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Trav er tine for ma tion is one of the most im por tant ar chives of ac tive tec ton ics in a re gion and pro vides in for ma tion about cli -
mate, wa ter tem per a ture and quan tity, and bi o log i cal ac tiv ity. The Edremit travertines and tufas ex tend over nearly160 km2

within the bound aries of the Edremit area to the east of Lake Van (east ern Tur key), and yield im por tant ev i dence to wards un -
der stand ing the neotectonics of the re gion. The Edremit travertines and tufas were stud ied through out their full strati graphic
ex tent, the fac tors con trol ling the for ma tion of these de pos its were ex am ined, and the suc ces sion was sam pled for U/Th
anal y sis. Trav er tine for ma tion was found to oc cur from 542–29.7 ka, with two dif fer ent tufa for ma tion pe ri ods: from
29.7–5.8 ka and 5.8–2.08 ka. Pauses in trav er tine for ma tion (palaeosols) were iden ti fied from 510–470 ka, 289–269 ka and
91–34 ka. Our study showed that cli mate pa ram e ters af fected the for ma tion of tufa, while the Edremit travertines de vel oped
un der the con trol of tectonism. The Van Fault is di rectly as so ci ated with trav er tine de vel op ment and its age was iden ti fied as
542 ka or older. Since the GürpÏnar Fault, one of the most im por tant faults in the re gion, is ef fec tive in shap ing the south ern
slope of the travertines and lim it ing the move ment of the Van Fault, its age should be youn ger than 542.4 ka. The ElmalÏk
Fault played an ac tive role in the for ma tion of the Edremit tufas and is pro posed to be 29.7 ka in age, from strati graphic re la -
tion ships in the re gion.

Key words: palaeosol, trav er tine fa cies, Van Fault, tufa, growth rate, Lake Van.

INTRODUCTION

Trav er tine is the name given to cal cium car bon ate rock ac -
cu mu lat ing in ar eas where warm wa ter rich in cal cium and bi -
car bon ate reaches the sur face through frac tures, joints or ac -
tive fault lines (Pedley, 1990; Ford and Pedley, 1996; Guo and
Rid ing, 1998; Pen te cost, 2005; Gandin and Cappezuoli, 2008).
How ever, it is known that wa ters with low cal cium car bon ate
con tent also pre cip i tate trav er tine (Luo et al., 2021). De pend ing
on how they are clas si fied mor pho log i cally and as re gards and
lithofacies, travertines are fre quently used for tec tonic and
palaenvironmental in ter pre ta tions both re gion ally and at small
scale. As a re sult, there are many stud ies con cern ing
travertines (Altunel and Han cock, 1993b; Guo and Rid ing,
1998; Fouke et al., 2000; Pen te cost, 2005; Veysey et al., 2008;

Guido et al., 2010; Guido and Camp bell, 2011). Han cock et al.
(1999) stated that there is a close re la tion ship be tween trav er -
tine for ma tion and tectonism, and they called such re lated trav -
er tine de pos its “travitonic”.

The term tufa was used in ter change ably with trav er tine by
many re search ers in gen er ally nam ing fresh wa ter car bon ates
and cave sed i ments (Irion and Müller, 1968; Pen te cost, 1981;
Julia, 1983; Pen te cost and Viles, 1994; Viles and Goudie,
1990). How ever, over time, trav er tine be gan to be used for
warm and hot wa ter car bon ates (Pedley, 1990; Pen te cost and
Viles, 1994; Pen te cost, 2005; Jones and Renaut, 2010), and
tufa as cold wa ter car bon ates (Pedley, 1990; Koban and
Schweigert, 1993; Pen te cost, 2005; Gandin and Cappezuoli,
2008). Cappezuoli et al. (2014) de fined tufas as phytoherm car -
bon ates with very high bi o log i cal con tent, with weak lay ers,
form ing in wa ter gen er ally <20°C, and with po ros ity >40%.
Thus, trav er tine and tufa are now clearly rep re sent sep a rate de -
posit types. In some geo ther mal sys tems, sed i ments iden ti cal
to tufa are ob served at the mar gins of trav er tine de pos its, re -
flect ing cool ing of the wa ter as the ther mal wa ters be come
more dis tant from the source. Cappezuoli et al. (2014) pro -
posed the term “travitufa” for these de pos its.

* Cor re spond ing au thor, e-mail: cetinyesilova@gmail.com

Re ceived: Au gust 17, 2021; ac cepted: April 22, 2021; first pub lished 
on line: 21 June, 2021



Palaeosol is the name given to an cient soils formed as a re -
sult of phys i cal, chem i cal and bi o log i cal pro cesses at the rock
sur face (Kraus, 1999; Retallack, 2014; Ta bor and Meyers,
2015). Palaeosols, which are formed as an in ter ac tion of litho -
sphere, hy dro sphere, bio sphere and at mo sphere, are ex -
tremely im por tant as they re cord phys i cal, bi o log i cal and chem i -
cal con di tions of past times (Ta bor and Meyers, 2015).
Palaeosols are fre quently used in palaeoclimate as sess ments
due to the pol len data they con tain and in cor re la tion of Qua ter -
nary de pos its at lo cal and re gional scale due to their dis tinc tive
fea tures (e.g., Rich mond, 1962; Mor ri son, 1967; Pecsi, 1995;
Pazonyi et al., 2013; Toker Tagliasacchi, 2018). Some trav er -
tine and tufa for ma tions show con tin u ous de po si tion, while oth -
ers have lit tle strati graphic con ti nu ity, or show one or more
pauses dur ing their de po si tion. Palaeosols formed in these in -
ter vals of paused sed i men ta tion and in creased ero sion; in
pauses in trav er tine for ma tion, they also re flect in creased bi o -
log i cal ac tiv ity and the be gin ning of weath er ing (Chafetz and
Folk, 1984; Guo and Rid ing, 1998; Özkul et al., 2002; Faccenna 
et al., 2008; Van Noten et al., 2018).

The Lake Van Ba sin plays a key role in Anatolia and the
Mid dle East, as re gards tectonism (�aroÈlu and YÏlmaz, 1986;
Özkaymak et al., 2012; KoçyiÈit, 2013; SaÈlam Selçuk, 2016;
Utkucu et al., 2017; Gülyüz et al., 2019), cli mate (Landman et
al., 1996a, b; KadÏoÈlu et al., 1997; Wick et al., 2003; Litt et al.,
2011, 2014; ÇaÈatay et al., 2014; Stockhecke et al., 2014;
Pickarski et al., 2015), and vol ca nic and mag matic stud ies (Zot
et al., 2003; An gus et al., 2006; Özacar et al., 2008; Mouralis et
al., 2010; Sumita et al., 2012, Sumita and Schimincke, 2013a,
b, c; Schmincke and Sumita, 2013; KaraoÈlan et al., 2016;
Oyan, 2018a; Açlan and Altun, 2018). In this con text, un der -
stand ing trav er tine for ma tion, an im por tant key to neotectonics
in the re gion, is very im por tant for re gional un der stand ing. The
Edremit travertines are lo cated east of Lake Van within the
Lake Van Ba sin (Fig. 1A), which de vel oped within a
compressional (con ti nent-con ti nen tal col li sion) re gime start ing
the Mio cene (ªengör and Kidd, 1979; Gülyüz et al., 2019).
Erup tions of the Nemrut stratavolcano played an im por tant role
in the ba sin tak ing its pres ent shape. Özdemir et al. (2006) sug -
gested a 2.5 Ma age for this vol cano, and Ulusoy et al. (2012) a
1.01 Ma age. The compressional re gime ac tive in the re gion
from 19 Ma, is still ef fec tive to day and has played an ac tive role
in the de vel op ment of many palaeo- and ac tive faults in the ba -
sin (�aroÈlu and YÏlmaz, 1986; Özkaymak et al., 2012; KoçyiÈit, 
2013; Toker, 2013, 2014, 2017b; Utkucu, 2013; Çukur et al.,
2014; ErdoÈan and Özvan, 2015; SaÈlam Selçuk, 2016;
Utkucu et al., 2017). These faults may be linked to many trav er -
tine de pos its in the ba sin, not least the ac tiv ity of the Van,
GürpÏnar and ElmalÏk faults (Fig. 1B; Yeêilova et al., 2015a, b;
Yeºilova, 2019).

The base ment of the study area com prises the Pa leo -
zoic-Me so zoic Bitlis Mas sif and the Up per Cre ta ceous Gevaº
Ophiolites (HelvacÏ et al., 1985). The Van For ma tion com pris -
ing sand stone, claystone, marl and lime stone al ter na tions of
Burdigalian age un con form ably over lies these units (Gülyüz et
al., 2019). The suc ces sion con tin ues with the Plio cene KÏzÏltaê
For ma tion con sist ing of al ter na tions of con glom er ate and sand -
stone (Acarlar, 1991). The Plio cene-Qua ter nary Büyükçay For -
ma tion and GürpÏnar For ma tion un con form ably over lie these
units. The se quence then ends with the Qua ter nary Edremit
travertines, Van Lake For ma tion, GürpÏnar tufa and fi nally with
lake-stream de pos its (Acarlar, 1991; Fig. 1B).

This pa per ex am ines the for ma tion and evo lu tion of
travertines and tufas in the study area. For this pur pose, re -
gional cli mate, ground wa ter level, aque ous CaCO3, tectonism,
vol ca nism and mag matic contex will be dis cussed. In ad di tion,

the age of the Van, GürpÏnar and ElmalÏk faults, which are of
great im por tance for re gional tectonism and trav er tine-tufa for -
ma tion, will be eval u ated with re spect to the tim ing of trav er tine
and tufa de po si tion. This pa per is the first de tail ing
travertines/tufas in the Van re gion which is a “hot spot” for re -
cord ing Mid to Late Pleis to cene and Ho lo cene cli mate in the
East ern Ana to lian high lands, of ten also used as a ma jor cli mate 
ref er ence for un der stand ing cli mate change in the East ern
Med i ter ra nean.

METHODS

In de ter min ing the dy nam ics (cli mate, tectonism, vol ca -
nism) that play a role in the evo lu tion of trav er tine and tufa in the 
Edremit re gion, field stud ies (strati graphic log ging, fa cies anal y -
sis) and dat ing (U/Th) stud ies have been car ried out.

In the field stud ies, the trav er tine and tufa de pos its were ex -
am ined in de tail from bot tom, where they over lie the Van For -
ma tion, to top, and a de tailed and mea sured strati graphic col -
umn was pre pared to con strain their evo lu tion. To note lat eral
fa cies vari a tions, in di vid ual lay ers were fol lowed and sec tion
mea sure ments taken at ap pro pri ate sites. Dur ing the log ging,
fa cies anal y sis and sam pling were also car ried out. Two dif fer -
ent trav er tine and two dif fer ent tufa units were ob served. From
bot tom to top these com prise: range-front trav er tine and bed -
ded travertines (these two trav er tine units con sti tute the
Edremit travertines); and the Edremit and ÇayÏrbaêÏ tufas.
These units were stud ied ac cord ing to their mor pho log i cal and
lithological prop er ties.

Fa cies were de ter mined by de tailed lithological ex am i na tion 
(layer lo ca tion, layer thick ness, col our, macrofossil con tent,
mac ro scopic tex ture, po ros ity). Fa cies as so ci a tions were de ter -
mined for each trav er tine and tufa unit by ex am in ing the lat eral
and ver ti cal con ti nu ity of the fa cies de ter mined. In de ter min ing
fa cies, lithological fea tures re corded in pre vi ous stud ies were
taken into con sid er ation (e.g., Julia, 1983; Chafetz and Folk,
1984; Pedley, 1990; Ford and Pedley, 1996; Guo and Rid ing,
1998; Pen te cost, 2005; Gandin and Cappezuoli, 2008;
Cappezuoli et al., 2014). A com plete sec tion was mea sured
from the bot tom of the Edremit travertines to the ceil ing of the
Edremit Tufa. The sec tion was in ter rupted by three un com -
pacted units of sandy, silty and clayey, milky brown - brown de -
posit rep re sent ing palaeosols (e.g., Kraus, 1999; Retallack,
2014; Ta bor and Meyers, 2015), which in di cate pauses in sed i -
men ta tion, used as the de ter min ing fea tures in this study
(Chafetz and Folk, 1984; Guo and Rid ing, 1998; Özkul et al.,
2002; Faccenna et al., 2008; Van Noten et al., 2018). The car -
bon ate fa cies were used in palaeoenvironment anal y sis (cf.
Ford and Pedley, 1996; Guo and Rid ing, 1998; Pen te cost,
2005; Cappezuoli et al., 2010).

Minerology-pe trog ra phy. Forty-two sam ples were taken
for min er al og i cal and petrographic anal y sis. Of these sam ples,
32 were used for thin sec tion anal y sis, 7 for SEM (Scan ning
Elec tron Mi cro scope) and 3 for XRD (X-Ray Dif frac tion) anal y -
sis. XRD sam ples were taken from the palaeosol lev els.

Thin sec tions. Thin sec tions of 32 sam ples were made at
Dokuz Eylül Uni ver sity, Torbalý Vo ca tional High School thin
sec tion lab o ra tory. Ori ented sam ples were cut into the form of a
match box. The cut spec i mens were glued to 2 mm thick frosted
glass with ar al dite and hard ener and then thinned us ing an
abra sive disc.

SEM anal y sis. Seven sam ples were ex am ined us ing SEM
with EDS (en ergy-dispersive spec tros copy) at the Sci en tific Re -
search and Ap pli ca tion Cen ter of Van Yüzüncü YÏl Uni ver sity.
Nat u ral and pol ished sec tion sam ples were coated with Au-Pd
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for 90 sec onds, ex am ined us ing a ZEISS Sigma 300 model
SEM mi cro scope and pho to graphed with an SE2 de tec tor.

XRD anal y sis. XRD anal y sis was per formed on 3 palaeosol 
sam ples at the An kara Uni ver sity Earth Sci ences Re search and 
Ap pli ca tion Cen ter. One-two g sam ples were ground in an ag -
ate mor tar to be un der 22 µm, and pre pared for anal y sis to have 
least ori en ta tion, by ap ply ing ver ti cal pres sure.

U/Th anal y sis. Sam pling be gan at the con tact be tween the
Edremit trav er tine and the Van for ma tion and con tin ued to each 

palaeosol level. Then, one sam ple was taken from be low and
above each palaeosol level for dat ing. Sam ples were taken
from the bot tom and top lev els of the tufas, though not at the
palaeosol lev els. In ad di tion, sam pling was per formed sys tem -
at i cally from bot tom to top. Only one sam ple was pre pared for
anal y sis from the ÇayÏrbaêÏ tufas. A to tal of 11 sam ples were
ana lysed (Ta ble 1).

The sam ples, of 40–80 g each, were pre pared by crush ing
with a ham mer. U/Th anal y ses were con ducted us ing a
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Fig.1A – location map of the study area on a re lief map of Tur key; B – geo log i cal map of the study area and sur round ings

NAF – North Ana to lian Fault, EAF – East Ana to lian Fault, BSZS – Bitlis-Zagros su ture zone; the white ar rows in di cate the di rec tion of move -
ment of the plates; sam ple lo ca tions are shown by the let ter E on the map; all faults on the map are af ter KoçyiÈit (2013); sam ple co or di nates
are given on the map



multi-col lec tor in duc tively cou pled plasma mass spec trom e ter
(MC-ICP-MS), Thermo Elec tron Nep tune, at the High-pre ci sion 
Mass Spec trom e try and En vi ron ment Change Lab o ra tory
(HISPEC), De part ment of Geosciences, Na tional Tai wan Uni -
ver sity. A tri ple-spike 229Th-233U-236U, iso tope di lu tion method
(Shen et al., 2003) was used to cor rect for in stru men tal frac tion -
ation and to de ter mine U/Th iso to pic and con cen tra tion (Shen
et al., 2012). The half-lives of U-Th nuclides used are avail able
in Cheng et al. (2013). Un cer tain ties in the U-Th iso to pic data

and 230Th dates are cal cu lated at the 2s level or two stan dard
de vi a tions of the mean (2sm) un less oth er wise stated.

RESULTS

SEDIMENTOLOGY AND PALAEOGEOGRAPHY

In the field, the travertines and tufas were ex am ined ver ti -
cally and lat er ally and a gen er al ized col umn sec tion was pre -
pared rep re sent ing them (Fig. 2). In log ging, the lay ers were
fol lowed lat er ally so that a com plete sec tion could be con -
structed (Fig. 2). The travertines and tufas in the study area
were di vided into four: range-front travertines which formed
be tween 542.4–538.7 ka; strat i fied travertines which formed
be tween 538.7–29.7 ka; the Eremit tufas which formed  be -
tween 30–5.7 ka; and the ÇaÏrbaêÏ tufas which formed at 2.1
ka (Fig. 2).

Range-front travertines.  These basal travertines are
me dium to thick bed ded with a to tal thick ness of 3 m (Fig. 3A,
B). They con tain an gu lar blocks of Van For ma tion sand stone
and siltstone 30–70 cm across (Fig. 3B) and round bur -
gundy-red peb bles also from the Van for ma tion. The
travertines are milky pink-brown in col our. All the range-front
travertines are of peb bly fa cies (Figs. 3B and 4A). They were
ob served at the bound ary of the Edremit travertines with the
Van For ma tion, at its east ern bor der where Van Fault passes.

Layer-type travertines. Beige-cream col oured, rarely
grey, travertines with an av er age thick ness of 145 m are bed -
ded, vary ing from lam i nated to thick bed ded. Lamina thick -
nesses vary be tween 5–8 mm, and bed thick nesses be tween
1 and 80 cm. The for ma tion of these travertines, which con -
form ably over lie the ran ge-front travertines, con tin ued for
504.6 ky.

Field stud ies de ter mined a to tal of 6 litho facies in the
Edremit travertines: crys tal line crust fa cies, reed-type fa cies,
shrub-type fa cies, lithoclast-brec cia fa cies, pa per-thin
raft-type fa cies and palaeosol fa cies. The bed ded traver tines
be gin with crys tal line crust fa cies at the base and end in
shrub-type fa cies at the top.

Crys tal line crust fa cies. This fa cies, milky cof -
fee-cream-beige col oured, is one of the most com monly en -
coun tered and dom i nant fa cies in the study area (Fig. 2). With 
layer thick nesses vary ing from 0.8 to 60 cm, the fa cies has a
hard and com pact struc ture (Figs. 3B and 4B).

Reed-type fa cies; This light to dark brown fa cies is thin -
nest and least widely dis trib uted in the study area, mostly be -
ing as so ci ated with shrub-type fa cies. It in cludes rem nants of
reeds and sedge, in places per pen dic u lar to the base, but
mostly dis trib uted ran domly through the lay ers (Fig. 4C, D).
Layer thick ness var ies from 1–5 cm. The fa cies out crops on
the south slope of the travertines in the study area and in
low-slope ar eas be tween ÇayÏrbaêÏ vil lage and Edremit
county.

Shrub-type fa cies. This grey-light brown fa cies is ob -
served most of ten hor i zon tally and ver ti cally in the study area, 
and mostly con tains gas cav i ties (Fig. 4D). In the field, it is

usu ally found to gether with pa per-thin raft and reed-type fa cies.
Bed thick nesses var ies from 10 to 30 cm. It out crops be neath
the Edremit tufa in the study area (in the south east) and around
Edremit county. This fa cies mostly out crops in ar eas where the
slope flat tens.

Lithoclast-brec cia fa cies. This cream-beige and oc ca sion -
ally brown fa cies has bed thick nesses vary ing from 40–120 cm.
It was ob served at three sep a rate lev els along the mea sured
strati graphic sec tion, gen er ally de vel op ing above palaeosol fa -
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cies (see Fig. 2). It com prises an gu lar and poorly-sorted trav er -
tine peb bles (4–114 mm across) in a bind ing car bon ate mud
(Fig. 4E). It was ob served north of Köprüler vil lage and south of
ElmalÏk vil lage.

Pa per-thin raft-type fa cies. Layer thick nesses var ies from
1–15 mm. These thinly laminted de pos its ap pear like sin gle
thick lay ers due to cal cite mud plas ter ing the sur round ings
(Fig. 4F). In the study area this grey-light brown  fa cies out crops
in flat ar eas be tween ÇayÏrbaêÏ vil lage and Edremit county and
was the third most com monly ob served fa cies.

Palaeosol fa cies. Formed dur ing deg ra da tion. weath er ing
and trans port of the travertines, this fa cies is light to dark brown. 
While the palaeosols ex am ined in the re gion over lie the traver -
tines with an ir reg u lar sur face, sharply bounded travertines
over lie them in turn. A 2 m thick palaeosol ac cu mu lated over a
20 ky time in ter val be tween 289–269 ka, while the other two
palaeosols have thick nesses of 50–100 cm (Fig. 4G, H). These
thick nesses de crease downslope. This fa cies was ob served
south west of ElmalÏk vil lage, in the 3rd km along the
Edremit–Gevaº high way and east of Köprüler vil lage.

Edremit tufa. Tufas pre cip i tated be tween 29.7–5.7 ka are
light brown-yel low, and con sist of stromatolites and phytoclastic 
tufa. Tufa nearly 30 m thick out crops in an area be tween the
travertines in the study area and the shore of Lake Van
(west-south-west of the travertines).

The phytoclast tufa fa cies was formed by ce ment ing large
and small plant re mains – mostly sedge-reed type plants – and
leaves with car bon ate (Fig. 5A). The plant re mains are var i -
ously dis persed, form a clast-sup ported fab ric, and are well-ce -
mented (Fig. 5A).

The stromatolite tufa fa cies was ob served in lim ited ar eas
on the coast of Lake Van, com pris ing stromatolites 20–70 cm
long and 5-15 cm thick.  The fa cies – whose lower and up per
bound aries are made of clear white col oured sparry cal cite
(Fig. 5B) – are lat er ally and ver ti cally tran si tional into phytoclast
tufa fa cies.

ÇayÏrbaêÏ tufa. These formed be fore 2.08 ka in a small lake 
on the Edremit travertines. This dark to light brown tufa com -
prises plants and leaf frag ments and phytoclasts within a
micritic tufa fa cies con sist ing of car bon ate mud lay ers. Leaf
frag ments were ob served in the low est lev els of the tufa
(Fig. 5C). In the up per lev els, frag ments of reed, but no leaf fos -
sils, were ob served. Nearly 2 m thick over all, bed thick ness var -
ies from 2–45 cm (Fig. 5C, D).

The phytoclast tufa fa cies is dark to light brown with bed
thick nesses vary ing from 5–45 cm (Fig. 5C), con sist ing of
weakly ce mented, frag ile plant stems and leaves (Fig. 5D). The
micritic tufa fa cies is dark to light brown, the car bon ate mud and 
lay ers vary ing from 2–15 cm (Fig. 5C) and al ter nat ing with the
phytoclast tufa fa cies (Fig. 5C). No other sed i men tary struc -
tures were ob served.
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Fig. 2A – range-front trav er tine, which forms the base of the Edremit travertines; B – pic tures of Van for ma tion ex po sures:

Range-front trav er tine, Layer type trav er tine; C – Edremit tufas; D – ÇayÏrbaêÏ tufas



MINERALOGY AND PETROGRAPHY

The crys tal line cal cite fa cies is com posed of cal cite crys tal
bun dles per pen dic u lar to the depositional sur face (Fig. 6A, B).
The up per sur faces of the crys tal bun dles con sist of fans with
conchoidal struc ture (Fig. 6B). Cal cite crys tals have de vel oped
in smoothly and com pactly with out leav ing any space be tween
them (Fig. 6C). In thin sec tion, crys tal line shells show thin lam i -
na tion and lay ers of cal cite cut ting the crys tals per pen dic u lar to
their elon ga tion (Fig. 6A). These thin lami na tions are growth
lines that are con vex up wards and de velop from the fan base
up wards (Fig. 6B). In thin sec tion, cal cite crys tals form ing the
crys tal fans show broad ex tinc tion pat terns un der cross-po lar -
ized light (Fig. 6A). How ever, ra dial fans de vel op ing in tan dem
are ap prox i mately equal in length (Fig. 6B).

The lithoclasts form ing the lithoclast-brec cia fa cies con sists
of grains eroded from the trav er tine. Ooid grains are sparsely
en coun tered within the fa cies (Fig. 6D). Clasts de rived from the
crys tal line crustal fa cies form the grains in the cores of the ooids 
(Fig. 6D). The clasts are sur rounded by clear sparry cal cite
(Fig. 6D). These con cen tric sparry cal cite rings are oc ca sion ally 
ac com pa nied by micritic cal cite.

The shrub-type fa cies was ob served in the sec tions ex am -
ined as arborescent-shrub growths formed by branches
spread ing from more than one leaf. When lon gi tu di nally cut
sec tions of the leaves are ex am ined, ooid-like struc tures are
ob served (Fig. 6E), con sist ing of micritic car bon ate (Fig. 6E). In
the mid dle of these struc tures are cal cite crys tals and around
them are de cayed bac te rial cells (Fig. 6F). SEM anal y ses of the
bac te rial re mains in di cate abun dant microporosity of the micritic 
leaves (Fig. 6E, F).
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Fig. 3. Log sec tion show ing trav er tine and tufa in the Edremit re gion

In the cross-sec tion, fa cies as so ci a tions and sam ple lo ca tions are also shown
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Fig. 4A – rela tion be tween peb ble trav er tine fa cies and the Van For ma tion; B – crystalline crust fa -
cies; C – reed type fa cies; D – shrub type and reed type fa cies as so ci a tion; E – lithoclast-brec cia fa -
cies; F – paper-thin raft fa cies; G – lithoclast-brec cia fa cies, palaeosol and crys tal line crust fa cies; H
– Edremit tufa at the top, shrub type fa cies, palaeosol and again shrub type fa cies be low



The stromatolite tufas are com posed of thin laminae
(Fig. 6G). The up per sur faces of the stromatolites are over lain
by 5–9 mm thick sparry cal cite laminae (Fig. 6H, I), with mi cro -
bial mats be tween the cal cite laminae (Fig. 6J).

The phytoclast tufa fa cies is formed by the ce ment ing of
plant branches, roots and leaf parts with cal cite. In SEM anal y -
sis of crys tal line sam ples, rim-struc tured cal cite fil a ments de -
vel oped to fill the spaces be tween cal cite crys tals are seen
(Fig. 6K). In sam ples with micritic struc ture, mi cro bial mats with
oc ca sional cyanobacterial fil a ments are ob served on cal cite
crys tals (Fig. 6L).

In the XRD anal y sis of sam ples taken from 3 palaeosol fa -
cies in the study area, clay, car bon ate, quartz, gyp sum and
plagioclase peaks are pres ent (Fig. 7), with quartz and ka olin
be ing pre dom i nant. Chlorite, ver mic u lite and smectite with a
peak value of 14.3760 � and illite with a peak value of 9.8402 �
were de tected (Fig. 7A). Do lo mite and plagioclase were only
found in palaeosol 2 (Fig. 7B) with  a peak val ues of 3.1620 �
and 2.9750 � re spec tively, and also clay min er als at 17.2761 �
and 5.4984 � peak val ues and anhydrite with a 3.5565 � peak
value (Fig. 7B). In palaeosol sam ple 3, gyp sum with a peak
value of 7.5126 � was ob served, with gyp sum at 3.0649 � peak
ac com pa nied by cal cite (Fig. 7C).

DISCUSSION

INTERPRETATION OF FACIES ASSEMBLAGES

Trav er tine fa cies can be used to in ter pret such fac tors as
dis tance from source, depositional en vi ron ment, in ter rup tions
in de po si tion and fault/frac ture ac tiv ity (Kitano, 1963; Chafetz

and Folk, 1984; Folk et al., 1985; Chafetz et al., 1991; Ford and
Pedley, 1996; Guo and Rid ding, 1998; Özkul et al., 2002). Each 
fa cies ob served in the study area rep re sents dif fer ent
depositional en vi ron ments, wa ter tem per a tures and tec tonic
ac tiv ity/in ac tiv ity.

Con sid er ing fea tures of the depositional en vi ron ment (for -
ma tion tem per a ture, slope, min er al og i cal and petrographic
prop er ties, plant con tent/bi o log i cal ac tiv ity and aque ous re -
gime) and lithotypes of trav er tine fa cies in the study area (Guo
and Rid ing, 1998; Özkul et al., 2014), two dif fer ent fa cies as so -
ci a tions were in ves ti gated (see Fig. 2), namely slope and pool
fa cies as so ci a tions. In de ter min ing the slope fa cies as so ci a tion, 
pa ram e ters such as the tem per a ture of the wa ter, the slope of
the lay ers and the bi o log i cal ac tiv ity were taken into con sid er -
ation (e.g., Guo and Rid ing, 1998; Özkul et al., 2014;
Cappezuoli et al., 2014). In de ter min ing the pool fa cies as so ci a -
tion, pa ram e ters such as the horizontality of the lay ers form ing
the fa cies, layer thick ness, type of ce ment (micrite/sparite) and
the high bi o log i cal ac tiv ity were taken into ac count (e.g., Guo
and Rid ing, 1998; Özkul et al., 2014; Cappezuoli et al., 2014).

Slope fa cies as so ci a tion. This fa cies as so ci a tion will be
dis cussed sep a rately for the Edremit travertines and Edremit
tufas.

Edremit trav er tine. The slope fa cies as so ci a tion is com -
monly char ac ter ized by crys tal line crust fa cies (see Fig. 2),
which may be ac com pa nied by reed-type fa cies and
lithoclast-brec cia fa cies. These types of fa cies as so ci a tion gen -
er ally form on slopes with dips vary ing from 7 to 35°. This fa cies
as so ci a tion is ob served above nearly ev ery palaeosol fa cies.
Crys tal line crust fa cies de vel op ment in di cates a rel a tively hot ter 
wa ter source (e.g., Guo and Rid ing, 1998). This fa cies as so ci a -
tion de vel ops with lim ited bi o log i cal ac tiv ity due to rapid wa ter
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Fig. 5A – Edremit tufas con tain ing abun dant plant stems and leaf frag ments; B – stromatolites ob served in coastal ar eas of
Lake Van; C – ÇayÏrbaêÏ tufas con sist ing of al ter na tions of phytoclast tufa fa cies and micritic tufa fa cies; D � phytoclast tufa



flow (Guo and Rid ing, 1998). Thin and long crys tal line cal cite
bun dles per pen dic u lar to the depositional sur face ob served in
thin sec tion sup port this in fer ence (see Fig. 6A, B; e.g., Barilaro
et al., 2011). Also, the ray-crys tal fans be ing equal and in length
and of the same growth rate in di cates that sta ble am bi ent con -
di tions and wa ter flow rate (see Fig. 6C; e.g., Özkul et al. 2001;
Barilaro et al., 2011). Con cen tric clear cal cite rings (see Fig. 6D) 
that make up the ooids in di cate rapid flow. All these fea tures
show that these fa cies were de pos ited on a the hill side. How -

ever, the reed-type fa cies in di cates lower wa ter tem per a tures
and re newed bi o log i cal ac tiv ity (Guo and Rid ing, 1998) and it
shows sim i lar char ac ter is tics to tufa. Cappezuoli et al. (2014)
called such reed type travertines ‘travitufa’. This fa cies as so ci a -
tion, re peated 5 times in the study area, can be in ferred to form
from hot wa ters on slopes (e.g., Guo and Rid ing, 1998; Özkul et 
al., 2014; Cappezuoli et al., 2104).

Edremit tufas. Phytoclastic tufa oc curs within this fa cies
as so ci a tion. These tufas are grain-sup ported, cal cite-ce -
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Fig. 6. Thin-sec tion and SEM im ages of Edremit trav er tine and tufa

A – cal cite crys tal that de vel ops per pen dic u lar to the plane of the bed; B – crys tal line crustal fa cies with up ward growth; C – cal cite crys tals
(c); D – Cal cite grain (Rf) and its sur round ing con cen tric cal cite growths; E – shrub-type fa cies; F – cav ity struc ture in shrub-type fa cies with
cal cite crys tals (c) and de cayed bac te ria (mm); G – photo show ing the trans verse and lon gi tu di nal de vel op ment of stromatolites; H–J – thin
sec tion im ages of stromatolite (H and I) and mi cro bial mat in be tween (J); K – lat tice bladed struc tured cal cite fil a ments; L – cyanobacteria fil -
a ment (a) and mi cro bial mat (mm); A, B, E, H – crossed polars, D and I – plane po lar ized light



mented, highly po rous, and con tain abun dant plant stems and
leaf frag ments. The mi cro bial mats and cyanobacteria fil a ment
ob served in the SEM im ages in di cate vi a ble mi cro bial ac tiv ity
dur ing tufa pre cip i ta tion (see Fig. 6L; Özkul et al., 2002; Tlili et
al., 2021), though the cyanobacteria fil a ment may, by its lo ca -
tion, be a prod uct of en vi ron men tal con tam i na tion. The cal cite
fil a ments in cross-sec tion show the con nec tion of or ganic with
physico-chem i cal pre cip i ta tion (see Fig. 6K; Tlili et al., 2021).
These tufas have been in ves ti gated within the slope fa cies as -
so ci a tion be cause they are in clined (17–30°), formed on slopes
and do not show lac us trine fea tures (ter races, lac us trine sed i -
ment; e.g., Pedley, 1990; Glover and Rob ert son, 2003;
Cappezuoli et al., 2014). Cold min eral wa ters emerg ing from
the spring (ElmalÏk Fault) al lowed abun dant plant for ma tion,
and the wa ters flow ing down the slope formed the Edremit
tufas.

Pool fa cies as so ci a tion. This fa cies as so ci a tion will be
dis cussed sep a rately for the Edremit travertines and ÇayÏrbaêÏ
tufas.

Edremit trav er tine. This fa cies as so ci a tion con sists of fa -
cies de pos ited in hor i zon tal or near-hor i zon tal ar eas where the
slope flat tens out (Guo and Rid ing, 1998), and com prises
shrub-type and pa per-thin raft type fa cies (Fig. 3), as so ci ated
with reed-type and slope fa cies. Özkul et al. (2014) in ves ti gated 

the palaeosol fa cies within this fa cies as so ci a tion, char ac ter -
ized by changes in the fluid re gime (amount and flow di rec tion),
re duc tion and/or ces sa tion of trav er tine-form ing flow, and linked 
to in creased bi o log i cal ac tiv ity (e.g., Chafetz and Folk, 1984;
Guo and Rid ing, 1998; Özkul et al., 2002; Faccenna et al.,
2008). In gen eral this fa cies as so ci a tion is as so ci ated with lake
en vi ron ments rather than lithological fea tures (Guo and Rid ing,
1998). The fa cies typ i cally oc curs above the slope fa cies as so -
ci a tion in tran si tion to reed-type fa cies and shows a fall in wa ter
tem per a ture, a change from a slop ing to a hor i zon tal set ting and 
the de vel op ment of lac us trine ar eas. The bushes ob served in
thin sec tions and SEM im ages con sist of car bon ate mud, con -
tain or ganic com po nents, and were de pos ited hor i zon tally in su -
per po si tion, show ing that they formed in a lake/pool en vi ron -
ment with slow wa ter flow (see Fig. 6E, F; Barilaro et al., 2011;
Chafetz, 2013).

Edremit tufas. Stromatolite of this fa cies as so ci a tion have
been stud ied in re stricted ar eas along the shore of Lake Van.
Lake level has been shown to have risen up to 1720 m a.s.l.
(KuzucuoÈlu et al., 2010; Yeþilova et al., 2019), but no
stromatolites have been found at 1660 m a.s.l. and above, as
any tufa sur faces are cov ered by dense veg e ta tion and/or
forms a set tle ment area. The stromatolites in ves ti gated
stromatolites are com pat i ble with the thin pla nar stromatolites
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Fig. 7. X-ray dif frac tion anal y sis of palaeosols

Re sults of palaeosol I, palaeosol II and palaeosol III anal y ses



that Mar tin-Bello et al. (2019) named Ls.1. These are char ac ter -
ized by flat or slightly wavy laminae at the bot tom, and are
domed up wards (see Fig. 6G), show ing that the lake wa ter level 
rose over time (Mar tin-Bello et al., 2019).  In thin sec tion, up per
stromatolite sur faces con sist of clear cal cite, in di cat ing
wave/cur rent ac tiv ity (see Fig. 6G, H, I; e.g., Mar tin-Bello et al.,
2019). High bi o log i cal ac tiv ity was ob served in SEM im ages
(see Fig. 6K). Yeºilova et al. (2019) stated that the lake level
was at the same level as to day at 30 ka and that it had risen rap -
idly af ter this time. The age of for ma tion of these stromatolites
(Edremit tufas), which are ob served at an av er age height of
1660 m a.s.l., is con sis tent with this data, as are the lake wa ter
lev els shown by the domes in the up per parts of the
stromatolites (Yeºilova et al., 2019).

ÇayÏrbaêÏ tufas. This hor i zon tally bed ded tufa rep re sents a 
lac us trine en vi ron ment of micritic tufa fa cies (see Figs. 1 and
5E, F), rep re sent ing the pool fa cies as so ci a tion (e.g., Chafetz
and Folk, 1984; Guo and Rid ing, 1998; Özkul et al., 2002;
Faccenna et al., 2008; Cappezuoli et al., 2014). How ever, con -
sid er ing both their el e va tion (2100 m a.s.l.) and their for ma tion
time (be tween 5.7–2.08 ka), the en vi ron ment in which they
were formed was a sea sonal lake con du cive to trav er tine for -
ma tion. An al ti tude of 2100 m a.s.l. has not been pre vi ously in di -
cated for Lake Van, and so the, ÇayÏrbaêÏ tufas were formed in
a lo cal lac us trine area fed by sur face wa ters. The pres ence of
these tufas only in a cer tain area, not over ly ing all of the
travertines, sup ports this in fer ence.

Yeºilova et al. (2019) stated that while the wa ter level of
Lake Van was 1704 m a.s.l. at 112.7 ka, the lake level at 30.1 ka 
(1646 m.a.s.l.) re flects the re cent lake level. This study shows
that the wa ter level of the lake rise rap idly af ter this pe riod,
reach ing 1723 m a.s.l. at 19.3 ka, and sub se quently 1725.2 m
a.s.l. KuzucuoÈlu et al. (2010), in their study of the Van Lake ter -
races, stated that, based on lac us trine de pos its in Engil Stream, 
the wa ter level of Lake Van rise to 1725 m a.s.l. and that the wa -
ter level of Lake Van was 1755 m a.s.l. at 115 ka, one of the
high est val ues mea sured. In this con text, based on pre vi ous
stud ies, lac us trine sed i ments or in ter ac tions should have been
seen in the trav er tine and tufa of the re gion. How ever, in our in -
ves ti ga tions, no lac us trine in flu ence was found in the
travertines. How ever, stromatolites have been found only in a
lim ited part of Edremit tufas, be ing ob served only in very lim ited
ar eas where veg e ta tion is sparse in the coastal ar eas of Lake
Van, at up to 1660 m a.s.l., not be ing found at higher el e va tions. 
There are sev eral pos si ble ex pla na tions: (i) There may have
been no lac us trine sed i ment ac cu mu la tion on the travertines, or 
the lac us trine sed i ments may have been eroded by lake level
fluc tu a tions, (ii) lac us trine ac tion (ter race / sed i ment) may have
been pres ent on the travertines, but set tle ments and or chards
are wide spread at el e va tions of 1800 m a.s.l. and be low, hin der -
ing ex am i na tion. (iii) The to pog ra phy may have been too slop -
ing to per mit the for ma tion of trav er tine or tufa within the lake.
The lac us trine tufa oc cur rences mostly oc cur at streams or wa -
ter out lets, or beaches where there is no slope (this sit u a tion is
ex pressed for Lake Van; e.g., Yeºilova et al., 2019). As the
Edremit beach of Lake Van has a steep slope and there are per -
ma nent set tle ments at 1800 m a.s.l. and be low, lac us trine in -
puts (ter races / sed i ments) were not ob served in the trav er tine
or tufa.

Range-front travertines un der the layer-type travertines re -
flect tec tonic ac tiv ity, in clud ing fault move ment, in the re gion at
542 ka and/or be fore (e.g., Barnes et al., 1978; Ayaz, 2002).
With faults be ing ac tive in the re gion be fore 542 ka, hot and
min er al ized wa ter be gan to form the basal part of the
range-front travertines (e.g., Barnes et al., 1978; Ayaz, 2002),

lime stone and mar bles (Bitlis Mas sif and Gevaº Ophiolite) likely 
be ing the source of the cal cium en rich ment in these wa ters.
Layer-type travertines formed in the 538.7–29.7 ka in ter val
were de pos ited on these travertines. It is pos si ble to rec og nize
that these trav er tine depositional ep i sodes oc curred as 3 sep a -
rate stages punc tu ated by palaeosol fa cies. The base of each
of these three sep a rate trav er tine units oc cur ring from
539–91.0 ka be gins with the slope fa cies as so ci a tion and ends
with the pool fa cies as so ci a tion (Fig. 3). This sit u a tion shows
that as sed i men ta tion con tin ued, the slop ing sur faces ap -
proached a hor i zon tal at ti tude and the en vi ron ment trans -
formed into a lac us trine set ting. This also in di cates that the tem -
per a ture of hot min eral wa ters was grad u ally de creas ing (e.g.,
Chafetz et al., 1991; Ford and Pedley, 1996; Guo and Rid ding,
1998; Özkul et al., 2002). The palaeosol fa cies end ing these 3
sep a rate trav er tine depositional ep i sodes oc curred at 3 dif fer -
ent times: 510–470 ka, 289–269 ka, and 91.0–34 ka (Figs. 3
and 8). This sit u a tion in di cates ces sa tion/source changes in the 
wa ter form ing the travertines and, as a re sult, pauses in trav er -
tine for ma tion (Chafetz and Folk, 1984; Guo and Rid ing, 1998;
Özkul et al., 2002, 2010; Faccenna et al., 2008). The rea son for
the tec tonic in sta bil ity oc cur ring in these time in ter vals may be
block age of frac tures by the CaCO3 pre cip i tated from ground -
wa ter, pre vent ing wa ter reach ing the sur face. In the in ter val
from 34–30 ka, fa cies char ac ter ized by lac us trine en vi ron ments 
were again de pos ited (Fig. 3). How ever, the Edremit travertines 
trans formed into tufa de vel op ments from 29.7 ka. Edremit tufas 
have been pre cip i tated from this time un til 5.8 ka, com posed of
reed-sedge plants (Fig. 2A) and oak tree re mains (Fig. 2C)
(e.g., Pedley, 1990; Glover and Rob ert son, 2003). Above these 
tufas, the ÇayÏrbaêÏ tufa con tin ued to de velop un til 2.08 ka,
again char ac ter ized by a lac us trine en vi ron ment (e.g., Pedley,
1990; Glover and Rob ert son, 2003). The ÇayÏrbaêÏ tufas only
crop out in a lo cal lac us trine area (~2 km2).

FACTORS CONTROLLING TRAVERTINE AND TUFA FORMATION

Trav er tine and tufa for ma tion are con trolled by many fac -
tors, no ta bly tectonism, cli mate and vol ca nism, that de ter mine
the source and amount of wa ter, cal cium con tent, mor phol ogy
and bi o log i cal ac tiv ity (Julia, 1983; Barnes et al., 1978; Chafetz
and Folk, 1984; Pedley, 1990; Altunel and Han cock, 1993a, b;
Ford and Pedley, 1996; Guo and Rid ing, 1998; Pen te cost,
2005; D’Alessandro et al., 2007; Huybers and Langmuir, 2009;
Guido et al., 2010; Cappezuoli et al., 2014). In this study, the
faults (Aydan et al., 2011; Kartal et al., 2012; KoçyiÈit, 2013;
SaÈlam Selçuk, 2016) con trol ling the for ma tion and de vel op -
ment of the trav er tine and tufa were stud ied, and cli ma tic pa -
ram e ters with ref er ence to pre vi ous stud ies (Lisiecki and
Raymo, 2005; North Green land Ice Core Pro ject mem bers,
2004; Steffensen et al., 2008; Svens son et al., 2008; Wolff et
al., 2010; Barker et al., 2011). Vol ca nism and magmatism in the 
re gion were also eval u ated in the light of pre vi ous stud ies
(Keskin, 2003; Zot et al., 2003; An gus et al., 2006; Özacar et
al., 2008, Özdemir and Güleç, 2014; Kidd et al., 2015; Oyan et
al., 2016, 2017; KaraoÈlan et al., 2016; Açlan and Altun, 2018;
Oyan, 2018a, b). The wa ters form ing the trav er tine and tufa
around Lake Van also feed and in flu ence the chem is try of Lake
Van. There fore, there is a clear re la tion ship be tween the pre vi -
ous chem i cal stud ies car ried out in Lake Van and the wa ters
form ing the travertines. The for ma tion of the Edremit trav er tine
is nearly equiv a lent (with ap pro pri ate er ror bars) to the for ma -
tion of Lake Van. In a sense, Lake Van may play a key role in
ex plain ing the evo lu tion of the travertines in many re spects,
such as cli mate, level changes, cal cium car bon ate chem is try,
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tectonism, vol ca nism and mag matic con text. Through the ac -
tion of dif fer ent faults con tin u ing to be ac tive in the re gion cur -
rently, tectonism plays a key role in il lu mi nat ing the evo lu tion of
the Edremit travertines and tufas.

Cli mate. The travertines and tufas de pos ited around
Edremit re flect 3 pauses/rep e ti tions (3 sep a rate palaeosol for -
ma tions; Fig. 8). Stockhecke et al. (2014) ex am ined the
600,000-year-old sed i men tary evo lu tion of Lake Van and cor re -
lated it the study of Lisiecki and Raymo (2005) based on a stack 
of ben thic ma rine d18O re cords. They found that the Van Lake
his tory was co eval with more than 6 gla cial/inter gla cial al ter na -
tions on the scale of Lisiecki and Raymo (2005). When the
palaeosol dates are cor re lated with the ma rine iso tope re cord of 
Lisiecki and Raymo (2005), the 1st palaeosol de vel op ment ap -

pears to be equiv a lent to the gla cial phase of the 5th cy cle, the
2nd palaeosol is equiv a lent to the inter gla cial of the 3rd cy cle
and the 3rd palaeosol is equiv a lent to one gla cial and one inter -
gla cial phase of the 1st cy cle (Fig. 8). The palaeoclimate in the
Lake Van ba sin has been stud ied via the re cord of Quercus pol -
len in the lake sed i ments by Litt et al. (2014). Com par ing the
pol len data of this study to the palaeosols in the Edremit
travertines, the 3rd and 2nd palaeosol for ma tions are com pat i -
ble with the pol len data, while the 1st palaeosol for ma tion is in -
com pat i ble. This sit u a tion may be ex plained by the wide er ror
bars con strain ing the palaeosol for ma tion time (Fig. 8). Cor re la -
tions with re gional cli mate da ta bases (NGRIP/GLT-syn d18O)
(North Green land Ice Core Pro ject mem bers, 2004; Steffensen
et al., 2008; Svens son et al., 2008; Wolff et al., 2010; Barker et
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Fig. 8. Com par i son of Edremit trav er tine for ma tion with ma rine stra tig ra phy of Lisiecki and Raymo (2005), which in cludes 6
gla cier-inter gla cial al ter na tions. Lake Van Quercus pol len by Litt et al. (2014)

Ma rine Iso tope Stage (MIS) (stack of 57 glob ally dis trib uted ben thic d18O re cords); NGRIP/GLT-syn and d18O val ues (North Green land Ice
Core Pro ject mem bers, 2004; Steffensen et al., 2008; Svens son et al., 2008; Wolff et al., 2010; Barker et al., 2011); Van Lake level changes
(Stockhecke et al., 2014) and CaCO3 val ues (Stockhecke et al., 2014) are shown by yel low box, pauses (palaeosol) and er ror bars (pur ple ar -
rows and dashed lines) in the pre cip i ta tion of the Edremit travertines; the pink bars show the trav er tine/tufa de vel op ment stages; at the same
time, the palaeosol times and de vel op ment stages are cor re lated with all these com po nents



al., 2011) show that the 1st palaeosol is equiv a lent to times of
ris ing tem per a ture, while the 2nd and 3rd palaeosols are equiv -
a lent to times when tem per a ture fell (Fig. 8). In gen eral, it was
found that palaeosol for ma tion times were rel a tively more con -
sis tent with the MIS scale (Fig. 8). In the cor re la tion, it was de -
ter mined that the 3rd and 2nd palaeosol times co in cide with gla -
cial phases (af ter Ter mi na tion I and af ter Ter mi na tion III), and
the 1st for ma tion time (be fore Ter mi na tion VI) co in cides with a
warm phase. Palaeosol de vel op ments have thus not been de -
tected for ev ery gla cial phase, al though in gen eral they co in cide 
with glacials (Fig. 8; Ta bor and Meyers, 2015).

In the XRD data, chlorite and quartz, which re flect arid and
cold en vi ron ments, were found in all palaeosol sam ples (see
Fig. 7; e.g., Singer et al., 1994; Southard and Miller, 1996; Ta -
bor and Meyers, 2015). How ever, these com po nents are com -
mon in all de tri tal and im ma ture palaeosols and are not a
stand-alone in di ca tor of cli mate (Southard and Miller, 1996;
Thomas et al., 2011; Ta bor and Meyers, 2015). The anhydrite,
plagioclase and do lo mite ob served in the 2nd palaeosol sam ple 
show that de po si tion oc curred in dry and cold cli ma tic con di -
tions (see Fig. 7B; Shel don and Ta bor, 2009; Babechuk and
Kamber 2013; Ta bor and Meyers, 2015). In the 3rd palaeosol
sam ple, chlorite, illite and smectite ac com pa ny ing kaolinite and
quartz in di cate dry and cold cli mate con di tions (see Fig. 7A)
(Banfield and Murakami, 1981). How ever, the pres ence of gyp -
sum and cal cite ac com pa ny ing kaolinite and quartz in the 1st
palaeosol sam ple also points to arid cli ma tic con di tions as well
as a rel a tively mild cli mate (ac cord ing to palaeosol I and
palaeosol II; see Fig. 7C; Shel don and Ta bor, 2009; Ta bor and
Meyers, 2015). Com par i son of all the XRD re sults ob tained with 
the palaeosol for ma tion times and the cli mate at that time, in di -
cates that the data are mu tu ally com pat i ble. In this case, the for -
ma tion times of the 3rd and 2nd palaeosol in di cate cold and arid 
cli mates, while the time of the 1st palaeosol for ma tion in di cates
dry but hot cli mate con di tions. All these data are com pat i ble
with the graph in Fig ure 8.

In ad di tion, many stud ies re lated to cli mate have been con -
ducted in the study area and its im me di ate sur round ings
(Djamali et al., 2008, 2012; Litt et al., 2009; Stevens et al., 2012;  
Yeºilova et al., 2019; Ön and Özeren 2019). These stud ies cov -
ered the pe riod from the 3rd trav er tine growth stage to the pres -
ent. The third palaeosol co in cides with the last gla cial phase
(e.g., Tzedakis, 1994; Akçar and Schlüchter, 2005; Djamali et
al., 2008; Pickarski et al., 2015).

Con sid er ing these re sults, it ap pears that cli mate change
has a small in flu ence on the for ma tion of the Edremit trav er tine
and a large in flu ence on the Edremit and ÇayÏrbaêÏ tufas.

Fluc tu a tions in lake level and CaCO3 con tents. A study
of the 600,000-year sed i men tary evo lu tion of Lake Van by
Stockhecke et al. (2014) iden ti fied fluc tu a tions in lake level and
vari a tions in the CaCO3 lev els in the lake. Vari a tions in lake
level are im por tant con trols on ground wa ter lev els and vari a -
tions in CaCO3 lev els are di rectly as so ci ated with CaCO3 lev els
in sources feed ing the lake. There fore, an in crease or de crease
in the car bon ate con tent in the streams feed ing Lake Van in -
creases or de creases the amount of car bon ate in the lake. Like -
wise, the rise or fall in lake level causes the ground wa ter level in
the lake ba sin to rise or fall. Con sid er ing the trav er tine and tufa
for ma tion and ces sa tion pe ri ods around Edremit, dur ing each
palaeosol for ma tion a fall in the CaCO3 level of the lake was ob -
served (Stockhecke et al., 2014). How ever, ces sa tion of trav er -
tine for ma tion was not ob served with each de crease in lake
CaCO3 level. The same study ob served that level vari a tions in
Lake Van were not di rectly cor re lated to trav er tine for ma tion
(Stockhecke et al., 2014) and that by con trast with many fluc tu -
a tions in lake level, only 3 cessations were ob served in the

travertines. Hence, fluc tu a tions in level or CaCO3 in the lake
(Stockhecke et al., 2014) were not as so ci ated with trav er tine
for ma tion.

In these in ter pre ta tions, the er ror bars in the U/Th dat ing of
palaeosol for ma tion (es pe cially the very large er ror bar for 1st

palaeosol for ma tion) should be con sid ered (Fig. 8).
Tectonism. Trav er tine de po si tion is di rectly as so ci ated

with ac tive faults (Barnes et al., 1978) that trans port hy dro ther -
mal flu ids to the sur face (Sibson et al., 1975). The ma jor ity of
travertines stud ied have formed and con tinue to form from the
Pleis to cene to the pres ent day around the world (Schwarcz and 
Latham, 1984; Chafetz and Folk, 1984; Goff and Shevenell,
1987; Kronfeld et al., 1988; Heimann and Sass, 1989; Pen te -
cost and Tortora, 1989; Altunel and Han cock, 1996; Guo and
Rid ing, 1998; Özkul et al., 2002, 2010, 2013, 2014; Faccenna
et al., 2008; Mesci et al., 2008, 2013; Mohajjel and Taghipour,
2014; Brogi et al., 2016; Alçiçek et al., 2017; Henchiri et al.,
2017). The tec tonic dis tur bance of trav er tine de pos its may be
used to char ac ter ize the palaeoseismic ac tiv ity of ac tive faults
(Mar ti nez-Diaz and Hernández-Enrile, 2001; Gradziñski et al.,
2014). As a re sult, the neotectonic re gime has an im por tant role 
in ex plain ing tectonism at the pres ent day (Altunel, 1996; Mar ti -
nez-Diaz and Hernández-Enrile, 2001; Gradziñski et al., 2014;
Giustini et al., 2018).

Many faults in the study area played a di rect role in the evo -
lu tion of the trav er tine and tufa de pos its. These in clude the nor -
mal Van Fault and the re verse GürpÏnar Fault (KoçyiÈit, 2013;
SaÈlam Selçuk, 2016), in volved in the de vel op ment of the
Edremit travertines, and the left-lat eral strike-slip ElmalÏk Fault
(KoçyiÈit, 2013) play ing an ac tive role in de vel op ment of the
Edremit tufas.

The Van Fault, 24 km long, strik ing NW and with a nor mal
slip com po nent, shapes the Van Lake shore (KoçyiÈit, 2013).
The range-front trav er tine for ma tion de vel oped along this fault
line shows that this fault was the source of wa ter is su ing to form
the Edremit trav er tine (e.g., Barnes et al., 1978; Altunel and
Han cock, 1993a, b; Ayaz, 2002). The Van Fault, which has no
data on wheni it formed, was most re cently ac tive on 9 No vem -
ber 2011 (Aydan et al., 2011; Kartal et al., 2012). How ever, as
trav er tine for ma tion oc curred due to ac tiv ity on this fault
(Fig. 1C), the fault must have formed at 542 ka or be fore. With
weak cli mate con trol, for ma tion of the Edremit trav er tine was
ap par ently con trolled by tectonism. The Edremit trav er tine is
also im por tant in show ing pe ri ods when trav er tine for ma tion
stopped (palaeosol fa cies for ma tion) and ero sion be gan. As a
re sult, cessations in trav er tine for ma tion in di cate cessations in
tec tonic ac tiv ity (Chafetz and Folk, 1984; Guo and Rid ing,
1998; Özkul et al., 2002; Faccenna et al., 2008). From the for -
ma tion times of palaeosol in the Edremit trav er tine, it is in ferred
that the Van Fault was ac tive ev ery 180 ky (with er ror bars), and 
then had pe ri ods of in ac tiv ity for ~40 ky (with er ror bars; Fig. 9).
Con sid er ing this sit u a tion, the cur rently ac tive (Aydan et al.,
2011; Kartal et al., 2012) Van Fault will be ac tive for an other
~146 ky in the fu ture (Fig. 9).

An other fault con trol ling the de vel op ment of the Edremit
trav er tine is the E–W strik ing GürpÏnar Fault, with a to tal length
of 78 km (KoçyiÈit, 2013; SaÈlam Selçuk, 2016). With no data
about its age, the Güzelsu seg ment of the fault is known to have 
pro duced an earth quake on 7 April 1964 (Ambraseys and Jack -
son, 1998). Cur rently still ac tive, the fault has a 0.5 mm/yr–1 slip
rate (SaÈlam Selçuk, 2016). Af fect ing the south edge of the
Edremit trav er tine and tufa, it played an ac tive role in shap ing
this edge. Con trol ling the south of the Van Fault, the for ma tion
age of the GürpÏnar Fault should be youn ger than the Van
Fault. As a re sult, the age of this fault must be youn ger than
542 ka.

Çetin Yeêilova et al. / Geo log i cal Quar terly, 2021, 65: 28 13



With a mean length of 10 km, the ElmalÏk Fault has NE
strike and is a left-lat eral strike-slip fault (KoçyiÈit, 2013). The
Edremit trav er tine is cut by this fault show ing the age of the fault 
is youn ger than the trav er tine de po si tion. Again, it was iden ti fied 
that this fault con trolled the Edremit tufa (if it did not, tufa should
be ob served in the west ern sec tion of the travertines). In this
con text, the age of the fault should be equiv a lent to the age of
the tufa for ma tion (29.7 ka), con sis tent with the Edremit tufa not
be ing ob served in the re gions above the ElmalÏk Fault, which is
lo cated 150 m be low the Van Fault. As this fault de vel oped, the
source of the wa ter that formed the travertines also changed.

As the spring-fed wa ter started to form the Edremit tufa at lower
el e va tions, de po si tion of the Edremit travertines ceased. Thus,
the Van Fault has been ac tive from 34 ka un til to day, but does
not now form trav er tine. Ob ser va tion of the up per most lev els of
the tufa shows that ac tiv ity con tin ued un til 5.7 ka. The cur rent
tufa for ma tion and the dense veg e ta tion in some ar eas in the
Edremit re gion in di cate that the ElmalÏk Fault and spring wa ter
are still ac tive, while dense hu man set tle ment and or chard de -
vel op ment in these ar eas hin dered tufa de po si tion (e.g., Goudie 
et al., 1993; Nyssen et al., 2004).
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Fig. 9. Stage of growth charts of trav er tine and tufa around Edremit area

Pur ple boxes and age ranges of palaeosols with er ror bars have been adapted by us



Vol ca nism and mag matic contex. Vol ca nic ac tiv ity in the
Lake Van ba sin lo cated in the East ern Ana to lian High Pla teau
started af ter con ti nen tal col li sion in the Mio cene. It started just
north of Lake Van 15 Ma (Lebedev et al., 2010) and con tin ued
un til 1441 CE (Özdemir et al., 2006). The youn gest vol ca nism
iden ti fied in the re gion took place on the north ern part of Nemrut 
Vol cano in 1441 (Özdemir et al., 2006). This vol ca nic ac tiv ity,
which cov ers ap prox i mately half of the Van Lake ba sin, took
place both along open ing frac tures and from large vol ca nic cen -
tres such as Nemrut, Süphan, Tendürek, AÈrý, Meydan, Etrus -
can and Girekol. Re cent stud ies in di cate that the last oce anic
litho sphere in the East ern Ana to lian re gion was com pletely ex -
hausted 20 Ma (Okay et al. 2010), while col li sion likely was in
the Late Oligocene–Early Mio cene (25–30 Ma) (KaraoÈlan et
al., 2016; Oyan, 2018a; Açlan and Altun, 2018). Geo phys i cal
stud ies con ducted in the re gion in di cate that the lithospheric
man tle is very thin and the crust var ies in thick ness be tween
38-45 km (Zot et al., 2003; An gus et al., 2006; Özacar et al.,
2008; Kidd et al., 2015). This sit u a tion re sulted in a shal low
asthenosphere and the de vel op ment of in tense mag matic ac -
tiv ity with melt ing in both the asthenospheric man tle and the
lithospheric man tle (Keskin, 2003; Özdemir and Güleç, 2014;
Oyan et al., 2016, 2017; Oyan, 2018b). The very thin litho -
sphere and the shal low set ting of the asthenospheric man tle in -
di cate the rise of hot man tle be low the zone and in di cate that
melt ing con tin ued through out the Qua ter nary with a steep
theremal gra di ent be low the zone (Oyan et al., 2016, 2017;
Oyan, 2018b). These events are in ter preted as the main rea son 
for the warm ing of the ground wa ters and the ther mal ac tiv ity in
the re gion. These ther mal wa ters played a role in the oc cur -
rence of travertines that formed in the re gion from the Pleis to -
cene. At the same time, the CO2 re leased into the at mo sphere

by vol ca nism may have af fected the cli mate and trig gered the
end ing of gla cial phases (Huybers and Langmuir, 2009). It also
con trib uted to the for ma tion of car bon ates via dis so lu tion in
high-CO2 hy dro ther mal flu ids re leased  to the sur face
(D’Alessandro et al., 2007; Guido et al., 2010; Cappezuoli et al., 
2014; Giustini et al., 2018), re sult ing in the trav er tine sed i men -
ta tion in the re gion dur ing the Qua ter nary (Fig. 10).

Stage of growth of trav er tine/tufa. Growth rates of tufa
and travertines are con trolled by many fac tors such as
stream/ground wa ter chem is try, veg e ta tion type, to pog ra phy,
bi otic-abiotic mech a nisms, cli mate and tectonism (Gradziñski,
2010; Capezzuoli et al., 2014). The growth rate for tufa is be -
tween 0–5 cm/ky–1 (Weijermars et al., 1986; Heiman and Sass,
1989; An drews et al., 2000) and for  trav er tine, it av er ages
20 cm/ky–1 (Pen te cost, 2005). The trav er tine and tufa in the re -
gion grew in 4 stages (see Fig. 8). Stage 1 is the trav er tine de -
po si tion which took place be tween 542 and 510 ka at a rate of
0.1–0.062 cm/ky–1 (Fig. 9). Stage 2 is the pre cip i ta tion of trav er -
tine at a rate of 0.011 cm/ky–1, be tween 470 and 289 ka (Fig. 9).
Stage 3 is the trav er tine de po si tion at a rate of 0.01 cm/ky–1, be -
tween 268–91 ka (Fig. 9). The fourth and fi nal stage is tufa-trav -
er tine pre cip i ta tion, which took place be tween 34–2.08 ka at an
av er age of 0.05 cm/ky–1 (Fig. 9). These growth rates of trav er -
tine and tufa show val ues be low the rates de scribed in pre vi ous
stud ies. How ever, the er ror bars of the cal cu lated ages are
large (es pe cially 470 ka and later) and ero sion pre vailed in the
re gion for an av er age of 40 ky af ter each trav er tine depositional
ep i sode (Fig. 9). These two fac tors are thought to be the main
rea sons for these ap par ent low growth rates. In ad di tion, fluc tu -
at ing cli mate dur ing de po si tion may also have in flu enced the
low growth rates (see Fig. 8). Even dur ing the last stage (av er -
age 0.05 cm/ky–1) with small er ror bars, low ero sion and a rel a -
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Fig. 10. Re lief map show ing vol ca nism-magmatism and trav er tine and tufa de pos its around Lake Van

 NV – Nemrut vol cano; BV – Bilican vol cano; SV – Süphan vol cano; MV – Meydan vol cano (cal dera); GV – Girekol vol cano; EV – Etrüsk vol -
cano; PRV – Pirres¸it vol cano; ARV – ArgÏt vol cano; KV – Kösedag vol cano; PLB – Plio cene bas alts; YB – Yavuzlar bas alts; BT – Bitlis trav er -
tine; TT – Tatvan trav er tine; AT – Adilcevaz tufa; HT – Heybeli trav er tine; ET – Edremit trav er tine and tufa; GRT – GürpÏnar tufa; GT –
GürpÏnar trav er tine; de tailed in for ma tion about the Mio cene and the Plio cene vol ca nic units was given by Oyan et al. (2016)



tively warm cli mate is rel a tively warm, the growth rate is be low
av er age, sug gest ing a low CaCO3 con cen tra tion in the ground -
wa ter. How ever, it was ob served that the slope of the layer de -
creases to wards the up per parts of the travertines. A sys tem
de vel ops in which the up ward slopes de crease with con tin u ous
de po si tion on the slop ing travertines at the slope base (e.g.,
Luo et al., 2021). This sed i men ta tion sys tem even tu ally passes
into ma tu rity (Luo et al., 2021). Due to cal cium de fi ciency, it is
con sumed quickly in the prox i mal re gion and the prod ucts are
lim ited. Due to the long gaps that de velop in front of the slopes,
col lapsed trav er tine de pos its or un iden ti fied hi a tus de velop in
these ar eas (Gradzinski et al., 2018). Low growth rates in trav -
er tine and tufa in the re gion are thought to be re lated to such
un iden ti fied hi a tuses (e.g., Gradzinski et al., 2018).

The data de scribed above (cli mate, vol ca nism, tectonism,
lake fluc tu a tions and lake CaCO3 con cen tra tions) show that the 
pause pe ri ods (palaeosol fa cies) in the Edremit travertines co -
in cided with the pe ri ods when the Van Fault was not ac tive.
How ever, no palaeosol fa cies has been en coun tered in the de -
vel op men tal stages of tufa, the for ma tion of which took place
un der cli mate con trol.

CONCLUSIONS

Cli mate, vol ca nism and teconism are in ter preted as the
main fac tors in flu enc ing the trav er tine and tufa de pos its ob -
served in the Edremit re gion. Tectonism was ef fec tive in the
shap ing and de vel op ment of the travertines, while cli mate
shaped the de vel op ment of the tufa. Growth rate graphs (Figs.
8 and 9) of the travertines and tufas in di cate that the max i mum
rates cor re spond to spe cific cli mate phases (e.g., 539–510 ka
and 30–5.7 ka).

Three main faults and two dif fer ent wa ter sources played an 
im por tant role in the for ma tion and cur rent ge om e try of the
travertines and tufas; (i) the Van fault as so ci ated with for ma tion
of the Edremit travertines, (ii) the GürpÏnar Fault as so ci ated
with the ge om e try of the Edremit travertines, and (iii) the
ElmalÏk Fault as so ci ated with the for ma tion of the Edremit tufas. 
Wa ter sources were: (i) the source formed by the ef fect of Van

Fault, form ing the Edremit travertines; and (ii) the source ex -
posed by the ElmalÏk Fault and form ing the Edremit tufa.

U/Th ages from the Edremit travertines in di cate a 542 ka
depositional age for the travertines, there fore the minumum age 
of the Van fault is con strained as 542 ka.

The GürpÏnar Fault played a role on the for ma tion of trav er -
tine de po si tion along the south ern mar gin of the Edremit
travertines and af fected the cur rent ge om e try of the Van fault. In 
this re spect, the max i mum age of the fault is con strained as 542 
ka (or youn ger). Move ment on the fault, field ob ser va tions and
the ge om e try of the travertines might have been as so ci ated
with up lift by GürpÏnar Fault ac tiv ity. Fur ther tec tonic stud ies are 
needed to con strain such an up lift/off set mech a nism and to cal -
cu late an up lift rate.

The ElmalÏk Fault af fected the for ma tion of the Edremit
tufas. In this re gard the minumum age of the fault is con strained
as 29.7 ka.

The growth pat tern of the Edremit travertines in di cates
three breaks and ero sional (palaeosol) in ter vals dur ing de po si -
tion. These in ter vals correspont to 510–470 ka, 289–269 ka
and 91.0–34 ka. These palaeosol in ter vals can be con sid ered
as ev i dence for in ac tive pe ri ods of the Van fault since they are
di rect ev i dence of ces sa tion in sed i men ta tion solely as so ci ated
with the fault ac tiv ity. By con sid er ing the ac tive (around 180 ky
with er ror bars) and in ac tive (around 40 ky with er ror bars) pe ri -
ods of the fault, it might be sug gested that the cur rently ac tive
Van faults will be ac tive for the fol low ing 146 ky since the youn -
gest palaeosol for ma tion age is 34 ka.
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