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The Buda Thermal Karst (Budapest, Hungary) developed in the regional discharge zone of a carbonate
rock aquifer system. High radioactivity of the spring waters has already been reported in 1912, but there
has been no detailed study and no consistent explanation for its origin. In this area mixing of cold and hot
karst waters was hitherto assigned to be responsible for cave formation. However, the dissimilarity of the
discharging waters within Budapest (in the North: Rózsadomb; in the South: Gellért Hill), may suggest
also different cave forming processes. The application of radionuclides as natural tracers represents a
novel approach to investigate these questions.

For this study, we used uranium, radium and radon to identify mixing of fluids in the Buda Thermal
Karst system and to infer the temperature and chemical composition of the end members. Chloride as
a conservative component allowed the mixing ratios for the sampled waters to be calculated. Their fluid
compositions were modeled and through the comparison of modeled and measured values, the end
members were validated.

As the result of this study, it was possible to characterize the mixing end members for the Rózsadomb
area, whereas for the Gellért Hill discharge zone, mixing components could not be identified with the aid
of radionuclides. Therefore, it is suggested that different processes are responsible for cave formation in
these areas. In the Rózsadomb area, structurally-controlled mixing is the dominant cave forming process,
whereas in the Gellért Hill area, due to the lack of mixing members, other processes have to be found,
which are responsible for the formation of the caves, such as retrograde calcite solubility and/or geogenic
acids, such as H2S. The application of radionuclides thus further supported the differences between the
two study areas.

This study identified moreover the source of elevated radon content of the waters in the Gellért Hill
area in form of iron-hydroxide precipitates that accumulate in the spring caves. These precipitates are
highly efficient in adsorbing radium, which generates radon by alpha decay, and hence act as local radon
source for the waters.

In this study we showed that uranium, radium and radon naturally occurring in groundwater can be
used to characterize fluids of different flow systems in regional discharge areas owing to the contrasting
geochemical behaviors of these elements.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction 1998; Swarzenski, 2007). As these radioisotopes are members of
1.1. Background

Natural radionuclides of the 238U decay series, mainly 238U,
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Fig. 1. Location of the Buda Thermal Karst in the Transdanubian Central Range. 1: Subsurface boundary of Mesozoic carbonates, 2: Outcrops of Mesozoic carbonates, 3: Buda
Thermal Karst (a); Location of the natural discharge zones and the study area in Budapest. z1: Óbuda discharge area, z2: Rózsadomb discharge area, z3: Gellért Hill discharge
area, 1: hot springs (30–60 �C), 2: lukewarm springs (20–30 �C), 3: hypogenic caves (b); Location of the sampled springs and wells on the pre-Pliocene geological map of the
Buda Hills, modified after Fodor (2000). 1: Upper Miocene siliciclastic and carbonate rocks, 2: Middle Miocene siliciclastic rocks, 3: Upper Oligocene to Lower Miocene
siliciclastic rocks, 4: Eocene to Lower Oligocene carbonate and siliciclastic rocks, 5: Triassic carbonate rocks, 6: faults, 7: sampled springs and wells (c).
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can be found, because the flowing groundwater interacts with the
rock matrix (Tóth, 1999). Therefore, fractionation occurs along the
flow path owing to the contrasting geochemical behaviors of the
elements of the decay series (von Gunten, 1995; Hoehn 1998; Iva-
novich and Harmon, 1992).
Radon has three isotopes, 222Rn, 220Rn (thoron) and 219Rn (acti-
non), which half-lives are 3.82 days, 54.5 s and 3.9 s, respectively.
Due to the very short half life of thoron and actinon, 222Rn is the
most frequently-used radon isotope in hydrogeology (Eisenlohr
and Surbeck, 1995). 222Rn (referred hereinafter as radon) is a noble



Table 1
Summary of measured fluid parameters and analytical methods.

Parameters
analyzed

Method Laboratory

pH, temp., EC., O2 WTW Multi-Parameter 340i On site
Cations ICP-AES MÁFIa Laboratory
Anions Ion chromatography and

ICP-AES
MÁFIa Laboratory

222Rn Liquid scintillation ELTEb Dept. of Atomic
Physics

226Ra, 234+238U a-Spectrometry (Surbeck,
2000)

Heinz Surbeck
(Switzerland)

a Hungarian Geological Institute.
b Eötvös Loránd University, Budapest.
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gas that does not react with the aquifer material. Therefore, it is
highly mobile and can easily be removed from the water by degas-
sing in open systems. Due to its short half-life, radon is a useful
time-tracer for hydrogeological systems with relatively short flow
distances and/or high flow velocities, e.g. for karst aquifers (Eisen-
lohr and Surbeck, 1995).

The mother of radon, the 226Ra (referred hereinafter as radium)
has a half-life of 1600 years. Radium belongs to the alkaline earth
metal group and has a valence of 2. Therefore, it generally forms
bivalent cations (Ra2+) in natural environments under low salinity
conditions, and it behaves chemically similar to Ba2+, Sr2+, Ca2+

and Mg2+ (Dickson, 1990). Radium can also be precipitated in solid
solution within Ca and Ba minerals (Langmuir and Melchior, 1985).
Several studies revealed a positive correlation between radium and
salinity or chloride content (Gascoyne, 1989; Herczeg et al., 1988;
Lauria et al., 2004; Sturchio et al., 2001), and between high radium
content and low pH (Almeida et al., 2004). The dominant control on
the mobility of radium is however the redox potential of the
groundwater (Dickson, 1990). Retardation is high in oxidizing
groundwater because of the adsorption of radium by manganese
and iron oxide surfaces (Ames et al., 1983). Therefore, radium has
a significantly higher mobility under reducing and acid conditions
(Albu et al., 1997; Ames et al., 1983; Dickson, 1990; Langmuir
and Riese, 1985; Martin et al., 2003; Szabo and Zapecza, 1991).

Two isotopes of uranium (238U and 234U, referred hereinafter as
uranium) are represented in the 238U decay chain. The hydrochem-
istry of uranium is quite complex with many oxidations states, but
only two are relevant in natural geochemical environments, U(IV)
under reducing and U(VI) under oxidizing conditions. The more
oxidized form, uranyl (UO2þ

2 ), is quite soluble in water, particularly
under low pH conditions and its mobility can be enhanced by com-
plexation by organic matter, carbonates, phosphates and hydrox-
ides. Under more reducing conditions, uranium is present in the
oxidation state +IV and forms extremely insoluble hydroxide,
U(OH)4, and oxide, UO2 species. Therefore, the concentration of
free U4+ ions in natural water is negligible (Albu et al., 1997; Gas-
coyne, 1989; Herczeg et al., 1988; Ivanovich and Harmon, 1992;
Szabo and Zapecza, 1991; Lauria et al., 2004).

Owing to the above discussed different geochemical behaviors,
uranium, radium and radon can be efficiently used to characterize
mixing of different waters (Eisenlohr and Surbeck, 1995; Hoehn,
1998; Gainon et al., 2007a,b; Swarzenski, 2007). These radioiso-
topes, however, might be valuable natural tracers to study fluids
in regional discharge areas, where different order flow systems
convey waters with different temperature, composition and re-
dox-state to the discharge zone.
1.2. Study area

The Buda Thermal Karst (BTK) represents the NE extremity of
the Transdanubian Central Range (TCR) (Fig. 1a). The lithological
continuity of Triassic carbonate series of the TCR facilitates the
hydraulic continuity of the groundwater body of the TCR, which
is characterized mainly by gravity driven groundwater flow (Alföl-
di, 1979, 1982). One of the regional discharge areas of this carbon-
ate rock aquifer system is localized in Budapest, and it is
represented by a step-faulted boundary between the subsided ba-
sin to the east (Pest) and the uplifted hilly range in the west (Buda).
The course of the Danube follows this boundary and represents the
base level of erosion (Fig. 1b). Three distinct discharge zones can be
distinguished in Budapest, based on the temperature of the springs
(Alföldi, 1982) (Fig. 1b). This study focuses on the Rózsadomb and
Gellért Hill areas (z2 and z3 on Fig. 1b), where fluids with various
temperatures and chemical compositions discharge and paleo and
recent hypogenic caves document their effects. In these areas, mix-
ing of hot and cold karst waters was assigned to be responsible for
the formation of caves (e.g. Takács-Bolner and Kraus, 1989; Leél-
}Ossy, 1995; Leél-}Ossy and Surányi, 2003). However, these areas
have different discharge characteristics as suggested by Er}oss
et al. (2008). Based on the evaluation of archive hydrogeological
data, the spatially separated, tectonically-controlled discharge of
lukewarm (20–35 �C) and hot (40–65 �C) springs was found to be
characteristic for the Rózsadomb area, whereas in the Gellért Hill
discharge zone, the springs could be characterized rather by tem-
porally and spatially uniform temperature (33.5–43.5 �C) and
chemical composition (1450–1700 mg/L TDS), which clearly differs
from the Rózsadomb waters (800–1350 mg/L TDS). This may sug-
gest different dissolution mechanisms in the two areas. The sea-
sonal discharge variations are negligible because the study areas
are situated at a main discharge zone of the TCR, which has a huge
storage capacity (Alföldi, 1979; Mádl-Sz}onyi, 2000).

Already in 1912, Weszelszky (1912) has reported on high radio-
activity of the thermal waters of Budapest, especially around the
Gellért Hill, but since then, there has been no detailed, comprehen-
sive study, and the explanation for its origin is still open. Radon
and radium data, available from the literature, were measured by
various methods (etched track detection, liquid scintillation, bub-
bling methods) at different times. The majority of published radon
activity concentrations from the Gellért Hill area varies around
100 Bq/L, but there are some local, anomalous high activity con-
centrations, where the radon content exceeds 600 Bq/L (Kas-
ztovszky et al., 1996; Baradács et al., 2001; Palotai et al., 2005).
The radon activity concentrations measured in the Rózsadomb area
are lower (20–65 Bq/L) and both the hot and lukewarm waters
have about the same radon content (Baradács et al., 2002). Radium
data are more rarely found in the literature. According to Baradács
et al. (2001, 2002) the radium activity concentration of the waters,
measured by etched track detection method, ranges between 550
and 1000 mBq/L around the Gellért Hill, whereas in the Rózsadomb
area lower values (50–300 mBq/L) are characteristic. Here, how-
ever, the radium content of the lukewarm and hot waters are
clearly separated: the lukewarm springs are characterized by 50–
100 mBq/L values, while the hot waters contain 200–300 mBq/L
radium.

1.3. Objectives

This study demonstrates a new approach to study fluids in re-
gional discharge areas with the aid of radionuclides on the example
of the Buda Thermal Karst. Besides giving an overview about the
distribution of uranium, radium and radon in the waters of the
Buda Thermal Karst, focusing on the Rózsadomb and Gellért Hill
areas, the aims of this investigation are on one hand to use them
as natural tracers for the characterization of discharging fluids,
on the other hand to identify mixing processes and to determine
with their help the mixing end members’ fluid composition and
temperature.



Table 2
Results of the analyses of the water samples.

Measuring
point

Date of
sampling

Easting
(m)

Northing
(m)

Reference point
elevation (m asl)

Temp. (�C) Electric conductivity
(lS/cm) (25 �C)

pH O2

(mg/L)

226Ra (mBq/L) Error
(mBq/L)

234U + 238U
(mBq/L)

Error
(mBq/L)

222Rn
(Bq/L)

Error
(Bq/L)

222Rn/226Ra

1 24.6.2009 656,283.88 241,850.08 �1288.510 63.9 1245 6.19 n.d. 336 12 17 5 1.8 1.5 5.36
2 24.6.2009 651,010 244,052 �18.850 37.9 1173 6.45 1.82 135 8 18 5 9.3 2 68.89
3 25.6.2009 649,220 241,580 102.000 20.8 909 6.94 2.23 53 7 66 9 98 7 1849.06
4 25.6.2009 649,110 241,570 104.000 21.7 932 6.94 2.53 66 7 58 8 58 5 878.79
5 07.10.2008 649,150 241,710 104.000 27.7 1046 6.92 1.43 87 10 83 10 22 3 254.02
6 07.10.2008 649,322.56 241,510.06 27.965 51.4 1563 6.35 n.d. 257 16 31 9 18 2 71.60
7 25.6.2009 649,299.07 241,530.10 11.170 51.4 1403 6.27 n.d. 242 14 19 6 26 3 107.44
8 25.6.2009 649,279.09 241,642.30 10.280 44.1 1285 6.30 0.66 167 12 41 8 23 3 137.73
9 25.6.2009 649,215.56 241,692.65 76.100 53.5 1494 6.42 n.d. 232 14 18 6 22 3 94.83
10 07.10.2008 649,700 241,640 �201.960 60.2 1707 6.26 n.d. 358 19 18 6 11 2 30.73
11 02.7.2009 652,300.31 241,235.55 �841.220 38.7/74a 1749 6.17 1.60 462 19 20 6 16 2 34.63
12 07.10.2008 652,754.50 241,624.59 �1143.640 65.5 1804 6.14 n.d. 591 25 10 6 5.7 1 9.65
13 24.6.2009 651,643.88 235,493.02 �355.200 44.4 1867 6.34 2.26 870 21 12 3 14 2 16.09
14 25.6.2009 653,240.94 232,229.83 �558.829 35.5/45.5a 1864 6.63 2.21 513 16 15 4 3.5 2 6.82
15 24.6.2009 653,991 229,438 �1033.275 46.7 1992 6.30 2.20 483 20 17 5 3.3 1.5 6.83
16 25.6.2009 649,120.05 236,128.38 �417.860 30/49a 2160 6.37 0.83 429 18 13 5 31 3 72.26
17 22.6.2009 650,814.01 235,941.66 �67.645 39.6 1955 6.22 1.97 655 23 12 5 98 6 149.62
18 08.10.2008 651,706.76 236,544.92 �239.872 45.3 1934 6.32 1.30 619 25 24 6 73 5 118.26
19 08.10.2008 650,420 237,860 95.000 39.7 1845 6.71 3.23 533 23 29 7 56 4 106.19
20 08.10.2008 650,258.43 237,992.07 91.710 42.5 1785 6.41 2.80 501 24 18 7 52 4 104.99
21 25.6.2009 649,984.69 238,423.50 68.030 44.6 1750 6.28 0.76 511 23 20 5 162 8 317.03
22 25.6.2009 649,950.33 238,411.82 86.100 43.1 1767 6.41 0.81 527 23 13 4 494 19 937.38
23 25.6.2009 649,960 238,330 104.000 37.1 1659 6.46 0.90 462 16 33 5 621 24 1344.16
24 25.6.2009 650,045.92 238,173.92 101.445 40.1 1653 6.45 2.06 431 15 21 4 153 9 354.99
25 25.6.2009 649,897.56 238,295.27 102.525 43.2 1650 6.59 0.73 628 22 15 5 178 9 283.44
26 30.6.2009 650,000.00 238,310.00 104.000 37.00 1697 6.49 0.62 426 18 26 7 320 13 751.17
27 30.6.2009 649,950.00 238,350.00 104.000 33.60 1704 6.68 2.45 467 19 26 6 326 13 698.07
28 08.10.2008 650,030.00 238,310.00 104.000 31.40 1740 6.88 2.47 221 16 26 7 962.8 32 4356.56
29 08.10.2008 650,000.00 238,380.00 75.020 40.90 1771 6.69 0.86 527 25 11 6 335.7 14 637.00
30 08.10.2008 649,710.00 238,490.00 102.000 37.40 1719 6.56 1.47 397 22 17 6 153.7 8 387.15

Measuring
point

Na+

(mg/L)
Error
(%)

K+

(mg/L)
Error
(%)

Ca2+

(mg/L)
Error
(%)

Mg2+

(mg/L)
Error
(%)

Cl�

(mg/L)
Error
(%)

HCO�3
(mg/L)

Error
(%)

SO2�
4

(mg/L)

Error
(%)

TDS
(mg/L)

Hydrochemical facies

1 95 ±2 12.4 ±5 131 ±2 38.8 ±2 96.7 ±2 535 ±1 152 ±2 1110 Ca+Mg, Na+K – HCO3, Cl+SO4

2 68.3 ±2 8.21 ±5 138 ±2 39 ±2 73.6 ±2 535 ±1 123 ±2 1020 Ca+Mg, Na+K – HCO3, Cl+SO4

3 21.8 ±2 3.15 ±5 117 ±2 43.5 ±2 32.3 ±2 428 ±1 116 ±2 786 Ca+Mg, Na+K – HCO3, Cl+SO4

4 24.7 ±2 3.43 ±5 118 ±2 43.6 ±2 30.9 ±2 452 ±1 134 ±2 873 Ca+Mg, Na+K – HCO3, Cl+SO4

5 31.6 ±2 4.23 ±5 119 ±2 43.3 ±2 47.2 ±2 444 ±1 127 ±2 837 Ca+Mg, Na+K – HCO3, Cl+SO4

6 115 ±2 13.2 ±2 148 ±2 39.1 ±2 135 ±2 531 ±1 170 ±2 1190 Ca+Mg, Na+K – HCO3, Cl+SO4

7 106 ±2 13.1 ±2 151 ±2 38.7 ±2 114 ±2 535 ±1 181 ±2 1180 Ca+Mg, Na+K – HCO3, Cl+SO4

8 85.7 ±2 10.5 ±5 142 ±2 39.6 ±2 102 ±2 511 ±1 165 ±2 1090 Ca+Mg, Na+K – HCO3, Cl+SO4

9 125 ±2 14.5 ±2 150 ±2 37.2 ±2 144 ±2 547 ±1 176 ±2 1240 Ca+Mg, Na+K – HCO3, Cl+SO4

10 151 ±2 17 ±2 158 ±2 36.5 ±2 172 ±2 531 ±1 206 ±2 1320 Ca+Mg, Na+K – Cl+SO4, HCO3

11 158 ±2 18.4 ±2 151 ±2 32.6 ±2 180 ±2 547 ±1 195 ±2 1340 Ca+Mg, Na+K – Cl+SO4, HCO3

12 172 ±2 18.6 ±2 154 ±2 34 ±2 192 ±2 542 ±1 186 ±2 1360 Ca+Mg, Na+K – Cl+SO4, HCO3

13 155 ±2 19.3 ±2 188 ±2 55.3 ±2 135 ±2 606 ±1 351 ±2 1550 Ca+Mg, Na+K – Cl+SO4, HCO3

14 152 ±2 19.4 ±2 185 ±2 57.4 ±2 168 ±2 616 ±1 337 ±2 1570 Ca+Mg, Na+K – Cl+SO4, HCO3

15 182 ±2 20.5 ±2 182 ±2 62.3 ±2 187 ±2 665 ±1 319 ±2 1660 Ca+Mg, Na+K – Cl+SO4, HCO3

16 203 ±2 24.2 ±2 196 ±2 56 ±2 193 ±2 653 ±1 403 ±2 1790 Ca+Mg, Na+K – Cl+SO4, HCO3

17 174 ±2 20.7 ±2 183 ±2 54.3 ±2 187 ±2 583 ±1 340 ±2 1580 Ca+Mg, Na+K – Cl+SO4, HCO3

18 151 ±2 19.2 ±2 188 ±2 58.3 ±2 146 ±2 585 ±1 366 ±2 1550 Ca+Mg, Na+K – Cl+SO4, HCO3

19 145 ±2 21 ±2 182 ±2 65.5 ±2 160 ±2 531 ±1 375 ±2 1520 Ca+Mg, Na+K – Cl+SO4, HCO3

20 135 ±2 17.5 ±2 178 ±2 55.5 ±2 134 ±2 553 ±1 337 ±2 1440 Ca+Mg, Na+K – Cl+SO4, HCO3

21 142 ±2 18.5 ±2 179 ±2 53.6 ±2 131 ±2 547 ±1 379 ±2 1490 Ca+Mg, Na+K – Cl+SO4, HCO3

(continued on next page)
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2. Data acquisition and analytical methods

Thirty fluid samples have been collected from springs (measur-
ing points 3, 4, 5, 19, 23, 26, 27, 28, 30 on Fig. 1c) and wells (all
other points on Fig. 1c). This study focuses on the Rózsadomb
and Gellért Hill areas, however additionally, deep wells on the Pest
side are involved for the characterization of the upwelling hydro-
thermal fluids. The first, reconnaissance sampling (10 samples)
was accomplished in October 2008, followed by a comprehensive
sampling campaign (20 samples) in June 2009.

Beside the activities of radon, radium and uranium isotopes, the
concentrations of main anions and cations were determined. In
situ physicochemical parameters (electrical conductivity, tempera-
ture, pH, dissolved O2) were recorded during sampling.

Water samples were taken for chemical analyses in 1.5 L PET
bottles. For nitrate analysis, 20 mL water samples were taken into
0.1 L PET bottles to which 2.8 mL acetonitrile was added. For the
sampling for radium and uranium measurements 0.25 L PET bot-
tles were used. The radon samples were collected into glass vials
containing 10 mL Optifluor O cocktail for liquid scintillation analy-
ses, into which 10 mL water sample was injected, and the cap of
the vial was additionally wrapped with parafilm. The samples for
radon, radium and uranium have not been filtered nor acidified
as we intended to measure what is naturally in solution. The sam-
ples were kept cool until delivery to the laboratories. The measured
parameters and analytical methods are summarized in Table 1,
while Table 2 shows the results and their accuracy. Detection limit
for 226Ra is 5 mBq/L, for 238U + 234U 10 mBq/L, and for 222Rn 3 Bq/L,
respectively.

Wells 11, 14 and 16 are out of operation. For sampling, these
wells were therefore opened for several hours or even days, and
the sample was taken when the conductivity and pH were stable,
i.e. when the sampled water had reached the formation water
characteristics. However, the water temperature could not reach
the originally measured values (i.e. those during construction or
continuous operation). The well could be opened only through
the sampling tap, and the water cooled down while ascending
in the well. During continuous operation, the rock volume
around the well is heated up. The original formation tempera-
tures were 74 �C (point 11), 49 �C (point 16) and 45.5 �C (point
14). This fact was taken into account during the evaluation of
those diagrams, where the chemical parameters are illustrated
with temperatures, and these data points are assigned with
empty symbols.

For the validation of the calculated mixing ratios and inferred
end members the hydrogeochemical modeling program PHREEQC
was used. PHREEQC version 2 is a computer program written in
the C programming language that is designed to perform a wide
variety of low-temperature aqueous geochemical calculations.
PHREEQC is based on an ion-association aqueous model (Parkhurst
and Appelo, 1999).
3. Results

3.1. Hydrochemistry

All investigated waters belong to the Ca + Mg, Na + K cation fa-
cies. However, there are differences in the anion facies: the wells in
South Budapest, the waters around the Gellért Hill and some deep
wells from the (northern) Pest side (measuring point no. 10–30)
belong to the Cl + SO4, HCO3 anion facies, all the others to the
HCO3, Cl + SO4 facies (Table 2).

The TDS content of the sampled waters as the function of tem-
perature is displayed on Fig. 2, where linear increasing trend can be
observed between measuring point 3 and 12. These measuring



Fig. 2. Cross-plot illustrating the TDS content of the sampled springs and wells vs.
temperature. Squares indicate the North System, dots the South System, and empty
symbols the non-operating well data.

Fig. 3. Na+ (a), Cl� (b), Mg2+ (c), HCO3
- (d), Ca2+ (e) and SO4

2- (f) vs. temperature cross-p
South System, and empty symbols the non-operating well data.
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points (1–12) will be hereinafter referred as North System that
includes the lukewarm and hot waters from the Rózsadomb dis-
charge area and deep wells from the opposite Pest side. Measuring
point 13–30 will be referred as South System. To this group belong
the waters around the Gellért Hill and deep wells from South Buda-
pest. The waters of the South System form a cluster on the TDS–
temperature plot. These waters have narrower temperature range
(31.4–46.7 �C) and their TDS content is higher (1370–1790 mg/L)
compared to the North System.

The same detachment of the two systems can be observed on
the Na+, Mg2+, Ca2+, Cl�, HCO�3 and SO2�

4 vs. temperature diagrams
(Fig. 3a–f). Based on these diagrams, the South System can be char-
acterized by higher Ca2+, Mg2+, HCO�3 and SO2�

4 content than the
waters of the North System. In case of the South System, the high
Na+ and Cl� content is coupled with lower temperature (31.4–
46.7 �C), comparing to the hot waters (65.5 �C) of the North System
(Fig. 3a and b). The North System shows linear trends of the main
lots of the sampled springs and wells. Squares indicate the North System, dots the



Table 3
Correlation values of the major components with temperature for the North and South Systems.

Na+ K+ Ca2+ Mg2+ Cl� HCO�3 SO2�
4

H2SiO3 TDS

North System 0.93 0.96 0.82 �0.91 0.90 0.89 0.82 0.97 0.93
South System 0.56 0.47 0.47 0.17 0.20 0.67 0.35 0.49 0.63

Fig. 4. 226Ra (a), 222Rn (b) and 234U + 238U (c) vs. temperature cross plots of the
sampled springs and wells. Squares indicate the North System, dots the South
System and empty symbols the non-operating well data.
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components with increasing temperature, while Mg2+ is reversely
related to temperature. For the South System, such linear relation
between main components and temperature cannot be observed;
the data form a cluster.

This observation is supported by Table 3, where the correlation
values are indicated between the temperature and major compo-
nents for the two systems. No significant correlation characterizes
the South System, whereas significant correlation can be observed
for the North System. Measuring points 11, 14 and 16 were left out
from the correlation calculation.

3.2. Radionuclides in the water

The activity concentrations of measured radionuclides are also
plotted first as a function of temperature (Fig. 4a–c). Regarding ra-
dium, the waters of the South System are characterized by higher
radium contents (221–870 mBq/L) than those from the North Sys-
tem (53–591 mBq/L) (Table 2). Moreover, linear increasing trend
can be observed between radium and temperature for the North
System (Fig. 4a).

Low radon content (1.8–98 Bq/L) is characteristic for the North
System, which seems to be independent from temperature
(Fig. 4b). Wider range characterizes the radon content of the South
System (3.3–962.8 Bq/L). Maximum radon levels in the South Sys-
tem are almost one order of magnitude higher than in the North
System.

The uranium vs. temperature diagram (Fig. 4c) shows, in accor-
dance with the geochemical behavior of uranium, that the coldest,
more oxygenated waters have the highest uranium content (58–
83 mBq/L). All the other points form rather a data cluster. The ura-
nium values in the South System vary between 11 and 33 mBq/L,
while in the North System they have a slightly broader range, the
values fall between 10 and 83 mBq/L.

3.3. Characterization of measured parameters with depth

Since the sampled wells have different depths and screening
sections, they could provide information about the distribution of
parameters with depth. The reference point elevation (in short
RPE) term used on the diagrams means the elevation (m above
sea level, in short: m asl) of the middle of the screened section of
the well.

Firstly the temperature and TDS of the waters are investigated
as a function of RPE (Fig. 5a and b). In case of the South System
(dots) the temperature remains the same with increasing depth
(about 45 �C), only minor decrease (about 15 �C) can be only ob-
served at the discharge level, at (+100) m asl. For the North System
(squares) the temperature is also the same with increasing depth,
however the temperature decrease at the discharge level is more
pronounced, from about 60–65 �C to 20� in the (�200) to (+100)
m asl interval (Fig. 5a). On the TDS vs. RPE diagram, the same trend
can be observed (Fig. 5b). Higher TDS (1370–1600 mg/L) occur in
the South System. The 1600 mg/L TDS content suddenly decreases
to about 1400 mg/L at the discharge level. For the North System ca.
1300 mg/L TDS is characteristic at depth, which decreases moder-
ately to 800 mg/L at the discharge level (Fig. 5b). Both temperature
and TDS content remains the same with increasing depth in both
systems. Only the deepest well of the North System (Nr. 1) has
lower TDS content (1100 mg/L) than the other deep wells with
same temperature.

If the main components are plotted vs. RPE (Fig. 5c–h), it can be
observed that the deep wells of the North and South Systems have
similar Na+ and Cl� content (Fig. 5c and d), however in case of the
North System larger decrease of the values can be observed at the
discharge level. Differentiation of the North and South Systems can
be seen regarding the Mg2+, HCO�3 , Ca2+ and SO2�

4 content (Fig. 5e–
h) similarly to the TDS (Fig. 5b).



Fig. 5. Temperature (a), TDS (b), Na+ (c), Cl- (d), Mg2+ (e), HCO3
- (f), Ca2+ (g) and SO4

2- (h) vs. reference point elevation (RPE) diagrams of the sampled springs and wells.
Squares indicate the North System, dots the South System, and empty symbols the non-operating well data.
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The radium vs. RPE diagram shows that the radium content of
deep wells is about the same in the two systems (Fig. 6a), which
could indicate the common origin of radium. However, approach-
ing the discharge zone, in the (�400) and (+100) m asl elevation
interval, a significant difference appears between the North and
South Systems. In the North System significant decrease in radium
can be observed mainly in the (0) and (+100) m asl interval. In the
(�400) and (0) m asl interval in the South System moderate in-
crease of the radium content can be observed, and then at the dis-
charge level, at (+100) m asl a sharp decrease can be seen.

The uranium vs. RPE diagram shows that the deep waters have
constant (10–20 mBq/L) uranium content in both systems (Fig. 6b).
At the discharge level, as the oxidizing environment is reached the
uranium content sharply increases, mainly in case of springs. The
lukewarm spring waters (Nr. 3, 4, 5) in the North System have
the highest uranium values (58–83 mBq/L).



Fig. 6. 226Ra (a), 234U + 238U (b) and 222Rn (c) vs. reference point elevation (RPE)
diagrams of the sampled springs and wells. Squares indicate the North System and
dots the South System data.
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The radon vs. RPE diagram illustrates that the deep waters in-
clude almost no radon. Therefore, – considering its half life – radon
cannot have a deep source (Fig. 6c). The radon content is sharply
increasing at the discharge level and extremely high radon activity
concentrations can be found in the South System.

3.4. Mixing end member characterization using radionuclides

According to Gainon et al. (2007a,b) radionuclides can be effi-
ciently used to study mixing processes based on their contrasting
geochemical behavior. In accordance with the conceptual model
of the Buda Thermal Karst (e.g. Müller, 1989) mixing of two end
members, an ascending anoxic hydrothermal water (hydrothermal
end member) and a freshly infiltrated, oxygenated cold meteoric
water (meteoric end member), is assumed. The hydrothermal
end member should have nearly no radon, because radon cannot
have a deep origin owing to its short half-life. The radon content
of these waters can be originated from their radium content. The
hydrothermal end member also should not have much uranium,
because uranium is more mobile in oxidizing environments.
Accepting these boundary conditions, on the radon or uranium
vs. temperature or TDS diagram with the application of linear
regression on the data, and extrapolating radon or uranium to zero
the temperature or TDS of the hydrothermal end member can be
inferred. The temperature of the meteoric end member can be de-
rived from the behavior of radium. As radium is more mobile in
reducing conditions (Ames et al., 1983; Langmuir and Riese,
1985; Szabo and Zapecza, 1991; Gainon et al., 2007a,b) the oxy-
gen-rich meteoric end member should have a very low radium
activity concentration. Thus, plotting radium vs. temperature or
TDS, applying linear regression on the data and extrapolating the
fitted line to zero should give the temperature or TDS of the mete-
oric end member. Due to the uncertainties of temperature mea-
surements at higher temperatures (around 70–80 �C), and the
lower measured temperatures in case of non-operating wells the
TDS of waters for the end member characterization is applied.

Based on the above described differences between the North
and South Systems, the end member characterization is accom-
plished separately for the two systems. In case of the North System
based on the radon and uranium data the inferred TDS of the
hydrothermal end member is 1400 mg/L and 1440 ± 71 mg/L
(6%), respectively (Fig. 7a and Fig. 8a). For the South System the
application of linear regression model is questionable, due to the
clustered data distribution. Using the radium data for the determi-
nation of the meteoric end member’s TDS content (Fig. 9a and b),
the inferred TDS for the North System is 775 ± 64 mg/L (8.5%).
For the South System, linear regression is not useful. In case of
the North System based on the linear relationship between the
TDS and temperature (Fig. 10a), on the TDS–temperature cross
plot, the temperature of the end members can be acquired. The in-
ferred temperature is 76.5 �C for the hydrothermal end member
(using the 1440 mg/L TDS value inferred from uranium data) and
12 �C for the meteoric end member, respectively. Similarly, based
on the linear relationship between the TDS and the main compo-
nents, the end member compositions can be inferred (Table 4).
Using chloride as a conservative component of the waters, the mix-
ing ratio is calculated for the sampled waters (Fig. 10b, Table 5).
With the aid of hydrogeochemical modeling program, PHREEQC
(Parkhurst and Appelo, 1999), in aware of the end member compo-
sitions and the mixing ratios, the composition of the sampled
objects was calculated. Then the modeled and the measured
water-compositions were compared, which validated the end
members (Fig. 11).

According to Gainon et al. (2007b) 222Rn/226Ra ratio can be used
as an indicator of the mixing rate between deep, anoxic and shal-
low, oxygenated groundwater. The lower the ratio the lower is
the mixing rate. Gainon (2008) suggested that this ratio can be
used also as a geothermometer, to estimate the original tempera-
ture of the deep component. Among the sampled wells, Nr. 1 and
12 from the North System and Nr. 13, 14 and 15 from the South
System are characterized by low 222Rn/226Ra ratio (<10) (Table 2,
Fig. 12). Accordingly, the wells are characterized by low mixing
rate or no mixing, thus may represent the deep, anoxic upwelling
hydrothermal waters. All the other sampled objects have higher
(up to 4356) 222Rn/226Ra ratio, which may suggests that mixing
operates in their cases.
4. Discussion

It can be concluded from the presented results of the hydrogeo-
chemical measurements and from the analyses of radionuclides,
that there are considerable differences between the discharging
waters of North and South Systems. The analyses of radionuclides



Fig. 7. 222Rn vs. TDS plot for the North System (a) and for the South System (b).

Fig. 8. 234U + 238U vs. TDS plot for the North System (a) and for the South System (b).

Fig. 9. 226Ra vs. TDS plot for the North System (a) and for the South System (b).
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provided further evidence and new approach for the existing dif-
ference between the two areas.

For the Rózsadomb discharge zone (North System), the mixing
end members could be characterized with the aid of radionuclides
that confirmed the previously assumed mixing model of cave
forming. According to the observed discharge characteristics at
the Rózsadomb area (Er}oss et al., 2008), where the discharge of
lukewarm and hot springs were clearly separated and tectoni-
cally-controlled, mixing could only exists rather by dispersion or
along faults. On the RPE vs. temperature and TDS diagrams it can
be observed, that the hydrothermal waters at depth and at the
discharge level have the same parameters. This supports the obser-
vations concerning the tectonically-controlled discharge. These
diagrams also illustrate that mixing phenomena are concentrated
exclusively to the close vicinity of discharge level. The fracture
related maze-like pattern of the caves (Leél-}Ossy, 1995) in the
Rózsadomb provides further evidence and supports the structur-
ally-controlled mixing. Nevertheless, retrograde calcite dissolution
(Andre and Rajaram, 2005) could also play an important role
during the upward flow of the hydrothermal waters.



Fig. 10. Cross-plot illustrating the TDS vs. temperature data of the sampled springs and wells in the North System. The temperatures of the mixing end members can be
determined from the inferred TDS data (a); Cl- vs.TDS cross-plot of the sampled springs and wells in the North System. The Cl- content of the mixing end members can be
determined from the inferred TDS data (b).

Table 4
Inferred mixing end member compositions for the North System.

Meteoric end member Hydrothermal end member

Temp. (�C) 12 76.5
TDS (mg/L) 775 1440
pH 6.92 5.99
Na+ (mg/L) 9 180.5
K+ (mg/L) 2 20.6
Ca2+ (mg/L) 115.5 163.2
Mg2+ (mg/L) 44.5 33.4
Cl� (mg/L) 16 202
HCO�3 (mg/L) 445 576

SO2�
4 (mg/L) 113 207.5

Table 5
Calculated mixing ratio of the sampled springs and wells of
the North System. It is calculated based on the chloride
concentrations of the mixing end members inferred from
chloride vs. TDS cross-plot.

Measuring point Cl� (mg/L) Mixing ratio
(%)

1 96.7 43.39
2 73.6 30.97
3 32.3 8.76
4 30.9 8.01
5 47.2 16.77
6 135 63.98
7 114 52.69
8 102 46.24
9 144 68.82
10 172 83.87
11 180 88.17
12 192 94.62
Hydrothermal end

member
202 100

Meteoric end member 16 0
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The higher values of uranium (higher than 20 mBq/L) in the hot
wells at the discharge zone of Rózsadomb (Nr. 6, 7, 8) may suggest
that oxygenated water has mixed with the deep hydrothermal
component. This mixing, however, can be the result of the inten-
sive pumping of these wells for the water supply of the spas, i.e.
this mixing may be artificially induced. In the lukewarm springs
the cold karst waters (meteoric end member) predominate, (higher
uranium and radon content, high Rn/Ra ratio), in case of the hot
waters, the hydrothermal end member predominate (lower Rn/
Ra ratio, higher radium content).

In case of the South System mixing end members could not be
inferred with the help of radionuclides. This is in coincidence with
the revealed discharge characteristics of the area, namely the dis-
charging springs were characterized by temporally and spatially
quasi uniform temperature and chemical composition (Er}oss
et al., 2008). This implies thus that the hydrothermal waters dis-
charge directly in the Gellért Hill area. The moderate radium in-
crease (Fig. 6a) would, however, suggest that maybe another
fluid component enters the system in the (�400) and (+100) m
asl elevation interval. Therefore it is also a possible scenario, that
there is mixing in the South System, however the mixing members
are more similar, and they are both hydrothermal waters. Further-
more, based on the fact, that the Gellért Hill is built up of dolomite
and it stays mostly uncovered, there is a possibility for direct re-
charge, so the contribution of freshly infiltrated oxygenated waters
cannot be excluded. However, their amount is possibly negligible,
there is no evidence for the meteoric component based on the
radionuclide study.

Considering the 222Rn/226Ra ratio, as the indicator of the mixing
rate as suggested by Gainon et al. (2007a,b), the high values in case
of the South System could not indicate mixing, based on the above
discussion. Nevertheless, a local radon source, such as iron-hydrox-
ide, in the immediate vicinity of the discharge points, however,
might be responsible for the high radon and low radium content
of these waters through the adsorption of radium, as it was
hypothesized by Gainon et al. (2007a,b) for the St. Placidus spring
or by Schott and Wiegand (2003) for the Mont Vully area in Swit-
zerland. This scenario is confirmed by the recent observation of
extensive iron-hydroxide precipitation in the spring caves (Er}oss
et al., 2008). On the RPE diagrams, the observed temperature de-
crease at the discharge level could be attributed to the cooling of
free water tables, the TDS and radium decrease could be explained
by the observed extensive carbonate and iron-hydroxide precipita-
tion (Er}oss et al., 2008). The explanation for the radium decrease in
the waters might be the adsorption of radium on the iron-hydrox-
ide precipitates, which continuously facilitates the source of radon
and causes elevated radon activity concentrations in the waters.
This assumption was confirmed by c-spectrometry measurements
of the iron-hydroxides, which revealed high radium activity for the
iron-hydroxide precipitates (up to 1830 Bq/kg) compared to the
dolomite host rock (45 Bq/kg).



Fig. 11. Comparison of modeled and measured parameters of the North System. The modeled parameters were acquired by using PHREEQC geochemical modeling program.
For modeling the end member compositions from Table 4 and the calculated mixing ratios from Table 5 were used.

Fig. 12. 222Rn/226Ra ratio vs. temperature plot. Squares indicate the North System,
dots the South System, and empty symbols the non-operating well data.
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5. Summary and conclusions

In this study we showed that the use of radionuclides is a pow-
erful method to characterize fluids debouching in a regional dis-
charge area, where flow systems of different order convey waters
with different temperature, composition and redox-state to the
discharge zone. In case of a two-component mixing system, the
mixing end members’ temperature, composition and the depth of
mixing can be inferred. It is suggested that the temperature or
TDS of the hydrothermal end member component should rather
be inferred from the uranium data. The parameters of the meteoric
end member can be inferred from the radium data. Due to the
uncertainties of temperature measurements at higher tempera-
tures, the use of TDS of waters for the end member characteriza-
tion is suggested. Based on the linear relationship between the
parameters, the composition of the end members can be deter-
mined in a two-component mixing system. Using chloride as a
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conservative component, the mixing ratio can be also calculated
for the sampled waters. By the aid of hydrogeochemical modeling,
the calculated mixing ratios for the sampled waters can be mod-
eled and compared to the measured water-compositions, which
can validate the inferred end members.

Degassing of radon in open systems or even during sampling
may influence the inferred parameters. Furthermore, local radon
sources in the vicinity of spring discharge, such as iron-hydroxides,
also affect the measured radon content of waters. For the same rea-
sons, the 222Rn/226Ra ratio, as an indicator of the mixing rate and
geothermometer for the hydrothermal end member, suggested
by Gainon (2008), cannot be used.

According to the results of hydrogeochemical measurements
and the analyses of radionuclides, considerable differences were
identified between the waters of South and the North Systems.
The South System has higher TDS (1370–1790 mg/L), radon (3.3–
962.8 Bq/L), and radium (221–870 mBq/L) levels but lower temper-
atures (31.4–46.7 �C) than the North System.

Based on the contrasting geochemical behavior of radionuc-
lides, for the North System the temperature and chemical compo-
sition of the mixing end members were determined (76.5 �C and
1440 mg/L TDS for the hydrothermal end member, 775 mg/L and
12 �C for the meteoric end member), at about 0 m asl, where mix-
ing starts. For the South System however no such clear mixing
members could be identified.

Based on this study the conceptual model of the Buda Thermal
Karst should be reinvestigated. The up-to-date model of Buda
Thermal Karst can be separated into at least two parts, the North
and South Systems. The up to recent widely accepted mixing mod-
el is valid only in case of the North System (although not necessary
as the only relevant process). In case of the South System discharge
zone, at the Gellért Hill, no mixing could be proved. Therefore
other processes could be responsible for the formation of the hyp-
ogenic caves found in this area, such as retrograde calcite dissolu-
tion (Andre and Rajaram, 2005) and/or geogenic acids, such as H2S.
This system has only or predominantly hydrothermal water com-
ponent (up to 46.7 �C and 1790 mg/L TDS). Further geological and
hydraulic studies are needed to explain the separation of the two
systems in details.

This study provided furthermore an explanation for the ele-
vated radon content (up to 963 Bq/L) of the waters discharging at
the Gellért Hill area (South System). However further studies are
needed for the better characterization of the formation and role
of iron-hydroxide precipitates, as local radon sources, not only in
the Buda Thermal Karst area, but also in other regional carbonate
rock aquifer systems, where these precipitates appear (e.g. Gold-
scheider et al., 2010).
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