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Abstract. The3H activity and the concentration of 23 metals microclimatic and hydrologic conditions (Mavlyudov, 1989,
and metalloids have been analysed in cave ice samples fror2008, Luetscher 2005). As such, cave ice deposits appear as
the perennial cave ice deposit of Vukii$ce Cave, Velebit a useful alternative to Alpine glaciers (Schwikowski, 2004)
Mt., Croatia. The results of tritium measurements excludeto study the palaeoenvironmental and/or air pollution his-
a secular age for the upper 2.4 m of ice deposition, and protory. To what extent such underground ice bodies might hold
vide clear arguments that the sampled ice sequence consigisst environmental and climate information, however, is still
of frozen post-1950 precipitation. Measured concentrationgoorly known. The most intensively studied parameters in
of most of the analysed elements have largely surmounted rezave ice are the stable water isotopes (Yonge and Macdonald,
ported concentrations of similar elements from local precip-1999; Férizs et al., 2004; Persoiu et al., 2007, 2011, Persoiu
itation or Alpine snow/firn/ice records, whereas three metalsand Pazdur, 2011; Kern et al., 2009, 2011; May et al., 2011),
(Cr, Cu, Pb) show concentrations comparable to them. Prinwhereas the trace-element composition is almost completely
cipal component analysis was used to select three groups afnexplored. Only a few studies reported chemical data of
elements. The Ca-Mg-governed group (PC1) encompassasajor ions in ice (Citterio et al., 2004a, b; Claussen et al.,
the bedrock-related components; their fluctuation might thus2007), while we are unaware of minor and trace elements
reflect the past intensity of dissolution in the epikarst. PC2,studies.
with the most characteristic elements being Na, Cr and Pb, In the framework of a bilateral Croatian-Hungarian re-
probably preserved an atmospheric depositional signal. PC8earch project, we have investigated the perennial ice accu-
is governed by Al and Fe. This probably carries the distal,mulations of the Velebit Mt., Croatia, to evaluate the poten-
non-karstic crustal signal and hence might be related to attial of the glaciochemical signal in the reconstruction of the
mospheric circulation (i.e., wind direction and speed). past local/regional climate and pollution history.

The main objective of this paper is to report the results of
a pilot study of major and minor trace element compositions
of a cave ice deposit and to compare these data to local pre-
cipitation, soil water and other glaciochemical records. In

Perennial ice and permafrost occur even in regions Whergdd't'on’ a first-order estimate of the age of the ice body is

the surface elevation is well below the regional glaciation provided.
threshold (snowline), provided that caves provide favourable
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Fig. 1. Location of the Vukusi Ice Cave (1) and the Zavizan meteorological station (2). Gray shading in the map shows the territory of
Croatia.

2 Site description VUKUSIC SNJEZNICA - VUKUSIC ICE CAVE
North Velebit Mt., Croatia

2.1 Description of the cave

Entrance 2

VukuSi€ Ice Cave (Vuku&@ snjeznica, 448N, 14.98 E,
1470ma.s.l.) is located near the ZaviZzan Peak in the north- °
ern part of the Velebit Mountain, in the Croatian part of the
Dinaric karst 8 km off the coast (Fig. 1). To aid visualization
of the area a GoogleEarth link is provided in the Supplement.
Vukusic Ice Cave, hosted in Middle Jurassic limestone,
consists of an entrance part and two chambers (Fig. 2b).
These chambers are connected with the upper entrance vi. 2
a shaft. Both cave chambers are filled by permanent ice. The
length of the cave is 20m, and the depth, from the upper
entrance to the ice level, is 30m. The thickness of the ice 4, Py et
body is up to 15 m. Rock overburden4sl0O m, so any ma- IR R/
jor karstic reservoir can be excluded to contribute karst water
to support cave ice formation. Nevertheless, infiltrating wa- ,; |
ter gets in contact with the limestone even if only for a short ;
distance. Direct atmospheric precipitation can be expected ....Rosition of borehole
to be a significant water source for the formation of ice in o ___1om ‘
Vukusi¢ Ice Cave due to its shallow position and direct expo-
sition through the entrances (Fig. 2). Additionally, a massive

Longitudinal cross-section

Ice levels:

------- 1962
—— 2008

Entrance 1

Lateral cross-section
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=)

snow-plug forms at the lower entrance during winter and the Entrance 1 2117 zZm—

melt water drains onto the cave ice surface during spring and )

summer. Further, rain and melt water enter through the uppel Entance 2

shaft and/or rapidly infiltrate through the thin and fractured

rock cover above the cave. Fig. 2. Sketch of Vuku& Ice Cave (redrawn after Kuhta, 2002)

Vukusic Ice Cave is largely a static cave with congela- With lines marking the ice level at the given date (according to SDH
tion ice (Luetscher and Jeannin, 2004) and we did not no-1962 and recent observations). The ice core locations are indicated.
tice any outward air circulation in summer during our explo-
rations. We cannot completely exclude a dynamic ventila-
tion during certain times of the year, however. In winter, air
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temperature differences apparently trigger air circulation be-

tween the cave and outside atmosphere. Further, in summel e e

similar air temperature differences between different parts of R e

the cave likely give rise to slow convection in the cave. 300 1 w ’—-5———; e [
The first cave survey was made in late summer of 1962 e

(SDH, 1962). The main chamber was almost completely R

filled by ice at that time (Fig. 2). Subsequent surveys were T B . "

carried outin 1996, and by the authors in 2007 and 2008. The
ice surface lowered-20 cm from 1962 until October 2007
(Kern et al., 2008) and further lowered an additional 6 cm
until October 2008. Local speleologists reported that the el-
evation of the ice body remained stable untR000. A pro- 01
nounced loss of ice has been documented since then. The tc

tal ice-covered area was ory50 n? in October 2007, and

the volume of the ice block was estimated to 550-780m ™ i res war avr wav s s Aue s ooT Nov DEC
Angular limestone debris cover the surface of the floor ice

since our first visit to the cave. This is in contrast to the con-Fig. 3. Climate variables at Zavizan. Monthly mean temperature
ditions documented by the first survey when a debris-free icdred) and precipitation totals (blue, in water equivalents) for the
floor was reported. A detailed survey of the deeper part of thel 958-2009 period. Inset figure: long-term average distribution of
cave is still missing as the gradually expanding side crevass¥ind direct_ions._ Pe_rcentage_ va_lues for the prevailing easterly and
is still too narrow to descend and explore the abyss. westerly wind directions are indicated.

00 A F5

precipitation (mm we
temperature (°C)

2.2 Climatic setting and reference data for the local

precipitation 14.52 E, 520ma.s.l.) in Slovenia. There, mean annual con-

centration data are available for As, Zn, Cu, Cr and Pb from
2008 (EMEP, 2010).

The local reference data for climate and precipitation chem . )
precip The concentration of Na, Mg, K and Ca was measured in

istry was obtained from the nearby ZaviZzan meteorological . Lo
station (44.82N, 14.98 E, 1594ma.s.l.). The distance be- (e SOil water at 10cm depth at a couple of sites in North
tween Zavizan station and the ice cave is 1500 m. Air temper—V elebit (Vrbek, 2005) and were compared with the cave ice
ature at this station follows a typical annual cycle (Fig. 3) anddata' . .

the coldest months are January and February, when the mealnThree additional Alpine datasets were used for compar-
monthly temperature is4°C. The warmest months are July ison. Trace elements were determmed from an extens!ve
(12.4°C) and August (12.6C). The long-term (1958-2009) snow sample dataset collected during the 1997-1998 win-

mean annual precipitation total is fairly high (1950 mm) and ter sea:f,on at 21 sites in the Dolqmltes _ca._ 300 km NW of our
shows two maxima, a minor one in April and a major one in study site (Barbante et al., 1999; Gabrielli et al., 2008). The

November. Easterly and westerly wind directions dominateelevatlon (I)f tr:je S';GFSB%ngeS frlom 10?? 0to d3000 .
(37.4% and 21.7 %, respectively, of the total distribution of average aititude o ma.s.l., so these data are compara-

wind directions). Easterly wind (bora) is always dry. Hu- ble to the elevation of the studied ice cave. Glaciochemical

mid air and precipitation are brought into the study area by:cjata for maj.?r ag(?c.mlnor Chem'ﬁal eletmer:tsdwizr;gggbllshe(ld
advective westerlies. rom snowpit and firn core samples extracted a ma.s.l.

The tritium activity had been monitored in precipitation at Mt. Ortles representing 2009—2006 deposition (Gabrielli
. : et al., 2010; Gabrieli et al., 2011). Mt. Ortles is ca. 400 km
SLrzza(\)/é)zga?Hztr?,g%gicb;w;?egoigpt\?g;)irt ;0 Ogogg;j Eaegte n\NNW of our cave site. Finally, trace elements data of the
- s v ! ! : 1950-1980 period (Gabrieli, 2008) from the Colle Gnifetti
tritium activity at Zagreb and Vienna was also used as a re—ﬁm fice core, Monte Rosa (Barbante et al., 2004) were also
gional reference (IAEA, 2004) in order to evaluate the tritium . ' "

: : . .included. The 1950-1990 time window was used, as it en-
concentration values derived from the cave ice. Decayed tri-

tium activity was calculated using the half-life of 12.32yr compasses the most polluted section of the record. The ele-

(Lucas and Unterweger, 2000) to allow a comparison Withvation of the sampling site_ gt Colle Gnifettiis at 3830 ma.s.l.,
the cave ice data. and the distance to Velebit is 570 km.
The chemical composition of precipitation has been mon-
itoring at Zavizan since 1981 (EMEP, 2010, Spoler €ani
et al., 2009). Na, Mg, K and Ca were measured both in
the local precipitation and in the cave ice. Unfortunately,
trace metals are not avaiable from Zavizan. The nearest sta-
tion where these metals were measured is Iskrba (4534
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3 Materials and methods Germany) was added to the filtered samples and the samples
were subsequently stored in a fridge.
3.1 Sample acquisition and handling
3.2 Tritium measurements
3.1.1 Icedrilling
Tritium (3H) activities of VS_upper and VS_lower samples
Two drill cores (diameter 3 cm, length 2.4 m and 26 cm) werewere analysed at the Laboratory for Measurements of Low-
extracted from the ice deposit on 28 October 2008. Thelevel Radioactivity, Rder BoSkowt Institute. Tritium in wa-
drilling sites were positioned on the flat surface of the iceter samples was measured using a liquid scintillation counter
block (Fig. 2). All depth data are referred to as depth below(LSC) Quantulus 1220 by electrolytic enrichment of water
the 28 October 2008 ice surface. samples prior the measurement. The system of electrolytic
The deepest 40 cm-long section of the 2.4 m-long core ananrichment consists of 20 cells of 500 ml volume and equip-
the 26 cm-long ice core were kept as one sample and labellethent for primary and secondary distillation. The final vol-
as VS_lower and VS_upper, respectively. Both samples wer@ime of water sample after electrolysis wast19ml. The
broken and put into 11 plastic bottles. average enrichment factor was 2. A mixture of 8 ml
The upper 2m-long segment of the 2.4 m-long ice coreof enriched water and 12 ml of scintillation cocktail Ultima
was cut into 36 segments. The mean sample length i$5old LLT was used for counting in the LSC. Results are re-
~5.3cm (range 5.0 to 5.7cm). Subsamples were labellegported in tritium units (1 TU=0.1183 Bqt; Curie, 1995).
VS1.1 to VS4.6 and VS6.1 to VS7.6 starting from the sur- The limit of detection is 0.3 to 0.5 TU, depending on the
face of the ice body. VS5 is not an ice sample as the fifthmeasurement duration.
run got stuck in a branch and only a few centimetres of wood
chips were recovered. This wood was embedded in a mudd$.3 Chemical composition of the cave ice
ice layer. Limestone fragments up to 2 mm and dark muddy
material rich in organic matter were observed in three con-The element content of the filtered samples was deter-
secutive samples VS4.6, VS6.1 and VS6.2, corresponding téhined using a ThermoFinnigan Element2 Magnetic Sector-
the 1.24-1.44m depth range. This probably indicates a pefield ICP-MS at the Institute of Isotopes of the Hungar-
riod when ablation of the ice and influx of soil material into ian Academy of Sciences. Samples were analyzed along
the cave occurred. Consequently, the core was subdividewith blank samples. Instrument operation parameters were:
into three main stratigraphic units. The first unit (0-1.24 m) RF power 1340 W, cooling gas flow rate 15.4 | min aux-
is characterized by clean ice. The second unit (1.24—1.44 mijiary gas flow rate 1.01Imin', nebulizer gas flow rate
is composed of dirty ice (probably due to soil contamina- 0-965Imir, solution uptake rate 100 pl mih, mass win-
tion). The third unit beneath 1.44m is again characterizeddow 5, samples per peak 200, search window 60, integration

by clean ice (for a diagram showing this stratigraphy see thevindow 300, integration type & 5. The appropriate resolu-
Supplement). tion (m/Am: 300 (low), 4000 (medium) and 10000 (high))

No fluid was used during the drilling process in order to Was chosen for each element depending on the interferences.
minimize contamination (Boutron and Batifol, 1985). In ad- The sample was introduced using an ASX-520 Autosampler
dition, rinsing of the cores was also avoided:; instead, me{Cetac) conical nebulizer (1 mimin sample flow rate) and
chanical decontamination was applied (Boutron and Batifol,@ Scott-type spray chamber.

1985), whereby the outermost 2 mm of ice were peeled from Procedural blanks were determined as follows: 40 ml Mil-
each core using plastic knives. Knives and tubes had beelipore water was filtered by the same syringe filter placed into
pre-cleaned with Millipore ultrapure water in the laboratory, plastic centrifuge tubes and was treated identically to cave
dried and kept clean until sampling. Different knives were ice samples. The procedural blank values were subtracted
used for each sample. Core processing was done using p|a§’.0m the concentration and all samples with a final concen-
tic gloves, which were washed with distilled water betweentration below the limit of detection (LOD, 0.01ng$) were
each core and dried with clean paper wadding. discarded.

Each subsample was put into a clean and dry standard Forty-five chemical species were screened and 23 were
50 ml centrifuge tube, sealed and stored in insulated boxes. above the detection limit at least in one out of the 36 anal-

ysed samples; however, only 12 elements were detected in
3.1.2 Sample treatment in the laboratory each ice sample.
Principal component analysis (PCA; Jolliffe, 2002) was
In the laboratory all samples were left to melt completely. carried out to detect the main modes of common variability
Due to the large detrital content of three samples (VS4.6,among elements. Component loadings (eigenvectors), which
VS6.1, VS6.2) all samples were filtering using Whatman display the pattern of association of elements with each com-
syringe filters (pore size 0.45um, filter material: acetateponent, were employed to detect groupings in the ice core
cellulose). 100 ul distilled concentrated nitric acid (Merck, chemistry. PCA, using statistiXL v 1.7 beta, was established
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7 © Table 1. Basic statistics of elemental concentrations measured in
i the samples of Vukué&iice core. If the concentration of a particular

: m | — Zagreb . . .
WWWWWWW — Zavizan element is below the Limit of Detection (LOD) then LOD/2 was
: Vienna , used in calculating the mean concentration. To avoid a bias due to

this artificial substitution only those elements are reported for which
less than four samples were below LOD. Value given in ng.g

Mean Median Min Max

tritium concentration (TU)

Na 375 259 54 1990
Mg 174 64.1 27.8 1630
Al 70.4 50.1 9.19 231
K 261 210 <LOD 1250
Ca 7310 3660 2590 47500
Cr 0.268 0.208 0.026 1.52

Dec-73 %
Dec-75
Dec-77
Dec-79
Dec-81
Dec-83
Dec-85
Dec-87 A
Dec-89
Dec-91
Dec-93
Dec-95
Dec-97
Dec-99
Dec-01
Dec-03

Fig. 4. Decay-corrected tritium activity of past precipitation at Za- Mn 195 5.75 0.755 324
vizan (red) and Zagreb (black) over the 1973-2003 period. The Fe 315 26.1 3.82 88.3
inset figure shows the same graphs completed with data from Vi- Co 0.082 0.039 <LOD 0.475
enna (gray) — the longest regional tritium record. Thin lines show Cu 0.263 0.137 <LOD 2.25
of monthly data, thick lines (12-month moving average) emphasize Zn 425 32.7 5.49 148
the annual variability. As  0.493 0.200 0.053 3.37

Rb 1.08 0.284 0.071 13.42
Sr 6.84 3.11 1.80 45.7

on the subset of those 12 elements which were detected in Ce 0.039 0.034 <LOD 0.124
each ice sample. Only PCs with an eigenvakiiewere con- Pb 0241  0.204 0.056 0.563
sidered. U 0.088 0.027 <LOD 0.767

4 Results and discussion
weapon tests, appeared in European precipitation around
4.1 Results of the tritium measurements ~1953 (Eriksson, 1965). So the measufedactivity of the
VS_lower sample suggests mixing of pre-bomtO(1 TU)
The tritium levels in the VS_lower and VS_upper samplesand post-bombx~10 TU) precipitation. As a conservative
are 1.8-0.5 and 9.9 0.6 TU, respectively. The concen- approximation we suggest that the ice accumulated from the
tration of the upper sample is higher than the measure%recipitation fallen between 1950 and 1955.
amount-weighted mean tritium concentration of the local re- Assuming a constant depositional rate these ice core sam-
cent (September 2000—-August 2003) precipitation (6.75 TUp|es represent a temporal resolution~d3.88 yr or~0.14 yr

— Horvatirtic et al., 2005). Based on the decay-correctedit the uppermost layer is from the early 1980s or 1960s.
time series of pastH concentration of local and regional

precipitation (Fig. 4) itis evident that the closest time period4.2 Elemental concentrations of the cave ice
when the ice layer of VS_upper sample could deposited is
1991. However, we feel it is unlikely that30 cm of ice were  Element concentration data for 36 cave ice samples are pre-
deposited in the early 1990s and are still preserved, if we consented in the Supplement and mean concentrations of the 17
sider the measured recent ice loss rate of-gdcmyr! and most abundant elements are shown in Table 1.
the long-term (1962—2007) negative rate of ice-level change. Ca is the most abundant ion in the cave ice. Additional
Two additional periods whostH concentrations in precipi- major elements, with median concentrations above 601g g
tation were similar to those in the VS_upper sample are theand maximum concentrations above 1 [g @re Na, K and
early 1970s until the early 1980s, as well as a shorter intervaMg. Minor components, with median concentrations rang-
between 1954 and 1960. Between these periods (i.e., fronng from 3 to 50 ng g* and maximum concentration between
1961 to early 1970s) the decay-corrected activity of the past-40 and 400 ngg* are Al, Zn, Fe Mn and Sr. Trace com-
precipitations is still estimated to be above 10 TU (Fig. 4). ponents with median concentration below 1 ng gnd max-

The tritium activity of the lower sample is fairly low but imum concentration below 15 ng§are Cr, Co, Cu, As, Rb,
definitely higher than the pre-1953 level, when the natu-Ce, Pb and U.
ral level of tritium in Central European precipitation was  As expected, the cave ice samples contain much more Ca
around 5 TU (Roether, 1967), and which have since decayednd Mg than the long-term (1981-2009) mean concentration
to ~0.1 TU level. Much higher atmospheric tritium con- in ZaviZzan precipitation (Table 2.) This large enrichment
centrations, a “by-product” of atmospheric thermonuclearof Ca and Mg is in agreement with results from other ice

www.the-cryosphere.net/5/485/2011/ The Cryosphere, 5,4852011
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Table 2. Average elemental concentrations in the three stratigraphic units of the ikeiore and in the local precipitation, soil water, an
Italian cave ice and three Alpine snow/firn/ice records. Values are imhg@epth ranges of the three stratigraphic units: Mean 1: 0-1.24 m,
Mean 2: 1.24-1.44m, Mean 3: 1.44-2m.

7a@  Iskibd N Velebit LolLc

f g
Vukusic ice core sofl 1650 ort®  CG Dol

Meanl Mean2 Mean3

Na 459 415 170 0.83 0.28 580 447 44

Mg 57.4 914 218 0.32 0.06 460 1115 45

Al 69.2 28.3 85.9 344 175

K 279 532 140 0.49 0.04 640 19.3 19

Ca 3560 33800 8000 1.56 0.31 3970 589 281

Cr 0.292 0.183 0.238 0.15 0.05 061 0.10
Mn 4.95 134 18.6 0.83 2.4

Fe 28.2 44.4 35.0 534 13.7 273
Co 0.040 0.253 0.127 0.01 0.03

Cu 0.284 0.326 0.195 0.68 0.16 035 0.72
Zn 48.8 17.3 35.6 2.45 0.96 4.20 3.5
As 0.224 2.34 0.556 0.10 0.02

Rb 0.266 5.97 1.48 0.04

Sr 2.90 33.2 8.02 0.68

Ce 0.034 0.049 0.049

Pb 0.258 0.269 0.194 0.80 0.11 4.6

U 0.027 0.421 0.129 0.00 0.02

2 |ong-term mean of annual mean values of local precipitation from 1981 to 2009 at Zavizan (EMEP,bZﬂm%st monitoring station for the heavy metals (2008) and 2003-2008
for Na, Mg, K and Ca (EMEP, 2010%, mean annual concentration in soil water at 10 cm depth, North Velebit (Vrbek, 2%5)4e ice from LoLc 1650 “Abisso sul Margine
dell’Alto Bregai” cave, Lecco, Italy (Citterio et al., 2004&)snow samples corresponding to the 2008-2005 deposit collected in a s now pit of Glacier Alto dell'Ortles (Gabrieli et
al., 2011);f Colle Gnifetti ice core, Monte Rosa, time period of 1950-1980 (Gabrieli, 2008; in: Gabrieli et al., 20h&jn concentration in snow fallen between December 1997
and April 1998 at 21 sites in the Dolomites at altitudes ranging from 1000 to 3000 m (Gabrielli et al., 2008).

caves (Citterio et al., 2004a; Claussen at al., 2007). The Ca The Na/K ratio in cave ice ranges between 0.4 and 4.0,
concentrations (minimum, mean, median) are lower than thevith a median of 1.7, whereas it is 1.7 in local precipitation,
values reported from DobSina Ice Cave (20 ppm; Claussen end 0.9 in the soil water. The Na/K ratio in ice shows inter-
al., 2007) but higher than those from an Italian ice cave (camediate values between precipitation and soil water, except
590 ppb; Citterio et al., 2004a). for the second stratigraphic unit, where a slightly lower ratio
Ca and Mg concentrations in cave ice are much higher thars observed.
in the local precipitation. Compared to local soil water, we These data suggest the dominance of atmospheric deposi-
found lower values in the upper stratigraphic unit and highertion in the upper unit. However, an additional source can be
values in the second stratigraphic unit. In the third strati- suspected as Na and K concentrations are much higher in the
graphic unit, both elements show lower concentrations tharfirst unit compared to precipitation. The Na/K ratio suggests
in the second unit. a soil water dominance in the second unit. This glaciochem-
The second and third most abundant elements are Na anidal change is in line with the visual stratigraphy of the core,
K. Their concentrations in the ice also exceed the values ret.e. soil contamination in this unit. However, the 10-fold in-
ported for local precipitation, but are below the correspond-crease in Ca concentration and the accompanying decrease
ing elemental concentrations in soil water. in the Ca/Mg ratio cannot be explained by an increase in the
The Ca/Mg ratio in the cave ice ranges between 29 anccontribution of soil-derived water. The increased Na/K ratio
117, with a median of 55. The mean ratio in the annual pre-and decreased concentrations in the third unit suggest higher
cipitation at Zavizan is 5.9 (range 1.5-12), whereas it is 8.6atmospheric deposition and lower soil input; the high Ca/Mg
in soil water. ratio, however, again cannot be explained by either precipi-
Apart from their high concentrations, the large difference tation or soil water. To resolve these contradictions, a third
in Ca/Mg between precipitation and cave ice provides strongsource needs to be considered. This component has high Ca
evidence that Ca and Mg are not sourced from local atmo-and low Mg concentrations (to explain the high Ca/Mg ratio)
spheric deposition, but are derived from within the karstbut practically no Na and K. It is likely that limestone is this
system. This interpretation is in agreement with Citterio etthird component.
al. (2004a).
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0.8 1 mWPC 1(49.47%)  DOPC1(46.85%) 4.3 External and internal chemical signals in the

mPC 2(22.63%) OPC 2 (23.97%)

0.6 PC 3 (15.15%) PC 3 (16.99%) Cave Ice
1 The eigenvalue of the first three principal components ex-
021 ceeds 1, the chosen threshold, and these explain 87.81 % of
00 1 the total variance (Fig. 5). PC1 explained half (44.85 %)
of the variance. The score coefficients reveal that the more
abundant elements (Mg and Ca) obtained the highest scores
on PC1 (Fig. 5). However, Sr, Co, Rb, Mn show only slightly
061 smaller scores. PC2 carries more than one fifth (22.63 %) of
084 the total variance. Na, Cr and Pb show the highest score on
Nao Moo AL CaGroMn FeoZn A Roo ST Po PC2. K was not included in the PCA because its concentra-
tion was below LOD in the deepest sample, but K also sig-
Fig. 5. PCA score coefficients represented as bars with heights pronificantly co-varies with the above three elements. Finally,
portional to the value of the coefficient. Filled and empty bars rep-PC3 explains 16.99 % of the variance and is governed by Al
resent the scores obtained from PCA established on the full datase&ind Fe.
and on the truncated dataset, respectively (for details see text). Vari- Since many elements are present at anomalously high con-
ance distribgtions of the first three PCs are given in parentheses fogentrations in the samples corresponding to the mud/soil
both scenarios. layer it is suspected that this contamination strongly biased
the results. To test this hypothesis the PCA analysis was re-

The upper stratigraphic unit (0-1.24m) is characterizegP€ated excluding the samples with the unusually high con-

by values intermediate between precipitation and soil watercentrations (VS4.6, VS6.1, VS6.2). Neither the grouping nor

The atmospheric fingerprint is significant in the elementalhe relative magnitudes of the scores changed (Fig. 5) show-
composition of this unit. The second unit (1.24—1.44 m) is N9 that the previous results were robust and unbiased.
characterized by strongly increased concentrations for most 1he characteristic member of PC1 group is Ca, Mg and
studied elements. Ca/Mg and Na/K ratios are lower than in" (Fig- 6), typical trace elements of drip water in limestone
the upper unit. Contribution from soil water and dissolution ¢2ves (€.9., Fairchild and Treble, 2009), are strongly corre-
of host rock (limestone) are likely the main sources control-12ted with Ca. Hence, these three elements are attributed to
ling the chemical composition of this layer. The third unit limestone dissolution in the karst system. Trace elements
(1.44—2m) is characterized by the lowest Na and K con-Such as Mn and Rb are strongly correlateq with Ca, Mg and
centrations, but elevated Ca and Mg concentrations. The"- The former, however, these are not typical for karst rocks,
Ca/Mg ratio remains the same, but the Na/K ratio is higherPut are more likely sourced from the soil above. _
than in the unit above. Limestone dissolution is probably the Eleéments that do not show asignificant positive correlation
main source determining the chemical composition of thisWith the Ca-group are probably indicating a source other than
layer. Moreover, atmospheric deposition probably exceededn€ local bedrock, i.e. the atmosphere.
the soil water contribution in this unit. Among the elements with high concentration, Na obtained
Regarding minor and trace elements, Zn and As show 4he highest score on PC2 (Fig. 5). Cr and Pb also have high
significant enrichment (2 to 20-fold) over Iskrba precipita- Scores on PC2 and tend to show higher concentrations near
tion. In addition, these two elements, together with Al, Mn, the surface of the ice (Fig. 6). K and Cu are also positively
Fe, Rb, and Sr, show a significant enrichmentQ-fold) as correlated with the variance of PC2_=( 0.78, p < 0.000 for
compared to the Alpine glaciochemical records (Table 2). Sfoth), but they cannot be included into the PCA because K
is also related to the karstic environment (see Sect. 3.4). Mi\vas below LOD in the deepest ice sample and Cu was be-
and Rb are remarkably increased in the samples corresponé@W LOD in two samples. This group of elements (Na, K,
ing to the muddy layer (Table 2), most likely due to soil water CT. Cu, Pb) seems a bit unusual, inasmuch as Na and K are

contribution, thus masking any atmospheric depositional sigknown to be major components of sea salt, while Pb and Cu
nal. usually indicate an anthropogenic origin. In addition, as dis-

Cr was present in the cave ice at similar concentrationsFussed above, Cr, Cu and Pb show concentrations compara-
as measured in the nearby Slovenian precipitation (EMEPPI€ to other regional atmospheric depositional records. We
2010), while Cu and Pb show lower concentrations. Thereéckon that a joint atmospheric transportation route can ex-
mean concentrations of these elements match the elemenlain their common variation. It is well known that Pb is

specific range of the Alpine snow/firn/ice records. due by anthropogenic pollution (combustion of leaded gaso-
line) over the past century (e.g. von Storch et al., 2003) with

northern Italy being one of the largest Pb emission centres of
Europe (Pacyna and Pacyna, 2000; von Storch et al., 2003).
This has also been documented by glaciochemical evidence
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Fig. 6. Concentration profiles of the characteristic elements attributed to the three leading principal components in tltecsu&Lse
core. First row (Ca, Mg, Sr) is PC1, second row (Na, Cr, Pb) is PC2 and the third row (Al, Fe) is PC3. The maximum concentrations of the
elements in PC1 group located in the deepest sample of the muddy layer are indicated.

(Schwikowski et al., 2004). Westerlies could transport bothemissions (Gabrieli et al., 2011). Consequently, this regional
this Pb and marine aerosols from the nearby Adriatic Sea tancrease in Zn and Cu emission may be responsible for the
the Northern Velebit. increased Zn values in the cave ice.
Al and Fe show the highest scores on PC3 (Fig. 5). Their
mean concentrations in the cave ice exceed the mean concen-
trations of the 2003-2007 firn at Ortles ;20 times for Al,
and by 5-8 times for Fe. However, Fe, especially in the uppe
unit, agrees fairly well with the mean value reported from the
Dolomites for the 1997/98 winter (Table 2). Fe and Al may Two ice cores were extracted from the perennial cave ice de-
both be due to dust of geogenic and industrial origin. Thesg?0sit of Vukust Ice Cave, Velebit Mt., Croatia. These ice
components probably carry a mixed signal of distal crustalcores were studied in order to explore the potential of the
(from outside the karst region) and anthropogenic sources. pr_eserved gIamochemlca! signal in the reconstruction of past
Zn is the only element sharing variance almost equally be-Climate and/or pollution history.
tween two PCs, PC2 and PC3. This might indicate two depo- The tritium concentration at 2-2.4 m depth suggests that
sitional pathways for the Zn over the Velebit region. One isthe ice deposit was built by precipitation which feld5yr
linked to the elements grouped in PC2 and the second one 890, and the uppermost 0.26 m-thick ice layer formed be-
linked to PC3. The cumulated flux from dual sources couldtween the early 1970s and the early 1980s or betwekdb4
also explain the much higher Zn concentration compared t@nd 1960.
other records. Elemental concentrations and certain elemental ratios in-
Although no information exists in the Velebit region about dicate a multi-source origin of the ions present in the studied
past atmospheric deposition rates for the studied metals an2m-long ice core. Atmospheric deposition, soil water and
metalloids it is worth mentioning that the Croatian national limestone dissolution are regarded as the three major sources
emission inventory (Poljanac et al., 2010) reported increasof the ions. A qualitative mixing model is proposed by com-
ing emission for Cu and Zn over recent decades. The Italparing the Na, Mg, K and Ca concentrations and Na/K and
ian emission inventory also shows a general increase in Zi€Ca/Mg ratios from the three stratigraphical units in the ice

|5 Conclusions

The Cryosphere, 5, 48894, 2011 www.the-cryosphere.net/5/485/2011/



Z. Kern et al.: Glaciochemical investigations of the ice deposit of Vikicd Cave 493

core with the same parameters in local precipitation and soiCitterio, M., Turri, S., Bini, A., and Maggi, V.: Observed trends
water. in the chemical composition 180 and crystal sizes vs. depth in
Due to the karstic setting Ca is the most abundant ion in the first core from the LoLc 1650 “Abisso sul margine dell’Alto

cave ice. In a cave-ice environment, only those chemical Bregaiice cave (Lecco, Italy), Theor. Appl. Karst., 17, 45-50,
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Cr, Cu, Pb and Zn likely reflect past atmospheric deposition. Resuits of chemical and isotopic study, in: Proceedings of the

It is also promising that the documented trend of increasing 2nd International Workshop on Ice Caves, edited by: Zelinka, J.,
values of Zn and Cu in cave ice matches the emission trend Liptovsky Mikulas, 29-37, 2007.
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cluding detection and quantification capabilities, (IUPAC Rec-
Supplementary material related to this ommendation 1995), Pure Appl. Chem., 67, 1699-1723, 1995.
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