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Abstract. The sources and turnover of dissolved inorganic (DIC) and dissolved organic carbon (DOC) in the unsaturated zone
of terrestrial ecosystems remain poorly understood and contribute to significant gaps in understanding terrestrial carbon export
dynamics. Karst systems, and caves in particular, offer a window into the subsurface, allowing direct observation and sampling
of percolating water solutions. In this study, we characterized the radiocarbon (**C) composition of DIC and DOC in subsurface
drip and river water in Milandre cave, Switzerland, over a period of two years, and assessed longer-term (multidecadal) carbon
cycle dynamics using secondary cave carbonate deposits (speleothems). The results reveal significant age differences between
carbon pools, with DIC being consistently younger than DOC. Variations in total organic carbon (TOC) concentrations and
14C suggest carbon pools of different ages contribute to the subsurface DOC pool with significant short-term (monthly or
shorter) variability. The younger DIC pool indicates a rapidly cycling carbon pool under open system carbonate dissolution
conditions, i.e. with low bedrock contribution to the isotopic signature. A well-defined '*C bomb peak present in the carbonate
fraction of an actively growing stalagmite confirms the trend of rapidly cycling DIC on multidecadal scales. The speleothem
organic carbon fraction is several thousand years older with a muted '*C bomb peak, showing that the isotopic signature of
cave water DOC is faithfully recorded in speleothems over longer time periods. These findings highlight the complexity of
carbon cycling in karst environments and the importance of catchment-level assessments of carbon export signatures to better

constrain the terrestrial carbon budget.

1 Introduction

The terrestrial carbon cycle plays a critical role in the regulation of global climate, as it governs the exchange of carbon between
atmosphere, ecosystems, and land, and the export of carbon to the oceans (Eglinton et al., 2021; Mitchard, 2018). The plants,
soils, and organisms present in terrestrial ecosystems store ~ 2,100 GtC, almost triple than present in the modern atmosphere

(Friedlingstein et al., 2026). Fossil CO2 emissions have increased rapidly since the onset of industrialization, a third of which
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have been absorbed by the biosphere (Friedlingstein et al., 2026). The future ability of soils to store carbon is a particularly
pressing question with respect to climate change mitigation, as the response of soils to the effects of climate change is not well
understood (Terrer et al., 2021). Attempts to model the flux of carbon between atmosphere and soils under climate change
scenarios have resulted in mixed conclusions ranging from little change to rapid loss of soil COz to the atmosphere (Eglinton
et al., 2021; van Groenigen et al., 2014; He et al., 2016; Terrer et al., 2021) due to the complex impacts of physio-chemical
composition, climate, and land use on soils (Keenan and Williams, 2018).

Soils are closely linked to terrestrial aquatic systems where carbon is subject to complex processes of reworking, storage and
export. However, the export of carbon from the terrestrial surface through rivers and groundwater represents a significant yet
poorly constrained facet of the terrestrial carbon cycle (Tank et al., 2018). Recent research has highlighted the importance of
understanding these fluxes, revealing that terrestrial landscapes may contribute up to 5.1 PgC yr'! of carbon to rivers, a figure
which has been historically underestimated (Drake et al., 2018). In this respect, karst regions offer a unique setting to study
the subsurface carbon cycle at high spatio-temporal scales, as well-weathered karst environments provide access to water
sampling at different depths within the unsaturated zone, particularly in caves. Moreover, karst landscapes are characterized
by high fluctuations in discharge due to high permeability and conduit flow, and thus, the effect of these dynamics on
biogeochemical cycling and carbon export can be investigated.

Cave systems host dynamic interactions between water and various carbon sources contributing to the overall dissolved
inorganic (DIC) and dissolved organic (DOC) carbon pools. DIC in belowground waters is largely derived from the dissolution
of soil COz from the overlying catchment, which is enriched in COz by root respiration and microbial decomposition (Campeau
et al., 2019). In karst systems, the acidic water dissolves the carbonate bedrock which also contributes carbon to the DIC pool
(Fohlmeister et al., 2020; Yin et al., 2021). The DOC is considered to primarily originate from the incomplete decomposition
of overlying soil and vegetation (Blyth et al., 2016; Liao et al., 2018; Pronk et al., 2009) and from more stable, microbially
processed compounds (Kaiser and Kalbitz, 2012). Thus, both DIC and DOC are sensitive to changes in the surface ecosystem.
In addition to soil carbon inputs, microbial communities actively rework DOC as water passes through the karst unsaturated
zone, where organic material can also contribute to the DOC pool (Bogdan et al., 2023; Epure et al., 2014; Jones and Northup,
2021; Lechleitner et al., 2017; Shabarova et al., 2014). Furthermore, carbonate dissolution can introduce fossil petrogenic
carbon into the waters (Gazquez et al., 2012). A long-term perspective on terrestrial carbon export may be gained from
speleothems, secondary cave carbonate deposits that, as they are fed by percolating drip water, are thought to preserve the
terrestrial DIC and DOC export signatures at the time of their formation (Xue et al., 2023; Yin et al., 2021).

Carbon isotopic analysis of cave waters can provide valuable information about the origin, reworking, transport, and age of
DIC and DOC in terrestrial karstic environments. The radiocarbon content (**C) of DIC and DOC can give a temporal
constraint on how long the carbon has been cycling in the environment, but also inform on the sources of carbon. The '“C of
drip water DIC can be influenced by overlying ecosystem composition and respiration, soil moisture, carbonate dissolution
dynamics and hydrology, as it records how open or closed the system is (Fohlmeister et al., 2010). Stable carbon isotope

analysis (8'*C) of DIC has been widely used to understand biogeochemical cycling and interactions between vegetation, soils
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and carbonate bedrock (Knierim et al., 2015; Yin et al., 2021). DO'*C analysis has, historically, focused on dating groundwater
(Heine and Einsiedl, 2021; Wassenaar et al., 1991) and terrestrial surface waters (Ge et al., 2020; Jull et al., 2014; Rhyner et
al., 2023). Beyond dating, constraining DOC would provide a temporal constraint to the potential origins of the carbon.
Source apportionment of cave water DOC has also been aided by various techniques such as the analysis of organic
fluorescence (Baker and Genty, 1999; Endres et al., 2024; He et al., 2024), organic metal complexes in trace elements (Hartland
et al., 2012), and biomarkers (Heidke et al., 2018).

Given the rarity of '*C analysis of subsurface waters, this study fills an important gap providing a temporal perspective on the
carbon cycle in karst environments. We present the results from a two-year monitoring campaign from a Swiss cave whereby
a suite hydrochemical analysis was implemented on drip and river water. The *C composition of DIC and DOC, combined
with trace element analysis, informs about the sources and transport pathways of carbon throughout the unsaturated zone on
both spatial and temporal scales. Bulk *C of catchment soils, and of speleothem inorganic and organic carbon fractions was

also measured to contextualize these dynamics within longer term trends of terrestrial carbon export.

2 Materials and Methods
2.1 Site description

Milandre cave (47.4852 ° N, 7.0161 ° E, 373 m a.s.l.) is a 10.5 km long karst system formed within Mesozoic limestone in the
Jura mountains of NW Switzerland (Fig. 1). The host rock is Upper Jurassic limestone (Middle Oxfordian St. Ursanne
formation; Jeannin, 1998), which consists of marly limestones containing silicified corals at the base, followed by massive
micritic reef limestones and oosparites. No organic rich lithologies are present and the limestone formation is underlain by
Early to Middle Oxfordian marls (Liniger, 1970). The stratigraphy is subhorizontal (Perrin et al., 2003), thus the host rock
influence across monitoring sites is expected to be relatively uniform. The cave developed in a ~ 40 to 80 m unsaturated karst
and has a ~ 20 m saturated zone below (Perrin et al., 2003). A cave river drains the ~ 13 km? catchment area predominantly
comprising grass meadows, arable farmland, and forest. Part of the cave is overlain by a motorway constructed in 2010, which
led to the establishment of an artificial infiltration system to preserve actively growing speleothems in the underlying cave
section (Jeannin et al., 2013). The decorated, actively dripping sections of Milandre cave are concentrated in a downstream
section “Galerie des Fistuleuses” (GF) and an upstream section “Gratte Roche” (GR). Trittum monitoring of drip water in GF
has estimated the residence time of water in the epikarst to ~ 5.5 to 6.6 years (Affolter et al., 2020). The cave air has low
temperature variability between ~ 10.3 to 11° C. Data collected from the MeteoSwiss Fahy weather station 9.5 km SW of the
cave shows an average mean annual air temperature (MAAT) of 9.4 ° C (1991 to 2020) with strong seasonality between
summer and winter months (MeteoSwiss, 2024). The mean annual precipitation is 1046 mm, with mean monthly precipitation
(MMP) well-distributed throughout the year according to monthly data measured at the MeteoSwiss Mormont weather station,

~ 6.5 km south of Milandre (MeteoSwiss, 2024).
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Figure 1: a) Map of the main passages of the Milandre cave network. The location of the drip water sampling (blue), drip rate
monitoring (red) and soil sampling (brown) are annotated at b) the downstream section and c) the upstream section. River samples
were taken from the Milandre amont (Milamont) monitoring station (orange). Cave survey modified from Gigon & Wenger (1986).
Base map from Oswisstopo.

2.2 Soil sampling and analysis

Topsoil samples from six locations above the upstream entrance of the cave (Fig. 1) were collected in February 2022 by hand
trowel at depths from 0 to 30 cm and transferred into plastic bags. In some locations (S3, S4, S5, and S6), the soil was too
shallow to dig a depth profile, so single samples of a smaller depth range were taken. The samples were pretreated according
to Hajdas et al. (2024). The soils were frozen after sampling and a subsample defrosted, softened with ultrapure water
(18 MQ-cm, total organic carbon (TOC) <5 ppb, Purelab flex 2, ELGA LabWater, UK), and sieved to < 100 um in a stainless-

steel sieve (Retsch, Germany). The fine fraction was transferred into 50 mL falcon tubes which had been submerged for several
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days in ultrapure water and dried in an oven at 60° C. The samples were left for several days for the solid fraction to decant.
The ultrapure water was then removed and the solid fraction dried for several days in an oven at 60° C. The dry soils were
transferred into glass tubes with 5 mL 0.5 M HCl (EMSURE®, 37%, Hydrochloric acid fuming, for analysis, Supelco,
Germany), and were shaken overnight. The tubes were rinsed with ultrapure water, centrifuged three times, then dried over
several days at 60° C. As the TOC of soils varies, carbon concentration was determined before graphitisation. 5 to 10 mg of
the samples were weighed into tin cups and analysed by an Elemental Analyser (EA, Elementar Analysensysteme, Germany).
The soils were then weighed accordingly to obtain ~ 1 mg of carbon. The soils were converted into graphite via an Automatic
Graphitisation Equipment (AGE, Ion Plus, Switzerland) whereby the CO: is reduced to graphite with Ho/N2 gas (10%) over
an Fe catalyst (Wacker et al., 2010a). Oxalic acid II was used as the normalising standard (F'*C = 1.3407, Standard Reference
Material 4990C, National Institute of Standards and Technology, USA) and phthalic anhydride (F'“C = 0, Sigma Aldrich,
USA) was used for blank correction. The graphite was pressed into targets for analysis through accelerator mass spectrometry
(AMS) on a MIni CArbon DAting System (MICADAS) at the University of Bern, Switzerland (Synal et al., 2007; Szidat,
2020). All radiocarbon data were corrected using the BATS (4.3) software (Wacker et al., 2010b). Radiocarbon results are
reported in uncalibrated radiocarbon age or F'*C, where “standard” represents the internationally accepted radiocarbon dating

reference value for AD 1950 (Reimer et al., 2004):

F14C — ttc/ 12Csa.mple (1)
e/ 1chta.nda.rd
2.3 Water sampling

A total of 9 actively dripping sites with variable drip rates were chosen for drip water analyses (Fig. 1). The sampling locations
were focused on the GF (GF1 to GF3) and GR (GR1 to GR6) actively dripping sections of the cave. Water was also sampled
from the cave river in the GR section. Washed 50 mL falcon tubes were placed underneath each drip and allowed to fill for 24
to 48 h. The vials were then collected and stored in a fridge at 4° C until further processing took place. Samples were taken
approximately every two months from December 2021 to January 2024. Soil pore water was taken from nearby S1 above the
GR section of the cave using a suction lysimeter reaching 1m depth (Fig. 1) but collection was limited to the periods where
soil moisture was high enough.

Drip water DIC '*C was collected over one year from December 2021 to December 2022. 1 mL of drip water was collected
with a 5 mL syringe directly from the soda straw stalactites on the cave roof to reduce fractionation effects associated with
degassing. The water was injected directly into 12 mL Exetainer® vials (Round Bottom, Borosilicate, 938W, Labco Limited,
UK) which had been flushed with He gas (99.999 %, Carbagas, Switzerland) to remove air, and pre-spiked with 150 pL of
85% H3PO4 (Suprapur®, 85%, Merck KGaA, Germany). The vials were previously acid washed in a bath of 1M H3POs, rinsed
with ultrapure water, and combusted in a muffle oven at 550° C for 5 h. The integrity of the vials was assessed via a “leak test”

whereby the vials were filled with N2 gas via the septum and heated at 75° C for at least 24 h. The seals of the vials were then
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tested by piercing the septum with a needle and audibly checking that gas escaped. The vials were discarded if the piercing

made no sound as they are assumed to not be leak tight.

2.4 Drip rate and river discharge monitoring

Drip rates were monitored acoustically (drops hr'!) over the entire study period at three sampling locations (GF1, GR3, and
GRY) using Stalagmate® Plus Mk2b drop loggers (Driptych, UK) (Collister and Mattey, 2008). The drip loggers were placed
beneath active drips of different hydrological regimes, either on top of the subsequent stalagmite formation or resting on the
cave floor (Fig. 1).

Discharge of the Milandre cave river was measured at 10 min intervals at “Milandre Amont”, a monitoring station maintained
by the Swiss Federal Office of the Environment since 1990 (Fig. 1). The station gauges the hydrological recharge of ~ 1/3 of

the Milandre catchment area. Data are averaged to daily means for the statistical analysis.

2.5 TOC analysis

Following sample collection, aliquots of 5 mL water were pipetted into pre-cleaned 12 mL Exetainer® vials. The samples
were acidified with 50 pL of 10% HCI to conserve the organic material. TOC concentrations were then measured with a
DIMATOC® 2100 (DIMATEC Analysentechnik, Germany) at the Institute of Geography, University of Bern. Standards of

known TOC concentrations (i.e., 0.8, 2, and 6 ppm) and blanks of ultrapure water were measured for uncertainty quantification.

2.6 Trace element analysis

Aliquots of 400 puL were transferred into 2 mL Eppendorf® tubes which had previously been soaked in 10% HCI for at least
24 h, rinsed with ultrapure water, and dried overnight in an oven at 50° C. Potential prior calcite precipitation (PCP) in the
vials during storage was precluded by ensuring that the transfer of the sample aliquot for trace element analysis was
simultaneous with the removal of the sample for DOC analysis, and by ensuring no headspace was present in the trace element
aliquots. The tubes were centrifuged at 13.2 rpm for 5 min to separate any particulate matter, and 200 pL were pipetted into
gas chromatography vials. These where were previously acid washed following the same protocol as the Eppendorf® tubes.
The aliquots were acidified with 15 pL 65% HNO:s so that the samples and the 2% HNOs standards had the same pH. In-house
trace element standards were created by mixing certified mono-element standards (ISO 17034 CRM, Inorganic Ventures,
USA) in a 2% HNO:s solution. This resulted in multi-element calibration standards that cover the range of drip water chemistry.
The trace element composition of the samples was measured on an 8800 QQQ-ICP-MS (Agilent, USA) at the Department of
Earth and Planetary Sciences, ETH Zurich. Elements measured above the level of quantification (LOQ) where: Na, Mg, K,
Ca, Fe, Zn, Si, P, S, Sr, Ba, and Al. Ca, Zn, Sr, Ba, and Al were measured with no collision gas. K, Mg, and Fe were measured
in Hz collision mode to improve stability of the measurement. P, S, and Si were measured in Oz reaction mode to reduce the

effects of O2 and Na. Na was measured in He reaction mode to reduce influence from “°Ca?*. Linear regressions were performed
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between In(Mg/Ca) and In(Sr/Ca), because slopes with a gradient of > 0.7 indicate that drip waters are affected by water rock
interactions (WRI) and prior calcite precipitation (PCP) according to the Sinclair Test (Sinclair, 2011; Sinclair et al., 2012).

2.7 DOC 'C analysis

The remaining water, typically ~ 40 mL, was acidified with 0.5 mL 10% H3POs (purris. grade) and frozen until further
processing. To ensure a high-enough concentration of carbon for a radiocarbon measurement (ideally more than 20 pg C), the
samples were preconcentrated to volumes of approximately 10 mL through lyophilization. Following this, the samples were
defrosted, and the non-purgeable organic carbon (NPOC) fraction was oxidised through a wet chemical oxidation (WCO)
procedure adapted from Lang et al. (2016) and Stréhl et al. (2025). In brief, the drip waters were transferred by Eppendorf®
pipette into 12 mL Exetainer® vials for the analysis. To remove the DIC fraction the samples were acidified with 0.5 mL of
8.5% H3POs (purris. grade) and then flushed with He gas at 55 mL min! for 3 min at room temperature via needle on a
Carbonate Handling System (CHS) (IonPlus, Switzerland). To avoid cross contamination during the flushing, the needle was
inserted into a vial with ultrapure water for 1 min and then dried between each sample. To oxidise the sample, 0.5 mL of 10%
sodium persulphate (purum p.a. > 99.0%, Sigma Aldrich, USA) were added to each sample using a 1 mL Hamilton® syringe.
The samples were reacted for 1 h at 95° C, enabling the NPOC to be oxidised to CO2 gas. Compounds of known *C contents
were used as standards (Oxa II, Oxalic acid II, F!*C = 1.3407, Standard Reference Material 4990C, National Institute of
Standards and Technology, USA) and blanks (NaOAc, F*C = 0, sodium acetate, puriss. p.a., ACS reagent, anhydrous, No.
71180, Merck KGaA, Germany) at different concentrations to assess constant contamination following the methodology by
(Hanke et al., 2017). The *C concentrations were analysed through AMS (MICADAS) at ETH Zurich, Switzerland (Synal et
al., 2007). Here, the CO2 was introduced to the gas ion source through the CHS at a flow of 50 mL min™!. The *C content for
each sample was measured for ~ 60 cycles. As for the soil samples, the BATS software (4.3) was used for data correction and
constant contamination was evaluated per Hanke et al. (2017). Due to issues during the measurement of some samples from
December 2022 to June 2023, a correction with the procedural standards prepared at the same time as the samples was not
possible. Instead, these samples were corrected using the highest contamination settings from the other measurements (2.1 pg
of F'*C = 0 contamination, 0.3 pg of F'*C = 1.3407 contamination). Results are shown either in uncalibrated radiocarbon age

or in F'*C (Equation 1).

2.8 DIC C analysis

Because the vials for collecting DIC were flushed with He and spiked with HsPO4 before introducing the water, the *C content
of DIC could be measured by directly sampling and analysing the headspace CO2 on the AMS (MICADAS) at the University
of Bern, Switzerland. Apart from this, the AMS measurement procedure is the same as previously described for DOC. Standard
material with a carbonate matrix of similar composition to the DIC samples were used as standards; IAEA C1 (F**C = 0) and

C2 (F'“C = 0.4114), sodium bicarbonate (NaHCO3, Sigma Aldrich, USA) (F™*C = 0)), and potassium bicarbonate (KHCO3,
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Sigma Aldrich, USA) (F**C = 0)). Oxa II gas (F"“C = 1.3407, Oxa II, NIST SRM 4990C, HEKAL AMS Lab, Hungary) was

used as a normalising standard.

2.9 Stalagmite carbon isotope analysis

A ~ 5 cm long, actively growing stalagmite sample was collected from beneath the drip GF2 (Fig. 1). Six CaCOs chips
weighing ~ 80 to 200 mg were sampled by wire saw along the growth axis at the Geological Institute of the University of Bern.
The chips were cleaned to remove surface contamination by submerging them in ultrapure water and ultrasonicating for 15
min, repeating once. The chips were then submerged in 1:1 0.3 M HCI and ultrapure water and ultrasonicated for 2 min. Four
ultrapure water rinses were done subsequently to avoid large scale dissolution of the carbonate. Before the final rinse, the
solution was ultrasonicated for 3 min. The chips were then dried overnight in an oven at 70° C and transferred to pre-cleaned
(acid washed and combusted) Exetainer® vials. The chips were dissolved by acidifying with 1.5 mL ultrapure water and 0.5
mL H3POus (purris. grade). These were left covered over night at room temperature to dissolve. All the samples were then
flushed for 3 min with He gas at 70 mL min™! at 50° C to remove the carbonate fraction. This was repeated for a flushing time
of 2 min, and then for 1 min, as tests showed that this procedure was the most efficient at removing the carbonate. To ensure
that the carbonate fraction was flushed out of the vial, the evolution of vial CO: in each flushing round was tracked with an
NDIR detector (LI-850 CO2/H20 gas analyser, LI-COR Biosciences, USA) (Stréhl et al., 2025). The needle was cleaned
between each sample with the same procedure as the water samples. To oxidise the NPOC fraction, 0.25 mL of 10% sodium
perchlorate (purum p.a. > 99.0%, Sigma Aldrich, USA) was added through the septum of each vial. The vials were then reacted
at 95° C for 1 h and analysed by AMS at ETH Zurich, Switzerland. The standard and blank preparation, AMS measurement,
and the contamination quantification was the same as for the DOC samples previously described.

For inorganic carbonate analysis, eleven stalagmite sub-samples of ~ 8 mg CaCOs were either drilled with a micromill or
subsampled from the larger chips intended for organic carbon *C analysis and stored in pre-cleaned 4.5 mL Exetainer® vials.
Each vial was flushed for 5 min at room temperature with He gas at a flow of 60 mL min™!. The samples were acidified with
0.5 mL 85% H3PO4 and left on a heating block overnight at 65° C. The resultant headspace CO2 was converted into ~ 1 mg of
graphite via the AGE. The graphite was pressed into targets for AMS analysis at the University of Bern, Switzerland.
Radiocarbon-dead TAEA C1 (F'“C = 0) was used for blank correction, a '“C-free speleothem (F'*C = 0) (age determined by
U-Th: 377°000 yr BP) was used as a procedural blank, Oxa II (F'*C = 1.3407) was the normalising standard, and IAEA C2
(F'*C = 0.4114) was used as a secondary standard.

2.10 Stalagmite confocal laser scanning microscopy

Confocal Laser Scanning Microscopy (CLSM) was performed to observe how solid phase organic fluorescence is preserved
in the microfabrics and estimate the growth rate of an actively growing stalagmite beneath drip GF2. The scans were performed
using an Olympus Fluoview 3000 (Olympus, USA) at the Scientific Centre for Optical and Electron Microscopy (ScopeM) at

ETH Zurich, Switzerland. Raster images with a 10% overlap were made with an incident wavelength of 488 nm and a detection
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window of 490 to 590 nm, as established by Sliwinski and Stoll (2021). This resulted in an optical slice thickness of < 10 um

with a 10x objective. The images were viewed using the Fiji software (Schindelin et al., 2012)s.

3 Results
3.1 Bulk soil organic carbon “C

The soil composition and type above the upstream section of Milandre cave is varied (Rowan et al., 2025). Samples S1 and S2
are organic-rich histosols located in a grass meadow in a doline, whilst S3, S4 and S5 are leptosols rich in fragments of
carbonate bedrock from the forested part of the upper catchment (Fig. 1). S6 was taken from a recently overturned tobacco
field. Despite the differences in soil composition, the bulk soil organic matter “C signatures above the upstream section of
Milandre cave are consistently modern, with an average F'*C of ~ 1.03 (Table S1). Of the two depth profiles taken, only S1
showed a decrease in F*C from the 0 to 20 cm depth ~ 1.03, to 20 to 30 cm depth ~ 0.99. The profile at S2 comparing 0 to 10
cm depth and 10 to 20 cm depth showed a consistent F'*C of ~ 1.07. The soil water F1*C DOC collected from the lysimeter at
Im depth ranged from 0.89 to 0.96.

3.2 Drip rates and river discharge

GF1, GR3, and GRS have very variable drip rates over the monitored period (Fig. 2a, b, ¢). All drips had dry periods where
no drips were recorded. GF1 was the most consistently active drip site with an average drip rate of 496 drops hr! (+ 537, 1
standard deviation), and a maximum rate of 3540 drops hr'! in May 2022. GR3 was active with short periods of very high drip
rates with a maximum rate of 2150 drops hr! in May 2023 and average rate of 4 drops hr'! (+ 21). GR5 had a maximum of
468 drips hr'! and an average of 95 drops hr! (+ 119). There were very few drops recorded for GR3 after July 2022, and for
GRS from the beginning of the monitoring until February 2022, and between November 2022 and May 2023. As it was possible
to collect water samples during this time, the data gaps are likely a technical issue with the drip loggers. These periods were
not considered in the data analysis. The drips were characterised by comparing the maximum and minimum monthly drip rates
(Baldini et al., 2021) (Fig. 2f), with all drips displaying a mix between diffuse flow and fracture flow with intermittent drying
(Smart and Friedrich, 1987). GF1 has most pronounced diffuse flow characteristics, whereas GR3 and GRS are more
dominated by fracture flow. The cave river discharge at Milandre Upstream varied throughout the monitoring period from 18
to 624 L s (+ 82) (Fig. 2d). A seasonal cyclicity is apparent in river discharge, with minimum values during the summer
months (~ June - October) during both years, but more pronounced in 2023. These minima in discharge are not related to
minima in Mean Monthly Precipitation (MMP) (Fig. 2e) measured at Mormont weather station, suggesting high
evapotranspiration is the driver of this pattern, rather than a reduction in precipitation. The link between MMP and drip rate
was tested by calculating the mean monthly drip rate (MMD) (Fig. 2d) and performing a Spearman’s rank correlation. A
significantly correlated relationship between two variables is defined by p <0.05. Only the actively dripping time periods were

tested to avoid bias from technical errors in the drip loggers. At most locations and time periods, no significant correlations
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were observed, the exception being GF1 between December 2022 and June 2023, where MMP and MMD were significantly
positively correlated (p = 0.86, p=0.014, n = 7; Table S2). GF1 was also significantly positively correlated to river discharge
during this period (Table S3). During periods of active dripping, the drip rates of GR3 and GRS also showed significant positive
correlations with discharge (excluding GRS between April to June 2023 which had a significant negative correlation; Table
S3).
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Figure 2: a) Variations in GF1, b) GR3, and ¢) GRS drip rate, (drops hr') with d) river discharge (L s™') and ) monthly precipitation
(mm). f) Minimum and maximum monthly drip rate (drops hr') of GF1 (dark blue circles), GR3 (light blue squares), and GRS (grey
crosses) (Baldini et al., 2021). Samples close to the 1:1 line are characterized as diffuse flow drips. Drips on the vertical line are
characterized as more fracture flow controlled.
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3.3 Drip water organic carbon characterization

Across all sampled locations, the drip water TOC content ranged from ~ 0 to 2.01 mg L', with strong variability between drip
sites and collection month. Drips located in the GF area of the cave had higher TOC concentrations than those in GR (Fig. 3a).
GF3 had the highest average TOC (1.38 mg L) and GR6 had the lowest (0.38 mg L'!; Fig. S1). Temporally, all drips showed
higher TOC concentrations between February and April 2022, which then decreased during June and August 2022 before
increasing again to similar levels as at the beginning of the year (Fig. 3a). This cyclicity was muted but still present in 2023.
The cave river had TOC ranging from 2.66 mg L' (August 2023) to 0.47 mg L' (October 2023), with an average of 1.26 mg
L. River TOC concentrations generally followed the concentration variability of the drip water, except for August and October
2022 when the river TOC was much higher.

There was very large variability in DOC F*C values (Fig. 3b) both between individual drips and over time, with a maximum
0f 0.97, and a minimum of 0.10. Similar to TOC concentrations, the GF drips generally had a higher F*C than those in GR.
GF3 had the highest average F'*C (0.89), while GR5 had the lowest average F'*C (0.45, Fig. S1). Drip water F*C values
varied seasonally synchronously with TOC concentrations, with a large decrease from June 2022 to October 2022 across all
sampled drips. The F'*C of GF2, for example, decreased from 0.96 to 0.14 during this period, essentially spanning the entire
range of 1*C. Similar to the TOC, the drip water F*C of most drips eventually recovered to the original values. In comparison
with the TOC, the recovery was slower, reaching a new maximum only in February 2023. The second monitored year also
showed a muted but still detectable cyclicity in *C. GRS was the exception and did not fully recover to the original values
during the monitored period. The F'*C of the river averaged at 0.84, with a minimum of 0.37 and a maximum of 0.98, and
followed a similar temporal trend as the drips. The synchronous seasonal cycle in TOC concentrations and DOC F!*C values
is supported by a moderate but significant positive correlation between the two parameters over the entire period and all sites
(p=0.43,p<<0.01,n= 83, Fig. 4). This positive relationship is also observed for most months and sampling sites individually,
although statistical significance varies due to limited sample size (Table S4). Drip rate was not significantly correlated with
either TOC concentration or DOC F'*C (Table S5).

Spearman’s rank correlations on the dataset allowed us to examine the statistical significance between variation of TOC, DOC
F'“C, and MMP, MMD, and monthly averaged river discharge (Tables S6 and S7). Due to the stronger variability in TOC and
F'“C in the first year of monitoring, the data was treated separately in two yearly batches, December 2021 to December 2022
(year 1), and December 2022 to January 2024 (year 2). Overall, no clear trends emerged from this analysis that apply to both

years, but individual drip sites showed correlations with between discharge, TOC and F**C at different points in time.
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3.4 Drip water inorganic carbon characterization

The drip water DIC had notably higher F'*C than the DOC and did not show the same temporal variability. From December
2021 to December 2022, the F'*C of the drip water DIC ranged from 0.78 to 0.94, with an overall average of 0.90 (n = 53)
(Fig. 3b), whereas the DOC averaged at 0.66, between 0.10 and 0.97. In contrast to TOC and DOC '*C, where values where

on average higher in the GF part of the cave, no significant spatial difference appear for DIC '*C. GF3 had the highest DIC
14C (average F'*C = 0.96, n = 5), whilst GF1 (average F'*C = 0.86, n = 7) and GR1 (average F'*C = 0.86, n = 5) consistently
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had the lowest F'*C (Fig. S1). Most of the drip sites did not show a notable temporal variation, however GR6 steadily increased
in F*C over 2022, and decreased again in December 2022. Because of the time-consuming sampling, and given that no large

seasonal variability was apparent, we refrained from collecting samples for DIC analysis during the second monitoring year.

3.5 Drip water trace elements

Across all 12 trace elements which were above the LOQ, Na, Mg, Ca, Si, S, and Sr have higher elemental concentrations from
October 2022 to December 2022, followed by a decrease in concentrations in June 2023, which coincides with a prolonged
period of reduced cave river discharge at the study site, likely resulting from enhanced surface evapotranspiration (Fig. 3c and
d). While Ca is the dominant cation from bedrock dissolution, it can also be removed from dripwater by PCP. The covariation
of Sr/Ca and Mg/Ca in dripwater (Sinclair test) is consistent with a common control by removal of Ca (Fig. S3), allowing us
to use Sr as an indicator of dissolution intensity. Thus, it is likely that most elements exhibiting the same pattern will also be
controlled by bedrock dissolution (e.g., S; Fig. 3c). Other elements, such as P, Al, Zn, and Fe appear to be less affected by
hydrology and display episodic peaks (Fig. 3c, Fig. S2). These elements are typically indicative of colloidal transport (Hartland
et al., 2012). Notable exceptions are Na, which is likely controlled by road salt input from the motorway, especially in winter,

and K, likely dominated by fertilizer input in the fields above the cave.

3.6 Stalagmite fluorescence and “C

The CSLM imagery of the actively growing stalagmite under drip site GF2 reveals fine-scale horizontal laminations of organic
fluorescence. This may signify annual or sub-annual growth cycles (Fig. 5). The stalagmite has high porosity and crystalline
defects shown by sections with large voids and vertical spires which disturb the regular layering. Similar crystal morphology
has been observed in previous CSLM studies on speleothem samples, indicating rapid crystallization (Endres et al., 2024,
Sliwinski et al., 2023; Sliwinski and Stoll, 2021).

The inorganic carbon fraction of the stalagmite had an F'*C ranging from ~ 1.00 to 0.85 (corresponding to an uncalibrated,
i.e., apparent '“C age range of ~ 0 to 1280 yrs). There is a clear bomb peak present in the sample (Fig. 5; Table S8). Taking
the inflection point of the bomb peak at 39.5 mm with an F**C of 0.85, and a pre-bomb Northern Hemisphere atmosphere F'*C
of 0.97 (Hua et al., 2022), the dead carbon fraction (DCF, i.e., the reservoir effect introduced by contributions of aged and
fossil carbon from soil and bedrock carbonate) is estimated at ~ 12.7%. Approximate layer counting of the top 2.5 mm of the
sample showed a growth rate of 0.05 mm per year if one layer corresponds to one year. Assuming that the growth rate was
constant throughout the formation, the year 1955 can be assigned to 34 mm depth from top. This approximately aligns with
the bomb peak inflection point, supporting the notion that the layering is annual.

The organic carbon fraction of the stalagmite is significantly older than the inorganic carbon fraction over all depths, with a
minimum F'*C of 0.64 to a maximum of 0.71 (corresponding to an uncalibrated '*C age range of ~ 2760 to 3640 yrs; Fig. 5).

Comparing inorganic and organic carbon samples of the same depth, the average difference in F'*C is 0.28 (corresponding to
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an uncalibrated '*C age difference of ~ 2750 yrs). Both fractions show an increase in F*C outlining the bomb peak, peaking

at 21.5 mm depth, though in comparison the organic carbon bomb peak is strongly muted.
F1C
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Figure 5. a) Results of the solid phase fluorescence features in the actively growing stalagmite beneath GF2, shown beside an image
of the sectioned stalagmite. The approximate location of the scan is annotated by the dashed box. The image was captured by an
Olympus Fluoview 3000 with an excitation of 488 nm and 490 to 590 nm detection. Fiji and Inkscape were used for processing and
annotation. b) Comparison between inorganic (green) and organic (orange) F'*C measured from the actively growing stalagmite in
a). The F*C range of DOC extracted from soils (purple), and the DIC (green) and DOC (orange) of GF2 drip water are shown in
the vertical bars.

4 Discussion
4.1 Sources of subsurface carbon

This study gives insight into the mechanisms driving the origins and transport of DIC and DOC from surface terrestrial
ecosystems to the subsurface over spatial and temporal scales in a midlatitude karst system. The '“C content of the bulk soils
(F'*C ~ 1.03) and of the soil solution DOC (F'*C ~ 0.92) is modern, whereas drip water DOC shows a much larger '*C range
(F'*C: 0.10 to 0.97), challenging the notion that organic carbon originating directly from the overlying soil column is the
primary source of DOC in cave waters at all times (Blyth et al., 2016; Hartland et al., 2012; Liao et al., 2018, 2021). The
residence time of percolating water in the epikarst at our site is ~ 5.5 to 6.6 yrs (Affolter et al., 2020), a period too short for the
scale of ageing observed in the drip water DOC. We need to caution that due to limited sampling capabilities, our assessment
of bulk soil ages does not extend deeper than 30 cm, and soil water was sampled at 1 m depth at only one location. It is known

that soil ages increase with depth in undisturbed soils (Leavitt et al., 2007; Trumbore, 2000), therefore deeper and older soil
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carbon pools may not be represented in our dataset. Soil organic carbon is a heterogeneous carbon reservoir containing different
proportions of modern and aged carbon on a continuum ranging from C enriched (due to the excess release of *C into the
atmosphere during nuclear weapons testing from 1950 to 1960) to > 10'000 yrs old (Shi et al., 2020).
Notably, the drip water DOC spans a much larger '*C range than the stalagmite organic carbon fraction (Fig. 5). This is also
true when comparing the drip feeding the stalagmite (GF2, DOC F!*C: 0.22 to 0.97, corresponding to an uncalibrated '*C age
between 11'990 and 217 yrs) and the stalagmite itself (F'*C: 0.65 to 0.72, corresponding to an uncalibrated “C age between
3430 and 2652 yrs), suggesting either that the oldest component of dripwater DOC is not well preserved in solid state, or that
the speleothem sampling, which integrates several years of growth, has smoothed out the signal, due to the slower speleothem
growth compared to our drip water sampling interval. The stalagmite organic carbon bomb peak is muted but visible. To assess
the proportion of bomb carbon needed to create the observed stalagmite organic carbon F'*C peak (F*Cyuq10c = 0.71) the
sources of carbon contributing to the organic carbon '“C signature can be simplified as a mixture of “C-free organic carbon
(F1*C 14 = 0), assumed from the lower range of drip DOC values, and soil organic carbon which is enriched with bomb carbon.
An equilibrium between atmosphere and soil F*C is presumed, thus the maximum atmospheric F'“C value in 1963 is taken to
represent the soil composition (F14C,,;; = 1.95) (Hua et al., 2022). A two-endmember mixing model was created to assess the
proportion of modern soil (f,;;) and old organic carbon (f,;4) needed to result in the F14C,,,; oc value:

FY¥Cotaroc = fsouF* Coou + (1 = fooi)F**Cota (2

Where fo1q =1 = fsou 3)

This results in a f;,; of 36% and f,;; of 64%, further indicating that aged carbon is likely the dominant source of organic
carbon, with a smaller contribution from modern soil. However, it should be highlighted that the end members chosen for the
mass balance are extreme cases, and it is more likely that organic carbon with a range of ages contributes to the stalagmite
organic carbon.
The influence of hydrological variability on the variability in TOC and DOC F'C observed across the catchment is complex
and difficult to assess, with discharge and elemental concentrations tied to bedrock dissolution and PCP dynamics mainly
reflecting the prolonged drought in summer of 2023. On the other hand, elements diagnostic for increased transport of colloidal
material (e.g., Zn; Fig. 3c) peak during the time period when the TOC and DOC F'*C are the lowest. It is possible that this
reflects episodic mobilization of old carbon from deep soil pockets. In the likely absence of local glaciations during the Late
and Middle Pleistocene (Buoncristiani and Campy, 2011), old soils could have easily been preserved in deep epikarst fractures
at Milandre cave and thus span the entire possible range of 'C.
The motorway that affects the cave above the GR sites could have an influence on DOC concentrations and age, but this seems
unlikely since the seasonal pattern appears in all samples with the same magnitude irrespective of their location. Petrogenic
OC, "“C-free organic material stored in the carbonate bedrock and leached from the matrix, could also be a contributing source
of older carbon (Gazquez et al., 2012). The Sr concentration in dripwater has been proposed as an indicator of bedrock
dissolution intensity since it is not appreciably removed during PCP nor significantly depleted by biological removal, if the

bedrock is homogeneous in Mg, then Mg may also be an indicator of bedrock dissolution (Kost et al., 2023). The maximum
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in Sr concentrations suggests most intense bedrock dissolution between October and December 2022 (Fig. 3c, Fig. S2). The
Sinclair test shows strong correlation of In(Mg/Ca) and In(St/Ca) with slope gradients > 0.70 (excluding GR3 and GRS; Fig.
S3) suggesting that Ca concentrations are strongly influenced by PCP and therefore the Ca concentration is not a robust
indicator of bedrock dissolution intensity. If periods of increased dissolution had introduced petrogenic carbon into the DOC
pool, we would expect an inverse correlation between F'“C DOC and dripwater Sr. We observed this broadly in several drips,
but the relationship is only significant in drip GR4 (Fig. S4). Drip GR4 is also the only one that does not recover to higher
DOC 'C values after the summer of 2022 (Fig. S1). It is possible that this drip was influenced by a significant component of
DOC from petrogenic carbon. At the same time, drip GR4 also has the second highest concentration of Na, which at our site
likely reflects the input of road salt from the motorway. It is thus possible that the prolonged fossil signature in this drip could
also come from anthropogenic inputs (e.g., tire wear particles). Over the entire catchment, significant contributions from
petrogenic carbon are unlikely, since the bedrock of Milandre cave is Upper Jurassic limestone with no association with organic
rich lithologies (Liniger, 1970).

The wide range of the dripwater DOC C signature (F'*C: 0.10 to 0.97) contrasts with the younger and more stable DIC *C
(F'*C: 0.78 to 0.94; Fig. 3b) which reflects more modern carbon contributions, likely sourced from soil and root respiration,
as reflected in the bulk soils (F*C ~ 1.03) and soil DOC (F!*C ~ 0.92). As the soil sampling focused on the topmost, presumably
youngest, soil layers, the slightly older DIC *C may be due to the addition of older carbon from soil pools that were not
captured in our sampling. A small input of “C-free carbon from the bedrock may also have contributed to the ageing of the
dripwater DIC compared to the topsoil. The inorganic carbon fraction measured in the stalagmite (most recently deposited
sample: F'*C = 0.95), is at the upper end of the range in DIC in the corresponding drip (GF2, F**C: 0.88 to 0.94; Fig. 5). As
already mentioned for the DOC fraction, the stalagmite sample likely represents a smoothed signal over a few annual cycles,
whereas the higher resolution drip water analysis detects higher frequency variations. Nevertheless, the similarity implies that
the stalagmite carbonate does reflect the DIC '“C content, and therefore we gain a multi-decadal perspective on DIC cycling
in this cave system. The ~ 12.7% DCF suggests little contribution of bedrock dissolution (Fohlmeister et al., 2011; Markowska
et al., 2019; Rudzka-Phillips et al., 2013), supporting the conclusion that most DIC at Milandre cave is introduced from soil

COz under open system dissolution conditions, keeping the rock-derived contribution to this pool small (Rowan et al., 2025).

4.2 Temporal trends in dripwater dissolved carbon

The temporal trends in drip water TOC and DOC F'*C in 2022 suggest significant seasonal changes in the source, mobilisation,
and transport of unsaturated zone DOC (Fig. 3a and b). During winter 2022, the drip water DOC was more concentrated and
younger, whereas in spring and summer 2022 both TOC and F'C decreased drastically across all sampled drip sites. Periods
of higher precipitation can cause soil OC to be mobilized, which then percolates through the epikarst causing higher TOC
concentrations in drip waters (Liao et al., 2021). This has also been observed in Milandre river waters (Savoy, 2007). The TOC
and F'*C are not significantly correlated to MMP, likely because the drip rate is not correlated to MMP, though no time-lag

analysis was performed to verify possible lag effects. This suggests that MMP may not closely reflect soil saturation and
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hydrological reaction of the epikarst, both of which influence how much soil organic carbon is mobilized into the dissolved
phase (Chapman et al., 2024). At Milandre cave, river discharge responds to precipitation, with 64 to 78% of the total discharge
volume occurring during high-precipitation events, while base flow contributes 22 to 36% (Jeannin et al., 2021). As river
discharge correlates with the drip rates, this is considered a more accurate control on aquifer hydrology (Table S3). The
monitored drips are primarily classified as a mixture between fracture flow and diffuse flow (Fig. 2f). The seasonal variability
in drip rate that has previously been observed in Milandre in a location proximal to GF1, with lower summer and higher winter
drip rates (Affolter et al., 2015) is only reproduced in our dataset during 2022 in drip GF1 (Fig. 2a). These findings suggest
that the drip rates and DOC mobilization may only respond to precipitation in certain drips and time periods, likely due to the
particular drip hydrological pathway and the effects of evapotranspiration strength controlling soil moisture (Affolter et al.,
2015). Water can be transported through the bedrock via conduit and fracture flows, and can be stored in reservoirs for periods
of time (Partin et al., 2012), resulting in a nonlinear relationship between meteoric precipitation and drip rate (Baker and
Brunsdon, 2003).

It is likely that the temporal variation in TOC and F!*C is partially due to variability in organic carbon contributions from
spatial heterogeneity in the soil across the catchment and with depth that was not captured by our sampling. Though the summer
months of June 2022 to August 2022 had variable MMP, higher summer temperatures would have resulted in lower soil
moisture due to increased evapotranspiration, decreasing the volume of water which can be transported, and the activity of
microbial communities in the soil column (Wang et al., 2014). This would decrease the concentration of labile soil organic
carbon available for downwards transport. In addition, increased summer temperatures can cause accelerated consumption and
oxidation of younger soil organic carbon to COz, which would lead to a higher proportion of older material available to be
transported downwards into the epikarst. The rewetting of dry soil by increased precipitation amounts in June 2022 could also
mobilize older carbon fractions from the soil (Liao et al., 2021; Miller et al., 2005). This is also reflected in organic carbon
associated trace metals, e.g. Zn (Fig. 3d, Fig. S2) (Hartland et al., 2012; Pédrot et al., 2008) which plateau in concentration

from August to December 2022, possibly because of the increased mobilisation of soil organic carbon.

5 Conclusions

This research provides one of only a few datasets focused on carbon cycle dynamics within the unsaturated zone in a karst
system, linking soils, unsaturated zone drip water and rivers, key areas where significant uncertainties remain about terrestrial
carbon export dynamics. By demonstrating the variability in DIC and DOC composition over spatial and temporal scales, this
study highlights the role of karst systems as dynamic interfaces where different carbon reservoirs interact. The stability of the
DIC '*C content, reflecting a dominant contribution from root and soil respiration of recently fixed carbon, contrasts with the
wide and variable range in F'*C of the DOC, which likely includes inputs from older soil and subsurface carbon reservoirs.
General agreement in the range of F'*C values measured on a recently deposited speleothem and in the drip waters provide a

decadal-scale perspective on unsaturated zone carbon cycle dynamics. However, questions remain about the mechanisms
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governing the transport and cycling of carbon within the unsaturated zone. This highlights the complexity of DOC sources,
transport and reworking pathways in the unsaturated zone of karst systems, and underscores the importance of understanding

site specific hydrological and environmental factors.
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