of this col li sion dur ing the
Early to Mid-Mio cene (Okay et al., 2010). The Qua ter nary suc -
ces sion in the ba sin is rep re sented by lac us trine and flu vial de -
pos its (Demirkaya et al., 2017; Fig. 1B), their spa tial dis tri bu tion
of in di cates that the lake in the AÈrÏ Ba sin cov ered an area of
~1200 km2 dur ing the Qua ter nary. How ever, it no lon ger ex ists
be cause of cli mate changes and struc tural de vel op ments
(Demirkaya et al., 2017).
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East ern Anatolia has both a mid-lat i tude tem per ate and a sub -
trop i cal cli mate. The high to pog ra phy has a sig nif i cant ef fect on
the at mo spheric cir cu la tion. Lo ca tion and to pog ra phy jointly con -
trol pres ent and past cli ma tic fea tures (Stockhecke et al., 2012;
Meydan et al., 2022). The pres ent con tri bu tion de scribes the first
sedimentological and palaeontological ev i dence of storm-event
beds in the Qua ter nary lac us trine de pos its of the AÈrÏ Ba sin, and
re con structs the re lated palaeoenvironmental con di tions.

REGIONAL GEOLOGY

The East Ana to lian Pla teau emerged from the col li sion be -
tween the Eur asian and Ara bian Plates (�engör and YÏlmaz,
1981). Nu mer ous bas ins were formed by this compressional
tectonism, in clud ing the Pasinler, Muº, Lake Van, and AÈrÏ bas -
ins (�aroÈlu and Güner, 1981). The fan-shaped AÈrÏ Ba sin
trends E–W, with an av er age el e va tion of 1700 m. It is a
piggy-back ba sin formed on base ment rocks of Cre ta ceous
ophiolites, Lower to Mid dle Mio cene ma rine de pos its, and Mio -
cene to Plio cene vol ca nic rocks (Keskin and Dönmez, 2013). It
is bor dered by the Eleêkirt-YazÏcÏ Thrust Fault to the north and
the AÈrÏ Thrust Fault to the south (Fig. 1B).

The palaeo geo graphi cal evo lu tion of the AÈrÏ Ba sin has
been sig nif i cantly af fected by tectonism. The re sult ing evo lu tion 
can be sub di vided into four stages: 

– a pre-Late Mio cene stage with ba sin for ma tion and a tran si -
tion from ma rine to ter res trial con di tions be cause of col li sion 
and re gional up lift (�aroÈlu and Güner, 1981; ªengör et al.,
2008); 

– a Late Mio cene-Plio cene stage with col li sion-re lated vol ca -
nic ac tiv ity (KaraoÈlu et al., 2005; Özdemir et al., 2011;
Açlan et al., 2020) and lake for ma tion (Fig. 2A); 

– a Plio cene-Late Qua ter nary stage with drain ing of the lake
due to tec tonic ac tiv ity;

– a Late Qua ter nary-re cent stage with flu vial ac tiv ity (Demir -
kaya et al., 2017).
Qua ter nary sed i men tary suc ces sions in the south ern part of 

the AÈrÏ Ba sin clearly show the sedimentological char ac ter is tics 
of shal low- and deep-lac us trine de pos its (Fig. 2A, B) with a
coastal fa cies in clud ing flat tened and rounded peb bles (Fig.
2C). Flu vial chan nels that eroded these lac us trine de pos its rep -
re sent the tran si tion from the lac us trine to a flu vial en vi ron ment
(Fig. 2D). These lac us trine suc ces sions also con tain storm
event de pos its.
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METHODS

The Qua ter nary lac us trine de pos its of the AÈrÏ Ba sin were
in ves ti gated in the field. The sed i men tary struc tures were ex -
am ined in de tail. Their size and shape, and the palaeoen vi ron -
men tal set ting un der which the struc tures orig i nated, were in ter -
preted for each of the three sec tions in ves ti gated and the hy -

dro dy namic pro cesses that formed these struc tures were re -
con structed on the ba sis of their char ac ter is tics. All sed i men tary 
char ac ter is tics were com pared with storm de pos its (tempe -
stites) de scribed in pre vi ous stud ies (Aigner, 1982; Dott and
Bour geois, 1982; Walker et al., 1983; Duke et al., 1991; Wei -
dong et al., 1997). A palaeoen vi ron men tal depositional model
was fi nally pre pared by com bin ing all data from the three sec -
tions in ves ti gated (Fig. 3).
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DESCRIPTION AND INTERPRETATION 

OF THE SEDIMENTARY STRUCTURES

The Qua ter nary fill of the AÈrÏ Ba sin con sists mostly of lac -
us trine suc ces sions com posed of al ter nat ing semi-con sol i da -
ted, fine- to me dium-bed ded sands, silts, and clays (Demirkaya
et al., 2017). Grav elly shore de pos its with a delta and beach fa -
cies were de pos ited co evally with these fine-grained lac us trine
de pos its. The most im por tant sed i men tary struc tures are ero -
sional struc tures, graded bed ding, par al lel bed ding, hummocky
cross-strat i fi ca tion, wave-gen er ated cross-bed ding and bio -
genic es cape struc tures.

EROSIONAL STRUCTURES

Ero sional struc tures in the study area are pres ent as ir reg u -
larly undulose sur faces (Fig. 4A). De pres sions are max i mally
50 cm long and 30 cm deep, and are filled by wave-gen er ated
cross-beds and graded de pos its. Ero sional struc tures are fre -
quently ob served at dif fer ent lev els of the lac us trine suc ces -
sions stud ied.

These types of sed i men tary struc tures have com monly
been in ter preted as hav ing formed at the base of storm-in duced 
sed i men tary units due to the ac tion of strong waves and cur -
rents (Harms et al., 1975; Allen, 1982; Walker et al., 1983; Liu et 
al., 2012; Morsilli and Pomar, 2012; Li et al., 2014).

GRADED BEDDING

Up wards-fin ing graded beds con sist ing of small peb bles
and finer sed i ments are only rarely pres ent. They were ob -
served in the de pres sions of the ero sional sur faces and are

over lain by undulose sandy and silty par al lel beds. The thick -
ness of the graded beds var ies be tween 10 and 30 cm.

The grad ing is as cribed to tur bu lent flow re lated to rapid
fluc tu a tions in hy drau lic en ergy as so ci ated with wave ac tion
(Allen, 1982; Obi, 1998; Liu et al., 2012; Li et al., 2014).

PARALLEL BEDDING

Par al lel bed ding con sists of al ter nat ing semi-con sol i dated
sandy and silty de pos its. Undulose and lat er ally con tin u ous par -
al lel beds 2–10 cm thick are pres ent among the graded beds
and hummocky cross-strata.

Al though par al lel bed ding may form in os cil la tory flow con di -
tions, its co ex is tence with graded bed ding and hummocky
cross-strat i fi ca tion in di cates that it formed by strong uni di rec -
tional flows (Myrow and Southard, 1991; Li et al., 2014; Zhang
et al., 2018).

HUMMOCKY CROSS-STRATIFICATION

Hummocky cross-strat i fi ca tion is pres ent above the hor i zon -
tal par al lel bed ding. Ac cord ing to their wave lengths and am pli -
tudes, they can be di vided into metre- and centi metre-scale sets.
The metre-scale struc tures have a wave length of 3–5 m and an
am pli tude of 50–90 cm (Fig. 4B) whereas the centi metre-scale
sets have a wave length of 30–80 cm and an am pli tude of 5–25
cm (Fig. 4C). Both groups con sist of sed i ments of gran ule size
and coarse to fine sand size and have lim ited lat eral con ti nu ity.
The ori en ta tion of the long axes of the grains is vari able.

This struc ture, which is the com bined re sult of mul ti di rec -
tional flows and in tense os cil la tion of grav i ta tional waves (Hays, 
1967), is con sid ered as the key cri te rion for the rec og ni tion of
storm events (Harms et al., 1975; Barron, 1989).
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WAVE-GENERATED CROSS-BEDDING

The wave-gen er ated cross-bed ding oc curs be tween sed i -
ments with hummocky cross-strat i fi ca tion and par al lel beds. It
con sists of gran ules and coarse sand. These struc tures, hav ing 
a wave length of 30–70 cm and an am pli tude of 5–30 cm, con -
sist of laminae with op pos ing in cli na tions that over ride each
other. Their an gles of in cli na tion de crease up wards (Fig. 4D). 

These wave-gen er ated cross-beds have been in di cated in
pre vi ous stud ies (Allen, 1982; Mor ton et al., 2007; Koma -
tsubara et al., 2008; Phantuwongraj et al., 2013; Üner, 2018) as 
a cri te rion for the rec og ni tion of past storm events.

BIOGENIC ESCAPE STRUCTURES

Two types of bur rows are pres ent at dif fer ent lev els of the
lac us trine de pos its of the study area. Nar row bur rows
(0.5–1 cm in di am e ter) in silts and fine sands have ver ti cal ori -
en ta tions (Fig. 5A), while larger ones (2–4 cm in di am e ter and
length max i mally 60 cm) that oc cur in fine to coarse sandy and
grav elly de pos its are also ver ti cal, but oc ca sion ally are con -
nected to each other by hor i zon tal path ways (Fig. 5B). 

These large tube-like struc tures were cre ated by or gan isms
that tried to reach the sed i ment/wa ter con tact when sud denly
bur ied, so as to reach again an ox y gen-rich en vi ron ment
(Bhattacharya et al., 2004; Mag yar et al., 2006; Liu et al., 2012).
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ANALYSIS OF THE HYDRODYNAMIC 
PROCESSES

The vari a tions in layer thick ness, grain size, and sed i men -
tary struc tures in the sec tions in ves ti gated in di cate vari able hy -
dro dy namic con di tions dur ing de po si tion. For in stance, ero -
sional struc tures (ero sional scours) at dif fer ent lev els of the lac -
us trine suc ces sion oc cur mostly above fine-grained, hor i zon tal
beds that rep re sent the fair-weather con di tions at the end of a
depositional event and in di cate the be gin ning of a new depo -
sitional ep i sode. Ero sional struc tures formed by strong waves
and cur rents are the most com mon struc tures at the base of
storm sed i ments and are con sid ered di rect ev i dence, when co -
ex ist ing with other storm-in duced struc tures such as
hummocky cross-strat i fi ca tion, wave-gen er ated cross-bed ding
etc., for a storm event (Harms et al., 1975; Allen, 1982; Walker
et al., 1983; Liu et al., 2012; Morsilli and Pomar, 2012; Li et al.,
2014). The ero sion sur faces were at dif fer ent lev els, in di cat ing
that the wave en ergy fluc tu ated dur ing the storm and re sulted in 
both ero sion and de po si tion.

The de pres sions caused by these ero sional sur faces were
filled by nor mally graded sed i ments and sub se quently by sandy 
and silty hor i zon tally-bed ded sed i ments. This ver ti cal ar range -
ment in di cates changes in the flow re gime. The up wards fin ing
re sults from the size/weight de pend ent set tling ve loc ity re lated
to in sta bil ity in the pre vail ing hy drau lic en ergy con nected with
wave ac tiv ity (Allen, 1982; Obi, 1998; Liu et al., 2012; Li et al.,
2014). The over ly ing sed i ment with par al lel bed ding re flects the 
up per flow re gime and de vel oped un der strong uni di rec tional
flow con di tions (Myrow and Southard, 1991; Li et al., 2014;
Zhang et al., 2018).

The metre-scale hummocky cross-strat i fi ca tion in coarse
sand and gran ule-sized sed i ments in di cat ing strong storm ac -
tiv ity over lies par al lel beds. The for ma tion of this metre-scale
hummocky cross-strat i fi ca tion is re lated to os cil la tory com bined 
flows (Dott and Bour geois, 1982; Ar nott and Southard, 1990;
Southard et al., 1990; Cheel, 1991; Cheel and Leckie, 1993;
Midtgaard, 1996). The centi metre-scale smaller hummocky
cross -strat i fied units, which have lim ited lat eral con ti nu ity, are
lo cated in the top parts of storm-in duced depositional units
through out the strati graphic sec tions. De crease in the size of
struc tures rep re sents a rel a tive re duc tion in storm im pact (Li et
al., 2014).

De pos its with wave-gen er ated cross-beds over lie grav elly
and sandy de pos its with metre-scale hummocky cross-strat i fi -
ca tion. These wave-gen er ated cross-beds were pro duced by
os cil la tory com bined flows (Yokokawa et al., 1995; Yamaguchi
and Sekiguchi, 2010; Perillo et al., 2014; Zhang et al., 2018).
The up wards di min ish ing size and depositional an gle of the
wave-gen er ated cross-beds in di cate a de crease in cur rent en -
ergy dur ing de po si tion. The up wards suc ces sion of par al lel
bed ding, hummocky cross-strat i fi ca tion and wave-gen er ated
cross-strat i fi ca tion is char ac ter is tic of lower-shoreface de pos its
in flu enced by storm waves (McCubbin, 1982; Green wood,
2006).

Tube-like ver ti cal biogenic struc tures are fre quent in lac us -
trine de pos its. These struc tures are cre ated by or gan isms to
avoid be com ing bur ied and so are also con sid ered as an in di ca -
tor of storm-in duced rapid de po si tion (Pem ber ton et al., 2001;
Bhattacharya et al., 2004; Mag yar et al., 2006; Liu et al., 2012;
Scott et al., 2012). The ver ti cal at ti tude and the abun dance of
these struc tures are at trib uted to the in crease in en ergy level
due to the storm ef fect (Howard 1971a, b, 1975; Pem ber ton et
al., 2001). These ver ti cal es cape traces with oc ca sion ally
roughly hor i zon tal in ter con nec tions are char ac ter is tic of the
most com mon trace fos sil in high-en ergy lac us trine en vi ron -
ments, Skolithos (Bromley and Asgaard, 1979; Mángano et al.,
1994; Melchor et al., 2003; Buatois and Mángano, 2004;
Nehyba and Roetzel, 2022). The pres ence of such trace fos sils
bur row ing through hummocky cross-strat i fied de pos its in di -
cates en ergy fluc tu a tions (Buatois and Mángano, 2009).

DISCUSSION

SEDIMENTARY MODEL

All the sed i men tary struc tures that oc cur in the suc ces sions
un der study have fre quently been men tioned in pre vi ous stud -
ies of storm-in duced de pos its (Schwartz, 1975; Aigner, 1982;
Dott and Bour geois, 1982; Walker et al., 1983; Duke et al.,
1991; Myrow and Southard., 1996; Weidong et al., 1997; Tuttle
et al., 2004; Komatsubara et al., 2008; Liu et al., 2012; Wang et
al., 2015). These stud ies have in com mon that they de duce that 
an ideal tempestite shows sed i men tary struc tures such as ir -
reg u lar ero sional sur faces, graded bed ding and/or par al lel bed -
ding, hummocky cross-strat i fi ca tion, wave-gen er ated cross-
 beds, and silty or sandy de pos its with biogenic es cape struc -
tures. How ever, the or der and size of these fea tures can vary
due to fluc tu a tions in en vi ron men tal con di tions such as wind
speed, wave length and wa ter depth (Liu et al., 2012; Li et al.,
2014). Sim i lar storm-in duced depositional re cords have been
re ported from Qua ter nary lac us trine de pos its in dif fer ent lakes
in the re gion such as Lake Van (Türkiye) (Üner, 2018; Üner et
al., 2019), Lake Hamoun (Iran) (Hamzeh et al., 2016), and the
Cas pian Sea (KazancÏ et al., 2004).
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Fig. 5. Biogenic es cape struc tures

A – nar row bur rows; Sec tion 3 (see Fig. 3); 
B – wide bur rows; Sec tion 2
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Three sed i men tary sec tions, only a few tens of metres apart 
from each other lat er ally (Fig. 3), which con tain the stud ied part
of the lac us trine de pos its of AÈrÏ Ba sin, have been in ves ti gated
in de tail. They all con tain the hummocky cross-strat i fi ca tion,
which is di ag nos tic of storm-in duced sed i ments; more over, this
struc ture in di cates the shoreface-to-off shore tran si tion zone
(Hays, 1967).

Sec tion 1 is 4.3 m high and in cludes metre-scale
hummocky cross-strat i fi ca tion (Fig. 3). Sec tions 2 and 3 show
such struc tures at a centi metre-scale. The size dif fer ence of the 
hummocky cross-strat i fi ca tion in di cates that the storm ef fect on 
de po si tion de creased, which might be as cribed to deep en ing
(Fig. 6). In ad di tion, the pres ence of sev eral ero sional struc -
tures, hummocky cross-strat i fi ca tion, and silty par al lel beds in
ver ti cal or der in all three sec tions sup ports in ter pre ta tion of fluc -
tu a tions in the en ergy of a sin gle storm dur ing for ma tion of
these tempestites.

Ver ti cal biogenic struc tures are com monly con sid ered as
ev i dence of rapid de po si tion due to storms (Savrda and
Nanson, 2003; Bhattacharya et al., 2004; Mag yar et al., 2006;
Buatois and Mángano, 2009; Liu et al., 2012; Üner, 2018;

Schwarz et al., 2021). Fairly rare nar row and short es cape
struc tures oc cur in the sandy and silty de pos its (sec tion 3),
whereas rel a tively closely-spaced, thick and long struc tures oc -
cur in the coarse-grained de pos its (sec tion 2). This may be re -
lated with the higher sed i men ta tion rate near the shore than in
the deeper wa ter dur ing the storm (Fig. 6).

CONCLUSIONS

Lac us trine en vi ron ments are very sen si tive to cli mate-re -
lated changes and ef fec tively store the sedimentological re -
cords of these changes. How ever, storm-in duced de pos its are
not com monly found in such re cords due to rapid ero sion dur ing 
the storm. Storm ac tiv ity is re corded in the pres ent study by the
pres ence of hummocky cross-strat i fi ca tion, ero sional sur faces,
graded and par al lel bed ding, wave-gen er ated cross-beds, and
biogenic es cape struc tures in the Late Qua ter nary lac us trine
de pos its of the AÈrÏ Ba sin.

Hummocky cross-strat i fi ca tion is pres ent in dif fer ent lev els
of the sec tions in ves ti gated. These struc tures, which re sult from 
os cil la tory com bined flows, are pres ent in all three sec tions fol -
lowed by hor i zon tal silt lay ers, de pos ited un der rel a tively quiet
con di tions. Rep e ti tion of this com bi na tion of fea tures in di cates a 
pow er ful storm and fluc tu a tions in the storm en ergy. The
hummocky cross-strat i fi ca tion also in di cates that de po si tion oc -
curred in a shoreface-to-off shore tran si tional zone, and the lat -
er ally de crease in the size of these struc tures sug gests deep en -
ing of the wa ter in this di rec tion.

The var i ous find ings about the Qua ter nary palaeo geo -
graphic and palaeoclimatic ap proach to lac us trine de pos its of
the AÈrÏ Ba sin pro vide a new per spec tive in fur ther study about
the ba sin evo lu tion.
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