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Abstract Chemical analyses of water samples from 19
hot and cold springs are used to characterize Takab
geothermal field, west of Iran. The springs are divided
into two main groups based on temperature, host rock,
total dissolved solids (TDS), and major and minor ele-
ments. TDS, electrical conductivity (EC), Cl , and SO42
" concentrations of hot springs are all higher than in cold
springs. Higher TDS in hot springs probably reflect longer
circulation and residence time. The high Si, B, and Sr
contents in thermal waters are probably the result of ex-
tended water—rock interaction and reflect flow paths and
residence time. Binary, ternary, and Giggenbach diagrams
were used to understand the deeper mixing conditions and
locations of springs in the model system. It is believed that
the springs are heated either by mixing of deep geothermal
fluid with cold groundwater or low conductive heat flow.
Mixing ratios are evaluated using Cl, Na, and B concen-
trations and a mass balance approach. Calculated quartz
and chalcedony geothermometer give lower reservoir tem-
peratures than cation geothermometers. The
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silica-enthalpy mixing model predicts a subsurface reser-
voir temperature between 62 and 90 °C. The §'*0 and 5D
(6°H) are used to trace and determine the origin and
movement of water. Both hot and cold waters plot close
to the local meteoric line, indicating local meteoric origin.

Keywords Geothermometry - Isotope -
Hydrogeochemistry - Takab geothermal field

Introduction

Numerous thermal and cold springs are located in active
volcanic regions all over the world as a result of eruptive
events, as well as obvious manifestations of long-lived
hydrothermal systems.

Considerable research has studied the origins of geo-
thermal water and hydrogeochemical processes in these
waters. Hydrogeochemical indicators, such as major ion
ratios, can be used to study recharge origin and mixing
behavior of thermal water (Vengosh et al. 2002).

Physico-chemical data in geothermal aquifers can
also indicate structural elements of geothermal systems
(Favara et al. 2001). These approaches can help charac-
terize water—rock interaction processes as thermal wa-
ters flow through various strata and the geochemical
evolution of groundwater under different flow condi-
tions (Larsen et al. 2001). Geothermal fluids have di-
verse chemical characteristics, which largely reflect
their geological setting. Many of these chemical differ-
ences largely depend on the source of recharge water
and the contribution of gases from magmatic or
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metamorphic sources. Temperature sensitive equilibria
between minerals, geothermal solutions, and in some
cases a vapor phase can affect the chemical composition
of a geothermal fluid, providing the basis for chemical
geothermometry. Chemical geothermometers are normal-
ly applied to thermal springs, steam vents, and geother-
mal wells for inferring reservoir temperatures in geother-
mal exploration and exploitation. The most widely used
geothermometers are based on silica (quartz and chalce-
dony) and cation ratios (mainly Na/K and Na-K-Ca).
Others that have been developed are based on Na/Li,
Li/Mg, K/Mg, Ca/Mg, Na/Ca, and K/Ca ratios and
Na-K-Mg relationships. Moreover, the geothermometer
using the fractionation of oxygen isotopes between water
and dissolved sulfate is also tested. Iran is located in an
active tectonic belt, namely, the Alpine-Himalayan oro-
genic belt, with many tectonic structures including gra-
bens, active fault systems, volcano-hydrothermal alter-
ation zones, and geothermal areas. The Takab geothermal
field is located northwest of Iran and is an important
tourist resort with many remarkable thermal springs that

have been used for bathing and medicinal purposes for
several years (Fig. 1). Several surveys have already been
carried out in this area (Modabberi and Moore 2004;
Karimzadeh Somarin and Lentz 2008; Azizi and
Moinevaziri 2009; Saki 2010; Naderi 2013). The studies
mainly deal with geological, petrological, environmental,
and tectonical characteristics of the area. However, the
thermal and cold springs of the Takab area are yet to be
studied considering their hydrogeochemical and isotopic
characteristics. The aim of the present study is to describe
the hydrochemistry of the hot and cold springs of the
Takab geothermal field, the mixing of geothermal fluids
with cold fresh water, estimate reservoir temperatures,
and to determine the isotopic characteristics in order to
infer the source of the thermal waters.

Tectonic and geological setting

The Takab area lies at the boundary of the
Urumieh-Dokhtar volcanic arc and the Sanandaj-Sirjan
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Fig. 1 Geological map and sampling site of Takab geothermal area (modified after GSI 1999)
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volcano sedimentary zone, both of which extend over
2000 km in a NW-SE direction parallel to the Zagros
thrust fault (Sharifi et al. 2014). The area has experi-
enced repeated cycles of orogenic activity, including
structural uplift, sedimentation, magmatism, and meta-
morphism (Daliran et al. 2013). The geological forma-
tions mostly comprise Precambrian metamorphics,
Tertiary volcanics, and Quaternary sediments.
Syn-extensional intra-arc faulting along reactivated
crustal structures created a graben basin in the subsiding
Takab block in Oligo-Miocene time (Daliran 2008). The
graben basin of Takab is filled with continental to shal-
low marine sediments of Oligo-Miocene to recent age
(Fig. 1). Sedimentation was accompanied by
syn-extensional high-level magmatism (Stockli et al.
2004), volcanic activity, and hydrothermal mineraliza-
tion. The Takab basin is underlain by basement rocks
that comprise metamorphosed pelite, psammite, carbon-
ate, and mafic volcanic rocks of Upper Proterozoic to
Lower Cambrian age and unmetamorphosed Cambrian
to Ordovician formations. In the Takab basin, the Lower
Red Formation directly overlies the basement rocks and
is part of an extensive Oligocene unit in Iran that com-
prises a transgressive continental red bed sequence of
basal conglomerate, sandstone and marl, and evaporite
sediments (Boni et al. 2007). The Lower Red Formation
grades upward into the Qom Formation comprising
fine-grained detrital sediments with marl, tuff, and lime-
stone that is locally reefal. The Upper Red Formation
overlies the Qom Formation and comprises red marl and
sandstone with gypsum beds. A major
northwest-southeast trending fault puts the
Precambrian metamorphics in juxtaposition with the
Tertiary rocks in the middle of the area (e.g., at
Qinerjeh field) (Fig. 1). Cenozoic sediments of the
Takab basin comprise widespread gravel fans, alluvium,
and very extensive travertine deposits that are related to
numerous low to moderately hot springs in the area. The
location of the thermal springs is commonly controlled
by faults. Thermal springs continue to precipitate trav-
ertine and mud deposits that locally contain about
1.62 wt.% As, 22 wt.% Cu, 14 wt.% Se, 1160 ppm
Au, and 1920 ppm Ag as well as strong enrichments
in Ba, Sb, Pb, Hg, Te, Ge, Bi, and Ni (Daliran 2003).
Most travertines are located to the west of the
Qeynarjeh-Chartagh fault, on the gypsiferous Upper
Red Formation of the Takab depression, and follow
55° (NE-SW), 90° (E-W), and 120° (NW-SE) striking
structures. Examples are the large Berenjeh travertine

field with a length of 3 km, a width of 1.7 km, and a
thickness of at least 200 m, and the E-W trending, 4 km
long, and 1.3 km wide Zendan travertine field with
many still active hot springs near Ahmad abad as well
as the remarkable 110-m high Zendane-Soleiman trav-
ertine mound (Fig. 1). Minimum and maximum eleva-
tions in the study area are about 1785 and 2955, respec-
tively, with an average of 2650 m above mean sea level.
The mean annual precipitation is 300 mm in the Takab
area. The aquifers are fed by infiltration of annual rain-
fall. At high elevation, snow predominates and contrib-
utes to the recharge processes during late spring. There
are several springs as discharging points of the aquifers
(Fig. 1). The general flow direction follows topographic
slope. Discharge value of the springs range from less
than 1 I/s to maximum 100 I/s (Table 1). The large
number of springs and their low discharge value could
be considered an indication of the effect of the faults on
the groundwater circulation.

Material and methods

Water samples including hot and cold springs were
collected in September 2012. The locations of the water
samples are shown in Fig. 1. All samples were collected
in high-density polyethylene bottles.
One-hundred-twenty-milliliter samples acidified with
2 ml of 65 % HNO; was collected for cation analyses,
while 1000 ml samples was collected for anion analyses.
Before acidification, the samples were filtered with a
0.45-um pore size membrane. The discharge tempera-
ture (7), pH, Eh, total dissolved solids (TDS), and
electrical conductivity (EC) were measured using porta-
ble instruments (Eutech instruments, PCD650) in the
field. Separate batches of 120 ml samples were collected
for oxygen and hydrogen isotope analyses. Anions were
determined using ion chromatography (Dionex model
2010i) on an unacidified aliquot. S0,*, HCO; ™, and
CI" were determined by spectrophotometry (T80 UV—
Vis Spectrophotometer PG Instrument Ltd.), titration,
and Mohr’s method, respectively. Major ion and trace
element concentrations in the water samples were deter-
mined using inductively coupled plasma-mass spec-
trometry (ICP-MS) at Acme Analytical Laboratories
Ltd., accredited under ISO 9002, Canada, using a
Perkin Elmer model Elan 6000 instrument.

Stable isotope analyses of water samples were carried
out at the Helmholtz Centre for Environmental Research
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% (UFZ), Germany, using an IR MS Delta S mass spec-

- = aa ﬁ aa E trometer and EQ measuring method against the

EElz29=z2% V-SMOW standard. The analytical errors of the 5'%0
and 6*H measurements are 0.1 and 0.5 %o, respectively.
Charge-balance error of the waters is less than 5 %,

= which is within the limits of acceptability. Mineral sat-

% @2 ) uration indices for a number of common minerals po-

%OO 2 % % % % % OT tentially present in the studied localities were calculated
- at measured discharge temperatures by PHREEQC
(Parkhurst and Appelo 1999) interfaced with

- AquaChem 5.0. Also, the geochemical modeling pro-

S :‘D o gram Visual MINTEQ (version 2.2, a recent adaption of

aE|lz&8 83 &A the original code written by Allison et al. (1991)) and
RockWare Aq.QA computer code (version 1.1) were
used to calculate the activity of species in the water

T: - = . samples and geothermometry, respectively.
50 = Q © A oo
G325 8%
Result and discussion
. % B o @ Hydrogeochemical properties of water samples

S2[8EEE 20
This study is based on samples from ten hot (7>20 °C)
and nine cold (7<20 °C) springs in this area. Chemical

T 0w oo — composition of all samples is shown in Table 1, and their
Sl T ace e . o ..

P 2|z § o z § § locations are presented in Fig. 1. The composmon.of
hydrothermal water depends on many factors, of which
temperature-dependent reactions between host rock and

P water are a major factor. Leaching also plays an impor-
N < o — tant role when the amount of a particular constituent is

m \%D S % é % i 2’ too small to achieve equilibrium. However, mixing,
- boiling, and cooling processes usually have a pro-

_ S nounced influence on the final composition of geother-
[ o B mal waters (Warner et al. 2013). Most hot springs are
L2 de X E) slightly acidic and may be divided into two main groups
Do ®® & oo §‘ on the basis of their host rock, temperature, and chem-
g istry. The first group comprises hot water samples from

~ E Takhte-Soleyman (W8, W12, W13, W14, W15, and

s lwEizna o |2 W17) and Aqdarreh (W42) fields with sedimentary

g \%j S 9 ;m: E é " and volcanic host rocks. The temperatures range from

& 20.1 to 38.2 °C), with Ca®" (~176-761 mg/L); SO.>~
§ (~43.4-700.5 mg/L); HCO5; (~762-2866 mg/L); and

‘MT: S 4% oo ‘§ high CI" (14-460 mg/L), B (438-41,879 ug/L), Si

2| 8w 8 X3RN 2 (7482—-17765.31 ng/L), and Sr (521-3992 ng/L) con-
Z|TE|P == =208 tents (Table 1). The second group is Qinerjeh field
§ t‘!; g (W21, W22, and W23). In contrast to the first group,
- o Z g these hot waters have higher temperature (28.2-39.4 °C)
= % T oo ag g g S and ascend through metamorphic host rocks. Also, they
gl & zzzz222|3232 contain lower Si, Sr, and B contents than the first group.
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The cold springs are also divided into two main groups.
The first group (W2, W5, W7, W9, W10, W16, and
'W31) is characterized by cold (7=11.5 to 13.9 °C), low
TDS (~120-363 mg/L), and slightly acidic to neutral
(~6.8-7.69 pH) water that contains Ca*" (~55—
136.27 mg/L), SO4* (~9.6-86.96 mg/L), and HCO;~
(~244-567 mg/L) and low CI" (7-21.27 mg/L) content.
The springs originate from the sedimentary and travertine
formations in the Takhte-Soleyman field. The second
group (W19 and W30) contains higher values of T’
(14.4-14.8 °C), TDS (~758-2160 mg/L), SO4*"
(~96.6-386.4 mg/L), HCO; (~658-2287 mg/L), and
CI" (~39-857 mg/L) contents. The hydrochemical char-
acteristics of various waters are presented in Table 1 and
Fig. 2. The hot and cold springs are plotted in rather
distinct fields. Apart from samples W19 and W30, whose
relatively high sulfate and C1 compositions are likely due

to contact with gypsum-rich Oligo-Miocene evaporites,
all cold waters lie near the HCO; corner, being derived
from carbonate-hosted deposits. Hot spring samples are
broadly Ca (SO4)-HCO; type and Ca-SO, (W15 and
W17) type, whereas Ca-SO4-HCO; type is the main
water type in cold springs. Other water types such as
Ca (SO,4)-CI-HCOj; type (W42) and Ca-Cl type (W30)
are also present. TDS, EC, CI', and SO427 concentrations
of hot springs are all higher than in cold springs, with
mean TDS of 2016.09 and 500.59 mg/L for hot and cold
springs, respectively. Higher TDS in hot springs probably
reflect longer circulation and residence time. In the
Takhte-Soleyman field, water flows through sedimentary
formations. This is likely responsible for the higher Ca**
and SO,” in these waters. The variable ion content of
cold springs (Fig. 2) is probably due to the different
degrees of mixing between cold and hot waters at depth.

3 X Explanations
/.
°\P o
\\@ %)‘ So; sprlrjg )
old sprin
\ Qo\f’ % oo A
LS
PN
L

S oF oF of
§ & & 8
— Cl —

Fig. 2 Distribution of hot and cold springs from the study area in the Piper diagram
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Major and minor elements

Major ion composition and ionic ratios can act as a track
record of water—rock interaction during flow (Mdller et
al. 2007). The concentrations of some major ions and
ionic ratios were plotted against chloride, which is
regarded as a conservative element (Fig. 3). A wide
range of concentrations is observed; hence, Cl is
expressed in logarithmic form. Increases in Na and K
versus Cl in hot springs (Fig. 3a, b) almost certainly
reflect progressive reaction with feldspars or clay min-
erals at depth and thus may be used as an independent
indicator of residence time. Apparently, hot springs take
part in a much longer, deeper, regional flow path than
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Fig. 3 Plots of ions (a, b) and ion ratios (c—f) versus chloride
concentration for various water samples in Takab geothermal area.

cold springs and so have much higher Na/Cl and K/CI
ratios than cold springs. Dissolution of calcite and/or
dolomite, along with weathering of Ca-bearing plagio-
clase, can explain the relatively high Ca/Cl ratios in hot
water. On the other hand, low Ca/Cl ratios in cold water
(Fig. 3c) probably reflect calcite precipitation along the
flow path. Hot spring calculated saturation index (SI) is
at or above calcite saturation (Table 3). Figure 3d shows
a positive correlation between Mg and CIl. In
high-temperature thermal systems, Mg is incorporated
into secondary alteration minerals by ion exchange re-
actions, resulting in very low Mg levels (Nicholson
1993). Since the Cl concentration of water from the
deep reservoir is generally high, a negative correlation
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is expected between Cl and Mg. However, a positive
correlation or high concentrations of Mg indicate that
the ascending hot water is mixed with cold water
(Fig. 3d). SO4/CI ratio is also higher in hot springs
(Fig. 3e). The higher and similar SO4 and Cl content
in hot springs is distinctive (Table 1) and suggests a
common source. SOy is close to equilibrium with re-
spect to gypsum, and concentrations in both geothermal
fields increase until saturation is almost reached (Table
3). Relatively higher HCO3/Cl ratios in cold springs
reflect shorter flow path and hence faster circulation,
while lower HCO3/Cl ratios in hot springs indicate long
subsurface flow path and deep circulation (Fig. 3f).
Some cold water samples (W19 and W30) are plotted
close to the hot waters in Fig. 3, which is interpreted as
being the result of local infiltration and mixing. High
temperatures in the hot spring geothermal reservoirs and
hot water—rock interaction make their hydrochemical
features quite distinct from cold springs. This is partic-
ularly obvious when looking at some minor elements,
such as Si, B, and Sr (Gupta et al. 2005). Generally,
increasing temperatures causes an increase in minor
element concentrations (Tarcan and Gemici 2003).
These elements are relatively conservative and generally
do not precipitate once dissolution has occurred. Cl, Si,
B, and Sr concentrations are all higher in hot springs
(Table 1). Some hot springs display higher mean Si
concentrations (Fig. 5a). This can be attributed to flow
through different lithologies, with different Si bearing
minerals and different temperatures. The Si content in
Qinerjeh hot springs (W21, W22, and W23) is lower
than that of Thakhte-Solyman and Aghdarreh hot
springs (W12, W13, W17, and W42), suggesting more
extensive silicate mineral dissolution. The lithology
around Qinerjeh is made exclusively of metamorphic
rocks, while in Thakhte-Solyman, some recharge water
travels through sandstone, red marl, and travertine ter-
rain, contacting carbonate minerals and mixing with
fissure water during flow. Hot reservoir temperatures
in Thakhte-Solyman and Aghdarreh areas (see
“Chemical geothermometry applications” section) may
also contribute to more extensive silicate mineral
weathering. According to the piper diagram, hot springs
at Takhte-Soleyman field show higher Ca and SO, than
Qinerjeh hot springs. The increase in HCO5; content
could be explained by dissolution of limestone. Ca
increase indicates that carbonate rocks comprise the
main reservoir rocks for Takhte-Soleyman waters.
Deep geothermal waters generally contain low SO4>~

@ Springer

contents (<50 mg/l) (Nicholson 1993). Sulfate contents
of water are quite high (9.66—700.49 mg/]) in the study
area. High sulfate concentrations could be explained by
dissolution of minerals like gypsum and/or oxidation of
H,S gas escaping from magma. Plots of discharge tem-
perature versus As, Cl, and Eh (Fig. 4a—) show that As
and Cl demonstrate an approximately positive linear
correlation with discharge temperature, whereas Eh
has relatively negative correlation. This result demon-
strates that hot springs with deep circulation and nega-
tive Eh display higher arsenic content. Sr concentrations
increase with increasing Cl, indicating accumulation
during water—rock interaction along water flow paths
(Fig. 5b), and highlight differences in lithology. In the
Thakhte-Solyman field, higher Sr concentrations and its
correlation with Ca indicate mixing with carbonate wa-
ter. Since Ca and Sr readily substitute in carbonate
minerals, they likely have a common source
(Cartwright and Weaver 2005). The relationship be-
tween B and Cl concentrations can be used to evaluate
mixing between hot and cold waters (Inguaggiato et al.
2000). CI versus B concentrations in the two water
groups illustrate two distinct mixing trends (Fig. 5c),
which suggests that both ions are behaving conserva-
tively and that there is a direct hydraulic connection
between hot and cold water systems. Minor and trace
element concentrations are relatively higher in thermal
waters because of the reservoir rock leaching.

The CI-B-SO4 plot (Fig. 6) also shows a clear dis-
tinction between the cold and thermal waters, indicating
that the latter have more interaction with rocks. Thermal
waters show high concentrations of B, a fact that is
probably related to the high temperature leading to
enhanced water—rock interaction and leaching of boron
(Dotsika et al. 2006).

Chemical geothermometry applications

The thermal waters of Takab geothermal area were
evaluated in the Na-K-Mg ternary diagram proposed
by Giggenbach (1988) and the Na-K-Ca-Mg diagram
proposed by Giggenbach and Corrales (1992).
According to Na-K-Mg ternary diagram, Takab thermal
waters fall in the immature water field (Fig. 7), indicat-
ing disequilibrium with the reservoir rocks, and are
probably dominated by rock dissolution, mixing with
cold groundwater, and ion exchange. Therefore, the
results obtained from the cation geothermometers
should be taken into account as doubtful. Also,
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Fig. 4 Plots of As (a), Cl (b), and 1200
Eh (c) versus discharge
temperature in sampled waters
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geothermometers based on Mg/Li (Kharaka and
Mariner 1989) give lower reservoir temperatures than
that of their discharging temperatures while Na/Li
(Kharaka and Mariner 1989) give high reservoir tem-
peratures, so these two geothermometers are also unre-
liable for the Takab geothermal fields. However, chem-
ical analyses of thermal waters were used to estimate the
reservoir temperature of Takab springs using several
silica geothermometers. The results obtained are

T T [} T 1
w14
10 20 30 40 50
w23

wis@ (]

w42 W15

T(°C)

presented in Table 2. Since silica geothermometer is
based on absolute concentration rather than concentra-
tion ratios, it is affected by boiling and dilution more
than the cation geothermometers. Some results are un-
real since they are lower than the measured surface
temperatures or they are too high. Some silica
geothermometers (i.e., amorphous silica, a-cristobalite,
and (3-cristobalite) give unreasonable temperatures. The
quartz geothermometers yield reservoir temperatures
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Fig. 5 Plots of Si (a), Sr (b), and 20000 =
B (¢) versus Cl concentrations in
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ranging from 35.33 to 91.82 °C. Chalcedony
geothermometers compared with quartz
geothermometers display relatively low temperatures
between 25.15 and 58.66 °C. According to quartz
geothermometers, reservoir temperatures of spring hav-
ing limestone, marl, and volcanic reservoir rocks
(Takhte-Soleyman and Aqdarreh fields) are from 39 to
91.8 °C. In addition, reservoir temperatures of other
thermal waters with metamorphic reservoir rocks

@ Springer
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(Qinerjeh field) also range from 45 to 81.8 °C. The
increase in reservoir temperature is also related to high
geothermal gradient due to volcanic and sedimentary
basement rocks in the study area. Plotting silica and
K-Mg equilibration temperatures may also be used to
estimate reservoir temperatures in an environment oc-
cupied by a slow moving, single liquid phase, before the
onset of boiling (Giggenbach et al. 1994). Allowing for
some silica loss from the water, the maximum
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Fig. 6 CI-B-SOy ternary diagram cl/20 Explanations
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temperature indicated by this method for
Takhte-Soleyman reservoir is 80 °C (Fig. 8). Reservoir
temperatures for Qinerjeh field indicated by plotting log
(K?/Mg) versus log (SiO,) for the thermal waters
(Fig. 8) are generally lower, ranging from 35 to 40 °C,
suggesting that these waters have resided at lower tem-
peratures for extended periods of time before emerging
at the surface. The lower-temperature HCO3-type waters
in both fields are plotted at considerably lower temper-
atures. In the plot of Fig. 8, the Takhte-Soleyman data
indicate equilibria between two SiO, species. It may be

Fig. 7 Water—rock equilibration

assumed that both quartz species occur at least in the
Takhte-Soleyman reservoir, while it might be different
for the Qinerjeh reservoir. SiO, patterns in the two fields
(Fig. 8) suggest that silica geothermometers may yield
valid temperatures. Unfortunately, the predicted temper-
atures generally show a wide dispersion even when
applying a single geothermometer in a geothermal field.
Many reasons have been proposed to justify the discrep-
ancies, including gain or loss of steam phase in the
reservoir, mixing of different types of fluids,
re-equilibration during ascent to the surface, and

Na/400

for thermal and cold springs (Na,
K, and Mg concentrations in
mg kg") (Giggenbach 1988;
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precipitation-dissolution (Verma 2001). Therefore,
geothermometers and saturation indices should be
assessed together to determine the reservoir temperature.

Mineral saturation states

Mineral saturation indices of hydrothermal minerals that
are likely to be present in the reservoir of Takab geo-
thermal system were calculated at measured surface
temperatures using PHREEQC computer code
(Parkhurst and Appelo 1999). The results are presented
in Table 3. Gypsum and anhydrite are under saturated in
all spring waters, indicating that dissolution of SOy, is
still going on in the reservoir. Calcite, dolomite, arago-
nite (except for W10, W22, W23, and W31), quartz, and
chalcedony (except for W7, W8, W12, W21, W22, and
W23) minerals are oversaturated or nearly in equilibri-
um at discharge temperatures. Muscovite, kaolinite, and
K-feldspar minerals are supersaturated. Increasing SI
values in Takab area, where carbonate and volcanic
rocks, gneiss, and schist constitute the reservoir rocks,
indicate that the reservoir rocks have influenced the
chemical composition of springs and also point to a long
time residence of water in the reservoir rocks. The
equilibrium state between water and many mineral
phases is a function of temperature (Reed and Spycher
1984). If the equilibrium lines of a group of predicted
minerals converge, it indicates a temperature corre-
sponding to the most likely reservoir temperature.
Thus, saturation indices can be used as
geothermometers (Davraz 2008). To evaluate the equi-
librium states of some hydrothermal minerals at differ-
ent temperatures, the temperature was changed taking

100 1 2 3 4 5 6 7
Log (K?*/Mg)(mg kg'?)

into account the hydrogen mass balance (Kharaka et al.
1988) and then saturation indices were recomputed. The
mineral saturation indices versus temperature for hot
springs are shown in Fig. 9. Due to the fact that waters
in Takab area have high carbonate contents, the temper-
atures obtained from the equilibration of carbonate min-
erals such as calcite, dolomite, and aragonite were ig-
nored in determining the best equilibrium temperatures.
The mineral saturation indices of anhydrate, kaolinite,
magnesite, muscovite, K-feldspar, and quartz minerals
move toward zero (SI=0) in the range of 60 to 92 °C for
Takhte-Soleyman field (Fig. 9a—d). For Qinerjeh field,
saturation indices with respect to kaolinite, magnesite,
muscovite, and quartz minerals tend to get closer to zero
around the temperature range of 60 to 80 °C (Fig. 9e—g).
The Aqdarreh field attains equilibrium with albite,
K-feldspar, kaolinite, muscovite, and quartz minerals
in the temperature range of 70 to 90 °C (Fig. 9h).
Gypsum is undersaturated in all collected waters, while
dolomite and calcite are oversaturated. As mentioned, in
the mineral saturation versus temperature diagrams,
some minerals approach zero at various temperatures.
Convergence of equilibrium lines (SI=0) of a group of
predicted minerals indicates the most likely reservoir
temperature (Davraz 2008). The assessment of the sat-
uration indices of the minerals indicated in Fig. 9 gives a
reservoir temperature between 60 and 92 °C for Takab
geothermal area. These values are compatible with
chemical geothermometer results (Table 2). The fluid—
mineral equilibrium in Takab geothermal area is also
investigated by the activity diagrams. These diagrams
are based on the estimation of the alteration minerals,
which are formed as a result of water—rock interactions.
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Fig. 9 Mineral equilibrium diagrams of hot waters, Takhte-soleyman (a—d), Qinerjeh (e—g), and Aqdarreh (h) fields

In the activity diagrams, constructed by Mutlu (1998),
illustrations of phase relations between kaolinite,
K-feldspar, albite, paragonite, and muscovite minerals
were investigated at 100 and 125 °C (Fig. 10). Two

different systems were considered in the activity dia-
grams. The systems are Na,0-K,0-Al,O-H,0 as a
function of log (aNa'/aH") and log (aK'/aH") and
Ca0-AL05-K,0-H,0 as a function of log (aCa*?/aH")

@ Springer



75 Page 16 of 20

Environ Monit Assess (2016) 188: 75

8
v
100°C (2 bars)
s == = 125°C (3 bars)
7—
Albite
6 -
%
- 4
L
2 «
) :
e - i
g =" :
-t 5 —r I
| I K-Feldspar
Al
|
17
WQ!NHWI w4, |W30
4 Al
W16\ . 2 dw13
o | I
= < w9
£ | WLZ Bwg |
8w15l 3 :
vxia1
1
3 T T T
2 4 5 6

Log (a ../a,)

100°C (2 bars) /]
174 7
— . —.— 125°C (3 bars) P
7
7
1654
Wairakite
1 7
e _ /'1/ K-Feldspar
— .
T [
;: 11_. ! I
¥ I '
< ! :
go] | i
' |
| |
ik I [
| o | -
2 I | Explanations
£
- 8 i Hotspring @
¥ .
2W31W%8\k13 Cold spring A\
" !éw w30] T .
5 6

Log (aK. fa,.)

Fig. 10 Activity diagrams for the thermal and cold springs at 100 and 125 °C in the systems of a Na,0-K,0-Al,0-H,O and

b Ca0-Al,0;-K,0-H,O

and log (aK'/aH") (Fig. 10). The thermal waters from
the study area mostly fall into kaolinite, muscovite, and
K-feldspar fields. Based on these diagrams, thermal
waters are likely to precipitate K-feldspar, kaolinite,
and muscovite minerals as alteration products in the
Teservoir.

Silica-enthalpy mixing model

The water in many hot springs consists of mixtures of
deep hot water and shallow cold water. Trusdell and
Fournier (1977) used a plot of dissolved silica versus
enthalpy of liquid water to estimate the temperature of
the hot water component of mixed water. Enthalpy is
used as a coordinate rather than temperature. This is
because while combined heat contents of two waters at
different temperatures are conserved when mixed
(neglecting small heat of dilution effects), the combined
temperatures are not. The relationships between Mg and
Cl (Fig. 3d), B and CI concentrations (Fig. 5¢), and the
Na-K-Mg ternary diagram (Fig. 7) indicate that hot
water samples are affected by mixing with cold

@ Springer

groundwater. Samples that fall in the immature field of
Fig. 7 do not represent equilibrium conditions and are
generally interpreted to have been affected by mixing
with cold water, as Mg concentration decreases dramat-
ically with increasing temperature (Fournier and Potter
1979). A silica-enthalpy mixing model was used to
evaluate the effect of this process. Figure 11 depicts
the silica-enthalpy mixing model based on chalcedony
solubility and quartz solubility. The chalcedony is ex-
pected to control the silica content of thermal fluids.
Figure 11 shows results of the silica-enthalpy mixing
model applied to hot and cold spring data indicating a
good linear relationship. It shows that the hottest waters
of the field are plotted close to the solubility curve of
chalcedony, suggesting probable equilibrium with this
mineral. A cold water sample for the mixing end mem-
ber was taken from sample W7 with silica content of
8.84 mg/L and temperature of 12.2 °C. Two lines of
mixing are constructed through the data set. Line A is
the mixing line that connects the cold water with the
maximum measured temperature and, thus, high silica
content. Line B corresponds to the best fit line that takes



Environ Monit Assess (2016) 188: 75 Page 17 0of 20 75
Fig. 11 The silica-enthalpy 500 T
mixing model for hot and cold - A) Tchale=90C, 380 kj/kg 1]
springs from the Takab geother- B) T chalc=62°C, 260 kj/kg ]
mal field I
400 1 Explanations I
asp | | Hot spring @ _\ I
= Cold spring A /]
= 300 1
E
S 250
wn
200 - (Chalcedony solubility
150 on
100
50 4
wie Enthalpy (kJ/kg)
0 - - r u T T T r -
-100 0 100 200 300 400 500 600 700 800 900 1000

into consideration almost all the samples. The water
enthalpies at the intersection of line A and line B with
the chalcedony solubility curve are 260 and 380 kl/kg,
respectively, corresponding to estimated reservoir tem-
peratures of 62 and 90 °C.

Isotopic composition of water samples

Environmental isotope data (*0 and *H stable isotopes)
were measured at representative sampling points to pro-
vide useful information on sources of water and pro-
cesses in the area. The relationship between the 5'%0
and &°H values is plotted in Fig. 12, which also shows

Fig. 12 Plot of 8D and §'%0

the Global Meteoric Line (D=8 §'*0+10) of Craig
(1961). Figure 12 shows that the 5'%0 and 5D values
range from —9.8 to —10.35 %o and —59.92 to —63.25 %o,
respectively, for hot springs. For cold springs, the values
vary from —8.8 to —9.22 %o and —57.15 to —59.61 %o,
respectively (Table 1). Cold spring samples plot on the
Global Meteoric Line reflects their meteoric origin.
Overall, the stable isotopic data indicate that Takab
geothermal waters are of a meteoric origin with the
deeply circulating meteoric waters over long residence
times in the geothermal systems. The meteoric water
infiltrated along fractures and faults, heated, and then
returned to the surface through hydrothermal conduits.
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However, there is no significant enrichment in their
5'%0 composition. 5'®0-8%H contents of hot springs
are more negative than those of cold waters, although
their temperature is higher. The oxygen-18 shift must
result from the following processes: (1) exchanges of
oxygen isotopes of geothermal waters with magmatic
steams (CO, and H,S) arise during the waning stages of
Tertiary—Quaternary volcanic activity or (2) exchanges
of oxygen isotopes of geothermal waters during the
hydration of silicate minerals (Clark and Fritz 1997,
Qin et al. 2005). Consequently, hot springs shift to the
left on the 5'*0—~52H graph. Furthermore, more negative
values of '*0 are considered to indicate a relatively high
elevation of recharge area (Clark and Fritz 1997; Dotsika
et al. 2010). It may be concluded from Table 1 that
Qinerjeh hot springs are fed from higher elevations than
the source of Takhte-Soleyman hot springs. The conduc-
tivity and total dissolved solid values provide a good
indication of the interaction time between the water and
reservoir rock. The results show that low EC values in
cold springs indicate shorter interaction time with reser-
voir rocks. This is also partly due to the influence of
groundwaters, which are often fresh and with low EC.
In Fig. 13, plot EC versus oxygen isotope (5'%0) shows a
negative correlation (R*=—0.65). Furthermore, ion con-
centrations increase from cold toward hot springs. While
hot springs are represented by high EC values, the cold
spring displays high 5'®0 value. It must be emphasized
that, although Qinerjeh hot spring (W21) originates in
higher recharge areas, its ion concentration is lower than
Takhte-Soleyman hot spring (W12) due to mixing with
shallow cold groundwater.

Conclusion

The main objectives of this paper were to study the
chemical characteristics of thermal fluids from Takab
geothermal field, determine the type and origin of the
waters, and predict subsurface temperature. The waters
in the study area are hosted by several rock types.
Fractures and faults act as conduit for the circulation
and ascent of thermal waters. Cold springs are Ca-HCO;
type and characterize groundwater circulation at shallow
depths. In contrast to the shallow environment, the
SOy-rich, deeper thermal waters are Ca (SO4)-HCO;3
and Ca-SO, type and undergo significant change in the
baseline chemistry along flow lines with increasing
residence time. TDS is higher in thermal spring due to
longer flow paths and residence time and also water—
rock interaction. Chloride is not a major component in
thermal and cold springs, and its presence is likely
derived from evaporative formations. Sulfate content
of the thermal waters of Takab geothermal field is quite
high due to dissolution of minerals like gypsum and/or
oxidation of escaping H,S gas from magma. The isoto-
pic data show that the thermal spring and cold spring
have a meteoric origin. All thermal waters fall in the
field of immature waters in Na-K-Mg ternary diagram.
Therefore, the silica geothermometers are appropriate to
estimate the reservoir temperature. Assessment of
geothermometers show that the reservoir temperatures
in the Takab area can reach up to 90 °C. The fluid—
mineral equilibrium in Takab area is also investigated
with activity diagrams. Based on these diagrams, it is
concluded that thermal waters are likely to form

Fig. 13 5'®0 and EC relationship
of water samples
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kaolinite, K-feldspar, and muscovite as alteration prod-
ucts. The silica-enthalpy mixing model predicts a sub-
surface reservoir temperature between 62 and 90 °C.
Subsurface temperature estimates using this method are
compatible with other geothermometers. Although tem-
perature pattern at depth in Takab geothermal field is
well known, the thermal springs emerging in this area do
not seem to originate from high-enthalpy systems (mea-
sured discharge enthalpy value is about 260 to 380 kJ/
kg). The heat source is probably the higher geothermal
gradient created by a magmatic intrusion, affected by
faults in the Takab geothermal field. Meteoric water as a
source descends down deep into the reservoir and is
heated by the magma mainly by conduction and con-
vective cells, where the vapor-dominated phase in turn
heats the aquifer above and evolves into a
steam-dominated system. The water rises up toward
the surface as hot springs along the main fracture system
and mixes with the groundwater.
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