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ARTICLE INFO ABSTRACT

Keywords: Numerous travellers and scientists since the 1st Century B.C. unsuccessfully searched for the hot and cold springs
Geothermometry of Troia (Troy)/Turkey mentioned in Homer’s epic poem Iliad. It was therefore suggested that over time, the hot
Archaeology spring might have disappeared after an earthquake. This investigation uses geological, hydrogeological and
gi):(ijmgmbgmal investigation hydrogeochemical methods to identify potential locations of “hot and cold” springs in the vicinity of Troia. Using
Scaling statistical analyses of temperature, electrical conductivity, pH-values, redox-potential, and oxygen concentra-

tions, 47 suitable wells and springs were chosen for geothermometric calculations using Si-thermometry based on
the equation of Verma. None of the identified springs shows elevated discharge temperatures, no scalings give
indication for disappeared springs, and only three springs show elevated reservoir temperatures above 95 °C —
none of which is close to today’s Troia. Springs that locals identified as “hot and cold” show nearly constant
temperature throughout the measuring period (+0.1-0.3 K) suggesting they appear warm in the winter and cold
in the summer months. These results show that a spring sensu Homer never existed in Troia and that Homer
possibly meant one spring with warmer and colder temperatures relative to the mean air temperature depending

Historical evidence

on the time of the year.

1. Introduction

This study solely focuses on answering the question of whether there
is a location close to the Hissarlik hill in Turkey’s Troad (in German texts
usually called Troas, locations in Fig. 1) that once might have born a
“hot and cold” spring as described in Homer’s Iliad. Neither shall it be a
detailed hydrogeological, hydrochemical, or isotopical depiction of the
area nor an identification of potential geothermal resources in the vi-
cinity of the Hissarlik and their connection to deep geological structures
or their underground sources. A detailed geological description of the
area can be found in earlier literature (e.g. Kraft et al., 1982; Yilmaz,
2003) and preliminary hydrogeological data was provided by Kayan
(2000), Wolkersdorfer and Gobel (2004) and Baba et al. (2007). In
addition, several studies covered the geological and hydrogeological
history of the research area (Bergmann, 2004; Blume, 2003; Bretzler,

2008; Lippmann, 2003; Weber, 2003).

The Iliad describes the Trojan War and was written in the 7th century
B.C (West, 2011). This epic with 15,963 lines of verse belongs to the
most important pieces of poetry in human history (Latacz, 2003) and is
considered “the fons et origio of Western culture” (Baier, 2017). To the
ancient Greeks’, Homer (late eighth or early seventh century BC) was
their first and most famous poet (Latacz, 2003; Powell, 2007) and in fact,
the Iliad is the first ever written poem of this kind we know so far.
Though the historical basis of the Iliad as well as the question of whether
Homer ever saw the Troad or if the poet’s name was Homer is still a
matter of discussion (Latacz, 2003; Ulf, 2003; West, 2011), its influence
on literacy, history, natural sciences, and archaeology is beyond all
question (Archaologisches Landesmuseum Baden-Wiirttemberg et al.,
2001; Hertel, 2001; Latacz, 2003). Since Strabo discussed the
geographical details of the Troad 2000 years ago in his Geographica
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(Strabo and Groskurd, 1931), numerous authors have been searching for
the correct historical geographic setting of the Iliad and Odyssey. It has
often been suggested that the location of the Roman Ilion south of the
Dardanelles might be identical to Homer’s Troia (this name is used since
1988 to overcome the numerous variations of this locations’s name;
Jablonka, 2014).

Yet, it was not before the 18th century that systematic investigations
of the potential location of the Trojan War were conducted by travellers
like LeChevalier (1791), who also published a first topographical map of
the western Troad. Spratt and Forchhammer (1888) conducted detailed
investigations of the Troad resulting in an excellent topographical map,
and Virchow (1879) published the results of his comprehensive
geological, hydrological, and hydrogeological investigations of this
area. Beside the correct location of Troia itself (Kraft et al., 1982), the
search for the hot/warm and cold springs mentioned in the Iliad (XXII,
147-156) (Virchow, 1879) was one of the main foci of most of the
numerous travellers to or investigators of the Troad (Brentano, 1881;
Cook, 1973; Eckenbrecher, 1875):

“On they flew along the waggon-road that ran hard by under the
wall, past the lookout station, and past the weather-beaten wild fig-tree,
till they came to two fair springs which feed the river Scamander. One of
these two springs is warm, and steam rises from it as smoke from a
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burning fire, but the other even in summer is as cold as hail or snow, or
the ice that forms on water. Here, hard by the springs, are the goodly
washing-troughs of stone, where in the time of peace before the coming
of the Achaeans the wives and fair daughters of the Trojans used to wash
their clothes.” Iliad (XXII, 147-156) (Butler, 1999).

Since the extensive excavations of Schliemann (1881, 1884) at a site
mentioned to him by Frank Calvert, the hill Hissarlik in the Troad (Biga
Peninsula, Turkey; 26°14'18" E, 39°57'28" N; geographical coordinates
WGS84; elevation 35 m above sea level) is commonly believed to be the
location of the historical Troia (Korfmann, 2006; Kraft et al., 1982),
though it is heavily disputed by some scholars (Hertel, 2003; Kolb,
2010). Yet, like all the researchers before Schliemann, he did not find the
springs mentioned by Homer. This fact of the missing springs was
already noted by Demetrius of Skepsis ca. 180. B.C., and based on
Demetrius’ observations, Strabo describes in his Geographica that the hot
spring had disappeared at that time (Geographica X111, 1, 43) (Strabo and
Groskurd, 1931). LeChevalier, on the other hand, thought he had found
a hot and cold spring in the area of the “Kirk Goz” (40 springs) near
Pinarbasi, which was called Bounarbachi in the 18th century
(LeChevalier, 1791; Siebler, 2009). During the excavations of the
Tiibingen/Germany and Cincinnati/USA teams, a qanat-system south of
the Hissarlik was rediscovered (in the literature called spring cave,
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Fig. 1. North western section of the Biga Peninsula (Troas) showing the locations mentioned in the text (pink dots and larger font). Aerial and map sources:
GoogleEarth, Wikipedia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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water mine, water quarry or Kaskar.Kur), excavated and dated (Frank
et al., 2002; Kayan, 2000; Korfmann, 1998; Korfmann, 2000). In this
connection, the discussion on the location of the hot and cold springs of
the Iliad revived and was investigated with hydrogeological and
hydrochemical techniques in 2001, 2003, 2004 and 2006 (Wolkers-
dorfer, 2006; Wolkersdorfer and Gobel, 2004; Wolkersdorfer et al.,
2004).

Whether or not Homer describes a landscape that existed at the time
of his or his source’s visit, and if the Hissarlik is the place of Homer’s
Troia, the Iliad is the only written record of a hot spring in the vicinity of
“Troia”. Since then, no traveller or researcher was able to locate a hot
spring as described by Homer (Virchow, 1879). To fulfill the pre-
requisites of Homer’s description, a set of springs must be relatively
close to each other and near the place of Homer’s Troia. Homer used the
Greek word Aiapdc, which means lukewarm, to describe the hot spring.
This implies that the temperature of the spring is at least above the mean
daily air temperature and according to his description, mist (“steam” in
the words of Homer), technically called “steam fog” (Saunders, 1964),
can temporarily be found close to this hot spring. Hippocrates of Kos
(c. 460 — c. 370 B.C.) writes about warm and cold springs in general
(Crouch, 1993). In his book De aere, aquis et locis (Airs, Waters, Places)
he describes that the “best [springs] are those that flow from high places
and earthy hills. By themselves they are sweet and clear, and the wine
they can stand is but little. In winter they are warm, in summer cold.
They would naturally be so, coming from very deep springs.” (Hippo-
crates and Jones, 1923). From a hydrogeological point of view, this type
of spring reflects the annual mean temperature of the regional flow
system sensu Toth (1963), which usually results from longer mean
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residence times in the subsurface (Fetter, 2001). This description of
Hippocrates is like Homer’s expression, except that Hippocrates refers to
a single spring with that characteristic. To avoid future confusion about
the meaning of “hot”, a spring as described by Homer will be called hot
spring sensu Homer, and hot springs sensu stricto will be called thermal
spring in the following text.

Thermal springs cannot be found in the western Troad today, but
there are several thermal springs within the Biga Peninsula which were
also used as spas in Roman times (distances relative to the Hissarlik):
Canakkale (25 km north east), Kestanbol Kaplica (25 km south), Akca-
kecili (28 km south), Tuzla (44 km south) and several smaller locations
(Baba and Ertekin, 2007; Erentoz and Ternek, 1968; Kurtman and
Samilgil, 1975; Miitzenberg, 1991; Pehlivan, 2003; Simsek, 1997;
Strabo and Groskurd, 1931). Their temperatures at the point of
discharge range between 32 °C and 102 °C, and the reservoir tempera-
tures are calculated to be greater than 140 °C. All of these locations are
characterized by extensive scaling (Marmara et al., 2020; Miitzenberg,
1991), resulting from precipitates of the thermal water, elevated Cl-
concentrations, and are located within tectonically active zones or
deep thrust systems (Kurtman and Samilgil, 1975; Marmara et al., 2020;
Schindler and Pfister, 1997; Simsek, 1993).

At the time of our first, preliminary visit in the year 2000, no detailed
hydrogeological study of the area was known. The only reports available
were about two deep wells near Pinarbasi (Yiizer, 1997) and a more
general description of Troia’s water supply (Kayan, 2000; Kayan, 2014).
To solve the question if there were a hot and a cold spring sensu Homer
and where they could have been located, a hydrogeological sampling
program was conducted within the vicinity of the Unesco listed
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Fig. 2. Map of the western Troad/Turkey showing the location of all sampling points with water analyses and the location of the springs with elevated reservoir
temperatures. Size of symbols is proportional to the reservoir temperature. Coordinates are given in UTM WGS84 Zone 35N. Aerial images: Esri, Maxar, GeoEye,
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community; background layer: OpenStreetMap community.
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“Archaeological Site of Troy” and the “Troia National Park (Troia Milli
Park)”, also called “Historical National Park Troia” (Schwaderer, 2003)
or “Troy (Troia) Historical National Park” (Cengiz, 2020; Everest et al.,
2017). This sampling program was based on a detailed geological
mapping of the Troia ridge and the plain and consisted of the hydro-
geological investigation of 227 sampling locations from four field
campaigns between the years 2001 and 2006, 47 of which were analysed
in more detail (Fig. 2). Meanwhile, an unpublished report about irri-
gation water quality in the area (Sener et al., 2002) became available, an
ecological risk assessment was conducted, with no additional informa-
tion about potential springs (Everest et al., 2017), and an evaluation of
the potential water use in the Troad was published (Ozcan et al., 2007,
the ORP values in this paper are the mV readings from a pH probe, not a
redox probe). In addition, using a subset of eleven samples from the
sampling sites in Wolkersdorfer et al. (2004), Baba et al. (2007)
described some hydrogeochemical characteristic of the area.

2. Study area

To study the question where Homer’s “hot and cold” spring was
located, we chose the area which is commonly considered to be the II-
iad’s place of action: today’s “Archaeological Site of Troy”. In its vi-
cinity, rocks can be assigned to two main units of Paleozoic to
Quarternary age: (i) Crystalline slates, limestones and serpentinites of
the Karadag unit of the Ezine zone are exposed in the high plateaus south
and east of the Troas plain. (ii) Neogene sediments form the flat, elon-
gated ridges in the Troas National Park and its surroundings (Kraft et al.,
1982; Okay et al., 1991). In the fluvial plains quaternary sediments are
found at the surface (Gobel, 2005).

Neogene sediments of the Troia, Yenikoy and Kumkale ridges belong
to the Truva Formation of Upper to Lower Pleistocene age and the
Conkbayir1 Formation, consisting of clay, siltstone, sandstone and con-
glomerates. In the eastern part of the Troia Ridge this formation is in
tectonic contact with the carbonatic sandstones and gravels of the
Algitepe formation (Lower Miocene). South and east of the study area,
late Oligocene to Miocene basalts crop out. Between these basalts as well
as metamorphites and the Alcitepe Formation, early to mid-Miocene
siltstones of the Gazhaneide Formation are exposed (Yaltirak and
Alpar, 2002; Yaltirak et al., 2000). For the Troia Ridge itself, an alter-
nating sequence of clayey-silty, sandy and carbonatic sedimentary rocks
are described, which were deposited in a shallow marine or a lacustrine
depositional area. These rocks were once part of an Eocene carbonate
platform in a wide shallow marine gulf region extending to the Black
Sea. Tectonic uplift during the Oligocene and Miocene divided this
platform into individual blocks subjected to uplift and erosion of varying
rates (Kayan, 1996; Okay et al., 1991).

In the Quaternary plains, fluviatile sediments that lie above marine
sediments are characteristic. A sandy terrestrial-marine transition zone
has partially formed between them. Usually, the marine sediments are
composed of fine-grained silt with an admixture of fine sand, which is
locally interrupted by coarser, fining upward beach and delta sediments.
Typically, the fluviatile sediments are composed of silt, sandy silt and
fine to coarse sands, with a predominance of fine grains, partly inter-
calated with slope debris material (Gobel, 2005; Gobel et al., 2002;
Kayan, 1996; Kayan, 1997).

There are two main natural drainage systems in the National Park:
the larger Karamenderes river (Karamenderes Cayi, “Scamander™) with
a south to north flow direction and the substantially smaller Diimrek
river (Diimrek Su, Diimrek Cay1, “Simoeis”) flowing from east to west.
Both drain into the Canakkale Bogazi (Dardanelles) north west of
Kumbkale. The Diimrek’s source area is in the Salihler plateau East of
Troia, and from there the river bears various names until it reaches the
National Park. Its catchment area covers 87 km? and the electrical
conductivity in the Diimrek Dam ranges between 320 and 760 pS/cm
with a pH between 7.2 and 7.6 (Demirer et al., 2000) and downstream of
Diimrek it has electrical conductivities between 530 and 640 uS/cm
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with a pH between 7.3 and 7.9 (Wolkersdorfer et al., 2004, sampling
location FAL). Based on the observations of Wolkersdorfer et al. (2004)
and the reports of Cook (1973), the stream can also fall dry during
summer time. According to Yiizer (1997), the Karamenderes has an
average discharge of 12.85 m® s~! upstream the Bayramic Dam, and its
catchment area covers 1,584 kmZ. Kale et al. (2016) report an average
discharge of 9.00 m®s~! between 1982 and 1997, with a decreasing
temporal trend. As a result of agricultural use of the river water, the
discharge decreased to 0.3 m®s™! east of Troia in 2002. Between 1981
and 2010, the area had an average annual temperature of 15.3 °C, an
average minimum temperature of 3.6 °C in February, a maximum tem-
perature of 30.7 °C usually in July, an annual precipitation of 806 mm,
and an adjusted potential evapotranspiration of 796 mm (1930-2005;
weather station Canakkale 17112). Due to its intensive agricultural use
(Everest et al., 2017), the groundwater table was lowered from 0 to 1.25
m below the surface in 1879 (Virchow, 1879) to 5-15 m below surface
130 years later (Wolkersdorfer and Gobel, 2004).

3. Methods

First, the hypothesis of a destroyed thermal spring needed to be
tested. To find a potential destroyed thermal spring, two assumptions
had to be made: (a) The surrounding of the destroyed spring should be
characterized by scalings of iron-hydroxide, amorphous silica, barite, or
travertine similar to those of Tuzla (Fig. 3) or calcite, halite and siderite
of Kestanbol Kaplica (Marmara et al., 2020; Miitzenberg, 1991), as all of
the principal geothermal areas of Turkey are characterized by scalings
(Moller et al., 2004; Mutlu and Giilec, 1998; Tarcan, 2005); (b) Close to
the former location of the destroyed thermal spring there should still be
recent springs with elevated reservoir temperatures, as it can be
assumed that the water’s deep source might still be the same as before
the destruction.

Therefore, temperature, electrical conductivity, redox-potential, and
pH-values of waters in the Troad were measured with a daily calibrated
Myron P6 Ultrameter (Myron L Company, Carlsbad, USA), and oxygen
with the WTW Oximeter OXI 320 (WTW, Weilheim, Germany).
Continuous temperature measurements were conducted with CTD and
TD Diver probes (van Essen Instruments, Delft, Netherlands). Si was
determined in the laboratory by the silicamolybdate method with a
Hach Spectrophotometer DR/2000 (Software Version 3.3) for the 2003
samples and a HACH “Odyssey” DR/2500 spectrophotometer for the
2004 and 2006 samples (detection limit 1 mg LY. All main ions were
analysed at the Department of Hydrogeology of Bergakademie Freiberg
(Freiberg University of Mining and Technology)/Germany with ion
chromatography using a Merck/Hitachi HPLC. Each sample was filtered
in the field through a 0.45 um cellulose acetate filter (Sartorius

Fig. 3. Salt (light colour) and iron-hydroxide (darker colour) scalings at one of
the Tuzla (Ayvacik/Canakkale) hot springs; the water flows from bottom left to
top right. Width of image 1 m.
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Gottingen, Germany) without further treatment and stored in a cool and
dark place until analyses in the laboratory. ESEM data was determined
at BGR, Hannover, with an MLA 650F Quanta FEG ESEM (FEI Com-
pany), 45 kV, 30 mA, Mo detector, detector gain 20 eV/chan with a
100 um step size and 1 s exposure time.

Several methods are available to calculate reservoir temperatures of
waters using geothermometers, e.g. the Na/K, K/Ca, K/Mg, and SiO»-
geothermometers (Fournier, 1977; Giggenbach, 1988; Verma, 2000).
Na, K, Mg and SiO, geothermometers were tested to verify if they are
suitable to calculate the reservoir temperatures of the waters in the
eastern Troad. To use the Na-K-Mg geothermometry for thermal waters,
the maturity index MI (Giggenbach, 1988), which is an indication for the
equilibrium between the thermal water and silicate minerals, needs to
be above 2. All temperature calculations used are based on the Si mass
concentrations of the sampled waters (Table 1). The equations published
by Fournier (1977) were used to calculate the reservoir temperatures of
the Troian waters (equation (1)). In 2000, Verma (2000) published a
revised equation for the Si-temperature dependencies which was used as
a basis for the above discussion (equation (2)).
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a
T=——-273.15 1
b —logy M

1175.7( £ 31.7)

=——_——"—+F——273.15 2
4.88( +0.08) — logy &)

With a, b: coefficients for various mineral species, T: temperature
in °C, y: mass concentration of Si in mg L%

Beside the literature about the Troad reported in the above para-
graphs, all available data about potential hot springs in the Troad and
geological mappings as well as reports about the geological situation in
the Troad have been used. During the four field seasons, all dug wells,
fountains, piped systems, natural dry and wet springs and surface water
sources in the investigation area (characteristics were described in
Wolkersdorfer et al., 2004) were visited and sampled, and numerous
interviews with locals were conducted to find additional information
about both “hot and cold” springs as well as dry wells.

A preliminary investigation of 161 sampling sites in the Troia area
from the year 2001 included the determination of on-site parameters

Table 1
SiO,-mass concentrations, the various reservoir temperatures and water types of the Troian waters, sorted by SiO»-concentrations of the water. Locations are provided
in Fig. 2.
location $i0,, mg L~} Verma and Fournier reservoir temperatures, °C Water Type
Verma* $i0, Qz' Si0, Qz SL' Si0, Che' SiO, Crsa’ SiO, Crsg’ $i0, Am'
BDW 66.6 + 15.1 110.5 + 32.9 114.7 £ 11.5 113.6 £ 9.8 85.9 +£12.5 64.2 £11.4 16.8 +10.8 -2.8 £10.0 Mg-HCO3
BDD 59.5+1.4 105.5 + 21.2 110.1 £ 1.2 109.7 £ 1.0 80.9 +£1.3 59.6 £ 1.2 124 £1.1 -6.9 £ 1.0 Mg-HCO3
BDY 48.5 95.0 +£19.2 100.4 101.4 70.4 50.1 3.4 -15.2 Mg-HCO3
BCZ 40.1 +£11.0 84.3 +£ 31.6 90.5 +12.4 92.7 £10.8 59.8 £13.1 40.4 + 12 -5.6 £+11.2 -23.6 + 10.4 Mg-HCO3
BAO 29.0 £ 2.1 70.9 £ 20.5 78.0 +£ 2.9 81.8 + 2.6 46.6 £ 3.1 28.3+29 -16.9 + 2.6 -341+ 2.4 Ca-Mg-HCO3-Cl
BBX 26.4 +£3.4 66.6 + 22.5 739 £5.1 78.2 + 45 42.4 +£ 5.4 244+ 49 -20.5+ 45 -37.4+ 4.2 Mg-Ca-HCO3
BAB 25.8 65.8 £17.0 73.2 77.6 41.6 23.7 -21.1 -38 Mn-Mg-HCO3
BCT 25.0 £ 6.1 63.5 + 27.3 71.1 £9.8 75.7 + 8.6 39.3 £10.3 21.6 £ 9.5 -23.0 +8.7 -39.8 + 8.1 Ca-Mg-HCO3
BBC 23.2+6.3 60.2 £ 27.9 67.9 £10.7 72.9 £9.5 36.1 £11.2 18.6 +10.2 -25.8 +9.4 -42.4 + 8.8 Mg-Ca-HCO3
BEB 23.1+34 60.9 + 22.8 68.7 £ 5.8 73.6 £5.1 36.8 £ 6.0 19.3 + 5.6 -25.2+5.1 -41.8 + 4.7 Mg-Ca-Na-HCO3
BAT 22.2+6.1 58.3 £ 27.9 66.2 +10.8 71.4 £ 9.6 34.3 £11.3 17.0 + 10.4 -27.3+9.5 -43.8 + 8.9 Mg-Ca-HCO3-Cl
BAF 22.1 +£4.2 58.9 £ 24.3 66.8 +£ 7.3 71.9 £ 6.6 348 +7.7 17.5+7.1 -26.9 £ 6.5 -43.4+ 6.1 Mg-Na-Ca-HCO;-Cl
BAA 22 59.2 £ 16.5 67.1 72.2 35.1 17.8 -26.6 -43.1 Mg-Mn-Ca-HCO3-Cl
BDF 21.9+1.7 58.9 +£19.6 66.8 + 2.9 71.9 + 2.6 34.8 + 3.0 175+ 2.8 -26.9 + 2.6 -43.4 + 2.4 Ca-Mg-HCO3
BCL 20.5+1.3 56.4 +18.8 64.4 + 2.4 69.8 £+ 2.2 323+ 25 15.2 + 2.3 29+ 2.1 -45.4 + 2.0 Mg-Ca-HCO3-Cl
BBF 20.5 £ 24 56.2 £ 20.9 64.2 + 4.4 69.6 + 3.9 322+ 46 15.0 + 4.2 -29.1 +£ 3.9 -45.4 + 3.6 Mg-Ca-Na-HCO3-Cl
QS2 20.3+0.3 55.9 £ 16.7 63.9 £ 0.5 69.4 +£ 0.4 31.9 £ 0.5 14.8 + 0.5 -29.4+ 0.5 -45.7 £ 0.5 Ca-Mg-HCO3-Cl
BCX 19.8 £ 2.9 54.7 £ 22.0 62.8 + 5.6 68.3 + 4.9 30.7 £ 5.8 13.7 £ 5.3 -30.4 + 4.9 -46.6 + 4.5 Mg-Na-Ca-Cl-HCO3
GHW 18.7 £ 4.2 52.0 £ 24.9 60.3 + 8.3 66.1 £7.5 28.1 £8.7 11.3 + 8.0 -325+7.3 -48.6 + 6.8 Mg-HCO3
QPT 18.7 £ 0.7 528 £17.6 61.0 £ 1.5 66.8 £ 1.3 28.8 £ 1.5 12.0+ 1.4 -32.0+1.3 -48.1 +1.2 Mg-Ca-HCO3-Cl
BAH 18.6 £+ 1.2 52.3 +£18.6 60.6 + 2.5 66.4 + 2.2 28.4 +£ 2.5 11.6 + 2.4 -32.3+21 -48.4 + 2.0 Mg-Ca-Na-Cl-HCO3
BAL 17.8 £ 1.5 50.7 £ 19.0 59.0 + 3.0 65.1 + 2.7 26.8 £3.1 10.1 + 2.9 -33.6 £ 2.6 -49.7 £ 2.5 Mg-Ca-Na-Cl-HCO3
QET 175+ 1.5 50.1 £19.2 58.5 + 3.2 64.5 + 2.8 26.2 +£ 3.3 9.5+ 3.0 -34.2+ 238 -50.2 + 2.6 Mg-Ca-HCO3-Cl
QEG 16.4 + 0.5 47.6 £ 16.9 56.1 £ 1.2 62.4 £ 1.0 23.8+1.2 7.3+1.1 -36.2 + 1.0 -52.1 £ 0.9 Mg-HCO3-Cl
BED 16.1 +£ 3.0 46.4 + 22.7 549 + 6.8 61.4 £6.1 22.6 £7.0 6.2 + 6.5 -37.2+5.9 -53.0 £ 5.5 Ca-Mg-HCO3
QEE 159+ 24 46.2 £ 21.4 54.7 £ 5.5 61.2 + 4.9 22.4+5.7 6.0 £5.2 -37.4+ 4.8 -53.1+ 4.4 Mg-Na-Ca-Cl-HCO3
ONT 15.7 £ 0.1 46.0 + 15.7 54.6 £ 0.2 61.1 £ 0.2 22.2+0.2 59+0.2 -37.5+0.1 -53.3+0.1 Mg-Ca-Cl-NO3-HCO3
QPA 15.6 £1.7 45.6 + 19.6 54.3 + 3.9 60.8 + 3.5 21.9 + 4.0 5.6 + 3.7 -37.8 £ 3.4 -53.5 + 3.1 Ca-Mg-HCO3
BAU 149 £ 27 43.5 £ 22.2 52.3+6.5 59.0 +£ 5.8 19.8 + 6.6 3.7+6.1 -39.5+ 5.6 -55.1 £5.2 Mg-Na-HCO;-Cl
BDZ 14.8 £+ 4.3 42.6 + 26.4 51.3 £10.5 58.1 £9.4 18.9 +£10.8 2.8 +10.0 -40.3 £ 9.1 -55.9+ 8.5 Mg-Na-Ca-HCO3
HS3 141 +1.9 41.8 + 20.3 50.6 + 4.8 57.5+ 4.3 18.1 + 4.9 2.1 +4.5 -41.0 + 4.2 -56.5 + 3.9 Ca-Mg-HCO3-Cl
BBW 14.0 £ 4.1 40.4 £+ 26.3 49.3 £ 10.6 56.3 £ 9.5 16.8 +10.8 0.9 +10.0 -42.1+9.1 -57.5+ 85 Mg-Na-HCO3-Cl-SO4
BCR 13.7 £ 3.0 40.2 £ 23.1 49.1 +£7.6 56.1 + 6.8 16.6 + 7.8 0.7+7.2 -42.3 + 6.6 -57.7 £ 6.1 Mg-Na-HCO3
BSC 13.2+ 4.8 37.5 + 28.6 46.5 + 13 53.7 £11.7 14.0 +13.3 -1.8 +12.3 -44.4 + 11.1 -59.7 + 10.4 Mg-Na-Ca-Cl-HCO3
BBT 12.6 £ 0.4 37.8 £16.1 469 £1.1 54.2 +£ 0.9 143+ 1.1 -1.5+1.0 -44.2 +£ 0.9 -59.5 + 0.9 Mg-Na-Ca-HCOs-Cl
BAZ 122 +19 36.5 +£ 20.4 45.6 +£ 5.3 53.0 £ 4.8 13.0 £ 5.5 -2.7 £5.0 -45.3 + 4.6 -60.5 + 4.3 Mg-HCO3
FKK 11.9 +£ 0.6 35.9 +£16.5 45.0 + 1.6 52.4+ 1.4 124+ 1.7 -3.2+1.5 -45.8 + 1.4 -61.0 + 1.3 Ca-Mg-Na-HCOs-Cl
BBV 11.2 + 4.6 31.4 +£29.4 40.7 £ 14.2 48.6 £ 12.9 8.1 +14.5 -7.2+13.4 -49.3 + 12.1 -64.3 + 11.3 Mg-Na-Ca-Cl-HCO3-SO4
QCF 11.0 £ 2.2 32.6 £ 21.7 419 +£ 6.8 49.6 £ 6.1 9.2+ 6.9 -6.2 +6.4 —-48.5+5.8 -63.5 + 5.4 Ca-Mg-HCO3
FAF 10.3 £ 0.3 31.0 £15.5 40.3 £ 0.9 48.2 +£ 0.8 7.6 +£0.9 -7.6 £ 0.8 -49.8 +£ 0.8 -64.7 £ 0.8 Ca-Na-Mg-Cl
FAM 10.1 £ 2.3 29.4 + 22.4 38.8+ 7.7 46.8 + 6.9 6.1 +7.8 -9.1+7.2 -51.0 £ 6.5 -65.9 + 6.1 Ca-Mg-HCO3-Cl
SGS 9.8 29.3 £ 14.4 38.7 46.8 6 -9.1 -51.1 -65.9 Ca-Mg-HCO3-Cl
BEA 85+21 23.6 +£22.1 333+738 41.8 +£7.0 05+7.8 -142+7.2 -55.7 £ 6.5 -70.2 + 6.1 Mg-Ca-S04-Cl-HCO3
QRW 82+1.8 22.7 £21.1 32.4+6.9 41.1 £ 6.3 -0.4+6.9 -15.0 + 6.4 -56.4 + 5.8 -70.9 + 5.3 Ca-HCO3
BBZ 8.2+ 0.9 23.0 £17.5 32.7 + 3.4 41.3 £3.1 -0.2+34 -14.8 + 3.2 -56.3 + 2.9 -70.7 + 2.7 Mg-Ca-Na-HCOs3-Cl

*Verma (2000) and 'Fournier (1977) maximum and minimum temperatures are given for sampling locations with two samples only. Locations with elevated reservoir
temperatures are printed in bold and are indicated in Fig. 2. For the Verma (2000) temperatures, max and min values are also based on the uncertainties of the equation
coefficients. Fournier (1977) gives no uncertainties for the coefficients of his equations.
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such as temperature, pH, electrical conductivity, redox-potential, and
Og-concentration. Based on hierarchical cluster analyses of those pa-
rameters, five clusters were extracted and 47 representative sampling
locations chosen for the before mentioned hydrochemical analyses and
geothermometric calculations. These five clusters had unequal mem-
bership and representative locations were chosen such that they repre-
sent the area investigated (Fig. 2) based on the geological situation and
the importance of the location for answering the research questions, 66
additional sampling locations were added in the subsequent three
sampling campaigns, but not used for detailed chemical analysis.

4. Results and discussion

The electrical conductivities of the waters in the study area range
between 0.4 and 7.1 mS cm ™! (n = 652) which agrees with the results of
25 water samples analysed by Ozcan (2005). Based on cluster analysis,
the waters can be grouped into three distinct water types (type I to III)
which also reflect their hydrogeochemical differences (Fig. 4). In gen-
eral, the waters from the metamorphic and volcanic rocks in the east and
the deep wells in the plain as well as most surface waters are charac-
terized by relatively low electrical conductivities (type I
0.4-2.0mS cm™Y; Fig. 4, top). Medium electrical conductivities are
typical for the Troia and Kumkale ridges (type II: 1.8-3.5 mS cm™!) and
extreme electrical conductivities (type III: 3.7-7.1 mS em™!) were found
in three isolated wells (BBP, BBK, BAH - 3-letter-codes refer to sampling
locations) that are not characteristic for the area (in one year, animal
carcasses were found in the water, but the wells showed elevated elec-
trical conductivity in all the years, BBK belonged to Type II water in 3
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Fig. 4. Histograms of electrical conductivities (top) and temperatures (bottom)
of the three water types in the research area. Type 1: n = 487, Type 2: n = 154,
Type 3: n = 10.
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out of 4 sampling campaigns). In no case, these electrical conductivities
are close to typical electrical conductivities for the geothermal areas
Tuzla and Kestanbol Kaplica. There, Miitzenberg (1997) measured 19.1
to 67.8 mS cm !, which is 5 to 36 times higher than the highest elec-
trical conductivity group in the Troad.

No statistically significant differences in the water temperatures for
the three water types could be found (Fig. 4, bottom). Water tempera-
tures range between 12 °C (mainly groundwater and springs) and 34 °C
(surface waters, fountains, and water from pipes) with a mean temper-
ature of 21 °C (n = 625), 90% of all values being between 17 °C and
27 °C. None of the 227 sampling locations showed elevated tempera-
tures at the point of discharge, thereby confirming the findings of all
previous researches from Strabo and Groskurd (1931) to Virchow (1879)
that there is currently no thermal spring close to Troia (Fig. 5). During
several occasions, the water temperatures of some of the 40 “Kirk Goz”
springs near Pinarbasi were measured. They ranged between 17.4 and
18.5°C (n = 18), which does not deviate from other temperatures
measured in the Troad. It was therefore not possible to verify
LeChevalier’s observation of a hot and cold spring there.

At some locations, continuous temperature measurements were
conducted over periods of several weeks to up to 2.5 years. Their se-
lection was based on oral reports by locals that there are hot and cold
springs (spring east of Diimrek: QWK, Fig. 6) or because they are related
to the hydrogeological situation of the area (e.g. in the spring caves or
the Diiden Spring, Fig. 7).

The “Troia National Park” lies in an area of high seismic activity
(Okay et al., 1991; Rapp, 1982; Schindler and Pfister, 1997; Yilmaz,
2003), and previous researchers therefore concluded that the hot spring
sensu Homer has been destroyed by an earthquake (Eckenbrecher, 1875;
Schliemann, 1884). Such destructions of springs as a result of an
earthquake have reliably been reported for springs in Algeria and the
USA (Braun, 1872; Deming, 2002; Wood et al., 1985), though the
springs feeding Ingram’s Warm Springs Creek (Idaho, USA) reappeared
with an even increased flow after the earthquake. In case of the scalings,
none of such types of mineral crusts are reported for the area around the
National Park by any of the dozens of travellers to the Troad, nor could
the geological mapping give any indication for a geothermal field that
could have existed prior to a potential earthquake. Yet, there are several
up to 10 m thick calcite sinter terraces along the trace of the Roman
aqueduct (Aylward et al., 2002) east of Kemerkoy, Civlar (Fig. 8)
resulting from Ca-HCOs-rich water that was preferred as drinking water
by the Roman inhabitants (Crouch, 1993; Grewe, 1992) of Ilion.
Furthermore, most — but not all — of the Ca-HCO3-rich waters in the
investigated area show calcite sinter (travertine) at the point of
discharge (Fig. 9); yet, in no case to an extent similar to Pamukkale for
example. However, these scalings in the Troad cannot be taken as a trace
of a hot spring, as they are mineralogically and structurally different
from the deposits around the thermal springs in the Troad’s vicinity, as
they have been described by Miitzenberg (1991) or Marmara et al.
(2020) for Kestanbol Kaplica and Tuzla.

The second assumption can be verified by using geothermometers.
Because the analysed waters had a maturity index between 0.5 and 1.5,
as indicated by the water types (Table 1), Na-K-Mg geothermometry
could not be used, and presenting a Giggenbach diagram was omitted,
because all the analysed waters are in the field of immature waters.
Consequently, the SiO, geothermometer, which assumes equilibrium of
the water with crystalline quartz or amorphous chalcedony, had to be
applied. Testing the available SiO, geothermometers (Fournier, 1977)
for consistency (Table 1) revealed that the most recent data published by
Verma (2000) can be used to calculate the reservoir temperatures ac-
cording to equation (2).

As the SiO,-geothermometer is sensitive to secondary processes, such
as mixing or precipitation, the calculated temperatures must be seen as
minimum temperatures. As could be shown (Table 1), only four sam-
pling locations yield reservoir temperatures above 80 °C (Fig. 2): BDW,
BDD, BDY and BCZ. All those four are located southeast of the Hissarlik



C. Wolkersdorfer et al.

Catena 200 (2021) 105070

10 L L S A L Fig. 5. Histogram of all discharge temperature
measurements from surface and subsurface waters
" n =525 in the investigation area between 2001 and 2004.
‘q;':; Sl x=209°C Included are 16 temperature measurements of
£ 8t a g=37°C 4 Virchow (1879). n = 525; X = 20.9 °C; ¢ = 3.7 °C.
g The predominantly trimodal distribution is a result
§ 9 = 146°C of colder water temperatures for groundwater
£ 1T (~18.2°C), near surface wells (~21.9°C), and
g 6t ¥, =182°C | surface waters (~25.4 °C). The distribution on the
% — 8. =219°C lower end belongs to deeper groundwater
g 3 : (~14.6 °C) and the one on the upper end to foun-
£ 194 =254°C tains that are fed by pipes or reservoirs (~31.0 °C).
[}
= 47 = 9, =31.0°C A
@ —
5 P
s A | T
o
§ \
f=
S 2 ]
Q
o
] N
0 1 L

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

temperature (°C)

between Tastepe and Diimrek, near the Ovacik thrust, which is at the
boundary of the Tertiary sedimentary rocks and the crystalline as well as
volcanic rocks. Furthermore, they are all Mg-HCOs-waters. Two sam-
pling locations (BDD, BCZ) are connected to the same spring system by a
pipe, therefore only three locations show elevated reservoir tempera-
tures (Fig. 2): BDW and BDY east-south-east of Diimrek as well as BCZ
southeast of Tastepe. At all of these locations, the water temperature at
the point of discharge ranges between 17 °C and 22 °C, which is near or
below the mean temperature of all the waters investigated (BDD has a
mean temperature of 28 °C and was not used for the purpose of this
publication, because the water flows in a 2 km long barely-covered pipe
which is affected by the daily temperature fluctuations). In no case,

scalings such as those near Tuzla or Kestanbol Kaplica were abundant
and also the Cl concentrations of the waters (36 — 72 mg L’l), which can
be used as an indication for deep thermal waters, is much lower than at
those (9430-38 463 mg L™!) two thermal spring systems (Miitzenberg,
1991). The closest of those three locations with high reservoir temper-
atures is about 10 km away from the Hissarlik.

Based on these results, we therefore conclude that close to today’s
Troia at the Hissarlik, a thermal spring never existed nor might once
have disappeared due to an earthquake. Consequently, if there is
nothing like a “hot and cold” spring around Troia, the question of what
Homer could have meant when he described a “hot and a cold spring”
remains open.
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Fig. 6. Continuous temperature measurements at the former drinking water spring QWK east of Diimrek showing a nearly constant water temperature of the spring

that locals describe as “warm” and “cold”.
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5. Implications and conclusions

Numerous local people and previous visitors to the Troad (Eck-
enbrecher, 1875; LeChevalier, 1791; Virchow, 1879) report about hot
and cold springs at different locations in the investigation area by
means of organoleptic observation. Continuous temperature mea-
surements in one of those springs (QWK east of Diimrek) showed a
statistically significant difference to other springs in the area. While
most springs experience a diurnal temperature variation of several
Kelvin (Fig. 7) indicative for a local flow system sensu Toth (1963), the
groundwater in the investigated area termed “hot and cold spring” by
Homer has a quite constant water temperature of 17.3 °C, 17.4 °C or
17.9 °C during the periods of investigations (Fig. 6). This is indicative
for the regional flow system sensu Toth (1963) and consequently an
indication for a comparably long residence time (Hippocrates uses the
expression “coming from very deep springs”), as no diurnial temper-
ature fluctuations were observed, such as for other springs. Further-
more, locals knew of springs which showed steam at different times of
the year (Eckenbrecher, 1875; Virchow, 1879), namely those of the
before mentioned “Kirk Goz” springs near Pinarbasi. Two continuous
(1 h sampling interval) temperature measurements between 2001 and

Fig. 8. Travertine at sampling location FAC south of the Kemerdere river (east
of Kemerkoy, Civlar). Width of image 1.5 m.

2004 at the Diiden spring (QCF) and Troia’s spring cave (QHE, QS4)
demonstrate that the relative water temperature is cold in summer time
(21-23°C), when the water temperature is below the daily mean
temperature (23-27 °C) and they are warm during winter time
(16-21 °C), when the temperature is above the daily mean temperature
(2-8 °C). A very similar description of a set of springs can be found in
Plato’s Kritias where he describes a cold and a warm spring within the
range of his castle flowing out of the same location (Platon, 1973;
Zangger, 1993). Though he writes about two springs, he explains that
in fact he only means one spring with hot and cold water. Conse-
quently, it may be assumed that Homer also describes such a system of
springs, which is “relatively” cold in summer and “relatively” warm in
winter.

As
Fig. 9. Qualitative ESEM image of calcite sinter near location QRW. The
layering results from difference in the sinter’s Fe and Mn as well as K compo-

sition. Characteristic metals and As in the Trojan waters (As, Sr, U) are not
mirrored in the sinter. Scale 1 cm.

TRo-986sW  Ca Fe Mn K
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As has been shown in our investigation, there most probably never
was a hot, thermal spring in or around the “Troia National Park” because
the characteristic scalings and the elevated reservoir temperatures
cannot be found. Furthermore, numerous springs fulfill the prerequisite
of being “hot/warm and cold” sensu Homer. It is therefore apparently
not possible to identify Homer’s “hot/warm and cold” spring(s) within
the Troad and all attempts to locate Homer’s Troia by using Iliad XXII,
147-156 might be a fruitless enterprise.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank all the members and friends of the Troia Team of Tiibingen
University, especially the late Manfred O. Korfmann and Peter Jablonka,
as well as Ernst Pernicka, Ralf Becks, Brian Rose and Gebbi Bieg for their
kind support in the field and Joachim Latacz for discussions about the
Iliad. Katrin Bergmann and Pia Lippmann conducted most of the
geological investigations, assisted in water analyses in the Troad and
were supported by students of Ilhan Kayan of Ege Universitesi and Alper
Baba from Canakkale Onsekiz Mart Universitesi. Bozcaada Tarim
Isletmesi (Tigem — Tarim isletmeleri Genel Miidiirliigii) allowed in-
vestigations within their farm area, and the National Aeronautics and
Space Administration (Nasa) supplied the Ikonos satellite data for this
research in the field. Farmers and shepherds allowed us access to their
properties and helped in finding hidden wells and springs. Jeff Masters
from “The Weather Underground” provided us with meteorological
data. Ellimaaria Huusari and Jana Gobel assisted in taking on-site pa-
rameters. Part of this work has been financed by Bergakademie Freiberg,
the German Science Foundation (DFG), Daimler-Chrysler AG, and
Siemens AS$ through the Troia Team as well as the “Friends of Troia”.
Elke v. Hiinefeld-Mugova and Stephanie Lohmeier commented on an
earlier version of this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.catena.2020.105070.

References

Archaologisches Landesmuseum, Baden-Wiirttemberg, Troia-Projekt, der Eberhard-
Karls-Universitat Tiibingen, Braunschweigisches, Landesmuseum, Herzog
Anton, Ulrich-Museum, Kunstmuseum, des Landes Niedersachsen, 2001. Kunst- und
Ausstellungshalle der Bundesrepublik Deutschland. Theiss Troia — Traum und
Wirklichkeit, 1st ed. Stuttgart.

Aylward, W., Bieg, G., Aslan, R., 2002. The Aqueduct of roman Ilion and the bridge
across the Kemendere valley in the Troad. Studia Troica 12, 397-427.

Baba, A., Ertekin, C., 2007. Determination of the source and age of the geothermal fluid
and its effects on groundwater resources in Kestanbol (Canakkale-Turkey),
Groundwater quality — securing groundwater quality in urban and industrial
environments — IAHS Publ. IAHS Press, Wallingford, pp. 148-155.

Baba, A., Peringek, D., Sanliyiiksel, D., Kizil, H., 2007. Hydrogeochemistry and structural
control of the area around the ancient city of Troia, Northwestern Anatolia. Proc.
IAH 2007, 1-12.

Baier, C., 2017. Homer's cultural children — the myth of troy and European identity. Hist.
Mem. 29, 35-62. https://doi.org/10.2979/histmemo.29.2.03.

Bergmann, K., 2004. Geologische Verhaltnisse der Neogenen Sedimente zwischen Troia
und Gokgali/Tiirkei. Unveroff. Dipl.-Arb, TU Bergakademie Freiberg, Freiberg.
Blume, C., 2003. Hydrogeologisches Modell der 6stlichen Troas/Tiirkei. Unveroff. Dipl.-

Arb, TU Bergakademie Freiberg, Freiberg.

Braun, M., 1872. Ueber einige Erzlagerstatten der Provinz Constantine. Z. dt. geol. Ges.
24, 30-44.

Brentano, E.W., 1881. Zur Losung der troianischen Frage — Nebst einem Nachtrag Einige
Bemerkungen iiber Schliemanns Ilios. Henninger, Heilbronn.

Bretzler, A., 2008. Hydrochemical Characterisation and Time Series Comparison of
Ground- and Surface Water in Troia, Turkey. TU Bergakademie Freiberg, Freiberg,
p. 56.

Catena 200 (2021) 105070

Butler, S., 1999. The Iliad Homer. Dover Publications, Mineola.

Cengiz, A.E., 2020. Determination of ecotourism potential in national parks: Troy
historical national park. Canakkale-Turkey. J. Environ. Biol. 41, 514-526.
https://doi.org/10.22438/jeb/41/2(S1)/JEB-27.

Cook, J.M., 1973. The Troad — An Archaeological and Topographical Study. Clarendon,
Oxford.

Crouch, D.P., 1993. Water Management in Ancient Greek Cities. Oxford Univ. Press, New
York.

Deming, D., 2002. Introduction to Hydrogeology, 1st ed. McGraw-Hill, Boston.
Demirer, T., Kaleli, S., Simsek, U., 2000. Canakkale Diimrek Goleti sulama suyu kalitesi
ve kullanilma sorunlarinin belirlenmesi [Irrigation water quality of Canakkale

Diimrek Dam and usability problems]. Selcuk Univ. Ziraat Fak. Derg. 14, 11-17.

Eckenbrecher, G.v., 1875. Die Lage des Homerischen Troja. Buddens, Diisseldorf.

Erentoz, C., Ternek, Z., 1968. Tiirkiye’de termomineral kaynaklar ve jeotermik enerji
etiidleri [Les sources thermominérales de la turquie et 1'étude de I'énergie
géothermique]. Maden Tetkik ve Arama Enstitiisii dergisi [Bulletin of the Mineral
Research and Exploration Institute of Turkey] 70, 1-58.

Everest, T., Tasli, T.C., Akbulak, C., Sungur, A., 2017. Ecological risk assessment for
protected areas: case of Troia historical national park, Canakkale — Turkey. Fresenius
Environ. Bull. 26, 7463-7472.

Fetter, C.W., 2001. Applied Hydrogeology, 4th ed. Prentice Hall, Upper Saddle River.

Forchhammer, P.W., 1888. Erklarung der Ilias auf Grund der in der beigegebenen
Originalkarte von Spratt und Forchhammer dargestellten topischen und physischen
Eigenthiimlichkeiten der troischen Ebene — ein Beitrag zur Erledigung der
homerischen Frage, 2nd ed. Lipsius & Tischer, Kiel Leipzig.

Fournier, R.O., 1977. Chemical geothermometers and mixing models for geothermal
systems. Geothermics 5, 41-50. https://doi.org/10.1016/0375-6505(77)90007-4.

Frank, N., Mangini, A., Korfmann, M., 2002. 230Th/U dating of the Trojan ‘water
quarries’. Archaeometry 44, 305-314. https://doi.org/10.1111/1475-4754.t01-1-
00062.

Giggenbach, W.F., 1988. Geothermal solute equilibria — derivation of Na-K-Mg-Ca
geoindicators. Geochim. Cosmochim. Acta 52, 2749-2765. https://doi.org/
10.1016/0016-7037(88)90143-3.

Gobel, J., 2005. Landschaftsrekonstruktion im Siedlungsgebiet von Troia —
Geochemische, sedimentologische und geochronologische Untersuchungen. Kovac,
Hamburg.

Gobel, J., Satir, M., Kadereit, A., Wagner, G.A., Kayan, 1., 2002. Stratigraphy,
Geochemistry and Geochronometry of Sedimentary Archives Around Hisarlik Hill —
A Pilot Study. Springer, Berlin, pp. 341-359.

Grewe, K., 1992. Planung und Trassierung romischer Wasserleitungen, 2nd ed.
Chmielorz, Wiesbaden.

Hertel, D., 2001. Troia — Archéologie, Geschichte, Mythos. Beck, Miinchen.

Hertel, D., 2003. Die Gleichsetzung einer archaologischen Schicht von Troia mit dem
homerischen Ilios. In: Ulf, C. (Ed.), Der Neue Streit um Troia — Eine Bilanz. Beck,
Miinchen, pp. 85-104.

Hippocrates, Jones, W.H.S., (translator), 1923. De aere, aquis et locis [Air, Waters, and
Places], The Loeb Classical Library. Heinemann, London, pp. 65-137.

Jablonka, P., 2014. Der Raum: Die Fundstelle und ihre geographische Lage. In:
Pernicka, E., Rose, C.B., Jablonka, P. (Eds.), Troia 1987-2012: Grabungen und
Forschungen I — Forschungsgeschichte, Methoden und Landschaft. Habelt, Bonn,
pp. 218-261.

Kale, S., Ejder, T., Hisar, O., Mutlu, F., 2016. Climate change impacts on streamflow of
Karamenderes River (Canakkale, Turkey). Mar. Sci. Technol. Bull. 5, 1-6. https://d
0i.org/10.33714/MASTEB.285988.

Kayan, 1., 1996. Holocene stratigraphy of the lower Karamenderes-Diimrek plain and
archaeological material in the alluvial sediments to the North of the Troia Ridge.
Studia Troica 6, 239-249.

Kayan, 1., 1997. Geomorphological evolution of the Ciplak valley and archaeological
material in the alluvial sediments to the South of the Lower City of Troia. Studia
Troica 7, 489-506.

Kayan, 1., 2000. The water supply of Troia. Studia Troica 10, 135-145.

Kayan, I., 2014. Geoarchaeological research at Troia and its environs. In: Pernicka, E.,
Rose, C.B., Jablonka, P. (Eds.), Troia 1987-2012: Grabungen und Forschungen I —
Forschungsgeschichte, Methoden und Landschaft. Habelt, Bonn, pp. 694-727.

Kolb, F., 2010. Tatort “Troia” — Geschichte, Mythen. Politik, Schoningh, Paderborn.

Korfmann, M., 1998. Quellhohle der Unterstadt und Umgebung, Quadrate tul4/15 —
Troia VI(?) — Troia X(?). Studia Troica 8, 57-62.

Korfmann, M., 2000. Unterstadt, Quellhohle und Umgebung, Quadrate ul5 und und tul4
sowie t14, Verantwortliche Ausgraber: Eva Rosenstock und Dr. Mikhail Treister.
Studia Troica 10, 32-37.

Korfmann, M.O., 2006. Troia — Archéologie eines Siedlungshiigels und seiner Landschaft.
Zabern, Mainz.

Kraft, J.C., Kayan, 1., Erol, O., 1982. Geology and Paleogeographic Reconstructions of the
Vicinity of Troy. Princeton Univ. Press, Princeton.

Kurtman, F., Samilgil, E., 1975. Geothermal Energy Possibilities, their Exploration and
Evaluation in Turkey. In: Proceedings 2nd United Nations Symposium on the
Development and use of Geothermal Resources, San Francisco.

Latacz, J., 2003. Troia und Homer — Der Weg zur Losung eines alten Ratsels.
Uberarbeitete Taschenbuchausgabe ed. Piper, Miinchen.

LeChevalier, J.B., 1791. Description of the plain of Troy — with a map of that region.
Cadell, Edinburgh.

Lippmann, P., 2003. Geowissenschaftlich-Montanistische Untersuchungen an der
Quellhohle (“KASKAL.KUR™) Troias. Unver6ff. Dipl.-Arb, TU Bergakademie Freiberg,
Freiberg.

Marmara, H., Yiicel, D.S., Ozden, S., Yiicel, M.A., 2020. Kestanbol Jeotermal Akiskaninin
Hidrokimyasinin ve Gevresel Etkilerinin Belirlenmesi [Hydrochemistry and


https://doi.org/10.1016/j.catena.2020.105070
https://doi.org/10.1016/j.catena.2020.105070
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0005
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0005
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0005
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0005
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0005
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0010
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0010
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0020
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0020
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0020
https://doi.org/10.2979/histmemo.29.2.03
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0030
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0030
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0035
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0035
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0040
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0040
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0045
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0045
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0050
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0050
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0050
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0055
https://doi.org/10.22438/jeb/41/2(SI)/JEB-27
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0065
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0065
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0070
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0070
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0075
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0080
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0080
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0080
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0090
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0090
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0090
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0090
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0095
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0095
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0095
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0100
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0105
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0105
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0105
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0105
https://doi.org/10.1016/0375-6505(77)90007-4
https://doi.org/10.1111/1475-4754.t01-1-00062
https://doi.org/10.1111/1475-4754.t01-1-00062
https://doi.org/10.1016/0016-7037(88)90143-3
https://doi.org/10.1016/0016-7037(88)90143-3
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0125
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0125
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0125
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0130
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0130
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0130
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0135
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0135
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0140
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0145
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0145
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0145
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0155
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0155
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0155
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0155
https://doi.org/10.33714/MASTEB.285988
https://doi.org/10.33714/MASTEB.285988
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0165
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0165
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0165
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0170
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0170
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0170
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0175
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0180
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0180
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0180
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0185
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0190
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0190
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0195
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0195
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0195
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0200
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0200
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0205
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0205
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0215
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0215

C. Wolkersdorfer et al.

Environmental Impacts of Kestanbol Geothermal Fluid]. Tiirkiye Jeol. Biil. — Geol.
Bull. Turkey 63, 97-116. https://doi.org/10.25288/tjb.604842.

Moller, P., Dulski, P., Savascin, Y., Conrad, M., 2004. Rare earth elements, yttrium and
Pb isotope ratios in thermal spring and well waters of West Anatolia, Turkey: a
hydrochemical study of their origin. Chem. Geol. 206, 97-118. https://doi.org/
10.1016/j.chemgeo.2004.01.009.

Mutlu, H., Giileg, N., 1998. Hydrogeochemical outline of thermal waters and
geothermometry applications in Anatolia (Turkey). J. Volcanol. Geotherm. Res. 85,
495-515. https://doi.org/10.1016/S0377-0273(98)00068-7.

Miitzenberg, S., 1991. Westliche Biga-Halbinsel (Canakkale, Tiirkei): Beziehungen
zwischen Geologie, Tektonik und Entwicklung der Thermalquellen. Mitteilungen aus
dem Geologischen Institut der Eidgendssischen Technischen Hochschule und der
Universitat Ziirich/Neue Folge 287, 160.

Miitzenberg, S., 1997. Nature and Origin of the thermal Springs in the Tuzla area,
Western Anatolia, Turkey. In: Schindler, C., Pfister, M. (Eds.), Active Tectonics of
Northwestern Anatolia — the MARMARA Poly-Project, a Multidisciplinary Approach
by Space-Geodesy, Geology, Hydrogeology, Geothermics and Seismology. vdf
Hochschulverl. an der ETH Ziirich, Ziirich.

Okay, A.L, Siyako, M., Biirkan, K.A., 1991. Geology and tectonic evolution of the Biga
Peninsula, northwest Turkey. Bull. Tech. Univ. Istanbul 44, 191-256.

Ozcan, H., 2005. Monitoring and evaluation of the spatial and temporal changes of pH,
spcond, DO, ORP and TDS in the waters of Troia (Turkey) by GIS. Gottinger
Geograph. Abh. 113, 175-182.

Ozcan, H., Ekinci, H., Baba, A., Kavdir, Y., Yiiksel, O., Yigini, Y., 2007. Assessment of the
water quality of Troia for the multipurpose usages. Environ. Monit. Assess. 130,
389-402. https://doi.org/10.1007/510661-006-9406-3.

Pehlivan, R., 2003. The effects on human health and hydrogeochemical characteristics of
the Kirkgecit and Ozancik hot springs, Canakkale, Turkey. Environ. Geochem. Health
25, 205-217. https://doi.org/10.1023/A:1023205900038.

Platon, 1973. Kritias. Alfred Kroner, Stuttgart.

Powell, B.B., 2007. Homer. 2nd ed. Blackwell, Malden.

Rapp Jr., G., 1982. Earthquakes in the Troad. Princeton Univ. Press, Princeton.

Saunders, P.M., 1964. Sea smoke and steam fog. Q. J. Roy. Meteor. Soc. 90, 156-165.
https://doi.org/10.1002/qj.49709038405.

Schindler, C., Pfister, M., 1997. Active Tectonics of Northwestern Anatolia — the MARMARA
Poly-Project, a Multidisciplinary Approach by Space-Geodesy, Geology, Hydrogeology.
Geothermics and Seismology. vdf Hochschulverl. an der ETH Ziirich, Ziirich.

Schliemann, H., 1881. Ilios — Stadt und Land der Trojaner — Forschungen und
Entdeckungen in der Troas und besonders auf der Baustelle von Troja. Brockhaus,
Leipzig.

Schliemann, H., 1884. Troja — Ergebnisse meiner neuesten Ausgrabungen auf der
Baustelle von Troja, in den Heldengrédbern, Bunarbaschi und andern Orten der Troas
im Jahre 1882. Brockhaus, Leipzig. https://doi.org/10.11588/diglit.21#0001.

Schwaderer, G., . Proposal for an Effective Protection Concept for the Troad — A Strategy
for the Preservation of an Important Ecological Building Block in the International
System of Bird Migration. In: Pernicka, E., Uerpmann, H.P. (Eds.), Troia and the
Troad - Scientific Approaches. Springer, Heidelberg, pp. 285-291.

Sener, S., Demirer, T., Kaleli, S., 2002. A Research on Irrigation Water Quality of
Canakkale, Ezine and Lapseki Provinces. In: Haktamir, K. (Ed.), International

10

Catena 200 (2021) 105070

Conference on Sustainable Land Use and Management — Sharing Experiences for
Suistanable Use of Natural Resources. Tiibitak, Canakkale, pp. 1-7.

Siebler, M., 2009. Troia — Mythos und Wirklichkeit. Reclam, Stuttgart.

Simsek, S., 1993. Karstic hot water aquifers in Turkey. IAHS-AISH Publ. 207, 173-184.

Simsek, S., 1997. Geothermal potential in Northwestern Turkey. vdf Hochschulverl. an
der ETH Ziirich, Ziirich.

Strabo, Groskurd, C.G., 1931. Geographica — Erdbeschreibung in Siebzehn Biichern.
Olms, Hildesheim.

Tarcan, G., 2005. Mineral saturation and scaling tendencies of waters discharged from
wells (>150 °C) in geothermal areas of Turkey. J. Volcanol. Geotherm. Res. 142,
263-283. https://doi.org/10.1016/j.jvolgeores.2004.11.007.

T6th, J., 1963. A theoretical analysis of groundwater flow in small drainage basins.

J. Geophys. Res. 68, 4795-4812. https://doi.org/10.1029/JZ068i016p04795.

Ulf, C., 2003. Der Neue Streit um Troia — Eine Bilanz, 1st ed. Beck, Miinchen.

Verma, M.P., 2000. Revised quartz solubility temperature dependence equation along
the water-vapor saturation curve. In: Iglesias, E. (Ed.), Sustaining geothermal energy
into the 21st century — Proceedings, World Geothermal Congress 2000. Kyushu —
Tohoku 1927 - 1932.

Virchow, R., 1879. Beitrdge zur Landeskunde der Troas. Abh. Konigl. Akad. Wiss. Berlin
Phys. Klas. 3, 1-190.

Weber, C., 2003. Hydrogeologische Verhaltnisse der ostlichen Troas/Tiirkei. Unveroff.
Dipl.-Arb., TU Bergakademie Freiberg, Freiberg.

West, M.L., 2011. The Making of the Iliad: Disquisition and Analytical Commentary.
Oxford University Press, Oxford. https://doi.org/10.1093/acprof:osobl/
9780199590070.001.0001.

Wolkersdorfer, C., 2006. Wasser, Quell des Lebens — Hydrogeologische Untersuchungen
in Troia. In: Korfmann, M.O. (Ed.), Troia — Archdologie eines Siedlungshiigels und
seiner Landschaft. Zabern, Mainz, pp. 329-336.

Wolkersdorfer, C., Gobel, J., 2004. Hydrogeologie der Troianischen Landschaft — Eine
Bestandsaufnahme. Studia Troica 14, 157-167.

Wolkersdorfer, C., Gobel, J., Blume, C., Weber, C., 2004. Hydrogeologische
Probenahmestellen in der Troianischen Landschaft. Studia Troica 14, 169-200.

Wood, S.H., Wurts, C., Lane, T.G., Ballenger, N., Shaleen, M., Totorica, D., 1985. The
Borah Peak, Idaho Earthquake of October 28, 1983—Hydrologic Effects. Earthq.
Spectra 2, 127-150. https://doi.org/10.1193/1.1585305.

Yaltirak, C., Alpar, B., 2002. Kinematics and evolution of the northern branch of the
North Anatolian Fault (Ganos Fault) between the Sea of Marmara and the Gulf of
Saros. Mar. Geol. 190, 351-366. https://doi.org/10.1016/50025-3227(02)00354-7.

Yaltirak, C., Alpar, B., Saking, M., Yiice, H., 2000. Origin of the Strait of Canakkale
(Dardanelles): regional tectonics and the Mediterranean-Marmara incursion. Mar.
Geol. 164, 139-156. https://doi.org/10.1016/50025-3227(99)00134-6.

Yilmaz, Y., 2003. Seismotectonics and Geology of Troia and Surrounding Areas,
Northwestern Anatolia. In: Pernicka, E., Uerpmann, H.P. (Eds.), Troia and the Troad
— Scientific Approaches. Springer, Berlin, pp. 55-75. https://doi.org/10.1007/978-
3-662-05308-9_5.

Yiizer, E., 1997. Hydrogeology of Northwestern Turkey. vdf Hochschulverl. an der ETH
Ziirich, Ziirich.

Zangger, E., 1993. Plato’s Atlantis Account — A distorted recollection of the Trojan War.
Oxf. J. Archaeol. 12, 77-87. https://doi.org/10.1111/j.1468-0092.1993.tb00283.x.


https://doi.org/10.25288/tjb.604842
https://doi.org/10.1016/j.chemgeo.2004.01.009
https://doi.org/10.1016/j.chemgeo.2004.01.009
https://doi.org/10.1016/S0377-0273(98)00068-7
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0245
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0245
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0245
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0245
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0250
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0250
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0250
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0250
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0250
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0255
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0255
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0260
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0260
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0260
https://doi.org/10.1007/s10661-006-9406-3
https://doi.org/10.1023/A:1023205900038
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0285
https://doi.org/10.1002/qj.49709038405
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0295
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0295
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0295
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0300
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0300
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0300
https://doi.org/10.11588/diglit.21#0001
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0310
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0310
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0310
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0310
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0315
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0315
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0315
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0315
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0320
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0325
https://doi.org/10.1016/j.jvolgeores.2004.11.007
https://doi.org/10.1029/JZ068i016p04795
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0350
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0355
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0355
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0355
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0355
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0360
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0360
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0365
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0365
https://doi.org/10.1093/acprof:osobl/9780199590070.001.0001
https://doi.org/10.1093/acprof:osobl/9780199590070.001.0001
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0375
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0375
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0375
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0380
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0380
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0385
http://refhub.elsevier.com/S0341-8162(20)30620-2/h0385
https://doi.org/10.1193/1.1585305
https://doi.org/10.1016/S0025-3227(02)00354-7
https://doi.org/10.1016/S0025-3227(99)00134-6
https://doi.org/10.1007/978-3-662-05308-9_5
https://doi.org/10.1007/978-3-662-05308-9_5
https://doi.org/10.1111/j.1468-0092.1993.tb00283.x

	Hydrochemical investigations to locate Homer’s hot and cold springs of Troia (Troy)/Turkey
	1 Introduction
	2 Study area
	3 Methods
	4 Results and discussion
	5 Implications and conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


