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Abstract. The critical zone (CZ) is the skin of the Earth, where rock, water, air, and life interact, playing a
pivotal role in sustaining ecological processes and life-supporting resources. Understanding these interactions,
especially in forested headwater catchments, is essential to manage water resources, predict environmental re-
sponses, and assess human impacts. Here, we present a novel dataset from the Weierbach experimental catch-
ment in Luxembourg, derived from a year-long high-frequency monitoring campaign focused on groundwater
physico-chemical parameters.

Through rigorous data collection and quality control, parameters such as electrical conductivity, dissolved
oxygen, oxidation—reduction potential, and pH were measured, providing insights into the CZ’s hydrological
and biogeochemical dynamics. Although the 1-year dataset offers valuable observations, it represents an initial
step toward understanding long-term patterns. The data highlight the interaction between redox reactions, pH,
and seasonal hydrological variability, although these interpretations are limited by the temporal scope of the
study.

By offering a detailed snapshot of the response of the catchment to hydrological variations, this dataset con-
tributes to addressing key gaps in CZ research and serves as a foundation for advancing our understanding
of hydro-biogeochemical processes at the catchment scale. Despite the limited observation period, the dataset
provides insights that can be integrated with long-term monitoring efforts. Researchers and practitioners can
use these data to refine models, inform land management decisions, and improve our understanding of the bio-
geochemistry of the catchment. Researchers and practitioners can use these data to refine models, inform land
management decisions, and improve our understanding of the biogeochemistry of the catchment. The dataset is
available at https://doi.org/10.5281/zenodo.10869166 (Hissler et al., 2024).

Published by Copernicus Publications.
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1 Introduction

The critical zone (CZ) is the interface where rock, water, air,
and living organisms interact, playing a vital role in support-
ing ecological processes and providing essential resources
(Amundson et al., 2007; Anderson et al., 2012; Brantley
et al., 2007). The dynamics within this “skin of the Earth” are
fundamental for managing water resources, predicting envi-
ronmental responses to disturbances, and assessing the im-
pacts of human activities, especially against the backdrop of
climate change. Within the CZ, the fields of hydrology and
biogeochemistry interconnect deeply, offering insights into
ecological sustainability and resource management (Wymore
et al., 2022).

The subsurface properties, especially the variations in per-
meability with depth, exert a significant control on the ver-
tical connectivity within the CZ, affecting the water flow
and chemical interactions. For example, in systems where
vertical permeability decreases sharply, most water travels
through only the upper layers of the subsurface, limiting its
interaction with deeper, reactive rock formations (Xiao et al.,
2021). This results in a pronounced chemical contrast be-
tween shallow and deep waters, where shallow water, of-
ten younger and flowing rapidly through high-permeability
soil layers, carries fewer geogenic solutes compared to
older, deeper water that has interacted more extensively with
bedrock (Welch and Allen, 2014; Jin et al., 2010; Brantley
et al., 2013). These differences are highly relevant as they
shape the solute export patterns observed at the catchment
outlets, influencing the concentration vs. discharge (c—Q) re-
lationships. Understanding these subsurface interactions is
important because they not only determine stream chem-
istry but also provide insights into hydro-biogeochemical
processes, which are essential to assess ecological sustain-
ability and effectively manage water resources.

One of the most accessible methods for understanding the
interactions occurring within the CZ is to observe the catch-
ment outlets. Streams, acting as integrators of all processes
within the CZ, reveal the cumulative effects of these interac-
tions on the behaviour of the stream and the hydrochemical
composition, thus serving as a window into the overall dy-
namics of the CZ (Brantley et al., 2017; Li et al., 2017; Riebe
et al., 2017). This approach underpins the importance of
analysing concentration vs. discharge (c—Q) patterns, which
have been a focal point of research, providing information
on the hydrological and biogeochemical functioning of the
catchments (Brooks et al., 2015; Zhi et al., 2019; Stewart
et al., 2022). This line of inquiry underscores the complex
interplay of hydro-biogeochemical processes within the CZ,
often masked by spatial heterogeneities. Despite advance-
ments, field measurements and their interpretations remain
challenging, with water physico-chemistry data reflecting
convoluted signatures that obscure direct cause-and-effect re-
lationships (Weiler and McDonnell, 2006). Recent consen-
sus, emerging from diverse measurements and observations,
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points towards the determination of stream chemistry by
the properties of source waters, predominantly from shallow
subsurface and/or deeper regolith and fractured bedrock flow
paths. The contrasting chemical properties of these source
waters are pivotal in shaping the solute export patterns (Stew-
art et al., 2022).

Given the complexity of interactions within the CZ, direct
data supporting the nuanced understanding of subsurface and
stream physico-chemical interactions are rare. This research
gap emphasises the need for detailed datasets that can capture
the intricacies of CZ dynamics (Stewart et al., 2022).

Our study complements existing critical-zone research ef-
forts across Europe and beyond. Various observatories, such
as the TERENO Wiistebach catchment in Germany, have ad-
vanced our understanding of soil moisture dynamics, land—
atmosphere exchange, and hydrological processes through
dense sensor networks (Heistermann et al., 2021). Similarly,
the SoilTrEC network of observatories across Switzerland,
Austria, Greece, and the Czech Republic focuses on soil
transformation, biogeochemical cycling, and the impacts of
land use (Guo and Lin, 2016). The Calhoun Critical Zone
Observatory (CZO) in the USA provides insights into deep
soil biogeochemical processes, particularly carbon cycling
and hydrological connectivity (Lee et al., 2023).

Our dataset from the Weierbach experimental catchment
(WEC) provides high-resolution temporal data on groundwa-
ter physico-chemical parameters, with a particular focus on
redox dynamics and pH fluctuations. Although many obser-
vatories investigate both surface and subsurface processes,
high-frequency monitoring of subsurface redox dynamics
zonation remains limited. Our study offers initial insights
into vertical biogeochemical dynamics within the subsurface,
contributing to a better understanding of redox zonation, sub-
surface hydrological pathways, and the interplay between hy-
drological variability and biogeochemical processes in tem-
perate forested catchments.

To address this gap, we present a novel dataset from the
WEC in Luxembourg. With extensive prior research and its
status as a CZ observatory, the WEC provides a valuable
opportunity to examine subsurface hydrological and biogeo-
chemical processes shaping the CZ (Hissler et al., 2021).

This paper introduces our methodology for data collec-
tion, focussing on the importance of understanding subsur-
face architecture and the exploration of hydrological dynam-
ics through the dataset. By presenting this dataset, we aim
to contribute to a broader understanding of complex hydro-
biogeochemical processes within the CZ at specific subsur-
face locations within a long-term experimental catchment.
This effort not only improves our understanding of the dy-
namics of water resources but also highlights the importance
of integrating hydrological and biogeochemical data for en-
vironmental monitoring and management.
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2 The Weierbach experimental catchment (WEC)

The catchment is located in the northwestern region of Lux-
embourg (lat 49.8273, long 5.7956) and has an area of 45 ha.
The WEC is a forested headwater catchment within the
Alzette River basin (Pfister et al., 2017). The catchment is
located in the Ardennes massif, which is distinguished by an
elevated subhorizontal plateau and deep V-shaped valleys. It
is subdivided into three landscape units (Fig. 1). The plateau
area is about 31 ha and has slopes between 0 and 5°. The
hillslope area is about 14 ha and has slopes between 5 and
44° (Martinez-Carreras et al., 2016). The riparian area repre-
sents about 0.4 ha. The catchment’s stream network consists
of three tributaries that converge into a single stream and is
bordered by a highly dynamic riparian zone composed pri-
marily of litter degradation material and colluvium from the
hillslopes (Antonelli et al., 2020a, b). The riparian area in the
catchment is narrow, flat, and well defined, with some areas
where the riparian zone widens.

The forest structure of the Weierbach experimental catch-
ment (WEC) is shaped by past and current management prac-
tices. Oak trees are evenly distributed, while beech tree den-
sity increases from the plateau to the foot slope. The pri-
mary plateau hosts a dense mixed forest composed of 78 %
Fagus sylvatica and 22 % Quercus petraea and Q. robur
(Fabiani et al., 2022). The understorey is dominated by Vac-
cinium myrtillus, while the riparian zone features various
short plants (Martinez-Carreras et al., 2015). The secondary
plateau is primarily composed of Picea abies and Pseudot-
suga menziesii. A detailed analysis of forest structure, in-
cluding tree density and ecohydrological interactions, can be
found in Fabiani et al. (2022, 2024).

The WEC experiences a semi-marine climate with a uni-
form distribution of precipitation throughout the year, av-
eraging 953 mm annually (2006-2014; Pfister et al., 2017).
Streamflow varies with seasons, with lower base flow dur-
ing July to September due to higher evapotranspiration
losses (annual average potential evapotranspiration (PET)
of 593 mm for the period 2006-2014, from Pfister et al.,
2017, 2023). In dry conditions, intermittent streamflow oc-
curs from upstream to downstream, characterised by sharp,
short-lasting discharge peaks (Wrede et al., 2015). In wet
conditions, double-peak behaviour is observed, with a rapid
discharge peak shortly after rainfall, followed by a broad and
long-lasting second peak that outweighs the first peak in vol-
ume (Martinez-Carreras et al., 2016; Scaini et al., 2018). Fig-
ure 2 displays the total daily precipitation in the WEC and the
mean daily discharge in SW1 from late 2006 to 2022.

The WEC regolith is made up of two parts called the
solum, where pedogenic processes dominate and the biota
play an important role, and the subsolum, where the origi-
nal rock structure or the fabric of the bedrock is preserved
(Juilleret et al., 2016). The structure of these two parts
evolved according to the topography. The WEC’s solum be-
tween 0 and 70 cm consists of a stony silt loam soil derived
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from periglacial solifluction deposits overlain on a weath-
ered Devonian slate substratum. From the surface, a thin,
dark organic surface horizon (O to A horizon, 0-8 cm on
average) is followed by a Cambic horizon (B horizon, 8-
40 cm on average) with a well-developed angular blocky soil
structure. The texture of the silt loam is inherited from the
loess deposit and was mixed with slate clasts via solifluc-
tion, with the quantity of clasts increasing with depth. The
subsolum is composed of slates, phyllites, and quartz of De-
vonian age (Moragues-Quiroga et al., 2017). During the last
10 years, extensive drilling and geophysics (Gourdol et al.,
2021) campaigns have been conducted. The deep subsur-
face exploration of the WEC yielded more detail than is
currently known. The upper part of the catchment can be
subdivided between a primary plateau where the solum de-
veloped over a deep yellow-white slate saprolite and a sec-
ondary plateau where the solum directly developed over the
black fractured-slate bedrock. These distinct landscape units
are separated by the black line in Fig. 1, which represents the
weathering front. The spatial occurrence of these two dis-
tinct regolith structures was observed using combined core-
drilling descriptions and electrical resistivity surveys (Gour-
dol et al., 2021). In the hillslope and riparian areas, the sub-
solum is composed of fractured and/or fresh bedrock below
the solum. A mineralogical and geochemical characterisation
of the WEC’s regolith was conducted to gain a deeper under-
standing of the primary plateau regolith characteristics and
evolution. This study allowed for the observation of three
distinct compartments that have different geochemical and
mineralogical characteristics as a function of contrasting evo-
lutions. These respective processes are related to different at-
mospheric deposition events, weathering ages, and seasonal
water saturation dynamics (Moragues-Quiroga et al., 2017).

2.1 Data description
2.1.1 Fifteen years of groundwater monitoring

The WEC has been thoroughly equipped to continuously
monitor water fluxes and physico-chemical parameters
within various CZ compartments. In addition, these compart-
ments are sampled every 2 weeks at different locations to
analyse the 8'80 and §H isotopic composition of water, as
well as its chemical composition, including rainfall, through-
fall, groundwater, and stream water. Some of these datasets
have already been published (Hissler et al., 2021). The WEC
monitoring infrastructure is continuously expanded and now
encompasses an extensive network of 26 monitoring bore-
holes with varying depths, ranging from 1.95 m to as deep as
40 m below the surface. All the boreholes are spatially dis-
tributed throughout the catchment (Fig. 1) and have screens
that cover the range of 1km below the surface to the bot-
tom. For this study, nine boreholes were selected along one
hillslope catena, representing one unique vegetation type but
several hydrogeological positions. The chosen boreholes in-
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Figure 1. Presentation of the Weierbach experimental catchment. (a) Topography with water-sampling locations, including contour lines
representing 5 m elevation intervals (altitudinal values not labelled; catchment elevation ranges from 450 to 500 m) and (b) regolith structure.
The black contour line in (a) marks the chemical weathering front basement, derived from electrical resistivity tomography (ERT) surveys

and core drillings (Gourdol et al., 2021).

clude locations on the primary plateau (GW1 and GWYS), in
the middle of the hillslope (GW7 and GW9), and at low hill-
slope positions (GW2, GW10-12, and GW3). Groundwater
levels in these boreholes are automatically recorded every
15 min using OTT Orphimedes and CTD (conductivity, tem-
perature, and depth) (OTT, Aix-en-Provence, France). The
relevant data are shown in Table 1. The depth reference for
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the water sampling is the top of the pipe, while it is the sur-
face of the soil for the screen of the pipe. The standpipe rep-
resents the difference between the top of the pipe and the
surface of the soil.
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Table 1. Characteristics of the boreholes selected for the monitoring of the groundwater physico-chemical parameters during this study.

ID Xwagssa  Ywagss4 Sampling Standpipe Diameter Screen
depth

GW1 5.79676  49.83466 220cm 32cm 50 mm 1 m depth to bottom
GW2 5.79623  49.83110 195cm 35cm 50 mm 1 m depth to bottom
GW3 5.79721  49.82832 222cm 32cm 50 mm 1 m depth to bottom
GW5S 5.79715  49.83468 753cm 33cm 32 mm 1 m depth to bottom
GW7 5.79465  49.83225 555cm 18cm 32 mm 1 m depth to bottom
GW9 5.79713  49.83332 628cm 28 cm 40 mm 1 m depth to bottom
GWI10 5.79706  49.83146 299cm 3lcm 40 mm 1 m depth to bottom
GWI11 579709  49.83137 100cm 30cm 40 mm No screen

GWI12 579750  49.83220 305cm 40cm 40 mm 1 m depth to bottom
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Figure 2. Daily total precipitation in the Weierbach experimental
catchment and the daily mean discharge at the catchment outlet
from 2006 to 2022.

2.1.2 One year of physico-chemical parameters
monitoring

A weekly frequency monitoring campaign was designed with
the objective of achieving a higher resolution representa-
tion of the potential key processes expected to occur in the
subsurface of the catchment. The duration of the campaign
spanned from 2 March 2021 to 14 March 2022, during which
sampling was conducted at weekly intervals. The parame-
ters measured during each sampling event included electri-
cal conductivity (EC); dissolved oxygen (DO); oxidation—
reduction potential (ORP), corrected for probe bias to Eh,
measuring the redox potential of water using a platinum elec-
trode and commonly expressed relative to the standard hy-
drogen electrode (SHE) for comparison; and pH, all of which
were analysed using a flow cell system (Fig. 3). The four pa-
rameters were recorded using two WTW® Multi 3630 IDS
data loggers connected to the specific probes: the WTW®
TetraCon® 925 probe for EC, the WTW® FDO® 925 probe
for DO, the WTW® SenTix® ORP-T 900 probe for ORP,
and the WTW® SenTix® 940 probe for pH. The pH probe
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was calibrated in the field at each sampling event using Hach
Singlet™ Solution Packs for a two-point calibration process
(pH1 = 4.01 and pH2 = 7.00). In addition to the four param-
eters, the study also recorded pumping time, water level be-
fore and after pumping, and the quantity of water extracted
from the well.

Before measuring the parameters and sampling a well, the
system was flushed with 1L demineralised Milli-Q water
to remove potential contaminants. The probes were then al-
lowed a 5 min period to record the EC reading, which ranged
from 0.1 to 1.7uScm~!. Subsequently, the borehole was
pumped, and the four parameters were continuously recorded
at increments of 1 min. A groundwater sample was collected
when the EC reading remained stable for several minutes,
under the assumption that the borehole demonstrated homo-
geneity. Measurements were conducted in-line to minimise
atmospheric contact and temperature changes. After collect-
ing the water sample, a 20 min equilibration period was im-
plemented, in which the flow-through system was sealed and
the probes were allowed to equilibrate with the solution in the
cells. The final readings for EC, DO, ORP, and pH were then
obtained. The physico-chemical database consists of three
subsets:

— The first subset includes a high-frequency continuous
pumping test in GW5 (Fig. 1 and Table 1). These tests
were carried out twice, once during the winter and again
during the summer, covering both wet and dry seasons.
During these tests, the four physical parameters (EC,
DO, ORP, and pH) were measured at 10s intervals,
while water samples were taken every minute to mea-
sure hydrochemistry.

— The second subset comprises time series data that rep-
resent the four parameters obtained from weekly sam-
pling events. In this dataset, each sample site is evalu-
ated weekly for four physico-chemical parameters: pH,
EC, ORP, and DO. The alignment of the time series
data for all physico-chemical parameters was based on
the EC values. Consequently, the peaks in the EC for
each time trend, corresponding to their respective sam-
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T ————

Outlet

Figure 3. The schematic at the top illustrates the flow-through cell used to measure in situ electrical conductivity (EC), dissolved oxygen
(DO), oxidation—reduction potential (ORP), and pH. The ORP and pH probes were placed in parallel to avoid interference. Two WTW®
Multi 3630 IDS data loggers were used to automatically record the probe data. The two photos in the bottom left and bottom right show the
setup used in the Weierbach experimental catchment and its field application.

ple sites, may not always align due to variations in the
time required for the probes to reach equilibrium af-
ter flushing the flow-through cell setup with the dem-
ineralised Milli-Q water. To standardise the data across
various sampling sites, a centring process was used.
This process involved identifying the highest EC value
within each time series. Upon finding this maximal EC
value, the timescale of the dataset was subsequently ad-
justed. Specifically, the time series was reconfigured
such that the instance corresponding to this peak EC
value now serves as the reference starting point for each
series. This adjustment ensures consistency in the time
frame for all measurements, thus facilitating more pre-
cise comparisons and analyses of data trends.

— The third subset comprises weekly physical parame-
ters, which were measured after a 20 min EC equilibra-
tion time. It also contains related chemical analysis data
from the water samples collected during these weekly
events, along with additional metadata recorded during
the sampling process. These metadata include informa-
tion such as the water level of the well before pumping,
the water level of the well after pumping, the drawdown,
and the volume of water removed during each pumping
event. Furthermore, this subset includes the daily mean
water level obtained from the level logger data.

Earth Syst. Sci. Data, 17, 2217-2229, 2025

2.1.3 Water sample preparation and analysis

All water samples were stored at 4 °C before being pre-
pared for the different chemical analyses. They were fil-
tered in the laboratory during the day after collection. A
vacuum system and 0.45 pm cellulose acetate membrane fil-
ters, manufactured by Sartorius (type 111, 47 mm in diame-
ter), were used. During preprocessing of the samples, the EC
was also measured in the laboratory using a TetraCon® 925
probe. From the filtered water samples, the pH and alkalin-
ity were measured using METTLER TOLEDO equipment
with 0.01NHCI up to pH 4.5; the dissolved silica (SiO3), the
ammonium (NHI), and the orthophosphate (HPOi_) con-
centrations and the absorbance at 254 nm (Abs254) were
measured using spectrophotometry with a Skalar© contin-
uous flow analyser, SAN++; the major cation (Nat, KV,
Ca”, Mg2+) and anion (Cl—, NO; s SO?[) concentrations
were analysed using ionic chromatography (Dionex ICS-
5000 dual channel). From the filtered and acidified (1 %
HNO3) water samples, the total contents of major metals (Al,
Fe, Mn, Ba, Sr) were analysed with a Quadrupole ICP-MS
(Agilent 7900) associated with an ISIS 3 (Agilent) injection
system. The analyses were conducted in He mode, and '®>Rh
and !8Re were used as internal standards. The calibration
standards were prepared with multi-element ICP standard so-
Iutions (Chem-Lab Analytical) diluted in 1 % HNOs3. The an-
alytical blank values were less than 1 % of the lowest sample
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concentrations for all elements. For all analyses, the quantifi-
cation limits are given in Table 2.

2.1.4 Data quality

This study implements a comprehensive data quality control
approach throughout its year-long physico-chemical moni-
toring campaign, ensuring the reliability and accuracy of the
collected data. Parameters such as EC, DO, ORP, and pH
were precisely measured using standardised instrumentation,
adhering to established protocols for environmental monitor-
ing. Regular calibration of our equipment was performed be-
fore each data collection to ensure the accuracy of the mea-
surements. This involved both factory standards and field ad-
justments to account for environmental variables specific to
the WEC. Meticulous sampling procedures were followed,
complemented by established analytical techniques, to main-
tain methodological integrity. The structured organisation of
the dataset, complete with detailed metadata, enhances its
transparency and usability for further research. Recognising
potential data variability challenges, such as probe equilibra-
tion times, which could be influenced by seasonal changes,
we implemented procedures to ensure consistency across all
measurements. We invite data users to engage with us for the
validation of specific data subsets and to discuss any discrep-
ancies, a step critical for maintaining the dataset’s quality and
integrity. These protocols collectively underscore the robust-
ness of the dataset, advocating for its proper citation and use
in line with the highest standards of scientific inquiry.

2.1.5 Data usage and applications

Understanding c—Q patterns in forested headwater catch-
ments requires insight into the biogeochemical processes oc-
curring in shallow subsurface horizons, such as redox reac-
tions and ion exchange. The variability in c—Q relationships
across catchments can often be linked to shifts in the dom-
inance of different end-member source waters, shaped by
subsurface biogeochemical heterogeneity (Zhi et al., 2019;
Stewart et al., 2022).

Our dataset provides an opportunity to explore the con-
tributions of shallow and deep flow paths during borehole
pumping. We propose that purging a borehole until the ex-
tracted water stabilises reflects the natural mixing processes
that occur when groundwater discharges into streams. By
conducting pumping tests under varying hydrological condi-
tions and at multiple locations, we aim to investigate whether
this approach can provide insights into the depth and spatial
distribution of redox zones, which we hypothesise to be in-
fluenced by vertical permeability.

Since the succession of electron acceptors drives the strat-
ification of the redox zone (McMahon and Chapelle, 2008),
the redox potential of extracted water (Eh) may offer clues
about the relative contributions of different flow paths. Al-
though our dataset does not provide a direct map of redox
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zones, it offers high-resolution observations that may help
assess their role in shaping groundwater chemistry and, by
extension, stream composition.

The following section outlines how this dataset can po-
tentially address key gaps in understanding redox processes,
their influence on c—Q relationships, and the broader impli-
cations for hydro-biogeochemical research.

— High-resolution monitoring. Although previous studies
have explored c—Q relationships and the influence of
various water sources on stream chemistry, this dataset
provides high-resolution monitoring with a focus on
capturing redox zone dynamics over space and time. By
measuring four key parameters at weekly intervals, it
offers a detailed perspective on these processes, com-
plementing existing datasets that often emphasise other
biogeochemical aspects. While not entirely novel in its
approach, the dataset adds valuable insight into the spa-
tiotemporal variability of redox conditions in forested
catchments. The temporal behaviour observed in GW5
on different timescales is shown to illustrate the dy-
namic interplay between shallow and deep flowlines and
how this influences the solute behaviour observed in
groundwater (Figs. 4 and 5). This borehole was inves-
tigated in more detail and at a higher frequency during
two sequential sampling experiments conducted during
high-flow and low-flow periods. It can be observed from
these two graphs that the mixing ratio between the two
flowlines (shallow and deep) changes as a function of
the season in the catchment. The relationship between
parameters that drive biogeochemical processes (EC,
DO, ORP, Eh, and pH - top of Fig. 5) and solute con-
centration (Ca2+, alkalinity, SO?‘_, and NO3_ — bottom
of Fig. 5) can also be inferred and is useful for new hy-
drological and biogeochemical modelling approaches.

— Quantifying redox reactions. The dataset contributes to
addressing gaps in understanding redox reactions in
shallow forested catchments, as noted by Arora et al.
(2022), where “hotspots” and “hot moments” introduce
significant variability. While the dataset provides em-
pirical observations to inform future modelling efforts,
it represents a step toward capturing this complexity
rather than a definitive resolution of existing knowledge
gaps. As an example, understanding how dissolved or-
ganic carbon (DOC), precipitation, and subsequent re-
dox reactions affect the catchment’s chemical compo-
sition represents a substantial advancement (Lazareva
et al., 2022). In natural shallow systems, water can only
be oxidised or reduced under extremely oxidising or
reducing conditions, and the actual lower and upper
Eh boundaries are governed by CO; reduction to CHy
and the presence of Oy, respectively. Using Eh values,
one can determine the dominant redox couple in a sys-
tem. Because multiple electron donors can drive mul-
tiple redox reactions at the same time, systems rarely

Earth Syst. Sci. Data, 17, 2217-2229, 2025



2224

K. N. van Zweel et al.: Weierbach groundwater physico-chemical monitoring

Table 2. Quantification limit (QL) of the chemical parameters considered in this study.
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Figure 4. High-frequency time series of the physico-chemical parameters recorded at GWS5 on 24 March 2021 (a) and 2 August 2022 (b).

have strict redox boundaries in practice. The redox state
of the soil and the unsaturated zone can vary greatly
(Mansfeldt, 2003). It can be oxidising, weakly reduc-
ing, moderately reducing, or strongly reducing (> 400,
200-400, 100-200, and —100mV, respectively). Fig-
ure 6 shows the in situ pH vs. Eh measurements taken
throughout the 1-year weekly campaign in the different
boreholes. The defined zones, based on the redox zon-
ing in soils (Zhang and Furman, 2021), indicate how the
redox state of the soil and the unsaturated zone can vary
greatly. Only boreholes GW1 and GW11 are seen to ex-
hibit weakly reducing behaviour, with GW1 exhibiting
a preference for moderately reducing conditions during
the summer period. This behaviour can be understood
considering the fact that GW11 represents the deep-
est currently observable flowline in the system (Fig. 1-
b), while GW1 corresponds to shallow groundwater on
the plateau. GW1 represents vertically infiltrating water,
influenced by redox processes associated with shallow
and biologically active zones in the system.

— Influence on pH and ion exchange. The dataset provides

high-resolution observations that can help identify the
patterns of redox zone development and their potential
influence on pH dynamics in shallow groundwater, as
highlighted by Lazareva et al. (2022). While it does not
fully resolve these interactions, its spatial and tempo-
ral coverage could provide context for understanding
how changes in water composition, such as acidifica-
tion or vegetation shifts, impact groundwater chemistry

Earth Syst. Sci. Data, 17, 2217-2229, 2025

through ion exchange processes. When the composition
of the water changes due to acidification or a change
in vegetation influence, the cation exchanger readjusts
its composition to the new groundwater concentrations.
As a result, the exchanger serves as a temporary buffer
that can completely change the concentrations in wa-
ter via a process known as ion chromatography (Appelo
and Postma, 2004). The main sources of acidity in the
most near-surface environments are CO, from the at-
mosphere and organic acids formed by decaying DOC,
resulting in an acid pH range of 5-6. Acid sulfate soils
have lower pH values, with values as low as 4 occasion-
ally being recorded (DeLaune and Reddy, 2005). The
lower bound for pH in natural shallow environments can
then be assumed to be this low pH value.

Seasonal variability and flowline dynamics. The dataset
contributes to ongoing efforts to understand seasonal
variability and flowline interactions within catchments,
adding to the work of previous studies that have
monitored these dynamics. While high-spatiotemporal-
resolution datasets exist, this dataset provides comple-
mentary observations that may help identify shifts in
flowline dominance under varying hydrological condi-
tions. Its focus on capturing redox zone development
across different spatial and temporal scales offers an ad-
ditional perspective on groundwater flow and chemistry
in forested catchments. In Fig. 7, boreholes GW3, GW7,
GW9, GW10, and GW12 are grouped together as repre-
senting shallow flowlines. The shaded area in the graphs
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reflects the median trend of field parameters (indicated
by the dashed grey line), along with the 95 % confidence
interval derived from these five boreholes (depicted as
a shaded grey area). On the other hand, the black line
represents the deep flowline (GW11). The behaviour of
both GWS5 and GW2 is also depicted individually. It
is evident that the dominance of one flowline over the
other changes depending on the hydrological state of the
system. Lastly, the behaviour of GW1 is also presented.
It is apparent that this borehole is primarily influenced
by chemical processes related to the consumption of dis-
solved oxygen and subsequent changes in redox condi-
tions.

Practical implications. Our findings on the relation-
ship between stream chemistry and subsurface water
chemistry have practical implications. It is suggested
that stream chemistry can serve as a valuable proxy for
assessing and monitoring subsurface water chemistry.
This bridges a gap in the current state of the art by high-
lighting the potential utility of readily available stream
chemistry data for inferring subsurface conditions. To
illustrate the respective influences of the shallow and
deep flowlines on the temporal trend in the stream water
at the outlet (labelled SW1 in Fig. 1), a graph has been

Earth Syst. Sci. Data, 17, 2217-2229, 2025
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provided in Fig. 6, where these influences are depicted
in blue. This visual representation helps clarify how dif-
ferent flowlines contribute to changes in the chemistry
of stream water over time.

— Limitations and future work. Although this high-
frequency campaign spanned only 1 year, we captured
two contrasting hydrological extremes, an exceptionally
wet period and a severe drought, and therefore cov-
ered a broad segment of the typical flow range of the
catchment. However, these data cannot fully represent
all possible interannual variability. To mitigate this lim-
itation, we placed the 1-year record in the context of our
longer 10-year bi-weekly monitoring programme. This
complementary dataset broadens the temporal scope
and will enable future analyses to assess how often simi-
lar hydro-biogeochemical conditions recur and to detect
potential shifts under changing climatic drivers.

In addition, while in situ measurements of redox poten-
tial and dissolved oxygen offer valuable near-real-time
insights, sensor drift remains a concern, particularly
during prolonged deployment in varying temperature
and flow regimes. We performed regular calibrations
and spot checks to minimise errors, but subtle changes
may still occur over time. Users of this dataset are en-
couraged to consider possible sensor bias when inter-
preting short-term fluctuations. Finally, weekly sam-
pling, although substantially more frequent than tradi-
tional approaches, may still miss very rapid or localised
events. Expanding the temporal resolution during peak
flow periods or employing automated samplers at mul-
tiple depths could help capture episodic phenomena
and refine our understanding of the full biogeochemi-
cal complexity of the catchment.

3 Data availability

The database related to this paper is publicly available
at https://doi.org/10.5281/zenodo.10869166 (Hissler et al.,
2024). All datasets are cleaned, with outliers removed. A
detailed description of all monitoring and sampling sites,
including physiographic characteristics, field equipment de-
tails, and sampling procedures, is presented in all shared .xIsx
files. The hydrological time series for each borehole and the
discharge at the outlet are given in a separate file. Weekly
time series of EC, DO, ORP, and pH and sample hydro-
chemistry are given in separate files. For more information
on the available dataset, please contact the corresponding au-
thor (christophe.hissler @list.lu).

4 Conclusions

The 1-year monitoring campaign conducted within the WEC
provides a dataset that contributes to ongoing efforts to un-
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derstand the interactions between hydrological and biogeo-
chemical processes in shallow groundwater. While similar
datasets exist, this study adds to the existing body of work
by offering high-resolution observations that may help to ex-
plore seasonal variability, flowline interactions, and redox
zone development. The dataset does not provide a compre-
hensive understanding of these processes but offers empirical
data that could support future research into the influence of
redox reactions on pH dynamics and ion exchange in forested
catchments. These insights, though limited to a 1-year pe-
riod, provide a basis for considering key processes that can
influence the hydro-biogeochemical behaviour of the catch-
ment, as illustrated by the following aspects.

— Modelling redox reactions within shallow horizons. The
dataset provides parameters that may be useful for in-
vestigating redox reactions within shallow horizons, in-
cluding observations related to DOC dynamics during
precipitation events. The data capture processes such as
DOC oxidation, the subsequent release of CO;, the for-
mation of carbonic acid, and the dissolution of bicar-
bonate minerals, which could help explore the catch-
ment’s chemical responses to rainfall. While the dataset
alone does not provide a comprehensive view of these
processes, it may support further studies into the bio-
geochemical dynamics at play.

— Influence of redox reactions on pH and ion exchange.
This dataset provides observations that may help to
explore potential relationships between redox reac-
tions and pH variability in shallow groundwater. While
the data are limited in scope and duration, they of-
fer a foundation for investigating how changes in re-
dox conditions might influence ion exchange processes
and, consequently, solute concentrations. These obser-
vations contribute to ongoing efforts to better under-
stand groundwater chemistry in forested catchments.

— Hydrological variability and flowline interactions. The
dataset provides observations that can help investigate
seasonal variability in the catchment, including poten-
tial differences in the dynamics between shallow and
deep flowlines and their role in solute distribution. The
temporal patterns observed offer a basis for exploring
how interactions between these flowlines might evolve
in response to seasonal variations, contributing to a
broader understanding of hydrological patterns and so-
lute transport mechanisms in the catchment.

In conclusion, while this high-frequency campaign lasted just
1 year, it included both a severe drought and an exceptionally
wet period, effectively capturing two major flow extremes
in the catchment. When combined with our ongoing 10-year
bi-weekly dataset, these data offer a more complete picture
of the hydrological range and provide valuable insights into
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redox processes, pH dynamics, and seasonal flowline inter-
actions. We believe these findings will help researchers re-
fine predictive models, guide land management decisions,
and improve understanding of groundwater-driven ecosys-
tem health.
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