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Abstract

The movement of nitrate through the vadose zone has major implications for environmental and human health.
This issue is particularly prevalent in karst terrain where agricultural activity, thin soils and dual permeability
compound the problem of high nitrate loading to the overlying ecosystem. However, a paucity of records which
document vadose zone nitrate concentrations prior to the 215t century render legacy nitrate dynamics, source
attribution and baseline conditions to be poorly parameterised. Speleothems growing within karst cave settings
may provide an opportunity to obtain records of vadose zone nitrate contamination which extend throughout the
anthropogenic era. Here, we use dual isotope analysis of 6°NN0s; and §80NO0s in a contemporary study at Cueva-
cubio del Llanio, N. Spain, designed to examine the transformation of nitrate between surface to cave
environment, taking account of biogeochemical transformation, karst hydrology and partitioning as controls on
the delivery of nitrate to the speleothem record. Concentrations of nitrate within speleothem calcite are low
(measured range of 0.05mM to 0.37mM) due to partitioning (DNOs) across the dripwater-calcite interface. Values
of 8°NNOs extracted from cave waters in Cueva-cubio del Llanio (range +2.0 to +7.0%.) are shown to be excellent
indicators of nitrate source and demonstrate no fractionation during incorporation into speleothem carbonate
(range of 8>NN03 in speleothem carbonate +1.6%o to +6.4%o). Values of 6'80N0O; contained within cave waters
(range -2.5%o to +6.0%0) and speleothem carbonate (range +12.3%o to +32.3%o) reflect a mixed signal of source,
biogeochemical processing and hydrological pathway, providing critical insight into the behaviour of the karst
aquifer. Contemporary systematics at Cueva-cubio del Llanio therefore confirm speleothem carbonate contains
an excellent record of vadose zone nitrate. Analysis of nitrate contained within speleothem carbonate from other
regions confirms the ubiquitous nature of partitioning across the water-carbonate interface and the use of
speleothem nitrate isotopes for recording surface ecosystem processes and vadose zone behaviour. Application
of these principles to dated speleothem records should provide critical timeseries of nitrate loading, enabling
understanding and remediation against the presence of vadose zone legacy nitrate.

1. Introduction

Loading of reactive nitrogen to the global biogeochemical cycle is impacted heavily by anthropogenic activity.
Industrial pollution releases nitrogen compounds into the atmosphere, and intensification of agricultural practices
exacerbates the input of reactive nitrogen to the biosphere through the application of organic materials and
inorganic fertilisers. The resultant fluxes of reactive nitrogen can adversely affect freshwater ecosystems through
eutrophication and acidification, as well as impact human health through nitrate contamination of groundwater
used for drinking water supplies (eg. Vitousek, 199; Galloway et al., 2008; Matiatos et al., 2021). However, the
loss of reactive nitrogen to the vadose zone, where leaching from surface to groundwater and slow transit times
leads to the longterm storage of nitrate is poorly quantified (Ascott et al., 2017). Retention of nitrate in the
vadose zone has created a ‘nitrate time bomb’, whereby the impact of peak N application has been delayed to
create a problem for future generations (Wang et al., 2013). Despite recent controls on anthropogenic nitrogen
loading in some countries, many environmental systems will continue to suffer from ‘legacy nitrate’ on a
timescale which depends upon the storage and release dynamics of vadose systems. This is particularly the case
for karstic bedrock which forms a significant proportion of the global vadose zone, with over a quarter of the
World’s population relying on water sourced from karst regions (Ford and Williams, 2013). Karst systems present
a unique hydraulic configuration, comprising dual permeability characteristics of rapid fracture and slow matrix
flow. Thin soils and fracture pathways convey surface pollution rapidly into the vadose system, making them
acutely vulnerable to contamination, whilst the remaining pollutant load can become entrapped within the matrix
porosity of the carbonate bedrock, forming a significant store of legacy nitrate within the vadose zone. However,
whilst empirical observations of karst vadose zone nitrate dynamics are reasonably well studied over event based
to decadal time scales (eg. Jiménez-Sanchez et al., 2008; Husic et al., 2019a,b and compilation of references
therein; Yue et al., 2018; Yue et al., 2019; Yang et al., 2020), observations prior to 215t century monitoring are
rare. This leaves a lack of knowledge regarding baseline pre-industrial vadose zone nitrate concentrations, no
information on changing nitrate sources prior to the 215t century and no empirically determined rates of nitrate
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transfer through the dual permeability karst vadose zone system. Where nitrogen biogeochemical cycling can be
traced through the soil-karst system using stable isotopes, and the incorporation of nitrogen species into calcium
carbonate can be parametrised, speleothems (cave stalagmites and stalactites) growing in karst regions could be
used to overcome this lack of knowledge, providing a natural, time-resolved archive of vadose zone nitrate
dynamics. Stalagmites growing in cave environments incorporate trace elements and nutrients delivered from the
overlying vadose zone of karst storage, via drip waters. The drip water record will therefore be incorporated into
speleothem calcite reflecting surface loading and the lag time associated with vadose zone storage. The nitrogen
content of speleothem calcite which has grown consistently throughout the past ~200 years could ultimately
enable contextualisation of surface nitrogen loading, recording time-bomb type waves of nitrate passing through
the vadose zone prior to entering the deeper groundwater system. However, the linkage between groundwater
legacy nitrate and the speleothem record initially needs to take into account biogeochemical modification of
surface inputs, karst transfer and partitioning into contemporary carbonate deposits. Here, we use stable
isotopes to trace the movement of nitrate between surface pasture ecosystem to cave drip waters and associated
contemporary speleothem deposits. We specifically address the ability of contemporary speleothem carbonate to
accurately represent the chemical and isotopic signature of dripwater nitrate, thereby unlocking the potential for
stalagmites which have grown throughout the 19t to 20t centuries to provide a time-resolved record of vadose
zone nitrate dynamics.

2. Karst nitrogen biogeochemical cycling and transfer into carbonate

2.1. Nitrogen biogeochemical pathways in karst ecosystems

Biogeochemical modification of surface inputs serve to control the entry of nitrate into the vadose zone,
potentially also modifying isotopic signatures away from source values. Biogeochemical cycling of nitrogen
typically consists of five key processes 1. Nitrogen fixation (bacterial fixing of atmospheric N, into the organic
phase), 2. Mineralisation and nitrification (representing the overall conversion of organic N to ammonia and then
to nitrate within the soil/root zone), 3. Assimilation (uptake of soil ammonia and nitrate into the organic phase),
4. Volatilisation (vaporisation of ammonia compounds from the soil surface in the aftermath of application) and 5.
Denitrification (the conversion of oxidized nitrogen compounds to N, gas under conditions of low oxygen status).

Nitrogen fixation causes only limited nitrogen isotope fractionation (-2 to +2%o) (Casciotti, 2009 and references
therein), and denitrification would not be expected to play a large role in the karst biogeochemical nitrogen cycle
due to limited potential for the development of anoxia within the karst vadose zone and overlying soils. The three
main fractionating processes of concern to karst environments are therefore volatilisation, assimilation and
nitrification. The extent to which these biogeochemical processes modify source signatures away from
recognisable end-member isotopic values is dependent upon site-specific antecedent conditions controlling the
degree of fractionation inherent in each.

Volatilisation is known to cause extensive loss of ammonia to the atmosphere (Cameron et al., 2013) and
equilibrium isotopic fractionation during volatilisation is documented as approximately +30%o, thereby enhancing
the residual soil ammonium pool in >N (Heaton, 1986). However, in karst ecosystems dominated by pasture
grazing and which are replete in nitrogen, there is reportedly limited potential for this enriched signature to be
translated directly into nitrate leachates due to overprinting of the residual ammonium isotopic signature by soil
mineralisation and nitrification (Wells et al., 2015).

Fractionation during assimilation causes °N depletion in plant-based tissues relative to the substrate isotopic
composition. Measured fractionation varies between 0%o to +12.6%o. for net ammonia assimilation into plants
(Evans, 2001 and references therein) and 0%. to +18%. for net nitrate assimilation into plants under open system
conditions (Liu et al., 2014 and references therein; Evans, 2001 and references therein), thus generating a residual
soil pool enriched in *>N. However, the impact of assimilation and associated kinetic fractionation upon the soil N
pool is largely dependent upon whether the soil system is representative of an open or closed system. In an open
system where soil N supply continuously exceeds demand, fractionation will produce an offset between plant and
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soil, although the soil isotopic composition will not change over time. Under closed or semi-closed system
conditions where soil N supply cannot always satisfy demand, substrate concentration will decline through time.
Both soil substrate and plant N will gradually become enriched in **N and assimilated plant N will converge on the
initial soil substrate isotopic composition. Karst ecosystems supporting an agricultural land use are replete in
nitrogen and likely follow the principles of an open system, such that assimilative activity has little effect upon soil
nitrogen isotopic status. However, karst ecosystems supporting natural vegetation are more likely to be nitrogen
limited, thus causing temporal variation in the soil substrate isotopic composition. The open/closed nature of a
karst system will also be dependent upon the seasonality of plant demand for nitrogen.

The overall conversion of organic-N to nitrate comprises mineralisation (the conversion of organic N to ammonia)
and nitrification (the oxidation of ammonia to nitrate). Mineralisation rarely causes fractionation (eg. Heaton et
al., 1986; Hogberg, 1997). However, the nitrification of ammonium to nitrite causes a kinetic fractionation to 6'°N
which ranges between +24.6%o to +38.2%o. based on terrestrial strains of ammonia oxidizing bacteria
(Nitrosospira tenuis, Nitrosomonas eutropha, and Nitrosomonas europaea) (Casciotti et al., 2003 and references
therein). The conversion of nitrite to nitrate is associated with an inverse isotopic fractionation of -12.8 +/- 1.5%o
(Nitrococcus mobilis, Casciotti, 2009). The overall fractionation for the entire nitrification pathway is dependent
upon environmental conditions and the relative dominance of substrate pool size. Where the system is nitrogen
limited, the rate-determining step is represented through the mineralisation of organic-N to ammonia. As
mineralisation supports limited fractionation, the 6*°N of product nitrate will closely resemble the isotopic
composition of the total organic nitrogen (Heaton et al., 1986). However, where the substrate ammonium is in
abundant supply, initial oxidation products may be expected to be isotopically depleted in °N. As the ammonium
substrate pool becomes depleted in abundance, isotopic fractionation should approach unity, such that nitrate
oxidation products are of similar isotopic value to initial ammonium signatures. In karst systems supporting
agricultural activity, nitrogen availability should be replete and product soil water should be isotopically depleted
compared to source. For those karst systems which are not impacted by agriculture, soil water nitrate will be
representative of N source. During nitrification, the stoichiometric incorporation of oxygen into the nitrate
molecule comprises a maximum 1:2 ratio of oxygen sourced from O; and H,0, although discrepancies to this
theoretical rule may be expected in natural systems (eg. Mayer et al., 2001 ; Venkiteswaran et al., 2019 ;
Romanelli et al., 2020). The oxidation of ammonia to nitrite utilises oxygen from O, and H,0 in equal proportions,
but also encompasses an isotopic fractionation to 680 during the incorporation of each which can be collectively
parameterised as +19.3+/-2.9%o (bacterial strain Nitrosomonas europaea) or +30.3 +/-1.0%o (bacterial strain
Nitrosospira briensis, Casciotti et al., 2010). The exchange of oxygen between nitrite and water also has the effect
of causing an equilibrium isotopic fractionation of approximately +14%o. (Casciotti et al., 2007). The oxidation of
nitrite to nitrate incorporates one oxygen atom sourced from water into the nitrite molecule (isotopic
fractionation parameterised as +12.8%o to +18.2%., Buchwald and Casciotti, 2010). Fractionation also occurs at
the point of nitrite oxidation, and during oxygen atom exchange with water although these two sources are noted
to be minimal under oxidizing conditions where nitrite availability is low (Buchwald and Casciotti, 2010). Within
karst systems where nitrate is sourced as a product of nitrification, values of §'80N03 will therefore lie between a
defined upper and lower threshold dependent upon the water-oxygen isotopic composition and the range of
fractionation factors employed.

The overall impact of biogeochemical cycling and fractionation in karst systems thus depends upon whether the
system is considered open or closed, and replete or limited in nitrogen. Where karst systems are nitrogen limited
and predominantly closed to excessive new inputs, volatilisation will be limited, assimilation will progress towards
completion and the nitrification pathway will be controlled by mineralisation, causing minimal fractionation to
6%°NNos. Nitrate isotopic signatures entering into the vadose zone will thus reflect those of surface inputs, with an
expressed seasonality in 6'%0N0s dependent upon the relative significance of nitrifying activity. However, where
karst soils support agricultural activities, the system must be considered open and replete in nitrogen.
Volatilisation will be extensive, although any associated isotopic fractionation will be largely overprinted by the
nitrification pathway. Assimilation will have limited effect on the isotopic composition of the soil substrate N pool.
Under this scenario, nitrate isotope values present in cave drip waters will likely be depleted in >N compared to
source signatures. Both 8'>NN0; and §®0N03 may express pronounced seasonality dependent upon the extent of
nitrification occurring within the soil zone.
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2.2 Transfer of nitrate through karst and into speleothem carbonate

The complex drainage structure of karst systems serves to modify isotopic signatures of nitrogen biogeochemical
cycling away from those identified at the base of the soil zone. The dual permeability of karst bedrock comprises a
rapid fracture flow and a slow matrix flow system. Whereas the fracture system is ephemeral, matrix systems fill
during times of water excess to deliver a steady water flux over a prolonged period of time. Where rapid fracture
flow is the dominant hydrological pathway, water demonstrates little storage or mixing within the karst. Water
can be of meteoric origin or from the soil zone, with associated nutrient signatures being routed through the karst
with such rapidity as to obviate any isotopic differences due to vadose zone processes (eg. Wynn et al., 2013).
However, within the slow matrix flow system, storage and mixing can occur across multiple timescales to create a
nitrogen signal which reflects a homogenisation of sources and biogeochemical processes, otherwise known as
legacy nitrate. Soil waters charged with carbonic acid will also come into prolonged contact with carbonate
bedrocks, and dissolution of the host bedrock will release constituent trace ions into solution. This bedrock end
member may contribute sufficient N to control the composition of the dripwater solution if nitrogen
concentrations are high and/or support an isotopic value which is distinctly different to the aqueous solution. An
upper estimate of nitrogen contribution from bedrock dissolution can be calculated as follows % bedrockNQ; =
[1/(bedrockCa+Mg:NOs/driPwaterCa+\Mg) /driPwaterN 5] x 100. This equation is based on Wynn et al., 2008, assuming only
limited contributions of calcium and magnesium from extraneous sources such as rainfall, plant necromass and
organic fertilisers, alongside limited impact of prior calcite precipitation upon drip water ratios to nitrate). Where
a component of slow matrix flow contributes to the hydrological regime, the biogeochemical signature conveyed
in cave drip waters is therefore not a direct reflection of source (atmospheric deposition or soil zone
biogeochemistry), but also represents hydrological pathway, time-integrated storage dynamics, and additional
inputs from bedrock dissolution.

When cave drip waters actively deposit calcium carbonate onto speleothem growth surfaces, the nitrate ion can
become incorporated into the calcite (Kontrec et al., 2004). The incorporation mechanism, however, remains
unresolved. Partition co-efficients of the form DNO3 = (NO3/CO3s0iid)/(NO3/COssolution) have also yet to be
established (cf. Wynn et al., 2018) and associated controls on incorporation identified through controlled calcite
growth experiments. Any degree of isotopic fractionation across the aqueous-solid interface is also in need of
parameterisation. The bulk nitrate signature conveyed within cave drip waters comprising source signature, soil
biogeochemical processing, bedrock dissolution, karst attenuation and mixing, will thus be incorporated into
speleothem calcite at a temporal resolution dependent upon growth rate. Where isotopic signatures can be
deconvolved according to the above framework of biogeochemical cycling and phase boundary partitioning,
information on changes in nitrogen source can be obtained. Time-resolved changes in speleothem concentration
dynamics can be used to determine vadose zone storage and thus legacy effects within karst landscapes, as well
as pre-anthropogenic baseline status. Speleothems could thus become one of the most significant archives of
legacy nitrate dynamics, providing a record of sufficient longevity for the improvement and testing of existing
empirical groundwater models.

3. Methodology
3.1 Cave site description and sample collection regime

Cueva-cubio del Llanio is a shallow cave system located within the Cantabrian Cordillera of N. Spain
(43°21'29.9”N, 003°35’53.8"W, 165 m a.s.l). It is located within the Riafio valley, 21 km south east of Santander,
forming part of a connected network of caves which link to those of the neighbouring Matienzo depression (eg.
Smith et al., 2015, 2016a,b). The cave is developed in Lower Cretaceous (Aptian-Albian) carbonate of shallow
water platform origin (Dewitt et al., 2014; Aranburu et al., 2015), with host bedrock comprising a mixed calcite-
dolomite composition (70% dolomite content calculated following Fairchild and Treble, 2009), interbedded with
sandstones and marl (Gutiérrez, 2010). The soil is organic rich and with loamy texture, often in excess of 50 cm
depth, supporting a clover-rich pasture of variable grazing intensity. Cave drip waters were sampled on a seasonal

5
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basis from two chambers which supported contrasting surface vegetation characteristics (Figure 1). High Hopes
chamber was located at a depth of approx. 14 m beneath managed pastureland formerly fertilised with manure
(manure application ceased in 2017), whereas Whoopee Hall was located at a shallower depth of approx. 5 m
beneath steeply sloping pasture with low intensity grazing and minimal manure application.

Drip sites in High Hopes chamber support a range of hydrological characteristics. High Hopes drips 1-6 are
delivered via soda straw stalactites and feed actively depositing speleothems. Each drip is predominantly matrix
fed, albeit with flow recession during the summer months reflecting the seasonality of rainfall dynamics within
the region (eg. Smith et al., 2016b). Drip water discharges range between 64 ml to 598 ml per day, with greatest
sensitivity to rainfall events being observed during the winter season (see drip logger record for High Hopes 2 and
3in Figure S1). Fast drips 1 and 2 are located approx. 5 meters away within the same chamber, albeit represent a
more ephemeral flow of water entering into the cave and are likely to be at least partially fracture fed. The drip
site in Whoopee Hall delivers dripwater from a soda straw stalactite onto an actively growing stalagmite.
Dripwater discharge is up to 711 ml per day. A persistent winter discharge, albeit with flow cessation during the
summer months at this site is suggestive of a predominantly matrix fed hydrology, albeit from a reservoir of
sufficiently limited volume to prevent year-round flow characteristics (see drip logger record for Whoopee Hall in
Figure S1). Pool waters within both chambers were fed by the ephemeral, fracture flow drip sites.

Each drip site was sampled over a time interval commensurate with discharge characteristics. For those sites
where water flow was sufficient, samples were collected instantaneously during a typical 4-hour period within the
cave. Drip site High Hopes 1 supported a sufficiently slow drip rate to enable sample collection only on seasonally
scheduled visits to the cave. All other drip sites had water samples collected over a 24-hour period. Pool waters
within the cave were ephemeral and thus sampled whenever possible during scheduled cave visits. After drip and
pool water collection, samples were tested for pH, EC (electrical conductivity) and temperature. One aliquot of
each sample (approx. 30 ml) was filtered through a 0.2 micron membrane (polyethersulfone) filter and stored
frozen (-20°C) within a Nalgene LDPE bottle. Any remaining water up to a maximum of 60 ml was stored
unfiltered and refrigerated prior to further analysis. Rainfall dynamics were monitored in the neighbouring village
of Matienzo using a Pluvimate drip logger (Driptych.com) to record both rainfall intensity and volume (see record
provided in Figure S1). Rainfall was also collected for nitrate isotopic analysis as monthly bulk collections on an
ad-hoc basis. Soil and vegetation samples were collected from above the cave to monitor nitrogen content and
isotopic composition. Soil samples were collected as composite cores up to 10 cm in depth, and vegetation
samples were collected from the same locations. Sediment samples were collected from within the cave system
to represent an integrated sample of inwashed material and cave internal breakdown products.

Modern speleothem calcite was grown on either glass plates (up-turned watch-glasses pre-cleaned using an acid
wash, no etching used to encourage calcite nucleation) or stalagmate logger surfaces placed beneath each of the
drip sites defined above, and left to deposit for approximately 6 months between collections. Upon removal from
the cave, the calcite deposit was removed using a scalpel. Samples were homogenised and stored prior to analysis
for nitrate concentration and isotopic composition. Archived speleothem samples were used to expand the
speleothem nitrate data set to cave sites with differing vegetation characteristics and nitrogen inputs. These sites
comprised stalagmites collected from Rukiesa Cave, Ethiopia (Asrat et al., 2007, 2008; Baker et al., 2007), Browns
Folly Mine, Somerset, UK (Baker et al., 1998, 1999a; Baldini et al., 2001, 2005; Fairchild et al., 2006), and Ease Gill
Cavern, Cumbria. Calcite grown on glass plates in Cueva de las Perlas, Matienzo, N. Spain (Deeprose, 2018) and
Pooles Cavern, Buxton, UK (Baker et al., 1999b; Baker and Genty, 1999; Hartland et al., 2010, 2011, 2012; Newton
et al., 2015) were also utilised for nitrate extraction. Carbonate powders which represented the most recent
speleothem growth prior to collection were extracted from all samples other than Ease Gill Cavern. At this latter
site, the fossil nature of the speleothem provided an opportunity to obtain a pre-anthropogenic sample.

3.2 Laboratory methodology
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Nitrate concentrations in cave dripwater, pools and rainfall, were analysed from the filtered water aliquot using
automated colourimetry (SEAL AQ2 analyser), based on the cadmium reduction of nitrate to nitrite with an
analytical range of 0.06 to 5 mg I NOs-N and a limit of detection (LOD) of 0.01 mg I NOs-N. Concentrations were
not corrected for the presence of nitrite, due to it being below the range of the AQ2 analyser within a
representative subset of samples (analytical range of 0.01 to 0.1 mg I'* NO»-N). Concentrations of ammonia were
determined on the same sample aliquots by SEAL AQ2 analyser, based on indophenol blue colourimetry and with
an analytical range between 0.02 to 2 mg It NH;-N. For both techniques analytical precision based on the repeat
analysis of reference standard material (0.25 mg It and 1 mg I"* N for both nitrate and ammonia analysis) is
reported to within 5% of expected values. The total carbonate composition of aqueous samples was determined
using titration with phenolphthalein and Bromocresol indicators. The cation composition of cave waters (Ca, Mg)
was analysed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), at Lancaster University, UK,
using a Thermo Scientific iCAP 6000. Each sample was acidified using ultrapure nitric acid to achieve a final
concentration of 0.1M, matrix matched to standard solutions. Repeat analysis of reference standard material
(concentration of 1 mg I'* for all species analysed) is reported to within 5% of expected values.

Nitrate isotope analysis was undertaken on drip water samples using the microbial denitrifier technique (Sigman
et al., 2001; Casciotti et al., 2002) at the Lancaster Environment Centre, Lancaster University, UK. This technique
used cultures of Pseudomonas chlororaphis, a denitrifying bacterium lacking nitrous oxide reductase, to convert
20 nmol of sample nitrate to nitrous oxide. Speleothem and bedrock carbonates were also analysed for nitrate
isotopic content using the microbial denitrifier technique. Sufficient speleothem powder (typically 100 mg) was
dissolved stoichiometrically in ultrapure 1M hydrochloric acid to a neutral pH. The reaction was undertaken at
room temperature to prevent any oxygen isotopic exchange between nitrate and water under low pH (Kaneko
and Poulson, 2013). After carbonate dissolution, the digestate was diluted to 5 ml with de-ionised water and the
whole sample injected into 20 mL headspace vials containing the bacterial cell suspension. For both drip waters
and carbonates, the headspace nitrous oxide was subsequently injected into an Isoprime Trace gas
preconcentrator inlet and autosampler, coupled to an Isoprime Isotope ratio Mass Spectrometer (IRMS) at the
NERC National Environmental Isotope Facility (NEIF) at CEH Lancaster, UK. International reference materials
(USGS-34, USGS-35 and IAEA-NO-3) were used for calibration, assuming &'°N values of -1.8%. and +4.7%o for
USGS 34 and IAEA-NO-3, and 680 values of -27.9%eo, +57.5%0 and +25.6%o for USGS-34, USGS-35 and IAEA-NO-3
respectively. Within-run standard precision for both international and in-house standards was <0.2%o and <0.5%o
(1SD) for 6'>NNo0s and §0NO0s respectively. Triplicate analysis of selected samples in each run sequence (both
cave waters and speleothem digests) yielded sample analytical precision within the same range. Background
contamination (analysis of microbial culture without sample inoculation) averaged 0.7% (range 0.5% to 1.4%) of
the in-house standard peak area. To test for matrix effects during speleothem nitrate isotopic analysis, a
carbonate with low nitrate content was digested following the protocol above and spiked with the in-house
standard prior to analysis with the denitrifier method. 6'>°NN0O; and 6'¥0N03 values were within error (1SD
precision) of values expected for the internal standard, showing no discernible matrix effects from the acid digest.
The nitrate concentration contained within each cave water, speleothem and bedrock carbonate analysis was
determined by peak area integration using lonVantage software.

Determination of total nitrogen content and isotopic composition within vegetation, sediment and soil samples
was undertaken at the Lancaster Environment Centre stable isotope laboratory, Lancaster University using an
Elementar varioMICRO elemental analyser interfaced to an Isoprime 100 continuous-flow isotope ratio mass-
spectrometer. Vegetation samples were dried at 50 °C for 24 hours, crushed and homogenised. Sediment and soil
samples were dried at 50 °C for 48 hours, sieved to remove any large rock fragments and subsequently crushed.
Combustion of samples within tin capsules at 950 °C yielded N, for analysis of 6%°Niota. Within-run replication of
international and in-house standards was better than 0.3%. (1SD) for 6°N. Concentrations of total nitrogen were
calculated using peak area integration in the varioMICRO software, calibrated to within-run determinations of
acetanilide.
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3.3 Mixing models

A Bayesian isotope mixing model (MixSIAR operated in open-source R software, Stock and Semmens, 2013) was
used to determine the relative proportion of nitrate sources (e.g. Soto et al. 2019) in cave waters and
contemporary speleothem calcite. The end-member sources for dissolved nitrates used to drive the model
comprised (1) manure (+13.0 * 4.3 for 6%°N and -8.45 + 2.20 for 6'80), (2) precipitation (+1.00 + 1.64 for 6'°N and
+66.48 + 3.67 for 6'0), and (3) NOs derived from the nitrification of rainfall NHs* and re-mineralisation of fixed N,
(-2.5 £ 2.50for 6*°N and -8.45 + 2.20 for 6*80). The nitrogen and oxygen isotopic composition of precipitation
nitrate was determined from samples collected in the study area. The 6*°N values for (1) and (3) were taken from
the literature (Kendall et al. 2007, Chalk et al. 2019) and 680 values were estimated based on the range of
expected values for theoretical nitrification in the system (calculated to range between -15.0%o to -1.9%s).
Inorganic fertilizers are not used in the pastures above the cave, therefore this nitrate source was not considered.
We assumed that after conversion of inputs to nitrate, mixing below the soil zone occurred conservatively and
further fractionation through biogeochemical cycling was deemed negligible. As nitrate isotopic signatures
sourced from the re-mineralisation and nitrification of fixed N, cannot be isotopically distinguished from the
nitrification of rainfall ammonium, these two inputs were considered as a single source in the model. For each
type of material, a Bayesian mixing model was run with three chains of 300,000 iterations, a burn-in of 200,000
and a thinning of 100; including ‘cave chamber’ and ‘water type’ as fixed variables. All cave waters and
contemporary speleothem calcite samples fall inside the mixing polygon formed by the sources.

4. Results

Concentrations of nitrogen and 6*°Nno; values for all measured aqueous (cave waters and rainfall), soil / sediment
and vegetation samples are compiled and presented within Table 1 (full underlying dataset available through the
data repository at http://dx.doi.org/10.17635/lancaster/researchdata/xxx). Rainfall forms the most dilute end
member component of the system (arithmetic average rainfall concentration = 0.01 mM NOs-N). The soils above
the cave and sediments within the cave support concentrations of total nitrogen ranging between 35.7 to 461.9
mM (per kg) and vegetation growing immediately above High Hopes chamber contains the greatest total nitrogen
content of all measured components (range 1555.3 to 2599.0 mM, per kg) (Table 1). Cave water nitrate
concentrations plot intermediate to the rainfall and soil/sediment end-members (Figure 2). Ammonia-nitrogen is
present within rainfall at low concentrations (average 0.012 mM, range 0.006 mM to 0.021 mM). In cave waters
ammonia-nitrogen is present on just three separate sampling occasions, with inconsistent presence across drip
sites (average 0.006 mM, range 0.002 mM to 0.017 mM). On all other occasions, ammonia-nitrogen in drip and
pool waters is below detection.

Values of §°NN0; show clear distinction between rainfall and soil/sediment sources, such that rainfall forms the
lightest isotopic end member (arithmetic average +1.0%o, range -1.3%. to +3.0%.), compared to soils and
sediments (average +5.2%., range +2.3%o to +8.0%o). Cave drip and pool waters support 6°NNO; signatures that
are similar in composition to the soils/sediments (average +5.5%o, range +2.0%o to +7.0%o) (Figure 2). There is an
isotopic shift in 6°NNO; between the two cave chambers with waters in High Hopes chamber appearing more
enriched in >N than those in Whoopee Hall (Figure 3). Whereas bedrock samples collected from within the cave
demonstrate similar isotopic composition to the drip and pool waters (bedrock average 8>NNO; = +4.5%s),
bedrock dissolution is calculated to comprise an upper estimated contribution of 0.24% of the dripwater NO3
(calculated using ratios of calcium + magnesium to nitrate following methods in Wynn et al., 2008), confirming
minimal impact on drip water isotopic signature. The 6*°N composition of vegetation growing above the cave
ranges between -1.1%o to +2.3%o (Table 1). Whilst 680N0; values of rainfall range between +62.3%o to +71.9%s., a
distinct shift in isotopic signature is apparent between rainfall and cave waters (Figure 3), with cave water 6*0NO;
composition ranging between -2.5%o to +6.0%eo.

Nitrogen concentrations and isotopic compositions have also been measured from modern speleothem
carbonate grown within each cave chamber at Cueva-cubio del Llanio (Table 2). Concentrations of nitrate range
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between 0.05 to 0.37 mM NOs. The relative efficiency of nitrate partitioning between drip waters and speleothem
calcite (DNO3*1%) is quantified as ranging between 0.06 to 0.42 across both cave chambers when substituting for
carbonate (Table 2). On average, 81> NNO; signatures in contemporary speleothem calcite (average +4.5%o, range
+1.6%0 to +6.4%0) are enriched compared to those in the input rainfall (average +1.0%., range -1.3%o to +3.0%o),
but show no difference in value compared to the source cave waters. The 6'*ONOs; composition of modern
carbonate lies between rainfall and cave water signatures (Figure 3). Analysis of nitrate concentration and
isotopic composition is also extended to speleothems sourced from cave sites in other regions (Figure 4). Nitrate
concentration shows a wide range in values from 0.02 to 0.86 mM NOs, dependent on speleothem growth setting
(Table 3). Where coeval drip water and speleothem chemistry have been obtained, this extends the range of
DNO3*%> yp to the value of 1.43 (Table 2). The range in speleothem &'°NNO; is narrow (range +2.1 to +6.0%o),
reflecting the restricted range in 8*>°N composition from source materials (Table 3). However, the §¥0No; isotopic
composition extends from +6.0%o to +58.6%o, representative of end member materials and the extensive
fractionating effects endured through biogeochemical cycling.

5. Discussion

Interpreting groundwater nitrate dynamics from speleothem calcite requires understanding of source signatures,
biogeochemical cycling and hydrological routing through karst. Isotopic fractionation adjusts signatures from
source composition and partitioning of nitrate between water and calcite will offset speleothem concentration
profiles from true groundwater characteristics. Here, we use knowledge from the fields of nitrogen
biogeochemical cycling, groundwater hydrology and carbonate chemistry, to trace the evolution of nitrogen
inputs from source to speleothem. We use this to build an appreciation for the potential of age-constrained
speleothem records to provide an archive of groundwater nitrate dynamics.

5.1 The nitrate composition of cave dripwaters

The nitrogen biogeochemical cycle at Cueva-cubio del Llanio is known to comprise three main inputs: rainfall,
manure-derived nitrogen and nitrogen fixation. The absence of inorganic fertiliser addition to the pastureland
above the cave site precludes this source as a contributor to the drip water nitrogen signal. These inputs can be
expected to support end member isotopic compositions in the following range: Atmospheric wet deposition
S65NNO; and 6°NNH, = -15%o0 to + 15%o0 (Kendall et al., 2007), 680N0s; ~ +60%o to +95%. (Kendall et al. 2007);
Manure-derived 6Nt = -2.8%0 to +45.2%0 (Chalk et al., 2019 and references therein); Fixed N3 (6**Nfixation) =
0%o +/- 2%o (Casciotti, 2009 and references therein). The cave drip water nitrate composition reflects this balance
of inputs, albeit tempered by biogeochemical processes comprising ammonia volatilisation, assimilation into the
organic phase, soil mineralisation and nitrification. The inorganic dissolution of karst bedrock within the vadose
zone and physical processes of hydrological mixing and storage will also cause the dripwater nitrate composition
to deviate from input signatures.

Concentrations of nitrate within cave drip and pool waters are elevated relative to input rainfall. Element ratios to
chloride and 6%0/DH,0 isotopic signatures from other cave sites within the region have indicated the majority of
cave water recharge to be restricted to the winter season and the effects of evapocentration on cave drip water
chemistry to be limited (Smith et al., 2016b; Deeprose, 2018). Translating the assumption of limited evapo-
concentration affecting cave drip water chemistry to Cueva-cubio del Llanio, alongside a limited input of N from
bedrock dissolution, dripwater nitrogen composition appears to be a product of mixing between direct input of
rainfall through the karstic system and leaching of soil / sediment derived nitrogen. The §*>NNO; values of cave
waters are similar to those found in the soils/sediments. The dilute nature of nitrate within rainfall, and the
limited range of nitrogen isotopic composition between sources suggests cave waters are diluted to intermediate
concentrations whilst retaining an isotopic composition dominated by signatures of soil mineralisation and
nitrification. Due to the dominant influence of soil mineralisation and nitrification in the system, there is also an
almost complete absence of ammonia in the cave waters. The difference in §'>°NNO; composition between the two
cave chambers (Figure 3), likely reflects the source of nitrogen subsequently undergoing soil mineralisation and
nitrification. Intensively managed pasture above High Hopes Chamber, with application of farmyard slurry /
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manure, delivers a cave water nitrate isotopic signature enriched in >N. Rough grazing on the steep hillside above
Whoopee Hall, with minimal influence from farmyard slurry / manure application produces a cave water 6*°NNO;
relatively depleted in °N.

The oxygen isotopic composition of nitrate within cave drip waters provides information on the presence of
biogeochemical cycling and the relative contribution of rainfall derived inputs. The measured 8§'®0N0; within
incoming rainfall has values typical of those reported in the literature when analysed using the same microbial
denitrifier method (~+60%o. to +95%o, Kendall et al., 2007). However, there is a large shift in isotopic composition
between input rainfall and cave drip waters. Nitrate-oxygen isotopic values of cave waters range between -2.5%.
to +6.0%e.. If nitrification is the sole pathway for the production of nitrate within the cave system, this should
produce a dripwater 6'¥0N0; value that ranges between -15.0%o to -1.9%o, assuming the following conditions: a
1:2 stoichiometry of atmospheric O, and rainfall oxygen incorporation into newly formed nitrate molecules;
assumed values of +23.5%o for atmospheric O, (Kroopnick and Craig, 1972); a measured rainfall §'30H,0 range of
+0.2%o0 to -11.2%o0 within the Matienzo-Riafio region between 2011-2019; and experimentally derived
fractionation factors during ammonia oxidation (Casciotti et al., 2010) and oxidation of nitrite to nitrate
(Buchwald and Casciotti 2010). However, dripwater 6'20NO; signatures from both chambers exceed that expected
when assuming nitrification to be the sole production pathway (Figure 3). Where dripwater 6*20N0; exceeds the
upper limit of this range, further fractionation or mixing with additional nitrate source materials may be invoked.
In the present cave environmental setting where redox conditions are well-oxygenated and microbial
denitrification is deemed not to be present, we consider mixing with rainfall-derived (atmospheric) nitrate
enriched in 80 to be responsible for the excursion of values above the maximum calculated threshold.

This partial direct transit of nutrients into cave systems has also been observed as part of the sulphur
biogeochemical cycle, where either excessive atmospheric deposition of pollutant derived sulphur enabled a
direct transfer into the cave dripwaters under a diminished significance of biogeochemical cycling (Wynn et al.,
2013), or an ephemeral fracture flow system allowed the rapid transport of meteoric water through the karst
with limited storage and mixing en-route. Even though all drip sites at Cueva-cubio del Llanio in both High Hopes
Chamber and Whoopee Hall are well-homogenised in both nitrate concentration and isotopic composition,
representing a large degree of storage and mixing of water sources within the matrix of the epikarst aquifer, a
proportion of fracture flow can be expected after heavy rainfall events. It is thus suspected the origin of the
680N0; which lies above the calculated threshold value for nitrification, are due to a proportion of meteoric
water being delivered to the drip sites according to site specific karst hydrological characteristics. The proportion
of sources contributing to drip waters within each cave chamber has been parameterised using a Bayesian
isotope mixing model (Table 4). Within High Hopes chamber, drips fed from ephemeral fracture pathways
(labelled ‘Fast drips 1 and 2 in Table 1), comprise 49.8% (5.4% 1SD) of nitrate sourced from manure, whilst the re-
mineralisation of fixed N, and/or the nitrification of rainfall-derived ammonia contributes 36.6% (5.4% 1SD) and
the remaining signal 13.6% (0.9% 1 SD) is derived from the direct contribution of nitrate contained within rainfall.
Within the same chamber, drip sites fed by a matrix-controlled hydrological pathway (High Hopes drips 1-6)
support a greater proportion of nitrate sourced from the direct contribution of rainfall (16.1%, 0.8% 1SD). In the
cave waters from Whoopee Hall, cave waters fed from ephemeral fracture pathways (Whoopee pool) comprise
just 33% (5% 1SD) of nitrate sourced from manure, whilst 54.9% (5.1% 1SD) of nitrate is sourced from the re-
mineralisation of fixed N, and/or the nitrification of rainfall-derived ammonia, and 12.2% (1.1% 1SD) sourced
from the direct entry of rainfall derived nitrate. Matrix-controlled pathways within Whoopee Hall (Whoopee Drip)
contain 14.7% (1.3% 1SD) of nitrate derived from the direct entry of rainfall. Mixing models thus support the
contention that cave waters in High Hopes chamber convey a greater proportion of nitrate sourced from manure.
They also demonstrate cave waters fed by ephemeral or fracture flow characteristics contain a lower proportion
of nitrate sourced from the direct entry of rainfall, thus indicating fracture pathways to convey a greater
proportion of water which is sourced from the base of the soil zone, compared to matrix-fed drips within the
same chamber. It is therefore the nutrient status of the cave surface ecosystem, aswell as the nature of the land
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surface inputs and cave system hydrology that work in concert to drive the isotopic composition of the product
dripwaters. Input management, soil biogeochemical processing and Epikarst hydrology, thus all appear to be
controlling agents of dripwater nitrate composition.

5.2 Transfer of drip water nitrate into the speleothem record at Cueva-cubio del Llanio

The concentration and isotopic composition of nitrate within speleothem calcite has great potential to inform on
past groundwater nitrate dynamics. However, this is dependent upon nitrate partitioning and isotopic
fractionation between cave drip water and associated speleothem carbonate being quantified.

The nitrate concentrations contained within modern speleothem carbonates from Cueva-cubio del Llanio range
between 0.05 to 0.37 mM NOs. Partitioning between dripwater and speleothem carbonate causes an offset in the
nitrate concentration between aqueous to solid phase. Field based partition coefficients are calculated and
presented within Table 2. Values of DNOs (x 107°) represent a relative efficiency of incorporation into
contemporary speleothem calcite, ranging between 0.06 to 0.42 for the replacement of carbonate with nitrate,
with no percieved difference between cave chambers. Compared to the partitioning of sulphate into calcite
(Wynn et al., 2018), where the mechanism of incorporation is assumed to follow similar principles of anion
substitution (Kontrec et al., 2004), the nitrate molecule represents a lower efficiency of incorporation by
approximately 1-3 orders of magnitude (Note the typographical error in Wynn et al., 2018 where all DSO, values
are given as x10°, instead of x10°°). Quantifying the efficiency of nitrate incorporation into speleothem calcite is an
essential first step in enabling semi-quantitative reconstruction of former nitrate loading to karst vadose zone
groundwater. While the mechanism of incorporation of nitrate into calcite is unresolved, we note that the
thermochemical radii of the CO3% ion (0.178 nm) and NOs™ (0.179 nm) are similar. Given this alone, we would
expect the NOs™ to readily substitute for the COs? on lattice sites of calcite. However, any substitutions must
maintain overall electroneutrality i.e. balance of formal charges for the constituent ions within the crystal. The
substitution of NOs™ therefore requires a concurrent substitution of the Ca%* cation by a monovalent cation. Of the
alkali halides, Na* and Li* offer the highest possibility as their radii are either comparable (Na*) or smaller (Li*)
than that of Ca?* (ionic radii: Ca*0.100 nm; Li* 0.760; Na* 0.102 nm; K* 0.138 nm) (Wiredchemist, 2021). The
availability of the monovalent ion in the aqueous environment is therefore expected to influence the extent of
substitution as reflected by the partition coefficient DNOs, and indeed may explain, to some extent, the variation
in these values. Further, the partition coefficient values have a thermodynamic basis and are unlikely to define
the prevailing supersaturation of NOs” when calcite is being deposited. Clearly, fundamental studies are required
to characterise the NO3"— CO3? substitution in calcite.

The isotopic composition of contemporary speleothem carbonate grown on glass plates beneath active drip sites
within Cueva-cubio del Llanio is presented in Figure 3 and Table 2. Values of 6°NNo0; contained within speleothem
carbonate reflect closely those found within the associated cave drip waters (Figure 3). This suggests there is little
fractionation of §'°NNOs during the incorporation of nitrate into calcium carbonate and that time-resolved records
of speleothem carbonate would make excellent archives of changing groundwater nitrogen source. However,
values of §'80N0; contained within speleothem carbonate appear to be of intermediate value to those found in
the drip waters and input rainfall. This enrichment in nitrate 0 compared to the counterpart drip waters could
be due to fractionation either in the laboratory or on the speleothem surface, or due to the time-integrated
nature of carbonate deposition (6 months duration) relative to shorter drip water collection times (approx. 24
hours at the drip sites of concern). Fractionation in the laboratory during sample processing would typically occur
during acid digestion of carbonate, whereby nitrate ions may undergo equilibrium isotopic exchange with the
ambient water (Kaneko and Poulson, 2013). However, despite the acidic pH during carbonate digestion, such
isotopic exchange is considered too slow at the low reaction temperature (room temperature) and the short
timescale of low pH conditions (the reaction between carbonate powder and hydrochloric acid proceeds to
completion to achieve a neutral pH). Fractionation on the speleothem surface could be induced if the presence of
nitrate assimilating bacteria specific to the cave environment caused further biogeochemical cycling and thus
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fractionation of nitrate isotopes away from those found within the drip waters. However, if speleothem surface
microbes were responsible for driving isotopic enrichment in nitrate 80 via assimilation, this enrichment would
also be expected within the cave pool waters, which contain drip waters after transit across the speleothem
surface and cave floor. The similarity of §*30N0; within both drip and pool waters would seem to negate this
effect. We therefore consider the time-integrated nature of speleothem carbonate deposition (6 months) relative
to drip water collection (24 hours at the drip sites of concern) to be the main contributing factor to nitrate 20
enrichment. Over a growth period of 6 months, carbonate deposition will integrate dripwater nitrate sourced
predominantly from the well-mixed groundwater store, sporadically over-printed by short lived fracture flow
events during rainfall, delivering atmospheric nitrate enriched in 80 which hasn’t undergone any prior
biogeochemical modification in the soil and epikarst. Bayesian mixing models parameterise the proportion of
rainfall nitrate in contemporary speleothem calcite to range between 31.1% (4.7% 1 SD) for Whoopee Hall to
42.1% (2.7% 1SD) of the total nitrate signature in High Hopes chamber (Table 4).

5.3. Transfer of drip water nitrate into speleothem records from other cave sites

Nitrate concentrations and isotopes extracted from speleothems grown in cave sites where intensive nitrogen
biogeochemical monitoring of the contemporary system has not been undertaken, are used to demonstrate the
ubiquitous presence of nitrate within speleothem carbonate and its utility in resolving the nitrogen status of the
formation drip/vadose zone water. Nitrate concentration, 8>NNO; and 6*80NO; was extracted from the outer
growth layers of archived speleothem samples collected from Browns Folly Mine, Somerset, UK (Baker et al.,
1998) and Merc-1, Ethiopia (Baker et al., 2007; Asrat et al., 2008), or from modern carbonate precipitate collected
on glass plates beneath active drip sites at Cueva de las Perlas, Matienzo, N. Spain (Deeprose, 2018) and Pooles
Cavern, Derbyshire, UK. Material of indeterminate age (albeit certainly pre-anthropogenic) was also drilled from
the base of speleothem Ease Gill 1, Yorkshire Dales, UK (Table 3). Concentrations of nitrate present within
speleothem calcite depict a broad range (0.02 to 0.86 mM), with the greatest concentrations present within
Ethiopian sample (Merc-1). Where concentrations of nitrate have been monitored in both drip waters and coeval
speleothem calcite, values of DNOs are calculated. These are presented as DNO3*'%> = 0.11 for Merc-1 and
DNO3*1%-> = 0.45 for Cueva de las Perlas (Table 2). Efficiency of nitrate incorporation into speleothem calcite thus
appears to be within a similar range of values to those observed within Cueva-cubio del Llanio, confirming the
utility of DNO3 beyond an individual set of cave environmental conditions. The data presented (Figure 4) depict a
narrow range of 6°>NN0s values, but a range of 6'®0N0; which is broader than that discovered in Cueva-cubio del
Llanio, N. Spain. Speleothem Ease Gill-1 supports nitrate sourced from a dominant rainfall end-member. The pre-
anthropogenic calcite sourced from the base of this formation precludes the presence of inorganic fertilisers and
extensive manure sources. Both 6°NNO; and 6'80NO; therefore place the nitrate source firmly as atmospheric
deposition, which enters into the cave system without any biogeochemical cycling to re-set the oxygen isotopic
value. Speleothem Merc-1, from Rukiesa cave, Mechara, Ethiopia, supports a 6°NNO; isotopic composition which
places the nitrogen source at the boundary between manure and inorganic fertiliser. The 6¥0ONO; signatures from
two separate drill aliquots range from +6.0 to +14.5%o. The intensively cultivated area above the caves and
greatest concentration of nitrate recorded in speleothem calcite to date (Table 3) would seem to support an
inorganic ammonia and nitrate fertilizer origin), with the former being mineralised prior to incorporation into the
stalagmite calcite. A proportion of atmospheric nitrate entering into the cave without prior biogeochemical
modification is consistent with §80N0; above the maximum calculated threshold for nitrification and a fracture
flow component delivering meteoric water observed at this site (Asrat et al., 2008). Other speleothem samples
tested (Cueva de las Perlas, Matienzo, N. Spain; Pooles Cavern, Derbyshire, UK; Browns Folly Mine, Somerset, UK)
all represent modern deposition within cave sites beneath scrubland with low intensity grazing, or woodland
established within the last 100 years. The 6*°NNO0; values of all three sites fall within the overlapping source range
of rainfall, manure-N and inorganic ammonia fertiliser. The overlying vegetation would largely preclude any
organic or inorganic fertiliser input, suggesting a natural soil derived nitrogen, ultimately derived from
atmospheric deposition and nitrogen fixation to be the main source of nitrogen in drip waters and speleothem
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calcite. Values of 6'0N0s in the same samples lie beyond the expected range for microbial nitrification,
suggesting a proportion of nitrogen deposition must be as atmospheric nitrate which enters directly into the cave
drip waters without prior biogeochemical modification in the soil zone.

Speleothem carbonate thus seems to reflect the isotopic composition of vadose zone nitrate, but which demands
the dual isotopic analysis of 6°NNO; and §'80N0s to enable both source and biogeochemical modification to be
detected. As atmospheric nitrate also supports a mass independent excess of 7O over that expected from 20
(AY0) (eg. Michalski et al., 2003), which is inherited through atmospheric reaction with ozone, we propose the
use of nitrate A0 in addition to §*>N and 680 as a tracer of atmospheric nitrate deposition entering into the
cave / groundwater system without prior biogeochemical modification (cf. Dietzel et al., 2014).

Conclusions

The potential for speleothem carbonate to accurately record signals of vadose zone nitrate which extend prior to
the era of groundwater monitoring is dependent upon understanding the impact of biogeochemical cycling, karst
hydrological dynamics and partitioning, upon signal integrity. Within cave waters, measurements of 6°NNO;
demonstrate source characteristics of input nitrogen to be well preserved throughout the soil and epikarst
biogeochemical cycle. Values of §80N0; within dripwaters provide a deeper insight into biogeochemical
processing and hydrological dynamics, highlighting the importance of atmospheric nitrate deposition entering
directly through the karst without prior biogeochemical modification. Both biogeochemical cycling and
hydrological dynamics work in concert to determine the characteristics of dripwater nitrate entering into the cave
system. Across the dripwater-contemporary carbonate interface, partitioning controls the concentration of
nitrate incorporated into the speleothem record in a quantifiable manner and the speleothem isotopic record
seems unaffected by fractionation between phases. 8'°>NNO; within speleothem carbonate is thus deemed an
excellent indicator of source, whilst §'80N0; within carbonate provides a sensitive indicator of karst hydrological
dynamics and biogeochemical processing. On the basis of nitrate isotope systematics established within
contemporary speleothem calcite, application to age-constrained records which extend throughout the
anthropogenic era promise an exciting development in the ability to trace vadose zone pollution dynamics. Of
specific interest is the ability to establish a baseline pollution status to contextualise current levels of nitrate
inputs, to determine nitrate retention (legacy) dynamics through the direct comparison of input records and
speleothem concentration profiles, and the opportunity to trace inputs to source using stable isotopes.
Parameterisation of vadose zone nitrate dynamics in this way is also important for the refinement of karst
hydrological models which are currently in a limited state of development for the prediction of nitrate
groundwater quality within karst.

Figures
Figure 1: Cave plan for Cueva-cubio del Llanio, Matienzo, N. Spain.

Figure 2: Nitrogen concentration and isotope composition of cave waters, rainfall and soil/sediment in the Cueva-
cubio del Llanio system.

Figure 3: Nitrate isotope composition of cave waters, rainfall and contemporary speleothem calcite in Cueva-
cubio del Llanio.

Boxes defining the expected range of values for 6°NNO; obtained from the mineralisation/nitrification of manure,
inorganic fertiliser and rainfall ammonia are sourced from Kendall et al. (2007). The range in 6>NNO; expected
from rainfall represent those values obtained only through the microbial denitrifier method (Kendall et al., 2007).
The expected range in 6'°NNO; obtained from the re-mineralisation and nitrification of Fixed N is presented
assuming minimal fractionation from source organic matter. The expected range in 6'¥0NO; values obtained
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during mineralisation/nitrification have been calculated using fractionation factors developed through Casciotti et
al., 2007, Casciotti et al., 2010, Casciotti and Buchwald, 2010, and values of rainfall §'20H,0 specific to Matienzo
between 2011-2019 (see data repository for full compilation of values).

Figure 4: Nitrate isotope composition of speleothem calcite deposited within shallow cave systems beneath
contrasting surface vegetation characteristics.

Boxes defining the expected range of values for 6°NNO; obtained from the mineralisation/nitrification of manure,
inorganic fertiliser and rainfall ammonia are sourced from Kendall et al. (2007). The range in 6>NNo0; expected
from rainfall represent those values obtained only through the microbial denitrifier method (Kendall et al., 2007).
The expected range in §°NNO; obtained from the re-mineralisation and nitrification of Fixed N, is presented
assuming minimal fractionation from source organic matter. The expected range in 6'¥0NO; values obtained
during mineralisation/nitrification have been calculated using fractionation factors developed through Casciotti et
al., 2007, Casciotti et al., 2010, Casciotti and Buchwald, 2010, and values of rainfall 680H,0 specific to each cave
site. For cave sites in the Matienzo locale, rainfall §*30H,0 specific to Matienzo between 2011-2019 have been
used. For Rukiesa cave, Ethiopia, rainfall 6¥0H,0 was obtained from the Global Network of Isotopes in
Precipitation (GNIP) database for Addis Ababa between 1961 to 2016. For UK cave sites, rainfall §80H,0 was
obtained from the GNIP database for Wallingford, UK between 1979 to 2015 (IAEA/WMO, 2020).

Figure S1: Rainfall and drip water discharge records at Cueva-cubio del Llanio, collected between January 2018 to
September 2019.

Figure S2: Monthly water excess between January 2018 to September 2019 for the Cueva-cubio del Llanio region.

Tables
Table 1: Summary data for cave waters, rainfall, soils/sediments and vegetation at Cueva-cubio del Llanio.
Table 2: Calculated partition co-eficients between cave waters and speleothem calcite at Cueva-cubio del Llanio.

Table 3: Nitrate isotope characteristics of speleothem deposits growing within cave systems which support a
variety of surface vegetation characteristics.

Table 4: Summary modelling statistics (Mean + 1SD) for Bayesian isotope mixing (MixSIAR) presented as
proportional contributions (%) of nitrate sources into cave water and contemporary speleothem deposits. Nitrate
sources include (1) manure nitrate, (2) Nitrification of rainfall ammonia and/or re-mineralisation of fixed N,, and
(3) direct input of rainfall nitrate.

Data availability

The underlying data pertaining to figures and tables is available from
http://dx.doi.org/10.17635/lancaster/researchdata/xxx.
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Table 1
Sample pH EC Temp (°C) Total alkalinity NO;-N (mM) NHs-N (mM) 6°NNO; (%0) 5'80NO; (%o)
(mM CaCOs)
Dripwaters
High Hopes Fast 7.46 390 12.8 1.80 0.15 0.009 +6.0 +2.2
Drip 1
n=2 n=2 n=2 n=1 n=6 n=1 n=5 n=5
(7.14t0 7.78) (384 to 395) (12.5t0 13.0) (0.05t0 0.23) (+5.3t0 +6.2) (-1.3to +4.7)
High Hopes Fast 7.85 384.00 12.70 1.50 0.17 0.002 +5.9 +2.1
Drip 2
n=1 n=1 n=1 n=2 n=5 n=1 n=4 n=4
(1.24t0 1.76) (0.05to0 0.23) (+5.2t0 +6.2) (-1.5to +4.4)
High Hopes 1 7.86 493 14.6 No data available 0.12 0.007 +4.7 +3.5
n=1 n=2 n=1 n=6 n=3 n=4 n=4
(455 to 531) (0.10t0 0.13) (0.002 to 0.011) (+4.5 to +4.9) (+2.8to +4.7)
High Hopes 2 7.97 460 12.4 1.93 0.09 0.005 +6.4 +4.0
n=4 n=4 n=3 n=3 n=4 n=2 n=5 n=5
(7.59 to 8.16) (435 to 479) (11.4t0 14.3) (1.64 to 2.40) (0.08 to 0.09) (0.005 to 0.005) (+5.3t0 +7.0) (+1.5to +4.5)
High Hopes 2A 7.79 448 133 1.84 0.08 0.011 +6.5 +3.9
n=2 n=3 n=2 n=1 n=3 n=2 n=3 n=3
(7.62 to 7.95) (444 to 455) (11.8t0 14.7) (0.08 to 0.09) (0.004 to 0.017) (+6.2 to +6.8) (+3.4t0 +4.8)
High Hopes 3 7.96 441 14.4 1.59 0.09 0.005 +5.9 +2.7
n=2 n=3 n=1 n=2 n=3 n=2 n=3 n=3
(7.87 to 8.05) (425 to 461) (1.48t0 1.70) (0.08 t0 0.11) (0.005 to 0.005) (+5.4t0 +6.2) (+1.2to +3.5)
High Hopes 4 8.03 446 12.5 1.87 0.09 0.006 +6.1 +3.8
n=3 n=4 n=3 n=3 n=4 n=2 n=4 n=4
7.84t0 8.14 (435 to 458) (11.5t0 14.2) (1.85t01.88) (0.07 t0 0.10) (0.005 to 0.008) (+5.0to +6.8) (+2.8to +4.9)
High Hopes 5 7.87 437 141 No data available 0.09 0.004 +6.5 +3.4
n=1 n=2 n=1 n=3 n=2 n=3 n=3
(436 to 437) (0.08 to 0.09) (0.004 to 0.004) (+6.4 to +6.8) (+2.9to +4.5)
High Hopes 6 8.00 436 13.0 1.88 0.09 0.004 +6.5 +4.0
n=2 n=3 n=2 n=2 n=3 n=3 n=3 n=3
(7.88t08.11) (417 to 455) (12.1t0 13.8) (1.80t0 1.96) (0.09 t0 0.10) (0.004 to 0.005) (+6.3 to +6.6) (+3.4to +4.7)
Whoopee Hall 1 8.18 386 11.7 1.53 0.15 <LOD +4.2 +4.2
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n=2 n=2 n=1 n=2 n=2 n=2 n=2
(8.17 to 8.20) (359 to 413) (1.40 to 1.66) (0.14t0 0.17) (+2.0to +6.4) (+2.4 to +6.0)
Pool waters
High Hopes Pools 8.10 365 11.8 1.69 0.17 0.011 +5.9 +1.7
n=4 n=5 n=5 n=5 n=6 n=1 n=6 n=6
7.87 to 8.20 (344 to 382) (11.4t0 13.0) (1.64t0 1.82) (0.06 to 0.23) (+5.8to +6.1) (+0.3t0 +3.8)
Whoopee Hall 7.99 347 13.7 1.30 0.12 0.006 +3.0 +1.3
Pools
n=3 n=5 n=3 n=2 n=5 n=4 n=5 n=5
(7.89t0 8.11) (278 to 427) (12.4t0 14.4) (1.25t0 1.36) (0.06 to 0.23) (0.004 to 0.008) (+2.4t0 +3.4) (-2.5t0 +1.9)
Rain water
Jan — April, Sept 31 0.01 0.012 +1.0 +66.5
2019
n=3 n=7 n=7 n=5 n=5
(28.0to 70.0) (0.001 to 0.02) (0.006 to 0.021) (-1.3 to +3.0) (+62.3 to +71.9)
Vegetation
At cave entrance - - - - 2148 - +0.3 -
n=3 n=3
(2110 to 2170) (-1.1to +1.0)
Above Hope - - --- - 2012 - +1.4 -
chamber
n=3 n=3
(1555 to 2599) (+0.4 to +2.3)
Soils / sediments
Hope chamber - --- -- --- 327 - +5.9 -
Surface soils
n=6 n=6
(196 to 364) (+5.4t0 +6.7)
Whoopee - - -- - 404.8 +3.8 -
chamber Surface
soils n=3 n=3
(319.1to 461.9) (+3.5t0 +4.2)
Cave sediments --- -—- --- - 72.9 --- +5.1 -—-
n=5 n=5
(35.7 t0 192.9) (+2.3 to +8.0)
Bedrocks
Llanio bedrock - - -— - 0.71 - +4.5 10.81
n=2 n=2 n=2
(0.5t0 0.9) (+4.2to +4.7) (+5.4to +16.2)

893

894  Tabulated data are presented as average values, with the data range presented in parentheses. n-values vary with
895 sample site and measurement parameter, due to site specific conditions impacting sampling frequency and

896  availability of water for chemical determinands. Underlying data to tabulated summary statistics is available

897  through the data repository at http://dx.doi.org/10.17635/lancaster/researchdata/xxx.

898

899
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Table 2

Speleothem Collection Growth Dripwater Water Dripwater CO3* Dripwater Dripwater NOs* Dripwater NOs* NOs (mM) NO3/COs* speleothem DNO3cos 5°NNO; 6'%0NO;
growth site interval substrate pH? Temperature (mMm)° HCOs (mM)® (mM)° /COs% molar speleothem calcite’ speleo (%o)" speleo (%o)"
(°c)® ratio? calcite® (&
Hope January 2019 Stalagmate 7.93 12.4 0.020 4.12 0.09 4.24 0.1 9.98x10-6 0.24 +6.1 +18.9
Chamber 2 — August surface
2019 n=3 n=3 n=2 n=2 n=4 (3.42t0 5.34) n=1 (0.19t0 0.29) n=1 n=1

(7.59 to 8.16) (11.4t0 14.3) (0.015t0 0.027)  (3.49t0 4.75) (0.08 t0 0.09)

Hope January 2018 Stalagmate 8.05 No data 0.013 2.93 0.11 8.3 0.08 7.56x10-6 0.09 +4.6 +21.0
Chamber 3 —January surface
2019 n=1 n=1 n=1 n=1 n=4 (4.77*106 10 1.13*109) (0.06 to 0.14) n=4 n=4
(0.05t0 0.11) (+4.3t0 +5.3) (+20.0to +22.3)
Hope January 2019 Watch glass 7.87 14.4 0.011 3.38 0.08 7.79 0.15 1.46*105 0.19 +6.4 +27.0
Chamber 3 — September
2019 n=1 n=1 n=1 n=1 n=2 (7.50to 8.07) n=1 (0.18t0 0.20) n=1 n=1
(0.08 to 0.09)
Hope January 2019 Watch glass 8.03 12.5 0.016 3.71 0.09 5.38 0.12 1.23x105 0.23 +4.4 +23.2
Chamber 4 —September
2019 n=3 n=3 n=3 n=3 n=4 (4.76 10 6.73) n=1 (0.18t0 0.26) n=1 n=1

(7.84t08.14)  (115t014.2)  (0.011t00.020) (3.68t03.72)  (0.07 to 0.10)

Hope January 2019 Watch glass 8.00 13.0 0.015 3.73 0.09 6.17 0.12 1.21x105 0.20 +3.3 +32.3
Chamber 6 —September
2019 n=2 n=2 n=1 n=1 n=3 (5.60 to 6.51) n=1 (0.19t0 0.22) n=1 n=1
(7.88t0 8.11) (12.1t0 13.8) (0.09 to 0.10)
Whoopee January 2018 Stalagmate 8.18 11.7 0.018 3.02 0.15 8.67 0.08 8.05410-6 0.09 +1.6 +17.2
Chamber 1 —January surface
2019 n=2 n=1 n=2 n=2 n=2 (8.19 to 8.98) n=1 (0.09 to 0.10) n=1 n=1
(8.17 to 8.20) (0.016 to 0.02) (2.77 t0 3.28) (0.14t00.17)
Whoopee January 2019 Stalagmate 8.17 11.7 0.016 2.77 0.14 8.98 0.37 3.74105 0.42 +5.1 +12.3
Chamber 1 — August surface
2019 n=1 n=1 n=1 n=1 n=1 n=1 n=1 n=1

22



Merc-1 2004 Speleothem 7.81 No data 0.022 6.17 1.77 79.2 0.85 8.497*10-5 0.11 +3.5 +10.2
Rukiesa, latest growth
Ethiopia’ n=8 n=11 n=11 n=2 (31.7 t0 300.3) (0.841 t0 0.859) (8.417105 to 8,59*105) (0.03t00.27) (+3.5t0+3.6)  (+6.0t0 +14.5)
(7.47 t0 8.15) (0.002 to 0.089) (1.55 to 10.7) (0.71t0 2.83) n=2 n=2
CP1-15 2013-2015 Watch glass 8.39 13.4 0.027 2.71 0.04 1.47 0.07 6.634106 0.45 +2.1 +28.2
Perlas,
Matienzo! n=12 n=12 n=3 n=3 n=4 (0.46 to0 2.30) n=1 (0.29 to 1.43) n=1 n=1
(8.1t08.52) (12.0to 14.8) (0.012 to 0.039) (2.57t02.77) (0.006 to 0.088)

Tabulated data are presented as average values, with the data range presented in parentheses. See data repository for underlying analytical results. n-values vary
with sample site and measurement parameter, due to site specific conditions impacting sampling frequency and availability of water for chemical determinands.
@Range in Temp and pH reflect measured value

bTotal inorganic carbon speciation was undertaken using PHREEQC and concentrations derived from relative activity co-efficients. The range in carbonate and
bicarbonate values reflects measured alkalinity and associated sample pH unless otherwise stated.

‘Range in nitrate represents true sample values

dRange in NOs/COs?* ratio in drip waters reflects pairing of max and min values in each data set.

eRange in speleothem nitrate represents replicate analyses of the same sample

fRange in NOs7/COs* ratio of speleothem calcite represents replicate analyses of the same sample.

gRange in DNO3*19> represents pairing of max and min solid and solution ratios for each sample.

hRange in speleothem isotope values represents replicate analyses of the same sample.

ipH data taken from Asrat et al., (2008). Carbonate and bicarbonate values calculated from calcium and magnesium data obtained from Asrat et al., (2008).

IAll raw data obtained from Deeprose (2018).
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Table 3

Speleothem Cave details Sample description Year of calcite NO; (mM) in S6°NNO; (%0) 5180NOs (%o0) n=  References
Name deposition speleothem speleothem speleothem
carbonate carbonate carbonate
MERC-1 Rukiesa cave, Speleothem (surface scrape). Actively depositing when collected. 2004 0.850 +3.5 +10.2 2 Asrat et al., 2007, 2008;
Ethiopia, Mercury Natural cave site developed within Jurassic Limestone, Baker et al., 2007
chamber intercalated with marl and mudstone. Cave chamber 25 m below (0.841t00.859)  (+3.5t0+3.6)  (+6.0to+14.5)
the surface. Overlying vegetation comprises agricultural
cultivation of maize and millet following woodland clearance in
the 1930’s
BFM-96-2 Browns Folly Mine,  Speleothem (surface scrape). Actively depositing when collected. 1996 0.086 +5.5 +23.6 2 Baker et al., 1998, 1999;
UK Building stone mine within Oolitic limestone, Somerset, UK. Mine Baldini et al., 2001, 2005;
abandoned in 1886. Overlying secondary woodland developed (0.081t00.090)  (+5.4t0+5.5)  (+21.2t0+25.9) Fairchild et al., 2006
over the past 100 years.
Perlas CP1-15 Cueva Perlas, Calcite deposition on watch glass. Natural cave site with approx. 7 2013-2015 0.066 +2.1 +28.2 1 Deeprose, L. 2018
Matienzo, N. Spain  m overburden rock thickness, formed in a hydrothermal dolomite
body within Early Cretaceous carbonate deposits. The cave site is
overlain by natural grassland supporting low intensity grazing.
Pooles RC1 Pooles Cavern, Calcite deposition on watch glass beneath hyperalkaline drip site June 2019 0.047 +3.1 +13.5 1 Baker and Genty, 1999;
Derbyshire, UK. (pH = 12). Natural cave site overlain by limewaste from early 20t Baker et al., 1999b;
Roman Chamber C activity. Deciduous woodland forms vegetation cover since at Hartland et al., 2010,
least 1820. 2012; Newton et al., 2015
Pooles PE2 Pooles Cavern, Calcite deposition on watch glass beneath hyperalkaline drip site June 2019 0.021 +5.3 +28.4 1 Baker et al., 1998b; Baker
Derbyshire, UK. (pH = 10-11). Natural cave site overlain by limewaste from early and Genty, 1999; Hartland
Poached Egg 20t C activity. Deciduous woodland forms vegetation cover since etal., 2010, 2012; Newton
chamber at least 1820. etal., 2015
Ease Gill 1 Ease Gill caverns, Speleothem (basal drill sample). Collected in Ease Gill Beck, Pre- 0.186 +6.0 +57.3 3 No publications to date

Cumbria, UK

abandoned away from site of growth. Natural cave site formed
within Lower carboniferous limestone on the Yorkshire Dales —
Cumbrian border. Overlying vegetation is natural grassland
supporting low intensity rough grazing.

anthropogenic

Data values are presented as analytical averages, with ranges presented in parentheses.

(0.181t00.191)  (+5.8 to +6.0)

(+55.3 to +58.6)

Number of analyses (n =) refers to separate drill aliquots extracted from each speleothem, other than Ease Gill 1 where n represents repeat analysis of a bulk extracted

powder.
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Table 4

Cave Chamber Cave water Manure Nitrification Rainfall
Type

High Hopes (n=15) Fracture 49.8+5.4 36.6+5.4 13.6+0.9
High Hopes (n=25) Matrix 51.0+5.5 329455 16.1+0.8
Whoopee Hall (n=5) Fracture 33.0%+5.0 549+5.1 12.2+1.1
Whoopee Hall (n=2) Matrix 34.8+5.6 50.5+5.8 14.7+1.3
High Hopes speleothem (n=5) Matrix 36.2+5.4 21.7+5.7 42.1+2.7
Whoopee Hall speleothem (n=2)  Matrix 33.3+10.9 35.6+11.3 31.1+4.7
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Drip rate and rainfall intensity data from Cueva-cubio del Llanio

Drip rates were monitored in Cueva-cubio del Llanio using stalagmate loggers placed on top of actively
depositing speleothems. Each logging device was programmed to record the number of drips every 10
mins, with data processed to represent drip discharge in millilitres per hour. The conversion from drip
count to water volume assumed a volume of 0.1 ml per drop (Collister and Mattey, 2008). Rainfall was
recorded using a Pluvimate logger and raingauge housing, sited in the neighbouring village of Matienzo.
Rainfall was recorded as drops per 10 mins, converted to mm per hour using the conversion factor of 0.012.
The record duration from each logger was dependent upon the battery life and memory capacity of each
device, hence the logging hiatus between September 2018 to January 2019. Temperature was monitored
external to the cave system in the neighbouring village of Matienzo, using a Tinytag Plus, TGP4017. Data
were logged at one hour intervals and have an accuracy of +/- 0.01 °C.

Figure S1 presents a rainfall record collected between January 2018 to September 2019 within the
neighbouring village of Matienzo, plotted against the drip rate response of three separate drip locations
within Cueva-cubio del Llanio. The rainfall record shows a seasonal distribution, with maxima occurring
during the winter and minima during the summer months. This distribution is consistent with more
extensive records within the region (Smith et al., 2016; Deeprose et al., 2018).
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Figure S1: Rainfall and drip water discharge records at Cueva-cubio del Llanio, collected between January
2018 to September 2019.

Monthly water excess (Figure S2) (calculated following Thornthwaite et al., 1948) is recognised to be in
deficit within the region between June to September (Smith et al., 2016). Within Whoopee Chamber
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(Cueva-cubio del Llanio), drip rate diminishes towards flow cessation in response to the annual period of
negative water excess. Flow cessation indicates drip water supply from an aquifer of limited volume within
the karst. This is consistent with the limited rock overburden (5 m thickness) at this site. Drip records from
Hope chamber demonstrate a more persistent flux of water into the cave, achieving minimal values during
the summer months, albeit never reaching flow cessation within the duration of the logged period. Whilst
all drip records are responsive to external winter rainfall events, the most dramatic excursions are apparent
within High hopes chamber, suggesting a greater degree of flow path connectivity through the karst and
with the surface. This degree of responsiveness diminishes during the summer months as the negative
water excess prevents replenishment of the karst aquifer. Drip rate records within High Hopes Chamber are
thus consistent with a well-connected karst network, fed by an aquifer of sufficient volume to enable active
dripping throughout the period of negative water excess. Within Whoopee Hall, the aquifer demonstrates
poorer connectivity to external rainfall events, but is of limited volume such that flow cessation occurs
during the summer months of negative water excess.
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Figure S2: Monthly water excess between January 2018 to September 2019 for the Cueva-cubio del Llanio
region.
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