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Key Points:
•

Thermal springs in the Alps are exclusively fed by meteoric water which on average
circulates to a depth of at least 2100 m

•

On average the contributing area of springs is 0.6 km2 and the thermal footprint is 6 km2

•

The magnitude of cooling by downward flow and heating by upward flow equals ~6.5%
and ~5.0% of the background heat flow, respectively
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Abstract
The extent of deep groundwater flow in mountain belts and its thermal effects are uncertain.
Here, we use a new database of discharge, temperature and composition of thermal springs in the
Alps to estimate the extent of deep groundwater flow and its contribution to the groundwater and
heat budget. The results indicate that springs are fed exclusively by meteoric water and make up
0.13% of the total groundwater budget. Spring water circulates on average to a depth of at least
2100 m. The net heat extracted from the subsurface equals 1.5% of the background heat flow,
which equals an average thermal footprint for springs of 6 km2. Cooling by downward flow and
heating by upward flow are estimated as approximately 6.5% and 5.0% of the background heat
flow, respectively. Compared to orogens in North America the Alps have a relatively high
amount of hydrothermal activity.
Plain Language Summary
Groundwater that originates as rainfall may reach considerable depths in mountain belts.
Groundwater can also transport heat and affect the heat budget of mountains. However, the
amount of groundwater that circulates to deeper levels and the extent to which it affects
subsurface temperatures is largely unknown. Here we analyze newly compiled data from hot
springs in the Alps to quantify groundwater flow and its thermal effects. On average the
groundwater discharging in springs reach a depth of at least 2100 m. The thermal spring water
makes up a very small portion (0.13%) of all the groundwater in the Alps, while almost all of the
groundwater flows out into rivers and lakes or evaporates. However, the groundwater that feeds
springs does affect temperatures of rocks considerably. During downward flow it cools the
subsurface, and during upward flow it heats the subsurface.

1 Introduction
Deep groundwater flow in mountains belts affects fault strength (Hubbert & Rubey, 1959;
Wintsch et al., 1995), subsurface temperatures and heat flow (Bodri & Rybach, 1998; Whipp &
Ehlers, 2007). Moreover, groundwater flow may connect the deep and shallow biospheres
(Pedersen, 1993; Walvoord et al., 1999). Groundwater can penetrate large parts of the crust, as
shown by stable isotopes of fault minerals (Person et al., 2007; Poulet et al., 2014) and elevated
3
He/4He ratios in thermal springs (Hoke et al., 2000; Karlstrom et al., 2013; Umeda et al., 2007).
However, in contrast to sedimentary basins, where borehole data has yielded information on the
volume, composition and age of deep groundwater (Ferguson et al., 2018; Gleeson et al., 2016;
Jasechko et al., 2017), the overall rate and extent of deep groundwater flow in orogens is largely
unknown. Note that we define deep groundwater as groundwater at depths exceeding 200 m,
following the approximate lower boundary of the hydrologically active zone in orogens
(Manning & Caine, 2007).
Several studies have shown that groundwater flow can influence temperatures in orogens
by tens of degrees (Bodri & Rybach, 1998; Forster & Smith, 1989; Maréchal et al., 1999). The
extent of the thermal effects of groundwater flow has been a long-standing question, in particular
in low-temperature thermochronology, where anomalous thermochronological ages are often the
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result of hydrothermal activity (Dempster & Persano, 2006; Duddy et al., 1994; Louis et al.,
2019). Models and data from thermal springs have suggested that in some regions in the
Himalayas (Derry et al., 2009; Whipp & Ehlers, 2007) or the Cascades (Ingebritsen et al., 1992)
groundwater flow may be responsible for more than 50% of the heat transport. Yet, the overall
contribution of groundwater flow to the heat budget of orogens has not been quantified
systematically to our knowledge.
Thermal springs are the most visible surface expression of deep groundwater flow in
orogens. Data on spring discharge and temperature offers opportunities to quantify deep
groundwater flow and its thermal effects (Luijendijk, 2019; Manga, 2001). The only systematic
compilation and analysis of thermal springs in orogens known to us covers North America
(Ferguson & Grasby, 2011). However, this study did not report the contribution of thermal
springs to the groundwater and heat budget of orogens. Country-wide estimates of spring
discharge and heat flow exist for Japan (Fukutomi, 1970; Sumi, 1980), but these include a large
number of pumping wells in addition to natural springs. Here, we report a new database of
thermal springs in the Alps that includes temperature, discharge, hydrochemistry and isotope
data. We use this database to quantify groundwater origin, circulation depth and the contribution
of thermal springs to the groundwater and heat budget of the Alps. In addition, we compare the
results to published data for orogens in North America.

2 Methods
Our database contains data for 394 thermal springs in the Alps, including temperature, discharge,
hydrochemistry (pH, TDS, major ions, SiO2) and stable isotopes (18O, 2H). The dataset
predominantly consists of natural springs, but also includes 32 springs that are tapped by wells
that are less than 100 m deep. A description of the data compilation methods and spring sites can
be found in the supporting information S1. The dataset is available on Pangaea (DOI to be
supplied).
The origin of spring water was assessed by comparing the d18O and d2H values in thermal
springs to data for 25 precipitation stations in the Alps (IAEA & WMO, 2019). In addition, the
data were compared to typical values for water derived from magmatic devolatilization and
metamorphic dehydration (Sheppard, 1986; Yardley, 2009). Groundwater circulation
temperature was estimated using empirical SiO2 geothermometer equations (Verma et al., 2008)
(Figure S1). We report the minimum, mean and maximum values of these equations. The
corresponding circulation depth was calculated by dividing the circulation temperature with the
average geothermal gradient in the Alps as described below, following the approach of previous
studies (Grasby & Hutcheon, 2001). Note that this calculation assumes that groundwater flow
does not affect the geothermal gradient strongly, which may not be true in some cases. The
calculated circulation temperatures and depths are minimum estimates, because empirical
geothermometer equations do not take into account mixing effects and precipitation of SiO2
during upward flow (Ferguson et al., 2009). Mixing between shallow and deep sources has been
demonstrated for a number of springs in the Alps and may be relatively common (Buser et al.,
2013; Sonney et al., 2012; Waber et al., 2017). Geochemical models indicate that maximum
circulation temperatures of the deep groundwater component may be double that of bulk samples
(Diamond et al., 2018).
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The size of the contributing area to each spring was calculated by dividing spring
discharge by recharge rate (De Graaf et al., 2015). Note that the recharge rate may vary within
the contributing area of each spring and the geometry of these areas is unknown. However, given
the relatively low variation (15%) of recharge in watersheds that host the springs (Figure S2), we
only used the recharge rate at the spring location for further analyses.
Heat exchange between the subsurface and the groundwater that discharges in springs is
given by:
𝐻 = 𝜌! 𝑐! (𝑇" − 𝑇# )𝑄 − 𝐻$

(eq. 1)

where H is the heat gain or loss of water (W), ρf is the water density (kg m-3), cf is water specific
heat capacity (J kg-1 K-1), T1 and T2 are groundwater temperature at the start and end of the flow
path (K) and Q is groundwater discharge (m3 a-1). A conceptual model that illustrates flow paths
and heat exchange of spring water is included in the supporting information (Figure S3). The
term Hv represents the heating of water caused by viscous dissipation, which is often small but
can be important in relatively cold springs with a high relief in their contributing area (Manga &
Kirchner, 2004). Viscous dissipation is given by:
𝐻$ = 𝜌! 𝑔(ℎ" − ℎ# )𝑄

(eq. 2)

where h1 and h2 are the hydraulic head at the start and the end of the flow path. Note that in
contrast to previous work (Manga & Kirchner, 2004) we use the hydraulic head instead of
elevation to also take into account the conversion of gravitational potential to elastic energy
during subsurface flow.
The net heat exchange with the subsurface is calculated by substituting T1 by the average
recharge temperature Tr (K) and by substituting T2 by the spring temperature Ts (K) in eq. 1. For
the viscous dissipation term, h1 is substituted by the average elevation of the recharge area zr (m)
and h2 is substituted by the elevation of the spring, zs (m). For heat exchange during downward
flow we use the average recharge temperature Tr (K) as a value for T1 and the circulation
temperature Tm (K) as the value for T2 in eq. 1. For the heat exchanged during upward flow Tm is
used for T1 and the spring temperature Ts is used for T2. For the calculation of the viscous
dissipation using eq. 2, h1 is substituted by zr and h2 is substituted by hm, the hydraulic head at
the circulation depth. For the calculation of viscous dissipation during upward flow h1 is
substituted by hm and h2 by zs.
The values of average recharge elevation (zr) and temperature (Tr) are unknown.
However, the bounds of these parameters can be estimated. The maximum elevation was
calculated using from the highest elevation in the watershed that the spring was located in, using
the Hydrobasin database (Lehner & Grill, 2013) and elevation data (Danielson & Gesch, 2011).
The minimum estimate for recharge elevation was equal to the elevation of the spring. Similarly,
the minimum and maximum bounds of the recharge temperature were calculated as the recharge
temperature at the spring location and the recharge temperature at the highest elevation in the
watershed. Recharge temperature was assumed to follow the average annual air temperature
(Fick & Hijmans, 2017). Circulation temperature was estimated using the SiO2 geothermometer
as explained above. The hydraulic head at the circulation depth (hm) is unknown and was chosen
as the mean of the spring elevation and the maximum recharge elevation. Note that the
uncertainty in hm only affects viscous dissipation, which is a very small term for most springs.
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Temperature and discharge data were not available for all springs in the database. To
estimate of the heat flux for all springs, we estimated the discharge for the springs without
discharge data, but with temperature data to be equal to the average discharge of the springs with
discharge data. Similarly, we estimated the temperature for springs without temperature data as
the average of the springs with temperature data.
We compared the heat flux of thermal springs to the background conductive heat flow
density in the Alps based on the global heat flow data database (International Heat Flow
Commission, 2020), which yielded a mean background heat flow of 76 mW m-2, and a mean
geothermal gradient of 26 ˚C km-1 (see Text S2 and Figure S3 for more details). The thermal
footprint of springs was calculated by dividing the net heat flux of each spring by the mean
background heat flow density in the Alps. The net heat flux of springs in the Alps was compared
with several mountain belts in North America using a published database of spring heat flow
(Ferguson & Grasby, 2011). Note that these values did not take into account viscous dissipation
and heat flow may therefore have been slightly overestimated.

4 Results and discussion
The springs are relatively evenly distributed over the Alps, with an average of one spring per 512
km2 and an average distance between springs of 13 km. The mean temperature of the 364 springs
with temperature data is 22 ˚C. The warmest springs are located in northern Italy (Figure 1a),
where the La Bollente spring (Bortolami et al., 1983) and Fonte Boiola (Waring & Blankenship,
1965) measured 71 ˚C and 70 ˚C, respectively. The highest discharge rates were observed in the
eastern Alps (Figure 1c), where the Fontanon spring in Italy (Cantonati & Spitale, 2009) and the
Kroparica spring in Slovenia (Philipp, 2015) discharge at rates of 0.22 m3 s-1 and 0.31 m3 s-1,
respectively. The location, temperature and discharge of thermal springs in the Alps is shown in
Figure 1.
The mean discharge of 241 thermal springs is 1.2 ×10-3 m3 s-1, and total discharge is 2.7
m3 s-1, which equals a discharge rate of 0.4 mm a-1 when spread out evenly over the Alps. This is
only 0.08% of the average recharge rate in the Alps of 500 mm a-1 (De Graaf et al., 2015).
Regarding the 188 springs without discharge data, we assume a mean discharge rate (1.1 ×10-2
m3 s-1) to estimate the total discharge of approximately 4.4 m3 a-1, which amounts to 0.7 mm a-1
or 0.13% of the total amount of meteoric water that is recharged in the Alps. This relatively low
number is roughly in line with published estimates for the Alpine fault in New Zealand where
only 0.02% to 0.05% of meteoric water penetrates to depth (Menzies et al., 2016).
All the spring water plots within 1 ‰ d18O value of the global meteoric water line and
local precipitation values, which indicates a meteoric origin of spring waters (Figure 2a). The
compiled SiO2 concentrations and the calculated values of circulation temperature and depth for
139 of the springs are shown in Figure 2b, 2c and 2d. The circulation temperatures range up to
130 ˚C, which corresponds a depth of 4700 m below the surface based on average conductive
geothermal gradients in the Alps (see Text S3, Figure S3). The mean circulation temperature is
64 ˚C, which is equal to a depth of 2100 m below the surface. Note that these depths are
minimum estimates due to the limitations of the SiO2 geothermometer discussed in the Methods.
The calculated circulation depths overlap with the depths of upper crustal seismicity in the Alps
(Hetényi et al., 2018). This means that fluid pressures changes originating at the surface can be
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transferred to seismically active parts of the crust, which given the important role of fluid
pressure in fault failure (Hainzl et al., 2006; Hubbert & Rubey, 1959) may affect seismic
activity.
The calculated net heat flux of the thermal springs in the Alps is shown in Figure 3. The
average net heat flux for thermal springs equals 3.8 × 105 to 6.7 × 105 W. The reported range for
spring heat flux and thermal footprint represent endmember (minimum and maximum)
uncertainty estimates. The two springs with the highest net heat flux are the Urquelle in Villach,
Austria, with a net heat flux of 8.7 × 106 W and Lavey-les-Bains in Switzerland with a net heat
flux of 6.5 × 106 W. The calculated net heat flux for 226 springs for which the average
temperature and discharge rate are known equals 84 to 151 MW. The net heat flux equals a heat
flow density of 0.42 to 0.75 mW m-2 when spread out evenly over the Alps. Comparison with the
background heat flow density shows that the heat flux by thermal springs is equal to 0.5% to
1.0% of the background heat flux. When the estimated contribution for springs with missing
temperature or discharge data is included, the total heat flux of all springs is estimated as 171 to
294 MW. This equals 0.9 to 1.5 mW m-2 and is 1.1% to 1.9% of the background conductive heat
flux. The thermal footprint of the springs is on average 4.9 to 8.8 km2 (Figure 3d). This is much
larger than the contributing area for each spring, which is on average 0.6 km2 (Figure 3b),
indicating that only a fraction of groundwater recharge discharges at these springs. Viscous
dissipation accounts for on average 17% of the total heat output of springs. However, this
number is skewed by a small number of low-temperature springs, and the median contribution of
viscous dissipation for all springs is 1%.
The net heat flux of the springs is a combination of the cooling of the subsurface by
downward groundwater flow, and heating by upward groundwater flow (Figure S1). The cooling
by downward groundwater flow for 64 springs with data on circulation temperature is equal to
55 to 97 MW. When the remaining springs are assumed to have the mean value for circulation
temperature, the total amount of cooling by all the springs is estimated as 740 to 1264 MW,
which equals a heat flow density of 3.7 to 6.2 mW m-2 and is 4.8% to 8.3% of the total
background heat flow of the Alps. Heating by upward flow for springs with circulation
temperature data is calculated as 35 to 65 MW. The heating by all the springs in the database is
estimated as 601 to 971 MW, which equals a heat flow density of 3.0 to 4.8 mW m-2 and 3.9% to
6.3% of the background heat flow.
Calculation of the discharge and the net hydrothermal heat flux for orogens in North
America (Fig. 4) shows that the spring discharge and the heat flux are relatively high. Note that
in contrast to the Alps for the other orogens heat flux may be slightly overestimated because
viscous dissipation was not taken into account. We hypothesize that the high rate of spring
discharge and hydrothermal activity in the Alps may be the result of the Alps being the best
explored orogen given its high population density.
The contribution of thermal springs is likely to be only a part of the total amount of deep
groundwater flow, because a large part of the deep groundwater may form blind hydrothermal
systems without a surface expression, with groundwater discharging diffusely in shallow
aquifers, rivers or lakes. Relatively few estimates for the rate of spring versus diffuse discharge
have been published. Analysis of Ge/Si ratios in springs and rivers in a basin in the Himalayas
showed that diffuse discharge equals 2/3 and 1/3 is discharged in springs (Derry et al., 2009).
Similarly, in the Beowawe system in the Basin and Range Province, 2/3 of the total discharge is
diffuse discharge (Olmsted & Rush, 1987). For the Alps diffuse discharge is evidenced by
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hydrothermal systems without surface expression that have been tapped by tunnels or boreholes.
For example, a 75 m long tunnel in Font Salée in the French Alps resulted in discharge with an
estimated heat output of 69 MW (Silvestre, 1991) that exceeds any of the natural springs in the
Alps. Similarly, in Brigerbad, Switzerland (Buser et al., 2013), and La Léchère, French Alps
(Thiébaud et al., 2010), boreholes have tapped artesian groundwater with a higher heat output
than existing natural springs.
Deep groundwater flow systems may change location over long timescales due to the
competition of permeability increase by fault motion and decrease by mineralization (Woodcock
et al., 2007). Although data on this is rare, an example from the Beowawe system documents
episodic activation of new flow paths following earthquakes (Howald et al., 2015; Louis et al.,
2019). Given that similar processes may operate in many hydrothermal systems this implies that
the area affected by hydrothermal activity over longer timescales may be much larger than the
area affected by current activity. This may be important for low-temperature
thermochronometers that are widely used to quantify the thermal and geological history of
mountain belts (Spotila, 2005).

5

Summary and conclusions

We present and analyze a new database of thermal springs in the Alps. Our analyses suggest that
thermal springs are fed by meteoric water and the discharge of the springs comprises 0.13% of
the total meteoric groundwater budget of the Alps. The circulation depth of the water that
discharges in the springs ranges up to 4700 m and has a mean value of 2100 m. This is an
underestimate due to the limitations of the SiO2 geothermometer on which these numbers are
based (Ferguson et al., 2009), which means that meteoric groundwater circulates in a substantial
part of the upper crust. The circulation depths overlap with the depths of upper crustal seismicity
(Hetényi et al., 2018), and therefore meteoric groundwater may play a role in modulating fluid
pressure in seismically active faults. In spite of their small contribution to the groundwater
budget, the net heat flux by thermal springs accounts for a much higher potion of the total heat
budget of the Alps – approximately 1.5%. The net heat flux is a combination of two larger terms:
cooling by downward groundwater flow, and heating by upward groundwater flow. Both of these
components are two to five times higher than the net heat flux, and probably more due to the
underestimation of circulation temperatures. In addition, given that not all deep groundwater
flow discharges in thermal springs, the estimates reported here are a minimum estimate for total
amount of deep groundwater flow and its contribution to the heat budget.
The average thermal footprint of springs is 6 km2, which means that on average heat flow and
temperatures are affected in an area with a radius of 900 m around active springs, and larger if
one assumes that springs do not harvest all the background heat flow over a particular area but
harvest a part of the background heat flow over a larger area. Quantifying conductive geothermal
gradients and heat flow in mountain belts may be challenging. Although one could avoid using
temperature data from areas around active hot springs, these springs may discharge only a part of
the overall deep groundwater flow and hydrothermal systems without a surface expression may
be common. Moreover, deep groundwater flow systems may change location over long
timescales due to permeability changes by fault motion and mineralization and may therefore
affect low-temperature thermochronometers even in the absence of a clearly expressed thermal
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anomaly. Comparison with orogens in North America shows that the Alps have a relatively high
spring discharge and hydrothermal heat flux.
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Figure 1. The location, temperature and discharge of thermal springs in the Alps. Panel a and c
show maps of the temperature and discharge of thermal springs, respectively. Panel b and d show
histograms of the temperature and discharge of thermal springs. The red numbers show the
location of the two springs with the highest temperature (panel a) and discharge (panel c). Black
circles denote springs without temperature or discharge data. The outline of the Alps is shown in
white, and major fault zones are shown by black lines (Handy et al., 2010; Schmid et al., 2004).
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Figure 2. Source, circulation temperature and circulation depth of thermal spring water. (a)
Comparison between δ2H and δ18O in spring water and in precipitation in the Alps and typical
values for water derived from metamorphic and magmatic sources (Yardley, 2009). VSMOW
denotes Vienna Standard Mean Ocean Water, GMWL denotes the global meteoric water line
(Craig, 1961), (b) SiO2 concentration in thermal springs, (c) Calculated circulation temperature
and (d) circulation depth. Circulation depth was calculated using the circulation temperature and
an average geothermal gradient of 26 ˚C km-1. The min., max. and best values in panel c and d
represent the circulation temperature and depth using the lowest, highest and mean value of the
geothermometer equations, respectively. Note that for three springs the SiO2 value was lower
than 5 mg L-1, which is the lower limit for which the geothermometer equations are valid.
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Figure 3. Calculated net heat flux, contributing area and thermal footprint for thermal springs in
the Alps. Panel a shows a map of the best estimate spring heat flow, which is the mean of the
minimum and maximum estimates discussed in the text. Black circles denote springs without
temperature or discharge data. The outline of the Alps is shown in white, and major fault zones
are shown by black lines (Handy et al., 2010; Schmid et al., 2004). Red numbers show the
location of the two springs with the highest net heat flux. Panel b, c and d show histograms of the
calculated contributing area, net heat flow and thermal footprint of the springs, respectively.
Panel c and d show min. and max. values that represent uncertainty ranges as discussed in the
text. Note that we did not calculate an uncertainty range for contributing area.
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Figure 4. Comparison of thermal spring discharge and net heat flux by thermal springs in the
Alps and number of orogens in North America. Panel a shows the locations of the orogens in
north America. Thermal springs are indicated by red dots. Panel b shows the aerially averaged
discharge and net heat flux density of thermal springs for the Alps and the North American
orogens. Note that the values are the discharge and heat flux of springs with discharge and
temperature data, the heat flux estimate for the Alps that includes springs with missing
temperature or discharge data was not included here.
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Introduction

The supporting information presented here provides more detail for the data compilation effort that led
to the thermal spring database of the Alps (Text S1) and the calculation of the conductive background
geothermal gradient and heat flow of the Alps (Text S2). In addition, the document includes six
supporting figures that are cited in the main text and one supporting table that details the number and
type of data included in the thermal spring database.

Text S1: Thermal spring database.

The thermal spring database is based on several existing databases, including a global database
(Waring & Blankenship, 1965) and a regional database for Switzerland (Sonney & Vuataz,
2008). In addition, a large amount of data was obtained from published literature and technical
reports. More details on the data sources for each spring are included in the database (DOI to
Pangaea dataset to be supplied)
The boundary of the Alps was based on published geological maps (Handy et al., 2010;
Schmid et al., 2004). In addition to springs within the Alps, we included springs that were at a
distance of up to 0.1 degree (approx. 10 km) or less from the Alps, because these springs are
likely to be driven by the high recharge and hydraulic gradients in the Alps.
Our objective was to only include natural springs. A number of natural springs have over
time been tapped by shallow wells but are still referred to in the literature as springs. We
included springs with shallow wells in the database and used a cutoff of 100 m to distinguish
shallow and deep wells. The cutoff of 100 m was chosen such temperature of the water that
discharges in these wells is not affected significantly by the increased background temperature at
the depths at which these springs are tapped. Given the geothermal gradient is approximately 3
˚C higher at a depth of 100 m. Overall 32 of the 394 springs in the database consist of shallow
wells, the remainder were natural springs. The distribution of the values of discharge and
temperatures for these springs for discharge and temperature are similar to the distribution for the
springs without wells (Figure S6). Therefore, including the springs tapped by shallow wells did
not introduce a bias in our analysis.
Text S2: Calculation of background geothermal gradients and heat flow.

We compared the heat flux of thermal springs to the background conductive heat flow density in
the Alps based on the global heat flow data database (International Heat Flow Commission,
2020) (Figure S4). The database consists of 181 datapoints with data on heat flow density and 19
points with data on geothermal gradients. With the area of the Alps of 202 × 103 km2 there is on
average one heat flow datapoint per 1117 km2, and the average distance between datapoints is 19
km. Note that for the calculation of the average geothermal gradient data from measurements in
lake sediments were omitted, because these may not be representative of the deeper parts of the
upper crust. The mean background heat flow is 76 mW m-2, and the mean geothermal gradient is
26 ˚C km-1. Given the high variation in background heat flow at small spatial scales (Figure S4)
no further attempt was made to interpolate heat flow density, and the mean heat flow density
value was used for further analysis. The thermal footprint of springs was calculated by dividing
the net heat flux of each spring by the mean background heat flow density in the Alps.
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Figure S1 Theoretical relation between SiO2 concentration and minimum circulation temperature using
a range of 9 geothermometer equations (Verma et al., 2008). The mean value represents the mean of
the 9 different geothermometer equations

Figure S2. Variation of groundwater recharge in watersheds that host thermal springs. The variation was
calculated as the difference between the minimum and maximum value divided by the maximum value.
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Figure S3. Conceptual model of the flow paths of groundwater that discharges in thermal springs and
heat exchange between groundwater and the subsurface.
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Figure S4. Map of the background heat flow and geothermal gradient in the Alps. Panel a and b show
heat flow and panel c and d show geothermal gradients. The data are based on the global heat flow
database (International Heat Flow Commission, 2020). The outline of the Alps is shown in white, and
major fault zones are shown by black lines (Handy et al., 2010; Schmid et al., 2004). Note that the map
of geothermal gradient only contains data from boreholes, tunnels and mines. Data from measurements
in lake bottom sediments were omitted.
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Figure S5. Comparison of the calculated contributing area of each spring with the area of the watershed
that each spring is located in.

Figure S6. Comparison of temperature and discharge for natural springs and springs tapped by shallow
(<100 m) wells.
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Type of data
Temperature
Discharge
Temperature and discharge
Temperature or discharge
18
O
2
H
SiO2
Total number of springs

Number of springs
364
241
226
379
127
115
136
394

Table S1. Type of data available in the thermal spring database (reference to Pangaea to be supplied
once publication of dataset is complete).

