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(ave ice in the Ivaciceva Cave in the Julian Alps (southeastern Alps, Slovenia).
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ABSTRACT: The Triglav Glacier in the Julian Alps and the Skuta Glacier in the Kamnik-Savinja Alps are
among the south-easternmost glaciers in the Alps. Historical data show that ice masses are undergoing mass
loss as the overall climate warms. Glacier ice and cave ice contain a wealth of paleoclimatic information,
and rapid sampling is needed if any such information is to be saved before the ice is completely melted.
We present the first comprehensive geochemical and water isotope data from glacier ice, meltwater, spring
water, and cave ice in the Mount Triglav area and glacier ice from the Skuta Glacier. The samples primarily
reflect the initial precipitation signal that has been greatly modified by the input of local CaCO,-rich dust
with lesser amounts of marine aerosol and vegetation debris.
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Geokemija ledu v jugovzhodnih Alpah, Slovenija

POVZETEK: Triglavski ledenik v Julijskih Alpah in Ledenik pod Skuto v Kamnisko-Savinjskih Alpah sta
med najbolj jugovzhodnimi ledeniki v Alpah. Njuno dolgoletno opazovanje kaze, da se ledenika zaradi
segrevanja ozracja krcita. Ker ledenigki in jamski led hranita $tevilne podatke o preteklem podnebju, je
njuno vzoréenje nujno, dokler so podatki (led) $e na razpolago. V ¢lanku predstavljamo prve obseznejse
podatke o geokemiji in vodnih izotopih iz ledeniSkega ledu, talilne vode, izvirske vode in jamskega ledu
na obmodju Triglava ter ledeniSkega ledu iz Ledenika pod Skuto. Vzorci v prvi vrsti odrazajo zacetni signal
padavin, ki je bil mo¢no spremenjen z vnosom aerosola, obogatenega s karbonatom ter v manj$i meri z
delci morskega in rastlinskega izvora.

KLJUCNE BESEDE: geokemija, glaciokras, ledene jame, jamski led, vodni izotopi, Triglavski ledenik, Ledenik
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1 Introduction

The Triglav Glacier in the Julian Alps (NW Slovenia) at app. 2450-2550 m and the Skuta Glacier in the
Kamnik-Savinja Alps (N Slovenia) at app. 2000-2200 m are the only glacier remains in Slovenia (Gabrovec
etal. 2013; 2014; Triglav Cekada et al. 2020; Triglav Cekada and Zorn 2020; Figure 1) and among the south-
easternmost glaciers in the Alps (Grunewald and Scheithauer 2010). Due to their small size and the
relief-dependent lack of movement, they are defined as glacierets (Kumar 2011). As such, from the envi-
ronmental perspective they represent important mountain geomorphosites (Reynard and Coratza 2016).

The beginning of the research of the Slovenian Alps dates back to the 17h and 18" century (Miksa
and Zorn 2016), and the size of the Triglav Glacier has been estimated as far back in time as 1897 (Triglav
Cekada, Zorn and Colucci 2014; Del Gobbo et al. 2016). Excellent historical data on the Triglav and Skuta
glaciers are available due to continuous detailed measurements of both glaciers by the ZRC SAZU Anton
Melik Geographical Institute since 1946 and 1948, respectively (Pavsek 2004; 2007; Gabrovec et al. 2013;
2014). Between the years 2000 and 2013 the ice volume of the Triglav Glacier has decreased from 35,000 m?
to app. 7,400 m® (Del Gobbo et al. 2016) and has probably reached the smallest size since the Last Glacial
Maximum (Lipar et al. 2021). The Skuta Glacier has also experienced mass loss during the past six to seven
decades (Pavsek 2007; Triglav Cekada et al. 2020).

Glacier ice and cave ice represent a wealth of paleoclimatic information (Yao et al. 2011), but work in
Slovenia (Mihevc 2018) and in other parts of the Julian Alps (Colucci et al. 2016) indicates that, like the
Triglav and Skuta glaciers, these ice masses continue to undergo mass loss as the overall climate warms.
Rapid sampling of these deposits is needed if any such information is to be preserved. In this paper we
present the first comprehensive geochemical and water isotope data, collected in 2017 and 2018, from both
ice and meltwater from Triglav and Skuta glaciers’ areas. These data also include measurements of cave
ice from the Ivac¢i¢eva Cave (IC; Figures 2 and 4) and the Triglav Shaft (TS; Figures 3 and 4) located very
close to the Triglav Glacier, and water from the spring of the Triglavska Bistrica Creek (TBC) in the Vrata
Valley below the Triglav Glacier (TG) at 1175 m (Figure 1). The purpose of this work was to describe the
chemistry of the ice and its meltwater and to provide new information on the isotopic composition at this
elevation in the Julian Alps and the Kamnik-Savinja Alps. We also continue to evaluate the potential for
use of cave ice in paleoclimatological studies (Carey et al. 2019). In addition, we discuss the hydrological
connectivity among precipitation (i.e., glacier ice), meltwater, cave ice and karst spring water in glaciokarst
landscape (Zorn, Hrvatin and Perko 2020).

2 Study area and methods

2.1 Study area

The Mount Triglav (2864 m; Julian Alps) regional landscape has been termed glaciokarst (Kunaver 1983;
Zebre and Stepisnik 2015) with the flatter depressions in the landscape providing locations for the col-
lection and accumulation of winter snow (Del Gobbo et al. 2016). The ice samples from the Triglav Glacier
(TG) area come from the glacier, the Triglav Shaft (T'S; Triglavsko brezno) and Ivadi¢eva Cave (IC; Ivaciceva
jama). The Triglav Shaft is a vertical ice cave 274 m deep. Entrance to the cave occurs at 2377 m and was cov-
ered by the glacier until the early 20™ century. The Ivaciceva Cave is situated next to the Kredarica mountain
hut at 2457 m (Ticar et al. 2018). The spring water sample is from spring of the Triglavska Bistrica Creek (TBC)
in the Vrata Valley which is app. 1200 m directly below the Triglav Glacier and Triglav Shaft (Figure 1).
The Julian Alps bedrock is dominated by Triassic-Jurassic shallow water carbonate rocks (Smuc and
Rozi¢ 2009). There is a weather observatory at 2514 m that is less than 0.5 km from the glacier. The mean
annual temperature during 1981-2010 was —1.0 + 0.6 °C and the mean annual precipitation was 2070 mm
(water equivalent), with mean winter snow accumulation of 5.14 m (Del Gobbo et al. 2016). The wind

Figure T: Map showing location of sampling location and the extent of the Triglav Glacier since 1850. Inset map shows location of larger, detailed
figure. » p. 144
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Figure 2: Ice sampling in the lvaciceva Cave.

Figure 3: Entrance chamber of the Triglav Shaft where ice samples were taken.

Figure 4: Sketch of the entrance part of the Triglav Shaft and the lvaciceva Cave with the location of sampling (black dot). » p. 146
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direction is influenced by the top of Mt. Triglav just west from the station, thus the prevailing winds come
from northwest or southeast with speeds up to 190 km/h (Nadbath 2014).

Ice was also sampled from the Skuta Glacier (SG; Figure 1). The Skuta Glacier (Kamnik-Savinja Alps)
is located in a cirque oriented toward the northwest, which preserves it from the Sun for most of the year
and also influences the wind direction. The glacier lies at an average elevation of app. 2070 m. The broad-
er Mt. Skuta (2532 m) area is dominated by Triassic carbonate rocks (Mio¢ 1983), so the setting of the glacier
is also in a karstic environment. Both glaciers are fed with snow also through avalanches.

2.2 Methods

Ice samples were collected using a clean ice axe, placed into plastic bags and allowed to melt. Samples for
ion analysis were filtered in the laboratory through 0.45 um pore size Millipore filters using clean plastic
syringes into precleaned low density polyethylene bottles, as discussed in Carey et al. (2019). Samples for
water isotope analyses were not filtered but immediately upon complete melting of the ice, the resultant
water was decanted into scintillation vials, minimizing any headspace. Water samples were collected direct-
ly into precleaned polyethylene bottles and filtered (except the isotope samples) using the same technique
as the melted ice.

The samples were kept in the dark in a refrigerator until shipped to the laboratory at The Ohio State
University. Major ions were analyzed by ICP-OES (Inductively Coupled Plasma Optical Emission
Spectrometry) and ion chromatographic techniques (Welch et al. 2010). Nutrients (NO,” + NO,", NH *,
PO,* and H,SiO,) were determined with a Skalar SAN++ nutrient analyzer using methods supplied by
the manufacturer. The §'%0 and 8D of water were analyzed using a Picarro liquid water isotope analyzer.
Samples were compared to VSMOW (880 = 0%o; 8°’H = 0%o) and to internal laboratory standards as a means
of correcting raw data. Some of the ice collection bags were filled with our cleanest deionized water and
analyzed as samples to provide any evidence of contamination from the bags and these were used as blanks.
Chloride, sulfate, sodium and potassium in these blanks were below our levels of detection while mag-
nesium and calcium concentrations had mean values of 0.9 uM and 3.5 uM, respectively. Details on accuracy
and precision can be found in Welch et al. (2010) and Carey et al. (2019). Bicarbonate concentrations were
determined by the difference in charge balance as HCO,™ = Xcations — Zanions as discussed in Welch et
al. (2010).

3 Results

The major ion and nutrient data are presented in Table 1. Several general statements can be made about
the data. They include, in general, Ca>>Mg=Na>K; HCO,>S0O,>Cl; ZDIN (sum of NO,” + NO,™ +
NH,*")>>PO,*; except for the Triglavska Bistrica Spring (TBC) in the Vrata Valley, H,SiO, concentrations
are very low. The §'%0 and 8D range between —8.1%o and —12.7%o and between —56.3%o and —96.4%o, respec-
tively (Table 2). We have plotted our isotopic analyses of the ice with a regional meteoric water line which
we developed from published data (Figure 5). The isotope values all fall on or very close to the regional
meteoric water line. The very high Ca and HCO, values strongly indicate that all the ice and snow are great-
ly influenced by local CaCO,-rich dust.

4 Discussion

4.1 Geochemical data

The mean values for both the glacier and cave ice in the Triglav Glacier area (Table 2) are compared to
a high elevation snow pit and ice core data from Mt. Ortles, Italy (Gabrielli et al. 2010) and the closest ice
core to the Triglav Glacier as the Mt. Ortles core is the only core taken from the Eastern Alps, near the
border of Italy, Switzerland and Austria. These samples from Italy were collected at an elevation of 3860 m
and is the nearest high-elevation ice data adjacent to ice-free areas. These ice data represent a regional pic-
ture of high elevation precipitation chemistry in this area of the Alps and it is the nearest ice core analyzed
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Table 2: Stable isotope analyses of ice and water samples compared to VSMOW (630 = 0%o; 62H = 0%q).

Sample Sample Values Accuracy
number 580, %o 4D, %0 5180, %o 8D, %0
151 Cavelce -12.10 —87.44 0.08 1.51
152 Cavelce -11.38 —77.05 0.08 157
153 Cavelce -9.64 —65.40 0.08 1.51
154 Cavelce -10.53 —72.54 0.08 1.57
155 Cavelce -11.96 -82.15 0.08 1.51
156 Cave lce -10.67 -79.79 0.08 1.51
161 Glacier Ice -10.08 —68.63 0.08 157
162 Melt water -8.06 —52.72 0.08 1.51
163 Melt water -8.15 -52.37 0.08 1.57
1BC Spring Water -9.84 —64.94 0.08 151
561 Glacier Ice -8.69 —58.06 0.08 1.22
562 Glacier Ice -8.90 5872 0.08 1.22
IC1 Cavelce —-8.82 —57.46 0.05 0.59
IC2 Cavelce -8.63 —57.04 0.05 0.59
IC3 Cavelce -840 —54.16 0.05 0.59
IC4 Cavelce -8.54 —56.14 0.05 0.59
C4 - test Cave lce -9.01 -59.90 0.05 0.59
IC5 Cavelce -8.12 —53.75 0.05 0.59

for some of the same analyzed in our samples. We assume that the precipitation regime in the Triglav region
is generally similar to that in the Mt. Ortles area and it is then modified, either by the input of chemicals
as the precipitation falls or after it is deposited on the glacier surface. Enrichment factors (Triglav ice/Mt.
Ortles snow) can then be computed for elements under investigation (Table 1). These enrichment factors
range from as little as 1.1 for Mg and as high as 19.1 for Ca (Table 3). Calcium in the Mt. Ortles snow has
been shown to be a proxy for »dust« (Gabrielli et al. 2010). Because the surrounding bedrock in the Triglav
area is carbonate, we assume that these very large enrichments of Ca in the Triglav ice and in the melt-
water are both due to the local input of CaCO,-rich dust. The dust either dissolves as the ice melts or is
solubilized when acid is added to the cation samples prior to ICP-OES analysis, or both. The lesser enrich-
ments in Cl, SO,, Na, and K are probably also related to increased particle input from marine aerosol,
pollution, and/or organic matter debris deposited as primary precipitation or blown onto the glacier sur-
face as aeolian deposition through time. The very low H,SiO, values suggest, however, that the deposited
dust either is extremely low in silicate minerals or that these minerals are filtered out of the sample dur-
ing processing. We have observed debris on the filter paper after filtration so the latter is more likely. This
phenomenon of local dust deposition onto glacier surfaces has been observed on many glaciers all over
the world, including on glaciers in the ice-free regions of Antarctica where local soils can be suspended
and re-deposited by winds (Lyons et al. 2002; 2020). In addition, local dust deposition and erosion com-
monly occur in Slovenia, even in lower-lying regions (e.g., Zorn 2009; Miler 2014; Miler and Gosar 2015;
Zupanci¢, Horvat and Skobe 2015).

The cave ice has a geochemistry similar to the meltwater, which may suggest that the cave ice is formed
from the refreezing of summer glacier melt (Table 1).

DIN concentrations have mean value of 6.3 uM and median of only 3.3 uM. All but two of the sam-
ples have DIN < 1 uM. The DIN values observed in the Ivac¢i¢eva Cave ice are lower than the average DIN
in ice of 15 uM and 24 uM observed respectively in Paradana Cave and Snezna Cave, two other ice caves
in Slovenia studied (Carey et al. 2019). The similar values observed in the Triglav area glacier ice of 6.5 uM
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and the cave ice of 6.3 uM suggest that the DIN mass flux behaves conservatively in the glaciokarst flow
systems in the Triglav area. The dissolved PO,*" concentrations were at or below 0.50 uM in all the sam-
ples with the majority of samples measuring < 0.1 uM, with very low values in the Skuta Glacier ice and
in the cave ice (Table 1).

The DIN:P molar ratios varied widely, from app. 2 to 390 in the ice to a ratio of 622 in the spring water
(Table 1). The glacier melt yielded DIN:P of 72 and 92.5, higher than those of aquatic vegetation (app. 16)
but lower than DIN:P for trees of app. 165 (Sterner and Elser 2002). It is not clear what these large variations
of dissolved N:P ratios mean or if they truly reflect any biogeochemical significance. The low PO,*~con-
centrations reflect its particle reactivity (and removal during the filtration step), and the presence of oxidizing
conditions in all of these milieux.

4.2 Isotopic data

As noted above, the §'%0 and 8D values fall close to the regional meteoric water line, suggesting little to
no evaporation, sublimation, nor transpiration has occurred (Figure 5). The two glacier ice §'*0 samples
had values of —8.9%o and —8.7%o, while the glacier melt water was lighter, at —10.08%o. The Triglav Shaft
ice had a greater range of 80, —12.10%o to —9.64%o which may suggest a seasonal variation of snow and
water input. This pattern may also represent even longer time variations than seasonal ones, as we do not
know the true age of this material. However, the melt and spring waters are generally more enriched than
the glacier ice values. Whether this enrichment is due to some evaporitic loss or melt actually being gen-
erated from ice (or more recent snow) with a heavier isotopic signature cannot be determined.

The cave ice samples show little variation in 8'#0, similar to what has been observed in the Snezna
Cave ice app. 70km to the east of the Triglav Glacier (Carey et al. 2019). This observation suggests that
the ice from which we obtained samples may have originated from one water mass or from a constant or
nearly constant isotopic source, as has been suggested previously for the Snezna Cave (Carey et al. 2019).

The unusual environmental setting of high elevation karst has allowed these ice caves to exist in a cold-
er climate but continued warming (Hrvatin and Zorn 2017; 2018) will drive the loss of this part of the
terrestrial cryosphere and perhaps the loss of the paleoclimate information contained therein. In addition,
the terrestrial cryosphere will continue to transform in underground karst cryosphere, so the monitoring
of the process is of essential.

5 Conclusion

We have sampled glacier ice, meltwater, spring water, and cave ice in the Triglav Glacier area and on the
Skuta Glacier in the southeastern Alps (Slovenia) and analyzed these materials for major cations and anions,
nutrients, and water stable isotopes. The samples primarily reflect the initial precipitation signal that has
been greatly modified by the input of local CaCO,-rich dust with lesser amounts of marine aerosol and
vegetation debris. There is surprisingly little variation between the glacier ice and meltwater in their major
elemental composition. The H,SiO, also varies little, indicating the lack of silicate mineral weathering in
those environments. The dissolved PO,* concentrations are very low while the DIN concentrations vary
by more than an order of magnitude. This produces DIN:P ratios that also vary greatly and thus limit our

Table 3: Comparison of mean chemistry from Triglav Glacier samples with Mt. Ortles snow pit chemistry (Gabrielli et al. 2010). Enrichment factors
are calculated as Triglav Glacier chemistry divided by that of the Mt. Ortles snow pit.

Mean values a 50, Na K Mg €]
i i uM i i uM

Mt. Ortles snow pit at 3860m 24 21 19 0.4 4.2 7.7

Mean Triglav Glacier 43 120 55 23 45 145

Mean Ivaciceva Cave ice 1.6 7.0

Triglav Glacier enrichment factor 18 57 29 57 1.1 19.1
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Figure 5: Triglav glacier area samples collected during 2017—2018. Also plotted is the regional meteoric water line for Slovenia of SD=7.94*5'0+9.029
(regional line developed by Carey etal. 2019). Samples used to calculate the regional meteoric water line were collected at Global Network for Isotopes
in Precipitation (GNIP) sites: Ljubljana (336 samples from 1981—2010), Portoroz (84 samples from 2000—2006), and Kozina (39 samples from 2000—2003)
(from data of Vreca et al. 2006; 2014). All GNIP data are available at the website of the International Atomic Energy Agency (Internet 1).

ability to evaluate the sources of and the ecological impacts of these nutrients within this environment.
The 80 and 8D values of the sample fall very close to the regional meteoric water line indicating very
little modification of the primary precipitation by other processes, such as evaporation. The rapid loss of glac-
ier ice, as documented by the on-going work of personnel from the ZRC SAZU Anton Melik Geographic
Institute (e.g., Gabrovec 2013; 2014), and also the loss of cave ice, as documented by Mihevc (2018) and
others (Colucci et al. 2016), suggest strongly that in this region of the southeastern Alps the cryosphere
is rapidly being lost due to climate warming and the increasing summer temperatures will undoubtedly
hasten the loss.
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