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Abstract. We present an integrated petrological, petrophysical, and hydrogeological study of the
critical zone (CZ) developed in the Hercynian granitic basement of the Strengbach watershed (Vosges
Massif, France) to characterize its deep architecture and water circulation levels. For this purpose, six
boreholes (50-120 m depth), from which three are cored, and three piezometers (10-15 m depth) were
drilled to define the vertical extension and lateral variability of the main CZ horizons.

The Strengbach watershed is composed of a topsoil horizon of limited vertical extension (0.8
1.2 m), a mobile saprolite level, and an in-place fractured bedrock. The latter is subdivided into a
few meters thick saprock horizon, defined by open sub-horizontal fractures and a deeper fractured
bedrock horizon with steeply dipping fractures (>50°). In the north-facing slope, the vertical extension
of the mobile saprolite horizon increases from =1-2 m at the top of the slope to =9 m downstream,
close to the valley bottom. In contrast, the south-facing and more easterly slope shows a mobile
saprolite horizon with limited vertical extension (=2-3 m thick). Such a difference is associated with
the existence of a knickpoint in the river bed, separating a downstream zone marked by currently
active erosion from an upstream one, less prone to erosion, with preserved reliefs formed around 20 ka
ago.

The water circulation scheme within the Strengbach watershed involves two different systems: a
subsurface circulation within the shallow aquifer, corresponding to the mobile saprolite horizon and
the saprock, and a deeper circulation in the fractured bedrock. The water circulation in the fractured
bedrock is controlled by fractures of regional orientations, linked to the Vosges massif and the Rhine
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Graben Tertiary tectonics, and partly to reactivated Hercynian fracture zones. The unaltered bedrock
was not reached by any of the three cores. These results from the Strengbach CZ demonstrate the
importance of integrating geological history of the watershed, either the long-term geological bedrock
evolution or the Quaternary erosion patterns, to better understand and model the CZ hydrological

functioning at the watershed scale.

Keywords. Deep critical zone architecture, Hard rock aquifer, Water circulation levels, Geological

heritage, Strengbach Critical Zone Observatory.
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“Hydrogeology is a discipline in which everything happens, by definition, hidden from view in
the crevices of the underground environment. What is required of the hydrogeologist is to explain
what happens underground...” [de Marsily, 2004].

1. Introduction

The Critical Zone (CZ) is classically defined as “the
near-surface layer where water, rock, air, and life
meet in a dynamic interplay that sculpts landscapes,
generates soils, and builds foundation for Earth’s
terrestrial ecosystems” (National Research Council
NRC 2001). Its vertical extension, beyond the few
meters classically studied through the analysis of
weathering profiles, is however still an open question
[e.g., Riebe et al., 2017]. This lack of knowledge is
probably associated with difficulties in sampling and
gathering information from the deep CZ shielded by
several meters of weathered materials [Riebe et al.,
2017, Holbrook et al., 2019]. A commonly accepted
view—Dbut still debated [see Riebe et al., 2017]—is to
assimilate the CZ lower boundary to the level where
subsurface materials grades into compact rocks no
longer affected by meteoric fluids [Riebe et al., 2017].
Thus, defining the deep CZ means characterizing the
zones of groundwater flow connected with surface
circulation and distinguishing them from deeper
levels without evidence of water circulation or with
circulations unrelated to surface processes. Parallel
to the rise of the CZ concept, hydrogeological stud-
ies on continental water resources led to the defi-
nition of a conceptual structural scheme for Hard
Rock Aquifers (HRA), i.e., aquifers in granitic and
silicate metamorphic bedrocks [review in Lachas-
sagne et al., 2021]. The theoretical HRA scheme is a
stratiform structure beneath ground level and above
non-weathered rocks, consisting of an unconsoli-
dated saprolite (or regolith) level (a clay-rich zone
formed by the weathering of silicate rocks) super-
imposed on a permeable fissured layer. The latter is

characterized by a secondary fracture network with
fracture density decreasing over depth until reaching
the unweathered bedrock [e.g., Dewandel et al., 2011,
Lachassagne et al., 2021]. In this type of structure,
the hydraulic conductivity of the fractured level is
mainly controlled by the permeability of sub-
horizontal fractures, which is higher than that of
other fracture families, and which also goes with the
usual development of sub-horizontal groundwater
flow at the regional scale. For its part, the existence
of a secondary fracture network is interpreted as a
consequence of alteration processes [e.g., Lachas-
sagne et al.,, 2021, Worthington et al., 2016]. The HRA
scheme has been built on the basis of a large context
of field observations issued from weathering profiles
[review in Lachassagne et al., 2021]. It typically con-
cerns the first tens of meters beneath ground level
[Wyns et al., 1999] and is undoubtedly a relevant
model of CZ architecture in silicate rock context.
However, the HRA model, similar to the CZ concept,
is not very detailed regarding the exact location of
their lower bound, i.e., the transition between the
fissured horizon housing groundwater flow and the
fractured bedrock underneath. Characterizing this
boundary involves comparing, at the same location,
the horizons where flow occurs and the structural
and petrological data of the host rocks. This idea
motivated in recent years diverse works to equip
observatory sites of the CZ with deep boreholes of
several tens of meters. Those should increase the
cross-knowledge between the structure and archi-
tecture of the CZ over depth and the nature and
types of water circulating within the CZ [e.g., Ayraud
et al., 2008, Dewandel et al., 2011, 2017, Brantley
et al., 2013, Buss et al., 2013, Orlando et al., 2016,
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Chabaux et al., 2017, Riebe et al., 2017, Hahm et al,,
2019, Holbrook et al., 2019, Ackerer et al., 2021]. Such
cross-information has also proved to be important
for calibrating relatively recently developed hydro-
geophysical investigation methods to better under-
stand the structure and hydrological functioning
of the CZ [e.g., Grelle and Guadagno, 2009, Sailhac
et al., 2009, Befus et al., 2011, Johnson et al., 2012,
Masson et al., 2012, Holbrook et al., 2014, Parsekian
etal, 2015, Orlando et al., 2016, Lesparre et al., 2020,
Chaffaut et al., 2023].

The Strengbach Critical Zone Observatory (CZO)
is a fully equipped environmental observatory with
meteorological, hydrological, and geochemical data
recorded since 1986 (https://ohge.unistra.fr). It is
one of the reference sites of the French OZCAR
network (Critical Zone Observatories: Research and
Application—https://www.ozcar-ri.org). Specifically,
the Strengbach observatory partly targets the study
of weathering processes on the basis of stream wa-
ter, spring water, and soil analysis [Viville et al., 2012,
2017, Pierret et al., 2018, Chabaux et al., 2019, and ref-
erences therein]. It has been equipped with six 50—
100 m-deep boreholes and three shallower 10-15 m-
deep boreholes (hereinafter referred to as piezome-
ters) in order to better understand the structure and
circulation of water in the bedrock of the water-
shed. In the present study, we propose a synthesis
of the main structural, petrological, and petrophys-
ical data collected from the three deep-cored bore-
holes and the hydro-geophysical investigations ac-
quired through the boreholes. These data, combined
with those previously published on water chemistry
and age [Chabaux et al., 2017, Ranchoux et al., 2021,
Ackerer et al., 2021], allow us to propose a struc-
tural architecture of the deeper zone developed in
the granitic basement of the Strengbach watershed.
A consequence would be to give a first conceptual
scheme for the localization and nature of water circu-
lations at a site representative of HRA in landscapes
of mid-altitude mountains.

2. The Strengbach critical zone observatory

The Strengbach CZO, hereinafter referred to as the
Strengbach watershed, relates to the uppermost part
of the Strengbach catchment, a watershed covering
0.8 km?. Its location is upstream of Aubure village,
~15 km from the western border of the Rhine valley

on the western side of the Upper Rhine Graben in the
Vosges Mountains (Figure 1).

The geological context of the Vosges Mountains
consists of an arrangement of elongated major tec-
tonic terranes that collided during the Hercynian
orogeny between —-340 Ma and —-320 Ma le.g,,
Fluck et al., 1991, Lardeaux et al., 2014, Skrzypek
et al,, 2014, and references therein]. These terranes
form three NE- to NNE-oriented main lithotectonic
domains, known as the Northern, Central, and
Southern Vosges (Figure 1). From a structural point
of view, the Strengbach watershed belongs to the
Central Vosges, which mainly exposes migmatites,
gneisses, and granites with a complex multiphase
tectonic history from the Hercynian orogeny to the
formation of the current Tertiary-Quaternary reliefs.
During the Hercynian collision, compressive struc-
tures induced crustal thickening associated with
strike-slip faulting, followed by gravitational collapse
and extensional tectonics. After a subsidence phase
and Mesozoic sedimentation, the Rhine Graben
opening during the Oligocene uplifted the basement
in the rift shoulders. In response to the more recent
Mio-Pliocene phases of alpine convergence, the Her-
cynian basement has been further exhumed in the
Southern Vosges. As a result of this geological his-
tory, present-day regional bedrock structures trend
ENE, N to NNE, and SW (Figure 1). During the Qua-
ternary, the Vosges massif underwent erosion and
weathering processes and was affected by glacia-
tions, which decreased in impact northward together
with topography [Ackerer et al., 2022].

The Strengbach watershed is located at altitudes
ranging between 880-1150 m asl. The watershed
is marked by significant slope asymmetry, with a
gentler north-facing slope (8-9°) and a south-facing
slope around 15-16° (Figure 2). The climate is tem-
perate, oceanic and mountainous with an aver-
age rainfall of 1400 mm yr~!. Forest covers 90% of
the area with 80% spruce (Picea abies L.) and 20%
beeches (Fagus sylvatica). The bedrock is mainly
composed of Hercynian Ca-poor granite, fairly hy-
drothermally altered, with small microgranite and
gneiss inclusions along the southern and northern
slopes, respectively [Pierret et al., 2018, Chabaux
et al, 2019, and references therein]. Compared
with granite, gneiss is Mg-rich due to the higher
proportion of biotite and the presence of chlorite
[El1 Gh'Mari, 1995, Fichter et al., 1998a,b]. The granitic
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Figure 1. Geological setting of Strengbach watershed. (A) European Cenozoic rift system and location
of Vosges Mountains in the western shoulder of Rhine graben. (B) Simplified terrain map of Vosges
Mountains. (C) Geological map of Strengbach watershed and surroundings [after Blanalt et al., 1972a,b,
Von Eller et al., 1975, Ménillet et al., 1978, Skrzypek et al., 2008]. SMMZ: Saintes Marie aux Mines fault

zone; BFZ: Bilstein fault zone.

bedrock has undergone late hydrothermal alter-
ations, which are described as more important on the
northern slope of the watershed than on the south-
ern slope [Fichter et al., 1998a,b]. The Strengbach
watershed was most probably marked by periglacial
events and not fully covered by glaciers or ice caps
[Ackerer et al., 2016, Dehnert et al., 2010, Heyman
et al., 2013]. Several meters of stripping at the sum-
mit area and colluvium deposits over the slopes

occurred approximately 20 ky ago [Ackerer et al.,
2016, 2022]. The bedrock is covered by ~80-100 cm-
thick soils ranging from Dystric Cambisol to Albic
Podzol [brown acidic to ochreous brown podzolic,
WRB, 2014]. The soils usually cover a sandy saprolite,
reaching several meters in thickness in some places
[Pierret et al., 2018, Chabaux et al., 2019]. Bedrock
outcrops are scarce, except for a few bouldery
tors.
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3. Sampling and analytical methods

The drilling of six deep boreholes (50-120 m depth;
Fla, F1b, F5, F6, F7, F8 in Figure 2b) and three
piezometers (=15 m depth; pz3, pz5, pz7 in Figure 2b)
was performed in 2012-2014. The nine boreholes
are distributed along two transects, one along the
south-facing slope and the other along the north-
facing slope (Figure 2). F1b, F5, and F6 were cored
and F6, F7, and F8 were entirely cased and equipped
with multi-level screened sections. Acoustic and op-
tical borehole wall images identify fracture zones
at depth, leading to the installation of well screens
(1.5 mm slots) in front of these fracture zones, con-
sidered as potential water circulation levels (five
screened sections in F6, three sections in F7, two
sections in F8). Sectional drawings of the six bore-
holes drilled in the Strengbach watershed and their
main construction features are provided in Supple-
mentary Section 1. A gravel pack (gravel diameter:
3-5 mm) was set up outside the screened sections
to ensure proper water flow, and clay plugs of ben-
tonite were used to isolate the screened sections.
F5 and F1 remained uncased, except for the first
8 m, where a PVC casing and cement sheath were
installed.

Physical-chemical loggings were regularly per-
formed in the different wells with an OTT KL 010 TCM
probe over the period 2015-2019 and an Idronaut
Ocean Seven 303 multiparameter CTD probe in 2018.
Electrical conductivity calculated at 25 °C (uS/cm)
and temperature (°C) were always measured, with the
latter probe providing pH, redox potential (expressed
in mV in reference to the potential of the Standard
Hydrogen Electrode), and dissolved oxygen concen-
tration (% of saturation) profiles in the water column
of the wells. The presentation of the downhole log-
ging approaches used in the study is given in Supple-
mentary Section 2.1. We also determined the fracture
number and orientation in boreholes F1, F5, F6, F7,
and F8 from the analysis of acoustic and optical bore-
hole wall images acquired in November 2012 and
June 2014. Fracture orientations were also measured
along scanlines in the two pits Fol and Fo3 (Figure 2),
previously studied by Ackerer et al. [2016], Ackerer
[2017]. The method is detailed in Supplementary Sec-
tion 2.2. Rock samples representative of the principal
rock types observed in the cores were collected along
cores F1b, F5, and F6 for porosity and permeability

determination. Methods are detailed in Supplemen-
tary Section 2.3.

4. Results
4.1. Petrological units

The three cores’ macroscopic petrological char-
acteristics are given in Supplementary Section 3.
The principal information is summarized below and
in Figure 3 and Supplementary Figure S1 (Supple-
mentary Section 3).

The data, associated with those previously pub-
lished for pits Fol and Fo3 [Ackerer, 2017, Ackerer
et al., 2016], show that in pits Fol and Fo3 and bore-
holes F1b and F5, the bedrock is porphyry granite. In
F1b, the granite is crosscut by decimetric aplite and
pegmatite veins at 31-35 m and 71-72 m. Core F5 is
marked by the presence of a metamorphic enclave
at 30.66 m. F6, located on the northern slope, first
crosscut the gneiss injected by granite down to 42 m
depth and then a porphyry granite similar to that ob-
served on the southern slope.

Based on the petrological description of the three
cores given in Supplementary Section 3, the following
main features can be drawn:

e The three cores can be divided into a soil
horizon with limited vertical extension (0.8—
1.2 m), an unconsolidated saprolite level,
and an in-place fractured bedrock. The lat-
ter is subdivided into an upper level of a
few meters with open sub-horizontal frac-
tures that pass with depth to a more mas-
sive bedrock with much less or no visible
open sub-horizontal fracturing. The soil and
unconsolidated saprolite horizons constitute
the so-called mobile regolith of the pro-
file. The upper part of the in-place granite
with open sub-horizontal fractures is usu-
ally named the saprock level and is identified
as such in this study. The fractured bedrock
term has thus been limited to the bottom
section of the core below the saprock level.

o The fractured bedrock is more massive than
the saprock with the presence of macro-
scopic fracture zones or non-horizontal cata-
clase zones of limited vertical extension. The
zones of fractures and cataclases identified in
the cores along with their main direction are
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Figure 2. Strengbach watershed and location of the deep wells (Fx), piezometers (pzx) and pits (Fox).
(A) Fracture direction measured in boreholes (Fx) and pits (Fox) located on simplified topographic map
(contours every 10 m). The background is a slope map derived from an aerial 2018 Lidar survey (OHGE
data). Knickpoint in valley bottom is indicated separating the western preserved upper part of the lower
incised part of the watershed. Symmetrical rose diagram of direction represented with 10° classes, radius
corresponds to 100% of maximum class, N: number of data; dashed line: direction of scanlines in the pits.
(B) Geological cross-section with location of boreholes and pits, and fracture distribution along depth
for Fla, Flb, and F5 (cumulative number of fractures vs depth). Bad image quality in other boreholes
prevents relevant fracture distribution analysis.
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located in Figure 3. These zones evidenced
current or recent water circulation. Outside
such zones, the deep bedrock is slightly al-
tered in appearance.

Saprock and fractured bedrock horizons are
characterized by mesoscale fractures clogged
by secondary mineralogical infills. In both
levels, these sealed fractures are intersected
by the presently open fractures.

The mobile regolith thickness increases
along the southern slope of the basin, from
~1-2 m upslope (Fol) to =9-10 m downs-
lope, close to the Strengbach stream. The
saprock zone is less developed in core F1b
(2-3.3 m) than in core F5 (9-12.5 m).

In borehole F6, located at the top of the
northern slope, the transition between
mobile regolith and in-place gneiss of the
saprock horizon is at 2.5 m depth, and the
transition between saprock and fractured

gneiss horizons is at 3.3-3.5 m. F7, F8, and
pz7, located along the same hillside, were
not cored. However, as detailed in Supple-
mentary Section 3, some observations sug-
gested a mobile regolith thickness of =2
m, varying only slightly from top to bot-
tom along the south-facing slope as op-
posed to observations from the north-facing
slope.

Colluvium horizons are observed in pit Fo3
[Ackerer, 2017, Ackerer et al., 2022] and,
as detailed in Supplementary Section 3, in
cores F5 and likely Flb, indicating a rela-
tively large lateral extension of colluviums
on the north-facing slope. The absence of
pits or non-destructive coring along the
south-facing slope made it impossible to
assess whether or not the regolith of this
hillside is also dominated by colluvium
deposits.
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4.2. Fracture network: description and orienta-
tions

Borehole wall images are only available below 3-8 m
depths, depending on the wells, essentially within the
saprock and fractured bedrock zone. Borehole im-
agery combined with core observations shows that
the basement of the Strengbach watershed is affected
by a large fracture network, irrespective of depth (Fig-
ure 2; Supplementary Table S1). Two types of frac-
tures are distinguished: the meso-fractures, which
are thin fractures with an aperture less than 1 mm,
and major fractures, which present thick or associ-
ated thin fractures in fractured zones with a thickness
over 1 cm.

Most of the meso-fractures have a steep dip
(>50°). They are present both in saprock and
fractured bedrock and are the major ones in the
fractured bedrock. Others with a <20° dip are con-
sidered as sub-horizontal fractures. They are of-
ten sealed by iron hydroxides and occur as sub-
parallel <4-5 cm long and <1 mm-thick cracks. Open
sub-horizontal fractures are mainly observed in the
saprock horizon and only a few in the fractured
bedrock. The largest fractures show mineral infilling,
cataclastic texture, and associated wall-rock alter-
ation (Figure 3). Orientations of the largest fractures
and of steep-dipped meso-fractures give evidence
of one to two main fracture sets, depending on the
considered borehole (Figure 2). The main set S1 is
oriented N-S to NNE-SSW, and the secondary set
S2 is oriented NE-SW to E-W. S1 has an orientation
similar to the direction of the Upper Rhine Graben
(Rhenan direction), whereas S2 has an orientation
similar to the Hercynian terrane directions (Fig-
ure 1c). These two main fracture directions are thus
those of the regional tectonic orientations inherited
from the geological history of the massif.

4.3. Porosity and permeability

Porosity and permeability were measured in core
samples from the boreholes F1b, F5, and F6 (Sup-
plementary Table S2; Figure 4). The data pointed out
a general decrease in porosity with depth. Porosity
decreases from 20% to 0.6% in F5 when depth in-
creases from 6 to 47 m. Even if the feature is less pro-
nounced and assigned larger data dispersions, poros-
ity decreases from 19% to 1.6% in F6 when the depth

increases from 14 m to 118 m. The range of poros-
ity variation was smaller in F1b, dropping from 5%
to 1% as depth increased from 2 m to 86 m, except
at 30 m depth, where a singular high porosity value
was measured. The relationship between permeabil-
ity and depth is similar to that of porosity (Figure 4).
Permeability decreases by three orders of magnitude
as depth increases from 6 m to 47 m in F5. There is
a similar decrease for F6 but over the whole depth
range (ca. 100 m) and if the data corresponding to the
fracture zones (=60 m) are not considered. Finally,
there is almost uniform permeability over the inves-
tigated depth range for F1b, with two exceptions at
20 m and 86 m. The fracture measurements on the
pit outcrops Fol and Fo3 indicate that the dominant
fracture sets are roughly NE-SW (N20° E-N60° E) and
E-W (N80°E-N90° E) oriented in Fol and NNE-SSW
(N0° E-N30° E) in Fo3 (Figure 2b).

4.4. Physical-chemical borehole fluid logging

Several physical and chemical waterlogging cam-
paigns have been performed since 2016, following
the protocols given in Supplementary Section 2.2.
The majority of the loggings were carried out under
natural flow conditions and only a few after water
extraction by pumping. The results of these logs are
described below for borehole fluid temperature and
electrical conductivity under natural flow conditions
and after pumping.

4.4.1. Temperature

Temperature profiles measured under natural
flow conditions in boreholes and piezometers (Fig-
ure 5) show seasonal variations down to 20-25 m
depth, whether the well is cased or not. Borehole F6,
with its deeper water table level, is an exception as it
was only slightly influenced by seasonal changes. Be-
low 20-25 m depth (40 m depth for F6), temperatures
were much more stable over time and increased with
depth according to the regional geothermal gradient.
These profiles reflect water columns in thermal equi-
librium with their local environment and therefore
indicate that water inflows are not sufficiently large
to disrupt these temperature profiles at depth.

4.4.2. Fluid electrical conductivity

The borehole fluid electrical conductivity profiles
are given in Figure 6. They are more contrasted than
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temperature profiles. A first group of boreholes in-
cludes F6, pz5 and pz7, where the electrical conduc-
tivity does not vary with depth, or slightly at the well
as a result of the dissolution of accumulated mate-
rial [Ranchoux, 2020]. Changes over time in electrical
conductivity are limited everywhere. A second group
includes all the other boreholes and pz3. Conductiv-
ity profiles show one or several increases with depth,
e.g., from values near 30 uS/cm (at 25 °C) from 2 to
12 m depth up to >200 uS/cm from 12 m to 15 m in
pz3. Changes of similar amplitude were observed in
F5, with sudden increases varying in depth as a func-
tion of time, shallower when the static level was shal-
low (6.3 m and 12 m respectively), and deeper when
the static level was deeper (11.6 m and 23 m depth,
respectively). However, the interface depth is not a
direct function of the water table level evolution. As
F5 is largely uncased, such conductivity profiles sug-
gest the existence of at least two contrasted water in-
flows along the borehole, with low-conductivity wa-
ter similar to that measured in spring water at the sur-
face and higher-conductivity water in the deeper part
of the borehole.

For F1b, when the static water level is high, an
interval of higher conductivity often appears at the
top of the water column. It is attributed to concrete
leachate (see Supplementary Section 4). The conduc-
tivity profiles in F1b also suggested that this higher

level progressively migrated downhole over time and
was therefore not diluted by lateral flow. This implies
a low rate of water production in this borehole. This
is confirmed by the weak local hydrological connec-
tion between F1b and Fla, 6 m away from each other,
indicated by the absence of any significant variation
in the piezometric level in F1b when Fla was purged.
The conductivity in Flb is low compared to that
measured in the deep F5 levels, but systematically
higher than that of spring water or piezometer water.
Moreover, two to three different conductivity zones
were observed during some investigations, with con-
ductivity increasing with depth (Supplementary Fig-
ure S2 in Supplementary Section 4), suggesting the
occurrence of different deep-water inflows in F1b.
Contrary to F1b and F5, F6, F7, and F8 were
equipped with a succession of cased and multi-level
screened sections (Supplementary Section 1). Their
water conductivity was high, e.g. >120 uS/cm for the
lowest values of F7 to approximately 260-270 puS/cm
in F6 or the highest water conductivities in F7 (Fig-
ure 6). There are no low conductivity horizons and
thus no surface waters infiltration in these bore-
holes due to the casing of the upper part. Only F6,
equipped with four screened sections, has relatively
uniform conductivity profiles throughout the wa-
ter column. Such an observation can indicate that
this borehole is mainly supplied by the water flow
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identified at 63 m depth during drilling and with no
other significant contribution from other horizons.
Borehole F7, equipped with three screened sections,
has a conductivity profile marked by several steps,
suggesting the existence of several water-productive
horizons along the borehole, with at least two differ-
ent production zones between 40 m and 47 m. Bore-
hole F8, with two screened sections, shows small con-
ductivity changes with depth that occurred at a depth
between 25 m and 30 m (Figure 6), suggesting the oc-
currence of at least one specific water supply in each
screened section.

4.4.3. Influence of pumping on physical-chemical
logs

The influence of pumping on the temperature and
chemical profiles of the water column was evalu-
ated by performing physical-chemical logs just af-
ter a pumping session. The results are compared to
the logging results before pumping (Figure 7), the
latter being considered representative of equilibrium
conditions under natural flow. In addition to a de-
crease in the water table level, indicative of rela-
tively low-productive water horizons (pumping rate
<1.5 m3/h), the temperature and chemical profiles
change in all boreholes and depart from equilibrium
conditions, with the occurrence of some anomalies.
When the temperature peak is at the pump level, an
artifact induced by the local pumping stress cannot
be avoided (e.g., heating induced by the pump rotor).
However, when located at different depths or associ-
ated with other chemical changes, the temperature
anomalies are better related to water inflow from pro-
ductive zones. In our study, temperature anomalies
were often associated with conductivity anomalies,
as shown in Figure 7. For example, this is the case for
F6 at 62-63 m depth, where an increase of more than
0.5 °C is measured. Second-order changes are ob-
served from pH or dissolved oxygen concentrations.
Based on such anomalies, a limited amount of water
circulation zones are identified. These zones are sys-
tematically associated with fracture zones identified
on the cores and borehole wall images. These zones
are listed in Table 1.

Physico-chemical logging, performed sequen-
tially after pumping, provides data on the return
time to equilibrium. Figure 8 shows such acquisi-
tions, performed only in F5, which is open below
9 m (i.e., above the static water level). All the water

column data correspond to flow conditions in open
holes, with lateral flows coming from productive
levels and eventually from vertical flows induced by
temperature and/or salinity gradients. Three refer-
ence logs acquired under undisturbed conditions
(natural flow conditions before pumping) are pre-
sented for April 2018 and June/July 2019 (Figure 8).

Pumping actions performed without packers
severely disturbed the natural flow conditions, as
shown by the conductivity log performed shortly
after pumping on April 24, 2018. This perturbation
was not rapidly resorbed, as highlighted by the con-
ductivity log recorded two days later (April 26). Thus,
several days were needed to recover steady-state
conditions, as also evidenced by Ranchoux [2020] for
similar monitoring made in 2015. A similar statement
can be proposed regarding pH and even dissolved
oxygen. The situation is different with temperature.
The effect of pumping is shortly transient, probably
because the fluid temperature is quickly buffered by
the rock temperature. Perturbations lasting several
days also suggest quite a reduced water production
from the different production levels.

5. Discussion

The results from the Strengbach CZO lead to a com-
parison of the architecture of the watershed bedrock
with the nature of the water flowing through it. Such
a combined dataset, still scarce at this scale, is rel-
evant to discuss the aquifer and water circulation
level pattern in this watershed, representative of mid-
mountain granitic basins.

5.1. Nature and vertical extension of the surface
aquifer

Structural and petrological observations of the cores
and boreholes combined with observations of the
pits give a first view of the underground vertical
structure in the Strengbach watershed. It consists
of a loose or mobile saprolite, on top of which the
soil develops and under which an in-place frac-
tured bedrock zone extends over depth. The in-place
bedrock is subdivided into a few meters of extended
saprock level characterized by open sub-horizontal
fractures that pass with depth to a more massive
bedrock (the fractured bedrock level) with few or no
visible open sub-horizontal fracturing. Nowhere is a
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level of fresh bedrock reached without evidence of
water circulation.

Water conductivity data evidence that the
piezometer and surface waters from F5 have much
lower conductivities than the F5 deep waters. More-
over, their conductivities are close, not to say iden-
tical, to those of spring waters. Such an observation
indicates that both water types circulate in the same

aquifer system. The very similar geochemical and
isotopic data of these waters [Chabaux et al., 2017,
Ackerer et al., 2018, 2020, Ranchoux et al., 2021], as
well as the results of the modeling of the geochemical
composition of the spring waters and the piezome-
ters of the south-facing slope [Ackerer et al., 2020],
lead to the same conclusions. All these waters cir-
culate within the same hydrological compartment
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Table 1. Water flow levels determined from the physico-chemical loggings in the Strengbach watershed
boreholes and relation with geological features deduced from borehole imagery and core observations

Borehole  Water flow depth ~ Used physico-chemical criteria Geological observation
interval (m)*
Pz3 11-12 Temperature and redox No available observation
F5 15-16 Electrical conductivity NE-SW and E-W fractures
F5 20-24 Dissolved oxygen E-W fracture zone
F5 30-33 Temperature Lithological discontinuity at 33 m
F5 43-44 Electrical conductivity E-W fracture zone at 45 m
F6 62-63 Temperature, electrical conductivity =~ Major fracture zone at 63.5-64.3 m
and dissolved oxygen (N72° E direction)
F6 77-80 Dissolved oxygen Large N-S fracture at 79 m
F6 110 Temperature NW-SE to E-W fracture zone
between 113.3-114.4 m
F7 41-42 Electrical conductivity NE-SW single fractures
F7 46 Temperature, pH and electrical NE-SW single fractures
conductivity
F8 21 Dissolved oxygen and electrical E-W (N72° E) fracture at 20.7 m depth
conductivity
F8 27-28 Electrical conductivity and NE-SW fracture zone between 25-29 m
temperature
F8 43-47 Dissolved oxygen N55° E single fracture

* Depth interval as suggested by changes noticed on physico-chemical logs when comparing log under natural

flow conditions and log shortly after pumping.

corresponding to the surface aquifer controlling the
spring waters’ chemical composition. Comparison
of hydrological data with core and well data helps
clarify the nature and vertical extent of this aquifer.
Borehole F5 was drilled in a 9 m-thick mobile
regolith zone and a 3-4 m-thick saprock zone. It
was sealed with PVC and cement pipe to a depth of
8-9 m. Borehole F5 can, therefore, only be fed by
water circulating in the lower horizons of the mobile
regolith or deeper. Observation of water of low con-
ductivity in the upper part of the water column to
depths up to 13 m depth or more, depending on the
season and in the absence of wellbore flow, suggests
that the water in the so-called shallow subsurface
zone may still circulate below a depth of 10 m, that is,
in the saprock. The measurement of very high poros-
ity and permeability at 10 m depth and still high at
12-15 m depth in core F5 is consistent with this con-
clusion. The conductivity profiles measured in pz5,
always with low values of the spring water type, are
also consistent with this scheme. The pz5 was drilled

close to F5 down to a depth of 15 m, with a sealed cas-
ing over the first two meters, thus a priori only inter-
secting the mobile regolith-saprock level. In the core
from F5 below these depths and particularly below
20 m, the bedrock is characterized by low porosity
and permeability measurements, apart in the close
vicinity of fracture zones, suggesting a different wa-
ter circulation scheme in the fractured bedrock zone,
as detailed in Section 5.3. Therefore, based on these
different observations, the entire saprolite-saprock
system can be interpreted as representing the water-
shed’s shallow aquifer in the Strengbach critical zone
observatory.

Field data show a thickening of the saprolite-
mobile saprock system along the north-facing slope
of the watershed and an a priori thinner thickness
on the south-facing slope, at least in the vicinity
of F7 and F8. Assimilation of this zone to the sub-
surface aquifer would, therefore, imply similar char-
acteristics for the aquifer, which hydrogeochemical
data confirmed. Pz3, set up at the mid-slope of the
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Figure 8. Borehole fluid physico-chemical logs from the Idronaut probe in F5, presenting temperature,
electrical conductivity, pH, dissolved oxygen, and redox changes prior to and after pumping.

north-facing slope, is located in a thinner saprolite—
saprock zone than F5. Sealed over its first two me-
ters, pz3 collects water flowing between 2 and 14 m
depths. The conductivity profiles show low values
(=30 uS/cm) of spring water-type up to =10 m depth
and more conductive water deeper down. This sug-
gests that this piezometer might intercept the deep
circulation system in its lower part. The electrical
conductivity profiles carried out after pumping in the
piezometer pz3 confirm this characteristic as they
show a fracture-type water inlet at 11-12 m depth
(Figure 6). Borehole F1b is drilled further up the slope
where the mobile regolith is thinner than in pz3 and
is watertight over its first 8 m depth, i.e., over the en-
tire zone of mobile regolith and saprock section of the
core (Figure 3). Therefore, this well would only drain
water circulating in the fractured bedrock. The higher
water conductivities in Flb (=50 uS/cm or above)
than in spring water and piezometers (20-30 uS/cm)
certainly validate that the waters in F1b are not part
of the shallow circulation system but of one with a

deeper circulation. The observation of low porosity
and permeability in samples from F1b (Figure 4) is
consistent with this pattern since the samples used
for these analyses were taken at depths of 2 m and
more, thus essentially outside the shallow aquifer, ex-
plaining their low porosity and permeability values.
On the south-facing hillside, the casing equip-
ment of F6 and F8 (see Supplementary Section 1)
only allows for sampling waters below the saprock.
Only pz7, sealed over the first 2 m depth, allows for
surface water sampling. Low water conductivity mea-
surements in pz7, similar to the conductivity of wa-
ter from other piezometers and spring water, indi-
cate that this well is mainly supplied by shallow sub-
surface water. The flow rate through this well seems
much lower than in pz3 and pz5, based on the very
rapid emptying of the well compared to the other two
during pumping operations. This would imply a rela-
tively weak circulation for the saprolite not occluded
by the casing, consistent with the suggestion that on
this hillside, at least at the location of F7 and F8, the
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saprock’s vertical extension is lower than on the op-
posite slope. Such a configuration would also imply
that F7, uncased between 8 m and 18 m depth, is not
supplied by surface water, as confirmed by the ab-
sence of any low conductivity water level measure-
ment in this well, unlike F5.

All these observations confirm a pattern of me-
teoric water flow in a shallow aquifer, formed by
mobile saprolite and saprock, with reasonably strong
lateral variability in aquifer thickness at the water-
shed level. A more accurate geometry of the subsur-
face aquifer at the watershed scale will certainly be
necessary to model hydrological flows at this scale.
This will undoubtedly be achieved through geophys-
ical investigation methods. Our results are interesting
in providing a relatively simple and sound scheme
for the vertical structure of the subsurface aquifer for
the Strengbach watershed. This scheme implicitly as-
sumes or confirms that the saprock level marked by
subhorizontal open fractures certainly represents the
propagation zone of the surface weathering front in
the bedrock and thus marks the lower limit of the
shallow aquifer of the Strengbach watershed.

5.2. Spatial variation of the surface aquifer
thickness

Our data suggest a difference in the regolith thick-
ness depending on slope orientation, as well as along
the north-facing slope. Watersheds under geomor-
phological equilibrium or steady-state forcing con-
ditions usually have greater mobile regolith thick-
nesses near the summit than in the talweg [Rempe
and Dietrich, 2014]. This was not observed on the
north-facing slope and may suggest that the water-
shed is far from equilibrium. The Lidar Digital Ter-
rain Model (DTM) of the Strengbach watershed (Fig-
ure 2) and, especially, the derived slope map high-
light the recent V-shaped stream carving of the valley
bottom, incising the gentler slopes of the upper parts
of the catchment. The well-defined slope breaks sur-
rounding the deepest part of the valley suggest a re-
gressive erosion of the Strengbach stream and that
the watershed is not in a geomorphological steady
state but on the way to re-equilibration. '°Be data
validate such an interpretation [Ackerer et al., 2022].
This interpretation implies that the watershed can be
subdivided into two sub-zones. First, a zone above
the knickpoint, preserving the topography inherited

from erosion processes that occurred during the last
glacial maximum and stabilized afterward. Second, a
zone of active erosion below the slope break where
the V-valley morphology is observed. Upstream and
west of the system, where pits and boreholes F1-F5
are located, the watershed is a large valley with gen-
tle slopes (8-9°) with little headward erosion. Down-
stream and further north, primarily where F7 and
F8 are located, the valley is narrower with steeper
slopes (15-16°) in response to stream carving. Based
on these different observations, we propose to ex-
plain the differences in slope geometry and structure
between the two hillsides by different erosion rates or
processes between the two watershed slopes based
on the fact that the Strengbach watershed area has
not yet reached a geomorphological steady state.

5.3. Deep water circulations and spatial varia-
tions of water conductivity

The loggings in the fractured bedrock below the
saprock horizon, especially those after pumping
stimulations, identify specific and well-localized wa-
ter inflows along the cores. When comparing the
location of the water inflows to the description of the
available cores (F1-F5-F6) or wall images, they are
found to be systematically associated with or close
to well-identified fracture zones or discontinuities
(Table 1). These data, therefore, identify in the deep
part of the bedrock a specific water circulation in
the macroscopic fracture zones riddling the bedrock.
Nevertheless, at this stage, it is not possible to elim-
inate a matrix circulation in the deep zone outside
the macroscopic fracture zones. If such a matrix
circulation exists, our data point out, however, that
it would be much weaker than the circulations in
the fracture network and undetectable based on the
measurements presented in this work.

Our data also suggest a systematic variation of
deep-water conductivity with water circulation
depth in granitic bedrock. In F7 and F8, cored on
the south-facing slope and only collecting water
circulating in the fractured granitic bedrock, an in-
crease with depth of water conductivity (150-205
uS/cm in F7 and 170-200 puS/cm in F8) was ob-
served. Such a systematic variation can suggest that
flow paths or water travel times are longer when
water circulates deeper in the bedrock. On the north-
facing slope, F1b and F5, also drilled in the granitic
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bedrock, are open along their whole length except
the upper 8 m. The equilibrium conductivity profiles
of F5 imply feeding by a highly conductive deep wa-
ter (Figure 6). Pumping experiments in F5 suggest
circulation levels at =23 and =32 m depth (Figure 7),
with intermediate conductivities between those of
deep water and surface water, even if it is difficult
to precisely characterize them. In Flb, for periods
assumed to be free of pollution problems (details in
Supplementary Section 4), two or three circulation
levels with different and increasing conductivities
from surface to depth can also be considered. Thus,
these data follow the logic observed on the opposite
slope, indicating that for the entire granitic basin, the
deeper the fractures, the longer the path and/or the
longer the water transit time in the fractures. With
that kind of scheme, the lower water conductivities
in F1b compared to the deep water in F5 would in-
dicate that borehole F1b at the top of the slope is
supplied with water of relatively short transit times
compared to the F5 deep-water borehole. This would
be logical in a context fed with local water, i.e., waters
simply percolating from the catchment area and not
imported by subsurface flow from farther areas. Only
the water from borehole F6, cored at the top of the
south-facing slope and mainly fed by a fracture at
63 m depth, does not follow the above pattern. Deep
water in F6 is more conductive than that in F7 and
F8, located further down the slope. It is tempting to
link this difference to the lithological variability of
the watershed, particularly as F6 intersects a signif-
icant thickness of gneiss, unlike the other wells in
the watershed. Nevertheless, it cannot be excluded
that this well, marked by a vast cataclase zone, could
drain water from outside the watershed, unlike the
other wells, even if the hydrogeochemical modeling
of the deep water does not support such a scenario
[Ackerer et al., 2021].

Global water fluxes transiting through deep cir-
culations cannot be quantified on the basis of our
data. However, qualitative information can be de-
rived from the partial emptying experiments of F5
(Figure 8). An extension of the low conductivity level
toward the lower part of the water column during the
borehole emptying, whatever the pumping depth, in-
dicates that systematically, the water produced by
the deep horizon was preferentially abstracted dur-
ing pumping and was not renewed at a rate corre-
sponding to that of the pumping. This suggests that

the production of more mineralized water from the
deeper part of the well is low and that pumping in-
duces the invasion of bottom-holes by less mineral-
ized waters from shallower horizons. Such an obser-
vation is easily explained in the context of surface cir-
culation marked by more intense water fluxes than
in deep-water circulation systems. Similarly, the fact
that it took a few days to bring the disturbed chemical
profiles to an equilibrium profile, marked by a high
electrical conductivity level rising to its pre-pumping
level, indicates a lower intensity of the deeper wa-
ter circulation than the subsurface one. A low cir-
culation intensity in the deep fracture zones com-
pared with the surface circulation is also consistent
with the difficulty of detecting these flows by flowme-
try for all wells. These methods could only identify
a flow in the fractured zone associated with cata-
clastic textures in F6 at a depth of 63 m by identi-
fying a low and not quantifiable intensity flow just
slightly above the background noise of the flowmeter.
Based on these data, we propose a circulation in the
deep bedrock mainly through the fracture network
that structures it, with lower intensities (this study)
and much slower circulation times [Ranchoux et al.,
2021, Ackerer et al., 2021] than those estimated for
waters in subsurface aquifers. Our data show that the
fracture network is developed along regional tectonic
orientations inherited from the region’s geologic his-
tory. Thus, it corresponds to a pre-existing fracture
network, partially reopened. These results highlight
the need to consider the inherited geological struc-
tures to understand the water circulation pathways
in the deep CZ and, more generally, the structure
and functioning of the CZ. The data also question
the cause of the fracture opening. Is it an opening
of clogged fractures that progressively propagate via
the action of water infiltrating them? Or an open-
ing prior to the circulations that secondarily offer a
path to the shallower waters infiltrating them? Our
data are inconclusive, but the hypothesis of a reopen-
ing of the fractures in response to rock decompres-
sion during the development of the Tertiary and Qua-
ternary Vosges reliefs, or simply in connection with
erosion processes, is entirely conceivable. In such a
scenario, the vertical extension of these open frac-
tures and thus of the deep circulations they control in
the bedrock could be much larger than the few tens
of meters investigated by the boreholes. It may im-
ply a water outlet much further downstream in the
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valley than the Strengbach CZO outlet. Independent
of this point, our data also question the significance
of this deep water with respect to the critical zone:
is the deep water still influenced by surface circula-
tions and therefore does it still belong to the criti-
cal zone? Or is ancient water that is decoupled from
current surface processes and/or has another origin
(marine, glacial...) as seen in deep hard rocks [San-
juan et al., 2016, Négrel et al., 2001, 2018] or in more
shallow waters as observed in the Armorican massif
for instance [Aquilina et al., 2015]. In the case of the
Strengbach deep waters, our results and interpreta-
tion suggest that deep waters are fed by waters sim-
ply percolating from the catchment area. Water dat-
ing using CFC methods [Ranchoux et al., 2021] shows
ancient ages for the Strengbach borehole deep wa-
ters. However, these initial results do not allow us to
choose between a pattern of ancient waters discon-
nected from surface waters and a pattern of mixing
between ancient waters and present-day surface wa-
ters. Further investigations are needed to constrain
the precise degree of connectivity of the deep wa-
ters with the surface waters, and therefore whether
they should be considered as belonging to the criti-
cal zone or not.

6. Conclusion

This study integrates geological, petrophysical, and
hydrogeological information from six 50-120 m-
depth boreholes, complemented by three 15 m-
depth piezometers drilled at the Strengbach Obser-
vatory site. The observation of the boreholes, in ad-
dition to the analysis of cores recovered for three of
the six deep boreholes, renders the first detailed pic-
ture of the structure/architecture of the first =100 m
of the CZ at the scale of the Strengbach CZO. The
main features of hydrogeological functioning are
characterized, and a simple conceptual model of wa-
ter circulation can be proposed. It includes shallow
water circulation within an aquifer corresponding
to the geomorphological mobile saprolite horizon
and the upper part of the saprock. This shallow cir-
culation superimposes a deeper circulation in the
fractured bedrock via the fracture networks riddling
this horizon. The data show that the vertical ex-
tension of the saprolite and saprock horizons, and
thus of the shallow aquifer, differs for the two hill-
sides. We propose to relate these differences to an

evolving erosion regime between the upstream and
downstream portions on each side of a knickpoint in
the main stream bed. The data also show that a deep
bedrock level without evidence of water circulation
is never reached even below 100 m depth. They also
provide evidence that deep water circulations in the
fractured bedrock horizon are controlled by frac-
tures of regional orientation inherited from the ge-
ological history of the Vosges massif, integrating the
Hercynian orogeny and the Tertiary and Quaternary
tectonics. All these results show the importance of
accounting for the geological heritage of the rocks.
Correctly modeling the hydrogeochemical function-
ing of the CZ at the scale of a watershed requires
an understanding of the bedrock emplacement’s
long-term geological history. It is also necessary to
consider in detail the more recent history of the Qua-
ternary erosion and alteration, incorporating it into
the overall view of the system.

Declaration of interests

The authors do not work for, advise, own shares in, or
receive funds from any organization that could bene-
fit from this article, and have declared no affiliations
other than their research organizations.

Acknowledgments

The authors warmly thank the Guest Editors, es-
pecially Valérie Plagnes, for their advices and sug-
gestions, which greatly helped to improve the arti-
cle. They also thank the three anonymous review-
ers for their constructive comments and suggestions.
This study was financially supported by the French
ANR program under grant agreement ANR-15-CE06-
0014 (Project CANTARE-Alsace). Core drillings were
funded by the REALISE program (CPER Etat Al-
sace 2003-2014) along with a funding contribution
from INSU-CNRS and another one from the French
Equipex program CRITEX. The contributions of the
two OHGE responsables (M. C. Pierret and S. Cotel)
are acknowledged.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crgeos.239 or from the author.


https://doi.org/10.5802/crgeos.239
https://doi.org/10.5802/crgeos.239

Frangois Chabaux et al. 19

References

Ackerer, J. (2017). Meécanismes et taux de dénuda-
tion d'un bassin versant élémentaire (Strengbach,
France) : apport de l'étude couplée des méth-
odes de datation isotopique (déséquilibres U-Th—
Ra, '°Be in situ) et des méthodes de modélisation
hydrogéochimique (KIRMAT). Phd thesis, Univer-
sité de Strasbourg, France.

Ackerer, J., Chabaux, E, Lucas, Y., Clément, A., Fritz,
B., Beaulieu, E., Viville, D., Pierret, M. C., Gan-
gloff, S., and Négrel, Ph. (2018). Monitoring and
reactive-transport modeling of the spatial and tem-
poral variations of the Strengbach spring hydro-
chemistry. Geochim. Cosmochim. Acta, 225, 17-35.

Ackerer, J., Chabaux, F, Van der Woerd, J., Viville, D.,
Pelt, E., Kali, E., Lerouge, C., Ackerer, P, Di Chiara,
R., and Négrel, P. (2016). Regolith evolution on
the millennial timescale from combined U-Th-
Ra isotopes and in situ cosmogenic 10Be analy-
sis in a weathering profile (Strengbach catchment,
France). Earth Planet. Sci. Lett., 453, 33-43.

Ackerer, J., Jeannot, B., Delay, E, Weill, S., Lucas, Y.,
Fritz, B., Viville, D., and Chabaux, E (2020). Cross-
ing hydrological and geochemical modeling to un-
derstand the spatiotemporal variability of water
chemistry in a headwater catchment (Strengbach,
France). Hydrol. Earth Syst. Sci., 24, 3111-3133.

Ackerer, J., Ranchoux, C., Lucas, Y., Viville, D., Clé-
ment, A., Fritz, B., Lerouge, C., Schifer, G., and
Chabaux, E (2021). Investigating the role of deep
weathering in critical zone evolution by reactive
transport modeling of the geochemical composi-
tion of deep fracture water. Geochim. Cosmochim.
Acta, 312, 257-278.

Ackerer, J., Van der Woerd, J., Meriaux, A. S., Ran-
choux, C., Schifer, G., Delay, E, and Chabaux, E
(2022). Quantifying geomorphological evolution
from 10Be denudation rates: Insights from high-
resolution depth profiles, topsoils, and stream sed-
iments (Strengbach CZO, France). Earth Surf. Pro-
cess. Landyf., 47(14), 3239-3258.

Aquilina, L., Vergnaud-Ayraud, V., Les Landes, A. A,
Pauwels, H., Davy, P, Pételet-Giraud, E., Labasque,
T., Roques, C., Chatton, E., Bour, O., Ben Maamar,
S., Dufresne, A., Khaska, M., Le Gal La Salle, C.,
and Barbecot, E (2015). Impact of climate changes
during the last 5 million years on groundwater in
basement aquifers. Sci. Rep., 5(1), article no. 14132.

Ayraud, V., Aquilina, L., Labasque, T., Pauwels, H.,
Molenat, J., Pierson-Wickmann, A. C., Durand, V,,
Bour, O,, Tarits, C., Le Corre, P, Fourre, E., Merot,
P, and Davy, P (2008). Compartmentalization
of physical and chemical properties in hard-rock
aquifers deduced from chemical and groundwater
age analyses. Appl. Geochem., 23(9), 2686-2707.

Befus, K. M., Sheehan, A. E, Leopold, M., Ander-
son, S. P, and Anderson, R. S. (2011). Seismic
constraints on critical zone architecture, Boulder
Creek watershed, Front Range, Colorado. Vadose
Zone]J., 10(4), article no. 1342.

Blanalt, J. G., Von Eller, J. P, Fluck, P, Geffroy, J., Hirle-
mann, G., Jehl, M., Bonnet, Ch., Schreiner, J., Sittler,
C., Tricart, J., Tricart, C., Hirth, C., Voght, H., and
Weil, R. (1972a). Colmar Artolsheim, Notice explica-
tive de la Carte géologique de la France a 1/50 000,
342. Bur. Rech. Géol. Min., Orléans. 55 p.

Blanalt, J. G., Von Eller, J. P, Fluck, P, Geffroy, J., Jean-
nette, D., Ruhland, M., Schwoerer, P, Thévenin, A.,
Stieber, A., and Vogt, H. (1972b). Sélestat, Notice
explicative de la Carte géologique de la France a
1/50 000, 307. Bur. Rech. Géol. Min., Orléans. 47 p.

Brantley, S. L., Holleran, M. E., Jin, L., and
Bazilevskaya, E. (2013). Probing deep weath-
ering in the Shale Hills Critical Zone Observatory,
Pennsylvania (USA): the hypothesis of nested
chemical reaction fronts in the subsurface. Earth
Surf. Process. Landyf., 38(11), 1280-1298.

Buss, H. L. Brantley, S. L. Scatena, E N.,
Bazilievskaya, E. A., Blum, A., Schulz, M., Jiménez,
R., White, A. E, Rother, G., and Cole, D. (2013).
Probing the deep critical zone beneath the Luquillo
Experimental Forest, Puerto Rico. Earth Surf. Pro-
cess. Landyf., 38, 1170-1186.

Chabaux, E, Stille, P, Prunier, J., Gangloff, S., Lemarc-
hand, D., Morvan, G., Négrel, J., Pelt, E., Pierret,
M. C., Rihs, S., Schmitt, A. D., Trémolieres, M.,
and Viville, D. (2019). Plant-soil-water interac-
tions: Implications from U-Th-Ra isotope analysis
in soils, soil solutions and vegetation (Strengbach
CZO, France). Geochim. Cosmochim. Acta, 259,
188-210.

Chabaux, E, Viville, D., Lucas, Y., Ackerer, J., Ran-
choux, C., Bosia, C., Pierret, M. C., Labasque, T.,
Aquilina, L., Wyns, R., Lerouge, C., Dezaye, C., and
Negrel, Ph. (2017). Geochemical tracing and mod-
eling of surface and deep water- rock interactions
in elementary granitic watersheds (Strengbach and



20 Frangois Chabaux et al.

Ringelbach CZOs, France). Acta Geochim., 36, 363—
366.

Chaffaut, Q., Hinderer, J., Masson, E, Viville, D.,
Bernard, J.-D., Cotel, S., Pierret, M.-C., Lesparre,
N., and Jeannot, B. (2023). Continuous monitoring
with a superconducting gravimeter as a proxy for
water storage changes in a mountain catchment. In
Beyond 100: The Next Century in Geodesy, volume
152 of International Association of Geodesy Sym-
posia, pages 261-267. Springer, Cham.

de Marsily, G. (2004). Cours d’hydrologie. Université
Pierre et Marie Curie, France. 220p.

Dehnert, A., Preusser, E, Kramers, J. D., Akcar, N., Ku-
bik, P. W,, Reber, R., and Schluechter, C. (2010). A
multi-dating approach applied to proglacial sedi-
ments attributed to the Most Extensive Glaciation
of the Swiss Alps. Boreas, 39, 620-632.

Dewandel, B., Jeanpert, J., Ladouche, B., Join, J. L.,
and Maréchal, J. C. (2017). Inferring the hetero-
geneity, transmissivity and hydraulic conductivity
of crystalline aquifers from a detailed water-table
map. J. Hydrol., 550, 118-129.

Dewandel, B., Lachassagne, P, Zaidi, E K., and Chan-
dra, S. (2011). A conceptual hydrodynamic model
of a geological discontinuity in hard rock aquifers:
example of a quartz reef in granitic terrain in South
India. J. Hydrol., 405(3-4), 474-487.

El Gh'Mari, A. (1995). Etude minéralogique,
pétrophysique et géochimique de la dynamique
d’altération d’'un granite soumis aux dépots at-
mosphériques acides (bassin versant du Streng-
bach, Vosges, France): mécanismes, bilans et mod-
élisations. These, Université Louis Pasteur de
Strasbourg. 199 p.

Fichter, J., Turpault, M.-P, Dambrine, E., and Ranger,
J. (1998a). Localization of base cations in parti-
cle size fractions of acid forest soils_Vosges Moun-
tains, N-E France. Geoderma, 82, 295-314.

Fichter, J., Turpault, M.-P, Dambrine, E., and Ranger,
J. (1998b). Mineral evolution of acid forest soils in
the Strengbach catchment (Vosges mountains, N-E
France). Geoderma, 82, 315-340.

Fluck, P, Piqué, A., Schneider, J. L., and Whitechurch,
H. (1991). Le socle Vosgien. Sci. Géol. Bull., 44(3/4),
207-235.

Grelle, G. and Guadagno, E M. (2009). Seismic refrac-
tion methodology for groundwater level determi-
nation: Water seismic index. J. Appl. Geophys., 68,
301-320.

Hahm, W. J., Rempe, D. M., Dralle, D. N., Dawson,
T. E., Lovill, S. M., Bryk, A. B., Bish, D. L., Schieber,
J., and Dietrich, W. E. (2019). Lithologically con-
trolled subsurface critical zone thickness and water
storage capacity determine regional plant commu-
nity composition. Water Resour. Res., 55(4), 3028—
3055.

Heyman, B. M., Heyman, J., Fickert, T., and Harbor,
J. M. (2013). Paleo-climate of the central European
uplands during the last glacial maximum based on
glacier mass-balance modeling. Quat. Res., 79(1),
49-54,

Holbrook, W. S., Marcon, V., Bacon, A. R., Brantley,
S. L., Carr, B. ], Flinchum, B. A., Richter, D. D., and
Riebe, C. S. (2019). Links between physical and
chemical weathering inferred from a 65-m-deep
borehole through Earth’s critical zone. Sci. Rep., 9,
1-11.

Holbrook, W. S., Riebe, C. S., Elwaseif, M. L., Hayes,
J., Basler-Reeder, K. L., Harry, D., Basler-Reeder, K.,
Malazian, A., Dosseto, A., Hartsough, P. C. W,, and
Hopmans, J. (2014). Geophysical constraints on
deep weathering and water storage potential in the
Southern Sierra Critical Zone Observatory. Earth
Surf. Process. Landyf., 39(3), 366-380.

Johnson, T. C., Slater, L. D., Ntarlagiannis, D., Day-
Lewis, E D., and Elwaseif, M. (2012). Monitoring
groundwater-surface water interaction using time-
series and time-frequency analysis of transient
three-dimensional electrical resistivity changes.
Water Resour. Res., 48, article no. W07506.

Lachassagne, P, Dewandel, B., and Wyns, R. (2021).
Hydrogeology of weathered crystalline/hard-rock
aquifers—guidelines for the operational survey
and management of their groundwater resources.
Hydrogeol. J., 29(8), 2561-2594.

Lardeaux, J. M., Schulmann, K., Faure, M., Janousek,
V., Lexa, O., Skrzypek, E., Edel, J. B, and Stipska, P.
(2014). The Moldanubian Zone in the French Mas-
sif Central, Vosges/Schwarzwald and Bohemian
Massif revisited: differences and similarities. In
Schulmann, K., Martinez Catalan, J. R., Lardeaux,
J. M., Janouseék, V., and Oggiano, G., editors, The
Variscan Orogeny: Extent, Timescale and the For-
mation of the European Crust, Geological Society,
London, Special Publications 405, pages 7-44. Ge-
ological Society of London.

Lesparre, N., Girard, J. E, Jeannot, B., Weill, S., Du-
mont, M., Boucher, M., Viville, D., Pierret, M. C,,



Frangois Chabaux et al. 21

and Delay, F (2020). Magnetic resonance sounding
measurements as posterior information to condi-
tion hydrological model parameters: Application to
a hard-rock headwater catchment. J. Hydrol., 587,
article no. 124941.

Masson, E, Viville, D., Pierret, M.-C., Mouyen, M., and
Chabaux, E (2012). Time-lapse microgravity study
of the Strengbach catchment (Vosges mountains,
France). C. R. Géosci., 344, 357-365.

Ménillet, E, Fluck, P, Flageollet, J.-C., Maiaux, C., and
Lougnon, J. (1978). Gérardmer. Notice explicative
de la Carte géologique de la France a 1/50 000, 341.
Bur. Rech. Géol. Min., Orléans. 73 p.

Négrel, Ph., Casanova, J., and Aranyossy, J. E (2001).
Strontium isotope systematics used to decipher the
origin of groundwaters sampled from granitoids:
the Vienne case (France). Chem. Geol., 177, 287—
308.

Négrel, Ph., Pauwels, H., and Chabaux, E (2018).
Characterizing multiple water-rock interactions in
the critical zone through Sr-isotope tracing of sur-
face and groundwater. Appl. Geochem., 93, 102—
112.

Orlando, J., Comas, X., Hynek, S. A., Buss, H. L., and
Brantley, S. L. (2016). Architecture of the deep criti-
cal zone in the Rio Icacos watershed (Luquillo Crit-
ical Zone Observatory, Puerto Rico) inferred from
drilling and ground penetrating radar (GPR). Earth
Surf. Process. Landyf., 41(13), 1826-1840.

Parsekian, A. D., Singha, K., Minsley, B. J., Holbrook,
W. S., and Slater, L. (2015). Multiscale geophysical
imaging of the critical zone. Rev. Geophys., 53(1),
1-26.

Pierret, M.-C., Cotel, S., Ackerer, P, Beaulieu, E., Be-
narioumlil, S., Boucher, M., Boutin, R., Chabaux,
E, Delay, E, Fourtet, C., Friedmann, P, Fritz, B,
Gangloff, S., Girard, J.-E, Legtchenko, A., Viville,
D., Weill, S., and Probst, A. (2018). The Streng-
bach catchment: A multidisciplinary environmen-
tal sentry for 30 years. Vadose Zone J., 17, article
no. 180090.

Ranchoux, C. (2020). Caractérisation géochimique et
datation des circulations d’'eaux profondes dans la
zone critique : cas du Bassin versant du Strengbach.
Phd thesis, Université de Strasbourg, France.

Ranchoux, C., Chabaux, E, Viville, D., Labasque,
T., Lucas, Y., Van der Woerd, J., Ackerer, J., and
Aquilina, L. (2021). Characterization of ground-
water circulations in a headwater catchment from

an analysis of chemical concentrations, Sr-Nd-U
isotope ratios, and CFC, SF6 gas tracers (Streng-
bach CZO, France). Appl. Geochem., 131, article
no. 105030.

Rempe, D. M. and Dietrich, W. E. (2014). A bottom-up
control on fresh-bedrock topography under land-
scapes. Proc. Nat. Acad. Sci. USA, 111(18), 6576—
6581.

Riebe, C. S., Hahm, W. J., and Brantley, S. L. (2017).
Controls on deep critical zone architecture: A his-
torical review and four testable hypotheses. Earth
Surf. Process. Landyf., 42(1), 128-156.

Sailhac, P, Bano, M., Behaegel, M., Girard, J. E, Para,
E. E, Ledo, J., Marquis, G., Matthey, P. D., and
Ortega-Ramrez, J. (2009). Characterizing the va-
dose zone and a perched aquifer near the Vosges
ridge at the La Soutte experimental site, Obernai,
France. C. R. Géosci., 341(10-11), 818-830.

Sanjuan, B., Millot, R., Innocent, C., Dezayes, C.,
Scheiber, J., and Brach, M. (2016). Major geochem-
ical characteristics of geothermal brines from the
Upper Rhine Graben granitic basement with con-
straints on temperature and circulation. Chem.
Geol., 428, 27-47.

Skrzypek, E., Cruz-Mermy, D., Ménillet, E, and
Chevremont, P. (2008). Unified geological map
of Haut-Rhin (68)-Explanatory notes. Rapport
BRGM/RP-56029-FR, 325 pages, in French.

Skrzypek, E., Schulmann, K., Tabaud, A.-S., and
Edel, J.-B. (2014). Palaeozoic evolution of the
Variscan Vosges Mountains. In Schulmann, K,
Martinez Cataldn, J. R., Lardeaux, J. M., Janousek,
V., and Oggiano, G., editors, The Variscan Orogeny:
Extent, Timescale and the Formation of the Eu-
ropean Crust, Geological Society, London, Special
Publications 405, pages 45-75. Geological Society
of London.

Viville, D., Chabaux, E, Pierret, M. C., Gangloff,
S., Cotel, S., Probst, A., Dambrine, E., Fritz, B,,
and Ambroise, B. (2017). Lobservatoire Hydro-
Géochimique de 'Environnement (OHGE): 30 an-
nées d’observations scientifiques sur le basin ver-
sant du Strengbach (massif des Vosges — France).
Géologues, 195, 120-125.

Viville, D., Chabaux, E, Stille, P, Pierret, M. C.,
and Gangloff, S. (2012). Erosion and weathering
fluxes in granitic basins: example of the Streng-
bach catchment (Vosges massif, Eastern France).
Catena, 92, 122-129.



22 Frangois Chabaux et al.

Von Eller, J. P, Ménillet, E, Hollinger, J., Fluck, P, and 2014. International soil classification system for
Maiaux, C. (1975). St. Dié. Notice explicative de la naming soils and creating legends for soil maps.
Carte géologique de la France a 1/50 000. 306. Bur. Update 2015. http://www.fao.org/3/a-i3794e.pdf.
Rech. Géol. Min., Orléans. 55 p. Wyns, R., Gourry, J.-C., Baltassat, J.-M., and Lebert, E

Worthington, S. R. H., Davies, G. J., and Alexander Jr., (1999). Caractérisation multiparametres des hori-
E. C. (2016). Enhancement of bedrock permeability zons de subsurface (0-100 m) en contexte de socle
by weathering. Earth-Sci. Rev., 160, 188-202. altéré [Multiparameter characterization of subsur-

WRB (2014). World reference base for soil resources face horizons (0-100 m) in a weathered basement

context]. PANGEA, 31(32), 51-54.


http://www.fao.org/3/a-i3794e.pdf

	1. Introduction
	2. The Strengbach critical zone observatory
	3. Sampling and analytical methods
	4. Results
	4.1. Petrological units
	4.2. Fracture network: description and orientations
	4.3. Porosity and permeability
	4.4. Physical–chemical borehole fluid logging
	4.4.1. Temperature
	4.4.2. Fluid electrical conductivity
	4.4.3. Influence of pumping on physical–chemical logs


	5. Discussion
	5.1. Nature and vertical extension of the surface aquifer
	5.2. Spatial variation of the surface aquifer thickness
	5.3. Deep water circulations and spatial variations of water conductivity

	6. Conclusion
	Declaration of interests
	Acknowledgments
	Supplementary data
	References

