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ABSTRACT

Detailed knowledge about the circulation of meteoric water in non-magmatic, orogenic
belts is fundamental for assessing the potential of such settings for geothermal power
production, as well as their use as potential groundwater resources. TO get more general
insight into these hydrological processes, we have conducted regional (20 x 10 x 9 km)
thermal-hydraulic-chemical (THC) simulations of meteoric water circulation in the orogenic,
crystalline basement of the Aar Massif in the Central Alps, Switzerland. Model results were
compared to numerous geochemical and isotopic analyses of groundwater discharging into
the longest and deepest tunnel of the world, the Gotthard railbase tunnel located within the
model domain. Explicitly considering the surface topography in our model was sufficient to
reproduce all key characteristics of the tunnel inflows (salinity, temperature, 5'°O values, and
up- and downward directed flow zones inferred from geochemical constraints). This
quantitatively confirms that surface topography operates as the governing control on fluid
flow in orogenic crystalline basements with meteoric water infiltration occurring at high
altitude and resulting upward directed flow zones along major valleys. Owing to low flow

rates below 2 m year™, computed residence times of the longest flow paths were above 100 k
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years, confirming that groundwater and/or porewater in orogenic crystalline basements may
act as an archive for palaeohydrologic variations. Moreover, simulation results show that
down to the lower model boundary at 9 km depth, penetration of meteoric water is not limited
by the decrease in permeability with depth that is typically observed in granitic rocks. This
suggests that advective fluid transport in orogenic crystalline basements may reach the brittle-
ductile transition zone and that infiltrating meteoric water can attain temperatures well above
150 °C. We conclude that orogenic geothermal systems are promising plays for geothermal

power production.

Keywords: Fractured rock, Numerical modeling, Swiss Alps, Geothermal energy, Toughreact,

Stable water isotopes

1. Introduction

Fluid flow in crystalline basements is enabled by the occurrence of interconnected
fracture networks (Stober and Bucher, 2007; Bucher and Stober, 2010) and the presence of
hydrological driving forces (Ingebritsen and Manning, 1999). Although mountain topography
has been long ago recognized as key driver for meteoric water circulation in non-magmatic,
orogenic belts (e.g. Hubbert, 1940; Forster and Smith, 1988; Ge et al., 2008, Goderniaux et
al., 2013), direct observations linking downward and upward directed flow zones are still
sparse. On the one hand, numerous studies have described the ascent of meteoric water along
deep-reaching faults (i.e. along permeability anomalies) based on the occurrence of thermal
springs and their chemical and isotopic composition. Examples include sites in the Canadian
Rocky Mountains (Grasby et al., 2016), the Southern Alps of New Zealand (Reyes et al.,
2010), the central European Alps (Pfeifer et al., 1992; Sonney and Vuataz, 2008; Diamond et
al., 2018), the Black Forest (Stober et al., 1999; Stober and Bucher, 2015), the Pyrenees
(Taillefer et al., 2018), the Himalayas (Craw et al., 2005), and locations in China (Bucher et
al.,, 2009; Stober et al., 2016). Other manifestations of ascending fluids include fossil

hydrothermal breccias (Hofmann et al., 2004), and positive temperature anomalies (i.e. above
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those predicted by the local geothermal gradient) recorded along shallow tunnels and
boreholes (Pastorelli et al., 2001; Valla et al., 2016). On the other hand, shallow (<2 km)
infiltration of meteoric water into crystalline rocks is evidenced by the occasional occurrence
of large inflows (>100 L s') of cold meteoric water into highway or railway tunnels,
associated with negative temperature anomalies (Hunziker et al., 1990; Maréchal et al., 1999;
Pastorelli et al., 2001). The maximum penetration of meteoric water, however, is still under
debate and suggested depths range from 5 to 23 km (Diamond et al., 2018, and references
therein). The rheology of the continental crust changes with increasing depth from brittle to
ductile deformation behavior. Below the brittle-ductile transition zone located in a depth of
about 12—14 km at a typical crustal geothermal gradient of 25-30 °C km™ (Wintsch et al.
1995; Stober and Bucher, 2007), Darcy-flow is not possible (Stober and Bucher, 2015) and
other transport mechanisms are responsible for fluid transfer through the ductile crust
(Connolly and Podladchikov, 2015). Thus, the studies reporting the greatest depths invoke
penetration of meteoric water below the brittle-ductile transition zone (Wickham et al., 1993;
Cartwright and Buick, 1999). The large range in postulated penetration depths, however, may
also be inherited from a variation in methodology ranging from stable water isotope analyses
of minerals and fluid inclusions in hydrothermal rocks to solute geothermometry and
geochemical modeling applied to thermal springs, and does not necessary imply penetration
below the brittle-ductile transition zone (see Diamond et al., 2018 and references therein). In
any case, it reflects the limited knowledge about structural controls on meteoric water
infiltration into crystalline basements and on how infiltration zones are actually connected to
deep-reaching fault zones, along which meteoric water can again reach the surface and
discharge as thermal springs eventually (Belgrano et al., 2016). This forms a particular
challenge for assessing orogenic, crystalline basements as potential groundwater resources
(Ge et al., 2008), and for evaluating their potential for geothermal power production (Wanner
etal., 2019).

Here we present results from regional 3D (20 x 10 x 9 km) thermal-hydraulic-

chemical (THC) simulations of fluid flow in the Aar Massif in the Central Alps, Switzerland.
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The study area constitutes an ideal site to get more insight into regional hydrogeological
processes in orogenic crystalline basements because, (i) numerous chemical and isotopic
analyses of water inflows along the World’s longest and deepest tunnel, the Gotthard railbase
tunnel (Bucher et al., 2012) provide a unique opportunity to study such processes, (ii) the area
includes both major valleys as well as mountain peaks, which appear to correlate with distinct
upward and downward directed flow zones at the tunnel level, and (iii) major (i.e. regional)
structural and thermal anomalies are absent. Thus, with these specifications the study area
allows to particularly assess the role of topography as a control of fluid flow in orogenic
crystalline basements. To overcome the shortage of hydraulic measurements in this regional
system, we use the available chemical and isotopic data to constrain our model and to
quantitatively evaluate whether mountain topography indeed operates as the first order

driving force for regional meteoric water circulation.

2. Geological and hydrogeological setting

The 57 km long Gotthard rail base tunnel crosses the Central Alps at a base level of ca.
500 m a.s.l. The construction was simultaneously carried out in five individual sections,
which was enabled by drilling vertical access shafts. Our study exclusively deals with the
Amsteg section of the tunnel, corresponding to a 11.5 km long section in the northern part of
the tunnel (Fig. 1), because only for this tunnel section groundwater inflows were
systemically sampled with a high spatial resolution during construction. The construction
took place between 2003 and 2006 using a 400 m long tunnel-boring machine.

The geology and hydrogeology of the Aar Massif as well as the Amsteg section of the
tunnel have been previously described in detail and are summarized in the following. The
section crosscuts the crystalline basement of the Aar Massif, which represents a major NE-
SW striking complex of the Variscan basement (120 x 20 km in size). The Aar Massif was
overprinted by Alpine greenshist-type metamorphism and associated deformation (Abrecht,

1994; Schaltegger, 1994; Labhart, 1999). The different geological units exposed along the
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Amsteg section are made of granites, gneisses, and volcanic rocks (e.g. metarhyolites)
(Bucher et al., 2012). Mineralogically, these rocks have similar compositions and are
dominated by quartz, albite, K-feldspar and chlorite, minor amounts of biotite and muscovite,
and accessory pyrite and calcite (Bucher et al., 2012). The thickness of the rock column above
the tunnel is between 300 and 2200 m (Fig. 2).

North—South compression during the Alpine orogeny resulted in steeply dipping
geological units and E-W trending foliation (Steck and Hunziker, 1994). Brittle deformation
caused by exhumation of the Aar Massif and subsequent cooling formed shear fractures and
joint systems (Choukroune and Gapais, 1983; Laws et al., 2003). High deformation zones
currently strike parallel to the geological units and steeply dip to the S or N (Laws et al.,
2003). Thus, the tunnel crosscuts the steeply dipping units and the nearly vertical fracture
system at an angle close to 90 degree (Fig. 2). Based on a hydraulic test performed in a zone
with major water inflows in the nearby Sedrun section of the tunnel (Fig. 1), the hydraulic
conductivity in such highly deformed zones may be as high as 10 ® m s™ (Bucher et al., 2012).
In turn, the geometric mean of the hydraulic conductivity across the entire Sedrun section
ranges from 3 to 6 x 10° m s (Masset and Loew, 2013).

During drilling of the Amsteg section, 122 groundwater samples were collected from
water conducting fractures before these were permanently sealed with concrete. Owing to the
induced pressure drop, the water inflow rate from individual fractures ranged from 0.0004 to
6 L s™. Full chemical analyses were performed on all 122 groundwater samples with the
results being reported in Bucher et al. (2012). Groundwater from the various inflows range
from freshwater to strongly mineralized water (TDS = 171-3231 mg L™). Their chemical
composition varies from the general Na-CO; and Na-SO, chemical types up to about 700 mg
L total mineralization to the general Na-Cl chemical type at elevated mineralization (>700
mg L™). All samples are characterized by an alkaline pH ranging from 8.3 to 10.4. In their
chemical characteristics, the groundwater samples from the Gotthard railway tunnel thus
resemble many other crystalline groundwaters of similar total mineralization (e.g. Nordstrom

et al. 1989, Pearson et al. 1991, Waber et al. 2017, Schneeberger et al. 2019). The chemical
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composition is inherited from water-rock interaction reactions between infiltrating meteoric
water and the granitic mineralogy of the crystalline basement. Beside such advective reactive
transport along interconnected fracture networks (i.e. the fracture porosity), there are strong
indications for a diffusive uptake of mainly ClI, Na, SOy, Li, and Br from porewater present in
the intact, non-fractured, and low permeable rock matrix (i.e. the matrix porosity). This
porewater presumably constitutes a remnant of a hydrothermal fluid that evolved during
alpine metamorphism (Seelig and Bucher, 2010; Wanner et al., 2017). The important role of
matrix porewater on the chemical and isotopic composition of groundwater in crystalline
settings originates from strong concentration gradients between fracture groundwater and
matrix porewater that are continuously balanced by (mainly) diffusion over time (Waber et
al., 2012).

The surface hydrology above the Amsteg section of the tunnel is controlled by the
catchment of the Maderaner Valley including the Etzli side Valley (Fig. 1). At the town of
Amsteg, the two valleys drain into the Reuss, a major alpine river in Switzerland, at an
average annual discharge of 9 m® s™ (FOEN, 2015). The average annual precipitation rates in
the catchment are altitude dependent and range from 1200 mm at 500 m a.s.l. to 1500 mm

above 2000 m a.s.l. (MeteoSwiss, 2019).

3. Constraints from geochemical data

Among the numerous physical and chemical parameters reported for groundwater
samples collected along the Amsteg section (Bucher et al., 2012), the temperature, pH, as well
as the concentrations of Cl and Si are particularly useful to constrain our THC simulations as
described below. In addition to the published chemical analyses, in this study we carried out
analyses of the stable isotopes of the water molecule on 30 out of the 122 groundwater
samples collected along the Amsteg section. All these geochemical constraints contribute to
establishing a conceptual model of the hydrodynamic functioning of the pre-tunnel stage of

the studied crystalline massif and they serve to constrain our THC model as described below.
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3.1. Stable water isotopes

Stable isotopes of water, expressed as 8'°0 and &°H in per mil (%o) relative to
VSMOW, were analyzed at the Institute of Geological Sciences, University of Bern, by
isotope ratio infrared spectroscopy (IRIS) using a Picarro L2120-i cavity ring down
spectrometer (CRDS) with vaporization module V1102-i, coupled to an HTC PAL auto-
sampler (CTC Analytics). Post-run correction of oxygen and hydrogen stable isotope
measurements was conducted according to van Geldern and Barth (2012). The analytical error
(16) was £ 0.1%o for 8'°0 and + 1.0%o for 5°H based on multiple measurements of internal
and IAEA standards. Duplicate analyses agreed well within this error. In contrast to the
immediately conducted chemical analyses (Bucher et al., 2012), those of the stable water
isotopes was performed up to 10 years after the samples were collected during construction of
the Amsteg section (2003-2006). To test whether evaporation occurred during sample
storage, the concentrations of major cations and anions (CI, Na*, and SO42') were re-
measured at the Institute of Geological Sciences, University of Bern by ion chromatography
using a Metrohm ProfIC AnCat MCS IC system. The analytical uncertainty was better than +
5% based on multiple measurements of high-grade, commercial standard solutions.

Since evaporation was identified, measured §'®0 and §°H values were corrected as
described in the Supporting Information. Measured and evaporation-corrected values are both
listed in Table S1 (Supporting Information) together with the re-measured ion concentrations.
Compared to the ion concentrations reported in Bucher et al. (2012), our groundwater samples
showed an increase of up to 15 % corresponding to the evaporated fraction of the original
sample volume. The corrected §'®0 and &*H values plot on the global and local meteoric
water lines (GMWL, LMWL) (Fig. 3), demonstrating that all groundwater samples originate
from meteoric water that has infiltrated at the surface.

Along the Amsteg section, 80 and §°H values of our groundwater samples do not
show any particular spatial trend (Fig. 2b). This is likely due to the fact that they represent a
homogenized (i.e. “averaged”) isotope signature of meteoric water infiltrated at different

altitudes and different times in the past. The latter is relevant because the residence time of
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meteoric water circulating in the Aar Massif is substantial and may reach several 10 k years
such as demonstrated by the lack of detectable **C in meteoric water penetrating up to 10 km
deep before discharging as thermal springs below Grimsel Pass also located within the Aar
Massif (Waber et al., 2017; Diamond et al., 2018). Thus, the main constraint from stable
isotope analysis for our model is that all groundwater samples discharging at the tunnel level
originate from meteoric water that has infiltrated at the surface at some point in the past.
Moreover, given that our groundwater 5'°0 and &°H values are well within the range of
current precipitation in the Aar Massif (e.g. meteorological stations Grimsel and Guttannen,
FOEN, 2014) (Fig. 3), infiltration has mainly occurred during times where the average
climatic conditions were similar to those in the current Holocene interglacial period (<11.5
ka). In turn, infiltration was limited or even absent during cold temperature periods and the
glacial cycles because this would have likely resulted in 0 and &°H values at the lower
limit or even outside the range of current precipitation (Fig. 3). This is consistent with recent
hydrogeological investigations of similar crystalline massifs in France, for which it was
suggested that infiltration at high altitude mainly occurred during the Holocene interglacial
period, while it was much lower during the preceding glaciation period (Maréchal et al., 1999;
Thiebaud et al., 2010; Dzikowski et al., 2016). Hence, the subsurface residence time of
meteoric water in our model is constrained to Holocene times (<11.5 ka) or similar
interglacial periods in the past such as the Eemian interglacial dated between about 130-115

ka (Preusser et al., 2011).

3.2. Physico-chemical evolution of tunnel inflows along the Amsteg section

3.2.1. Saturation state of chalcedony and quartz

Bucher et al. (2012) have suggested that for “low” pH tunnel inflows (pH < 9), the
dissolved silica concentration is mainly controlled by the solubility of chalcedony, whereas
above pH 9.5 it is controlled by quartz. Calculating the saturation state of chalcedony in

groundwater samples of pH < 9.5 and of quartz in those of pH > 9.5, using TOUGHREACT
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V3 (Xu et al., 2014) in combination with the Soltherm.H06 database (Reed and Palandri,
2006), demonstrates that most groundwater samples are near saturation or slightly under-
saturated with respect to the silica-controlling phase (saturation index S./. = - 0.4 to + 0.1)
(Fig. 2¢). The only exceptions are tunnel inflows collected beneath the only major valley
along the Amsteg section, the Maderaner Valley at ca. 9 km along the tunnel, which show a
significant supersaturation (S.1. > 0.1) with respect to chalcedony (Figs. 2a, c¢). Owing to the
lower solubility of quartz, this would also be the case if these samples were solubility
controlled by quartz instead of chalcedony despite showing pH values below 9.5.
Supersaturation with respect to quartz and/or chalcedony is a common feature of thermal
waters and it is observed due to (i) the solubility decrease associated with the decrease in
temperature upon ascent and cooling of thermal fluids, and (ii) slow precipitation kinetics of
quartz and chalcedony in combination with fast upflow (Wanner et al., 2014; Diamond et al.,
2018). Thus, based on the observed supersaturation, there is strong geochemical evidence that
the groundwater samples collected beneath the Maderaner Valley have experienced
temperatures above the discharge temperature and hence have infiltrated into the tunnel from
below (Fig. 2a). While we do not attempt to reconstruct the calculated saturation indices, the
upflow directed flow zone proposed to occur below the Maderaner Valley serves as important

constraint for our model.

3.2.2. Cl concentration profile

The Cl concentration profile along the Amsteg section shows a distinct peak with a
maximum concentration of 1300 mg L™ at about 10 km along the tunnel where it intersects a
volcanoclastic unit called Intschi zone (Figs. 2a, d). The peak is located roughly 1 km south of
the location where the tunnel crosses the Bristen Granite beneath the lowest point of the
Maderaner Valley and where the Cl concentration in the groundwater is around 400 mg L™
Plotting the Cl concentrations against the discharge temperature (Fig. 4a) demonstrates that
groundwater samples collected along the Amsteg section fall into two distinct groups. With

the exception of two outliers, the first group consists of all samples collected up to a distance
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of 11.5 km along the tunnel. In these samples, Cl and the discharge temperature are linearly
correlated and include all samples forming the Cl peak discussed above. The second group
includes the samples at a distance greater than 11.5 km along the tunnel. These samples are
characterized by generally low Cl concentrations (< 200 mg L) that are not correlated with
the discharge temperature.

Since elevated Cl concentrations such as in case of the first group (<11.5 km) are
consistent with longer flow paths and continuous uptake of solutes from the postulated
ancient porewater source (Seelig and Bucher, 2010; Bucher et al., 2012; Wanner et al., 2017),
we suggest that all groundwater samples of the first group (<11.5 km) have infiltrated from
below, although only the ones collected beneath the lowest point of the Maderaner Valley
show evidence for temperatures above the discharge temperature based on the calculated
silica phase saturation indices (Fig. 2c). For groundwater samples with low Cl concentrations
such as in case of the second group, we suggest that they have infiltrated into the tunnel from
above. This is consistent with results from reactive transport modeling (Wanner et al., 2017)
showing that the composition of groundwater samples with very low Cl concentrations (<3
mg L) and collected at about 15 km beneath the highest peak of the Amsteg section, the
Chriizlistock, can be explained by a rather simple 1D reactive transport model considering the
reaction of infiltrating meteoric water with the granitic mineralogy only (Wanner et al., 2017).
Consequently, these particular samples have likely infiltrated into the tunnel from above,
consistent with shorter residence times and essentially no uptake of Cl from the postulated
ancient porewater source. Owing to their low Cl concentrations and based on the temperature
vs. Cl plot (Fig. 4a), the same downward directed flow may apply for all groundwater
samples belonging the second group of samples (>11.5 km).

The upflow and downflow directed flow zones identified from the spatial correlation
between geochemical properties of the collected groundwater samples and surface topography
(Fig. 2a) will serve as calibration target for our model. Moreover, since Cl likely originates

from an ancient porewater source (Seelig and Bucher, 2010; Wanner et al., 2017), CI is used

10
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as a residence time tracer in our model and the CI concentration profile recorded along the

Amsteg section (Fig. 2d) will also serve as constraint for our model.

3.2.3. Temperature profile

The temperature of the groundwater samples collected along the Amsteg section closely
follows the surface topography (Figs. 2a, e). In fact, the correlation between temperature and
overburden is strongly linear and nearly perfect (Fig. 4b). Taking into account the
supersaturation with respect to chalcedony and quartz calculated for groundwater samples
collected beneath the Maderaner Valley (Fig. 2c), this observation suggests that the upflow
rate of the proposed upward directed flow zone is too low to generate any temperature
anomaly (i.e. temperatures above those predicted by the local geothermal gradient). Together
with the observed tunnel inflow rates, the recorded temperature profile will serve as constraint

in our model.

3.3. Correlations in groundwater samples collected along the Bristen Granite
Groundwater samples collected where the tunnel intersects the Bristen Granite beneath
the Maderaner Valley (ca. 9 km along the tunnel) show strong linear correlations between
major as well as minor solutes and CI, and between 5'°0 and Cl (Fig. 5). Such correlations are
typical manifestations of binary fluid mixtures. Elevated Cl, Na, SO,4 Li, and Br
concentrations (Wanner et al., 2017) as well as the small tunnel overburden of about 300 m
(Fig. 2a) indicating elevated permeability (Fig. 6), suggest that these groundwaters represent a
binary mixture between an ascending, highly-mineralized fluid endmember and dilute
meteoric water originating from the surface such as demonstrated for other locations within
the Aar Massif (Diamond et al., 2018). Significant admixture of dilute meteoric water to the
ascending fluid endmember is consistent with the observation that the maximum tunnel
inflow rate (6 L s™) was recorded at this particular location of the tunnel. Moreover, it is

consistent with the negative linear correlation observed between 80 and Cl (Fig. 5c),

11
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suggesting that the diluting meteoric water (low CI, high 8'®0) has infiltrated at a lower
altitude than the deep fluid endmember (high Cl, low 8'*0), for instance at the bottom of the
Maderaner Valley at about 800 m a.s.l. In turn, this interpretation implies that the ascending
fluid endmember has originally infiltrated at an altitude that is above the Maderaner Valley
before eventually discharging into the tunnel from below. In addition to low 8'°0, this results
in longer residence times and more Cl uptake from the proposed porewater source yielding
elevated ClI concentrations, eventually (Fig. 2d). The Cl uptake, however, is not accompanied
by a shift of "0 values away from the GMWL towards less negative values, despite that
matrix porewater collected within the Aar Massif as well as ancient metamorphic fluids
trapped in fluid inclusions show elevated 80 and &°H values (Mullis et al., 1994,
Schneeberger et al., 2019; Fig. 3). Compared to Cl, the shift in 80 (and likewise 8°H) is
limited because (i) infiltrating meteoric water has a very high H,O concentration of 55.6 mol
L' (i.e. [H,O0] =1 kg L™ at T=4 °C), (ii) the isotopic signature of infiltrating meteoric water
covers a large range that does not substantially differ from the range of expected porewater
(Fig. 3), and (iii) the concentration gradient controlling diffusive uptake of heavy 50 is
given by the gradient of the 'H,'*0 and "H,'°0 isotopologues (i.e. same molecule but different
mass), which are in the per mil range per distant unit only. In case of Cl, the low
concentrations of infiltrating meteoric water (UM range) as well as the strong concentration
gradient (M range per distant unit) result in a significantly higher uptake from the ancient
porewater source. While fully assessing the causes for the missing 8'*O shift is beyond the
scope of the present work, its absence is consistent with analyses of mineralized thermal
springs collected within the Aar Massif (Diamond et al., 2018) and groundwater samples
collected from the nearby Gotthard highway tunnel (Pastorelli et al., 2001). In any case, the
absence of observable 5'°O shifts during meteoric water circulation forms an important
constraint in our model.

The identified admixture of cold meteoric water implies that the CI and Si concentrations

and hence the silica supersaturation of the deep fluid endmember ascending where the tunnel

12
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intersects the Bristner Granite beneath the Maderaner Valley at about 9 km along the tunnel is
actually higher than the obtained values (Figs. 2c, d). Thus, without dilution with meteoric
water possibly caused by the tunnel construction work, the peak in the Cl profile (Fig. 2d)
might have actually occurred there and not as currently observed at about 10 km where the
tunnel intersects the volcanoclastic Intschi zone (Fig. 2a). The correlations identified for the
Bristen Granite groundwaters samples, however, fail to match the corresponding parameters
of the Intschi zone (Fig. 5). This demonstrates that the two units are not directly linked
hydrologically, although they both lie within the upward directed flow zone postulated to
occur at a distance <11.5 km along the tunnel (Fig. 2a). The absence of a direct flow

connection between the two units serves as additional constraint for our model.

4. Model setup

Our forward thermal-hydraulic-chemical simulations aim to assess the role of surface
topography on controlling regional meteoric water circulation in orogenic crystalline
basements. Therefore, simulations were performed for a large 3D domain (20 x 10 x 9 km)
including the entire Amsteg section of the Gotthard railbase tunnel, and by explicitly

considering the surface topography combined with stable water isotopes.

4.1. Numerical model

All simulations were performed using TOUGHREACT V3 (Xu et al., 2014), a well-
established integral finite difference code for modeling coupled thermo-hydrodynamic-
chemical processes in geothermal and volcanic systems (e.g., Wanner et al., 2014). All
simulations were performed using equation-of-state EOS1, which simulates water and

coupled heat flow in the single-phase state according to the mass balance equation

oM
% =—VFyu+qwnu (D

13
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where My, is the accumulation term for water M, (kg m™) or heat M, (J m™), gy are water
or heat sinks (-) or sources (+) and Fy, refers to the water flux Fy (kg m™ s™) or heat flux Fj
(J m™s™). For fully saturated, single-phase flow problems F is equal to the Darcy flux « (m
s

u= (VP - pg) @)

where £ is the intrinsic permeability (m?), u is the water viscosity (Pa s), VP (Pa m™) is the
water pressure gradient with respect to distance (i.e., hydraulic head differential), o is the

density of water (kg m™) and g is the acceleration due to gravity (m s). Heat flux F; (J m™ s’

" is defined as

where Cy, (J kg K') and py (kg m™) are the specific heat capacity and the density of the
porous medium (rock + porewater), 7 (K) is the temperature of the porous medium (i.e. rock

and water), 1 is the thermal conductivity of the wet rock (J s m' K'=W m™ K'), and VT

(K m™") is the gradient in temperature between adjacent grid blocks. The porous medium

parameters py and C), are calculated as

pu =1 —d) X pg+ ¢ Xpy 4)

Cu=A—-¢p)XCr+¢XCy (5)

where the subscripts r and y denote the corresponding rock and water values, respectively,
and ¢ is the porosity. Equation EOS1 calculates the temperature dependence of water
properties (e.g., density, specific enthalpy and viscosity) from the steam table equations given

by the International Formulation Committee (1967).
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4.2. Model geometry

Along the Amsteg section, the surface topography is mainly shaped by the Maderaner
Valley and the surrounding mountain peaks. Therefore, the horizontal extent of the model was
constrained by the catchment of the Valley covering an area of about 20 x 10 km (Figs. 1, 7).
This means that the southernmost part of the Amsteg section was not simulated. The upper
model boundary was defined by numerically shaping an initially regular mesh with a digital
elevation model (DEM) of the area using the “fit surface” PyTOUGH method (Croucher,
2015). Such approach eventually created an irregular mesh with a horizontal resolution of 250
x 250 m. The altitude of the lower model boundary was somewhat arbitrarily set to -5400 m
a.s.l. to allow fluid circulation below the tunnel. The vertical extent of the grid blocks
gradually increased from 150 m near the surface to a maximum extent of 600 m at altitudes
below 0 m a.s.l., yielding a total of about 82,000 grid blocks.

In the absence of transmissivity, as well as fracture connectivity, spacing, and
aperture data, and under consideration of the large model domain (20 x 10 x 9 km) the
complex interconnected, hydraulically active fracture network was conceptionalized as a
single (i.e. homogenously fractured) rock continuum, where the assigned porosity refers to the
fracture porosity of the entire rock volume. This means that our simulations do not explicitly
distinguish between advective flow along the hydraulically active fracture network of the Aar
Massif and the diffusive and conductive interaction with the adjacent intact rock matrix.
Similarly, since our model aims at unraveling the regional flow system, the model does not
explicitly include the tunnel. As such, the model neglects the pressure drop induced by the

tunnel and simulation results refer to the pre-tunnel stage of the system.

4.3. Simulating the fate of stable water isotopes and the continuous uptake of Cl1

The main benefits of using a fully coupled THC simulator such as TOUGHREACT are
(i) to include the transport of stable water isotopes in terms of a water source tracer in our
simulations and (ii) to adopt the continuous uptake of Cl from the proposed porewater source

(Seelig and Bucher, 2010; Wanner et al., 2017). The fate of the three most abundant stable
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water isotopologues (‘H,'°0, 'H,'*0, 'H*H'®0), corresponding to a cumulative abundance of
>99.9 %, was simulated following the approach described by Singleton et al. (2005). To do
50, 'H,"*0 and '"H*H'°0O were defined as primary species with distinct total concentrations in
addition to the 'H,'°O species used by default. This allows calculating 8°'H and §'*O values

from the modeled ['H*H'OJ/['H,'°0O] and ['H,'O]/['H,'°O] total concentration ratios

(Rmodeled)
Rimodeled
= |—Bded 1) x
5 (RSMO 1) 1000 (6)

where Rgyow refers to the corresponding ratios in standard mean ocean water (SMOW). For
our simulations, 5°H and &0 values were fixed at the upper model boundary to define
altitude dependent values for the infiltrating meteoric water and to use them as water source
tracer. In the absence of historical rainwater data, the actual §'*0 values were constrained by
the long-term 'O monitoring of current rainwater collected along the nearby Grimsel
transect yielding an average value of -13.25 %o at 1980 m a.s.l. (i.e. at the Grimsel station)
and an altitude effect on 8'°0 of -0.2 %o per 100 m elevation gain (Schotterer, 2010). The
corresponding 8°H values were defined by assuming that they lie on the GMWL (i.e., 8°H = 8
x 8°H + 10; Schotterer et al., 2010), which is consistent with our stable water isotope analyses
(Fig. 3). Except for the upper model boundary, §®0 and §°H values were initially set to
arbitrary values of -10 and -70 %o, respectively (Table 1).

Since the model was defined as a single, fractured rock continuum, the uptake of CI from
the proposed ancient porewater source (Seelig and Bucher, 2010; Wanner et al., 2017) to the
initially Cl free meteoric water was abstracted by specifying the kinetic release of Na and Cl
from a generic solid NaCl source (NaCl) = Na' + CI') with a fixed dissolution rate of 3 x 10°
" mol kgino™ s (0.03 mg kgipo ' a”). This rate was numerically estimated by approximating
the Cl concentration profile observed along the Amsteg section (Fig. 2d). The calibrated rate

agrees well with fracture area normalized Cl uptake rates of 0.07-0.12 mg m™~ a”' estimated
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for groundwater circulating in the granitic basement in the region of Laxemar, Sweden
(Waber et al., 2012). In Waber et al. (2012), the uptake of CI from such porewater source was
associated with a shift of 8'*0 and 8°H values away from the GMWL towards higher values,
which was not observed for our samples (Fig. 3). Therefore, the uptake of water with
significantly less negative 8'*0 and &°H values than meteoric water from the proposed

porewater source was neglected in our model.

4.4. Initial and boundary conditions

At the upper model boundary the temperature and pressure were prescribed to 1 bar and
4 °C, respectively. In doing so, we neglect the unsaturated zone and assume that the entire
basement is fully saturated, which means that the water table is constrained by the
topographic surface and that infiltration and exfiltration is allowed through the entire upper
model boundary. Multiple studies have shown that this approximation is valid for the
simulation of regional flow problems in orogenic crystalline settings (Tiedeman et al., 1998;
Bossong et al., 2003; Caine et al., 2006; Taillefer et al., 2018). For our study, it is particularly
justified by the lack of detailed information on the local water table and the rather large
vertical model extent (<9 km), for which the regional flow field is only weakly affected by
the extent of the unsaturated zone. By allowing the flux of meteoric water through the upper
model boundary during the entire course of our simulations, we assume (i) that the Hfi-
Glacier located <3200 m a.s.l. in the N-E part of the model domain (Fig. 1) represents a
hydrological-active, warm-based glacier and (ii) that the meteoric water infiltration rate
during past glaciation periods remained constant. While assumption (i) is justified given that
in the Alps, evidence for hydraulically active, warm-based glaciers up to an altitude of 2600
m a.s.l. has been reported even during the last glacial maximum (18 ka ago) when the mean
annual temperature was 12 = 3 °C lower than today (Peyron et al., 1998; Wirsig et al., 2016),
(ii) represent an important model simplification of which the implications will be discussed

together with the model results.
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Initially, a hydrostatic pressure distribution and a typical regional conductive geothermal
gradient of 25 °C km™ (Vernon et al., 2008) were defined throughout the model domain (Fig.
7). The lateral and lower model boundaries were defined as no flux boundaries with respect to
fluid flow whereas the lateral boundaries were defined as no flux boundaries for heat
transport as well. The definition of the later model boundaries as no flux boundaries is
justified by the absence of heat sources other than the one responsible for the regional
geothermal gradient and because cross-catchment flow (i.e. across the horizontal boundaries)
is likely negligible. Across the lower model boundary, conductive heat transport was allowed
by fixing the temperature to 186 °C, which is consistent with the mean surface altitude of
1850 m a.s.l. within the model domain and a geothermal gradient of 25 °C km'™.

The permeability of the fractured rock continuum (k) was defined as a function of
depth according to the relation derived from hydraulic tests performed in similar settings

worldwide (Stober and Bucher, 2007; Stober and Bucher, 2015),

log (k) = - 1.38 x log(2) - 15.4 (7)

where z refers to the depth (km) below the surface and k is the intrinsic vertical permeability
(m®). Figure 6 shows that this relation is able to match the permeability recorded along the
nearby Sedrun section of the tunnel (Masset and Loew, 2013). To account for the steeply
dipping units (Fig. 2a) and nearly vertical fracture systems suggesting that flow is directed
vertically, a permeability anisotropy factor of 10 was considered between horizontal and
vertical direction with higher values associated with the orientation of factures. Consequently,
the specified permeability in x- and y- direction was 10 times lower than the one defined by
equation (7). In analogy to the permeability, the porosity was also specified as a function of
depth. In the absence of any information on the porosity-permeability relationship, our
simulations consider a linear fracture porosity decrease with depth (Fig. 6). The maximum

and minimum values (2.1 and 0.1 %) were taken from Hg porosity measurements performed
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on gneisses and granites of a water conducting shear zone exposed in the nearby Grimsel Test
Site (Bossart and Mazurek, 1991).

Other physical and thermal properties (e.g. density, thermal conductivity) were
defined according to measurements performed in the nearby Grimsel Test Site (Keusen et al.,
1989; Kuhlmann and Gaus, 2014). All model parameter are listed in Table 1. Initial and
boundary conditions for simulating the fate of CI and stable water isotopes were defined as

described above in detail, and the corresponding values are listed in Table 1.

5. Model results and discussion

5.1. General flow system

Selected results for the full model domain are shown in Figures 8 and 9. Computed
average linear vertical flow velocities (Fig. 8a) demonstrate that meteoric water infiltration
occurs at high altitude (vz < 0, lower limit of color scale), whereas upward directed flow
zones are found beneath major valleys such as the Maderaner Valley (v; = 0). The temporal
evolution of 80 values displays “plumes” of water with low 8'®0 values originating from
the infiltration at high altitude (Fig. 9). These plumes may reach the lower model boundary (-
5.4 km a.s.l.) after a few 10 k years, and then migrate laterally before ascending towards the
surface of major valleys where they yield isotopically light values as well. Because our model
considers continuous uptake of Cl along flow paths, these regional circulation systems are
also expressed by the simulated Cl concentration distribution at chemical steady state (Fig.
8b), which is achieved after about 150 ka during the course of the simulation (Fig. 10).
Downward directed flow is indicated by the increase of Cl along the flow path towards
greater depth (Fig. 8b). In turn, upward directed flow below major valleys is manifested by
elevated Cl concentrations indicating maximum residence times.

Despite the infiltration of cold water at the surface (T = 4°C) and the upflow of heated
water from the lower model boundary (T = 186 °C), these flow zones only yield minor

temperature anomalies compared to the initially specified conductive temperature distribution
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(Fig. 8 vs. Fig. 7). This is because flow velocities and hence water fluxes are rather small and
heat transport is dominated by conduction rather than by advection. Below the Maderaner
Valley for instance, the computed upflow velocity is about 2 m year', whereas the model

predicts a downflow velocity below the Chriizlistock of less than 0.5 m year™ (Fig. 2f).

5.2. Model results vs. geochemical constraints

The comparison between parameter profiles observed along the Amsteg section of the
tunnel and the corresponding simulation results is given in Figure 2. Despite that the tunnel
was not explicitly considered in our model, the agreement is quite good. First, our model
predicts positive z-velocities and thus ascending water up to a distance of about 12.5 km
along the tunnel and negative z-velocities indicating downflow for the remainder of the
Amsteg section (Fig. 2f). These flow zones are consistent with the interpretation of the spatial
distribution of the silica phase saturation state (Fig. 2c), the CI concentrations (Fig. 2d), and
the Cl vs. temperature correlation observed in groundwater exfiltrating into the tunnel (Fig.
4a), although the computed upflow zone extends up to 12.5 along the tunnel while Figure 4a
suggests that the first (i.e. ascending) group of groundwater samples extends up to 11.5 km
only. The maximum upflow velocity was computed for the segment where the tunnel
crosscuts the Bristen Granite beneath the Maderaner Valley (at ca. 9 km) (Fig. 2f). This is the
only segment along the tunnel where the collected groundwater was supersaturated with
respect to quartz and chalcedony (Fig. 2c) and hence indicates a comparatively fast ascending
fluid (Wanner et al., 2014). The simulated coupled thermal-hydraulic processes further yield a
temperature profile that matches the observed profile within reasonable uncertainty (Fig. 2e).
The total flux of ascending water computed for the entire Bristen Granite segment was 0.008
L s, which is 850 times lower than the total discharge recorded along this particular segment
(6.97 L s™). Because the tunnel was not explicitly considered in our model, however, it is
challenging to directly compare computed flow rates to those measured in the tunnel. The
strong discrepancy is likely related to the facts that the construction of the tunnel induced a

strong pressure drop of likely more than 100 bar (Masset and Loew, 2013) and that with the
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chosen model setup (e.g. discretization/resolution, not considering the tunnel), shallow
mixing with dilute meteoric water from the surface is not fully captured by the model.

Second, the model is capable of reconstructing the shape of the observed CI
concentration profile (Fig. 2d), although it over- and underestimates the Cl concentration
along the Bristen Granite and the Intschi zone, respectively. In analogy to the flow rate
discrepancy, the overestimation of the Cl concentration along the Bristen Granite (at ca. 9
km) is due to the fact that shallow mixing with dilute meteoric water from the surface as
identified from the corresponding correlations (Fig. 5) is not fully captured with the chosen
model setup. In contrast, the underestimation along the Intschi zone (at ca. 10 km along the
tunnel) is likely due to a different chemical composition of the porewater in the differently
composed lithologies. Differences in the composition of the porewater serving as an
important CI source is further suggested by the lack of correlations between groundwater
samples from the Bristen Granite and the Intschi zone (Fig. 5). The model is consistent with
such explanation in the sense that the computed origin of meteoric water discharging along
the Bristner Granite and the Intschi zone strongly differs. Computed streamlines (Fig. 11)
suggest that groundwater discharging along the Bristen Granite originates to the South-West
near the Bristen peak, whereas groundwater samples ascending beneath the Intschi zone
originate to the South-East in the vicinity of the Chrizlistock.

Third, the simulated 30 values along the Amsteg section fall within the range
observed for groundwater samples (Fig. 2b), although simulations yield smaller *0
variations along the tunnel and a slightly lower mean 50 value (-14.6%o vs. -13.9%o). This is
because (i) with the chosen model setup shallow mixing with dilute meteoric water from the
surface is not fully captured by the model, and (ii) the 50 and 8°H values assigned to
infiltrating meteoric water were kept constant at the modern altitude dependent rainwater
values (Schotterer et al., 2010). Nevertheless, the fact that our model is able to approximate
the 5'°0 profile observed at the tunnel level confirms that infiltration of meteoric water must
have mainly occurred at a period of time with climatic conditions similar to those of the

current Holocene interglacial period (<11.5 ka).
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5.3. Timing of meteoric water infiltration

Along the tunnel, the mean residence times inferred from the simulated steady state ClI
concentration profile and the specified constant CI uptake rate of 3 x 10™* mol kg™ s
(taverage= [CI)/Clyptake_rate) range from 2,000 years below the Chriizlistock to about 28,000 years
beneath the Maderaner Valley (Fig. 2d). Since groundwater at the tunnel level represent
mixtures of different flow paths, the actual travel time of a single water molecule or dissolved
species can be much higher such as inferred from the CI breakthrough curves computed for
these two locations (Fig. 10). For the upward directed flow zone below the Maderaner Valley,
the CI breakthrough curve (Fig. 10b) demonstrates that it takes more than 100 k years of
simulation time until meteoric water that has infiltrated near the Bristen peak reaches the
tunnel level after having penetrated down to several kilometers below the tunnel (Fig. 11). In
contrast, beneath the Chrizlistock, computed CI breakthrough curves (Fig. 10a) are consistent
with the average residence times inferred from the CI concentration profile (Fig. 2d),
suggesting that meteoric water reaches the tunnel level after about 2,000 years. It should be
noted, however, that these travel times represent rough estimations only. This is because they
are proportional to the poorly constrained porosity and permeability distribution (Fig. 6) and
because the infiltration rate of meteoric water was likely reduced during the last glaciation
period and was certainly not constant over the past 100 ka such as assumed for our
simulations. Nevertheless, since our model predicts travel times much less than 10 ka for
groundwater samples collected along the postulated downward directed flow zone beneath the
Chruzlistock (Fig. 10a), it is evident that they must have infiltrated into the Aar Massif during
the current Holocene interglacial period (<11.5 ka). In contrast, travel times much longer than
10 ka obtained for groundwater samples collected along the postulated upward directed flow
zone below the Maderaner Valley (Fig. 10b) implies that these samples must have mostly
infiltrated during similar but past climatic periods. Possible candidates are the Eemian (115—
130 ka) or the Meikirch interglacial (200-185 ka), of which the former is surprisingly

consistent with the computed breakthrough curve.
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6. Implication for the circulation of meteoric water in orogenic crystalline basements

Despite the comparatively simple nature of our model and the absence of any
calibration work in addition to estimating the CI uptake rate, the model is able to reasonably
match all constraints identified from the chemical and isotopic composition of groundwater
samples collected along the Amsteg section (Fig. 2). We consider this result as a strong
quantitative confirmation that mountain topography operates as the most important driving
force for meteoric water circulation in orogenic crystalline basements. Our simulations also
confirm that in such settings, meteoric water can easily penetrate down to several kilometers
deep into the brittle continental crust. For the simulated domain, the topographic driving force
was large enough for meteoric water to penetrate down to a depth of 9 km below the surface
where the estimated vertical permeability is less than 3x10™"" m’ (Fig. 6). Since fluid flow in
our model is conceptionalized to occur within a homogenously fractured rock characterized
by a typical background permeability of granitic basement rocks (Stober and Bucher, 2007;
Stober and Bucher, 2015), penetration down to several kilometers depth does not seem to be
restricted by the presence of major fault zones with elevated permeability. Similarly, the
topographic driving force was sufficient to push the infiltrated meteoric water horizontally
before it ascends beneath major valleys, despite that the specified horizontal permeability was
one order of magnitude lower than the vertical one (<3x10™"® m” at 9 km depth). This means
that topography-driven flow can be sustained at a low horizontal permeability and does not
necessary rely on regional fault zones.

In terms of practical applications, our simulations are in agreement with recent studies
showing that in orogenic crystalline basements, thermal anomalies predominantly occur
where major fault zones with permeabilities significantly above the background values
considered in our model are exposed at valley floors (Taillefer et al., 2018, Wanner et al.,
2019). This is because for such settings, the combination of hydraulic and structural driving
forces is optimal. Thus, such settings represent ideal targets for the exploitation of orogenic

geothermal systems such as proposed recently (Wanner et al., 2019). In the Central Alps,
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promising examples are found within fault-hosted settings of the western part of the Aar
Massif at Brigerbad and of the Aiguilles Rouges Massif at Lavey-les-Bains (Sonney and
Vuataz, 2009; Valla et al., 2016). Both sites are located at the valley floor of the Rhone
Valley and they are characterized by thermal springs discharging at temperatures up to 65 °C
and are currently used as thermal spas. Moreover, Pastorelli et al. (2001) have shown that
thermal anomalies also occur in the Gotthard region such as in the nearby highway tunnel and
in an adjacent 500 m deep exploration borehole (28 °C in 450 m depth). Interestingly, these
anomalies are also found beneath a major valley, about 3 km south of the town of Andermatt.
Hence, they are fully consistent with our model results and further demonstrate that orogenic
geothermal systems are promising plays for geothermal power production.

Finally, our simulations confirm that circulation of meteoric water in orogenic crystalline
basements is slow and that significant infiltration of meteoric water may have occurred during
past interglacial periods dating more than 100 ka back in the past. This reinforces that
groundwater and/or porewater in crystalline basements may act as an archive for
palaeohydrologic variations (Waber et al., 2012). In terms of groundwater resources, the low
tunnel inflow rate computed for the most prominent upward directed flow zone beneath the
Maderaner Valley (0.008 L s™) suggest that deep circulation of meteoric water does not play a
major role on the regional water cycle, at least under the prevailing Alpine Climatic
conditions with atmospheric precipitation well above 1000 mm year" (MeteoSwiss, 2019).
However, for drier climatic conditions such as on the Tibet plateau with annual precipitation
rates below 500 mm year”, such rates might be significant for sustaining river baseflow and

spring discharge (Ge et al., 2008).

7. Summary and conclusions

Detailed knowledge about the circulation of meteoric water in non-magmatic,
orogenic belts is fundamental for assessing the potential of such settings for geothermal

power production (Wanner et al., 2019), as well as their use as potential groundwater
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resources (Ge et al., 2008). To get more general insight into such regional hydrogeological
processes, and to particularly test the hypothesis that mountain topography operates as a first
order driving force for meteoric water circulation, we have conducted regional (20 x 10 x 9
km) thermal-hydraulic-chemical simulations of meteoric water circulation in the orogenic,
crystalline basement of the Aar Massif in the Central Alps, Switzerland. In the absence of
detailed hydraulic and structural data, the simulations were constrained by 122 chemical
analyses of groundwater samples collected during drilling of the World’s longest and deepest
tunnel, the Gotthard railbase tunnel. Explicitly considering the surface topography in
combination with a previously published depth-dependent permeability distribution for
fractured crystalline rocks in our model was sufficient to reproduce key features of the
chemical analyses (e.g. salinity and temperature distribution), and up- and downward directed
flow zones inferred from geochemical constraints. To do so, the only parameter that had to be
calibrated in the model was the Cl uptake rate along the flow path. Performing additional
stable water isotope measurements and including their fate in the numerical simulations
allowed gaining further insights into the timing of meteoric water infiltration and subsequent
circulation. The main conclusions of this study are:

o Despite the lack of detailed structural and hydraulic data, 3D thermal-
hydraulic-chemical simulations constrained by geochemical data allowed
assessing regional and long-term topography-driven flow in orogenic
crystalline basements.

e Simulation results quantitatively confirm that the surface topography indeed
operates as a very strong driving force for meteoric water circulation in
orogenic crystalline basements. Owing to the induced hydraulic head gradient,
meteoric water infiltration occurs at high altitude whereas upward directed flow
zones (i.e. exfiltration) are found along major valleys.

e Down to 9 km depth, penetration of meteoric water is not limited by the

decrease in permeability typical of granitic basement rocks, suggesting that
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advective fluid transport down to the brittle-ductile transition zone is likely
occurring in such systems. Without the occurrence of permeability anomalies
(i.e. major fault zones), however, the permeability and hence the flow rates are
too low for the formation of major thermal anomalies despite that in case of the
studied system meteoric water may attain temperatures well above 150 °C
during such deep infiltration.

e Based on the upward directed flow zones predicted along major valleys, our
simulations suggest that positive temperature anomalies do occur if fluid
upflow is promoted by the presence of major faults zones with elevated
permeability. Within the Aar and other crystalline alpine massifs, such
conditions are found frequently as manifested by the occurrence of multiple hot
springs currently used as thermal spas. Thus, we consider orogenic geothermal
systems as promising plays for geothermal power production.

e Due to the low permeability, circulation of meteoric water is slow (<2 m year™)
and average groundwater residence times may strongly exceed the time period
of the current interglacial stage (>11.5 ka). This further underlines that
groundwater and/or porewater in orogenic crystalline basements may act as an

archive for palaeohydrologic variations during past interglacial periods.
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Table 1:Values and sources of parameters used in the numerical simulations

Parameter Value Meaning/source

Dimension of model

N-S and E-W 10 x 20 km Extent of Maderaner-Valley catchment

Base of model 5400 m as.l. fumﬁelbelow tunnel, allows simulating fluid flow below
Upper boundary Surface topography Digital elevation model

Hydraulic properties

Permeabililty (k) (except
lower model boundary)

Permeability at lower
boundary

Porosity (¢)

Fixed pressure at
surface (Psur)

Fixed pressure at lower
boundary (Piow bound)

Thermal properties

Background surface
temperature (Tsur)

Geothermal gradient

Thermal conductivity of
wet granite (1)

Fixed T at base of model

Specific heat (cp)

Rock density (o)

Chemical parameters

Fixed 50 at upper
model boundary

Fixed °H at upper
model boundary
Initial 80 and &°H
Initial Cl conc.

Constant NaCl
dissolution rate

log k (m?) = -1.38 x log(z) - 15.4

10 m?

Linear decrease from 2.1t0 0.1

1 bar

685 — 718 bar

4°C
25°C km™

3.34WmtK?!

186 °C

920 J kgt K1

2690 kg m™

Altitude dependent (-10.9%o at
800 m a.s.l;. -15.9 %o at 3300 m
a.s.l.)

Altitude dependent (-77.1 %o at
800 m a.s.l;. -117.1 %o at 3300 m
a.s.l.)

-10 and -70 %o
1e-10 mol kgnzo™

3 x10™ mol kgzo* s™

Stober and Bucher (2007); Bucher and Stober (2015)

Infinitely low to define a no flux boundary for fluid flow

Maximum and minimum values measured in nearby
Grimsel Test Site (Bossart and Mazurek, 1991). A
linear behavior because no porosity-permeability
relation is available for the studied site.

Atmospheric pressure

Hydrostatic pressure distribution assuming fully
saturated conditions

Annual mean at average altitude (1850 m a.s.l.)

Vernon (2008)

Measurements in nearby Grimsel Test Site (Kuhleman
and Gauss, 2014)

Allows considering a heat flux across the lower model
boundary corresponding to a geothermal gradient of
25 °C km™. T=186 °C results from the depth of the
lower boundary (-5400 m a.s.l.) and the average
surface altitude (1850 m a.s.l.)

Result of inverse modeling of in-situ experiment in
nearby Grimsel test site (Kuhimann & Gaus, 2014)

Measurements in nearby Grimsel Test Site (Keusen et
al., 1989)

Schotterer et al. (2010)

Schotterer et al. (2010)

Arbitrary, outside of measured range
Meteoric water assumed to be Cl free

Calibrated to match max. Cl conc. observed in tunnel
inflows along Amsteg section
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Figure captions

Figure Captions

Figure 1. Geological map of the eastern part of the Aar Massif (modified after
Abrecht, 1994). The solid segment of the tunnel refers to the Amsteg section, for
which numerous groundwater samples were collected and chemically analyzed
(Bucher et al. 2012). The black rectangular illustrated the horizontal extent of the
model domain.

Figure 2. Profiles through the Amsteg section of the Tunnel. (a) Geological units and
downward and upward directed flow zones inferred form geochemical constraints.
Star symbols denote locations, for which breakthrough curves are shown in Figure 10
(modified from Bucher et al., 2012). (b) Saturation indices of quartz (pH>9.5) and
chalcedony (pH<9.5) in groundwater samples. (c) Measured and computed Cl
concentrations of groundwater samples, as well as corresponding average residence
times inferred from the computed Cl concentrations. (d) Measured and computed
temperatures of groundwater samples. (¢) Measured and computed 8'%0 values of
groundwater samples. (f) Z-component of the computed flow vectors, suggesting that
downflow (vz<0 m s™) occurs at high altitude while a upwards directed flow zone
(vz>0 m s™) exists beneath the Maderaner Valley at distances less than 12.5 km along
the tunnel.

Figure 3. Stable O-H isotope signatures of 30 groundwater samples collected along
the Amsteg section of the tunnel, all showing close association with meteoric water
lines (MWL), as well as with current rainfall at the nearby Grimsel and Guttannen
meteorological station (FOEN, 2014). Rectangles denote isotope signatures of
porewater samples collected in similar geological units of the Aar Massif in the
nearby Grimsel Test Site (Schneeberger et al., 2019), as well as in fluid inclusions of
fissure quartz collected from different granitic units in the Aar Massif and
representing ancient metamorphic fluids (Mullis et al., 1994). Error bars denote
combined analytical and numerical (eq. (1)) errors.

Figure 4. Correlations observed for groundwater samples collected along the Amsteg
section of the tunnel. (a) Linear correlation between Cl concentrations and the
discharge temperatures observed for samples collected at a distance of less than 11.5
km along the tunnel. (b) Linear correlation between temperature and overburden,
demonstrating that the regional geotherm of 25 °C km™ (Vernon et al., 2008) controls
the discharge temperature and that thermal anomalies are absent.

Figure 5. Linear correlations observed for groundwater samples collected along the
Bristen Granite unit below the Maderaner Valley at ca. 9 km along the tunnel (Fig. 2).
(a) SO4 vs. CL. (b) Li vs. CL. (c) 8'®0 vs. Cl. None of the correlations match the
compositions of the samples forming the CI peak, which is observed within the
Intschi zone at ca. 10 km along the tunnel (Fig. 2c).

Figure 6. Depth-dependent porosity and vertical permeability (z-direction)
distribution used to run the numerical simulations. The gray rectangular denotes the
range in permeability reported for the nearby Sedrun section (Masset and Loew,
2013). Compared to the relation shown on (b), permeability in x- and y-direction were
reduced by a factor of 10 to account for the steeply dipping units and nearly vertical
fracture systems (Fig. 2a), suggesting that flow is directed vertically.



Figure 7. Model geometry and initially specified conductive temperature distribution
corresponding to a geothermal gradient of 25 °C km™ (Vernon et al., 2008).

Figure 8. Selected model output for the full model domain at steady state. (a) Upflow
velocity distribution (i.e. positive z-component of the computed average linear flow
vectors), suggesting that downflow (vz<0 m s™, lower limit of color scale) occurs at
high altitude, whereas upwards directed flow zones (vz>0 m s™') are found beneath
major valleys. (b) Cl-concentration distribution, demonstrating that water discharging
into major valleys show the highest Cl-concentrations and hence experienced the
longest residence times. Steady state isotherms are shown on (a) and (b) and their
similarity to the initially specified temperature distribution (Fig. 7) demonstrates that
the computed flow system does not cause significant thermal anomalies.

Figure 9. Simulated o 80 value distribution after (a) 5,000 years, (b) 20,000 years,
and (c) 100,000 years of simulation time.

Figure 10. Simulated CI breakthrough curves for two different locations along the
Amsteg section of the tunnel (Fig. 2a). (a) Cl breakthrough relating to a distance of 15
km along the tunnel where it intersects a migmatitic rock unit (Mig) below the
Chriizlistock. (b) Cl breaktrhough relating to a distance of 9 km along the tunnel
where it crosses the center of the Bristen Granite unit below the Maderaner Valley.

Figure 11. Computed streamlines of meteoric water infiltrating at the upper model
boundary and discharging into the tunnel along the identified upward directed flow
zone between 8.5 and 11.5 km along the tunnel (Fig. 2a).



Supplementary material for on-line publication only
Click here to download Supplementary material for on-line publication only: Supportinglnformation-revision.docx


http://ees.elsevier.com/hydrol/download.aspx?id=1452179&guid=6a6478f6-109b-45b4-883a-1990e5bebc04&scheme=1

	1

