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Abstract 

The Baden-Baden thermal springs, among the hottest in Germany, emerge on the south-eastern slope of Florentiner-
berg, c. 25 m above the Oos valley floor. These Na-Cl-rich waters, with temperatures up to 69 °C, originate from a deep 
reservoir within the crystalline basement, likely the Nordschwarzwald batholith. New investigations, including hydro-
chemistry, isotopic data, geothermometry, and structural geological data reveal a deep origin for these waters 
with reservoir temperatures of c. 176 °C as constrained from various methods. Although the thermal waters (springs, 
boreholes) emerge from different lithologies (granites, metamorphic schists, Upper Carboniferous rocks), major 
and trace element concentrations are very similar implying no or only little impact of the different lithologies. The 
thermal waters are of Holocene age, recharged by meteoric water in c. 900 m asl. Holocene age is backed up by recal-
culated 14C data yielding a mean residence time of 10,800 years. Hydrochemical and isotopic data indicate interaction 
with granitic rocks in the subsurface. NE-trending structures in Baden-Baden likely act as hydraulic barriers forcing 
the thermal waters to the surface. While none of the faults in the thermal spring area is favorably oriented in the stress 
field it is suggested that the steep SE-plunging intersection of their damage zones facilitate their ascent.
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1  Introduction
Faults play a crucial role in the migration of fluids within 
the crust, often acting as the principal conduits for 
groundwater, hydrocarbons, and hydrothermal fluids 
(Mitjanas et al., 2024, Faulkner et al., 2010, Agemar et al., 
2017, Stober et  al., 2016, Bucher et  al., 2009a, 2009b; 

Caine et  al., 1996). Large fault zones develop clay-rich, 
predominant plastically deforming shear zones in their 
cores, surrounded by predominant brittlely deforming 
damage zones with enhanced hydraulic conductivity (e.g. 
Caine et al., 1996; Choi et al., 2016) enabling hot fluids to 
rise from the depth and form thermal springs at the earth 
surface unless no sealing rocks inhibit their free outflow. 
However, prior to drilling into, hydraulic properties of 
faults are unknown and frequently they exhibit both, high 
and low permeablities. Topographic differences between 
mountains and valleys often induce high hydraulic gra-
dients, which are the driving force and precondition of 
a deep fluid circulation system, recharged by meteoric 
water infiltrating in the mountains and discharged as 
thermal springs at the foothills. Highly permeable, steep 
structures like fault zones are necessary to drain, collect, 
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and transport thermal waters to the surface, whereas 
the fault core could act as a hydraulic barrier inhibiting 
across-fault flow and the damage zone as ascending path 
for deep thermal waters (e.g. Stober, 1995; Faulkner et al., 
2010; Mitjanas et al., 2024).

The up to 69  °C hot thermal springs of Baden-Baden 
are located close to the Eastern Main Boundary Fault 
(EMBF) system of the Upper Rhine Graben (URG, 
Fig. 1) along with other thermal springs, but with lower 
outflow temperatures of < 40  °C. The Baden-Baden 
thermal springs emerge on the south-eastern slope 
of the Florentinerberg from the depth with outflow 
temperatures between 52.1 and 69  °C. These springs 
are renowned as the hottest, most enriched in dissolved 
solids in Baden-Württemberg with sodium and chloride 
as the main components.

The free outflowing thermal springs are known since 
ancient times, at least since the early third century, docu-
mented by relic Roman ruins, or even since Keltic times. 
In historical times, the original spring in the basement 
of the Old Steam Bath was the most important and most 
productive main spring in the thermal district, with a 
flow rate of 113 m3 d−1. The thermal water was used for 

bathing and drinking cures. From the sixteenth century 
until a few years ago, the hot water was also used for well 
cures with therapeutic benefits (e.g. Sanner, 2000; Maus 
& Sauer, 1972; Sauer, 1966). Since the 1870ies, the ther-
mal springs are tapped by subhorizontal artificial gal-
leries (Friedrichstollen, Kirchstollen) driven into Upper 
Carboniferous sedimentary rocks to collect the thermal 
water for utilization in the spa areas. The total flow rate 
of all thermal springs exceeds 800 m3 d−1. In the 1960ies 
two 302  m and 553  m deep wells (Florentinerquelle I, 
II), north of the thermal spring galleries, were drilled to 
increase the production rate. The two wells tapped the 
same water type as found in the thermal springs (Maus & 
Sauer, 1972).

First systematic geological investigations in the area 
of the thermal springs were carried out at an early 
stage, as well as initial considerations on the origin and 
genesis of the highly mineralized hot waters (e.g. Eisele, 
1907; Bilharz, 1934; Kiderlen, 1953; Sittig, 1965; Carlé, 
1975). However, the high salinity of the waters has 
often been associated with halite-bearing layers in the 
URG (Kiderlen, 1953; Sauer, 1966; Carlé, 1975; Metz, 
1977). In the years that followed detailed geological 

Fig. 1  Geological overview of the investigation area modified from the map viewer of the LGRB (https://​maps.​lgrb-​bw.​de). The inset map (lower 
right) shows the location of the investigation area in Europe, SW-Germany. Mountains are highlighted with numbers referring to their altitudes 
in meter above sea level (BH: Badener Höhe, M: Merkur, FB: Fremersberg, B: Battert, HB: Hardberg). Boreholes: B1: Baden-Baden 1; B2: Baden-Baden 2 
(Staufenberg); FQ1&2: Florentinerquelle I, II; ROT2: Gaggenau-Rotenfels 2. GSZ: Glashütte shear zone; BBSZ: Baden-Baden shear zone; EMBF: Eastern 
Main Boundary Fault; RTF: Rotenbach fault. The black arrows indicate trend of maximum horizontal stress axis (SH). See also Fig. 6c

https://maps.lgrb-bw.de
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investigations in the Baden-Baden area were carried 
out by Sittig (1965), Löffler (1988, ), Fröhler and Leb-
ede (1987), Zuther and Brockamp (1988), Wickert et al. 
(1990), Montenari and Servais (2000), and Eisbacher 
and Fielitz (2010). Between 1980 and 1989 a tunnel was 
built on the western side of the Oos valley to relieve 
traffic volume in the city center. Within the tunnel 
slightly elevated temperatures and water with elevated 
concentrations (TDS) were observed (Müller-Hereth, 
1982; Fröhler & Lebede, 1987; Basler, 1989b). Addition-
ally, from the late 1960s to 1990s major investigations 
(boreholes, trenches) for underground constructions 
(parking garages, tunnel) in the city area provided new 
geological data, which are considered in the official 
geological map (https://​maps.​lgrb-​bw.​de).

First modern hydrogeological investigations concern-
ing origin and development of the main water com-
ponents were carried out by Stober (1995, 1996) and 
Stober and Bucher (1999a, 2004), deducing the main 
water components as well as the high salinity by a 
deep circulation system and by chemical interaction of 
meteoric surface water with the granitic reservoir rock 
and H2O-consuming alteration reactions. Based on 
this hydraulic model concept of the deep circulation, 
Schrage (2004) and Giersch (2006) built a three-dimen-
sional, numerical flow and heat transport model for 
the assumed catchment area of the thermal springs of 
Baden-Baden using the simulation software FEFLOW® 
5.1 (Giersch, 2006). The resulting model demonstrated 
the plausibility of the former perception on the genesis 
of thermal waters from a mathematical and physical 
point of view and supported the hypothesis that the flu-
ids of the Baden-Baden springs are of meteoric origin, 
recharged from precipitation in the area of the widely 
exposed Nordschwarzwald batholith south and south-
east of Baden-Baden (Fig.  1) and that they are part 
of a convection cell which reaches as deep as 3500  m 
below sea level in the fractured basement. The average 
residence time of the thermal water thereby is approxi-
mately 11,000 years.

In the Baden-Baden area thermal fluids are not lim-
ited to the thermal spring galleries, occur at various 
locations, and emerge from different geological units.

In this study we present new data and used new 
isotopic and hydrochemical investigation methods, 
including geothermometry, and structural geological 
data as well as (unpublished) archival and published 
data including borehole data and drilling reports, also 
from the nearby Michaels-tunnel, to provide a more 
comprehensive view on origin and development of the 
thermal fluids in the Baden-Baden area and their geo-
logical boundary conditions.

For geothermal systems in use, central questions 
regarding the origin of the fluid, the quantitative fluid 
genesis and the spatial–temporal dimensions of a poten-
tial regional recharge-discharge system are generally 
unknown. A quantitative understanding of available fluid 
volumes, fluid development as well as circulation, trans-
port and storage of fluids in geothermal reservoirs is 
essential for a sustainable and responsible use of energy 
and raw materials from deep geothermal fluids, like 
lithium. In particular, there is generally no quantitative 
idea of the relative magnitude of the impact on the fluid 
balance caused by the operation of a geothermal plant. 
Important parameters (e.g. mean residence times of the 
fluids in the reservoir) for characterizing these material 
flows are also lacking, but are necessary for the expansion 
of utilizing deep geothermal energy. In this work, very 
different investigation methods are applied and tested on 
the thermal water springs (and thermal wells) of Baden-
Baden, based on a deep circulation system in granitic 
rocks. We hope that this will provide an impetus and 
help to carry out comparable investigations in utilized 
geothermal systems in order to close knowledge gaps 
regarding the quantification of the genesis, transport and 
development of the fluids.

2 � Geology and tectonic situation of the study area
The thermal springs of Baden-Baden are located on the 
eastern flank of the NW trending Oos valley c. 20–30 m 
above the valley floor of the Oos river, which has incised 
into NE-trending basement and Permocarboniferous 
cover rocks of the Oos basin (Fig. 1; Sauer, 1966; Stober, 
1995, 1996; Rupf & Nitsch, 2008; Eisbacher & Fielitz, 
2010). This basin is cut to W by the Cenozoic Eastern 
Main Boundary Fault system of the URG (EMBF; Fig. 1), 
plunging beneath Triassic cover to the NE and major 
WNW trending fault, and bounded to the S and SE by 
the crystalline basement rocks of the Nordschwarzwald 
batholith and the Central Schwarzwald Gneiss Complex 
(CSGC, Fig.  1). Nitsch and Zedler (2009) discriminate 
the southeastern part of the NE-trending Battert swell as 
Baden-Baden basin as it is floored by > 200  m of Upper 
Carboniferous and early Permian volcanic rocks, which 
are lacking in the Oos basin. There, Permian redbeds 
were deposited on magmatic and metamorphic rocks 
(Fig.  1). These Permian redbeds constitute a major 
NW-directed composite alluvial fan (Löffler, 1988). 
The generally N-S trending Michaels-Tunnel intersects, 
from N to S, SE-plunging basement and cover of the 
Baden-Baden basin (Figs.  1, 2, 3) (Wickert et  al., 1990). 
The crystalline basement was affected by NE-striking 
mylonitic zones as documented in the Michaels-Tunnel 
and in natural exposures NNE of it making up the Baden-
Baden shear zone (BBSZ, Fig. 1; Krohe & Eisbacher et al., 

https://maps.lgrb-bw.de
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1988; Wickert et  al., 1990). The BBSZ possibly offset 
the NNE-striking Glashütte Shear Zone (GSZ; Fig. 1), a 
segment of the East Rhine Detachment (Grimmer et al., 
2017). Another mylonitic shear zone characterizes the 
boundary of two mica granites and the Baden-Baden 
Schist Group (Wickert et  al., 1990). Mylonitic shear 

zones postdate late Early Carboniferous (Visé) granite 
emplacement and predate late Carboniferous basin 
formation. This implies exhumation from ductile middle 
to brittle upper crustal levels during late Carboniferous 
times. Hence, brittle faulting overprinted the crystalline 
basement rocks since late Carboniferous times.

Fig. 2  Simplified geological map of the Baden-Baden city area (location shown in Fig. 1) displaying projected tunnel axis, thermal spring area (red 
rectangle, for details see Fig. 8), Florentinerquelle boreholes (FQ1&2), main faults discussed in the text, and geological units. MTF Main thermal fault, 
THF Trinkhallen fault. Map modified from LGRB-map viewer (https://​maps.​lgrb-​bw.​de)

Fig. 3  Geological section along the axis of the Michaels-Tunnel (Löffler, 1988, after report of the tunnel engineering firm Müller-Hereth, 1982). 
Geology of the tunnel section was reinterpreted using the official geological map of Baden-Baden (https://​maps.​lgrb-​bw.​de/) and Fröhler 
and Lebede (1987). Numbers refer to the collected water samples and their location in the tunnel (Table 1 ESM)

https://maps.lgrb-bw.de
https://maps.lgrb-bw.de/
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2.1 � The Battert swell
The ‘Battert swell’ is bounded to the SE by the Roten-
bachtal fault (Eisbacher & Fielitz, 2010) and to the NW 
by the Friesenberg fault. NW of the Friesenberg fault, 
NW-dipping normal faults may be regarded as part of 
the EMBF system (Fig. 1). The Friesenberg fault is a NW 
dipping reverse fault with the Friesenberg granite in the 
hanging wall and the Baden-Baden Schist Group in the 
footwall, separated by a few meter of cataclastic rocks 
(Figs. 1, 2) (Maus & Sauer, 1972). The ‘Battert swell’ is cut 
obliquely by NE- to NNE-striking, (E)SE-dipping faults 
(‘Main thermal fault’ and ‘Trinkhallen fault’) with gener-
ally eastward dipping conglomerates, arkosic sandstones, 
siltstones, minor coal seams of the Staufenberg Forma-
tion in the hanging wall and Baden-Baden Schist Group 
in the footwall (Fig. 2). The thermal spring area is located 
in the hanging wall of the ´Main thermal fault´, hosted 
by sedimentary rocks of the Staufenberg Formation. The 
‘Main thermal fault’ and the ‘Trinkhallen fault’ appear to 
be cut by the steeply SE dipping Rotenbachtal fault exhib-
iting in the hanging wall alluvial fan deposits including 
volcaniclastic (Oos Valley Subformation) and siliciclastic 
rocks (Michelbach Formation). For further stratigraphic 
details see Geyer et  al. (2011) and Nitsch and Zedler 
(2009).

2.2 � The Michaels‑Tunnel section
In the Michaels-Tunnel the contact between the Friesen-
berg granite and the Baden-Baden Schist Group was 
mapped as a subvertical ductile shear zone (Wickert 
et al., 1990; Löffler, 1988; Basler, 1989a, 1989b). The con-
tact between Friesenberg granite and the Baden-Baden 
Schist Group appears to be of tectonic origin, not only 
because of identified shear zones and faults, but also 
because of the absence of contact metamorphic mineral 
assemblages (Sittig, 1965, Maus & Sauer, 1972).

The c. 1.8  km long Michaels-Tunnel intersected from 
the northern entrance to the southern entrance SE 
plunging crystalline basement and cover rocks (Figs.  2, 
3): i.e. in the N the Friesenberg granite, the NE-striking 
Baden-Baden shear zone defining here the contact to the 
metamorphic rocks. These rocks are in structural contact 
with the Staufenberg Formation by a several meter thick, 
NNE striking, cataclastic shear zone (Fig.  3). This shear 
zone may be regarded as a third NNE-striking (‘Michaels-
Tunnel’) fault segment in addition to the Trinkhallen 
and Main thermal faults (Fig. 3). At about tunnel meter 
900 (TM 900; i.e. 900  m from the northern entrance) 
the tunnel axis increasingly bends from a north–south 
to an easterly direction (Fig.  2). At about TM 1000 the 
tunnel intersects late Carboniferous sedimentary rocks 
and mylonitic-cataclastic granites, interpreted as E-W-
striking horst-graben structures (Fig.  3) (Thuro 1998; 

Bozorg-Mehri 1989; Löffler 1988). From TM 1400 to 
the southern tunnel termination the Staufenberg Fm. is 
overlain by minor intercalated volcanic and volcaniclastic 
rocks of the Lichtental Fm. and Permian red beds of the 
Michelbach Fm.

3 � Material and methods
3.1 � Fluid data and sampling
Published hydrochemical and isotopic data from the 
thermal springs and the two thermal wells supplying the 
spa of Baden-Baden and hydrochemical data of water 
ingressing the Michaels-Tunnel were collected (Sauer, 
1966; Carlé, 1975; Stober, 1995; Bender, 1995; Stober & 
Bucher, 1999b; Bucher & Stober, 2000; Käß & Käß, 2008; 
Göb et  al., 2013; Sanjuan et  al., 2016; Basler, 1989b). 
Thus, time series of water compositions are available for 
the springs and the two boreholes, where in some cases 
analytical data date back to the nineteenth century. All 
hydrochemistry data were checked for plausibility and 
completeness by comparison with the measured electri-
cal conductivity and by the calculated electrical neutral-
ity of the ion balance.

Additionally, in March 2022 we collected fluid sam-
ples from the thermal springs within the two galleries of 
Baden-Baden for hydrochemical and isotopic analyses. 
Temperature, electric conductivity (EC), and pH were 
determined in the field, i.e. on site.

Water samples were collected in new polyethene (PE) 
bottles. Before collecting water samples, all materi-
als were well flushed with the water to be sampled later. 
Samples for the cation analytics were filtered with a 0.45-
μm membrane filter. To prevent the formation of metal 
hydroxide complexes, samples for the cations including 
trace elements were acidified with sub-boiled nitric acid 
(HNO3) to pH < 2 immediately after sampling. Samples 
for anion analytics (SO4, F, Cl) were stored dark. All sam-
ples were kept cool until the day of analysis.

Isotope sampling method: The samples for determina-
tion of sulfur and oxygen isotopes of the dissolved sul-
fate (δ34SSO4; δ18OSO4) 2L-PE-bottles were used and filled 
up to the rim. The samples were kept dark prior to the 
analysis.

3.2 � Fluid analyses
Major cations were analyzed with an ICP-OES iCAP 
7000 radial and a dilution factor of 5 and 10 whereas the 
trace elements via ICP-MS iCAP RQ (Thermo Fisher) 
with a dilution factor of 5. As Certified Reference Mate-
rial (HPS) ‘Trace Metals in Drinking Water’ (CRM-
TMDW) of company High Purity Standards was used. 
Anions were analyzed undiluted with a Methrom Com-
pact IC 930 using Certified Reference Material ‘River 
Water – Anions’ (CRM-LGC6020). Alkalinity had to be 
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determined via calculation using the ion balance because 
the titration equipment was missing in the field.

Isotope analyses: Sulfate precipitation of the 25% HCl-
acidized (pH < 2) and heated samples was triggered with 
admixed 8.5% BaCl2 solution. The precipitated BaSO4 
was filtered and dried at 40 °C. The sulfur and oxygen iso-
topes of the dissolved sulfate in the water samples were 
measured with a ThermoScientific Delta V Advantage 
gas isotope mass spectrometer. International standards 
IAEA-S-1, IAEA-S-2, IAEA-S-3, IAEA-SO-5, IAEA-
SO-6, and NBS 127 have been used as Certified Reference 
Materials and Ag2S Lab and BaSO4 Lab as additional 
internal standards.

3.3 � Tunnel and thermal spring gallery geologic data
We collected structural data from the thermal spring 
galleries, reviewed tunnel reports, with respect to 
geological and structural data, and analyzed geologi-
cal maps from the Geological Survey of the Federal 
State of Baden-Württemberg (LGRB) to identify brittle 
structures. These structural data are crucial for better 
understanding fluid flow in crystalline basement rocks 
of the upper crust.

3.4 � Stress data
Data to constrain the regional stress field in the Schwar-
zwald are derived from few hundred meters deep bore-
holes and focal plane solutions (von Gehlen et al., 1986; 
Plenefisch & Bonjer, 1997; Hauser-Fuhlberg et  al., 2012; 
Heidbach et al., 2016; Meixner et al., 2018).

3.5 � Borehole data
Temperature- und flowmeter-Logs of the 1960s, car-
ried out in the thermal boreholes Florentinerquelle I 
and II, were newly evaluated to determine inflow (or 
outflow) zones into (or out) of the boreholes. The Logs 
were measured in uncased boreholes.

3.6 � Thermodynamic based computations
The code PHREEQC and the LLNL database (Parkhurst 
& Appelo, 1999) was used to compute distribution of 
species, species activity, mass transfers and the satura-
tion state with respect to selected minerals of the fluids. 
The code SUPCRT (Johnson et al., 1992) was used to cal-
culate equilibration reactions between selected minerals 
and fluids.

4 � Results
4.1 � Structural geological data
4.1.1 � Structural data of thermal spring galleries
The thermal spring galleries intersect grey arkosic 
sandstones and siltstones of the Upper Carboniferous 
Staufenberg Formation (Fm). The partial expansion 
limited a systematic data acquisition along the entire 
length of the gallery system. Sedimentary strata dip 
to the NE, E, and SE with moderate to shallow angles 
(Fig. 4a). Five minor faults within these successions were 
documented (Fig.  4b) showing ENE trending faults (i.e. 
striking subparallel to the Rotenbach fault) indicating 
that the Rotenbach faulting activity postdates deposition 
of the Staufenberg Fm.

4.1.2 � Structural data from the Michaels‑Tunnel
4.1.2.1  Upper Carboniferous structures  Upper 
Carboniferous rock overlie metamorphic schists 
structurally in the hanging wall of a SE dipping, thick 
cataclastic fault zone (Fig. 4c, d, e). Dip direction of strata 
is variable, particularly in the fault zone, but generally 
is to the SE. Dip direction of this fault zone is similar to 
the Trinkhallen and Main Thermal fault and thus may be 
regarded as a third NE- to NNE trending fault segment 
(‘Michaels-Tunnel fault’) with metamorphic schists in the 
footwall and Carboniferous sediments in the hanging wall.

4.1.2.2  Structures in the crystalline basement  Orientation 
distribution of joints in both crystalline basement and late 
Carboniferous to early Permian sediments are varied, but 
with clear predominant orientations of NNW-SSE (140°–
155°), NE-SW (055°–065°), and WSW-ENE (070°–085°) 
(Fig. 4i). However, it needs to be taken into account that 
the NNW-striking joints are possibly a bit overrated based 

Fig. 4  Stereographic projections (lower hemisphere, equal area) of bedding (a) and faults (b) in the thermal spring galleries and bedding (c), 
faults (d), and cataclastic shear zones (e) in the Michaels-Tunnel (data compiled from Basler, 1989a), both in Upper Carboniferous sediments 
of the Staufenberg Fm., orientation of brittle faults in crystalline basement rocks in the Friesenberg granite (f), in metamorphic schists (g), 
and in mylonitic cataclastic two-mica granites (h), Rose diagram (i) showing statistic distribution of joints dipping steeper than 50° in crystalline 
basement and late Carboniferous to early Permian sediments (data from the first 1.5 km of the Michaels-Tunne; compiled from Basler, 1989a), 
and Stereographic plot (j) of stress axes orientation obtained from overcoring triaxial cell data of granites in boreholes of the eastern Murg valley 
flank (Fig. 1; data compiled from Hauser-Fuhlberg et al., 2012; bold symbols represent mean values of individual measurements)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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on multiple documentation during tunnel construction 
progress N-S- to NW-SE-trending sections of the tunnel. 
Figure 4f, g, h show the orientation data of brittle faults 
of the Friesenberg granite, the metamorphic schists, and 
the mylonitic-cataclastic granites. For the Friesenberg 
granite faults dip to ESE to SE with one fault dipping to 
the SW while no NW dipping fault was documented. 
In the metamorphic schists brittle faulting patterns are 
much more varied: predominant directions are NW- and 
NE-striking faults. For the mylonitic-cataclastic granites 
brittle faults predominantly strike E-W, NW-SE, and 
NE-SW. A minor suite of faults strikes NNE. The proposed 
E-W-striking horst-graben structure between TM 1000 
and TM 1400 is not reflected by brittle fault data (Fig. 4f, 
g, h) and these alternating basement-cover tectonic blocks 
thus rather strike NE-SW than E-W.

4.1.3 � Stress data
The maximum horizontal stress axes (SHmax) trend rela-
tively uniform (N)NW-(S)SE in the Schwarzwald (von 
Gehlen et  al., 1986; Heidbach et  al. 2016). In the Murg 
valley, c. 15  km SE of Baden-Baden, stress data from 
overcoring triaxial cells in boreholes in granite (Hauser-
Fuhlberg et  al., 2012) indicate for the orientation of 
325/01 for SH (σ1), 061/05 for Sh (σ3), and a subvertical 
orientation for SV (σ2). Stress gradients, based on three 
data points, for Sh are calculated to 17.5  MPa/km, to 
27.1  MPa/km for SV, and to 46.9  MPa/km for SH, com-
patible with a strike-slip regime (Fig. 4j). In spite of the 
methodological uncertainties (overcoring, shallow bore-
holes, few data, topography effects) the results appear 
regionally consistent and geologically reasonable.

4.2 � Hydrochemistry of waters in the Michaels‑Tunnel
During construction of the Michaels-Tunnel fluids dis-
charging into the tunnel were sampled and analyzed 
with regard to construction materials for the tunnel and 
in order to identify possible thermal spring waters. This 
monitoring was needed to be prepared for initiating miti-
gation measures in case thermal water outflow into the 
tunnel and a pressure drop in the thermal spring galler-
ies was unintendedly generated by tunnel construction. 
Analyses of the tunnel water samples (in mg kg−1; labora-
tory Dr. Stavenov) are presented in the Electronical Sup-
plementary Materials (ESM).

Maximum overburden of the Michaels-Tunnel is ca. 
100 m (Fig. 3). Despite the low overburden, TDS of the 
collected water samples in the tunnel varies between 
223.0 and 3186.5  mg  kg−1 (Table  1 ESM). Slightly 
enhanced water temperatures (≥ 15  °C) are documented 
along the entire section between sample no. 2 and 9. 
The highest temperature in tunnel water samples were 
observed in the samples no. 6 and 7 with 17.3  °C, resp. 

17.2  °C (Table  1 ESM). Tunnel ventilation with low air 
temperature and the very low discharge rates (few mL 
s−1) of the collected waters in the tunnel generally com-
promise temperature measurements towards lower val-
ues. Water sample no. 7 was taken from a c. 20–50  cm 
thick zone, which was nearly dry (Fig. 3).

Figure  5A shows the main components of the water, 
sampled in the Michaels-Tunnel, in a Schoeller-
Diagram. Additionally, for comparison reasons, the water 
composition of the Florentinerquelle II as a proxy for 
the thermal spring waters of Baden-Baden is included. 
Some of the tunnel waters, especially no. 8, 9, and 10, 
collected in Upper Carboniferous sediments (no. 8) 
and mylonitic-cataclastic granites (no. 9, 10), are with 
respect to the water type very similar to the thermal 
spring water, but differ in lower TDS. So, they seem to 
be diluted by meteoric water. Tunnel water samples no. 
6 and 7, collected in the metamorphic schists have as 
well quite high sodium and chloride concentrations, 
resembling the thermal spring water, but differ in higher 
HCO3 contents. These samples outline the highest TDS 
of all tunnel-waters. Sample no. 11, collected in the 
(early) Upper Carboniferous sediments (Fig. 3), is as well 
strongly influenced by thermal spring water. In nearly all 
tunnel waters, except for samples no. 3 and 4, chloride 
concentration is enhanced (Table  1 ESM). However, 
samples no. 1 and 16 might be influenced by road salting. 
Highest Cl values are documented in samples no. 6–10 
with concentrations > 1000 mg kg−1.

The highest impact of thermal spring water along the 
tunnel section occurs in water samples no. 6–10, i.e. SE 
of the ‘Battert horst’ in the metamorphic schists, in the 
Upper Carboniferous sedimentary rocks, and in the 
mylonitic-cataclastic granites. The samples no. 8, 9, and 
10 best fit to the thermal spring water. Thus, waters 
from different lithological units, particularly in the cen-
tral part of the tunnel, display a certain, slightly variable 
component of the typical thermal spring water of Baden-
Baden, likely admixed to minor degrees with shallow 
groundwater.

4.3 � Hydrochemistry of the Baden‑Baden thermal waters
4.3.1 � Location of the thermal waters
The spa Baden-Baden receives its thermal water from 
thermal springs and from thermal wells.

4.3.1.1  Thermal spring galleries  The thermal springs are 
located on the south-eastern slope of the Florentinerberg, 
about 20–30 m above the bottom of the Oos valley floor 
(red rectangle in Fig.  2). In historic times the thermal 
springs were flowing out freely and built up a travertine 
fan at the foothill of the Florentinerberg. When the 
spa district was redesigned and the Friedrichsbad was 
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Fig. 5  Schoeller-diagrams: A water samples of the Michaels-Tunnel (Table 1 ESM); numbers refer to the sampling locations in the tunnel (Fig. 3), B 
thermal waters of Baden-Baden (Table 2 ESM)
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rebuilt in 1868–1871, two branched tunnel systems were 
constructed into the strata of the Upper Carboniferous 
to collect the most important thermal water outlets, to 
increase the flow rate and to protect the springs from 
bacteriological contamination. During excavation of the 
Friedrichstollen the thermal springs Brüh-, Juden-, and 
Ungemachquelle (Fig. 6) dried up temporarily, but were 
later channeled together. After extensions were made at 
the turn of the nineteenth and twentieth century, the total 
length of these galleries today is around 200 m.

Within the galleries, the thermal water emerges in 
several springs with temperatures of up to 69  °C along 
faults, fractures and fissures in the Upper Carbonifer-
ous in the hanging wall of the Main thermal-fault, i.e. 
SE of it (Fig.  6). The Upper Carboniferous sediments in 
the galleries consist of alternating layers of arkosic sand-
stones, fine-grained sandstones, conglomerates, shales, 
and minor thin coal seams. According to Bilharz (1934) 
it is tectonically strongly stressed and dominated by small 
normal faults, inclined in SE direction. According to the 
geological section along the Michaels-Tunnel (Fig. 3) and 
exposures of the galleries, the thickness of the Upper 

Carboniferous is expected to be low (< 100 m) and overly 
granites.

The so-called Main thermal fault, a normal fault zone, 
separates the metamorphic schists from the Upper Car-
boniferous rocks in the thermal spring gallery area. This 
fault-zone runs from SW to NE passing NW of the gal-
leries, i.e. all thermal springs are situated SE of the Main 
thermal fault and the fault runs outside the galleries, i.e. 
it is not exposed in the galleries. The Main thermal fault 
is cut by the Friesenberg reverse fault towards N. In SW 
direction the Main thermal fault is cut by the Rotenbach 
fault, which strikes subparallel with the Friesenberg fault 
(Fig.  158 in Metz, 1977) (Fig.  2). From constructional 
projects in the Oos valley and the city center, which inter-
sected and removed parts of the Quaternary cover, it is 
known that the Main thermal fault is hydraulically tight.

The thermal springs originate from small faults and 
fractures in the Upper Carboniferous sedimentary 
rocks in the hanging wall of the Main thermal fault, i.e. 
SE of this fault. Bilharz (1934) proposed a high-angle, 
NW-trending minor fault connecting the springs Höll-, 
Mur-, and Fettquelle with each other. Figure  6 shows 

Fig. 6  Location of the thermal springs (Quelle) within the two galleries: Friedrichstollen and Kirchenstollen. Additionally, not accessible springs are 
shown. The name of the springs is marked in red color. ‘Blue circles’ show the location of spring water samples, collected within this study, in ‘green’: 
locations, where rock samples were taken, and in ‘violet’: locations and orientation data of faults and strata. Friedrichsbad is one of the local thermal 
spas, nearby the relics of the former Roman spa (“Römische Badruine”). Ground plan of the tunnel system after Kirchheimer (1959)
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the location of the thermal springs within the two 
branched gallery system, the Friedrichstollen and the 
Kirchenstollen, and outside of the galleries. However, 
some of the latter are partly no longer accessible or do 
not exist anymore. During sampling in March 2022 the 
two springs Friedrichsquelle and Neue Stollenquelle were 
dry, but two new thermal springs H6 and H7, nearby 
the Höllquelle, have developed (Fig.  6). The springs 
Judenquelle and Brühquelle within the Friedrichstollen 
were not accessible for sampling.

4.3.1.2  Thermal wells  Additionally, thermal water 
for the spa of Baden-Baden is produced from two 
wells (Florentinerquelle I and II) about 150  m N of the 
Friedrichstollen (not shown in Fig. 6). The two wells, drilled 
and completed between 1966 and 1969, reach a depth 
of 301.5 m and 553.0 m respectively. Florentinerquelle I 
(200.4 m NN) was drilled as inclined well, is oriented in 
S direction and reached its final depth about 20 m E of 
the New Castle of Baden-Baden. The castle terrace can 
be seen in the upper part of Fig.  6. Florentinerquelle II 
(200.4 m NN) is a vertical well, about 5 m E of the inclined 
well. Both boreholes penetrated below few meters first 
into the Friesenberg granite, then crossed the Friesenberg 
fault, a WSW to ENE oriented thrust fault, in 228  m, 
resp. 358 m depth. This fault-zone is about < 29 m, resp. 
16  m, thick and consists of an alternating sequence of 
thin (cataclastic) slices of metamorphic schists, described 
as quartz-muscovite-chlorite-schists, and granite. Below 
this fault zone, the metamorphic schists are present in 
both boreholes until the bottom of the wells (Maus & 
Sauer, 1972).

The Friesenberg granite intruded during the Lower 
Carboniferous. Subsequent extensional movements in 
the Upper Carboniferous and Lower Rotliegend led to the 
collapse of pull-apart basins, i.e. deep basins that were 
filled with the debris of the rising rock and later during 
the Rotliegend with volcanic material and fanglomerates 
(Thuro, 1998). However, the contact between Friesenberg 
granite and the metamorphic schists exhibits no con-
tact metamorphic mineral assemblages; the reverse fault 
presents a structural contact between granite and meta-
morphic schists (Sittig, 1965, Maus & Sauer, 1972). In the 
Michaels-Tunnel the Friesenberg granite in vicinity of the 
fault-zone is described as mylonitic granite (Fig. 3).

Both boreholes have tapped at various depths artesian 
thermal water flowing freely out above ground.

Evaluation of former flowmeter-Logs in the inclined 
and at that time uncased, artesian borehole Florentin-
erquelle I document, that inflow and even outflow from 
fractures or minor faults occurred exclusively within 
the Friesenberg granite. However, inflow prevails with 
the main inflow at 182 to 185  m and a smaller inflow 

at 188 to 196 m depth. No flow occurred in the c. 44 m 
thick metamorphic schists, the reverse fault, and in the 
Friesenberg granite above 179 m (measured depth, MD). 
Temperature-Logs are compatible with flowmeter data, 
i.e. in- and/or outflow of hotter or cooler water in the 
Friesenberg granite, but no temperature disturbances 
occur within the metamorphic schists, the reverse fault, 
and in the Friesenberg granite above 134 m MD. Maxi-
mum temperature at the deepest point of measure-
ment (301 m MD) was 70.2 °C. Thus, this borehole only 
extracts thermal water from the Friesenberg granite in 
the hanging wall of the reverse fault, and the Friesenberg 
granite seems to be more or less tight in its upper part 
(≤ 134 m MD). This means, that the Friesenberg granite 
above and in the vicinity of the reverse fault developed 
a hydraulically permeable damage zone, whereas far-
ther away from the reverse fault the granite is relatively 
impermeable.

Inflow in the well Florentinerquelle II occurs, according 
to Maus and Sauer (1972), from fractures in the Friesen-
berg granite at 139 m, but additionally from fractures in 
the metamorphic schists at different depths below 446 m, 
whereas the main inflow into the well was observed in 
496.6  m depth. Own evaluations of old temperature-
Logs in the at that time uncased and only 482  m deep 
borehole showed possible inflow from the granite below 
125 m depth, but not within the fault zone, and a small 
possible inflow from the metamorphic schists at 456  m 
depth. Maximum temperature of 62.7  °C was measured 
in 482 m depth.

4.3.2 � Hydrochemical characterization of the thermal waters
The thermal waters were investigated in different labo-
ratories and the oldest analyses date back to the nine-
teenth century. Table  2 ESM shows the hydrochemical 
analyses (mg kg−1) of the thermal springs and the ther-
mal wells (Florentinerquelle I, II). The table contains time 
series (source of data: Carlé, 1975, Bender, 1995, Stober & 
Bucher, 1999b, Bucher & Stober, 2000, Käß & Käß, 2008, 
Bons et  al., 2014, Sanjuan et  al., 2016, old unpublished 
data from labs: UIS—Umweltinstitut synlab GmbH, 
UMLAB, University of Freiburg, our investigations: sam-
ples taken 2022). The last sample in the table (Friedrich-
stollen 11.08.2011, taken by Sanjuan et al., 2016) is most 
probably from the merged springs Brüh-, Ungemach-, 
and Judenquelle. In 2022, when we collected water sam-
ples, the two springs (Friedrichsquelle, Neue Stollen-
quelle) were dry and two new thermal springs (H6, H7) 
occurred.

The composition of all thermal waters changed in 
time, but the Na-Cl-dominated water type has always 
been identical, as shown as an example for the spring 
Friedrichsquelle (Fig.  7A, B). Total dissolved solids 
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(TDS) in the Friedrichsquelle changes in the course 
of time (1891–2021) between 2690  mg  kg−1 and 
3130  mg  kg−1 (Table  2 ESM). During our sampling in 
May 2022 the spring was dry. The Schoeller-Diagram in 
Fig. 7B shows that the water type of the Friedrichsquelle 
did not change in time, despite fluctuations of TDS* 
(= TDS–SiO2) (Fig. 7A). Drilling of the two boreholes, 
Florentinerquelle I and II, in 1965–1967 might have 
caused a decrease of TDS* in the Friedrichsquelle. A 
hydraulic connection between Florentinerquelle I and 
Friedrichsquelle is documented (unpublished files of 
the Environmental Agency Baden-Baden). During the 
construction of the Michaels-Tunnel (1980–1989) TDS* 
in the Friedrichsquelle remained constant (Fig.  7A), 
despite a significant decrease of the flow rate (Carasana 
2004). TDS* of the two thermal wells Florentinerquelle 
I and II seems to have decreased because of the 
construction of the Michaels-Tunnel, but years later 
TDS* increased again.

Generally, it can be assumed that the thermal springs 
react to heavy precipitation with a decrease in TDS*, as 
shown by sporadically measured NO3 concentrations. 
Further hints on dilution of the thermal spring water by 

precipitation can be derived from isotope studies (see 
chap. 4.4).

Not all fluctuations in TDS of the thermal springs 
can be explained, since our knowledge on subsurface 
interventions and thereby possibly caused contamination 
by surface water is incomplete. Generally, it cannot be 
excluded that the fluctuations in TDS of some or even 
all thermal springs are (additionally or partly) caused by 
natural processes, such as minor dilution with meteoric 
water or with other thermal waters nearby, having 
lower TDS. The fact that some springs became inactive 
and others newly emerged also suggests near surface 
processes. Obviously, upwelling thermal water sometimes 
must use other or additional flow paths, as older ones 
become sealed or blocked because of precipitation of 
minerals from supersaturated waters or deformation and 
(micro-)seismic events. Generally, in the Friedrichstollen 
the discharge rate of the topographically lower situated 
springs increased in the last 100 years at the expense of 
topographically higher situated springs. Additionally, 
Käß (1995) observed a decrease of productivity in the 
boreholes Florentinerquelle I and II by half since initial 
operation. The discharge rate of the thermal springs 
in the Friedrichstollen decreased slightly from about 

Fig. 7  A Example of hydrochemical fluctuations in thermal spring waters of the Friedrichsquelle (Fig. 6). Since SiO2 was determined with different 
methods and partly indicated implausible values, the y-axis shows instead of TDS the term TDS* (TDS–SiO2). B The Schoeller-Diagram of all analyses 
of the Friedrichsquelle shows the constant water type
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7.6 to 6.8 L s−1 since production from the boreholes 
started, whereas the Friedrichsquelle hydraulically 
reacts significantly to increased production-rates of the 
borehole Florentinerquelle I (Schrage, 2004). In any case, 
the thermal water system appears to be very dynamic 
and some thermal springs and even thermal wells are 
hydraulically interconnected with each other.

In the following, we focused mainly on recent analyses 
of the thermal springs and the wells Florentienerquelle I 
and II and on some few older analyses of springs, which 
do not longer exist or were not accessible, i.e. we focus 
on a selection of the compiled analyses, listed in Table 2 
ESM. However, these thermal waters were collected from 
different institutions and analyzed in different laborato-
ries. Nevertheless, there are quite a lot of similarities.

The arithmetic mean (abbreviated with mean value 
throughout the text) of temperature is T = 60  °C 
(δ = 8.5 °C). The lowest temperature was measured in the 
Rosenstollenquelle (T = 41.2  °C), situated in the Kirch-
enstollen (Fig.  6) and the highest temperature in the 
Höllquelle (T = 69.0  °C). Temperatures of the thermal 
waters of the wells Florentinerquelle I and II (58.4  °C, 
53.6  °C) were measured at the well head and showed 
generally lower values than thermal spring waters in the 
Friedrichstollen (> 63 °C). Lower temperatures are prob-
ably (or additionally) caused by low production rates in 
combination with longer ascend paths within the wells 
(Fig.  8.9 in Stober & Bucher, 2021). The mean value of 
pH is 7.25 (δ = 0.24), but it needs to be taken into account 
that probably not all pH-values were measured in  situ 
but in the laboratory at lower temperatures. For example, 
Sanjuan et al. (2016) and Göb et al. (2013) measured pH 
in any case as well as in situ.

Figure  5B shows the main components of these 
selected thermal waters in a Schoeller-Diagram. The 
water type of all thermal waters (springs, boreholes) is 
practically identical. Na and Cl are the dominant water 
components. Mean values of the main components are: 
Na = 847.9 mg kg−1 (δ = 65.5), K = 82.3 mg kg−1 (δ = 8.4), 
Ca = 120.5  mg  kg−1 (δ = 7.8), Mg = 5.0  mg  kg−1 (δ = 2.8), 
Cl = 1458.1  mg  kg−1 (δ = 148.2), HCO3 = 181.4  mg  kg−1 
(δ = 27.5), SO4 = 156.4 mg kg−1 (δ = 9.8).

The thermal waters differ somewhat in total dis-
solved solids (TDS). The highest concentration 
TDS* = 3261  mg  kg−1 of the selected thermal waters 
was measured in the thermal well Florentinerquelle 
II and the lowest with TDS* = 2425  mg  kg−1 in the 
thermal well Florentinerquelle I (Fig.  5B, Table  2 
ESM). Concentration of the thermal springs is 
between TDS* = 2537  mg  kg−1 (Ursprungsquelle) and 
TDS* = 3053 mg  kg−1 (Murquelle). SiO2 in the thermal 
spring waters varies between 116 and 137 mg kg−1.

The mean value of Na/Cl molar ratio of the thermal 
waters is Na/Cl = 0.90 with a relatively low standard 
deviation (δ = 0.08). Contrarily, the waters in the 
Michaels-Tunnel scatter much stronger. However, in 
the central part of the tunnel (samples no. 6–11, Table 1 
ESM) Na/Cl ratio is more or less equal to those of the 
thermal waters. Na/Cl of modern seawater is lower 
(0.86) (Stumm & Morgan 1975).

XNa = Na/(Na + Ca) (molar ratio) of selected thermal 
waters, i.e. spring- and thermal water of wells, 
are nearly identical to the mean value XNa = 0.860 
(δ = 0.008) (Fig.  8). Contrarily, XNa of the waters in 
the Michaels-Tunnel scatter strongly. However, in the 
central part of the tunnel (samples no. 6–12, Table  2 
ESM) XNa is significantly higher, and the mean value 
of these water samples XNa = 0.803 (δ = 0.018) is 
only somewhat lower than that of the thermal waters 
(Fig.  8). The constant XNa = Na/(Na + Ca) = 0.86 in 
particular of all thermal waters also speaks for the 
origin of the waters from granites, i.e. for plagioclase 
cation exchange with an aqueous solution at enhanced 
temperatures. XAb (= aAb/(aAb + aAn)) of plagioclase in 
the biotite-granite of Baden-Baden is lower and about 
XAb = 0.792 (Table 4 ESM) as XNa of the thermal waters, 
which is in agreement with investigations of Orville 
(1972). Theoretically, assuming fully equilibration 
of plagioclase with the hot fluid, XNa of the fluid 
is increasing with increasing XAb of plagioclase. 
Additionally, XNa of the fluid is temperature dependent 
and increases with increasing temperature.

Trace elements were only measured in thermal waters 
(Table 2 ESM), i.e. not in water samples of the Michaels-
Tunnel. The mean value of fluoride concentration is 
F = 4.72  mg  kg−1 (δ = 1.48), of lithium Li = 8.72  mg  kg−1 
(δ = 0.55), and of strontium Sr = 2.88  mg  kg−1 (δ = 0.50) 
(Fig.  9A). Particularly, the scatter of both Li and Sr is 
very low. The difference between mean- and median 
values is very small. The Ca/Sr, Ca/F, and Na/Li mass 
ratios are close together in each case and the mean values 
correspond to Ca/Sr = 44.0 (δ = 9.0), Ca/F = 24.8 (δ = 4.6), 
and Na/Li = 97.5 (δ = 5.5).

Variance of arsenic is also very low and with a mean 
value of As = 0.204 mg kg−1 (δ = 0.013) it is well above the 
limit value of the drinking water ordinance (Fig. 9B). Bar-
ium in the thermal waters is low with Ba = 0.146 mg kg−1 
(δ = 0.024) as mean value. Contrarily to the other trace 
elements the standard deviation of iron is quite high: 
mean value Fe = 0.127  mg  kg−1 and δ = 0.071 (Fig.  9B). 
Mean value of manganese in the thermal waters is 
Mn = 0.42  mg  kg−1 with a low standard deviation 
(δ = 0.05) (Table 2 ESM).

Thus, not only the main components of the thermal 
waters of Baden-Baden are very similar but also the 
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Fig. 8  XNa = Na/(Na + Ca) (molar ratio) of thermal waters from the wells Florentinerquelle I and II (red), the thermal springs (dark and light 
blue) and waters collected in the Michaels-Tunnel section (orange) (Tables 2, 1 ESM). Numbers on the x-axis refer to the water samples taken 
in the Michaels-Tunnel (Table 1 ESM, Fig. 3)

Fig. 9  Box-Whisker-Plots of selected trace elements from thermal waters. A fluoride-, lithium-, and strontium concentration, B barite-, iron-, 
and arsenic concentration in thermal waters of the springs and the wells Florentinerquelle I and II. Median values are presented as ‘horizontal lines’ 
within the boxes and arithmetic means are marked with a ‘cross’
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trace elements, even though the thermal waters were 
analyzed in different laboratories at different times and 
though they flow out from different geological units 
(i.e. Friesenberg-granite, metamorphic schists, Upper 
Carboniferous sediments). Thus, it is highly likely that 
the thermal springs (and the thermal waters of the wells) 
have the same origin and that they are upwelling along 
fractures and faults from the deep reaching, fractured 
granite into overlaying fractured Upper Carboniferous 
sediments and metamorphic schists.

4.3.3 � Saturation state of the thermal waters
The hydrochemical development of the waters was mod-
eled with the computer program PHREEQC (Parkhurst 
& Appelo, 1999) using the LLNL thermodynamic data-
base (Lawrence Livermore National Laboratory, 2020). 
Saturation indices (SI) of the thermal waters with respect 
to selected minerals were determined, whereas SI < 0 
indicates undersaturation, SI = 0 saturation and SI > 0 
supersaturation with respect to a certain mineral. Min-
erals can possibly precipitate if water is saturated or 
supersaturated.

Based on PHREEQC calculations, thermal waters 
are supersaturated with respect to quartz (mean value 
SIQtz = 0.80, δ = 0.10), calcite (mean SICal = 0.38, δ = 0.25), 
aragonite (mean SIAra = 0.24, δ = 0.25), and dolomite 
(mean SIDol = 0.85, δ = 0.47). Supersaturation with respect 
to quartz indicates that all thermal waters originate from 
a reservoir in greater depth with much higher tempera-
tures. Supersaturation with respect to the carbonate min-
erals might be caused by degassing during upwelling of 
the thermal waters as a result of pressure reduction and 
due to comparatively lower atmospheric CO2-pressure, 
which is consistent with the rather low pH values.

Despite SIDol > SICal, dolomite may not precipitate from 
the thermal waters for kinetic reasons including very 
high activation energy for nucleating crystals of dolomite 
(Blatt & Tracy, 1996). According to Walenta (1992) calcite 
frequently occurs in hydrothermal veins in granitic rocks 
of the Schwarzwald, whereas dolomite is less common 
and has incorporated iron, maybe as nucleating crystals. 
Historically it is a known, that after the Romans left the 
thermal springs, a several meters thick sinter mound 
formed from the free-flowing thermal springs, consisting 
mainly of aragonite and, to a lesser extent, of calcspar 
and siliceous sinter (Beyer, 1788). These findings are in 
agreement with the PHREEQC calculations. Original 
sinter material is still accessible at the grotto of the 
thermal spring Fettquelle (Fig. 10).

Generally, the thermal waters are undersaturated 
with respect to the sulfate minerals anhydrite (mean 
SIAnh = − 1.38, δ = 0.10) and gypsum (mean SIGyp = − 1.52, 

δ = 0.04), influenced by the retrograde solubility (for 
gypsum: temperature > 35  °C). Thus, no precipitation of 
these minerals is to be expected and accordingly is not 
observed. Contrarily, all thermal waters are more or 
less saturated with respect to barite (mean SIBar = 0.03, 
δ = 0.09) (Fig.  11), indicating that precipitation of barite 
might occur. However, barite is a wide distributed 
fracture-filling mineral in the Schwarzwald.

All thermal waters are strongly supersaturated with 
respect to iron (Fe) oxides, like hematite or goethite, 
indicating potential precipitation of these minerals. 
Hematite or goethite are usually formed secondarily 
by alteration of Fe-minerals like magnetite or pyrite, 
whereas e.g. in deep fluids alteration of magnetite uses 
H2O as oxidizing agent to produce hematite (e.g. Bucher, 
2023). Fe-oxides like hematite or goethite are common 
and widespread fissure minerals in granitic rocks of the 
Schwarzwald (e.g. Walenta, 1992). Sulfide (e.g. pyrite, 

Fig. 10  Sinter material at the Fettquelle, composed mainly 
of aragonite and, to a lesser extent, of calcspar and siliceous sinter

Fig. 11  Box-Whisker-Plot of the Saturation Index (SI) with respect 
to selected minerals in the thermal waters. Median values are 
presented as ‘horizontal lines’ within the boxes and the arithmetic 
mean is marked with a ‘cross’
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FeS2) weathering and oxidation of sulfur—in detail 
described in Stober and Bucher (2010, Eqs. 2 and 4)—is 
the major source of SO4 in thermal waters in a granitic 
surrounding (Fig.  5B) causing supersaturation with 
respect to Fe-oxides, e.g. goethite (Stober & Bucher, 
1999b). An additional source of Fe could be alteration 
of biotite in the granites south and in the subsurface of 
Baden-Baden.

The thermal waters are as well supersaturated with 
respect to clay minerals like kaolinite, illite, or mont-
morillonite, widespread alteration products found in 
the Schwarzwald basement rocks, and they are super-
saturated with respect to zeolites like laumontite (mean 
SILau = 1.82, δ = 1.06), heulandite, analcime, or stilbite. 
According to Walenta (1992) zeolites are among the 
lesser common minerals in granitic rocks of the Schwar-
zwald, with laumontite being the most usual member, 
but the occurrence of analcime and stilbite is as well 
documented in crystalline basement rocks of the Schwar-
zwald. All thermal waters are as well supersaturated with 
respect to sheet silicates like beidellite or muscovite.

Saturation Indices of selected minerals are shown in 
Fig.  11 as Box-Whisker-Plots. Equally, the saturation 
indices of the thermal waters of Baden-Baden are very 
similar, although these waters emerge from different 
geological units (i.e. Friesenberg-granite, metamorphic 
schists, Upper Carboniferous sediments). The satura-
tion indices indicate as well that the thermal waters had 
a long-lasting contact time with granitic rocks and were 
shaped there by their long residence time before enter-
ing overlaying strata like Upper Carboniferous sedi-
ments or metamorphic schists with no visible impact on 
hydrochemistry.

4.3.4 � Estimating reservoir temperature from the composition 
of deep fluids

The chemical composition of deep fluid reflects the 
temperature of the geothermal reservoir. The equilibrium 
fluid composition is unique for the reservoir rock and 
the P–T conditions at the reservoir. Therefore, the 
reservoir temperature can be deduced from the fluid 
composition if the type of rock dominating the reservoir 
is known. The temperature at depth can be derived from 
an empirical calibration or from computed equilibrium 
conditions using thermodynamic models and data. An 
empirical calibration correlates fluids from a known 
rock type with measured temperatures from the fluid 
sampling depth in deep wells. Within this article we 
used as well thermodynamic models of two widely 
used geothermometers (SiO2, Na/K). Inference of a 
meaningful reservoir temperature from temperature—
composition relationships is fundamentally based on 

the assumption of chemical equilibrium of a considered 
chemical fluid-rock reaction (Stober & Bucher, 2021).

4.3.4.1  Quartz‑geothermometry  Quartz is an abundant 
mineral in many reservoir rocks. The solubility depends 
predominantly on temperature, while the influence 
of pressure is negligible. The SiO2 geothermometer is 
independent of the pH in acid and neutral fluids. In 
high-pH fluids the solubility of quartz rapidly increases 
with increasing pH. The silica geothermometer is 
vulnerable to dilution by low-silica surface waters and to 
precipitation of solid SiO2 along the ascent path. However, 
reaction kinetics of quartz formation is slow and during 
cooling the fluid remains oversaturated with quartz. 
Therefore, calculated reservoir temperatures for thermal 
springs are minimum temperatures.

The SiO2 concentrations in the thermal springs Mur-
quelle, Rosenstollenquelle, Friedrichquelle, Kirchstollen-
quelle, and Höllquelle of Baden-Baden are close to each 
other and fluctuate between 116.25 and 130.00 mg  kg−1 
(Table  2 ESM). We used the quartz-geothermometers 
of different authors (Fournier, 1977, Walter & Helgeson, 
1977, Fournier & Potter, 1982, Arnórsson, 1983, Verma, 
2000, Stober & Bucher, 2021) to calculate reservoir tem-
perature (Table  3 ESM). Generally, these geothermom-
eters are based on empirical calibrations (correlations), 
while the geothermometer of Stober and Bucher (2021) 
calculates the temperature based on the equilibrium con-
ditions for quartz solubility by using the computer pro-
gram SUPCRTBL (Zimmer et al., 2016) with data for the 
solids (Holland & Powell, 2011).

The geothermometer of Arnórsson (1983) provided the 
lowest temperatures and the highest temperatures were 
calculated with the geothermometer of Walter and Hel-
geson (1977). The arithmetic mean of all geothermome-
ters’ results of the geothermal springs fluctuates between 
143 and 150  °C, indicating more or less the same reser-
voir depth (Table 3 ESM).

4 . 3 . 4 . 2   C a t i o n ‑ ra t i o ‑ g e o t h e r m o m e t r y   S o m e 
geothermometers use cation ratios, like Na/K, Mg/K, 
Ca/K, Na/Li, rather than absolute concentrations as the 
quartz geothermometer. Cation-ratio-geothermometers 
are generally based on empirical calibrations between 
measured temperatures and cation ratios (e.g. Michard, 
1990; Verma & Santoyo, 1997, Can, 2002). In contrast, 
the cation geothermometers (Na/K, Mg/K) of Stober 
and Bucher (2021) calculate the temperature based on 
the equilibrium of the exchange reaction between the 
corresponding minerals by using the computer program 
SUPCRTBL (Zimmer et al., 2016) with data for the solids 
(Holland & Powell, 2011).
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4.3.4.3  Na–K geothermometry  Cation ratios, like Na/K, 
are controlled by mainly temperature dependent exchange 
reactions between minerals and the fluid. Geothermal 
waters, e.g. residing in crystalline basement formations 
such as granite or gneiss, are typically in contact with 
K-feldspar (KAlSi3O8) and plagioclase normally rich in 
Na-feldspar component (NaAlSi3O8).

Although hot groundwater at depths of some km may 
not be in full chemical equilibrium with the primary min-
erals of granitoid basement Na/K ratios of this water is 
dictated by the presence of two primary feldspars (Eq. 1).

The T-estimate (°C) of Stober and Bucher (2021) 
requires the assemblage microcline (low-T K-feldspar, 
Kfs) and albite (Ab) and is based on Eq. 2.

where cK and cNa denote the K- and Na concentration in 
mg L−1 (Table  2 ESM). If the Na–K exchange reaction 
involves a more general alkali feldspar and plagioclase 
(oligoclase, andesine), the Na/K-geothermometer must 
be modified and include a term for the activities of the 
components albite and K-feldspar (aAb, aKfs) in the feld-
spars (Stober & Bucher, 2021, Stober et al., 2022):

In an ideal solid solution, the activity is simply equal 
to the mol-fraction. The mean measured compositions 
for K-feldspar results in aKfs = 0.95 and for plagioclase 
aAb = 0.79 in the Baden-Baden biotite-granite using a 
standard state of pure microcline and pure albite at P–T 
(Table 4 ESM).

The Na/K-geothermometers by Can (2002) and Verma 
and Santoyo (1997) lead to reservoir temperatures sig-
nificantly higher as the minimum reservoir temperature 
calculated by quartz-geothermometry (Table  3 ESM). 
While the geothermometer of Can (2002) shows reser-
voir temperatures slightly above 200 °C, the one of Verma 
and Santoyo (1997) leads to reservoir temperatures of 
c. 216  °C. Contrarily the Na/K-geothermometer of Sto-
ber and Bucher (2021), based on the equilibrium of the 
exchange reaction between the corresponding miner-
als -assuming ideal Kfs and Plg composition-, leads to 
slightly higher temperatures (Table 3 ESM). Taking into 
account the actual composition of K-feldspar and plagio-
clase (Tab. 4 ESM, Eq. 3) reservoir temperature is calcu-
lated to about 210 °C, assuming equilibrium between the 
involved feldspars is reached.

(1)
KAlSi3O8 +Na+(fluid) = NaAlSi3O8 + K+(fluid)

(2)
T =

{

−1216.7/
(

log (cK/cNa)− 1.42125
)}

− 273

(3)
T =

{

−1216.7/(
(

log (cK+/cNa+)

+
(

log (aAb/ aKfs)
)

− 1.42125
)}

− 273

4.3.4.4  Giggenbach triangle‑geothermometer  A 
particularly widely used ternary diagram for geothermal 
fluids has been devised by Giggenbach (1988). Measured 
concentrations of Mg, K, and Na are shown on a ternary 
plot together with the empirically derived data points 
for ‘fully equilibrated water’ at temperatures ranging 
from 80 to 300 °C (Fig. 12). In a geothermal reservoir at 
depth infiltrating meteoric water evolves, according to 
Giggenbach (1988), from the Mg corner through a field 
of ‘immature waters’ and later through a field of ‘partially 
equilibrated waters’ to ‘mature waters’ before reaching 
the curve of full equilibration. The waters collected from 
the thermal springs and thermal wells of the geothermal 
field tend to define an evolution line, that points 
towards a temperature on the ‘full equilibration curve’. 
This temperature is thought to represent the reservoir 
temperature.

The Giggenbach diagram is based on two temperature 
sensitive reactions: the two primary feldspars (albite, 
K-feldspar) determine the K-Na-exchange (Eq. 1) and the 
alteration assemblage phengite (white mica) and chlorite 
for the Mg–K-exchange, which at equilibrium requires 
equilibrium of the Al-balanced reaction: phengite (white 
mica) + chlorite + quartz = K-feldspar (Eq. 4):

The well-developed and rapidly established K-Na 
equilibrium causes the water composition from very 
many reported geothermal fields to lie on a linear array 

(4)

8 KAl3Si3O10(OH)2 + 2 Mg5Al2Si3O10(OH)8

+ 54 SiO2 + 20 K+

= 28 KAlSi3O8 + 10 Mg2+ + 16 H2O

Fig. 12  Giggenbach-diagram showing the geothermal waters 
of Baden-Baden on an evolution path towards an estimated reservoir 
temperature of 220 °C
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simply reflecting the K-Na equilibrium temperature 
(Eq.  2). The linear array intersects the curve ‘fully 
equilibrated waters’ (Fig. 12) where the fluid would be in 
equilibrium with chlorite, phengite and K-feldspar in the 
granitic reservoir rocks. Most hot waters, however, do 
not represent full Mg–K equilibrium with altered granite. 
According to the Giggenbach-diagram the reservoir 
temperature is estimated to T = 220  °C, comparable to 
results in Table 3 ESM.

4.3.4.5  Isotope‑geothermometry  The measured oxygen 
isotope composition of the dissolved sulphate (Tables  5 
ESM) and the water (Friedrichsen, 1981; Bender, 1995) 
allow to calculate an independent reservoir temperature 
if equilibrium had been achieved. Table  5 ESM shows 
calculated reservoir temperatures using different methods. 
Depending on the investigation method the temperature 
rage is wide and scatters between c. 120 and 190 °C.

4.4 � Results of isotope analyses
The isotope values are useful to trace the origin of the 
thermal water and its solutes as well as allow to constrain 
the flow path of Baden-Baden fluid.

The sulfur and oxygen isotope composition of the 
dissolved sulfate is presented in Table  6 ESM and 
illustrated in Fig. 13A. The fluid data excludes dissolution 
of marine evaporitic sulfate (Strauss, 1997) like gypsum 
or anhydrite as well as atmospheric non-sea-salt sulfate 
e.g. from oxidation of dimethyl sulfide (CH3SCH3), 
making it very likely that oxidation of sulfides in the 
crystalline basement is the most probable source of SO4 
in the fluid (see also e.g. Pastorelli et  al., 2001; Bucher 
et al., 2009a, 2009b). An abiotic sulfide oxidation is also 
indicated by the range of d18OSO4 and d18OH2O values 
(Boschetti, 2013).

The water isotope composition and tritium concen-
trations are compiled in Table  7 ESM and displayed in 
Fig.  13B. The high tritium concentration in ‘Neue Stol-
lenquelle’ is most probably caused by admixed rainwa-
ter intruding the gallery via a vertical ventilation shaft. 
Heavy rainfalls prior and at the sampling day are docu-
mented by the DWD (Deutscher Wetterdienst, German 
meteorological service) during the period 18.-24.03.2002. 
Thus, in accordance with the hydrochemical investiga-
tions (Figs.  5, 7, sporadically measured NO3 concentra-
tions) infiltration of rainwater occurs shifting the water 
isotope data to higher values. Figure 13C shows that the 
thermal waters don’t result from a mixing between deep 
geothermal brines (as those from Insheim, Bruchsal, 
Soultz, Rittershoffen, etc. in the URG).

The water isotope composition indicates that the 
Baden-Baden fluid consists of meteoric water without 

any seawater component. There are also no indications 
for isotope shifts based on other processes like evapo-
ration, CO2 exchange, or low-temperature fluid-rock 
interaction.

Water isotope data can additionally be used for pinning 
down the recharge elevation (Fig.  13D), assuming that 
climatic conditions during the time of infiltration were 
similar. The recharge elevation of Baden-Baden ther-
mal springs is estimated as indicated by the red arrow 
in Fig.  13D. Please note that at least the Baden-Baden 
data point with the heaviest d18O value is influenced by 
mixing with rainwater at the low elevation of the ther-
mal springs in Baden-Baden (Table  7 ESM). Therefore, 
the highest and most reliable recharge elevations (red 
arrow in Fig.  13D) are from the thermal springs Frie-
drichsquelle (932  m) and Höllquelle (924  m) and from 
the thermal well Florentinerquelle I (920 m). The result-
ing mean elevation of 884 ± 35 m (1 STD; excluding ‘Neue 
Stollenquelle’) indicates a recharge area just below (north 
of ) the ‘Badener Höhe’ (1002  m a.s.l.) where the base-
ment is covered with Buntsandstein (Fig. 1).

The strontium isotope composition is shown in 
Fig.  13E. Variable strontium isotope signatures of fluids 
most probably do not reflect different source rocks but 
can be linked to specific local mineral breakdown reac-
tions dominating during distinct fluid-rock interaction 
stages (Glodny et  al., 2009). A high strontium isotope 
ratio (87Sr/86Sr) from the early low-temperature stage of 
fluid-rock interaction points to biotite breakdown in a 
granitic environment as a major source of solutes in the 
fluids of Baden-Baden, whereas the late high-temper-
ature stage with comparably low 87Sr/86Sr ratios can be 
correlated with dominant feldspar alteration. The latter 
case is represented by the deep high-temperature fluids 
in the central URG (Soultz-sous-forêts, Rittershoffen, 
Landau, Insheim). The temperature dependent mineral 
breakdown reactions have been confirmed by Drüppel 
et al. (2020) in hydrothermal experiments at 70 °C (inter-
action of biotite and minor feldspar with meteoric water), 
and mainly dissolution of feldspar by brines at 200 °C.

Noble gases of Baden-Baden fluids have been analyzed 
by Grieshaber et al. (1992) and Bender (1995). The atmos-
pheric noble gas (Kr and Xe) abundances in the fluid can 
be used to determine the infiltration temperature in the 
recharge area (e.g. Seltzer et al., 2021) and leaded to tem-
peratures of 5–6  °C (Bender, 1995). The water isotope 
composition (mean value: d18O – 9.77 ‰; dD – 67.76 ‰, 
excluding the rainwater influenced ‘Neue Stollenquelle’) 
also indicates groundwater recharge during relatively 
warm climate conditions in the Holocene (van Geldern 
et al. 2014).

The helium isotope composition is shown in 
Table  8 ESM and Fig.  13F. The crustal helium isotope 
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composition indicates a flow path of the infiltrating 
rainwater through the crystalline basement where the 
initial atmospheric composition is overwhelmed with 
crustal helium (4He) because of the decay of uranium 

and thorium during its residence time in the subsurface. 
Since Grieshaber et al. (1992) provided ‘rounded’ noble 
gas data, it was not possible to exactly reproduce the 
reported numbers of Table 8 ESM. However, it can be 

Fig. 13  A Sulfur versus oxygen isotope composition of the dissolved sulfate (data from Table 6 ESM). The boxes with the value ranges are 
mainly taken from Grimm et al. (2005). The data from deep URG fluids (red dots) are from Sanjuan et al. (2016). B Oxygen versus hydrogen 
isotope composition of Baden-Baden thermal spring waters (data from Table 7 ESM). For comparison the deep URG fluids are also plotted (data 
from Sanjuan et al., 2016). GMWL = Global Meteoric Water Line; LMWL = Local Meteoric Water Line. C Chloride (Cl) concentration vs. hydrogen 
isotope composition of Baden-Baden thermal spring waters, seawater and deep brines from the URG. D Emanation elevation versus oxygen 
isotope values (data from Table 7 ESM and cold springs from Ambs, 2002). E Strontium isotope composition versus strontium concentration in fluids 
and related basement rocks/minerals (data from Sanjuan et al., 2016, 2021 and Aquilina et al., 1997). The Baden-Baden data are shown in ‘yellow’. The 
‘orange dots’ include data from deep fluids in the URG (geothermal wells of Soultz-sous-forêts, Rittershoffen, Landau, and Insheim). The ‘orange dots’ 
of the deep Vendenheim fluid in the URG contains surface water caused by stimulation activities. F Ne/He versus air-normalized 3He/4He ratio (R/Ra) 
of Fett-, Mur-, and Ursprungsquelle (data from Griesshaber et al., 1992). ASW Air Saturated Water
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shown that the Ursprungsquelle is characterized by 
the highest He concentration of the three analyzed 
Baden-Baden springs caused by its comparably longest 
residence time in the basement. The Murquelle is 
characterized by a minor contribution of atmospheric 
helium and possibly also a mantle helium (3He) 
component if the latter cannot be excluded (Table  8 
ESM). The apparent mantle helium could be caused by 
the decay of tritium (3H → 3He) in the ca. 3% admixed 
recent meteoric water as deduced from 0.6 TU by 
Bender (1995; Table  7 ESM). The admixed recent 
meteoric water would also be responsible for the 
atmospheric component in the fluid of Murquelle.

The fluids from the two wells Florentinerquelle I and II 
are tritium-free which indicates no admixture of recent 
meteoric water and a mean residence time of > 60 years.

Since Bender (1995) also measured the 14C activ-
ity (1.67 pmc) and the carbon isotope composition 
of the 161.5  mg L−1 dissolved inorganic carbon (d13C 
DIC = −  10.07), a reassessment of the mean residence 
time could be done for Friedrichsquelle. The original cal-
culated apparent 14C age for the mean residence time of 
Friedrichsquelle (26,500 a; Bender, 1995) was based on 
the approach of Pearson and Hanshaw (1970) and con-
tradicted the evidence from robust stable water isotope 
composition of hydrogen and oxygen indicating a Holo-
cene age. For the recalculation of the Bender (1995) data 
the IAEA/Gonfiantini model was used. The originally 
CO2-rich fluid (uptake of soil CO2 released via root respi-
ration: d13C = − 27 ‰; Cerling et al., 1997) has dissolved 
14C-free fracture carbonate of the Buntsandstein and 
the underlying granite. This dead carbon (with d13C up 
to −  10.9 ‰; Dezayes & Lerouge, 2019) diluted the 14C 
concentration in the fluid (dilution factor q = 0.06; d13C 
of dead carbon − 9.5 ‰). The uncertainty of the resulting 
14C age value of 10,800 years is (assuming a very uniform 
d13C value of the dissolved carbonate of −  9.5 ± 0.1 ‰) 
even in a 2sigma uncertainty of only 4293 a (1sigma: 2146 
a). The applied IAEA model considers the isotopic com-
position of the DIC initially evolved under completely 
open-system conditions and subsequently evolved under 
closed-system conditions (approach of Han & Plummer, 
2013).

Less deep infiltrated mineralized waters further to the 
east in the Schwarzwald (Bad Teinach, Bad Liebenzell) 
are characterized by d13CCO2-values from − 9.9 to − 21.3 
‰ and indicate a significant contribution of organically 
derived carbon (Griesshaber et al., 1992) from root respi-
ration of C3 plants (trees). Those mineralized waters rep-
resent the first stage in fluid evolution of Baden-Baden 
thermal water.

5 � Discussion
Summarizing field, tunnel, and borehole geological data 
from the Oos basin we interpret the metamorphic schists 
as former roof rocks of the granites. Post-emplacement 
ductile and brittle deformation modified original 
geometries. Depth extent of the metamorphic schists 
is essentially unknown, but—as roof pendants—are 
limited at depth by granites. Hydrochemical and isotopic 
investigations of the thermal water in Florentinerquelle II 
indicate these rocks are not expected to extend as deep as 
shown in Fig.  14a. Otherwise, the thermal water would 
show a different hydrochemical and isotopic signature (as 
outlined above).

5.1 � Geological setting of the geothermal fluids
NNW-striking fractures are expected to outline high-
est dilation tendencies and N-S-striking faults have the 
highest slip tendencies for sinistral lateral shear reacti-
vation. The (N)NE-striking Main thermal-fault and the 
ENE-striking Rotenbach fault have rather low potentials 
for reactivation. Faults, subparallel to the Main thermal 
fault, were exposed by various constructional work in the 
shallow subsurface in the city area (Trinkhalle-Kurhaus, 
Michaels-Tunnel) provide evidence for the presence of 
thermal waters in the crystalline basement rocks there.

Thermal water inflow in the two boreholes Florentin-
erquelle I and II occurs along fractures of the fractured 
Friesenberg granite near the fault but not within the 
about 16–25 m thick Friesenberg-fault zone itself. In the 
much deeper well Florentinerquelle II additional inflow is 
documented from fractures in the metamorphic schists 
(Fig. 14a).

All thermal waters of Baden-Baden are welling up from 
fractures and small faults within the Friesenberg granite 
north of the Friesenberg reverse fault, from fractures 
within the metamorphic schists—between Friesenberg- 
and Main thermal fault—(thermal wells) and SE of 
the Main thermal fault from fractures and small faults 
within the Upper Carboniferous sediments (Fig.  14a), 
characterized by normal faulting structures (thermal 
springs). As the Friesenberg fault is not favorably 
oriented in the stress field we presume that the hanging 
wall granites are relatively impermeable and deep 
thermal water is forced to flow upwards in the fractured 
footwall of the NW-dipping Friesenberg fault. The 
Main thermal fault and Rotenbach fault, intersect each 
other at depth (Fig. 14a, b), likely generating a fractured 
basement in the footwall of the Friesenberg fault. Trend 
and plunge of the intersection line of both faults strongly 
depend on the strike and dip of the intersecting faults 
and can vary from steeply SE to moderately ENE plunge 
(Fig.  14b). Particularly, we consider steep SE plunging 
intersection lines as potential fluid conduits from a deep 
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reservoir to the surface. The cumulative flow rate of 9 L 
s−1 rather indicates fluid flow in a fracture network than 
fluid transport in a major, favorably oriented single fault. 
In principle, similar geometries are expected for the 
Trinkhallen fault and the SE-dipping Michaels-Tunnel 
fault, but there only little discharge of thermal fluids in 
the order of several mL s−1 was observed.

5.2 � Hydrochemical properties and evolution 
of the thermal waters

The water type of all thermal waters of Baden-Baden 
(thermal springs and thermal wells) is identical (Fig. 5B) 
and even the variance of the trace element concentra-
tions and of the saturation states of the thermal waters 
with respect to selected minerals is very small (Figs.  9, 
11), despite the thermal waters flow out from different 
geological units (i.e. Upper Carboniferous sediments, 
granites, metamorphic schists). Thus, we conclude 
that the thermal waters developed in the same geologi-
cal reservoir. The thermal waters have a typical crystal-
line basement signature of deep fluids with Na and Cl 
as main components (e.g. Frape & Fritz, 1987; Michard, 
1990; Edmunds & Savage, 1991; Pauwels et al., 1993), i.e. 

of deep waters residing in granites and granitic gneisses 
(Stober & Bucher, 2010).

Generally, TDS is increasing with depth, caused by 
alteration processes, whereas the sources of solutes can 
be identified as follows: Albite as main source for Na, 
biotite as source for K, Mg, and Fe, K-feldspar for K, 
and sulfide, like pyrite or pyrrhotite, as main source for 
sulfate (SO4). Chloride originates from biotite and from 
fluid inclusions, which is also a minor source of addi-
tional Na. Finally, Ca and carbonate formed from plagio-
clase, from dissolution of secondary and fissure calcite, 
and from CO2 in the recharge water (Bucher & Stober, 
2010). Acidity produced by sulfide oxidation is consumed 
by carbonate dissolution. Calcite and related carbon-
ates may be present as secondary alteration minerals in 
granites and as coatings on fractures (White et al., 2005, 
Walenta, 1992). The Na/Ca relationship of the thermal 
waters can be deduced to alteration of plagioclase under 
enhanced temperatures (Fig. 8).

However, TDS additionally increases passively by 
hydration reactions at depth, i.e. by H2O consuming 
chemical reactions binding free H2O into the structure 
of a hydrate mineral (e.g. zeolites like stilbite and 

Fig. 14  Schematic cross section through the investigation area showing the location of the thermal well (Florentinerquelle II) and the thermal 
springs (a). The light blue arrows show the flow paths of upwelling thermal water. Depth position of the metamorphic schists (‘old schists’ in older 
literature) is the depth of well Florentinerquelle II (min.) and the fluid composition (max.). b Trend and plunge of possible intersection lines (blue 
area) of the Rotenbach fault and Main thermal fault is possible from ENE to SE (blue area), assuming ± 5° variance of strike and dip of the faults. 
Values are taken from Maus and Sauer (1972) for the Rotenbach fault (157 ± 5/80 ± 5), the Main thermal fault (127 ± 5/70 ± 5), and the Friesenberg 
fault (343 ± 5/60 ± 5). For reasons of depiction only 29 of 120 possible combinations of great circles are displayed for each fault
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laumontite), not affecting pH (Stober & Bucher, 2004). 
In contrast to most other ions, lithium (Li) and chloride 
(Cl) should remain preferentially in the solution when 
released from minerals (phyllosilicates for Li), including 
fluid inclusions in quartz, because of alteration processes 
and thus will lead to an ‘accumulation’ of both elements 
in natural deep fluids with long residence time. The 
ratio of Cl- and Li concentrations of the thermal waters 
correspond to those of deep thermal waters in the 
crystalline basement, Permotriassic siliciclastic reservoir 
rocks and Schwarzwald (Drüppel et al., 2020) and to the 
thermal spring waters of Da Qaidam, China, which also 
evolved in granitic rocks (Stober et al., 2016, 2023).

The Cl/Br ratio (mass ratio) of the thermal waters 
(springs, thermal wells) varies between Cl/Br = 274 and 
478 with an arithmetic mean of Cl/Br = 385 (δ = 57). 
Thus, in most cases it is slightly higher than the signa-
ture of modern seawater (Cl/Br = 288) and higher than 
Cl/Br ratios of water normally found in crystalline base-
ment rocks. Cl/Br ratios reported from fractured gran-
ites are typically 50–100 (Frape & Fritz, 1987; Gascoyne 
et al., 1987; Savoye et al., 1998; Davis et al., 2001; Stober 
& Bucher, 2005). Shallow groundwater is characterized 
by low Cl/Br ratios of 80–100 (Freeman, 2007) and may 
be influenced by Cl/Br of atmospheric input. The Cl/
Br ratio of water derived from dissolved halite deposits 
on the other hand is on the order of some 1000 s (Davis 
et al., 1998; Stober & Bucher, 1999a). The mean value of 
the Na/Cl ratios (molar ratio) of all thermal waters is Na/
Cl = 0.90 (δ = 0.08), differing from unity (halite), and is 
higher than in modern seawater (Na/Cl = 0.86). Thus, the 
origin of Cl in the thermal waters cannot be derived from 
halite dissolution from previously overlaying halite strata. 
Also, the Cl/Br ratio might not be affected by former 
overlaying Triassic evaporites (Bons et  al., 2014), since 
the estimated age of the residence time of the thermal 
waters is much shorter (chap. 4.4). However, the slightly 
enhanced Cl/Br ratio of the thermal waters with respect 
to fluids very often found in crystalline basement rocks 
might be a result of solution of small amounts of hal-
ite, present on mineral grain surfaces and/or of crushed 
fluid inclusions during alteration processes (Tromms-
dorff et al., 1985, Althaus & Bauer, 1987, Markl & Bucher, 
1998, Stober & Bucher, 1999a). Enhanced Cl/Br ratios in 
fluid inclusions of quartz in granites are also documented 
from other sites (e.g. Yardley et  al., 1992, Banks et  al., 
2000).

Summing up the hydrochemical data showed that the 
thermal waters of Baden-Baden evolved most probably 
from meteoric waters infiltrated in granitic rocks. Ther-
mal springs often originate from precipitation in high 
altitudes of the mountains lying behind the thermal 
springs and are therefore of meteoric origin (e.g. Stober 

& Bucher,  2014;  Stober et  al., 2016). However, for the 
occurrence of thermal springs of Baden-Baden both, a 
hydraulic barrier (core of fault) and zones with enhanced 
permeability (intersection line of damage zones of two 
faults, Fig. 14a, b) are essential, and necessary.

5.3 � Estimation of reservoir temperature
Differences between outflow temperatures of up to 69 °C 
and calculated reservoir temperatures result i.a. from the 
observed low- to moderate flow rates of the upwelling 
thermal waters. The pH of the outflow implies that dis-
solved SiO2 is predominantly present as uncharged 
neutral complex. The estimated reservoir temperature 
by using quartz-geothermometry is c. 147  °C (Table  3 
ESM) and reflects a minimum value, since springs are 
open systems allowing shallower (colder) waters with less 
SiO2-content mix with the hot waters upwelling from 
greater depth. Additionally, precipitation of quartz in the 
deepest and hottest portion of the upflow segment could 
occur leading to a reduction SiO2 concentration in the 
spring waters.

Generally, the Na/K thermometer is an excellent and 
robust tool for deriving T-estimates from hot water resid-
ing in granitic reservoirs (e.g. Michard, 1990; Stober & 
Bucher, 2021). Because it is based on a cation ratio dilu-
tion of high-TDS water with near surface water during 
upwelling does usually not alter the Na/K ratio of the 
fluid, like the SiO2-geothermometer. The Na/K ratio of 
the thermal waters are dictated by the presence of two 
primary feldspars (K-feldspar, plagioclase). Also, the 
cooled fluid emerging at springs is not likely precipitat-
ing K- or Na-bearing alteration minerals. Na/K-geother-
mometry leaded to an estimated reservoir temperature of 
c. 210 °C (Table 3 ESM) by taking into account the actual 
composition of the involved feldspars (Stober & Bucher, 
2021). Ignoring the mineralogical composition of the two 
feldspars would lead to higher temperature estimates. 
The major uncertainty related to the Na–K exchange 
equilibrium between the involved feldspars is the actual 
alteration assemblage and ‘impurity’ of feldspars present 
in the reservoir rocks. Besides, we do not have much data 
of the feldspars’ composition, which are slightly scatter-
ing in nature (Table 4 ESM). Additionally, clay minerals 
could participate in the reaction and sometimes Na/K 
geothermometers overestimate reservoir temperatures 
(Stober & Bucher, 2021). Another possible reason for 
the calculated higher Na/K reservoir temperature—than 
oxygen isotope geothermometer (Table  5 ESM)—could 
be that sodium-dependent cation geothermometers fre-
quently appear to overestimate reservoir temperatures, 
which may be caused by precipitation of albite at depth 
(Fowler et al., 2013).
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The content of Mg and K in deep geothermal fluid 
is controlled by fluid interaction with mineral phases 
such as muscovite, chlorite, and K-feldspar (Eq.  4). 
Temperatures derived from the Mg/K geothermometer 
are subject to many concerns. Sources of error include 
e.g. unknown mineral compositions, inadequate activity 
models (particularly problematic for chlorite) and more. 
Another important source of error is probably the low 
concentration of dissolved Mg in geothermal fluids 
(Stober et  al., 2022) and/or the possible uptake of Mg 
from near surface water. The various problems related 
to the Mg–K thermometer have been discussed in 
Stober and Bucher (2021). However, the application of 
different Mg/K geothermometers (e.g. Stober & Bucher 
2021) failed and leaded to implausible low temperature 
estimates, probably because equilibration between the 
involved minerals (muscovite, chlorite) and the fluid 
was not yet achieved, because we did not know the 
mineralogical composition of the involved minerals 
(deviation from the mineral endmember composition 
especially of chlorite and muscovite), and because 
small errors in the determination of the Mg content 
or admixture of shallow groundwater leads to huge 
discrepancies in the Mg/K ratio.

The Giggenbach-diagram is based on the respective 
endmember compositions of the minerals considered 
in the two Eqs. 1 and 4. However, ‘impure’ minerals are 
normally present, which is why for the K-Na exchange 
the use of Eq. 3 instead of Eq. 2 is preferable for estimat-
ing the reservoir temperature. An equivalent equation 
for the Mg–K exchange (Eq.  4) is given in Stober et  al. 
(2022). However, this requires appropriate mineral analy-
ses. Thus, the temperature estimates in the Giggenbach 
(1988) triangle, based on endmember-composition of the 
minerals involved in the Mg–K exchange, are implausi-
ble showing a variance between 110–140 °C (Fig. 12), far 
below the minimum reservoir temperature. The conse-
quence of non-equilibrium Mg–K distribution is that the 
waters form a linear array given by the K-Na exchange 
reaction involving K-feldspar and albite (Fig. 12).

Reservoir temperature estimates using different Na/
Li geothermometers (e.g. Kharaka et  al., 1982; Fouliac 
& Michard, 1981; Verma & Santoyo, 1997) leaded to 
implausible high temperatures. Generally, all Na/Li geo-
thermometers are based on empirical equations, e.g. 
regression functions for measured data (Na/Li and tem-
perature) and not on laws of chemistry and thermody-
namics (Verma, 2015), as the other geothermometers 
used within this paper. Thus, several Na/Li geothermom-
eters exist for different boundary conditions such as fluid 
salinity, chemical composition of the fluid, origin and 
nature of the rock, involvement of seawater and others 
(Sanjuan et al., 2016, 2021; Drüppel et al., 2020).

There are many more cation ratio geothermometers 
in the international literature (e.g. Michard, 1990), but 
it would go beyond the scope of this paper to use even 
more.

The measured oxygen isotope composition of dis-
solved sulphate (SO4) and water (H2O) allowed to cal-
culate an independent reservoir temperature (Table  5 
ESM). The expected reservoir temperature is above 
200  °C as deduced from solute Na/K geothermometers 
(Table 3 ESM, Fig. 12) which provides an indication for 
a comparably rapid equilibration. This assumption is in 
line with the missing difference of the calculated reser-
voir temperature between the sulfate-water and bisulfate 
(HSO4

−)-water geothermometer which should occur in 
case of low temperatures < 150 °C (Boschetti, 2013). Min-
imum reservoir temperature is c. 147 °C (Table 3 ESM). 
Therefore, we can exclude the empirical and theoretical 
SO4-H2O geothermometers of Halas and Pluta (2000) 
and Zeebe (2010), respectively which are valid in the tem-
perature range 0–150 °C (Table 5 ESM). We also exclude 
the values obtained by the CaSO4-H2O (combined Chiba 
et  al., 1981 and Zheng, 1999) and BaSO4-H2O (Sakai, 
1977, Kusakabe & Robinson, 1977) geothermometers 
because the fluid is undersaturated with respect to anhy-
drite and only plus-minus saturated with respect to barite 
(Chap. 4.3.3; Fig. 11). None of the two minerals are super-
saturated. The remaining reliable reservoir temperature 
calculated with the SO4-H2O geothermometers applica-
ble in the 100–350 °C temperature range is between 170 
and 180  °C. This independent isotope geothermometer 
provides almost identical temperatures for the springs 
in the galleries Kirchenstollen including Rosenstollen 
and the springs in distant gallery Friedrichstollen, which 
indicates a common reservoir and fluid evolution of the 
Baden-Baden thermal springs.

However, the oxygen isotopes of SO4 and H2O led to an 
estimation of reservoir temperature of c. 176  °C, which 
is the most trustful and reasonable value of the reservoir 
temperature (Lloyed, 1968; McKenzie & Trusdell, 1977)). 
Assuming an undisturbed temperature gradient of about 
gradT = 30 K  km−1, outside the temperature anomaly of 
Baden-Baden, and a mean surface temperature of 10 °C, 
the calculated reservoir temperatures correspond to a 
reservoir depth of around 5.5 km.

5.4 � Results of isotope data regarding evolution and origin 
of the thermal waters

The sulfur and oxygen isotope composition of the 
dissolved sulfate point to an oxidation of sulfides in 
the crystalline basement  (Boschetti et  al., 2011). A 
contribution of strontium from modern (Sr = 7  mg/l; 
87Sr/86Sr = 0.7092) or fossil seawater with lower 87Sr/86Sr 
ratios can be excluded (Fig. 13A)  (Peuker-Ehrenbrink & 
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Fiske, 2019; Veizer, 1989; Veizer et  al., 1999;  Mizutani 
& Rafter, 1969). The same holds true for lithium based on 
the differing lithium isotope composition of Baden-Baden 
fluid (δ7Li: 1.7 ‰; Sanjuan et al., 2016) compared to the 
modern seawater value of 31 ‰ (e.g. Misra & Fröhlich, 
2012). Hydrogen versus oxygen isotope composition 
indicates that the Baden-Baden fluid consists of meteoric 
water without any seawater component (Fig.  13B). 
The missing positive oxygen isotope shift suggests the 
absence of high-temperature alteration (> 230  °C) along 
the flow path in the crystalline basement (compare 
strontium isotope evidence above) and can be explained 
by low water–rock ratio along the fluid pathway in the 
granitic basement (Gottardi et  al., 2024). The crustal 
helium isotope composition indicates a flow path of 
infiltrating rainwater through the crystalline basement 
(Fig.  13F) where the initial atmospheric composition is 
overwhelmed with crustal helium (4He) because of the 
decay of uranium and thorium during its residence time 
in the subsurface.

The oxygen isotopes indicate a mean elevation of 
884 ± 35  m a.s.l. of the recharge area (Fig.  13D), which 
is reached in the region of the ‘Badener Höhe’, a summit 
SSE of Baden-Baden (Fig. 1). Noble gases of Baden-Baden 
thermal fluids (Kr and Xe) show an infiltration tempera-
ture in the recharge area of 5–6 °C, which are in-line with 
recent yearly mean temperatures in the 900 m elevation 
range, i.e. the results fit to the calculated recharge eleva-
tion. Recalculated 14C activity and DIC concentration 
indicate a mean residence time (‘age’) of the thermal 
waters of 10,800  years. The water isotope composition 
(mean value: δ18O = − 9.77 ‰; dD = − 67.76 ‰) also indi-
cates groundwater recharge during relatively warm cli-
mate conditions in the Holocene.

5.5 � Deep circulation system
The results from isotope data evaluation are in line 
with the investigations on water chemistry. The 
thermal waters cannot be derived from seawater, but 
from meteoric waters, infiltrating with a temperature 
of 5–6  °C in c. 900  m NN (Badener Höhe) in granitic 
rocks. Groundwater recharge occurred during warm 
climate conditions in the Holocene, which fits to the 
residence time of 10,800  years in the subsurface and to 
numerically modelled circulation duration of about 
11,000  years (Giersch 2006). Meteoric water interacts 
in the deep subsurface with granitic rocks, evolving 
its typical crystalline basement water signature. Depth 
of the circulation path is about 5500  m below surface, 
taking into account an estimated reservoir temperature 
of 176  °C and an assumed undisturbed geothermal 
gradient of c. 30 K  km−1. Generally, the driving force of 
the deep circulation is the hydraulic gradient between 

mountains and valleys. During infiltration (descending 
path) the meteoric water has a low temperature and 
low TDS. Infiltration into the deeper subsurface is 
relatively slowly caused by the low to moderate natural 
permeability of the granitic rocks. Mineralization of the 
descending water increases because of alteration of the 
granitic rocks and waters acquire a ‘granitic signature’. 
New equilibria between water and the surrounding rock 
(minerals) adjust in accordance with increasing pressure 
(p) and temperature (T). Ascent of the deep thermal 
waters occurs—in contrast to descent—relatively fast, 
else temperature of the thermal springs would be much 
lesser. Thus, the permeability of the ascent path must 
be relatively high. Most plausible ascent paths are the 
damage zones of the deep reaching faults (Rotenbach 
fault, Main thermal fault) and especially the intersection 
lines of these structures (Fig.  14a, b). As can be seen 
in Fig.  14a, the flow paths in the subsurface to the 
Florentinerquellen I and II are somewhat longer than to 
the thermal springs, which is also supported by higher 
He concentrations (Tab. 8 ESM).

During upwelling p/T-conditions are changing to lower 
values. Thus, saturation states of the hot TDS-rich water 
with respect to selected minerals changes and some min-
erals will precipitate, e.g. barite, calcite and probably 
albite, the latter possibly changing the Na/K ratio and 
thus leading to higher estimated reservoir temperatures 
using Na/K geothermometers. Further consequences of 
supersaturation are continuous clogging of the ascend-
ing flow path over time, leading to a dynamic thermal 
water system. Thus, continuously flowing thermal springs 
require tectonically active areas (e.g. occurrence of earth-
quakes) to re-activate flow paths. This is a continuous 
process (Sanjuan et al., 2016, 2021).

6 � Conclusion
All thermal waters of Baden-Baden (thermal springs 
and thermal wells) evolved from meteoric waters in gra-
nitic rocks, independent of the different geological units 
(Upper Carboniferous sediments, granite, metamorphic 
schists) from where they are emerging. Hydrochemistry 
of thermal waters have a typical deep crystalline base-
ment signature, dominated by Na and Cl. The Na/Ca 
relationship of the thermal waters results from alteration 
of plagioclase under enhanced temperatures. Li and B 
fits other crystalline basement correlations. Sulfur- and 
oxygen isotopes indicate that SO4 in thermal waters orig-
inates from oxidation of sulfides in granitic rocks. Crus-
tal helium isotope composition indicates a flow path of 
meteoric water through crystalline basement.

Thermal water is of meteoric origin with infiltration 
temperature of 5–6  °C and an elevation of the recharge 
area of c. 900 m asl. Thermal waters evolved within the 
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granitic rocks during a circulation duration of about 
10,800 years. Geothermometry indicates a reservoir tem-
perature for the thermal waters of > 147 °C (SiO2 geother-
mometers), around 210 °C (Na/K-geothermometers), and 
176  °C (Oxygen isotopes of SO4 and H2O), whereas the 
latter seems to be the most reliable value.

Metamorphic schists are former roof rocks of the 
granites with limited depth and therefore do not influ-
ence hydrochemistry and isotopy. Same is true for Upper 
Carboniferous sediments. The Rotliegend sediments are 
more or less hydraulically tight, acting rather as a barrier.

Though stress data from the Schwarzwald are lim-
ited and inferred from only few shallow boreholes 
(TVD < 500  m), they indicate a strike-slip regime and a 
general (N)NW-(S)SE trending SHmax, which may be the 
preferred direction of fluid transport in the crystalline 
basement of the Schwarzwald whereas the NE-trending 
structures in Baden-Baden rather act as hydraulic bar-
riers forcing the thermal fluids to emerge to the surface. 
Upwelling of the thermal water occurs along damage 
zones of two deep reaching faults in granitic rocks. While 
none of these faults is favorably oriented in the stress 
field, the steep SE-plunging intersection of the two fault 
damage zones seems to be relevant for the upward ther-
mal water transport from the granitic reservoir, penetrat-
ing the overlaying thin sediments (Upper Carboniferous 
sediments, metamorphic schists).

Thus, the hydrochemical, isotopic, and structural geo-
logical investigations carried out on the thermal waters 
in the Baden-Baden area yielded results on the fluid ori-
gin of the thermal waters, on the location of the recharge 
area, and on genesis and residence time of the thermal 
waters in the deep granitic subsurface. Based on these 
results, it seems very likely to obtain with compara-
ble investigations at geothermal sites in granitic rocks 
a quantitative understanding of available fluid quanti-
ties, fluid development, as well as circulation, transport 
and storage of fluids in geothermal reservoirs, impor-
tant information for a sustainable and responsible use of 
energy and raw materials from deep geothermal fluids. 
In order to evaluate the groundwater age, the origin and 
genesis, as well as the migration paths of deep fluids, the 
investigation of noble gases or noble gas isotopes and 
their ratios plays a particularly important role.
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