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The fault-bound basement-hosted geothermal systems of the Western Bohemian Massif (Germany) remain poorly
constrained in terms of reservoir temperatures, circulation depths and recharge. Here, we present some of the
first systematic constraints on these parameters based on a geochemical survey of regional thermal water, non-
thermal groundwater and surface water, combining isotope techniques, a multi-method geothermometric

Geothermomet: o X ’ . e )
Bohemian mas:yif approach and mixing calculations. Stable isotope ratios (5'%0 and §2H) indicate that all studied thermal waters
Germany are derived from meteoric precipitation. The geothermal reservoirs of the region are identified as low-enthalpy

“hot water type” systems with temperatures generally < 100 °C. The occurrence of local warm springs is linked
to radiogenic heating in primarily granitic reservoirs at depth and migration of thermal water to the surface
along long-lived permeable fault systems. Despite having interacted with similar reservoir lithologies at com-
parable temperatures, thermal waters exhibit pronounced hydrochemical variability in terms of composition,
mineralization and extent of water-rock interaction. These differences primarily reflect structural characteristics
of the individual geothermal systems, such as hydraulic openness and fault connectivity, which in turn affect
recharge rates, residence times, extent of dilution with non-thermal groundwater and the supply of dissolved
CO,. Together, these results demonstrate that hydraulic connectivity and permeable fault architecture exert a
first-order control on geochemical signatures in the geothermal systems of the Western Bohemian Massif and
similar basement-hosted settings.

1. Introduction

Germany’s geothermal resources are typically classified as low- to
medium-enthalpy (commonly < 180 °C) and are predominantly used for
space and district heating as well as balneological purposes (Agemar
et al., 2014a). By contrast, recent official statistics (UBA/AGEE-Stat;
Bundesnetzagentur; p-EITI) report that geothermal electricity genera-
tion contributed only ~0.20 TWh-yr~! in 2023-2024, approximately
corresponding to 0.04% of national electricity consumption. Previous
geothermal exploration has primarily focused on sedimentary basins
associated with permeable fault systems, such as the North German
Basin, the Upper Rhine Graben and the southern Molasse Basin, where
geothermal gradients in excess of 40 °C-km~! have been observed in
some cases (Agemar et al., 2012, 2014a, 2014b; Franz et al., 2018; Frey
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et al., 2022; Moeck et al., 2019; Suchi et al., 2014; Weber et al., 2020).
More recently, however, the Western Bohemian Massif in SE Germany
has attracted increased interest with regard to geothermal development,
because the crust in this area is enriched in radioactive elements to a
depth of up to ~15 km, leading to locally increased radiogenic heat
production of up to 4-10 pW-m >, particularly in proximity to local
granites, monzonites and syenites (de Wall et al., 2019; Forster et al.,
2018; Forster and Forster, 2000). Temperature and heat flow modeling
as well as 3D seismic investigations of the Elbe Zone and Gera-Jachymov
fault zone in Southern and Southwestern Saxony indicate that temper-
atures of 120 °C to >150 °C may be achieved at 3-6 km depth in local
granitic complexes (Forster et al., 2018; Hlousek et al., 2015; Liischen
et al., 2015; Liischen and Schulz, 2014).

While these early investigations have

primarily targeted

Received 6 January 2026; Received in revised form 23 March 2026; Accepted 23 March 2026

Available online 28 March 2026

0375-6505/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4613-6512
https://orcid.org/0000-0003-4613-6512
https://orcid.org/0000-0002-3603-3272
https://orcid.org/0000-0002-3603-3272
mailto:simon.prause@proton.me
www.sciencedirect.com/science/journal/03756505
https://www.elsevier.com/locate/geothermics
https://doi.org/10.1016/j.geothermics.2026.103677
https://doi.org/10.1016/j.geothermics.2026.103677
http://creativecommons.org/licenses/by/4.0/

S. Prause et al.

petrothermal systems with the goal of evaluating their potential for
Enhanced Geothermal System (EGS) development, the region also hosts
a number of hydrothermal systems feeding several warm springs, some
of which are used by local spas. Although some investigations on the
hydrochemistry of regional thermal water have been carried out in the
past, most available research on geothermal resources has either
remained unpublished or focused on balneological and therapeutic ap-
plications (e.g., von Storch, 1998). By contrast, little concrete informa-
tion on reservoir temperatures, origin, circulation and residence times of
the various geothermal systems in the region is currently available.

As part of the E4Geo research project, the local state authority of
Saxony has commissioned an investigation of the regional fault-bound
geothermal systems of the western margins of the Bohemian Massif,
with a specific focus on determining the geothermal potential of the SW-
Vogtland region between the cities of Plauen, Oelsnitz and Hof. This
paper presents the results of an early-stage geochemical survey con-
straining likely reservoir temperatures, circulation depths, recharge
areas and relative residence times of the local geothermal systems based
on the chemical and isotopic composition of regional surface, ground-
and thermal water. Our geochemical reconnaissance is intended to
contribute to closing the current research gap on the regional fault-
bound geothermal resources of the area. New insights on reservoir
conditions and circulation will aid in making informed decisions
regarding a potential geothermal project in the SW-Vogtland region
while also contributing to the sustainable use of currently exploited
geothermal resources in the wider Western Bohemian Massif.

2. Geological setting

As part of the Saxothuringian Zone, the Ore Mountains and a number
of other integral members of the Variscan belt, such as the Vogtland and
the Fichtel Mountains, are overlain by the Tepla-Barrandian Domain
along its SE margin (Franke, 1989). The area constitutes a classical
metallogenetic province, rich in granitic rocks and vein-ore deposits
(Sn-polymetallic, U-carbonate, fluorite-baryte and Bi-Co-Ni-Ag). The
Saxothuringian Zone is predominantly composed of orthogneisses of
Proterozoic to early Paleozoic age emplaced during the Cadomian
orogeny (Collett et al., 2020; Kroner et al., 2007; Tichomirowa et al.,
2001) and Variscan metamorphosed volcano-sedimentary sequences
(protolith ages ranging from Cambrian to Devonian) composed of
phyllites, micaschists and paragneisses, intercalated with by meta-
conglomerates, quartzites, amphibolites and marbles (Mingram, 1998;
Rotzler and Plessen, 2010; Schulz and Krause, 2024). The metamorphic
rock sequences were intruded by granitoids over the course of a late
Variscan (ca. 325-315 Ma) and a post-Variscan (ca. 305-296 Ma)
magmatic period (Burisch et al., 2019; Gottesmann et al., 2017; Ticho-
mirowa et al., 2025).

Thermal fluid circulation in the lithosphere of the study area has
been documented in the Mesozoic and the Cenozoic, leading to the
genesis of Mesozoic hydrothermal ore deposits in Europe, associated
with the tectonic evolution of the Tethys-Atlantic-Caribbean rift system
during the breakup of Pangaea (Burisch et al., 2022). The three study
areas considered in this work are part of the northern shoulder of the
Cenozoic Eger Rift (Andreani et al., 2014; Ulrych et al., 2011). Volcanic
and hydrothermal activity from Middle Pleistocene to date was docu-
mented in the Western part of the Eger Rift (Kampf et al., 2007; Mrlina
et al., 2009; Vylita et al., 2007).

2.1. Central Ore Mountains

Morpho-tectonically the Central Ore Mountains Anticlinal Area is
divided into two blocks by the N-S striking Annaberg-Tepla fault zone:
the Marienberg high and the Annaberg high (Andreani et al., 2014). The
Ehrenfriedersdorf granites intruded the metamorphic basement of the
study area as part of the Central Ore Mountains sub-pluton approxi-
mately 312-324 Ma ago (Hoth et al., 1991; Romer et al., 2007),

Geothermics 139 (2026) 103677

typifying them as late Variscan. The Georgsquelle spring is situated atop
a 79 m deep borehole drilled in 1919 located at the ca. 40 km long and
500 m wide NW-SE striking Wiesenbad fault zone, which is partially
mineralized with quartz, baryte and fluorite (Kuschka, 1997, 2002; von
Storch et al., 2000). The Warmbad warm spring has been known since
1284 and is located at the “Neugeboren Kindlein” fault zone, part of the
NW-SE striking Warmbad-Chomutov fault zone (von Storch et al,
2000).

2.2. SW-Vogtland

In the SW-Vogland area (Fig. 1), the intersection of NE-SE and NNW-
SSE striking faults acts as a fluid conduit for regional ground- and
thermal water (Brauer et al., 2008; Kampf, 1982). The SW-Vogtland area
belongs to the NE-SW striking Vogtland Slate Mountains, characterized
by three NW-SE directed Horst structures (from NE to SW: Netzschkau
Horst, Tauschwitz Horst and Triebel Horst), made up of Silurian and
Devonian volcanic rocks along their flanks and Ordovician metasedi-
ments at the top (Schwan, 1959). Two apical intrusions form the con-
cealed granite massif of Eichigt-Schonbrunn, a peraluminous Si-rich
biotite monzo- to syenogranite of A-type affinity (Gottesmann et al.,
2017; Schiitzel and Hosel, 1962) (Fig. 1). The Schonbrunn granite has
been dated at 307 & 4 Ma (Schulz and Krause, 2024).

Fault tectonics of the study area are characterized by the intersection
of NW-SE directed faults at the flanks of the horst-structures with N-S
directed faults of the Regensburg-Leipzig-Rostock zone (RLRZ)
(Bankwitz et al., 2003). The RLRZ is seismically active (Fischer et al.,
2014). The driving force of the earthquake swarm seismicity in the re-
gion most likely is magmatic and fluid activity in the lower crust and
lithospheric mantle (Brauer et al., 2003, 2011).

The warm spring of Schonbrunn has been known since 1973 when
mining on the 453 m level of the Schonbrunn-Bosenbrunn fluorite mine
intersected a permeable fault system formed by the intersection of NW-
SE with NNW-SSE striking faults. After the cessation of fluorite mining in
1991, the Schonbrunn mine underwent flooding in December 1997.
About 5 km west of Schonbrunn, the artesian warm spring of Neumiihle,
which is connected to thermal water-bearing faults hosted in diabase at
771 m depth, was established as an unintended side effect during a 1176
m deep exploratory drilling project by the uranium industry of the
former G.D.R. in 1960 (Schiitzel and Hosel, 1962).

2.3. Fichtel Mountains

The Fichtelgebirge-Paleozoic (Fig. 1) is tectonically formed as a NE-
SW striking antiform and part of the Saxothuringian upper plate of the
Variscan orogeny above the SE-dipping subduction zone (Schafer et al.,
2000). The 1835 m deep borehole of the Siebenquell warm spring was
drilled in 2013, penetrating late and post Variscan granites of the Fichtel
Mountains/Smirciny pluton, which intruded the local metamorphic
basements between 326 and 321 Ma (Forster et al., 2008; Rockel and
Stober, 2017; Siebel et al., 2003). Temperatures of 53.4 °C have been
measured at the bottom of the Siebenquell borehole (Rockel and Stober,
2017). According to gravimetric measurements and modeling, the
thickness of the western and central part of the granite massif is esti-
mated as 3000 m (Hecht and Vigneresse, 1999). Carbonate-related
metallic and non-metallic mineralization in the granitic rocks of the
Fichtel Mountains pluton hints at intense hydrothermal activity in the
Mesozoic and Cenozoic (Burisch et al., 2022; Dill and Kolb, 2019).

The well of the Radonquelle cold spring, located at a horizontal
distance of 500 m to the north of the Siebenquell warm spring is
approximately 71.3 m deep and situated in extensively weathered
granite (Rockel and Stober, 2017). U/Th decay in the granitic host rock
causes the Radonquelle spring water to be enriched in dissolved radon
gas (Rockel and Stober, 2017), which is thought to be beneficial for the
treatment of inflammation and chronic pain. Hence, the Radonquelle
spring water is used for balneotherapy of rheumatic and joint conditions
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Fig. 1. Geological map showing the locations of the three study areas and sampling points of ground-, thermal- and surface water included in this study. Numbers
1-6 refer to the following regional faults: 1: Bosenbrunn Fault, 2: Triebeler Pfahl Fault, 3: Schonbrunn Fault, 4: South Vogtland Cross Fault, 5: Wiesenbad Fault, 6:

Warmbad-Chomutov Fault.
by a local spa.
3. Methods and data

All data used in this work, including detailed descriptions on
sampled locations and sampling dates are available in a dedicated open
access data publication (Prause et al., 2026). The dataset includes both
hydrochemical and isotopic measurements performed regional surface
water, groundwater and thermal water of the Western Bohemian Massif
from a field survey in 2022-2024 as well as legacy data. Due to flooding
of the mine shaft, all information on the ground- and thermal water from
the Schonbrunn/Bosenbrunn fluorite mine is limited to legacy data only
and therefore any possible changes that may have occurred in the hy-
drological system since 1996 cannot be accounted for by our current
dataset. Information on individual locations, including geographic co-
ordinates, surface elevation, water type and additional comments on
each location are summarized in Table 1.

3.1. Sampling and analysis

Sampling and analysis were carried out as part of our field survey
conducted between 2022 and 2024 (Prause et al., 2026). Temperature,
pH and electrical conductivity were measured in the field using a Xylem
Inc. WTWQ Multi 3420 instrument. Bicarbonate concentrations were

also determined in the field by acid titration using a Sigma-Aldrich
Supelco MQuant® Carbonate Hardness test kit. Water samples were
degassed through stirring and shaking prior to determining HCO3 con-
centrations. Water samples for major cation and anion analysis were
collected in 50- and 75-mL polyethylene bottles, respectively. Samples
for cation analysis were filtered and acidified to ~pH 2 using 65%
HNOs. For transport, samples were stored in a portable cooler. Anion
and cation concentrations were analyzed at the Elements and Minerals
of the Earth (EIMIiE) Laboratory at the GFZ Helmholtz Centre for Geo-
sciences, Potsdam. Anion concentrations were measured by Ion Chro-
matography (IC) on a Thermo Fisher Scientific ICS-3000 with a flowrate
of 0.38 mL min~! and using 1.4 mM KOH as eluent. For samples with Cl~
concentrations of > 1 g L7}, CI” and SOZ~ were measured after dilution
and the remaining anions were measured separately as described above
after removal of Cl™ using Thermo Fisher Scientific OnGuard II Ag/H
cartridges. Cation concentrations were determined by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) using a 5110
spectrometer with Vertical Dual View configuration (Agilent, USA) after
dilution of samples with ultrapure HCl. Further information on analyt-
ical protocols is available in our open access data publication (Prause
et al., 2026). Samples for isotopic analyses of 6180, 62H, and °H were
stored in 10 ml glass bottles. Stable isotope ratios 580 and 52H were
measured by the Hydroisotop GmbH, Schweitenkirchen, Germany by
Cavity Ringdown Spectroscopy (CRDS) using Standard Mean Ocean
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Table 1
Overview of locations and studied water (see Prause et al., 2026 for additional details).
Location Coordinates Surface Water Type Comment
Elevation
(MASL)
Georgsquelle 50.619185 N 430 Thermal Sampled from warm spring; thermal water used by local spa
13.043338 E Water
Neumiihle 50.421307 N 380 Thermal Sampled from warm spring
12.049495 E Water
Schonbrunn (453 m) 50.406427 N 475 Thermal Subterranean warm spring located on the 453 m level of a local abandoned fluorite mine; only legacy
12.130732 E Water data from 1994-1996 available due to flooding of the mine in 1997
Siebenquell 50.095177 N 620 Thermal Sampled from a well on the premises of a local spa center; water cooled from ~53 °C at the borehole
11.873249 E Water outlet to ~32 °C at the sampling point
Warmbad 50.666063 N 460 Thermal Sampled from warm spring; thermal water used by local spa
13.08381 E Water
Briider Einigkeit Mine ~ 50.399317 N 419 Groundwater Sampled from surface discharge point, where mine effluent drains into the Triebel River
Tunnel 12.100794 E
Geilsdorf Deep Well 50.422684 N 424 Groundwater Sampled from an artesian groundwater well with a depth of ~50 m in Weischlitz near Geilsdorf
12.045409 E
Radonquelle 50.098722 N 616 Groundwater Sampled from cold spring; water used by local spa
WeiBenstadt 11.870218 E
Schénbrunn/ ~50.406427 ~475 Groundwater Mine water from the 70-373 m levels of the local abandoned fluorite mine; only legacy data from
Bosenbrunn N 1996 available for the 70 m level; only legacy data from 1973-1978 available for the 133-373 m
(70-373 m) ~12.130732 levels; exact coordinates vary by sampling point but lie in close horizontal proximity to those of the
E Schonbrunn (453 m) thermal water
Wiesenbad 50.618518 N 445 Groundwater Sampled from a well located at a horizontal distance of ca. 90 m from the Georgsquelle warm spring.
Groundwater Well 13.044028 E
Geilsdorf (Rainwater) 50.422684 N 424 Surface Water ~ Sampled near the Geilsdorf Deep Well in Weischlitz near Geilsdorf; only isotope data available
12.045409 E
Hof (Rainwater) — 50.312537 N 564 Surface Water ~ Sampled at the DWD weather station in Hof; only isotope data available
DWD 2022 11.875915 E
Kemnitzbach (River 50.421205 N 378 Surface Water ~ Sampled from the Kemnitzbach creek near the Neumiihle warm spring; only isotope data available
Water) 12.049891 E

Water (SMOW) as reference standard. Tritium concentrations (in TU)
were measured by the IAF Radiookologie GmbH, Radeberg, Germany
using Liquid Scintillation Counting (LSC) after electrolytic
preconcentration.

3.2. Estimation of reservoir temperatures by empirical geothermometry

Empirical geothermometers applied in this study included the silica
geothermometers for quartz and chalcedony (Fournier, 1977), four
different Na-K geothermometers (Arnorsson et al., 1983; Fournier, 1979;
Giggenbach, 1988; Santoyo and Diaz-Gonzalez, 2010), the K-Mg geo-
thermometer (Giggenbach, 1988), the Na-K-Ca geothermometer
(Fournier and Truesdell, 1973) and the Na-K-Ca-Mg geothermometer
(Nieva and Nieva, 1987). An overview of these geothermometers and
relevant equations is provided in Table 2.

3.3. Estimation of reservoir temperatures by multicomponent equilibrium
geothermometry

Multicomponent equilibrium geothermometry (MEG) (Reed, 1982;
Reed and Spycher, 1984) was performed using the PHREEQC
geochemical software (Parkhurst and Appelo, 1999). A detailed outline
of the calculations involved, including an example PHREEQC script is
provided in the supplement (S.1). In brief, the MEG method tests for the
simultaneous equilibration of multiple primary or secondary minerals at
a specific temperature by calculation of their saturation indices SI,
defined as

SI = log (%) (€D)

where Q is the reaction quotient of a mineral’s dissolution/precipitation
reaction and K is the temperature dependent equilibrium constant of the
same reaction. A mineral is saturated in solution, and therefore “in
equilibrium” with a thermal water, if Q = K and therefore SI = 0.

Because the attainment of this equilibrium state is kinetically driven, the

equilibration of an entire mineral assemblage typically requires pro-
longed water-rock interaction. Thus, the temperature indicated by the
simultaneous equilibration of several mineral phases is assumed to
reflect the temperature in the geothermal reservoir.

Thermodynamic data, including equilibrium constants of mineral
formation reactions at variable temperature needed for the calculation
of saturation indices, were taken from the carbfix.dat database (Voigt
et al., 2018). Because of a lack of drill core samples and mineralogical
data, the exact mineral assemblage at depth is presently unknown for the
geothermal systems included in this study. Therefore, selection of
possible equilibrium minerals was informed both by available mineral
phases specified in the carbfix.dat database and by existing information
on mineral parageneses commonly encountered in terrestrial
low-temperature geothermal systems, particularly those associated with
granite. Such parageneses commonly include silica (chalcedony and
quartz), calcite, smectites, kaolinite, clinochlore, various zeolites,
muscovite and feldspars (Browne, 1978; Gottesmann et al., 2017; Li
et al., 2018, 2020; Mao et al., 2022; Ngo et al., 2016; Parneix and Petit,
1991; Savage et al., 1987; Yasuhara et al., 2011).

Since our data did not contain information on Al, its activity was
estimated using the FixAl method developed by Pang and Reed (1998),
assuming equilibrium with kaolinite, due to its widespread abundance
and rapid equilibration even at low temperatures (Murray, 1988).
Alternate solutions using adjusted Mg activities derived by the same
method and assuming equilibration with clinochlore-14 A were tested as
well. To avoid overcorrection, adjustment of Mg activity was only
considered justified if its inclusion in the model increased the number of
equilibrium phases by at least one or if no feasible solution could be
found without it. Possible dilution of thermal water along its flow path
between reservoir and surface was accounted for by making calculations
with a range of input concentrations scaled by application of a dilution
factor (e.g., Fowler et al., 2018; Hou et al., 2019; Pang and Reed, 1998).
Geothermal reservoir water is typically saturated with respect to calcite
(Arnorsson, 1989) and supersaturation of calcite is therefore commonly
interpreted as a pH effect caused by CO; degassing (Palandri and Reed,
2001). Therefore, if any calcite supersaturation was observed, this was
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Table 2

Overview of empirical geothermometers applied in this study and necessary equations for their use.
Geothermometers Equations
Silica:

1032
rni hal T — 2731
Fournier (1977) Chalcedony : T['C] = 469~ 10g5i03mg g 73.15
1309
i T 2731
Quartz (conductive) : T[*'C] = 519 1085107 mg s 73.15
1522
iabatic) : T[C] = ———+——~——— 273.1
Quartz (adiabatic) : T[*C] 575~ 1085i03mgg 73.15
Na-K:
1217
Fournier (1979) Na — 27315
1og( "P"‘) +1.483
ppm
. 933
Arnérsson and Gunnlaugsson (1983) Na —273.15
1og( "P"‘) +0.993
Kppm
1390
Giggenbach (1988) Na — 27315
1og( “’g/“g) +1.75
King/kg
876.3
Santoyo and Diaz-Gonzalez (2010) Na — 273.15
log( “‘g/L) +0.8775
mg/L
K-Mg:
4410
Giggenbach (1988) T[C] = ———F—5—~— 27315
14 —log King/ig
M8ing/kg
Na-K-Ca:
Fournier and Truesdell (1973) a =log (Namol/kg) + 1 x log v/ Camol/kg
Kimol/kg 3 Namol/kg
\f Ca
b= log< amo]/kg> +ﬂ>< log v/ Camol kg
Kiol/kg 3 Namol/kg
10°
Ti[Cl = 55— 27315
el (a+2.2405) : 1.6473
10°
Ta[C] —273.15

If log(

= (b +2.2405) : 1.6473

\ /Camol/kg> <0:T=T,

Namol kg
/Ca,
Elseiflog[ ¥Y—"% ) S 0and T, >100: T =T,
Namol/kg
Else: T =T,
Na-K-Ca-Mg:
TMEQ = Na, + K, + Capeq/L + M
Nieva and Nieva (1987) Q meq/L T Bmeq/L meq/L 8meq/L.
%Mg = Memeq 109
TMEQ
TyC = Na** 273.15
log (ﬂ> +1.239
Kinol/kg
1
T,FCl = N . 6000 — 27315
a, a,
310g( mOI/kg) + 3log ';mm(g —log Mol kg +44.67
Kinol/kg Nag, i kg Namol/kg
Ts[Cl = ~ 11140 ~ 27315
610g< aml/kg> +log Memoig +18.3
Kumol/kg NaZ ) iq
1
TafCl = 0080 — 27315

Slog(Naml/kg) + 2log Camolg —log gmd/kg +16.65
Kinol/kg Na N

amol /kg

If TMEQ > 8 and %Mg < 3.5and T; > 125°C: T =T,

Mg
Elseif#M.r T—T,

Qmol /kg

+/Ca
ElseifNimm/kggzézT =Ts

Else: T

Amol /kg
=T,

corrected for by adding a sufficient amount of CO5(g) to the model to
equilibrate calcite in the reservoir (Palandri and Reed, 2001; Pang and
Reed, 1998).

3.4. Mixing calculations using silica enthalpy

Based on the assumption that a sampled thermal water represents a

mixture of a deep hot water (HW) and a cold groundwater (CW) from
shallower depth, reservoir temperatures can be estimated graphically by
plotting the enthalpy of both thermal and groundwater vs dissolved
silica contents according to the method of Truesdell and Fournier
(1977). If no boiling is assumed to have taken place prior to mixing, a
line is projected through CW and the mixed water (MW) onto the quartz
solubility curve, which can be constructed based on the data provided in
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Table 1 of Fournier and Truesdell (1974). The intersect of this line with
the quartz solubility curve reflects the enthalpy and silica content of
HW. The fraction Fpyy of the hot water in the mixture is given through
application of the lever rule according to the ratios of the distances
between CW to MW and CW to HW:

_ CW-MW

FHW(no steam loss) — m (2)

Alternatively, if adiabatic cooling is assumed to have occurred, a line
is projected parallel to the x-axis onto the maximum steam loss curve
from the point where the mixing line between CW and MW intersects
with the enthalpy of the system during steam loss (Truesdell and Four-
nier, 1977), equivalent to ~100.1 cal-g~! if a boiling point of 100 °C is
assumed (Fournier and Truesdell, 1974). The intersect of the projected
line with the maximum steam loss curve marks the enthalpy of HW
before boiling. From there, another line is projected parallel to the y-axis
onto the quartz solubility curve, with the intersect providing the original
silica content of HW before steam loss. The value of Fyyy after boiling is
then determined from the distances CW to MW and CW to the boiling
point BP as:

CW-MW

F, HW(steam loss) — w (3)

3.5. Estimation of circulation depths and recharge elevations

In geothermal systems, hydrochemical and isotopic data record
useful information that may be used in estimating both approximate
circulation depth and recharge elevation (e.g., Mao et al., 2021). The
circulation depth d¢ is estimated according to:

dc = (Tres — To)/VT + do (€]
where Ty is the temperature of the geothermal reservoir, Ty is the
temperature of the constant temperature zone, which remains unaf-
fected by seasonal changes throughout the year, dy is the depth of the
bottom boundary of the constant temperature zone and VT is the local
geothermal gradient. A value of Typ = 9 °C based on the available in-
formation from both the GeotIS database and Forster and Forster (2000)
was used for all calculations. For Neumiihle and Schonbrunn VT was
assumed as 29 °C-km ! based on regional temperature measurements
with a long shut-in time of 1248 h as published by Forster and Forster
(2000) and dy was set to 55 m, based on Hofmann et al. (2021). This
temperature is close to the average surface temperature in Germany of
~8.2 °C (Agemar et al., 2014a). For Warmbad, Georgsquelle and Sie-
benquell, values for VT and dy (Table 3) were estimated based on
available data from the Geothermal Information System for Germany
(“GeotIS™) of the Leibniz Institute for Applied Geophysics (LIAG) (htt
ps://www.geotis.de/geotisapp/geotis.php) (Agemar et al., 2012,
2014b).

The recharge elevation hg was estimated from the following
equation:

hyg = (6"804, — 5'°0y,) / V550 + hy, 5)

where §'%0,, and 580, are the stable oxygen isotopic signatures of
thermal and surface water relative to SMOW in %o, respectively, V50 is
the isotopic elevation gradient in local precipitation and hg, is the
elevation where the surface water was sampled. For 5’80y, an average
value for each thermal water was used (Table 3). The value for (SIBOSW
was estimated based on monthly average §'%0 precipitation values
collected at an elevation of hy, = 564 m at the weather station of the
German Meteorological Service (“Deutscher Wetterdienst, DWD™) at Hof
in 2022 (Prause et al., 2026; Schmidt et al., 2020; Koeniger et al., in
prep.). The 5180 values from Hof were weighted by monthly precipita-
tion amount retrieved from the DWD Climate Data Center (CDC) data-
base (https://cdc.dwd.de/portal/), yielding a value of —9.1 %o for
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5180, The elevation gradient V50 for Germany is about —0.47 %o
100~ 1.m™! (Stumpp et al., 2014).

4. Results
4.1. Hydrochemistry

Table 4 lists representative average chemical compositions, tem-
peratures, pH and EC of ground- and thermal water included in this
study. To maintain consistency and mitigate the potential effects of
compositional changes that may have occurred over longer time periods,
only measurements conducted during the recent GFZ field survey in
2022-2024 (Prause et al., 2026) are included in the listed averages for
most locations.

Non-thermal groundwater had temperatures between ~9.6 and 18.4
°C and typically was either of neutral or weakly alkaline pH, with the
only exception being the water from the Radonquelle cold spring in the
Fichtel Mountains with a slightly acidic pH of 5.8. The groundwaters
from the Radonquelle cold spring and the Briider Einigkeit Mine Tunnel
were of a mixed Na-Ca-Cl type (Fig. 2). The shallow groundwaters from
the Geilsdorf Deep Well, the Schonbrunn/Bosenbrunn mine from
~70-173 m and the Wiesenbad Groundwater Well were all of the Ca-
HCOs3 or mixed Na-Ca-HCOs3 type (Fig. 2). The composition of the
Schonbrunn/Bosenbrunn mine water changed with depth, showing
increasing dominance of Na over Ca and Cl over HCOs, resulting in a Na-
Cl type water at depths > 253 m (Fig. 2).

All thermal water included in this study originates from warm
springs with temperatures < 54 °C and generally circumneutral to
weakly alkaline pH. Measured compositions of thermal water based on
samples from the 2022-2024 field survey were mostly stable over time
for studied locations, except for the Siebenquell thermal water, which
exhibited highly variable K concentrations of < 1 to 2.5 mg-L ™! (Prause
et al., 2026). Both the Neumiihle and Schonbrunn (453 m) thermal
waters were highly mineralized with a total dissolved solids (TDS)
content of 5755 and 2410 mg-L ™!, respectively, which was one order of
magnitude higher than for the other thermal waters, whose TDS ranged
between 309-539 mg-L 1. The thermal waters of SW-Vogtland and the
Fichtel Mountains, including Neumiihle, Schonbrunn (453 m) and Sie-
benquell were Cl-dominated with both the Schonbrunn (453 m) and
Siebenquell thermal water being classified as Na-Cl type, whereas the
Neumiihle warm spring was found to have undergone evolution from a
Na-Cl type in June 1961 to a Ca-Cl type in November 1961 to 2024
(Fig. 2). This change in hydrochemical facies was accompanied by
increasing mineralization of the Neumiihle thermal water, primarily
caused by rising concentrations of Ca, Mg, Na, SO4 and Cl (Fig. 3). Bi-
carbonate remained largely unaffected by this process. The thermal
waters from the Central Ore Mountains were rich in Ca and HCO3 and
included the mixed Na-Ca-HCOj3 type water from Warmbad and the
Na-HCOg type water from Georgsquelle (Figs. 2 and 3).

4.2. Isotopes of water (5*%0, 5°H, °H)

Tritium contents of “modern” surface water in the studied regions
ranged between 2.2 to 13.7 TU (Table 5). Analyzed surface water had

Table 3

Average §'%0 values of thermal water and local geothermal gradients used for
estimating circulation depths and recharge elevations according to Eqs. (4) and
(5).

Location 51%0,, vT do
(%) (°Ckm™) (m below surface)
Neumiihle -10.4 29 55
Schonbrunn (453 m) -10.5 29 55
Warmbad -10.0 29 20
Georgsquelle -10.0 29 20
Siebenquell -10.0 26 20
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Table 4

Average chemical compositions, temperatures, field pH and electrical conductivities (EC) of analyzed ground- and thermal water based on samples from the GFZ field survey conducted in 2022-2024. Individual

measurements available in Prause et al. (2026).

Na* K+ Lit ca®t Mgt sr?t Feror Si0, TDS® CBE”
(%)

0.2~

NO3
(mg

HCO: Ccl™ Br—

pH EC

T (

Location

(mgLl™") (mgL™") (mgL™") @mgL" (mgL™) (mgL™" (mgL™) (mgL™") (@mgL™M

(mgL™)

(mg-L_l) (mg-L_l) (mg-L_l) (mg-L_l)

(mS-em™ 1)

°C)

LY

Thermal Water:

Neumiihle

0.3

5755
2410

1.3 21

16
5.8

15

1274
180

2.3 21 0.2 211 797 9.8 21
681 8.3

3349
1135

7.5 10.36 33

7.4 3.8

22.9

1.2

24

0.17

6.4

n.a. 240

6.5

6.1

75

33.6

Schonbrunn

(453 m)*
Warmbad

—-2.4

389
539

26
39
34

0.03
0.03

0.26
0.12
0.17

4.3

26
12
19

<1

4.3
5.3

70

29
13

31

19

0.13
<0.1
0.42

3.9
5.5
6.9

47
26
60

7.3 0.495 159

7.2 0.605
8.3 0.425

25

—-4.7

<1

116
65

318
92

23.9

Georgsquelle
Siebenquell

~_5°

<0.14 309-311

0.09

<1

<2.5

<0.1

31.9¢

Groundwater:

13 <1 <1 61 13 0.27 0.09 17 362 -0.4

46

<0.1 <0.1

0.28

23

11.5 7.3 0.454 189

Geilsdorf Deep

Well

Wiesenbad

75 6.1 <1 20 3.7 0.16 1.6 32 394 -3.3

22

4.7

0.514 165 58 3.3 0.1

7

18.4

Groundwater

Well

Radonquelle

10 1.3 <1 6.1 1.8 0.05 0.05 28 88 3.4

11

15 13 0.3 <0.1 0.29

5.8 0.1

9.6

WeiBenstadt
Briider Einigkeit

173 4.3 <1 108 23 1.2 0.09 10 987 1.3

<1.1 185

7.7 1.489 248 229 3.5 1.2

13.7

Mine Tunnel

 Total Dissolved Solids (inorganic only).

® Charge Balance Error = (3 cations-3 anions)/(3 cations+3 anions)e100%, where concentrations are in meq-L .

¢ Composition of the Schonbrunn (453 m) thermal water based on measurements from 1994 to 1996 obtained as part of DFG-Projects Nr. Str 376/2, Nr. Ka 902/3 (Prause et al., 2026).

4 Cooled down from ~53 °C prior to sampling.

¢ Between —5.3 and —4.5, reflecting variable K concentrations of 0-2.5 mg~L‘1 (see Prause et al., 2026).
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5180 of —13.9 to —3.9 %o SMOW and 52H of —103.8 to —24.5 %o SMOW
(Fig. 4a), plotting close to both the Global Meteoric Water Line (GMWL)
(Craig, 1961):

§*H=8x6%0+10 (6)

and the Local Meteoric Water Line (LMWL) for Germany (Stumpp et al.,
2014):

SPH=772x%x8%0+49 @

Stable isotope ratios of non-thermal groundwater and thermal water
fell within the same range as those of the surface water (Fig. 4b) but
showed less variation, with 5180 of —10.1 to —9.8 %o SMOW and 5%H of
—75.6 to —65.9 %o SMOW. Tritium contents of non-thermal ground-
water were slightly lower than those of surface water, ranging between
1.6 to 3.1 TU. By contrast, tritium contents of most thermal water were
much lower and below detection limits in most cases, the only exception
being the Warmbad thermal water, in which tritium contents ranged
between 2.2 to 2.5 TU.

4.3. Geothermometry

4.3.1. Empirical geothermometers

Results of empirical geothermometers for individual thermal waters
analyzed in this study are summarized in Table 6 and Fig. 5. All geo-
thermometers except for the Na-K geothermometer indicated tempera-
tures of < 100 °C for the studied locations. Estimated temperatures for
the same location were found to show significant variations between the
four Na-K geothermometers.

The conditions for applying an Mg correction to the Na-K-Ca geo-
thermometer were not fulfilled, either because calculated temperatures
were < 70 °C or because the calculated correction value of ATy was
negative for thermal water with R = Mgmeq/1./(M8meq/L+Cameq/1+Kmeq/
1) < 50 (Fournier and Potter, 1979). Hence, all results of the Na-K-Ca
geothermometer are reported without an Mg correction. A compre-
hensive review of the Mg correction procedure and the conditions for its
use are beyond the scope of this paper and the reader is instead referred
to Fournier and Potter (1979) for further details.

4.3.2. Multicomponent equilibrium geothermometry

According to MEG modeling the thermal water at Neumiihle equili-
brated with an assemblage of kaolinite, calcite, quartz, muscovite and
montmorillonite at a temperature of ~61 °C and underwent minor
degassing of 0.085 mmol CO,-kgw ! with little to no dilution by shallow
groundwater (Fig. 6a). The modeled equilibrium mineral assemblage of
the Schonbrunn (453 m) thermal water was identical to the one at
Neumiihle. Modeled reservoir temperatures at Schonbrunn were ~83
°C, applying a dilution factor of 1.5 and accounting for degassing of 0.7
mmol COZ-kgw*1 (Fig. 6b). At Warmbad and Georgsquelle, MEG
modeling suggested equilibration of both thermal waters with a mineral
assemblage consisting of kaolinite, quartz, calcite, saponite and clino-
chlore at temperatures of ~74 °C and ~86 °C, respectively, and no
significant degassing of CO» or dilution with groundwater (Fig. 6¢ and
d). At Siebenquell, a high dilution factor of 1.75, high extents of CO4
degassing of 1.5 mmol CO,-kgw ™! and an additional correction of Mg
activities by equilibration with clinochlore-14 A had to be included in
the model in order to find a feasible solution. Two equilibrium tem-
peratures were derived for the Siebenquell thermal water: ~85 °C,
assuming equilibration with chalcedony, kaolinite, clinochlore and
saponite and ~107 °C, assuming equilibration with quartz, calcite,
kaolinite and clinochlore.

4.3.3. Silica enthalpy mixing models

Temperatures estimated by the silica enthalpy mixing model were
generally higher than those derived from most of the empirical geo-
thermometers and MEG modeling. For Neumdiihle, the silica enthalpy
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Fig. 2. Piper diagram showing the compositions of samples included in this study. Diamond and square symbols indicate thermal water and non-thermal
groundwater, respectively. Relative abundances of anions and cations are in meq-L™'. Data from: Prause et al. (2026).

mixing model predicted a reservoir temperature of ~100 °C, and,
assuming mixing with non-thermal groundwater from the Geilsdorf
Deep Well, a fraction the deep hot water component Fyy of 0.13
(Fig. 7a). For the Schonbrunn (453 m) thermal water, mixing was
assumed with mine water from the Briider Einigkeit Mine Tunnel,
yielding temperatures of 133 °C and a fraction of Fyw of 0.17 (Fig. 7b).
The Georgsquelle thermal water was the only thermal water for which
predicted temperatures were high enough to include an estimate
assuming steam loss (Eq. (3)). If mixing with water from the Wiesenbad
Groundwater Well and steam loss were assumed, the estimated tem-
perature of the hot water component at Georgsquelle was estimated as
147 °C and the corresponding Fyw was 0.07 (Fig. 7c). Assuming no
steam loss, the estimated temperature of the hot water component was
195 °C and Fyw was 0.03 (Fig. 7c). Assuming mixing between the Sie-
benquell thermal water and the non-thermal groundwater from the
nearby Radonquelle spring, Fyw at Siebenquell was 0.23 and the tem-
perature of the hot water component was estimated as 105 °C (Fig. 7d).
For Warmbad, no corresponding local groundwater to serve as a po-
tential cold endmember was available. Since silica concentrations
measured at the Wiesenbad Groundwater Well were higher than the
ones in the Warmbad warm spring (Table 4), the silica enthalpy mixing
model could not be applied to these two waters.

4.4. Circulation depths and recharge elevations

Unless specified otherwise, temperatures predicted by MEG
modeling (Fig. 6), which included corrections for dilution and COy
degassing and which were generally compatible with results of the
empirical geothermometers, were used as values for Ty in Eq. (4). The
thermal waters of Neumiihle and Schonbrunn (453 m) from the SW-
Vogtland region had similar recharge elevations hr of 843-868 MASL
(meters above sealevel) (Table 7). The circulation depth of the Neu-
miihle thermal water was estimated to be ~1.8 km and thus significantly
shallower than that of the Schonbrunn (453 m) thermal water of ~2.6

km. Recharge elevation of the thermal waters of Warmbad and
Georgsquelle from the Central Erzgebirge region were nearly identical at
~757 MASL and ~758 MASL, respectively, and the waters were esti-
mated to have circulated to comparable depths of ~2.3 and ~2.7 km,
respectively (Table 7). For the Siebenquell thermal water, two circula-
tion depths were estimated based on a low temperature estimate of ~54
°C according to the chalcedony geothermometer (Table 6) and a higher
estimate assuming a temperature of ~107 °C, compatible with both the
results of the silica enthalpy mixing model and the maximum temper-
ature predicted by MEG modeling (Figs. 6e and 7d). The shallow esti-
mate for the Siebenquell thermal water was ~1.8 km, equal to the depth
of the Siebenquell borehole (Rockel and Stober, 2017), whereas the deep
estimate was ~3.8 km (Table 7). The estimated recharge elevation of the
Siebenquell thermal water was ~754 MASL.

5. Discussion
5.1. Reservoir temperatures

Among the empirical geothermometers, temperatures of < 100 °C
are predicted for each of the studied thermal waters by all but the Na-K
geothermometers, which in some cases indicated higher temperatures.
Furthermore, significant scattering was observed between the results of
individual Na-K geothermometers (Table 6, Fig. 5). The various Na-K
geothermometers are based on temperature sensitive cation exchange
reactions involving Na and K occurring between albite and orthoclase
(Fournier, 1979; Fournier and Truesdell, 1970). Because cation ex-
change slows down considerably at lower temperatures and dissolved
Na and K concentrations tend to be more strongly controlled by clay
minerals rather than feldspars under such conditions, the Na-K geo-
thermometer generally works best for reservoir temperatures of
180-350 °C, but may deliver inaccurate results outside of this temper-
ature range (Ellis, 1970, 1979; Giggenbach, 1988; Li et al., 2020;
Nicholson, 1993). Conversely, the slow re-equilibration of the Na-K
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Fig. 3. Chloride vs element plots for groundwater (squares) and thermal water (diamonds). Composition of the Neumiihle thermal water has shifted between 1961
and 2024 towards higher Cl, Ca, Mg, Na, SO4 and electrical conductivity (EC) while HCO3; has remained unaffected by this development. Data from: Prause

et al. (2026).

geothermometer also allows it to retain information of the deep reser-
voir, which can be lost due to the rapid re-equilibration of other geo-
thermometers (Nicholson, 1993; Simmons, 2013). This means that the
higher temperatures predicted by the Na-K geothermometers could be
either due to preservation of deep fluid-mineral equilibria not recorded
by the other empirical geothermometers or because reservoir conditions
were unsuitable for the application of a Na-K geothermometer. The
latter interpretation is considered more likely in this case, due to 1) the
high scattering between individual Na-K geothermometers, 2) all ther-
mal water having ratios for the molal concentrations of ,/mc, /mna
much higher than the proposed threshold value of unity for the appli-
cability of the Na-K geothermometer (Fournier and Truesdell, 1973) and
3) estimated temperatures by the Na-K geothermometers being gener-
ally below the recommended range of applicability of 180-350 °C for all
locations. A general failure of the Na-K and K-Mg geothermometer to
attain simultaneous equilibrium is also indicated by the Na-K-Mg
ternary diagram after Giggenbach (1988) (Fig. 8a), which indicated
only partial equilibrium for the thermal waters at Neumiihle and
Schonbrunn, while the thermal waters at Warmbad and Georgsquelle

were identified as “immature waters”, further highlighting that the re-
sults of the slowly-equilibrating Na-K geothermometer need to be
considered critically. Thus, it is suggested that the Na-K geothermometer
likely did not produce accurate results for the thermal waters investi-
gated in this study.

The K-Mg geothermometer (Giggenbach, 1988), which is based on
the relative stabilities of muscovite and clinochlore versus alkali feld-
spars at variable temperature, equilibrates much faster than the Na-K
geothermometer at lower temperatures and generally is most accurate
at temperatures < 150 °C (Li et al., 2020; Nicholson, 1993). Therefore,
even though Fig. 8A suggests no simultaneous equilibration of the Na-K
and K-Mg geothermometers, the K-Mg geothermometer may still deliver
reliable results, assuming that fluid-mineral equilibria involving K and
Mg in the reservoir are primarily controlled by the reactions outlined
above and no significant modification of the ionic ratios of K™ and Mg?",
e.g., due to mixing with shallower groundwater, boiling or
re-equilibration, has occurred (Li et al., 2020; Nicholson, 1993).

Like the K-Mg geothermometer, the silica geothermometer equili-
brates relatively quickly even at low temperatures and is known to
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Table 5

Ranges of stable isotope ratios of water (880 and 6°H) and tritium (°H) contents
of analyzed ground-, thermal and surface water. Individual measurements
available in Prause et al. (2026).

Location 520 (%o 8%H (% SMOW)  >H (TU)"
SMOW)

Thermal Water:

Neumiihle —10.5to —10.3 —70.9 to —69.7 <1.0

Schonbrunn (453 m) —10.7 to —10.3 —75.6 to —72.8 <1.2

Warmbad —10.2to —9.9 —67.5to —66.1 2.2t025

Georgsquelle —10.1 to —9.9 —68.0 to —65.9 <1.0

Siebenquell —10.1to —9.8 —67.9 to —66.3 <11

Groundwater:

Geilsdorf Deep Well —10.0 to —9.9 —69.6 to —67.8 1.6to 2.1

Briider Einigkeit Mine —10.1to —9.8 —69.5 to —68.0 2.6 to 3.1
Tunnel

Surface Water:

Hof (Rainwater) — DWD —13.9to —-3.9 —103.8 to 4.2t013.7
2022 —24.5

Geilsdorf (Rainwater) —7.4 to —4.9 —46.6 to —32.4 8.1t011.0

Kemnitzbach (River Water) —9.3to —8.8 —64.0 to —61.8 2.2t07.3

2 Values from 2022-2024.
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Fig. 4. Stable oxygen and hydrogen isotope ratios (6’0 and 5°H) of surface
water (triangles), groundwater (squares) and thermal water (diamonds)
included in this study. A) Range of isotopic ratios of surface water including
rainwater from 2022 from the local DWD weather station in the town of Hof,
sampled as part of the German Isotope Network (Schmidt et al., 2020 Koeniger
et al., in prep.). All surface water plotted close to both the Global Meteoric
Water Line (GMWL, Craig, 1961) and the Local Meteoric Water Line for Ger-
many (LMWL, Stumpp et al., 2014). B) Range of stable oxygen and hydrogen
isotope ratios of ground- and thermal water. Grey shaded area shows the range
of isotope ratios of surface water plotted in part A of the figure. All ground- and
thermal water plotted within the same range as local surface water. Data from:
Prause et al. (2026).

deliver reliable results at temperatures < 250 °C, assuming no modifi-
cation of aqueous silica concentration by water-rock interaction,
boiling, dilution or mixing with shallow groundwater between the
geothermal reservoir and the surface (Fournier, 1985; Nicholson, 1993).
Furthermore, the selection of the correct SiO; polymorph controlling
silica solubility in the reservoir is crucial for the precise determination of
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temperatures with this type of geothermometer. The activity of aqueous
silica is generally more likely to be controlled by chalcedony rather than
quartz at temperatures < 90-140 °C, especially in systems where the
availability of silica is low and pH reaches alkaline values, as is the case
in many well-studied Icelandic geothermal systems, typically hosted in
basaltic lithologies (Arnorsson, 1975; Fournier, 1985). However, as
noted by Arnorsson et al. (1983), the attainment of quartz equilibrium is
observed in several low-temperature geothermal systems outside of
Iceland. This observation is corroborated by the results of several studies
in both granitic and non-granitic geothermal systems, which indicated
that the equilibration of quartz below 100 °C is possible (Blasco et al.,
2017; Simmons, 2013; Zhao et al., 2023). In fact, the exact nature of the
silica polymorph controlling SiO3 54 activity is not a simple function of
temperature and quartz may well achieve stability at low temperatures
in relatively saline solutions, particularly if the availability of silica is
high and pH is about neutral or if residence times are sufficiently long
for significant water-rock interaction to take place (Arnorsson, 1975;
Arnorsson et al., 1983; Fournier, 1985; Morey et al., 1962). It is thus
helpful to consider geochemical signatures serving as proxies for the
extent of water-rock interaction when selecting a suitable silica geo-
thermometer. Chloride is often actively and passively enriched over the
course of water-rock interaction in deep aquifers and geothermal sys-
tems due to 1) dissolution of halite and admixture of saline brines, 2)
introduction of HCl from underlying magmatic bodies and 3) the
removal of HCO3 and SO4 as carbonates, e.g., calcite, and sulfates, e.g.,
anhydrite, precipitate during the heating of the recharging water
because of their retrograde solubilities (Alcicek et al., 2018; Giggen-
bach, 1988; Han et al., 2010; Hardie, 1990; Lowenstein and Risacher,
2009; Michard, 1990). Chloride enrichment at depth is then typically
preserved as the thermal water cools and rises to the surface, because Cl
usually maintains near full mobility and does not take part in any
mineral formation reactions in most cases. The thermal waters from the
SW-Vogtland region, Neumiihle and Schonbrunn (453 m), are both
highly evolved “mature” Cl-rich waters (Fig. 8b) and are both highly
mineralized based on measured TDS and EC while exhibiting low tritium
contents of < 1.2 TU, indicating extensive water-rock interaction
(Fig. 8c). While mineralization of the Georgsquelle, Siebenquell and
Warmbad thermal waters was an order of magnitude lower than for
Neumiihle and Schonbrunn (453 m), both Georgsquelle and Siebenquell
had comparably low tritium contents of < 1.1 TU, likewise suggesting
prolonged circulation (Fig. 8c). A comparison of the predicted temper-
atures using various different silica geothermometers with those of the
similarly quickly equilibrating K-Mg geothermometer (Giggenbach and
Goguel, 1989) is shown in Fig. 8d In this diagram, each of the plotted
curves signifies a range of water compositions where the temperatures
predicted by the K-Mg geothermometer fully agree with those of the
silica geothermometers of quartz, chalcedony, - and p-cristobalite and
amorphous silica. Plotting the composition of thermal water analyzed in
this study in this diagram indicates that silica solubility is likely
controlled by quartz at Neumiihle and Schonbrunn and either by quartz
or chalcedony at Georgsquelle. The stability of quartz in the Georgs-
quelle geothermal system is supported by the presence of hydrothermal
quartz mineralization in the Wiesenbad fault zone along which the
Georgsquelle thermal water ascends to the surface (Kuschka, 1997,
2002; von Storch et al., 2000). Although tritium contents of the
Warmbad thermal water were higher than for the other thermal waters
(Fig. 8c), Fig. 8d suggests that silica solubility may also alternatively be
controlled by chalcedony or quartz for this location. As mentioned
above, K concentrations of the Siebenquell thermal water could not be
constrained with sufficient confidence and thus Siebenquell was omitted
in Fig. 5d Varying K concentrations in a range of <1 but >0 mg-L™?
indicated silica solubility at Siebenquell to be controlled by chalcedony,
whereas assuming the maximum measured K concentration of 2.5
mg-L~! indicated silica solubility being controlled by quartz.

Unlike the Na-K and K-Mg geothermometers, the empirical geo-
thermometers for the systems Na-K-Ca (Fournier and Truesdell, 1973)
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Table 6
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Summarized results of empirical geothermometry. With the exception of the results for Schonbrunn (453 m), calculations are based on measurements from the
2022-2024 GFZ field survey (Prause et al., 2026). The results for Schonbrunn (453 m) are based on fluid compositions measured in 1994 to 1996 as part of
DFG-Projects Nr. Str 376/2 and Nr. Ka 902/3 (Prause et al., 2026). No geothermometers involving K concentrations were applied to the Siebenquell thermal water,
because K was not unambiguously constrained (see 4.1). Uncertainties (+x) are reported as two standard deviations of n measurements.

Geothermometers Neumiihle Schonbrunn Warmbad Georgsquelle Siebenquell
(453 m)
Teate (°C) n Teare (°C) n Teare (°C) n Teate (°C) n Teare (°C) n
Na-K (Santoyo and Diaz-Gonzales, 2010) 41 +8 20 41 £ 15 97 146 + 31 3 122 + 4 3 - -
Na-K (Fournier, 1979) 86 +7 20 85 + 14 97 178 + 26 3 158 + 4 3
Na-K (Giggenbach, 1988) 107 +7 20 106 + 14 97 196 + 25 3 177 £3 3
Na-K (Arnérsson and Gunnlaugsson, 1983) 48 +7 20 48 +£ 15 97 150 + 30 3 127 £ 4 3
Na-K-Ca (Fournier and Truesdell, 1973) 36 + 3 20 66 + 8 97 62+ 6 3 91 +3 3
Na-K-Ca-Mg (Nieva and Nieva, 1986) 57 +3 20 90 +9 97 27 +2 3 34+1 3
K-Mg (Giggenbach, 1988) 61 +3 20 67 £ 6 97 57 +6 3 70+ 1 3 - -
Quartz, conductive (Fournier, 1977) 65 + 4 20 70 +£5 46 74 +0 3 91 +4 3 85+ 0 2
Quartz, adiabatic (Fournier, 1977) 71+ 3 20 75+5 46 78 +0 3 93+3 3 88+ 0 2
Chalcedony, conductive (Fournier, 1977) 33+4 20 39+5 46 42 +0 3 60 + 4 3 54 +0 2
225 r
200 f
6\ F
¢ L
e 175 F [m}
o r
2 150 a o
] N
5 [
g 125 ¢
£ -
@ 100 £ — ——
3 : :
8 7°F  va @ = m
3 g o® " ] g =
w 0F l |
O F ] ] l::‘ O
25 ¢ g
: L 1 Il 1
Neumuhle | Schénbrunn | Warmbad |Georgsquelle| Siebenquell
(453 m)
CENTRAL ORE FICHTEL
SW-VOGTLAND
MOUNTAINS MOUNTAINS
W Quartz

Geothermometer:

@ Na-K m Na-K-Ca

0 Na-K-Ca-Mg  m K-Mg @ Chalcedony

Fig. 5. Results of different empirical geothermometers for thermal waters included in this study. Due to temperatures predicted by silica geothermometry being <
100 °C for all thermal waters, only results from the conductive quartz and chalcedony geothermometers are shown. Error bars indicate two standard deviations of n

measurements (see Table 6).

and Na-K-Ca-Mg (Nieva and Nieva, 1987) are not tied to a specific
equilibrium mineral assemblage but are calibrated based on large
chemical datasets of fluids of known composition and temperature.
Thus, their advantage lies in incorporating a much broader range of
possible water-rock reactions. The inclusion of Ca, however, may pre-
sent a problem in some cases, because this element is strongly linked to
the carbonate system and therefore any geothermometer relying on Ca
concentrations may be susceptible to variable pCO; (and therefore pH)
as well as carbonate dissolution or precipitation, especially at low
temperatures (Arnorsson et al., 1983; Giggenbach, 1988). Although the
inclusion of Mg in the Na-K-Ca-Mg geothermometer and the application
of a correction for Mg contents published for the Na-K-Ca geo-
thermometer (Fournier and Potter, 1979) partially mitigates this prob-
lem, the application of these geothermometers to bicarbonate water and
lower temperature (< 180 °C) systems may in some cases lead to inac-
curate results (Arnorsson et al., 1983; Li et al., 2020; Nicholson, 1993;
Pope et al., 1987).

Reservoir temperatures predicted by MEG fell within the same range
as those derived from empirical geothermometry (compare Figs. 5 and
6). Moreover, estimated dilution factors from MEG modeling may
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provide important insights into the validity of the assumption of mixing
with shallow groundwater required by the silica enthalpy mixing model:
No dilution was required in order for saturation indices to converge on a
feasible solution for the thermal waters at Neumiihle, Georgsquelle and
Warmbad. This may suggest that these waters are relatively undilute and
have experienced little to no mixing with shallow groundwater along
their flowpath to the surface. Results of the silica enthalpy mixing model
for the thermal waters at Neumiihle and Georgsquelle (Figs. 7a and c)
were therefore not included in the estimated range of reservoir tem-
peratures. In the case of the Schonbrunn (453 m) thermal water, the
temperature of 133 °C estimated by assuming mixing with water from
the Briider Einigkeit Mine Tunnel (Fig. 7b) far exceeded the range
defined by the results of the empirical geothermometers and MEG
modeling (Figs. 5 and 6). The Briider Einigkeit Mine Tunnel water also
contained between 2.6 to 3.1 TU tritium, whereas the Schonbrunn (453
m) thermal had tritium contents of < 1.2 TU (Table 5). Therefore, it can
be ruled out that the Schonbrunn (453 m) thermal water is a mixture
containing ~83 vol.% of the Briider Einigkeit Mine Tunnel water as
suggested by the silica enthalpy mixing model (Fig. 7b). Moreover,
mixing calculations (supplementary material S.2) revealed that the
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Fig. 6. Results of multicomponent equilibrium geothermometry derived for thermal water from A) Neumiihle, B) Schonbrunn, C) Warmbad, D) Georgsquelle and E)
Siebenquell. Equilibrium with kaolinite (Kln) was assumed to account for missing Al activities. In the case of Siebenquell, an additional correction of Mg activities

was applied by assuming equilibrium with clinochlore (Cle-14 A).

water from the Briider Einigkeit Mine Tunnel and the Schonbrunn (453
m) thermal water were unlikely to be related by simple two-component
mixing. Hence, although the Schénbrunn (453 m) thermal water may
have been diluted by groundwater along its flowpath according to MEG
(Fig. 6), it is concluded that the diluting component likely was a deep
groundwater with long average residence times and a potentially much
different silica concentration and enthalpy compared to the water from
the Briider Einigkeit Mine Tunnel. Thus, the results of the silica enthalpy
mixing model for the Schonbrunn (453 m) thermal water were not
included in our estimations of reservoir temperatures. At Siebenquell,
MEG modeling hinted at extensive dilution and indicated two separate
equilibrium mineral parageneses, consisting of kaolinite, clinochlore,
chalcedony and saponite at ~85 °C and kaolinite, clinochlore, quartz
and calcite at ~107 °C (Fig. 6e). This suggests that the thermal water
may have experienced significant mixing and/or re-equilibration on its
way to the surface. The higher temperature estimate is compatible with
the results of the silica enthalpy mixing model predicting temperatures
of ~105 °C. On the other hand, the temperature of ~54 °C predicted for
Siebenquell by the chalcedony geothermometer is independently sup-
ported by direct temperature measurements at the bottom and top of the
Siebenquell borehole of ~53.4 °C and ~53 °C, respectively (Rockel and
Stober, 2017). These observations suggest that a fraction of the Sie-
benquell thermal water may have originated from a deeper hotter
reservoir with temperatures of up to 107 °C before mixing with more
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shallow ground- and thermal water in the Siebenquell borehole followed
by re-equilibration of the mixture at a temperature of ~54 °C.

Taking into account the considerations on the applicability of various
empirical geothermometers to the individual thermal waters treated in
this study as outlined above, ranges for reservoir temperatures of each
thermal water were estimated as summarized in Table 8. If the result of a
specific geothermometer fell within 20 °C of sampling temperature, the
calculated temperature was assumed to be affected by re-equilibration
under close-to-surface conditions and not included in the final temper-
ature estimate (e.g., Fournier, 1973, 1981, Giggenbach 1988). This was
the case for the chalcedony geothermometer at Neumiihle, Schonbrunn
and Warmbad, the Na-K-Ca-Mg geothermometer at Wambad and
Georgsquelle as well as the Na-K-Ca geothermometer at Neumiihle
(compare Tables 4 and 6).

5.2. Recharge areas

Stable isotope ratios of '%0 and §2H of all thermal water fell within
the same range as regional surface water (Fig. 4b), indicating a clear
meteoric origin. No signs for the influence of magmatic volatiles, such as
HsS and HCl which may suggest a partially magmatic origin of thermal
water was observed (Fig. 8b).

For thermal water sourced from meteoric water, estimations of
recharge elevations in the form of Eq. (5) are commonly used in
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Fig. 7. Results of the silica enthalpy mixing model for A) Neumiihle, B) Schonbrunn, C) Georgsquelle and D) Siebenquell. The value of Fyy refers to the estimated

decimal volume fraction of hot water in mixed thermal water.

Table 7
Recharge elevations (hg) and circulation depths (d¢) estimated for thermal water
included in this study.

Location hg dc
(m above sea level) (km below surface)
Neumiihle 843 1.8
Schénbrunn (453 m) 868 2.6
Warmbad 757 2.3
Georgsquelle 758 2.7
Siebenquell (shallow) 754 1.8%
Siebenquell (deep) 754 3.8"

@ Shallow estimate, based on a reservoir temperature of 54 °C according to the
chalcedony geothermometer.

b Deep estimate, based on a maximum temperature of 107 °C according to
multicomponent equilibrium geothermometry and the silica enthalpy mixing
model.

geochemical surveys (e.g., Mao et al., 2021; Marques et al., 2003; Wang,
L. et al., 2023; Xiao et al., 2018). Such estimates are appropriate for
early-stage geochemical surveys where detailed data is generally un-
available. In the case of this study, all estimates are based on the
composition of thermal water that has been sampled at or near the
spring, without detailed information on reservoir conditions in several
km depth. Values for 880y, are subject to both short-term inter-annual
variations as well as long-term climatic effects, which may influence the
estimated recharge elevation according to Eq. (5), particularly if a sys-
tem contains significant fractions of water that recharged during the last
few thousands to tens of thousands of years (Waltgenbach et al., 2021;
Weisser et al., 2024; Winter et al., 2024). Furthermore, the studied
systems likely recharged over a range of elevations, rather than origi-
nating from only one point of recharge at a single well-defined elevation.
Mixing with meteoric water from lower altitudes would modify §'%0,
signatures of the thermal water towards less negative values, potentially
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leading to an underestimation of the maximum recharge elevation. For
these reasons, all recharge elevations derived in the form of Eq. (5)
should explicitly be treated as first-order estimates, primarily aimed at
constraining main recharge areas.

Estimated recharge elevations for Neumiihle and Schonbrunn (453
m) ranged between 843 and 868 MASL (Table 7), indicating a common
recharge area. The closest topographic elevation of sufficient height is
Aschberg mountain near Klingenthal to the east of both Neumiihle and
Schonbrunn (50.390°N, 12.509°E) rising to a height of ~936 MASL
(Fig. 9a).

At Warmbad and Georgsquelle, estimated recharge elevations were
~757-758 MASL, placing their most likely recharge area in the nearby
Ore Mountains (Fig. 9b). The Georgsquelle warm spring is located on the
NW-SE striking Wiesenbad fault, whereas the Warmbad warm spring is
located on the Marienberg block of the NW-SE striking Neugeboren-
Kindlein fault, belonging to the larger Warmbad-Chomutov fault sys-
tem. The plateau of the Marienberg block reaches up to the top of the
Ore Mountains near Kiihnhaide-Reitzenhain (50.561°N, 13.219°E) and
the basalt dome Hirtstein (50.536°N, 13.193°E) with altitudes from
700-840 MASL. The recharge area of the Wiesenbad fault is flanked
southwest by the basalt domes Pohlberg (50.574°N, 13.031°E) and
Barenstein (50.508°N, 13.019°E) and reaches up to the Satzung-
Hirtstein area at an altitude of 840-850 MASL. These elevations are
compatible with the estimated recharge elevations, suggesting that the
respective geothermal reservoirs were likely recharged by water
migrating along these two fault systems.

At Siebenquell, the estimated recharge elevation was ~754 MASL,
identifying the 877 m high granite plateau of GroRer Waldstein
(50.129°N, 11.855°E), located 3-4 km northwest of WeiBenstadt as the
closest recharge area for this system. Further likely recharge areas of the
Siebenquell system include the Schneeberg (50.052°N, 11.854°E) and
Ochsenkopf (50.031°N, 11.809°E) mountains to the south/southwest
(Fig. 9¢).
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shallow groundwater, whereas the Neumiihle and Schonbrunn (453 m) thermal waters are partially equilibrated, indicating relatively more extensive chemical
exchange with host rock in their respective reservoirs. B) Cl-SO4-HCO3 ternary diagram (Giggenbach, 1991). Thermal waters from Siebenquell, Warmbad and
Georgsquelle are high in HCO3, low to intermediate in Cl and low in SOy, indicating peripheral waters, reflecting either low degrees of water-rock interaction,
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Cl-rich “mature” waters that have undergone higher extents of water-rock interaction, supporting the results of the Na-K-Mg ternary diagram. None of the thermal
waters plotted near the fields for steam heated or volcanic waters, which indicates a general absence of the influence of HyS-rich vapors and H,S-HCl-bearing
magmatic fluids as may frequently be observed in volcanically active regions. C) Ranges of tritium contents (TU) as indicator of average residence time vs total
dissolved solids (TDS) and electrical conductivity (EC) as indicators of mineralization and water-rock interaction for analyzed ground- and thermal water. Tritium
contents refer to recent (2022-2024) values for all locations except for Schonbrunn (453 m), where no new sampling could be carried out. Hence, tritium contents for
Schonbrunn (453 m) refer to values measured between 1992-1994 as reported in Prause et al. (2026). D) Plot of cK2/cMg vs ¢SiO5 (Giggenbach and Goguel, 1989).
Solid and dashed lines indicate hypothetical fluid compositions for which temperatures predicted by the K-Mg geothermometer and various silica geothermometers
are in full agreement. Water compositions suggest that silica solubility is controlled by quartz at Neumiihle and Schonbrunn (453 m) and either by quartz or
chalcedony at Georgsquelle and Warmbad.

5.3. Origin and circulation of thermal waters 5.9-10.5 pmC, for the Schonbrunn (453 m) and Neumiihle thermal
waters (von Storch, 1998; von Storch et al., 2000). This combination of

Simplified conceptual models of the geothermal systems in the re- high average residence times, high Cl and extensive mineralization
gions of the SW-Vogtland, the Central Ore Mountains and the Fichtel suggests that the Neumiihle and Schonbrunn reservoirs are structurally
Mountains are synthesized based on the results of this study and isolated and receive limited recharge from modern meteoric water. In
currently available models of subsurface geology (Stephan et al., 2015, addition, the high mineralization and particularly high Cl concentra-
2018) (Figs. 10-12). Each conceptual model is discussed in detail below. tions of the Neumdiihle and Schonbrunn (453 m) thermal waters may
have implications on their utilization for deep geothermal energy,

5.3.1. Neumiihle and Schonbrunn because of potential scaling and corrosion effects on well pipes (Agemar

The thermal waters of Neumiihle and Schonbrunn (453 m) from the et al., 2014a; Kaya and Hoshan, 2005; Nogara and Zarrouk, 2018; Xu
SW-Vogtland likely recharge at Aschberg mountain at elevations of et al., 2022).

~843-868 MASL. Both thermal waters are highly evolved, mature Cl- Mineralization of the Neumiihle thermal water was about twice as
rich waters (Figs. 2 and 8b), which are commonly produced by pro- high when compared to the Schonbrunn (453 m) thermal water
longed water-rock interaction in deep aquifers, as a result of a combi- (Table 4), which is at least partially explained by the Neumiihle thermal
nation of the removal of HCO3 and SO4 from solution through the water being largely undilute, whereas the Schonbrunn (453 m) thermal
formation of carbonates and sulfates upon heating and, in some cases, water shows signs of dilution by groundwater between the reservoir and
cation exchange, breakdown of halite, plagioclase and pyroxene as well the warm spring (Figs. 6a and b). Due to the low tritium concentrations
as admixture of deep brines (Chen et al., 2024; Hardie, 1990; Li et al., in the Schonbrunn (453 m) thermal water and the depth of the warm
2024; Lowenstein and Risacher, 2009; Wang, H. et al., 2023). As a result spring, being located 453 m underground, the diluting component was
of their prolonged deep circulation, both waters are highly mineralized likely a deep groundwater with a high average residence time.

and exhibit very low tritium concentrations (Fig. 8c), which were below The composition of the Neumiihle thermal water has undergone a
detection limit in most cases, even for the older Schonbrunn (453 m) systematic development from a Na-Cl type towards a Ca-Cl type between
legacy data from 1992 to 1994. In concordance with our assessments, 1961 and 2024 (Fig. 2), which was accompanied by an increase in the
high average residence times on the order of several tens of thousands of concentrations of Cl, Ca, Mg, Na and SO4, whereas HCO3 remained
years have been estimated based on measured 1*C concentrations of largely unaffected by changing fluid compositions (Fig. 3). The high Ca
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Table 8

Ranges of reservoir temperatures predicted for studied geothermal systems. For
detailed information on how geothermometers were selected for each location
see text (5.1).

Estimated Reservoir
Temperatures

Location Geothermometers

Neumiihle Quartz, conductive 54-69 °C
K-Mg

Na-K-Ca-Mg

MEG

Quartz, conductive
K-Mg

Na-K-Ca
Na-K-Ca-Mg

MEG

Quartz, conductive
K-Mg

Na-K-Ca

MEG

Chalcedony
Quartz, conductive
K-Mg

Na-K-Ca

MEG

Chalcedony

Schénbrunn (453 m) 58-99 °C

Warmbad 51-74 °C

Georgsquelle 56-95 °C

Siebenquell (shallow 54 °C?
reservoir)
Siebenquell (deep

reservoir)

MEG
SiO, Enthalpy

105-107 °C

# Supported by in-situ temperature measurements of 53-53.4 °C (Rockel and
Stober, 2017).

concentrations of the Neumiihle warm spring have previously been
attributed to calcite dissolution at depth (Schiitzel and Hosel, 1962). Yet,
this hypothesis does not explain the simultaneous increase of the con-
centrations of Mg, Na, SO4 and Cl and, more importantly, it is contra-
dicted by the absence of any kind of correlation between Ca and HCOj3 in
long term chemical trends (Fig. 3). In fact, calculating the saturation
index of calcite for the Neumiihle thermal water using PHREEQC sug-
gests slight calcite supersaturation (SI ~ 0.23), reflecting, if anything,
conditions more conducive to calcite precipitation rather than dissolu-
tion. However, considering the long residence times and isolated
reservoir conditions at Neumiihle, combined with the fact that thermal
water often quickly reaches saturation with respect to calcite in the
reservoir (Arnorsson, 1989), the observed supersaturation at the spring
does not necessarily imply calcite precipitation either; rather, a slight
supersaturation of calcite was more likely caused by minor amounts of
CO., degassing and associated pH increase upon depressurization of the
thermal water on the way to the surface (Cosmo et al., 2022; Palandri
and Reed, 2001; Pang and Reed, 1998) as reflected in the MEG model
(Fig. 6a). Furthermore, mixing calculations (supplementary material
S.2) also indicated that the compositional drift over time observed at
Neumiihle could not be explained by simple two-component mixing
between a deep thermal water and a shallower groundwater. Thus, the
most likely explanation for the observed chemical evolution of the
Neumiihle warm spring is that the continued extraction of thermal water
has, over time, allowed highly saline water, which had been extensively
affected by water-rock interaction in the deep reservoir, to reach the
surface. Because of the likely isolated reservoir and limited recharge at
Neumiihle, decreasing water-rock ratios in the reservoir due to
continued extraction of thermal water may have contributed further to
changes in composition and rising mineralization over time.

An estimated circulation depth of ~2.6 km confirms the association
of the Schonbrunn (453 m) thermal water with the concealed granite
pluton of Eichigt-Schonbrunn the exact boundaries of which currently
remain poorly constrained. Although the estimated circulation depth of
~1.8 km for the Neumiihle thermal water is much shallower by com-
parison, MEG modeling suggested that both the Neumiihle and
Schonbrunn (453 m) thermal waters have equilibrated with the same
mineral assemblage consisting of calcite, muscovite, kaolinite,
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montmorillonite and quartz in their respective reservoirs (Fig. 6a and b),
which supports the hypothesis that the reservoir of the Neumiihle
thermal water is also situated in the Eichigt-Schonbrunn granite or a
mineralogically highly similar reservoir rock.

5.3.2. Warmbad and Georgsquelle

Both the Warmbad and Georgsquelle thermal waters likely recharge
at a topographic elevation of ~758 MASL in the nearby Ore Mountains.
The estimated circulation depths at Warmbad and Georgsquelle are
~2.3 and ~2.7 km, respectively, indicating that they interacted with
similar lithologies of local igneous and metamorphic felsic rock, i.e.,
granite and gneiss, which accounts for the identical equilibrium mineral
paragenesis of quartz, calcite, kaolinite, saponite and clinochlore of both
reservoirs (Fig. 6¢ and d). The Georgsquelle and Warmbad thermal
waters are mostly undiluted by shallow groundwater according to MEG
modeling but are less mineralized and less equilibrated compared to the
thermal waters of Neumiihle and Schonbrunn (453 m) (Fig. 8a), despite
having interacted with similar lithologies at comparable temperatures in
their respective reservoirs. This suggests comparatively more vigorous
recharge and faster turnover rates of the Georgsquelle and Warmbad
thermal waters, contrasting with the more isolated reservoirs at Neu-
miihle and Schonbrunn.

Given the absence of dilution at Georgsquelle, the observed combi-
nation of moderate mineralization and low tritium contents suggests
that the reservoir is mostly recharged by groundwater with a high
average residence time. By contrast, the Warmbad thermal water, while
overall similar to the Georgsquelle thermal water in terms of composi-
tion, was slightly less mineralized and its tritium contents were indica-
tive of much shorter average residence times (Fig. 8c). Previous
investigations indicated that the Warmbad warm spring may be more
strongly affected by admixture of a “young” water component, with
average residence times of < 40 years (von Storch, 1998). According to
von Storch (1998), this fraction is about 18% at Warmbad as opposed to
only 7% at Georgsquelle. The absence of dilution of the Warmbad
thermal water either suggests that the admixture of water with a lower
average residence time must have occurred during recharge or that
residence times in the Warmbad geothermal reservoir are shorter by
comparison to those of the Georgsquelle reservoir. A likely explanation
is that the Warmbad geothermal system is hydraulically more open than
the Georgsquelle geothermal system due to being focused along the
Warmbad-Chomutov fault system whose trace is continuously exposed
at the surface over the entire length from the recharge area to the warm
spring.

Both the Warmbad and Georgsquelle thermal waters are character-
ized by high relative contents of Na and HCOs, with the Georgsquelle
thermal water being more strongly dominated by these dissolved species
than the Warmbad thermal water (Fig. 2). The formation of Na-HCO3
type thermal water has previously been described in a number of other
locations worldwide through a combination of increased CO, input,
plagioclase hydrolysis and, in some cases, cation exchange and calcite
formation (Banks and Frengstad, 2006; Chae et al., 2006; Jeong et al.,
2005; Marques et al., 2006). The 513C ratios of dissolved CO5 in thermal
water are -13 + 0.7 %o at Warmbad and —10.4 + 0.6 %o at Georgsquelle
(Prause et al., 2026), suggesting an origin in thermometamorphic CO5
release from organic-rich sediments, such as metapelites, and inorganic
carbonates at depth (Hoefs, 2009). Fault-bound migration would have
allowed released CO; to come into contact with the geothermal reser-
voir, where it would have interacted with water, resulting in the for-
mation of carbonic acid:

CO,(g) + Hy0=2H,CO;5 ®

This in turn would promote the breakdown of plagioclase and alkali
feldspars, leading to the accumulation of Na, K, Ca and H4SiO4 in so-
lution and producing alkalinity in the form of HCOgs, as exemplified by
the following reaction equations:



S. Prause et al. Geothermics 139 (2026) 103677

Recharge

F5P

& -7 f;z“ , =, \
\QE LSNITZ/\V/ QG
; '1"~'v :
Recharge
ooty

Location Elevation
‘ Schénbrunn (453 m) m ASL
’ Neumdihle < 200
- Faults 200 - 400
Major Faults 400 - 700
700 - 800
[ > 800

Location Elevation Location Elevation
‘ Georgsquelle m ASL 1S ¥ | ‘ Siebenquell m ASL
@ Warmbad <s0 | [P Faults < 600
Faults 500 - 600 _g Major Faults 600 - 700
Major Faults 600 - 700 | = 700 - 800
6 8 10 700 - 800 800 - 1.000 |
[Fam J > 500 ] I > .00

Fig. 9. Overview of most likely recharge areas and flow paths of the geothermal systems at A) Neumiihle and Schénbrunn, B) Georgsquelle and Warmbad and C)
Siebenquell.
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Fig. 10. Simplified conceptual model for the geothermal system producing the thermal waters of the SW-Vogtland region. Recharge occurs at Aschberg at a
topographic elevation of ~843-868 m above sea level (MASL). Groundwater migration in phyllite occurs primarily along permeable faults and fractures connected to
regional swarm seismicity (e.g., Sonnabend et al., 2023) before infiltrating the concealed granite massif of Eichigt-Schonbrunn and equilibrating with a reservoir at
~2.6 km depth below the surface at temperatures of ~58-99 °C. Rapid upwards migration of thermal water from this reservoir occurs along the steep permeable
NW-SE to NNW-SSE striking fault system uncovered in 1973 during mining activity on the 453 m level of the Schonbrunn/Bosenbrunn fluorite mine. Deep
non-thermal groundwater mixes with uprising thermal water along the upflow zone. A portion of the deep thermal water re-equilibrates with a shallower reservoir at
~1.8 km depth below the surface, where temperatures range between ~54-69 °C. Thermal water from this reservoir reaches the surface through a separate
permeable fault system connected to the Neumiihle warm spring without undergoing significant dilution by non-thermal groundwater.
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Fig. 11. Simplified conceptual model for the geothermal systems producing the thermal waters of the Central Ore Mountains. A) Recharge of the Georgsquelle
geothermal system occurs in the Ore Mountains at a topographic elevation of ~758 m above sea level (MASL). Infiltrating water migrates along a system of
permeable faults into the granite hosted geothermal reservoir at ~2.7 km depth. Reservoir temperatures range between ~56-95 °C. The additional input of COy
along deep reaching faults enriches the water in carbonic acid and promotes the breakdown of Na-rich plagioclase, giving the Georgsquelle thermal water its distinct
Na-HCOj3 character. Reacted thermal water from the reservoir migrates upwards towards the Georgsquelle warm spring along the Wiesenbad Fault System. B) The
Warmbad geothermal system likewise recharges in the Ore Mountains at a topographic elevation of ~757 m above sea level (MASL). Migration of thermal water is
focused along the Warmbad-Chomutov fault zone, striking parallel to the shown profile. This circulation system is hydraulically more open compared to the
Georgsquelle system, enabling the infiltration of younger meteoric water along the flowpath to the reservoir, thereby adding tritium. Thermal water equilibrates with
the reservoir at a depth of ~2.3 km below the surface, where temperatures are ~51-74 °C, before reaching the Warmbad warm spring.
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Fig. 12. Simplified conceptual model for the geothermal system producing the Siebenquell thermal water. The system is recharged both to the North and South of the
Siebenquell warm spring at Groer Waldstein, Schneeberg and Ochsenkopf (not shown) along permeable faults and fractures. Infiltrating water is enriched in F due to
interaction with local high-F mica granites at elevated temperatures. Waters from different depths, including deep non-thermal groundwater, flow into the ~1.8 km
deep open Siebenquell borehole along fault-bound permeable inflow zones at depths of ~682-689 m, ~1041-1059 m, ~1450-1562 m and ~1821-1831 m below the
surface (Rockel and Stober, 2017). A possible contribution of a deeper reservoir at ~3.8 km below the surface where temperatures are up to ~107 °C is indicated by
results from the silica enthalpy mixing model and MEG. The resulting mixed water re-equilibrates in the Siebenquell borehole at temperatures of ~54 °C before
reaching the Siebenquell warm spring.
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2NaAlSi3Og(aite) + 2H2C03 + 9H20—Al>Si205(OH) 4 waotinite) + 2Na*
+ 2HCO; + 4H,SiO,
9
CaAl,Si;Os(anorthite) + 2H2C03 + Hy0—Al,S1505(0H) 4 soinice) + C2°F
+ 2HCO;
(10)
2KAISi3O0gkssp) + 2H2CO3 4 9H;0—AlySi505 (OH) 4 agtinite) + 2K

Considering the generally poor solubility of Si, excess silicic acid
would be expected to lead to secondary quartz or chalcedony precipi-
tation according to the reaction:

H4Sio4_’Si02(quartz or chalcedony) + ZHZO (12)

Plagioclase composition in granitic reservoirs can be expected to be
overall more sodic rather than calcic and hence the release of Na (Eq.
(9)) may outweigh that of Ca (Eq. (10)). If any breakdown of Ca-rich
plagioclase occurred, the accumulation of dissolved Ca could be
balanced out to some extent by simultaneous precipitation of calcite,
facilitated by high alkalinity:

Ca*" + 2HCO; —CaCOs(caicite) + COs + Hy0 (13)

Hence, Ca accumulation in the reacting geothermal fluid from
anorthite breakdown may be negligible or less than the accumulation of
Na from the dissolution of albite, thereby causing the geothermal fluid to
evolve towards a Na-HCO3 type. Evidence for this process can be found
in the low Cl/Na ratios and high SiO5 concentrations of the Georgsquelle
warm spring (Table 2), which suggests that dissolved Na primarily
originates from silicate breakdown as opposed to NaCl dissolution or
brine input. A lack of evidence for pH changes due to CO; degassing in
the Warmbad and Georgsquelle thermal waters suggests that CO, re-
mains chemically rather than physically dissolved during the ascent to
the surface, which may be facilitated by enhanced alkalinity. The higher
Na and HCOj3 concentrations of the Georgsquelle thermal water
compared to the Warmbad thermal water are therefore interpreted as
being due to elevated CO2 supply and enhanced granite weathering,
likely further promoted by the comparatively higher reservoir temper-
atures and residence times in the Georgsquelle geothermal system.

5.3.3. Siebenquell

Because the Siebenquell borehole was not directly accessible, all
analyzed thermal water had already cooled down to ~32 °C under
surface conditions prior to sampling. This may have caused changes in
redox state, pH and major element composition, e.g., via mineral pre-
cipitation. In addition, the Siebenquell geothermal system was tapped
fairly recently by a deep drilling project in October to December 2013
and pumping tests between 2013 and 2014 recorded highly variable
fluid compositions as a function of both time and depth (Rockel and
Stober, 2017). It is therefore possible that the system was still in the
process of undergoing re-equilibration during our 2022-2024 field
survey, which would explain the observed fluctuations in fluid compo-
sition, such as highly variable K concentrations, preventing the use of
empirical geothermometers except for the silica geothermometer. The
combination of these factors complicates the assessment of reservoir
conditions at Siebenquell based on presently available data.

The Siebenquell geothermal system recharges from a topographic
elevation of ~754 MASL, identifying the nearby granite plateau of
Grofier Waldstein to the north and the Schneeberg and Ochsenkopf
mountains to the south as the most likely recharge areas. The chalced-
ony geothermometer predicts a temperature of ~54 °C at Siebenquell,
which is a near perfect match with the temperature of 53 °C at which the
thermal water emerges from the well and the measured temperature of
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53.4 °C at the bottom of the Siebenquell borehole (Rockel and Stober,
2017). MEG modeling indicates a dual distribution of equilibrium
minerals at both ~85 and ~107 °C (Fig. 6e), with the latter temperature
being supported by the results of the silica enthalpy mixing model. The
dual distribution of equilibrium minerals at different temperatures in
the MEG model may suggest re-equilibration of thermal water from a
hotter deeper reservoir with a relatively colder reservoir during ascent
to the surface. Additionally, significant degassing of 1.5 mmol
COy-kgw ! appears to have occurred in the Siebenquell thermal water
between the reservoir(s) and the point of sampling (Fig. 6e), most likely
during the above-mentioned time delay between the thermal water
reaching the surface and the sample being obtained. This also explains
the significantly more alkaline pH of the Siebenquell thermal water
compared to the other thermal waters analyzed in this study (Table 4).

Very low tritium contents and high F concentrations in the Sie-
benquell thermal water as well as its Na-Cl character are the product of
extensive water-rock interaction at elevated temperatures in a deep,
relatively isolated granitic reservoir. Results of MEG and the silica
enthalpy mixing model suggested extensive mixing and dilution of deep
hot thermal water with shallower groundwater (Figs. 6e and 7d). The
borehole at Siebenquell is cemented between 0-325 m and a packer is
installed beneath this depth to ensure that the water reaching the surface
is sourced from depths > 580 m (Rockel and Stober, 2017). It follows
that mixing between different ground- and thermal waters may have
occurred along the primarily fault-bound inflow zones into the uncased
well at depths of ~682-689 m, ~1041-1059 m, ~1450-1562 m and
~1821-1831 m (Rockel and Stober, 2017). Given these relatively great
depths, the diluting component may have been groundwater with a long
average residence time, which is consistent with the low tritium con-
tents in the Siebenquell thermal water (Fig. 8c).

6. Conclusions

The Western Bohemian Massif hosts a regionally developed yet
underexplored geothermal resource potentially suitable for direct use
applications. A systematic analysis of local warm spring waters indicates
that the regional geothermal systems are recharged by meteoric water
and typically have reservoir temperatures of < 100 °C, together defining
a coherent class of fault-controlled low-enthalpy hot-water type systems.
Circulation between the surface and the local radiogenically heated
granitic reservoirs at ~2-4 km depth is focused along persistent
permeable fault networks.

Hydrochemical variations between individual thermal waters pri-
marily reflect structural differences between regional geothermal sys-
tems rather than differences in reservoir lithology, temperature or
nature of the heat source. The highly mineralized Cl-rich and tritium
depleted thermal waters of the SW-Vogtland region (Neumiihle and
Schonbrunn) originate from structurally isolated reservoirs receiving
minimal recharge from modern precipitation. By contrast, the more
hydraulically open geothermal systems in the Central Ore Mountains
(Warmbad and Georgsquelle) produce less equilibrated bicarbonate
waters of intermediate mineralization and, in the case of Warmbad,
detectable tritium, reflecting faster recharge and turnover rates. The
Siebenquell thermal water is the product of complex mixing and re-
equilibration processes initiated by the intersection of the uncased
borehole with multiple permeable fault systems, highlighting the effects
of structural complexities when estimating reservoir conditions. Taken
together, these findings demonstrate that hydraulic connectivity plays a
key role in controlling the hydrochemistry of warm spring water origi-
nating from low-enthalpy geothermal systems hosted in crystalline
basement rock.
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