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Abstract The most important intakes of thermal waters

within the Sudetic Geothermal Region occur in three sep-

arate hydrogeothermal systems: (1) Lądek, (2) Duszniki

and (3) Cieplice. All these waters are of meteoric origin

and circulate in crystalline rocks to different depths. Their

outflow temperatures are between less than 20�C and to

about 87�C. To evaluate the geothermal fields in the light

of their prospectiveness, to further exploration of thermal

energy resources, we took an effort to apply selected iso-

topic and chemical geothermometers to assess the

maximum possible temperatures, which may be found in

the reservoirs. The only chemical geothermometers which

give a reliable range of reservoir temperatures are SiO2

(chalcedony), Na–Ka–Ca and partly Na–K ones. The

oxygen isotopic geothermometer in the SO4–H2O system

gives a real range of estimated reservoir temperatures only

for deeply circulating waters in the Cieplice area. On the

other hand, in the case of CO2 rich waters in the Duszniki

area, where outflow temperatures do not exceed 30�C,

application of chemical or isotopic temperature indicators

always leads to erroneous results due to the lack of equi-

librium in the thermodynamic system of water–rock

interaction.

Keywords Thermal water � Chemical geothermometers �
Isotopic geothermometers � Sudetes Mountains

Introduction

A crucial point in the exploration of thermal water

resources is to know the precise temperature at depth, i.e.

the temperature of water in a particular geothermal reser-

voir. The most accurate temperature data are obtained by

static bottom-hole temperature survey in exploratory or

production well. However, this way of temperature sur-

veying, although often inevitable, is the most expensive

one due to the need of costly investment in exploratory

drillings. The application of chemical and isotopic

groundwater temperature indicators, the so-called geo-

thermometers, allow reducing considerably the costs of

geothermal exploration. During the initial phase of thermal

water exploration, geothermometers are used to estimate

subsurface temperatures expected to be encountered by

drillings, using the chemical and isotopic composition of

hot spring discharges. However, the majority of known

geothermometers were developed and calibrated for high

temperature geothermal systems, i.e. those with reservoir

temperatures usually exceeding 150�C. Their application to

low enthalpy geothermal systems, where reservoir tem-

peratures are even much lower than 100�C, always raises

controversies. Many problems connected with the appli-

cability of geothermometers to low temperature systems,

concern usually the incorrect understanding of thermody-

namic environment for which the particular temperature

indicator was developed. This leads to direct and literal

application of geothermometric equations to different

geothermal systems with no proper corrections.

This paper shows new and reconsidered results of

application of selected chemical and isotopic geother-

mometers to low enthalpy hydrogeothermal systems in the

Sudetes Mts, SW Poland. Up to date, a few papers con-

cerning application of geothermometry to Sudetic thermal
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waters were published by Dowgiałło (1976, 2000, 2002),

Leśniak and Nowak (1993), Dowgiałło et al. (2005) and

Porowski and Dowgiallo (2008). The paper focuses on

important aspects of geochemical data interpretation to

show their crucial influence on the results of a geother-

mometric study.

General characteristics of geothermal

systems in the Sudetes Mts

The Sudetic Geothermal Region includes the Sudetes Mts

and the Foresudetic block, which is a tectonic step between

the uplifted Sudetes Mts. and the lowered Foresudetic

Monocline (Fig. 1). The Sudetes Mts consist mainly of

Precambrian and early Paleozoic crystalline rocks covered

with Paleozoic and Mesozoic sediments.

The most important hydrogeothermal systems within the

Sudetes Mts were recognized in the vicinity of thermal spas

renown for centuries, namely: (1) Lądek, (2) Duszniki and

(3) Cieplice (Fig. 1). Their detailed description can be

found in Dowgiałło (1976, 2002).

Thermal water systems under consideration are linked to

crystalline formations. At Cieplice, the host rock is fissured

Carboniferous monzonitic granite, while at Duszniki and

Lądek thermal water circulates in Proterozoic or early

Palaeozoic schists and gneisses. The presence of hot

springs is always connected with faults and accompanying

fissure systems. Areas of faults crossing are particularly

favorable to warm springs occurrence (Dowgiałło and

Fistek 1995, 2003; Zuber et al. 1995).

In this study, 16 thermal water intakes were sampled for

chemical and isotopic analyses during field survey in years

2004–2006. Generalized chemical and isotopic character-

istics of thermal waters studied are presented in Tables 1

and 2.

The oxygen and hydrogen isotopic composition of the

Sudetic thermal waters indicates their meteoric origin

(Fig. 2). Moreover, the tritium content is evidence that

modern meteoric water plays an important role in their

recharge. Present day tritium content in precipitation in

Poland is ca 10 TU. At depths of 700 m and more, thermal

waters contain almost no tritium; at moderate depths, up to

200 m, the content of tritium rises considerably, exceeding

even values typical for present day precipitation. At springs

or shallow wells, the contents of tritium vary significantly

from 0.0 to 16.6 TU (Cię _zkowski et al. 1996).

Moreover, the content of 14C in the Sudetic thermal

waters strongly suggests that some of them may have

infiltrated thousands of years ago, probably in colder cli-

matic conditions (Cię _zkowski 1990; Cię _zkowski et al.

1992). There is agreement among geologists that thermal

waters in the Sudetes Mts gain their temperatures due to

deep penetration of the meteoric recharge. This deep cir-

culation is a result of the generally deep-reaching fissurity

of crystalline rocks and considerable differences in altitude

between the recharge area and the warm spring discharge

areas.

Fig. 1 Geological sketch of the

Sudetic Geothermal Region

(after Bruszewska 2000)
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Application geothermometers

To evaluate the Sudetic geothermal fields in the light of

their prospectiveness, to further exploration of thermal

energy resources, we took an attempt to apply selected

isotopic and chemical geothermometers to assess the

maximum possible temperatures, which may be encoun-

tered in the reservoirs (Table 3).

Silica geothermometers

Silica (SiO2) geothermometry is widely used in different

geothermal systems. It is based on the temperature

dependent solubility of various silica minerals, for exam-

ple: quartz (SiO2-q), chalcedony (SiO2-ch), amorphous

silica (SiO2-am), moganite (SiO2-m), cristobalite (SiO2-c),

etc. This is one of the reasons, why there are several cal-

ibrations known for silica geothermometers based on

experimental, theoretical or field studies. They have been

summarized, for example, by Gunnarsson and Arnórsson

(2000) or Arnórsson (2000). However, the silica phases of

interest for hydrogeochemical studies of thermal waters are

first of all quartz, chalcedony and amorphous silica (Ar-

nórsoon 2000).

In the majority of known geothermal systems, the silica

minerals with which the aqueous silica [SiO2(aq)] attains

equilibrium are precipitated from solution, forming

secondary minerals. Secondary silica mineral constitutes

the controlling phase for SiO2(aq) concentrations, which

depends on the rate of two counteracting processes: (1)

dissolution of primary silicate minerals in the rock, and (2)

precipitation of secondary silica minerals (Arnórsson

2000). The rate of dissolution of the primary rock-forming

silicate minerals depends first on their thermodynamic

properties and the reactivity of water in the system, which

is largely controlled by its pH. Thus, roughly speaking, the

water pH dependent rate of dissolution/precipitation of the

silica minerals finally may control attaining the equilibrium

of SiO2(aq) with secondary quartz, chalcedony or amor-

phous silica.

The dissolution of silica minerals (for example, quartz)

in the pH up to 7.8 can be expressed as (for instance:

Langmuir 1997):

SiO2ðsÞ þ 2H2O�!H4SiOo
4$ SiO2ðaqÞ

and the solubility product (Ksp
o ) for this reaction is:

Ko
sp ¼

aH4SiOo
4

aSiO2ðsÞ � a2H2OðlÞ
¼ mH4SiOo

4 � cH4SiOo
4

a2H2OðlÞ
¼ mH4SiOo

4 � cH4SiOo
4

Ko
sp ¼ 10�2:71 for SiO2am

Ko
sp ¼ 10�3:55 for SiO2ch

Ko
sp ¼ 10�3:98 for SiO2q

where a, m and c refer to the activity of a chemical com-

pound, its molality and activity coefficient, respectively.

The most soluble form is amorphous silica and the least

soluble is quartz. Generally, the solubilities of quartz and

its polymorphs are fixed and pH-independent in most nat-

ural waters (Langmuir 1997). However, the dissociation of

silicic acid (i.e. H4SiO4 which is equal to SiO2(aq) in our

considerations) at alkaline pH leads to substantial increases

in their solubilities. As a weak acid, H4SiO4 dissociates in

two steps, according to the reactions (Langmuir 1997):

H4SiOo
4$ Hþ þ H3SiO�4

dissociation constant : K1 ¼ 10�9:82

H3SiO�4 $ Hþ + H2SiO2�
4

dissociation constant : K2 ¼ 10�13:1:

Finally, the dissolution of quartz at alkaline pH

(between 9 and 10), can be expressed as:

3SiO2ðsÞ þ 6H2O $ H4SiOo
4 þ H3SiO�4 þ H2SiO2�

4

þ 3Hþ:

H4SiO4
o concentration exceeds that of the anionic silica

species up to pH = 9.82, whereas up to pH = 7.82 the

concentration of anionic silica species is less than 1%

(Langmuir 1997). Such behavior of the silicic acid in

alkaline water is surely one of the most important causes of

Fig. 2 Oxygen and hydrogen isotopic composition of thermal waters.

Global Meteoric Water Line (GMWL) after Ró _zański et al. (1993);

Local Shallow Groundwater Line (SGWL) after Cię _zkowski (1990).

Numbering of wells and springs according to Table 1
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serious errors in application of silica geothermometers. The

case in point is the understanding that the concentration of

uncharged aqueous silica controls the equilibrium with

secondary silica minerals and its concentration must be

corrected according to the pH of water. The thermal waters

of the Sudetes Mts are a good example. The total silica

concentrations measured in these thermal waters are

presented in Table 4, along with saturation indices (SI)

with respect to quartz, chalcedony and amorphous silica.

As can be seen, the measured (mm) total concentrations of

silica expressed as aqueous silica, with assumption that

SiO2(aq) = H4SiO4, are equal to real (mr) concentrations of

SiO2(aq) in the solution only in low-pH thermal waters of

Duszniki area; in all other cases corrections are needed to

obtain true SiO2(aq) values.

Then, measured (and corrected if needed) SiO2(aq) is

inserted into the respective silica geothermometer equa-

tion. For the low-enthalpy Sudetic thermal waters, the

temperature–solubility equations for quartz (Fournier

1977), chalcedony (Fournier 1977, Arnórssson et al. 1983)

and amorphous silica (Gunnarsson and Arnórsson 2000)

were tested (Table 3).

Generally, the low pH water, such as CO2 rich waters of

Duszniki hydrogeothermal system, tends to dissolve sili-

cate minerals rather rapidly, and neither secondary quartz

and chalcedony nor even amorphous silica reaches equi-

librium with aqueous silica in the solution due to kinetic

reasons. Moreover, very low temperatures of these waters

(below 20�C in all springs and wells studied) and possible

mixing with shallow waters of the modern hydrologic

cycle, indicate that there are no favorable hydrogeological

settings to approach any equilibrium in the water–rock

system. Therefore, the application of chemical geother-

mometry in such geothermal system is baseless and gives

unreal temperature estimations (Table 3). This agrees with

some conclusions derived by Dowgiałło (2002) who shows

on Giggenbach diagram (Giggenbach 1988) that these

waters belong to the immature ones.

The application of quartz geothermometer to waters of

Lądek and Cieplice generally gives overestimated

Table 3 The results of application of the selected chemical and isotopic geothermometers to the assessment of reservoir temperature in the

hydrogeothermal systems studied (�C)

No Name of well to 

[oC] 
tD 

[oC] 
tq 

[oC] 
tch

1 
[oC] 

tch
2

[oC] 
tNa-K 
[oC] 

tNa-K-Ca
 

[oC] 
t∆

18O 
(L) 
[oC] 

t∆
18O 

(M&R) 
[oC] 

1 L-2 43.9  78.9 47.5 50.3 76.8 36.7 85 74 

2 Jerzy 27.9  79.6 48.3 51.0 89.5 29.6 91 80 

3 M. Sk odowska-Curie 25.5  85.5 54.5 56.8 68.4 46.9 90 80 

4 Chrobry 26.5  86.1 55.1 57.4 74.2 51.3 78 67 

5 D brówka 19.1  84.6 53.5 55.9 79.7 48.8 82 72 

6 Wojciech 29.2  82.8 51.7 54.2 81.1 47.4 84 74 

7 Pieniawa Chopina 18.1  97.6 67.4 69.0 467.0 125.8 96 89 

8 Jan Kazimierz 17.0  86.5 55.5 57.8 461.4 112.9 93 86 

9 B-39 18.6  111.4 82.3 82.9 523.0 124.3 97 90 

10 B-4 16.6  97.7 67.4 69.0 471.7 134.5 84 76 

11 B-3 12.8  55.8 23.5 27.5 437.8 77.3 139 135 

12 GT-1 34.7 55.0 134.6 107.6 106.3 438.8 140.6   

13 Nowe (Nr 4) 27.6  118.3 89.7 89.7 113.6 95.9 113 103 

14 C-2 63.5  132.3 105.0 104.0 98.1 94.0 109 99 

15 C-1 86.7 96.1 94.4 63.9 65.7 98.2 99.9   

16 Marysie ka 20.9  127.5 99.8 99.2 105.7 104.0 116 106 

Only shadowed fields show temperatures considered as probable. Additional explanations in the text

to outflow temperature

tD bottom-hole temperature

tq temperature estimated by quartz geothermometer (Fournier 1977): t ¼ 1309
5:19�log S� 273:15; where S–SiO2(aq) concentration in lg/ml

tch
1 temperature estimated by chalcedony geothermometer (Fournier 1977): t ¼ 1032

4:69�log S� 273:15; where S–SiO2(aq) concentration in lg/ml

tch
2 temperature estimated by chalcedony geothermometer based on field study (Arnórssson et al. 1983): t ¼ 1112

4;91�log S� 273:15; where S–SiO2(aq)

concentration in lg/ml

tNa–K–Ca temperature estimated by Na–K–Ca geothermometer (Fournier and Truesdell 1973): t ¼ 1647

logðNa
K
Þþb�logðCa

0:5

Na
Þþ2:24

� 273:15

tNa–K temperature estimated by Na–K geothermometer (Arnórssson et al. 1983): t ¼ 933

0:993þlogðNa
K
Þ
� 273:15

tD
18O (L) temperature estimated by oxygen isotope geothermometer D18O SO4–H2O with fractionation factor of Lloyd (1968)

tD
18O (M&R) temperature estimated by oxygen isotope geothermometer D18O SO4–H2O with fractionation factor of Mizutani and Rafter (1969)
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temperature values except the water from deepest well C-

1 (Table 3). As can be seen in Table 4, the water from

well C-1 has the highest temperature at the outflow, i.e.

86.7�C and is almost in equilibrium with quartz. Taking

into account the corrected (mr) concentration of

uncharged SiO2(aq) the estimated temperature will be

about 81�C, which is very close to the one measured at

the outflow. However, the bottom temperature in well C-1

was about 96�C. In the case where reservoir temperature

exceeds 100�C (due to the elevated water column pres-

sure) boiling of water occurs. It causes the concentration

of aqueous solutes to increase in proportion to the steam

formation. It also causes the pH of water to increase due

to the transfer of weak acids dissolved in water into the

steam phase (Arnórsson 2000). Therefore, in this case, it

seems to be more appropriate to use a totally analyzed

SiO2(aq) (i.e., mm) instead of the calculated unionized one

(mr) to estimate the quartz equilibrium temperature. Such

approximation gives the reservoir temperature about

94�C, which is very close to that obtained by bottom-hole

temperature survey (Table 3). For other waters of the

Cieplice geothermal system the best reservoir temperature

estimations are obtained by inserting the calculated

unionized SiO2(aq) (mr) concentrations (Table 4) to chal-

cedony equilibrium equations. These waters belong to the

same hydrogeothermal system as the water from C-1 well.

However, they must be cooled down considerably in the

upflow zone gaining oversaturation with respect to

chalcedony.

The thermal waters of Lądek are obviously colder and

belong to a shallower circulation system than those of

Cieplice area. In that case, the best actual temperature in

the reservoir may also be obtained by applying the chal-

cedony equilibrium equations (Table 3).

Na–K and Na–K–Ca geothermometers

Many empirical calibrations have been proposed for the

Na–Ka geothermometer (Arnórsson 2000). The newest one

by Arnórssson et al. (1983), tested in this study, is based on

the assumption that Na+ and K+ in thermal waters are in

simultaneous equilibrium with quite pure albite and K-

feldspar (Arnórsson 2000). The reaction involved can be

expressed as:

NaAlSi3O8 þ Kþ�!KAlSi3O8 þ Naþ:

Although albite and K-feldspar are widespread as

secondary minerals in the rock environment of

geothermal systems, they do not form in all types of

rocks subjected to hydrothermal alteration (Arnórsson

2000). That is why there is no universal Na–K

geothermometer. From the thermodynamic point of view,

the equilibrium in the water–rock system is attained when

secondary albite and K-feldspar tend to precipitate from

solution; it means that thermal waters must be somewhat

supersaturated with respect to these minerals. However, the

supersaturation is caused by the excessive aluminum in

Table 4 Concentration of silica in thermal waters studied and its thermodynamic implications

No Name of well to (oC) pH mm SiO2(aq) (mol/dm3) mr SiO2(aq) (mol/dm3) SISi-q SISi-ch SISi-am

1 L-2 Lądek 43.9 9.40 7.424 9 10-4 4.827 9 10-4 0.41 0.03 -0.75

2 Jerzy 27.9 8.92 5.660 9 10-4 4.736 9 10-4 0.62 0.20 -0.63

3 M. Skłodowska-Curie 25.5 9.09 6.808 9 10-4 5.135 9 10-4 0.69 0.26 -0.58

4 Chrobry 26.5 9.15 7.075 9 10-4 5.780 9 10-4 0.72 0.29 -0.54

5 Dąbrówka 19.1 9.07 6.426 9 10-4 5.152 9 10-4 0.77 0.33 -0.53

6 Wojciech 29.2 9.04 6.409 9 10-4 5.348 9 10-4 0.61 0.21 -0.61

7 Pieniawa Chopina Duszniki 18.1 5.96 7.505 9 10-4 7.504 9 10-4 0.97 0.52 -0.35

8 Jan Kazimierz 17.0 5.82 5.834 9 10-4 5.833 9 10-4 0.88 0.42 -0.45

9 B-39 18.6 5.99 1.005 9 10-3 1.005 9 10-3 1.09 0.64 -0.22

10 B-4 16.6 6.10 7.512 9 10-4 7.511 9 10-4 0.99 0.53 -0.34

11 B-3 12.8 6.02 2.670 9 10-4 2.670 9 10-4 0.60 0.13 -0.75

12 GT-1 34.7 6.64 1.570 9 10-3 1.568 9 10-3 1.04 0.64 -0.16

13 Nowe (Nr 4) Cieplice 27.6 7.82 1.166 9 10-3 1.153 9 10-3 1.01 0.58 -0.25

14 C-2 63.5 7.85 1.554 9 10-3 1.485 9 10-3 0.65 0.33 -0.40

15 C-1 86.7 8.70 7.078 9 10-4 5.173 9 10-4 -0.06 -0.33 -0.99

16 Marysieńka 20.9 8.35 1.421 9 10-3 1.377 9 10-3 1.18 0.74 -0.11

Thermodynamic calculations based on PHREEQC computer code

to water temperature at the outflow, mm measured total concentration of Si in water and expressed as SiO2(aq), mr real concentration of SiO2(aq)

corrected according to pH of water, SI saturation indices with respect to quartz (q), chalcedony (ch) and amorphous silica (am)
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solution (Langmuir 1997). The solubilities of both albite

and K-feldspar decrease with decreasing temperature,

which causes the feldspars’ tendency to precipitate in

upflow zones. In the Sudetic thermal waters the

concentrations of Al are very small, below the detection

limits of ICP-AES method. Therefore, saturation indices

(SI) with respect to albite and feldspar or other

aluminosilicates have not been tracked in this study.

Nevertheless, application of Na–K geothermometer to

Sudetic thermal waters gives a reasonable range of

reservoir temperature estimations (i.e. 98–113�C) only for

the Cieplice geothermal system. In the case of thermal

waters of Lądek, calculated reservoir temperatures are

somewhat inflated (Table 3).

A very promising and consistent with silica geother-

mometers range of reservoir temperatures was obtained

applying Na–K–Ca geothermometer calibrated empirically

by Fournier and Truesdell (1973). The main advantage of

this temperature indicator is that it does not give high and

misleading results especially for low-temperature thermal

waters. Generally, there is no agreement among scientists,

which minerals are particularly involved in controlling the

abundance of Na, K and Ca in thermal waters; usually pro-

posed are clay minerals, micas and feldspars. Arnórsson

(2000) suggests following reactions, which may be involved:

Kþ þ Na0;667Ca0;167ðsÞ�! 0; 667Naþ þ 0; 167Ca2þ

þ KðsÞ

Kþ þ 0; 333Naþ þ Ca0;667ðsÞ �! 0; 667Ca2þ

þ KNa0;333ðsÞ:

The application of Na–K–Ca geothermometer to waters

of the Cieplice geothermal system gives reservoir

temperatures between about 94–104�C, whereas when

applied to colder waters of Lądek area it gives reservoir

temperatures between about 30–51�C (Table 3).

An important first geothermometric study based on

aluminosilicate equilibria in the Sudetic thermal waters

was published by Lesniak and Nowak (1993). However,

the Al3+ concentrations, they presented in chemical

records for most thermal waters seem to be unreliable (i.e.,

too high) and do not agree completely with our studies. In

consequence, they suggest rather lower range of possible

reservoir temperatures in the Cieplice and Lądek areas, i.e.,

60–70�C and higher in the Duszniki area: 50–95�C.

Oxygen isotope geothermometer in SO4–H2O system

(D18O SO4–H2O)

This geothermometer is based on the fact that the

exchange of oxygen isotopes between SO4
2- and H2O is

a function of temperature. It is counted among the most

useful ones for water-dominated geothermal fields and

was successfully applied in many geothermal systems in

the range of temperatures 100–350�C (Mizutani and

Rafter 1969; Mizutani 1972; Cortecci 1974; Cortecci and

Dowgiałło 1975; McKenzie and Truesdell 1977; Fouillac

et al. 1990).

A few experimentally determined fractionation factors

(a) of oxygen isotopes in the SO4–H2O system are in use

up to now (Table 5). Such variety of a value is due to the

fact that the oxygen isotope exchange rate is strongly

dependent on temperature and also on pH of the solution.

Chiba and Sakai (1985) deduced that the isotope exchange

reaction between dissolved sulfates and water proceeds

through collision between H2SO4
0 and H2O at low pH, and

between HSO4
- and H2O at intermediate pH. The rate of

the oxygen isotopic exchange between sulfate and water in

acid and neutral thermal waters of temperature above

100�C is sufficiently fast to expect that sulfates be in iso-

topic equilibrium with the reservoir waters. Below 100�C,

the rate of this exchange is much slower. For instance,

according to the equation proposed by Lloyd (1968) for

half time of the exchange:

Log t1=2 ¼ 2:54 1000=Tð Þ þ b

where t1/2, T and b refer to the half-time of the exchange in

hours, temperature in �K, and to coefficient equals -1.17 at

pH 7, respectively; the time for 99.9% isotopic exchange to

equilibrium is about 18 years at 200�C and about 500 years

at 100�C. However, in some groundwaters, the residence

time of SO4
2- ion may be long enough to attain the

isotopic equilibrium with water at temperatures even much

below 100�C. The evidence of such equilibrium was found,

for example, by Halas et al. (1993) in the study of

postglacial waters from deep horizons under the Baltic

Sea bottom, eastern Pomerania, Poland, or by Fouillac

et al. (1990) in thermal waters of the Dogger geothermal

aquifer in the Paris Basin, where the average temperature

measured in situ was about 80�C. Taking into account the

intermediate pH in majority of the waters studied, sulfates

must exist in a mixture of SO4
2- and HSO4

- (Sakai 1977;

Chiba and Sakai 1985). Therefore, the temperature scale

should be between the scales for HSO4
- and SO4

2-

Table 5 Experimentally determined fractionation factors of oxygen

in the SO4–H2O system: 1000lna = a (106/T2) - b

a b

Lloyd (1968) [anhydrite–water] 3,251 5,6

Mizutani and Rafter (1969) [bisulfate–water] 2,88 4,1

Kusakabe and Robinson (1977) [barite–water] 3,01 7,3

Halas and Pluta (2000) 2,41 5,77
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(Table 3). It means, that the application of fractionation

factors of Mizutani and Rafter (1969) and Lloyd (1968)

should give the most appropriate range of water

temperatures at depth.

The results of application of the SO4–H2O oxygen iso-

tope geothermometer to thermal waters studied are

summarized in Table 3. As it can be seen, this geother-

mometer gives reliable temperature values only in the

Cieplice geothermal system. Therefore, we suggest that the

equilibrium of oxygen isotopes in the sulfate–water system

is reached in these thermal waters. The range of calculated

temperatures between 99 and 116�C sufficiently well

agrees with the temperature measured at the bottom of the

deepest well C-1, i.e. 96.1�C. Moreover, the results are

generally consistent with temperatures obtained while

applying other chemical geothermometers. Unfortunately,

the well C-1 is closed since its construction and testing in

the year 2000 and sampling of water was not possible.

Other studied wells and springs in the Cieplice area extract

water from the same circulation system but are much

shallower and the water is cooled down considerably due to

ascension in drainage areas. Thermal waters in the Dusz-

niki and Lądek areas are colder than those at Cieplice.

Evidently, they represent shallower circulation systems

where the temperature of rock environment is much lower

and the residence time of water is much shorter. Moreover,

thermal waters at Duszniki contain considerable amounts

of CO2, which affects the oxygen isotopic composition of

water and accelerates its cooling. The waters in Lądek

contain H2S, which is an evidence of bacterial reduction of

sulfates thus disqualifying the application of SO4–H2O

geothermometer.

Conclusions

In this study, the applicability of selected chemical and

isotopic geothermometers to assess reservoir temperatures

in low-enthalpy geothermal systems of the Sudetes Mts has

been demonstrated. The results show that in favorable

hydrogeological settings the best temperature estimations

are obtained from silica (mainly chalcedony) and alkaline

(Na–K–Ca, partly Na–K) geothermometers. Moreover, the

ranges of calculated temperatures are quite consistent

(Table 3). The rule of thumb in application of silica geo-

thermometry is thermodynamic modeling of silica

speciations and further interpretation of unionized SiO2(aq)

concentration, which controls the equilibrium attainment

with secondary silica minerals.

Reliable reservoir temperature estimations were

obtained while applying the oxygen isotope geothermom-

eter in SO4–H2O system. However, the attention must be

paid to secondary processes in geothermal systems, which

may disqualify the use of this temperature indicator, for

example: bacterial reduction of sulfates (waters from

Lądek) or considerable CO2 content (carbonated waters of

Duszniki).

There are some hydrogeothermal systems which are

quite shallow, slightly thermal and CO2 rich, where the

application of known chemical or isotopic geothremome-

ters gives misleading and unreal temperature data, as for

example in the Duszniki area.

Based on geothermometric survey it is suggested, that

the Cieplice region is the most prospective one with respect

to finding thermal water with temperatures close or slightly

exceeding 100�C. Waters in this geothermal system contain

the least amounts of 14C (Table 2), which suggests the

longest residence time in the aquifer from infiltration to

discharge. Consequently, the chemical equilibrium

between some rock-forming minerals and water or isotopic

equilibrium between oxygen and hydrogen of water and its

selected chemical compounds is most probably reached

here.
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