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Abstract Boron concentrations of the CO2-rich
thermal waters in western Anatolia have a wide
range of 1–63 mg/l. Cl/B molal ratios of high tem-
perature waters (>150 �C) have low values ranging
from 1 to 10. In low-temperature thermal waters
(<150 �C), with the exception of samples that have
some seawater, Cl/B ratios range from 2 to 88. The
positive correlation between HCO3 and B values for
thermal waters means that B concentrations in
thermal waters are also associated with the dissolu-
tion of carbonates. In addition to the water–rock
interaction, boron in thermal waters is probably
controlled by the contribution of B by degassing of
magma intrusives. Sericite, illite and tourmaline
minerals, which are abundant in Menderes Massif
rocks, are considered to be the main reason for the
high boron contents. High B concentrations of
thermal waters causes environmental problems in
groundwaters and surface waters in some agricul-
tural areas of western Anatolia. Re-injection of
thermal waters to the reservoir is the best way to
dispose of the geothermal wastewater and prevent
contamination problems.
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Introduction

There are many geothermal fields and thermal springs in
western Anatolia, Turkey (Figs. 1 and 2). Fluids emerging
from some of these areas contain high boron concentrations
and cause environmental problems for cold waters in

agricultural areas where boron contaminates aquifers and
soils. Several studies were carried out in these geothermal
fields and the surrounding areas (Kasap 1984; Şimşek 1984;
Şamilgil 1985; Yılmazer 1988; Tarcan 1995; Karamanderesi
1997; Yıldırım and others 1997; Mutlu 1998; Çetiner 1999;
Tarcan and others 2000; Aksoy 2001; Gemici and Tarcan
2001; Tarcan and Gemici 2001; Vengosh and others 2002).
The earlier studies mainly dealt with site descriptions,
geological, hydrogeological and geochemical properties of
the geothermal fields and they particularly focused on geo-
thermal possibilities and geothermometer applications.
Borate deposits were also investigated by Helvacı (1977,
1978, 1995) to evaluate their stratigraphy, mineralogy and
genesis. Borate minerals (colomanite, ulexite, borax, etc.)
are the major source of commercial boron (B) and are
mainly concentrated in continental Tertiary deposits of
western Anatolia (Floyd and others 1998). Isotopic geo-
chemistry of these boron deposits were studied in detail by
Palmer and Helvacı (1995, 1997). The aim of the present
study is to examine the state of boron in the aquifers of the
geothermal systems that occur in different geological envi-
ronments and to determine its environmental impact.
For the study and comparison of chemical characteristics
of the waters, the samples of thermal and cold waters in
the geothermal fields were collected at different times
during the year 2000. Samples were collected and stored in
polyethylene bottles by the authors, and outlet tempera-
ture, pH and electrical conductivity were measured in the
field. The remaining major chemical constituents were
analysed in the DEU laboratory using standard methods
described in APHA (1989). Na, K, Ca, Mg, Li and SiO2 were
determined by atomic absorption and/or atomic emission
spectrophotometers. Cl and HCO3 were determined by
titration with silver nitrate and hydrochloric acid,
respectively. SO4 was determined by visible spectropho-
tometer with barium ions. Finally, boron was determined
by colorimetric spectrophotometer using the carmine
method. Additionally, chemical analyses of thermal waters
were used from previous studies. All earlier and current
analyses results were used to assess the water chemistry.

Geology and field descriptions

Turkey forms part of the Alpine–Himalayan orogenic belt
and is a region of great tectonic complexity. The Menderes
Massif, with its north-easterly-oriented elliptical shape,

Received: 28 November 2001 / Accepted: 19 April 2002
Published online: 31 July 2002
ª Springer-Verlag 2002

Ü. Gemici (&) Æ G. Tarcan
Dokuz Eylül University,
Geological Engineering Department,
35100, Bornova, _IIzmir, Turkey
E-mail: unsal.gemici@deu.edu.tr

Original article

DOI 10.1007/s00254-002-0608-x Environmental Geology (2002) 43:87–98 87

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 657.638 847.559 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



has left a significant imprint on the geological evolution of
western Turkey. From north to south, the Neogene gra-
bens Simav, Gediz, K. Menderes, and B. Menderes divide
the Menderes Massif into four sections (Dora and others
1995; Figs. 1 and 2). The basement of the study area
consists of Menderes Massif rocks, and is made up of high
to low grade metamorphics (gneiss, mica schists, phyllites,
quartz schists, marbles) and granodiorite. In the eastern
part of the study area Afyon metamorphic rocks outcrop.

The non-metamorphic Mesozoic carbonates and Bornova
melange that were deposited in flysch facies rest along a
thrust fault on the top of the Menderes Massif (Fig. 1). The
Bornova melange rocks are composed of shale and sand-
stone, which form the matrix with limestone mega blocks,
mafic volcanic intervals and ophiolitic rocks. The age of
the sandstone and shale and other components of the
Bornova melange rocks vary from Upper Cretaceous to
Palaeocene (Erdoğan 1990).
Most of the thermal waters originate from Menderes
Massif metamorphics, which discharge from the rims of
east–west-trending faults that form Büyük Menderes,
Küçük Menderes, Gediz and Simav grabens (Fig. 2). The

Fig. 1
Simplified geology map of western Anatolia (simplified after Okay
1984; Dora and others 1995) and locations of geothermal fields

Fig. 2
General tectonic map and the
locations of the sampling points
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circulation of the thermal water is closely related to major
faults and fractured zones. Fractured rocks of the Men-
deres Massif, such as quartz schists, gneiss and granodi-
orite, and karstic marbles, shale, sandstone and limestone
mega blocks of Bornova melange and non-metamorphic
Mesozoic carbonates are the reservoir rocks. Relatively
impermeable Neogene sedimentary units occur in different
facies in the northern and southern parts of the Gediz
graben and the northern parts of Büyük Menderes graben,
and these rocks cap the geothermal systems. An increasing
geothermal gradient from the effects of graben tectonism
may be the heat source of the geothermal systems. Ther-
mal waters from Gümüşköy, Germencik, Kızıldere,
Tekkehamam, Ortakçı, Bayındır, Salihli, Turgutlu Simav,
Saraycık, Gediz, Uşak-Emirfakı and Gecek fields are hosted
by Menderes Massif rocks (Figs. 1 and 2). The chemical
properties of waters from these geothermal fields are
presented in Table 1.
Gümüşköy thermal waters are of Na–Ca-Cl–HCO3 type
with 40 �C discharge temperature. They are used for
balneological purposes. Thermal waters hosted by Men-
deres Massif metamorphics have around 10 mg/l boron
concentrations. Germencik geothermal field is considered
to have the highest potential (approximately 100 MW/e) in
Turkey. Temperatures reach 232 �C in deep wells and
60 �C in springs. New power plant construction has been
planned at this field. Na-Cl–HCO3-type thermal waters
from deep wells have high boron contents of 41–43 mg/l.
In Kızıldere geothermal field, electricity generation by
geothermal energy is available with an installation capacity
of 20 MW/e. There are a series of drilled wells that
reaching temperatures of 240 �C. Na-HCO3–SO4-type
thermal waters with boron concentrations of 20–25 mg/l
create environmental problems because of the high dis-
charge rates. Tekkehamam and Ortakçı fields are located
in the Büyük Menderes graben, near the area of Kızıldere
field. Tekkehamam thermal springs have 83–98 �C dis-
charge temperatures and Na-SO4–HCO3-type waters and
with boron contents of about 17–18 mg/l. Ortakçı thermal
spring discharges at a temperature of 52 �C, is of
Na-HCO3–SO4 type and contains 8 mg/l boron. Bayındır
thermal waters (45 �C), found in Küçük Menderes graben,
have been used for bathing and medicinal purposes in
resort spas since 1857. Na–Ca-HCO3–SO4-type waters
contain boron concentrations lower than 1 mg/l. In Salihli
geothermal field there are a series of hot springs with
temperatures of 40–90 �C, which are used for balneological
purposes and have deep wells with temperatures that reach
155 �C. The Na-HCO3-type thermal waters of the Salihli
geothermal field have significant boron values of
23–65 mg/l. The thermal waters of Turgutlu, which are
hosted by Menderes Massif rocks, are obtained from
springs with temperatures of 75–78 �C. Studies are being
carried out for heating purposes by drilling deep wells.
Boron concentrations are around 8–13 mg/l. Simav
geothermal field has thermal springs between 51–90 �C.
Na-HCO3–SO4-type thermal fluids from deep wells with
temperatures of 163 �C are used for balneological and
district heating purposes. Although the temperatures are

quite high, boron concentrations are lower than those of
the other high-temperature geothermal waters emerging
from the Menderes Massif rocks. Boron concentrations are
around of 1–2 mg/l. Gediz thermal waters, which are
obtained from spa resorts, are physically divided into two
groups. Gediz Murat Dağı spa waters (samples 83 and 84)
with temperatures of 38–45 �C have Ca-SO4 type waters
with about 2 mg/l boron contents. Gediz Abide spa waters
(samples 85 and 86) with 75–92 �C temperatures reflect
Na-SO4–HCO3 type and have about 7.5 mg/l boron. Uşak
Emirfakı spa (38 �C) contains Ca–Na-SO4–HCO3-type
thermal waters and about 3.5 mg/l boron. The Na-
Cl–HCO3-type thermal waters of Gecek (Afyon) field,
obtained from springs and deep wells at 92 �C, are used for
balneological purposes. Boron concentrations reach to
10 mg/l. The Saraycık geothermal system is located in the
northern part of the Menderes Massif. Saraycık geothermal
field is one of the youngest areas and is controlled by
Quaternary volcanism. Na-HCO3–SO4 type thermal waters
with temperatures ranging form 40 to 74 �C and has boron
concentrations of 13–35 mg/l. Emet geothermal waters
with a temperature of 54 �C are of Ca–Mg-SO4–HCO3

water type. Although there are colemanite deposits within
the Neogene terrestrial sediments around the Emet region,
the thermal waters of the Emet area have lower boron
concentrations of around 1.5 mg/l. Some thermal springs
were generated by movements of NW–SE-trending faults
during the Gediz earthquake in 1970 (Helvacı 1977).
Seferihisar, Balçova and Ilıkpınar geothermal areas, which
are located in the western part of the study area, are
Bornova melange rocks that were deposited in flysch facies
including mainly sandstone and shale intercalations. The
Ca–Mg-HCO3-type of Ilıkpınar (Manisa) thermal waters
with 27 �C discharge temperatures has low boron con-
centrations. These waters are suitable for use as potable
and irrigation water and they supply some of the water
demand of Manisa vicinity. The Balçova geothermal field is
one of the most important geothermal fields in Turkey
with a 140 �C deep well temperature. Thermal waters are
used for balneological and district heating. Na-HCO3–
Cl-type thermal waters with 8–14 mg/l B concentrations
create significant problems in groundwater that is used for
agricultural purposes. The Seferihisar geothermal area
consists of Na-Cl type waters with high ion concentrations
because of a seawater contribution. Deep well tempera-
tures of fluids that are planned to be used for heating reach
120 �C. Boron values are 17 mg/l.

Water chemistry

The chemical composition of the thermal and cold waters
are given in Table 1. The Piper diagram (Fig. 3) illustrates
that cold waters are characterised dominantly as Ca–Mg–
HCO3 type, largely as a function of their host rocks. High-
temperature geothermal waters (>150 �C) are mainly of
Na–HCO3 type. Figure 3 shows that thermal waters vary
from Ca–Mg- to Na-rich waters. Their water types are a
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ü

m
ü
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result of rock dissolution and ion exchange reactions in
the aquifer at high temperatures. Lower temperature
geothermal waters (<150 �C) are of various types. Al-
though the expected type of thermal waters in the aquifer
is initially Na-HCO3, mixing during upflow, and re-equil-
ibration processes causes Na–HCO3-type waters to change
into various types. In spite of mixing, the main ions are Na
and HCO3 in lower temperature thermal waters.
Some thermal waters with Na-Cl–HCO3 have remarkable
Cl contents such as the samples from Kızıldere and Gecek
(Table 1). The relatively high Cl contents of these waters
indicate that waters are fed from deep reservoirs at high
temperatures with minimal groundwater mixing. Boron
concentrations of thermal waters from western Turkey
have a wide range of 1–63 mg/l. The Cl contents of these
waters varies from 10 to 1,950 mg/l. However waters from
Seferihisar geothermal area (Table 1) are different from
those mentioned above. The Na-Cl-type geothermal waters
of Seferihisar have a significant seawater contribution with
boron concentrations varying between 13 and 17 mg/l.
The Cl contents of thermal waters in which seawater
contribution takes place reaches to 10,000 mg/l (Table 1).
Generally, B and Cl concentrations of cold groundwaters
have significantly lower values of 0.1–2 and 7–113 mg/l,
respectively, than those of thermal waters. However, cold
groundwaters contaminated with boron from geothermal
fluids have higher values (such as in Büyük Menderes,
Gediz grabens and Balçova plains).
Ca–Mg–HCO3 type cold waters turn into a Na–HCO3 water
type during deep circulation through to the geothermal
aquifer. Absorption of CO2-bearing gases or condensation
of CO2-rich geothermal steam in O2-free environments
controls the formation of Na-HCO3-type waters. The
acidity of the water is controlled by H2CO3, which converts
feldspars to clays resulting in Na-HCO3-type thermal wa-
ters. Because K and Mg are taken up in clays and Ca and

SO4 ions are relatively insoluble, the aqueous solution
becomes rich is Na and HCO3 (Ellis and Mahon 1977). The
chemical processes mentioned above probably control the
chemistry of groundwaters from their initial Ca–Mg–HCO3

types to the Na–HCO3 type in both low and high tem-
perature geothermal areas of the study area.
Figures 4, 5 and 6 show the relations between B and some
of the other ions and pH and temperature values of the
natural waters in western Turkey. Boron and Cl concen-

Fig. 3
Distribution of thermal and cold groundwaters from the study are in a
Piper diagram

Fig. 4
Relation between B concentrations and a temperature, b pH and
c Cl contents of cold and thermal waters in western Anatolia (values
are in mg/l)
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trations of thermal waters increase with increasing water
temperatures (Fig. 4a). This is evident in high temperature
areas. However, the correlation for low temperature waters
is not good because of mixing with groundwaters during
the upflow to the surface. The dominant aqueous species
of boron are undissociated boric acid, B(OH)3 and the
borate anion B(OH)4,whose relative abundances are sen-
sitive to pH. While at low pH B(OH)3 predominates, at
high pH (>8–9) B(OH)4 is a primary anion (Barth 2000).
As shown in Fig. 4b, most of the water samples have a pH

value of �7, which means that B is present mainly in the
form of B(OH)3.
A plot of B against SO4 in high temperature waters dem-
onstrates that B increases whereas SO4 decreases (Fig. 6b).
SO4 concentration in thermal waters is likely to be con-
trolled by the dissolution of gypsum and/or oxidation of
pyrite. This inverse correlation may mean that the disso-
lution of gypsum and/or the oxidation of pyrite in host
rock are not the primary effects in increasing B contents of
waters.

Fig. 5
Relations of some major ions for
low temperature thermal waters
(values are in mg/l)

Fig. 6
Relations of some major ions for
high temperature thermal waters
(values are in mg/l)
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There is a good correlation between HCO3 and B values of
both low and high temperature waters (Figs. 5d and 6d).
This positive correlation with HCO3 means that B con-
centrations in thermal waters are associated with the dis-
solution of carbonates. Gülensoy and Kocakerim (1977)
experimentally demonstrated that the solubility of boron
in water increases with increasing CO2 content. Therefore,
HCO3 may be one of the important ions related to the high
boron content in the thermal waters. The conditions that
prevail in the formation of Na–HCO3-type waters are re-
lated to the B enrichment in thermal fluids. For Na–HCO3-
type thermal waters, increasing Na concentrations can be
used as an indicator of the degree to which water–rock
interaction takes place. In addition to the water–rock
interaction, some boron in thermal waters probably orig-
inates from the mantle or from metamorphism of marine
sediments. Güleç (1988) and Ercan and others (1994) used
3He/4He data to detect the presence of mantle helium in
thermal waters from western Anatolia and showed that
helium is partly derived from the mantle. Boron isotopic
data by Vengosh and others (2002) indicate either leaching
of boron from the rocks, or B(OH)3 degassing flux from
the deep sources.
Because Li is one of the alkali metals that are least affected
by secondary processes, it may be used as a tracer for the
initial deep rock dissolution processes to evaluate the
possible origin of the other two important conservation
constituents of thermal waters, Cl and B, (Giggenbach
1991). Figure 7 illustrates the relative contents of the
thermal waters presented in Table 1. None of the waters
plots close to the position of crustal rock. Cl and B con-
tents of the thermal waters plot away from the position of
crustal rock suggesting the addition of ions during rock
dissolution processes. The locations of high temperature
waters in Fig. 7 may be described as the dissolution of
rock in deeply circulating groundwaters at high tempera-

tures. Water samples 47, 48, 49, 50 and 51 from Gecek
geothermal area plot close to the Cl corner, representing
modification by absorption of low B/Cl magmatic vapours,
or the effect of admixtures of B/Cl seawater. Thermal
waters that plot close to the B corner represent the ab-
sorption of high B/Cl steam. Cl and B contents reflect their
abundance in the rock with which the water reacted rather
than the maturity of the system. This group could be
considered as relatively young geothermal systems
(Fig. 7).
Boron and Cl concentrations in geothermal waters are
related to volcanic and sedimentary rocks. Thus, B and Cl
contents and the Cl/B molal ratio could be used as an
indicator to obtain information about the origin of ther-
mal waters. The Cl/B ratio of natural waters has a wide
range from less than 1 to 1,330 for seawater (Arnorsson
and Andresdöttir 1995). Dissolution of Cl is easier than
that of B from volcanic rocks. However, increasing tem-
perature causes the Cl/B ratio to decrease and get close to
the Cl/B ratio of aquifer rock (Ellis and Mahon 1967). The
dominant source of Cl in non-thermal waters is from the
atmosphere. B concentrations range from about 1 to
95 lg/l in precipitation (Fogg and Duce 1985). Most of the
boron present in the atmosphere is in a gaseous state,
primarily in the form of boric acid (Mather and Porteous
2001). The Cl/B ratio of non-thermal waters is expected to
be similar to the Cl/B ratio of seawater. However, the cold
groundwaters considered in this study have Cl/B ratios
ranging from 0.1 to 2. This significant decrease is because
B is contributed to cold groundwaters by the aquifer rock
and in some areas by admixture of thermal waters.
Cl/B molal ratios of high temperature waters (>150 �C)
have low values, ranging from 1 to 10, with high B contents
that reach 67 mg/l. In addition to the water–rock inter-
action, degassing of magma intrusives may increase B
content. Although water–rock interaction also increases

Fig. 7
Relative Cl, L and B contents of thermal waters from
the study area (in mg/l). After Giggenbach (1991)
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the Cl concentrations in deeply circulating thermal fluids
at high temperatures, the contribution of Cl by degassing
of magma is lower, resulting in relatively low Cl/B ratios
(Table 1). In low-temperature thermal waters (<150 �C),
with the exception of samples that have a seawater con-
tribution, Cl/B ratios range from 2 to 88 (Table 1). Ther-
mal waters with seawater mixing (Seferihisar) have Cl/B
ratios of between 94 and 256. The seawater contribution to
the thermal waters in Seferihisar is also supported by
hydrogeochemical and isotopic investigations by Tarcan
and others (1999).
The correlation between B and Cl illustrates the progres-
sive rock dissolution and that B and Cl are released from
rock during water–rock interaction in approximately sto-
ichiometric proportions for high temperature waters
(Fig. 6b). At lower temperature waters B, is taken up from
solution to form secondary minerals, especially illite and
mica (Seyfried and others 1984; Palmer and others 1987).
These processes control the B contents of low-temperature
thermal waters. Because the absorption of B by secondary
minerals shows differences depending on the lithological
characteristics of the aquifers, there is not a good corre-
lation between Cl and B values of low-temperature thermal
waters in western Turkey (Fig. 5b). There are mainly two
reasons for why Cl/B ratios of high-temperature thermal
waters are lower than that of water from lower temperature
areas. Firstly, the contribution of B by degassing of magma
intrusives in addition to the water–rock interactions of
high-temperature fields and, secondly, B uptake into
secondary minerals during weathering processes in
lower-temperature fields.

Boron contamination in ground-
and surface waters because of
geothermal activities

High B concentrations of thermal waters causes environ-
mental problems in groundwaters and surface waters in
some parts of western Turkey. Boron is necessary in small
quantities for growth of plants, but in larger concentra-
tions it becomes toxic (Todd 1980). Plant boron resistance

is divided into three groups according to the plant species.
Relative tolerances for boron are classified as sensitive,
semi-tolerant and tolerant. As a general classification,
boron concentrations of groundwater exceeding 1 mg/l are
harmful to plants (Richards 1954). In the following ex-
amples of ground and surface water use for irrigation, B
contamination from geothermal activities are presented.
The Gediz graben has an important role in agriculture in
Turkey. Almost 75% of grape production in Turkey takes
place on this plain. However, B contents of groundwaters
create problems in agriculture. The distribution of B in
groundwaters is presented in Fig. 8. The B distribution of
groundwaters in Gediz graben is directly related to the
geothermal fluids. The geothermal fluids contaminate
groundwaters in different ways. Hot springs with a high
content of B, which emerge along the rims of the Gediz
graben (Fig. 2), have been mixing with groundwaters for
years. The other probable reason is the recharge of the
alluvium aquifer by thermal waters that rise to the surface
along fractures of the host rocks under the alluvium. This
may explain the high B contents of groundwaters in the
middle of the graben (Fig. 9). Although the B content of
groundwaters is less than 1 mg/l in a great part of the
Gediz plain in some areas this value exceeds 3 mg/l. Right
now, these highly B contaminated areas cannot be used for
agricultural purposes. A part of water demand for irriga-
tion is supported by drilled wells. This is the other reason
for B contamination in groundwaters. The overpumping of
wells in uncontaminated areas gives rise to the flow of
B-contaminated groundwater to the uncontaminated
areas. The alluvium aquifer has different levels of B con-
centrations. Alluvium aquifers are composed of alternating
permeable and impermeable levels. Contaminated levels
with boron are not clear because of mistakes in well pro-
jects. Consequently, the wells that cut the entire aquifer are
formed at various levels with different B concentrations.
Drilled wells cause these different groundwaters to mix
with each other, resulting in an increase in B concentra-
tions in uncontaminated areas (Fig. 9).
The Balçova plain is another area where thermal fluids
cause boron contamination in groundwater. Similar to the
Gediz graben, thermal springs from springs and wells re-
charge the alluvium aquifer (Fig. 10). As shown in Fig. 10,
thermal fluids contribute to the aquifer from the bottom

Fig. 8
Distribution of boron in groundwaters of Gediz
graben (modified from Filiz and Tarcan 1997)
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and are widespread in the aquifer. Warm waters (<50 �C)
are obtained from some drilled shallow wells in the allu-
vium aquifer. Another factor that increases the boron
content of groundwater is seawater intrusion in the
northern part of the aquifer. Over pumping of wells near
the coast causes seawater to penetrate through to the
aquifer. Thermal waters with 140 �C bottom temperatures
in Balçova thermal area are used for balneological pur-
poses and district heating. A total of 10,000 residences are
now heated by geothermal energy and studies are carried
out to increase this to 50,000 residences, which may bring
problems for the removal of wastewater after heating.
Because the thermal waters contain boron at about
10 mg/l, admixtures of thermal fluids will increase the
B content of cold groundwaters.
Contaminants in the geothermal water affect surface
waters. Boron contamination in Büyük Menderes River
(Fig. 1) is an example of surface water contamination
because of the geothermal fluids. Büyük Menderes basin is
one of the most important basins in Turkey, and river
waters are used for irrigation. Waters from springs dis-
charge to the Büyük Menderes basin (Fig. 2). The main
source of the geothermal contaminants is caused by the
spill of the fluids from the geothermal electricity genera-

tion plant in Kızıldere. A series of deep wells provides the
high-temperature thermal fluids for plant. The B contents
of thermal waters are about 20–25 mg/l. The discharge rate
of water spilled from the power plant reaches 2,000 ton/h,
with an average boron content of 23 mg/l. The average
flow rate of the Büyük Menderes River over 17 years is
49.556 m3/s (Şamilgil 1985). Dilution and sorption pro-
cesses cause decreasing B concentrations in the down-
stream part of the river and B contents remain under
1 mg/l, which is the limit for use in agriculture. However,
at times when drier climatic conditions prevail, the flow
rate of the river decreases to 5.750 m3/s. Because the
dilution is less, the B concentration of the river reaches
2 mg/l, which becomes unsuitable for irrigation. This is
why re-injection studies are being carried out by MTA
(General Directorate of Mineral Research and Exploration
of Turkey). Germencik geothermal field with a 232 �C
bottom temperature is planned to generate electricity. The
potential of this area (about 100 MW/e) is considered to
be higher than that of Kızıldere (Yıldırım and others 1997).
However, its B concentrations are also higher, reaching
about 63 mg/l. Thus, the operation of both plants will
cause a significant increase in B concentration of the
Büyük Menderes River.

Fig. 9
Schematic model of the transportation of
geothermal fluids and distributions of
geothermal contaminants through the cold
groundwater aquifers in and around the
western Anatolia geothermal fields

Fig. 10
Distribution of boron in cold groundwater aquifer in
Balçova plain. Modified from Ylmazer (1988)
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Conclusions

The metamorphic Menderes Massif mainly hosts the
thermal waters. Although gneisses and schists generally
have low boron contents, sericite, illite and tourmaline
minerals that are abundant in the Menderes Massif rocks
are considered to be one of the reasons for the high boron
additions to thermal waters by water–rock interactions.
There is a good correlation between HCO3 and B values of
both low and high temperature waters, which means that B
concentrations in thermal waters are associated with the
dissolution of carbonates. The conditions that prevail in
the formation of Na–HCO3-type waters are related to the B
enrichment in thermal fluids. For Na–HCO3-type thermal
waters, increasing Na and HCO3 concentrations can be
used as an indicator of the degree to which water–rock
interaction take place. Cl/B molal ratios of high tempera-
ture waters (>150 �C) have low values, ranging from 1 to
10. In addition to the water–rock interaction, degassing of
magma intrusives may increase B content in high-tem-
perature thermal waters. Cl/B ratios of lower temperature
thermal waters have higher values than high-temperature
waters. There are mainly two reasons for this. Firstly, the
contribution of B from degassing of magma intrusives in
addition to the water–rock interactions in high-tempera-
ture fields and, secondly, the uptake of B into secondary
minerals during weathering processes in lower tempera-
ture fields.
The contribution of thermal waters to cold groundwater
aquifers causes contamination to aquifers and surface
waters. In particular, high discharge wastewater disposal
from geothermal power plants and district heating systems
increases the boron concentration of groundwaters and
surface water. To prevent contamination of the cold waters
used for irrigation in the study area, re-injection of ther-
mal waters to the reservoir is necessary. This will also
recharge the aquifers of the thermal waters.
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jeokimyasal özellikleri (in Turkish), Doktora tezi, Fen Bilimleri
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