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Abstract. Groundwater is a critical resource supplying
nearly half of the world’s drinking water. This study focuses
on the Kurikka buried valley aquifer system in western Fin-
land, characterized by complex hydrogeology dictated by the
bedrock topography and sediment cover producing artesian
conditions in deep aquifers. Using a multitracer approach, the
study incorporates hydrogeochemical, isotopic (δ2H, δ18O,
δ34S, 87Sr/86Sr) and microbial community analyses with res-
idence time indicators (CFCs, SF6, 3H, 3H/3He). Groundwa-
ter samples collected from ten sites revealed differences in
residence times, microbial diversity and community compo-
sitions, as well as large variation in the strontium and sulphur
isotopic compositions. The bedrock groundwater sample re-
vealed a more evolved water type, consistent with longer
residence time, strong water-mineral interactions and typical
deep subsurface bacterial members. Groundwater from the
superficial unconsolidated aquifers contained a modern wa-
ter component (< 60 years) whereas the deeper buried valley
aquifers were characterized by older waters. The information
provided by this study is crucial for groundwater manage-
ment during extensive extraction for municipal water supply.

1 Introduction

Groundwater provides an essential water supply worldwide.
Almost half of all drinking water globally, 65 %–75 % in Eu-
rope (27 EU Member States) and 38 % in the US (Grönwall
and Danert, 2020; Johnson et al., 2022, National Ground
Water Association, 2025) originates from groundwater. In
Finland, approximately 60 % of water distributed by water-
works is groundwater and the management of groundwater
resources is crucial to the success of the water utilities pro-
ducing good quality drinking water (Kløve et al., 2017). To
manage the groundwater resources sustainably, a significant
understanding of the aquifer is essential. Hydrogeochemical
investigations play a key role in characterizing hydrogeolog-
ical systems and are commonly supported by multitracer ap-
proaches that integrate major ions, trace elements, stable wa-
ter isotopes, and environmental tracers. Such approaches are
widely used to constrain groundwater origin, flow paths, res-
idence times, mixing and water/rock interactions (Cloutier
et al., 2006; Jaunat et al., 2012; Pétré et al., 2016). However,
despite the proven value of conventional hydrogeochemical
tracers, uncertainties often remain in complex multiaquifer
systems regarding hydraulic connectivity, inter-aquifer mix-
ing, and interactions between unconsolidated sediments and
fractured bedrock groundwater. These uncertainties can limit
the ability to predict groundwater flow dynamics and sustain-
ably manage groundwater abstraction.
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Buried valley aquifer systems are particularly challeng-
ing to characterize due to their complex geometry and het-
erogenous sedimentary architecture. This is also the case in
Kurikka, western Finland: the aquifer system investigated
in this study hosts significant groundwater resources. The
aquifer system has a complex groundwater recharge route
originating from the high-standing areas west of the Kurikka
buried valleys. From the recharge area, groundwater flows to-
ward the buried valley aquifers, where the lowermost coarse-
grained aquifer consists of the interplay between permeable
sediments and fractured crystalline bedrock (Åberg et al.,
2026). Despite previous hydrogeological investigations, flow
paths and the degree of mixing between shallow (here up
to 70 m) and deeper sediments (70–120 m) and the bedrock
groundwater remain poorly understood, constituting a key
knowledge gap for sustainable groundwater management in
the area. To address these challenges, this study applies
an expanded multitracer approach that integrates hydrogeo-
chemical, isotopic, and groundwater age tracers, comple-
mented with microbial community analyses.

Stable water isotopes of hydrogen (δ2H) and oxygen
(δ18O) are used to assess groundwater origin, recharge con-
ditions and mixing processes (e.g., Åberg et al., 2025; Car-
reira and Marques, 2024; Ikonen et al., 2025; Luoma et al.,
2024), while the measurement of strontium isotopes is used
to determine the 87Sr/86Sr ratio providing additional infor-
mation about the water-rock interaction and source lithology
(Kaislaniemi, 2011; Shand et al., 2009). Sulfur isotope com-
position, expressed as δ34S, is commonly used as a tracer
of sulfur sources and associated biogeochemical processes
in groundwater systems reflecting specifically the biogeo-
chemical processes (Harrison and Thode, 1958; Kaplan and
Rittenberg, 1964; Onac et al., 2011; Samborska-Goik and
Bottrell, 2025) and is applied here as an additional isotopic
tracer. Groundwater residence times and flow dynamics are
evaluated using a suite of environmental tracers, including
tritium (3H), chlorofluorocarbons (CFCs), sulfur hexafluo-
ride (SF6) and noble gases. These tracers are useful be-
cause of their known input histories or predictable decay or
accumulation in the subsurface, and have been widely ap-
plied across a range of hydrogeological contexts, including in
bedrock aquifers (Åkesson et al., 2015; Cook and Solomon,
1997; Jaunat et al., 2012; Massmann et al., 2008; Mayer
et al., 2014; Meyzonnat et al., 2023; Osenbrück et al., 2006;
Visser et al., 2013).

Although multitracer hydrogeochemical approaches are
well established in hydrogeology, microbial information is
still only rarely integrated into aquifer characterization stud-
ies. In recent years, microbial community analyses have
emerged as a promising complementary tool for hydroge-
ology, with the potential to reflect subsurface conditions,
hydraulic connectivity and geochemical environments (Ben
Maamar et al., 2015). Groundwater as a dark and often olig-
otrophic environment with relatively stable temperature se-
lects specific microbial communities compared to the aquatic

ecosystems aboveground (Lee et al., 2018). Although ad-
vances in molecular biological methods have greatly im-
proved the characterisation of groundwater microbial di-
versity, microbial community structure remains to be fully
exploited in understanding the hydraulic connections in
aquifers (Merino et al., 2022). Integrating microbial data
with hydrogeochemical and isotopic tracers may therefore
provide novel insight into aquifer functioning.

This study forms part of a larger hydrogeological re-
search initiative, aimed at securing sufficient groundwater
resources to support large-scale abstraction to meet the wa-
ter demands of 150 000 residents and the industries in cities
of Vaasa and Kurikka. The overarching objective of this
study is to establish baseline hydrogeochemical and micro-
biological conditions that enable the monitoring of the evo-
lution of the water system during operational stage of ab-
straction. Specifically, the research addresses the question of
whether a combined multitracer hydrogeochemical and mi-
crobial community analysis approach improves the charac-
terisation of groundwater origin, residence time, flow paths
and connectivity in a complex buried valley aquifer system.
We hypothesize that this multitracer approach in hydrogeo-
chemistry combined with lesser used microbial community
analysis provides additional constraints on groundwater con-
nectivity and flow dynamics within complex multi-aquifer
systems. Such information is critical for informed decisions
about groundwater management and sustainable resource de-
velopment.

Site description

The study site is situated in the Southern Osthrobothnia re-
gion in western Finland, 70 km from the Bothnian Sea shore
(Fig. 1). The groundwater system of the Kurikka buried val-
ley is underlain by 1.88 Ga year-old Palaeoproterozoic meta-
morphosed granites, schists, and biotite paragneisses (Lahti-
nen et al., 2017; Ruuska et al., 2023). The early develop-
ment of the Paleoproterozoic bedrock during the Svecofen-
nian orogeny with crustal movements, shaped the Kurikka
area and led to the formation of protovalleys. Since then, the
area has experienced a multi-stage burial-erosion develop-
ment over a long period of time until it reached its current
buried form (Hall et al., 2021). Currently, this ∼ 1.5Ga old
and 70–120 m deep buried valley system is filled with highly
variable Late Pleistocene sediments. In its most recent de-
velopmental stages, this region situated beneath the central
sector of the Fennoscandian Ice Sheet (FIS) during the Late
Weichselian Glaciation (23 000–10 500 years BP; Stroeven
et al., 2016) – which covered southern Finland and facili-
tated the preservation of pre-existing sediments through lim-
ited glacial erosion (Åberg et al., 2026) – remained largely
unaffected. Specifically, the deepest sediments typically con-
sist of deposits that have groundwater potential for municipal
drinking water abstraction.
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The regional hydrogeology of the study area (240.5 km2,
Fig. 1) is strongly controlled by bedrock topography. Topo-
graphical differences, together with silt-clay sediment and
basal till on the topmost part of the sediment cover, pro-
duce an artesian character to the deep aquifers (Fig. 1). Deep
groundwater in the unconsolidated aquifers in the Kurikka
aquifer system translates to a maximum depth of about 120 m
from the land surface (Åberg et al., 2026). Groundwater in
Finland mainly resides in shallow unconfined aquifers (La-
hermo et al., 1990; Luoma et al., 2021), and the deepest
aquifer in the multi-layered system in Kurikka is nominated
deep in this context. Layer cake type of stratigraphy of the
buried valley with alternating aquitards and aquifers is con-
ceptually shown in the Fig. 1, but more detailed in Åberg
et al. (2026).

2 Materials and Methods

In this multi-tracer study of the region, the sampling points
were selected in each buried valley connected to the main
Kyrönjoki Valley (Fig. 1). Additionally, the study included a
bedrock borehole (R56) located beneath the Paloluoma val-
ley and a point further north (NOPPA15) in an adjacent val-
ley reflecting a more superficial esker system.

2.1 Field parameter measurements, geochemical and
isotope sampling and analyses

The water samples were collected between 4 and 7 Octo-
ber in 2021. The groundwater wells (apart from those that
were overflowing) were purged 1 d before sampling. The
water levels were measured at non-overflowing wells be-
fore sampling. Groundwater was pumped from the wells us-
ing a submersible pump (Proactive SS-Monsoon XL, GWM
Engineering, Kuopio, Finland) with pumping speed of 4–
7 Lmin−1. The field measurements for temperature (T),
dissolved oxygen (DO), pH, electrical conductivity (EC)
and oxygen reduction potential (ORP) were recorded with
YSI multi-parameter sonde (YSI EXO1) (YSI Inc. Yellow
Springs, OH, US). Alkalinity was measured in the field with
a HACH digital titrator (HACH Company, Loveland, CO,
US) and a cartridge of sulphuric acid (1.600 N). The partial
pressure of CO2 (pCO2) was calculated with the software
Diagrammes (Simler 2012) based on temperature, pH and
HCO3 concentration. For hierarchical clustering, selected pa-
rameters (pH, EC, T , DO and alkalinity) were used for cal-
culating Euclidean distance matrix, and clustering was done
with UPGMA (Unweighted Pair Group Method with Arith-
metic Mean) method in R with vegan, ggplot2 and ggdendro
packages (Oksanen et al., 2025; de Vries and Ripley, 2024;
Wickham et al., 2026). Water for hydrogeochemical analyses
including isotopes was taken into the sample bottles immedi-
ately from the end of the pumping tube and the sample pre-
treatment, filtering and acidification, was performed in the

field after sampling. Water samples for oxygen and hydro-
gen isotope analyses were collected without pretreatment and
stored in 60 mL high-density polyethylene (HDPE) bottles.
For isotopic analyses of strontium and sulphur groundwa-
ter was filtered with a 0.45 µm Ca–S filter into acid-washed
250 mL bottles and acidified with ultrapure 13.8 N HNO3
(5 mL per sample bottle). Treated samples were kept cool
during field work and transportation to the laboratory. The
chemical parameters from the water samples were analysed
by the Eurofins Labtium laboratory (Espoo, Finland). Dis-
solved element concentrations were analysed with ICP-MS
and anion concentrations (Br−, Cl−, F, NO3− ja SO2−

4 ) with
ion chromatography. The dissolved and total organic carbon
(DOC, TOC) were also analysed at the Eurofins Labtium.

2.2 Isotope hydrogeochemistry analyses

The isotopic compositions of oxygen, hydrogen, strontium
and sulphur from the water samples were analysed in the
GTK research laboratory in Espoo, Finland. Sample waters
for the δ18O and δ2H analyses were filtered in the labo-
ratory and analysed with a Picarro L2130i CRDS (Cavity
Ring Down Spectroscopy) analyser. The measurement un-
certainty for δ18O being < 0.1‰, and for δ2H< 0.3‰. For
the 87Sr/86Sr analysis, a concentration-dependent amount of
prefiltered and -acidified samples were evaporated to dry-
ness and dissolved with ultrapure 3.2 N HNO3 for ion ex-
change. Strontium was eluted with ultrapure 0.05 N HNO3
acid by 100 µL of Sr-specific resin (TrisKem Sr Resin, 50–
100 µm). For the measurement, the samples were diluted
to a Sr concentration of approx. 20 ppb (in ultrapure 2 %
HNO3). The analyses were carried out by using an Aridus 3
Desolvating system (DSN) with 50 µL PFA ConcentricFlow
nebulizer and a Multi-Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS, Nu Instruments™) at low
mass resolution (1m/m= 400). The isotopic measurements
were performed in static mode using five faraday detec-
tors, and 10 blocks of 6 integrations of approximately 8 s.
The standard reference material NBS987, was used to mon-
itor the precision and accuracy of the measurements at
the beginning, and the end of every session and after ev-
ery fifth sample. The obtained average of 87Sr/86Sr was
0.710270 (±0.000066, 2 SD, n= 5), which is close to the
reference value 0.710250 (±0.00004, 2 SD, n= 2306, GEO-
REM database, http://georem.mpch-mainz.gwdg.de/, last ac-
cess: 30 April 2025).

Prior to the δ34S analysis, samples were eluted following
the classic liquid column chromatography technique (Paris
et al., 2013). Based on the sulphur concentration, part of the
filtered and acidified sample was evaporated to dryness and
dissolved with ultrapure 0.25 % HCl. Cations were removed
with BioRad AG50X8 resin and samples were further diluted
with ultrapure 2 % HNO3 to approx. 0.25 ppm concentration.
Sodium was added to the samples (0.5 ppm) before the anal-
ysis to improve the sensitivity of sulphur (Yu et al., 2017).
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Figure 1. Left, a geological map of the study area and groundwater sampling locations; right: general cross-section of the Paloluoma
buried valley (modified from Rashid, 2022). Arrows in the map indicate potential groundwater flow paths. AF- and AT- refer to aquifer and
aquitard, respectively in the cross-section. AT 3-4-5-6: till, AF3-4: fine sand, AF2: sandy gravel, AF5: coarse sand. See also Table 1. Vertical
exaggeration: 15×.

Table 1. Details of the sampling sites in Kurikka multilayer aquifer system.

Sample ID Sampling date Location Total depth Screen depth Aquifer codea/type
of the well, m interval, m

NOPPA 15 4 October 2021 Nenättömänluoma 15.6 6.6–9.1; 10.6–13.6b AF7A; Shallow unconsolidated
MIHP6 5 October 2021 Paloluoma 77.7 50.9–76.9 AF3A; Deep unconsolidated
MIHP15 5 October 2021 Paloluoma 64.6 38.1–64.6 AF3A; Deep unconsolidated
R56 5 October 2021 Paloluoma 162c no screenc Not available; Bedrock
LOHI30 5 October 2021 Lohiluoma 78.4 50.4–64.4 AF3A; Deep unconsolidated
KUU19 6 October 2021 Paloluoma 72.9 49.5–72.9 AF3A; Deep unconsolidated
HÄJY30 6 October 2021 Kyrönjoki main valley 17.4 no screend AF3A; Deep unconsolidated
MIETO17 6 October 2021 Kyrönjoki main valley 63.8 29.8–48.8; 49.8–60.8b AF3A; Deep unconsolidated
HARJA10 7 October 2021 Kyrönjoki main valley 60.8 37.8–39.8; 41.8–51.8b AF3A; Deep unconsolidated
HÄJY11 7 October 2021 Häjynluoma 59 39–59 AF4B; Deep unconsolidated

a Described in more details in Åberg et al. (2026).
b Two screens.
c Bedrock borehole, no screen in the sediment layers. Total length of borehole in the table. Drilled with 60° dip.
d No screen. Observation well has a total depth of 17.4 m and is open at its base. Continuously overflowing.

The analyses were carried out using an Aridus 3 Desolvat-
ing system (DSN) with 50 µL PFA ConcentricFlow nebulizer
and a MC-ICP-MS (Nu Instruments™) at medium mass res-
olution (1m/m= 3000). The S isotopic measurements were
performed in static mode using three faraday detectors, and
3 blocks of 20 integrations of 8 s. The average value of the

IAEA standard S-3 was−32.0 (±0.3, 1 SD, n= 5) while the
recommended values is−32.2 (±0.4‰, 1 SD, n= 36, Geo-
rem database, http://georem.mpch-mainz.gwdg.de/, last ac-
cess: 30 April 2025).
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2.3 Residence time indicator sampling and analysis

Atmospheric CFC concentrations increased since the late
1940 to early 1990 and are nearly stable in the atmosphere.
During recharge these tracers are dissolved in the water and
transported with the flow. The CFC concentrations in wa-
ter depend not only on the time of recharge, but also on the
recharge temperature of the water, additional dissolved air
bubbles (so-called excess air) and degradation in anoxic en-
vironment. SF6 has been released decades later. Atmospheric
concentrations are still increasing but are still much lower
than for CFCs. Due to the very low solubility excess air af-
fects the signal even more. Also, in granitic rocks, SF6 is
produced by natural processes over long timescales.

The radioactive hydrogen isotope tritium (3H) with a half-
live of 12.32 years is bound to the water molecule in precip-
itation.

Tritium concentrations in precipitation increased since the
mid-1950s to about 1962 by 3 orders of magnitude com-
pared to the natural concentrations in the northern hemi-
sphere. Since 2010 concentrations are nearly back to natural
levels (Cauquoin et al., 2024). Tritium is a suitable tracer to
detect water recharged since the late 1950s, which is called
young water.

In combination with the decay product of 3H, the light he-
lium isotope 3He, it is possible to calculate the groundwa-
ter residence time without knowledge of the initial 3H in-
put. The challenge is to separate 3He from 3H decay (tri-
tiogenic 3He) from other He sources. Atmospheric 3He is
dissolved in surface water according to the water tempera-
ture at recharge. The water can contain additional air bub-
bles (excess air) and depending on the rock matrix also ter-
rigenic 3He. This is produced by neutrons reacting with 6Li
which produces 3H, and hence 3He. The neutrons originate
from U and Th decay and associated secondary reactions,
and are accompanied by 4He produced through the alpha de-
cay of U and Th. Consequently, both 4He and 3He concen-
trations can be elevated in old groundwater. The concentra-
tions and 3He/4He ratio depend on the rock matrix compo-
sition, and the release rate from the rock to the surround-
ing water body. This results in significant uncertainties in the
3He/4He ratio of terrigenic He. Consequently, at high helium
concentrations, the separation of tritiogenic 3He is hindered.
Tritiogenic 3He (3Hetri) is calculated as follows from the
components: 3Hetri =

3Hemeas−
3Heequi−

3Heexcess−
3Heterr;

3Hemeas: measured concentration, 3Heequi: solubility equilib-
rium concentration, 3Heexcess: excess air concentration de-
rived from Ne, 3Heterr: terrigenic He concentration derived
from 4He. The uncertainties for each component add up to
uncertainty for 3Hetri. A detailed explanation on the differ-
ent 3He contributions can be found in Kipfer et al. (2002).
Samples of groundwater for CFCs and SF6 analyses were
collected in two tins, each holding a ground glass flask. The
opened can and flask were placed in a bucket. Then, the
pipe from the pump was placed to the bottom of the flask,

which was rinsed multiple times until the bucket overflowed.
After the flask was closed with a plug and secured with a
clamp, the can container was closed with a circlip (under-
water). CFCs and SF6 were analysed by gas chromatogra-
phy with an electron capture detector (GC-ECD) at Dr. Os-
ter’s trace substances laboratory (Wachenheim, Germany).
Samples for 3H analysis were collected in 1 L HDPE bot-
tle and stored in a cold room (5 °C) until analysis. Tritium
was analysed at Hydroisotop GmbH (Germany) using liq-
uid scintillation spectroscopy LSC after electrolytical enrich-
ment (Perkin Elmer Quantulus GCT 6220). Tritium concen-
trations are reported in 3H units (TU) with double standard
deviation (1TU= 0.119BqL−1). Samples for noble gases
analyses were collected in duplicates in clamped-off copper
tubes connected to the pumping line. Noble gases (helium
isotopes and neon) were analysed at the Bremen Mass Spec-
trometric Facility according toSültenfuß et al. (2009).

2.4 Microbiological sampling and analysis

Groundwater samples were retrieved for microbial commu-
nity structure analysis. As groundwater is a naturally olig-
otrophic environment, the microbial cell numbers were es-
timated to be low. Therefore, to collect enough microbial
biomass for DNA amplicon sequencing analysis, 65–183 L
of groundwater from each groundwater well was filtered by
a dead-end ultrafiltration method (DEUF) with a flow rate of
2–3 Lmin−1 using a sterile silicone tubing with an ultrafil-
tering cartridge (ASAHI Rexeed-25A, Asahi Kasei Medical
Co., Ltd., Tokyo, Japan), according to Inkinen et al. (2019).
Groundwater was pumped from the wells to a 20 L plastic
canister sterilized with 70 % EtOH and flushed with the sam-
pling fluid, from where the water was pumped through the
DEUF capsule cartridge with a peristaltic pump. The flow-
through was measured using a water meter and a 10 L bucket.
DEUF-capsules were kept cool during field work and trans-
portation to further handling the laboratory of water micro-
biology of the Finnish Institute for Health and Welfare, Kuo-
pio.

Microbial biomass was eluted from the DEUF-capsules
in laboratory as described in Inkinen et al. (2019). The
secondary concentration of DEUF-eluates (100–250 mL,
corresponding to sample volume of 11–80 L) was conducted
by filtration through Millipore Express PLUS membrane
filters (pore size 0.22 µm, Merck KGaA. Darmstadt, Ger-
many (Kauppinen et al., 2019) and stored in −75°C before
nucleic acid extraction. Total nucleic acids were extracted
from the Express PLUS filters using Chemagic DNA
Plant kit (Perkin-Elmer, Waltham, USA) and Kingfisher
device (Thermo Fisher Scientific, Waltham, MA, USA)
and DNA concentration was measured with a Qubit mini
fluorometer using Qubit dsDNA HS assay (Thermo Fisher
Scientific, Waltham, MA, USA) as described in Inkinen
et al. (2019). Negative control samples of DEUF elution and
DNA extraction were also included in the analysis. MiSeq
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amplicon sequencing of the 16S rRNA gene of bacteria and
archaea, and ITS1 region for fungi using 2× 300bp paired
end protocol was done in commercial laboratory (Eurofins
Genomics Ltd., Konstanz, Germany). The primers used
were 341F 5′CCTACGGGNGGCWGCAG-3′ (Herlemann
et al., 2011) and 926R 5′-CCGYCAATTYMTTTRAGTTT-
3′ (Quince et al., 2011) (V3–V5) for bacteria, 340F
5′-CCCTAYGGGGYGCASCAG-3′ (Gantner et al.,
2011) and 806R 5′-GGACTACNVGGGTWTCTAAT-
3′ (Apprill et al., 2015) (V3–V4) for archaea, and
5′-GGAAGTAAAAGTCGTAACAAGG-3′ and 5′-
GCTGCGTTCTTCATCGATGC-3′ for fungal ITS1 (White
et al., 1990). Negative controls did not produce amplicons.

Sequence reads were demultiplexed and primer sequences
removed before analysis applying the DADA2 (v.1.30.0)
pipeline in Rstudio using R version 4.3.2 (Callahan et al.,
2016; R Core Team, 2024) for bacterial and archaeal am-
plicon sequence variant (ASV) detection. When inspecting
the sequence reads, reverse reads of both archaea and bac-
teria were of poor quality, generating issues in trimming
and eventually merging the reads. Thus, the analysis was
continued with just forward reads. Reads were filtered us-
ing the following parameters (TruncLen= 240, maxN= 0,
maxEE= 2, truncQ= 2). This removed approximately 4 %
of reads in each sample. Reads were dereplicated, sequence
variants inferred from unique sequences from each sample,
chimeras removed, and taxonomy assigned using Silva v. 138
taxonomy database (silva_nr99_v138.1_train_set.fa) (Quast
et al., 2013; Yilmaz et al., 2014) for archaea and bacteria.

Fungal sequences were analysed using the ITS-specific
variation of version 1.8 of the DADA2 workflow (Callahan
et al., 2016). First, ITS primer sequences were detected,
primer orientation was verified, and primers were cut from
the sequences using Cutadapt tool (Martin, 2011). After qual-
ity trimming with parameters: maxN= 0, maxEE= c(2,2),
truncQ= 2, minLen= 50, rm.phix= TRUE, sequence vari-
ants were inferred from unique sequences from each sample,
forward and reverse reads were merged, chimeras removed
and taxonomy assigned using UNITE general FASTA
release (sh_general_release_dynamic_04.04.2024.fasta)
(Abarenkov et al., 2024) for fungi.

DADA2-treated sequence data were imported to phyloseq
(v.1.46.0(McMurdie and Holmes, 2013) for data visualisa-
tion and statistical analyses in RStudio. Tools used in RStu-
dio included vegan, ggplot2, dplyr, ampvis2, psadd and cow-
plot (Andersen et al., 2018; Oksanen et al., 2025; Wick-
ham, 2016; Wickham et al., 2026; Wilke, 2025). Raw se-
quence data is deposited in NCBI’s SRA under BioProject
PRJNA1270735.

3 Results

3.1 Field observations and hydrogeochemistry

Field parameters and the calculated partial pressure of CO2
(pCO2) are presented in Table 2. The unconsolidated aquifer
groundwaters had an electrical conductivity ranging from
90–204 µScm−1 and a pH between 6.2 and 6.8, whereas
the water from the bedrock borehole was more mineral-
ized (EC 296 µScm−1) and had a higher pH (8.4). Tem-
perature range was 5.7–6.9 °C, and highest dissolved oxy-
gen concentrations were measured at KUU19 and HÄJY30
(5,7 and 4,4 mgL−1, respectively). The field data clustered
the samples to three groups, R56 clustering clearly sepa-
rate from the other sites. Oxidation-reduction potential var-
ied significantly between the different samples from low-
est in bedrock groundwater R56 (−254mV) to highest in
HÄJY11 and KUU19, corresponding to high dissolved oxy-
gen concentrations in these samples. Highest Cl− concentra-
tion was measured from the bedrock groundwater (R56). Al-
kalinity varied from 23.5 mgL−1 in KUU19 to 152 mgL−1

in R56. In all groundwater samples representative of uncon-
solidated aquifer waters, log partial pressure of CO2 (pCO2)
values ranged between −1.4 and −2.2atm while the low-
est logpCO2 value in the dataset (−3.3) was observed in
bedrock groundwater.

The major ions in groundwaters were Na (46.5 mgL−1 in
R56 to 4.82 mgL−1 in HARJA10), Cl (25 mgL−1 in R56 to
1.7 mgL−1 in MIHP6, see Table S1 for laboratory measure-
ments), and Fe (31.5 mgL−1 in HARJA10, below the de-
tection limit of 0.03 mgL−1 in HÄJY11 and KUU19 and
0.08 mgL−1 in MIHP6), and Ca, with highest concentra-
tions in NOPPA15 and HÄJY30 (14.8 and 15.8 mgL−1, re-
spectively) (Table S1). Highest sulphur and sulphate concen-
trations were detected from NOPPA15, and highest organic
carbon concentrations were in HARJA10 groundwater (Ta-
ble S1).

Groundwater types were defined and represented on a
Piper diagram (Fig. 2) showing the proportion of major
ions (Na+, Ca2+, Mg2+, K+, HCO−3 , Cl−, SO2−

4 ) (Piper,
1944, Simler 2012). Unconsolidated aquifer groundwater
samples are of calcium-bicarbonate (Ca–HCO3) type or
mixed cations–HCO3, whereas groundwater collected from
the bedrock borehole (R56) beneath the Paloluoma valley is
classified as sodium-bicarbonate (Na–HCO3) type, reflecting
a more evolved groundwater. NOPPA15 has more chloride
(7.6 mgL−1) than the other unconsolidated aquifer samples
(1.7–5.1 mgL−1) and KUU19 has some nitrates (4.6 mgL−1)
(Table S1).

3.2 Isotopic compositions of hydrogen and oxygen

The variation in the isotopic compositions of oxygen and hy-
drogen in the analysed water samples was small. The δ2H
values range from −91‰ to −88.2‰ and the δ18O from
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Table 2. Field measurement data of pH, electrical conductivity (EC), temperature (T ), dissolved oxygen (DO), oxygen reduction poten-
tial (ORP), alkalinity (Alk), chloride concentration (Cl−) from the sampling sites and calculated pCO2. Clustering is based on the field
measurements (in bold) and shows the average Euclidean dissimilarity between the samples.

* n.a.: Not available, laboratory measurements of chloride concentrations are reported in Table S1 in the Supplement.

Figure 2. Piper diagram for the 10 groundwater samples collected
in the study area.

−12.63‰ to −12.22‰ (with the analytical uncertainty for
δ18O is < 0.1% and for δ2H< 0.3%). In the Fig. 3 the
weighted annual average from the south-western coastal site
of Olkiluoto and the eastern Finnish city of Kuopio (GNIP
database, IAEA), with similar latitude to the study site, are
marked on the meteoric water line. The d-excess values
Eq. (1), calculated from δ2H and δ18O values, ranged from
9.6–10.8, indicating that the sampled waters are unevapo-
rated and of meteoric origin. This is reinforced by the fact
that the samples all plot on or near the meteoric water lines
(Table 3 and Fig. 3).

d-excess= δ2H− 8× δ18O (1)

3.3 Isotopic compositions of Sr and S

The isotopic compositions of strontium and sulphur in the
water samples vary between 0.72133–0.75237 and 1.1 ‰–
30.3 ‰ respectively (Table 3). The corresponding concen-
trations of Sr and S in the water samples vary between
38.3–107 µgL−1 and 0.1–5.9 mgL−1 respectively (Tables 3
and S1). Both elements show noticeable variation (Table 3).

3.4 Groundwater residence time indicators

The results of the 3H, 3He, neon, SF6 and CFCs analyses are
listed in Table 4. Samples NOPPA15, KUU19, HARJA10
and HÄJY11 had 3H concentrations ranging from 1.6–
4.8 TU, while samples MIHP6, MIETO17, MIHP15, R56,
LOHI30 and HÄJY30, were below the detection limit of
0.6 TU (2-sigma) (Table 4). Tritium concentrations between
1.6 and 4.8 TU (NOPPA15, KUU19, HARJA10, HÄJY11)
clearly show a modern component (0–60 years old). Assum-
ing a decay-corrected 3H concentration in precipitation to be
near natural levels of 4–5 TU for Finland, then the HÄJY11
shows the presence of a modern component with signifi-
cant dilution of 2/3 older 3H-free water. The absence of 3H
(< 0.6TU) indicates sub-modern waters with ages exceed-
ing 70 years. Due to the given detection limit this proportion
of modern water cannot be significantly larger than 15 %.
Hence, only the samples with 3H the calculation of 3H–3He
ages is possible.

The applicability of CFCs and SF6 for groundwater resi-
dence time determination is very limited for this study. The
CFCs data exhibit anomalous concentrations and variable
CFC11 /CFC12 ratios, indicating contamination or degra-
dation processes. The data show that 3H-free waters do not
contain any CFC11 or CFC12. This means that the sampling
gear is not responsible for the extreme high CFC concentra-
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Table 3. The isotopic analysis results and the calculated d-excess values together with the concentrations of strontium and sulphur in the
water samples.

ID δ2H (‰) δ18O (‰) d-excess 87SR/86SR SR (µg L−1) δ34S (‰) S (mgL−1)

NOPPA 15 −89.0 −12.42 10.4 0.74535 101 1.1 5.87
MIHP6 −91.0 −12.59 9.7 0.74029 46.7 8.0 0.7
MIHP15 −90.2 −12.63 10.8 0.72133 82.7 12.6 0.34
R56 −89.4 −12.51 10.7 0.73225 91.6 23.8 0.5
LOHI30 −89.7 −12.49 10.2 0.74159 86 30.3 0.26
KUU19 −90.8 −12.56 9.7 0.75237 38.3 5.9 0.39
HÄJY30 −89.1 −12.42 10.3 0.72832 107 14.1 0.57
MIETO17 −89.5 −12.46 10.2 0.73679 70.8 5.3 0.93
HARJA10 −89.9 −12.49 10.0 0.73713 74 18.5 < 0.2
HÄJY11 −88.2 −12.22 9.6 0.73752 56.5 8.8 0.64

Figure 3. The isotopic compositions of oxygen and hydrogen from the water samples against the GMWL (Global Meteoric Water line) in red
dashed line and the LMWL (Local Meteoric Water Line) in black. Olkiluoto weighted 8 year annual mean (https://inis.iaea.org/collection/
NCLCollectionStore/_Public/46/095/46095041.pdf, last access: 7 May 2025) and Kuopio GNIP, Global Network of Isotopes in Precipitation
(https://www.iaea.org/services/networks/gnip, last access: 7 May 2025) as references.

tions. Concentrations of CFC113 in all samples were at or
below the detection limit and were therefore excluded from
further analysis.

All samples showed SF6 contents (18–2700 fmolL−1)
well above solubility equilibrium with modern atmosphere
(approx. 4 fmolL−1), indicating that the excessive ground-
water concentrations derive from a local geogenic source,
as frequently observed in Scandinavian groundwater systems
(Åkesson et al., 2015). Consequently, CFCs and SF6 tracers
are unsuitable for groundwater age dating at this site. The

data are nevertheless shown to illustrate the limitations of
these methods under the studied conditions.

Seven out of ten noble gas samples have been anal-
ysed in duplicates and provided identical results. Neon
concentrations reveal abnormal excess air (more than 2×
10−7 ccSTPg−1), which diminishes reliable age calculations
based on noble gases. For the analysis of samples with high
4He concentrations, the amount of gases was split to small
units. This increased the uncertainty for Ne to about 1 % of
the He concentration.
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Table 4. Summary of measured 3H concentrations, calculated tritiogenic Helium 3 (3Hetrit), 3He/4He ratio, calculated terrigenic Helium 4
(4Heter), CFC and SF6 concentrations. The uncertainty of SF6 is 20 %. Tritiogenic Helium 3 was determined with an altitude of the recharge
area of 150 m and a recharge temperature of 5 °C.

Sample 3H 3Hetrit
3He/4He 4He 4Heterr Ne Ne/He SF6 CFC11 CFC12

TU TU ccSTPg−1 ccSTPg−1 ccSTPg−1 fmolL−1 pmolL−1 pmolL−1

NOPPA15 4.8± 0.6 88 3.62× 10−7 1.03× 10−6 9.31× 10−7 3.90× 10−7 0.38 18 13± 3 1.4± 0.1
MIHP6 < 0.6 – 1.61× 10−7 1.89× 10−6 1.65× 10−6 8.76× 10−7 0.46 2700 < 0.05 < 0.05
MIHP15 < 0.6 – 4.08× 10−8 7.25× 10−6 7.12× 10−6 5.06× 10−7 0.07 75 < 0.05 < 0.05
R56 < 0.6 – 2.8× 10−8 1.02× 10−4 1.02× 10−4 8.56× 10−7 0.01 27 < 0.05 < 0.05
LOHI30 < 0.6 – 1.30× 10−7 1.86× 10−6 1.68× 10−6 6.62× 10−7 0.36 990 0.08± 0.05 < 0.05
KUU19 3.8± 0.7 107 9.40× 10−7 4.55× 10−7 3.42× 10−7 4.38× 10−7 0.96 110 230± 10 2.1± 0.2
HÄJY30 < 0.6 – 6.6× 10−8 3.70× 10−6 3.52× 10−6 6.88× 10−7 0.19 2200 0.5± 0.1 < 0.05
MIETO17 < 0.6 – 7.1× 10−8 3.51× 10−6 3.34× 10−6 6.28× 10−7 0.18 100 0.19± 0.05 < 0.05
HARJA10 4.6± 0.6 61 1.36× 10−6 1.71× 10−7 1.13× 10−7 2.49× 10−7 1.46 140 0.07± 0.05 < 0.05
HÄJY11 1.6± 0.7 41 2.09× 10−7 1.98× 10−6 1.78× 10−6 7.42× 10−7 0.38 32 0.17± 0.05 0.09± 0.05

Samples with large excess air and non-detectable CFC
concentration clearly state that the source of excess air does
not result from ambient air, such as air penetration into the
water during sampling. As typical groundwater recharge con-
ditions are not expected to form this massive intrusion of ex-
cess air, the source remains unclear.

Nevertheless, He isotopes still give some insight on
the age composition of the water. All samples show
high 4He concentrations, ranging from 4.55× 10−7

− 1.0×
10−4 ccSTPg−1, which is equivalent to 4–2200 times the sol-
ubility equilibrium, indicating a significant source of terri-
genic He. The 3He/4He ratios in 3H-free samples range from
3× 10−8

− 7× 10−8, which are significantly lower than the
ratios typical of atmospheric or mantle He. The 3He/4He ra-
tio of 2×10−8 is used for the terrigenic He component in the
calculation of tritiogenic 3He for samples with 3H. Excess
air is assumed to be free of tritiogenic 3He (Fig. 4). Both
error sources result in an error for tritiogenic 3He of 25 %.
However, even with the large uncertainties the 3H–3He ages
of NOPPA15, KUU19, HARJA10 and HÄJY11 are between
47 and 59 years (±25%). These results suggest groundwa-
ter residence times substantially longer than 30 years. The
presence of high radiogenic Helium 4 (4Herad) indicates the
presence of old groundwater (several thousand years old).
The only bedrock borehole R56 has the highest radiogenic
helium contents of all the wells.

3.5 Microbial communities

Bacterial 16S rRNA amplicon sequencing was successful
from HARJA10, HÄJY30, LOHI30, MIETO17, MIHP15,
NOPPA15 and R56. Altogether 996 645 bacterial sequences
were retrieved of these, and after quality filtering, denoising
and chimera removal steps, 90 %–94 % of the reads were re-
tained in each sample (Table S2). Altogether 71 different bac-
terial phyla were detected and ASVs belonging most preva-
lently to Patescibacteria, Verrucomicrobiota, Chloroflexi and
Proteobacteria (Table S3 and Fig. S1a in the Supplement).

Bacterial communities were diverse and varied from bore-
hole to borehole (Figs. 5A and S1a). NOPPA15 hosted
the most diverse bacterial community according to Shan-
non index (H’ 6.69), while MIHP15 and bedrock ground-
water well R56 exhibited the lowest observed Shannon di-
versity (H’ 3.63 and 2.91, respectively) (Fig. 5A and Ta-
ble S2.). These communities were more similar with each
other compared to other sites. Relatively most abundant
bacterial ASVs detected from NOPPA15 affiliated with
Gallionella (12 % relative abundance), Omnitropha (10 %)
and several candidate genera of Patescibacteria phyla. The
bedrock borehole water R56 hosted a bacterial commu-
nity with abundant sulfate reducers such as Desulfovibrio
(38 % relative abundance) in addition to Hydrogenophaga
(11 %), Ferribacterium (9 %) and Acetobacterium (8 %). Of
these, Hydrogenophaga-affiliating ASVs were either absent
or found in very low abundance (< 0.2%) in other sam-
ples. Desulfovibrio and Acetobacterium ASVs were also
most abundant in MIHP15 (57 % and 11 %, respectively).
Sulfate reducing Desulfosporosinus was also most abundant
in HÄJY30 (65 % of the bacterial community), together
with Candidatus Omnitrophus (12 % relative abundance) and
Patescibacteria-affiliating ASVs (altogether 7 % of total bac-
terial community). MIETO17 hosted almost as diverse bac-
terial community as NOPPA15 according to Shannon diver-
sity index (H’ 6.52). Abundant ASVs in MIETO17 affiliated
with Desulfobacterota (10 %), Dehalococcoidia (9 %), Rhod-
oferax, Omnitrophus and Patescibacteria (6 % relative abun-
dance each), Nitrospirota (4 %) and Sva0485, recently named
as Candidatus Acidulodesulfobacterales (Tan et al., 2019)
(3 %). Most common ASVs in LOHI30 were Candidatus
Omnitrophus (13 %), Ferribacterium (8 %), Acetobacterium
(8 %), Dehalococcoidia (7 %), Rhodoferax (6 %), Desulfuriv-
ibrio (6 %), and Gallionella (4 %). Similarly, in HARJA10,
Candidatus Omnitrophus was among the most dominant
ASVs (13 % relative abundance) together with Desulfobac-
terota (16 %), Sva0485 (10 %) and Dehalococcoidia (8 %).
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Figure 4. Ratios of He isotopes vs. Ne/He ratios of all samples. The light blue line shows mixing of water equilibrated at 5 °C plus 30 % of
excess air with terrigenic He that has a 3He/4He of 2× 10−8. The vertical offset from this line indicates tritiogenic 3He.

Archaeal 16S rRNA amplicon sequencing was successful
from HARJA10, HÄJY30, MIETO17, MIHP15, NOPPA15
and R56. In total 902 598 archaeal sequences were re-
trieved, and after quality control and chimera removal steps,
93 %–96 % of the reads were retained (Table S2). A to-
tal of 11 different archaeal phyla were identified, and most
prevalent phyla were Nanoarchaeota, Micrarchaeota and
Crenarchaeota (Table S3). NOPPA15 hosted the most di-
verse archaeal community (H’ 5.97), similar to bacteria
(Fig. 5B and Table S2). Most archaeal sequences were af-
filiated with Nanoarchaota phylum in NOPPA15, HÄJY30,
MIETO17 and HARJA10, with ASVs belonging to Woe-
searcheales candidate order (74 %, 75 %, 54 %, 40 % rel-
ative abundances, respectively) (Figs. 5B and S1b). Bath-
yarchaea -affiliating archaeal ASVs were also relatively
abundant in these samples. Candidatus Methanoperedens
and Methanomassiliicoccales-affiliating ASVs were abun-
dant in HARJA 10 (18 % and 7 % relative abundance, re-
spectively), and in R56 (21 % and 6 %). R56 also had
a 11 % relative abundance of Methanobacterium, in addi-
tion to abundant Woesearchales (23 %) and Bathyarchaeia
(20 %). MIHP15 hosted the least diverse archaeal commu-
nity (H’ 2.05) that differed from other samples (Fig. 5B
and Table S2). Methanoregula, Methanobacterium, and
Methanospirillum-affiliating ASVs were dominating the ar-

chaeal community in this borehole (50 %, 28 % and 12 % rel-
ative abundances, respectively).

Fungal ITS1 amplicon sequencing was successful from
the same samples as archaea. Altogether 649 988 se-
quences were retrieved, but after rigorous quality filtering
and chimera removal steps, on average only 41 % of se-
quences were kept (Table S2). This level was somewhat ex-
pected because of high natural length variability of fungal
ITS amplicons and typically lower quality of reverse reads
that are dropped from the analysis together with their for-
ward pair. Filtering primarily removed low-quality reads and
improved the accuracy of ASV inference. According to the
Shannon index, the most diverse fungal community was ob-
served in R56 (H’ 4.04) and least diverse in MIHP15 (H’
2.22) (Fig. 5C and Table S2). Most of the detected fungal
phyla belonged to either Ascomycota or Basidiomycota, and
relatively most abundant ASVs affiliated with Cladosporium
and Bulleribasidiaceae (Figs. 5C and S1c). In addition to
these, R56 fungal community was composed of Claviceps
and Rhodotorula (8 % and 6 % relative abundances). Fun-
gal communities in NOPPA15, HÄJY30, MIHP15 and MI-
ETO17 all had Filobasidium-affiliating ASVs (7 %, 9 %, 5 %
and 13 % of the community, respectively). Itersonilia affili-
ating ASV was more typical to HÄJY30 (9 %) than to other
samples, and Melanommataceae-affiliating ASV was most
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relatively most abundant in NOPPA15 (7 %). A large portion
(57 %) of the fungal community in HARJA10 could not be
identified beyond kingdom-level.

4 Discussion

Hydrogeological studies rely on the use of various tracers,
most often field measurement data and laboratory analysis of
hydrogeochemical parameters, i.e., major ion and trace ele-
ment concentrations. Natural tracers have been expanded to
include the use of different isotopes and microbial communi-
ties, in addition to groundwater age tracers such as dissolved
gases (e.g., CFCs and SF6). These techniques can be used to
assess the physical, biological and chemical processes that
take place in a hydrogeological setting (Divine and McDon-
nell, 2005).

4.1 The origin and age of groundwater in Kurikka
according to tested tracers

Classical hydrogeochemical and isotopic tracers provide the
first-order framework for identifying groundwater origin,
residence time and degree of mixing in the Kurikka aquifer
system. Geochemistry of the sampled water provided initial
information about the origin of groundwater in the complex
aquifer system in Kurikka. The distinct EC values between
unconsolidated aquifer groundwaters (90–204 µScm−1) and
bedrock groundwater (296 µScm−1) indicate different min-
eralization levels. Higher EC in bedrock groundwater sug-
gests more evolved water, indicating longer residence time
allowing for mineral weathering influencing total dissolved
solids (TDS). Similarly, the higher pH in bedrock groundwa-
ter (8.4), compared to unconsolidated aquifer groundwater
(6.2–6.8), is consistent with prolonged water-rock interaction
in the bedrock environment and influence of silicate weather-
ing (Frengstad et al., 2001). In deep bedrock environment in
Finland, where fluids have retention times of tens of millions
of years, groundwaters also have high TDS, EC and pH (Ki-
etäväinen et al., 2013). Major ion composition provided sim-
ilar characterization of groundwater types. Unconsolidated
aquifer groundwater being calcium-bicarbonate (Ca–HCO3)
or mixed cations–HCO3 type, and bedrock groundwater be-
ing sodium-bicarbonate (Na–HCO3) type, indicate differ-
ent geochemical processes and sources. Often the presence
of nitrates and higher chloride levels can indicate anthro-
pogenic influences, such as agriculture, or recent recharge
events in groundwater. However, the elevated Cl− concen-
trations observed in bedrock groundwater are more plau-
sibly attributed to prolonged water–rock interaction, rather
than anthropogenic inputs, as the relatively thick fine-grained
silt layers overlying the Quaternary deposits limit downward
transport from the surface (Åberg et al., 2026).

The partial pressure of CO2 (pCO2) provides insight
into groundwater interaction with soil-derived CO2 during

recharge (Clark 2015). In water samples from unconsolidated
aquifer groundwaters, pCO2 values consistently exceeded
atmospheric levels (logpCO2 over −2.0) indicating an open
CO2 system conditions and equilibration with CO2 produced
in the soil zone during infiltration (Appelo and Postma, 2004;
Clark, 2015; Freeze and Cherry, 1979). This suggests active
exchange between infiltrating groundwater and biologically
driven CO2 in the unsaturated zone, consistent with rela-
tively shallow circulation and ongoing soil-water interaction.
In contrast, the lower pCO2 observed in bedrock groundwa-
ter suggests closed-system conditions, where recharge waters
are largely decoupled from the soil zone CO2 inputs, imply-
ing more restricted gas exchange and longer residence times.

The δ2H and δ18O values from the sampled waters lie on or
near the meteoric water lines except for the R56 and MIHP15
samples, that plot, albeit very slightly, above the meteoric
water lines. Bedrock groundwater samples may plot above
the meteoric water line in the case of prolonged water-rock
interaction (Kietäväinen et al., 2013). The longer residence
time enables the chemical processes (e.g. silicate hydrolysis)
in the water-rock interaction, that can fractionate the isotopic
compositions of the water stable isotopes (Kietäväinen et al.,
2013). These processes may also explain the MIHP15 wa-
ter sample plotting slightly above the meteoric water lines,
since the MIHP15 well reaches the lowermost aquifer, and
most likely has active hydraulic connections to the fractured
bedrock below.

The local geology is dominated by crystalline silicate
bedrock, including biotite paragneiss, granite, and dior-
ite, which host Rb-bearing silicate minerals. Rubidium-87
(87Rb) decays to 87Sr, and elevated 87Sr/86Sr values may re-
sult from felsic mineralogy or silicate weathering that liber-
ates radiogenic strontium inherited from the host rocks (Iko-
nen et al., 2025; Négrel et al., 2018). The isotopic composi-
tions of strontium in the groundwater samples from the study
site vary significantly. Although the bedrock in Kurikka is
rich in Rb-bearing mica minerals (biotite and muscovite),
which are potential sources of radiogenic strontium, the
87Sr/86Sr ratio in the R56 bedrock groundwater sample was
lower than in most unconsolidated aquifer water samples,
except for HÄJY30 and MIHP15. This would suggest mix-
ing with groundwater that is enriched in 87Sr from a differ-
ent mineralogical locality, or heterogeneity in the geochem-
istry of the aquifer system. A study conducted in Palmottu,
southern Finland, an area with bedrock geology similar to
that of Kurikka, reported 87Sr/86Sr values ranging between
0.71999 and 0.75079 in bedrock groundwater samples (Né-
grel et al., 2003). These values correspond not only to the
bedrock groundwater sample R56 in Kurikka, but also to the
other samples analysed in this study. If there are hydraulic
connections, the mixing of different 87Sr/86Sr end-member
waters is the most likely explanation for the varying Sr iso-
topic compositions in the lower-most unconsolidated aquifer
water samples.
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Figure 5. Groundwater microbial communities. Bar plots show the relative abundances of different (A) bacterial, (B) archaeal, and (C) fungal
phyla and heatmaps represent 25 most abundant orders of (A) bacteria, (B) archaea and (C) fungi.
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In a plot of 87Sr/86Sr versus the reciprocal Sr concentra-
tion (1 Sr−1), binary mixing between end members forms a
straight line (Fig. 6). The two dotted lines (red and blue) rep-
resent binary mixing trends. The samples near the red dotted
mixing line (MIHP15, HÄJY11, MIHP6 and KUU19), rep-
resent influence of the Paloluoma and Häjyluoma buried val-
ley modern/young groundwater. The sample points MIHP15
and MIHP6 are located fairly near the Kyrönjoki valley, but
the natural flow of groundwater in the Paloluoma valley to-
wards south has a volume that overrides the influence of the
larger Kyrönjoki valley groundwater in those sites (Fig. 1).
The remaining samples on the blue mixing line (LOHI30,
HARJA10 and MIETO17) represent the Kyrönjoki valley
groundwater, central part of the buried valley aquifer sys-
tem, where there is northbound groundwater flow (Fig. 1).
The mixing line does not clearly represent this south–north
direction, due to hydraulic connections from the large wa-
tershed that exists west of LOHI30 (Åberg et al., 2026: Ap-
pendix A1; Fig. 3). The sample point NOPPA15 is located
north of the buried valley site, and the water sample rep-
resents a different geological and geochemical environment
representing topmost part of the shallow sedimentary se-
quence outside the buried valley aquifer system. Therefore,
it is most unlikely that there is a hydraulic connection be-
tween NOPPA15 and the other sampling sites although it ap-
pears as a continuation of the blue mixing line (Fig. 6). R56
and HÄJY30 show non-conservative behaviour outside the
two mixing lines. This is most likely explained by bedrock
groundwater influence. While R56 is a bedrock groundwa-
ter well, HÄJY30 is situated in the most central part of the
aquifer system on the bedrock fracture zone, where highly
artesian groundwater with heavy outflow character may re-
flect bedrock groundwater influence creating an additional
endmember to the three portrayed in the diagram.

As with the isotopic compositions of strontium the varia-
tion in the δ34S values is noticeable (1.1 ‰–30.3 ‰). Micro-
bial processes are the most important cause of fractionation
for the sulphur isotopes (Canfield, 2001). Due to the micro-
bial reduction of sulphate, the lighter 32S isotope is removed
from the solution (Kaplan and Rittenberg, 1964). A notice-
able fractionation of sulphur isotopes can be seen in the sam-
ples MIHP15, HÄJY30, HARJA10, R56 and LOHI30 with
enriched δ34S values (δ34S> 12.6). The rest of the sam-
ples KUU19, MIETO17, MIHP6 and HÄJY11, (δ34S val-
ues 5.3 ‰–8.8 ‰), seem to reflect the atmospheric isotopic
compositions of sulphur (−5 ‰ to 10 ‰) (Clark and Fritz,
1997). In addition, the δ34S value of NOPPA15 stands out,
similarly to 87Sr/86Sr, in the case of δ34S with a lower iso-
topic composition and higher sulphur and sulphate concen-
tration to the rest of the samples (Fig. 6). This indicates
a sulphur/sulphate source with minimal heavy isotope en-
richment and agrees with the microbial community struc-
ture with low abundance of sulphate reducers (see Sect. 4.2.1
below). The oxidation-reduction potential in NOPPA15 was
close to 0, so neither oxidation nor reduction reactions are

strongly favoured. NOPPA15 water sample had a lighter iso-
topic composition of sulphur compared to the other samples,
suggesting minimal influence from biological processes that
typically fractionate sulphur. Furthermore, different mineral-
ogy and water flow paths from the recharge site also prob-
ably play a part in the isotope geochemistry in the sampled
water from NOPPA15. Thus, NOPPA15 stands out due to its
location reflecting a context of a modern esker in the Nenät-
tömänluoma valley (Fig. 1).

Residence time tracers show the presence of a modern
water component in four unconsolidated aquifer groundwa-
ter locations. This is consistent with a less evolved water
type and pCO2 values indicative of open-system conditions.
In contrast, the only bedrock borehole R56 represents sub-
modern water (probably some 10 000 years old, free of CFCs
and 3H, with the highest 4Herad concentration), with a more
evolved water type, and pCO2 values reflecting a closed sys-
tem. The elevated 4Herad concentrations in all samples com-
plicates or prevents the evaluation of groundwater residence
times and mixing proportions using the 3H–3He technique
(Shapiro et al., 1998). When radiogenic 4He is abundant,
accurately separating the tritiogenic helium component be-
comes challenging and highly uncertain. The use of CFCs as
tracers is constrained by their absence, localized contamina-
tion (e.g., NOPPA15, KUU19), or microbial degradation by
sulphate-reducing microbes in the anoxic conditions of this
environment (e.g., HARJA10) (Sonier et al., 1994).

All samples showed SF6 concentrations well above solu-
bility equilibrium with modern atmosphere. We concluded
that the excessive concentrations are derived from a local
natural geogenic source (presence of granite, granodiorite).
Similarly, occurrences of extreme SF6 values due to nat-
ural sources have also been reported in southern Sweden
(Åkesson et al., 2015).

While hydrogeochemical parameters, water stable iso-
topes, strontium, sulfur isotopes and age tracers consistently
distinguish between the unconsolidated aquifer and bedrock
groundwater, they do not unambiguously resolve mixing pro-
portions or hydraulic connectivity in the area. This ambiguity
highlights the limitations of classical tracers alone in highly
heterogeneous buried valley systems and motivates the inte-
gration of microbial community data, i.e., the microbial fin-
gerprint.

4.2 Hydrogeochemistry is reflected in the microbial
community structure of the groundwater

Microbial ecology analyses provide an independent and in-
tegrative line of evidence for residence times, groundwater
redox conditions, and potential hydraulic connectivity. First,
microbial diversity followed roughly the groundwater resi-
dence times, supporting the integration of microbial com-
munity analysis into a multitracer hydrogeological investiga-
tion. Groundwaters with a significant modern recharge com-
ponent and open system conditions generally hosted more
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Figure 6. On the left 87Sr/86Sr values vs. the reciprocal of the Sr concentration with mixing lines (red and blue dotted lines) suggesting
several endmembers. NOPPA15 is marked as belonging to a different geochemical environment due to the geology of the area and the
characteristics of the groundwater well. Bedrock influence connects the two outliers R56 and HÄJY30. On the right the sulphur concentration
vs. the isotopic composition of sulphur (δ34S) in permille. NOPPA15 marked again as representing a different system.

diverse bacterial and archaeal communities, whereas older
and chemically more evolved groundwaters, including the
bedrock groundwater, showed lower prokaryotic diversity
and dominance of taxa adapted to oligotrophic and energy-
limited environments. This pattern is consistent with previ-
ous observations that older groundwaters provide fewer and
less diverse energy substrates, thereby constraining the mi-
crobial diversity (Ben Maamar et al., 2015; Griebler and
Lueders, 2009). Although all sampled groundwaters were
significantly younger, the diversity indices were approxi-
mately at similar level with studies of significantly deeper
and older groundwater samples from Fennoscandian bedrock
(Kietäväinen et al., 2014; Purkamo et al., 2016). The bedrock
groundwater well R56 also hosted a microbial community
with a distinct member, Hydrogenophaga-affiliating bacteria,
which have been detected previously from older groundwa-
ters from Canada (Ruff et al., 2023) and millions of years old,
deep drillhole fluids from Fennoscandian bedrock in Finland
(e.g., Kietäväinen et al., 2014; Purkamo et al., 2013).

In contrast, fungal communities did not show a consis-
tent relationship with groundwater residence time, suggest-
ing differing ecological controls compared to prokaryotic
communities.

Microbial community composition also supported inter-
pretation derived from sulfur isotopes and redox-sensitive
geochemical parameters. The analysis method used for
analysing the isotopic composition of sulphur from the water
samples converts all the sulphur components into sulphate as
described in Paris et al. (2013), and sulphide was not anal-
ysed separately. With the prevailing conditions of low or-
ganic matter, dissolved oxygen levels 2.7 mgL−1 or above,
and at least in places high ORP, sulphur in groundwater most
likely occurs mainly as sulphate. This supposition is backed
by the fact that during field work no sampling site was re-

ported as having the smell of sulphide. Sites with enriched
δ34S values (R56, HÄJY30, and MIHP15) hosted substantial
populations of sulphate-reducers (e.g., Desulfovibrio, Desul-
fosporosinus, Desulfurivibrio) indicating active or past mi-
crobial sulfate reduction under reducing conditions (Fig. S2).
Conversely, groundwater from NOPPA15, characterised by
oxic to weakly reducing conditions, low δ34S values and el-
evated sulfate concentrations, exhibited a low abundance of
sulfate reducers, consistent with minimal sulfur isotope frac-
tionation. The coherence between sulfur isotope fractiona-
tion and sulfate-reducing microbial abundance demonstrated
that microbial data provide support for isotope-based inter-
pretations and help distinguish between geochemical mixing
and in situ biogeochemical transformation.

Microbes associated with iron cycling were detected
in most of the samples, reflecting the prevalence of re-
dox transitions in the aquifer system. The presence of
both iron-reducing and iron-oxidizing taxa, including or-
ganisms capable of flexible metabolic strategies, like Rhod-
oferax (Kato and Ohkuma, 2021) or some Gallionellaceae
(Hoover et al., 2023), suggests dynamic and spatially vari-
able redox environments characteristic of buried valley
aquifers. At HARJA10, high organic carbon availability
appears to favour heterotrophic metabolisms and suppress
chemolithoautotrophic iron oxidizers, such as Gallionella-
type of bacteria using inorganic carbon for growth (Hallbeck
and Pedersen, 2014). These observations suggest that iron
cycling is locally controlled by carbon availability and redox
heterogeneity rather than groundwater age alone.

Carbon cycling within the groundwater system in Kurikka
appears to be primarily dominated by heterotrophic fer-
menters and mixotrophic microorganisms adapted to olig-
otrophic conditions. Heterotrophic fermenters affiliated with
Candidatus Omnitrophus (phylum Omnitrophota, formerly
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OP3) were abundant across several sites, consistent with
their frequent detection and high relative abundance in
groundwater environments (Perez-Molphe-Montoya et al.,
2022; Suominen et al., 2021; Williams et al., 2021).
Omnitrophales-affiliating bacteria have been described as
a type species from deep underground mine groundwaters
(Momper et al., 2017), and are thought to play a central role
in mediating carbon cycling, mostly relying on organic car-
bon fermentation. In addition, some Omnitrophota possess
metabolic flexibility, including mixotrophy and ability to uti-
lize the Wood-Ljungdahl pathway to carbon dioxide fixation
and acetate production (Perez-Molphe-Montoya et al., 2022).
A high relative abundance of Omnitrophus was also observed
in samples with elevated Sr concentrations and detectable
chromium concentrations is consistent with previous studies
showing dominant Omnitrophales or Verrucomicrobiota in
environments with enriched elevated concentrations of these
trace metals (Bärenstrauch et al., 2022; Zhang et al., 2021).

Patescibacteria-affiliating ASVs were prevalent in ground-
water prokaryotic communities observed in this study, con-
sistent with previous studies (Lyons et al., 2021; Schwab
et al., 2017). Their streamlined genomes and limited
biosynthetic capabilities suggest a primarily fermentative
metabolism and strong dependence on metabolic interac-
tions with other community members (Bärenstrauch et al.,
2022; Chaudhari et al., 2021; Luef et al., 2015). The fre-
quent co-occurrence of Patescibacteria, Omnitrophota and
Nitrospirota, as was the case in the Kurikka aquifer system,
indicates networking and potential syntrophic dependencies
between these microbial components of the community, po-
tentially facilitating organic carbon degradation and recy-
cling under energy-limited conditions, as proposed in pre-
vious studies (Chaudhari et al., 2021).

Archaeal communities further reinforce the importance
of fermentation-based carbon cycling in Kurikka ground-
water. Archaeal assemblages were dominated by Woe-
searchaeales, which are commonly detected from groundwa-
ter environments and are believed to rely on fermentation-
based metabolisms under anoxic conditions (Castelle et al.,
2015; Liu et al., 2018). Similarly, other dominant group
Bathyarchaeia, have been associated with complex organic
matter degradation and fermentative lifestyle (Hou et al.,
2025).

The combined dominance of fermentative bacteria and ar-
chaea, together with the presence of homoacetogenic mi-
croorganisms, indicates somewhat internally sustained car-
bon cycle within the aquifer system. Acetate produced
through fermentation and homoacetogenesis can serve as a
central intermediate, supporting not only heterotrophic mi-
crobes but also sulphate reducing community by providing a
continuous source of suitable substrate for energy and growth
(Lever, 2012).

Despite the limited understanding of fungal metabolic ca-
pabilities in groundwater systems (Retter et al., 2024), most
taxa identified here belong to saprotrophic lineages that are

typically adapted to oligotrophic conditions. It is likely that
the fungal communities in Kurikka sites are originating from
surface environments, as many taxa are associated with soil,
plant litter or phyllosphere inputs (Retter et al., 2024) and
are distinct from the deeper bedrock groundwater commu-
nities described previously (Purkamo et al., 2018; Sohlberg
et al., 2015). The observation of microbial communities with
versatile carbon metabolism strategies supports a subsurface
carbon cycle capable of sustaining microbial activity in these
energy-limited groundwater environments.

Nitrogen-cycling microorganisms, particularly
Nitrospirae-related taxa, were detected mainly under
hypoxic to anoxic conditions, and the detected Nitrospirota
lineages here showed similarities with the findings of
Mosley et al. (2024), showing that the majority of Nitro-
spirota genomes recovered from aquifers possess metabolic
traits linked to anaerobic nitrogen and sulphur. Other
recent studies highlight the importance of Nitrospirae in
groundwater ecosystems and their diverse metabolic abilities
(Mosley et al., 2024; Poghosyan et al., 2019; Schwab
et al., 2017). The distribution of these taxa further reflects
advanced, post-denitrification redox conditions and supports
the interpretation that nitrogen transformations pathways in
the aquifer are shaped primarily by oxygen availability and
groundwater residence time.

Low biomass in groundwater samples resulted in very
small amounts of recoverable DNA, which is the proba-
ble cause for unsuccessful retrieval of sequencing data from
KUU19, MIHP6 and HÄJY11. Additionally, only bacterial
community from LOHI30 could be retrieved. Archaea are
typically less abundant in groundwater environments com-
pared to bacteria, and with low amount of DNA to begin with
here, sequencing has missed the archaea. Similarly, the abun-
dance of fungal cells in groundwaters might be much lower
than bacteria, and additionally, fungi may also require more
rigorous cell-disruption steps during extraction compared to
prokaryotes, causing a reduced fungal DNA yield and un-
successful sequencing here. In addition, the filters used here
were not specifically designed for this purpose, so method-
ological limitations may have led to inefficient biomass elu-
tion and low final DNA recovery. One potential reason for
low DNA recovery could also be organic compounds inter-
fering with the DNA extraction, as we detected a brownish
colour emerging to the filters while pumping the groundwa-
ter through.

Overall, microbial community structure provides mecha-
nistic support for hydrogeochemical and isotopic interpreta-
tions and helps distinguish between groundwater mixing and
in situ biogeochemical transformation in this complex buried
valley aquifer system.

4.3 Usability of tested tracers in complex aquifers

The tracers applied in this study provide valuable initial in-
sights into the Kurikka buried valley aquifer system and
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demonstrate their potential for supporting further hydroge-
ological characterization, even though some limitations were
identified. Despite the challenges brought by observation
wells with long screens (12–30 m) and single-campaign sam-
pling, the combination of isotopic, residence time and micro-
bial approaches produced a broad and informative view of
groundwater processes in a geologically complex setting.

Water stable isotopes proved effective in establishing that
sampled groundwaters do not contain a surface water com-
ponent. Their clear and consistent signatures form a robust
baseline for tracing future hydraulic changes influenced by
extensive groundwater extraction. Although spatial variabil-
ity exists, strontium isotope signatures provide an impor-
tant reference for identifying mixing of groundwaters in the
Kurikka buried valley aquifer system as pumping tests con-
tinue and more sampling campaigns are carried out.

This single-campaign study excludes the seasonal changes
in redox conditions that might affect the S isotopic composi-
tions, or the seasonal changes in the isotopic compositions of
water stable isotopes in precipitation. Furthermore, the sam-
pling was done from only 10 locations. For a more complete
hydrogeochemical assessment of the end-member composi-
tions more sampling around the study area can be recom-
mended and will be published as results of the additional hy-
drogeological investigations of the study area.

The applicability of different environmental tracers for
groundwater age dating was assessed in this study. While
CFCs, noble gases and SF6 were rendered unreliable by
tracer degradation, contamination, excess air and in-situ pro-
duction process, the 3H–3He method yielded robust age esti-
mates for selected samples, despite elevated radiogenic he-
lium concentrations. These results underline the need for
site-specific tracer assessment and confirm that meaningful
groundwater residence times can be derived even in com-
plex hydrogeological settings. An advantage would be ob-
servation wells with short filter screen of for example ∼ 2m.
Tritium with low detection limit, achievable with the 3He in-
growth method, as well as radiocarbon emerge as promising
options for improving residence time estimates and identifi-
cation of old groundwater components in the system.

Microbial community profiling revealed differences be-
tween the sites. However, many phyla and orders are shared
among all sites, this taxonomic overlap limits their use as
standalone tracers. Greater resolution might be achieved by
examining lower taxonomic levels, and while partial 16S
rRNA gene sequencing typically lacks species-level accuracy
(Johnson et al., 2019), this can be circumvented by sequenc-
ing the whole 16S rRNA gene using long-read approaches.
Specific taxa, such as Hydrogenophaga, show promise as
indicators of specific environments like bedrock groundwa-
ter. The microbial community diversity also tracked well
with groundwater age, supporting their use as complemen-
tary tracers of subsurface environments.

5 Conclusions and Implications

This study highlighted the unique characteristics of deep
groundwaters found in the buried valley aquifer system in
Kurikka, focusing on combined isotopic, residence time and
microbial tracer analyses. Together, these approaches pro-
vide a robust, first-order understanding of the groundwater
system structure, connectivity and functioning prior to ex-
tensive groundwater extraction. The findings indicate that the
groundwater in the Paloluoma Valley and Harjankylä in the
Kyrönjoki Valley appear to be younger compared to the other
areas in the Kyrönjoki Valley. This is attributed to the prox-
imity of recharge areas, an important observation for ground-
water management, as it indicates areas where the system
may respond more rapidly to pumping and seasonal varia-
tions. Isotopic compositions of oxygen and hydrogen confirm
that no surface water component is present in the groundwa-
ter samples. Strontium isotopes reflect local mineralogy and
establish a reference for future mixing studies, assuming the
pumping tests will influence the hydraulic connections in the
aquifer system. Isotopic evidence suggests hydraulic connec-
tivity between the lowermost aquifer and the underlying frac-
tured bedrock. Although the extent of the fractured bedrock
as a water reservoir remains unclear, the isotope data indi-
cate that interactions between the two units are likely. The
study shows that several environmental tracers for groundwa-
ter residence time determination fail under the investigated
conditions. However, the 3H–3He method remained applica-
ble for samples with measurable 3H. Groundwater residence
time estimates indicate predominantly modern water. This
further supports the interpretation that where mixing occurs
between water from the bedrock surface and the lowermost
unconsolidated aquifer, the groundwater flow within the frac-
tured bedrock is likely relatively unrestricted.

The results demonstrate that groundwater microbial com-
munities are diverse and vary distinctly between the stud-
ied sites along the aquifer system in Kurikka. The bedrock-
related microbial community exhibits special features com-
pared to the groundwaters from shallower unconsolidated
aquifers. The site at a more superficial esker system with rel-
atively young groundwater hosted the most diverse prokary-
otic community, whereas bedrock with the oldest waters
supported the lowest diversity. This age-dependent trend is
consistent with geochemical expectations for deep, isolated
groundwater environments.

Sulphur isotope compositions in the groundwater further
reinforce the link between geochemistry and microbiology.

Because this study was conducted prior to large-scale
groundwater extraction, the geochemical, isotopic, residence
time and microbial data presented here form an essential
baseline. Thus, each sampling site can serve as an endmem-
ber against which future changes can be evaluated. Establish-
ing these initial conditions is important for detecting shifts
in e.g., geochemical pathways or microbial activity that may
arise as the aquifer system responds to stress.
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Although one of the aims of this study was to assess
whether a combined multitracer approach could resolve hy-
draulic connectivity and flow dynamics within this com-
plex buried valley system, the present dataset provides only
preliminary indications rather than definitive evidence. Iso-
topic, microbial and sulphur-isotope patterns point to poten-
tial zones of interaction between aquifer units, but limitations
in spatial coverage, well construction and temporal resolu-
tion prevent firm conclusions regarding flow paths or mixing
processes. Instead, the results identify where such connec-
tions may exist and highlight which tracers are most promis-
ing for future high-resolution investigations. The multitracer
framework establishes the methodological foundation for fu-
ture studies designed to rigorously test this hypothesis under
expanded sampling and pumping conditions. Although the
dataset is limited, the results demonstrate that integrating mi-
crobial community structure with classical hydrogeochemi-
cal and isotopic tracers improves interpretation of ground-
water connectivity and biogeochemical processes compared
to using conventional tracers alone.

Further research is still required to clarify outstanding
questions, including the extent of hydraulic conductivity be-
tween different parts of the aquifer and the fractured bedrock
underneath, and its role as a potential flow path. Nonethe-
less, the insights gained here provide a foundation for un-
derstanding and managing groundwater resources. These re-
sults serve as key references for interpreting test pumping
data and future investigations in the unique Kurikka buried
valley aquifer system.
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