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The aim of this study is to detect proxies from speleothems that are suitable for geochemical and
paleoenvironmental research in Croatian karst (Dinaric karst and isolated karst of the Pannonian basin). The
main subject is elemental composition and mineralogy of speleothems from various sites in Croatian karst and
whether the different climatic, geological and hydrological characteristics of those karst regions affect elemental
and mineralogical characteristics of speleothems in order to design and plan future research. Total of 37
speleothem samples from 32 caves in different geological, geomorphological and climatic zones of Croatian
karst were collected. In all samples concentration of 30 elements was determined by ICP-MS and mineral com-
position was analyzed by XRD. In 82% of studied samples calcite is the only mineral identified. Minor minerals
detected are: quartz, dolomite, muscovite/illite, chlorite and plagioclase. Besides the most abundant calcium,
the elements with the highest concentrations (N500mg/kg) are: Al, Fe, Si andMg. Elements with the lowest con-
centrations recorded (b1 mg/kg) are: Be, Cd, Tl, W, Bi, U, As and Co. Besides Cd, other heavy metals used as an-
thropogenic contamination indicators have very low concentrations (b10 mg/kg). Statistical relationships
between elements were established. A boxplot statistical method showed that largest numbers of anomalies
are present in all three samples from Lukina jama located on Northern Velebit Mountain, where a whole series
of elements, including many heavy metals, show extreme values (Pb, Cu, Zn, Mn, Ni, Cr, Co, Ba, K, Mg, Li, Be, Al,
U, Si, Ti, W, Fe, As). Factor analysis showed that anomalies of element concentrations in most cases can be ex-
plained by localmineralogical conditions. This studywill significantly contribute the knowledge about elemental
and mineralogical composition of speleothems in Croatia, which are mostly determined by geogene influence.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The speleothems (fromGreek spelaion=cave and thema=deposit)
are secondary mineral deposits (mostly calcite and aragonite) found in
caves and artificial cavities in karst areas. The minerals that form
speleothems deposit from dripping water, from thin sheets of water,
at cave lakes and pools rims and even under fresh water. They occur
in a variety of different forms, structures and mineralogy (Hill and
Forti, 1997; Fairchild and Baker, 2012). Speleothems are valuable ar-
chives of past environmental conditions characterized by their large
geographic extent and extensive growth intervals. They contain geo-
chemical and paleoenvironmental data and therefore represent one of
the front lines in research of paleoprocesses and paleoenvironments.
Their advantage compared to other sources is amultitude of “proxy” re-
cords both directly and indirectly linked to climatic fluctuations, they
are typically robust, and display a high preservation potential with no
post-depositional alteration because they preserve fluctuations in
trace element chemistries of their formation waters, host rock and
even surface systems (soils, aerosols in atmosphere). These geological
materials are characterized by a relatively simple internal stratigraphy
that reflects their growth history and geochemical changes through
that history influenced by various environmental factors like geological
composition, geomorphological processes, hydro(geo)logical condi-
tions, pedological composition, climate, vegetation and anthropogenic
impact (Fairchild and Treble, 2009; Fairchild and Baker, 2012; Oster et
al., 2012). The lithology, geological relationships determined by tectonic
movements and hydrological conditions of the rock layers overlying the
cave, geomorphological properties of the cave and cave hydrology, eco-
system(s), climate and soil zone of the surface and near the surface have

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gexplo.2016.05.004&domain=pdf
http://dx.doi.org/10.1016/j.gexplo.2016.05.004
mailto:dpaar@phy.hr
http://dx.doi.org/10.1016/j.gexplo.2016.05.004
http://www.sciencedirect.com/science/journal/03756742
www.elsevier.com/locate/gexplo


21D. Paar et al. / Journal of Geochemical Exploration 167 (2016) 20–37
important influence on speleothem accumulation, composition and, in
some cases, destruction too. Their characteristics can show characteris-
tic variations with time and imprint of these changes can be read from
speleothem stable isotope and trace elements composition (Fairchild
et al., 2006;Wu et al., 2015). Speleothems can also be used as geochem-
ical tracers ofwater-rock interactions (Verheyden, 2004). Trace element
variations in speleothems can also be interpreted as indicators of chang-
es in paleo-rainfall and hydrologic conditions (Tremaine and Froelich,
2013). The ecosystem and soil zone overlying the cave fundamentally
imprint the carbon and trace element signals and can show characteris-
tic variations with time (Fairchild et al., 2006). It is also known that
speleothems could be used as archives of anthropogenic influence, e.g.
pollution after increase of trace elements (Dandurand et al., 2011;
Allan et al., 2015). The aim of in situ studies is to differentiate influences,
such as climate, soil/weathering and local hydrology in order to better
constrain possible transfer functions between the surface and a
speleothem (Verheyden, 2004; Borsato et al., 2007; Fairchild and
Treble, 2009; Fairchild and Baker, 2012). For this kind of research, the
most interesting is the vadose (unsaturated) zone, where speleothems
in karst are deposited. It extends from the top of the ground surface to
the water table in phreatic (saturated) zone (Ford and Williams,
2007). Its evolution and conditions important for speleothem deposi-
tions are controlled by geological composition and structures, geomor-
phological processes, soils and residual deposits from the surface and
host rocks.

Before a demanding analysis of individual speleothem and chro-
nological analysis of paleoclimatic and paleoenvironmental data, it
is necessary to have an overview of the general geochemical and
mineralogical properties of speleothems that are available, whether
they contain adequate proxies and whether the average concentra-
tion of proxies changes if we change the location, not only in respect
of climatic and geological characteristics of the area where the cave
is located, but also within the cave. This paper aims to obtain first
such data in Croatian karst as such investigations have not been per-
formed in Croatia before. Croatian karst is specific in a way that at a
relatively small area there are different climatic, geological, geomor-
phological and pedological zones and processes influencing
speleogenesis, speleothem growth and composition. The differences
analysis in the properties of speleothems between the sites therefore
may be methods that detect proxy suitable for studying paleoclimat-
ic and other environmental processes. In addition, a lot of
speleothems are not suitable for paleoenvironmental studies due to
non-equilibrium conditions during deposition or their structure.
The analyses of 30 elements and mineralogical composition carried
out show specificity in their elemental composition which allows
further analysis and integration into the wider picture of the impact
of geological and climatic conditions in the past.

Up to now speleothem research in Croatia has been related to the
study of environmental changes and speleogenesis (Babić et al., 1996;
Lacković et al., 2011), coastal karst evolution, changes in sea level, and
climate change (Surić et al., 2005a, 2005b, 2009, 2010; Rudzka et al.,
2012), but elemental and mineralogical analyses have not been per-
formed yet.

The karst occupies almost 44% of the Croatian mainland and islands
(submerged karst of the Adriatic Sea not included; Bognar et al., 2012).
According tomorphogenetic characteristics it is divided into threemor-
phogenetic types: karst (39%), fluviokarst (3%), and glacial and
periglacial relief developed on karst terrains of Dinaric mountains
(2%). According to the differences in geological composition and geo-
morphological processes it includes two karst geospatial units. The larg-
er and dominant unit of Dinaric karst belt is formed in N8 km thick
carbonate rocks deposited in several episodes beginning with the
Upper Paleozoic and continuing through the Mesozoic and Tertiary
and deformed by intense geodynamics (Vlahović et al., 2005; Korbar,
2009). According to their characteristics it can be divided to three sub-
units. Dinaric Mountains subunit is of the highest elevations (range
1500–1831 m a. s. l.), characterized by the intense and deep
karstification, deep vadose zone (a depth of about 1500 m below sur-
face) with steep conduits towards deep karst aquifers (Kuhta and
Bakšić, 2001; Bočić, 2006). It is the transitional area of temperate (Cfb)
and moist continental climate with cold winters (Df), characterized by
precipitation range 1100–3500 mm/y (Fig. 1). The vadose zone in the
areas of karst plains and karst poljes subunit hasmostly shallower vadose
zone (mostly up to 100 m below surface) but also generally character-
ized by typical karst conduit porosity, with often spatial exchange be-
tween bare and covered karst influenced by climate, vegetation and
anthropogenic impact. The coastal karst subunit is characterized by in-
tensive water interactions between the sea and the coast through sub-
marine groundwater discharge (SGD) into the sea and seawater
intrusion into the coastal aquifers (Surić et al., 2015). It is the area of
transition fromMediterranean (Cs) to temperate climate (Cfa) towards
NW and inlands. The precipitation range is the lowest on the southern
islands (300–800mm/y) and increases towardsNW, inland andwith el-
evation rise (700–1200 mm/y). The second geospatial unit is isolated
karst of Pannonian basin and border zone towards Dinarides. It is charac-
terized by a shallow vadose zone, less abundant karst phenomena, larg-
er areas of fluviokarst and more intensive anthropogenic impacts
resulting in generally compromised environmental issues. It is the
area of covered karst with thicker soil cover, abundant vegetation typi-
cal for temperate climate (Cfb) with precipitation range 800–1100mm/
y (Filipčić, 1998; Zaninović et al., 2008).

Most of speleothem studies are concentrated on the research of spe-
cific samplewith a limited number of proxies. The aim of this paper is to
provide a broad overview of potential proxies based on trace elements
and mineralogical analysis that could be used in further research and
may indicate the proxies that were not considered in previous studies
and can provide new information on paleoenvironmental conditions.
The aim of research was to determine geochemical composition (ele-
ments and minerals) of speleothems from various sites in Croatian
karst (Dinaric karst and isolated karst of the Pannonian basin), as well
as possible relationships between them and environmental conditions
(geological, geomorphological, pedological, hydrogeological, climate
and possible anthropogenic influence). So, there is a question whether
the different climatic and geological characteristics of karst regions af-
fect geochemical and structural characteristics of speleothems. In this
discussion we should take into account parameters such as location of
speleothem inside the cave, specific hydrological, local geological condi-
tions and geochemistry of parent rocks where the selected caves devel-
oped. But, unfortunately, such data are almost inexistent for the
investigated locations. It is also important to stress that the amounts
of minor and trace metals coprecipitated into calcite and aragonite are
a record of the (paleo)environment during crystallization.We analyzed
differences between the sites in order to indicate links between the spe-
cifics of individual locations (Fig. 1; Table 1).

All samples were subjected to the ICP-MS and X-ray diffraction anal-
ysis, and the results were statistically analyzed. This study will later en-
able the assessment of the influence of the above listed environmental
conditions on the speleothem growth and composition, and their use
in interpretation of paleoenvironmental conditions.

2. Materials and methods

2.1. Sampling of speleothems

Because of ethical and nature protection reasons we collected sam-
ples in a way that does not alter the appearance of the cave or already
broken speleothems. In our study we primarily used calcite
speleothems: stalactites (depositing down from the cave ceiling), one
stalagmite (deposited up from the cave floor) and one phreatic
speleothem (deposited in a phreatic environment). We chose caves
that are typical of certain areas that have differences in some geological
or climate properties. Most of the caves (91%) are located in the Dinaric



Fig. 1. A – Geographical position of Croatia in Europe. B - Locations of caves where speleothems were sampled on a climate map of Croatia after Köppen-Geiger climate classification.
Legend: Csa - Mediterranean (temperate) climate with dry and hot summer, Csb - Mediterranean (temperate) climate with dry and warm summer, Cfa - temperate humid climate
with hot summer, Cfb - temperate humid climate with warm summer, Df – cold humid boreal climate (Filipčić, 1998; Peel et al., 2007).
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karst belt. Such spatial distribution is relevant since most of the up to
now known caves in Croatia are located in this karst geospatial unit.
Most of them are located in areas of complex geological composition
mainly of carbonate beds (Zupan Hajna, 2011), with large amount of
paleo- and recent carbonate precipitation (Surić et al., 2005a, 2005b,
2009, 2010), and characterized by a typical karst drainage network
(Bonacci, 1987), so all basic conditions for speleothem growth are
met. Elevation range of the researched caves is 63–1595m a.s.l. Accord-
ing to hypsometric classes there are 6 caves in the class b200m a.s.l., 14
caves 200–500 m, 7 caves 500–1000 m and 5 caves in the class of
N1000 m. Samples were collected at location in different positions in-
side the caves with respect to the distance from the entrance and
depth below the surface. The deepest sampling points were in Lukina
jama-Trojama vertical cave system (shorter: Lukina jama), at 940 m
and 1300 m below the surface (Fig. 2). Speleothems were sawn or bro-
ken off the rock.
2.2. Sample preparation and analysis

Speleothems were carefully handled and kept in separate plastic
bags, to avoid possible cross-contamination. Before further sample
preparation, speleothems were washed three times in distilled water
and then dried at the room temperature. After that they were crushed
and homogenized in a Retsch RM 200 mortar grinder and hand mortar.
Whole speleothems specimens collected for analysis were crushed, to
get an average sample containing all layers of speleothem, as each
speleothem can encompass up to tens of thousands of years of precipi-
tation, with several climate and environmental settings. Each
speleothem sample was of another weight, some of them over 1 kg.
From obtained powder, a representative sample of about 1 g was
taken, which was sufficient to perform ICP-MS and XRD analysis. Ap-
proximately 0.1 g of powdered speleothem samples was dissolved
with 2.5 ml of suprapur nitric acid and 7.5 ml of puriss hydrochloric



Table 1
Location of the caves – sampling locations.

Sample Cave name Location
HTRS96/TM
E

HTRS96/TM
N

Elevation
(m)

Karst
unita

Climate
type

Annual
precipitation
(mm/m2) Typeb

Depth
(m)

ZSDV-0001 Jopićeva špilja Kordun region 428859 5018301 202 Dkb Cfsbx” 1100–1200 A b100
ZSDV-0003 Lubuška jama Velebit Mt. 383499 4959167 1495 Dkb Dfsbx” 1750–2000 A 250
ZSDV-0005 Špilja-rudnik Minjera Brač Island 509033 4801898 246 Dkb Csa 1000–1100 A b100
ZSDV-0006 Dolača Žumberak Mt. 420854 5067156 405 ikPb Cfwbx” 1100–1200 A b100
ZSDV-0007 Golubnjača Lika region 429620 4974809 460 Dkb Cfsbx” 1300–1400 B b100
ZSDV-0009 Maklutača Middle Dalmatia 510149 4824998 430 Dkb Csbx” 1300–1400 A b100
ZSDV-0010 Provala Žumberak Mt. 417314 5062384 274 Dkb Cfwbx” 1000–1100 A b100
ZSDV-0011 Lukina jama Velebit Mt. 383409 4959481 1475 Dkb Dfsbx” 1750–2000 A 940
ZSDV-0018 Markova špilja Hvar Island 492111 4783420 63 Dkb Csa 700–800 A b100
ZSDV-0039 Mandića špilja Middle Dalmatia 515368 4812429 170 Dkb Cfsax” 1000–1100 A b100
ZSDV-0040 Manita Peć Velebit Mt. 418249 4908756 575 Dkb Cfsbx” 1750–2000 A b100
ZSDV-0044 Munižaba Velebit Mt. 449257 4903062 905 Dkb Cfsbx” 2000–2500 A 350
ZSDV-0045 Rača špilja Lastovo Island 533623 4732836 132 Dkb Csa 600–700 A b100
ZSDV-0046 Vodarica Velebit Mt. 420417 4908602 695 Dkb Cfsbx” 1750–2000 A b100
ZSDV-0048 Jama Povajska Lipotica Brač Island 527818 4799029 69 Dkb Csa 1000–1100 A b100
ZSDV-0053 Lukina jama Velebit Mt. 383409 4959481 1475 Dkb Dfsbx” 1750–2000 A 1300
ZSDV-0054 Zagorska peć Kapela Mt. 399417 5007110 325 Dkb Cfsbx” 1500–1750 A b100
ZSDV-0055 Provala Žumberak Mt. 417314 5062384 280 Dkb Cfwbx” 1000–1100 A b100
ZSDV-0056 Gvozdenica Kordun region 428593 5018181 218 Dkb Cfsbx” 1100–1200 A b100
ZSDV-0058 Sedrena špilja iza mlina Krka river 465347 4874918 201 Dkb Cfsax” 1100–1200 A b100
ZSDV-0059 Debeljača Lika region 433002 4921849 747 Dkb Cfsbx” 1500–1750 A b100
ZSDV-0060 Nova Grgosova špilja Samoborsko gorje

Mt.
436151 5075761 242 ikPb Cfwbx” 1100–1200 A b100

ZSDV-0064 Samograd Korčula Island 540460 4759098 75 Dkb Csa 900–1000 A b100
ZSDV-0065 Špilja Barići Kordun region 432870 4998522 265 Dkb Cfwbx” 1200–1300 A b100
ZSDV-0066 Burinka Velebit Mt. 449295 4902027 815 Dkb Cfsbx” 2000–2500 A 250
ZSDV-0070 Fabrisova jama Istra peninsula 310254 5028447 384 Dkb Cfsbx” 1400–1500 A b100
ZSDV-0072 Pčelina špilja Lika region 425908 4931829 780 Dkb Cfsbx” 1500–1750 A b100
ZSDV-0074 Kraljevska jama Hvar Island 519898 4777058 144 Dkb Csa 900–1000 A 140
ZSDV-0075 Vrelo Gorski kotar region 359225 5022306 722 Dkb Cfsbx” 2500–3000 A b100
ZSDV-0076 Meduza Velebit Mt. 380206 4959143 1595 Dkb Dfsbx” 1750–2000 A 250
ZSDV-0077 Jamski sustav Velebita Velebit Mt. 380160 4958622 1557 Dkb Dfsbx” 1750–2000 A 860
ZSDV-0078 Jamski sustav Velebita Velebit Mt. 380160 4958622 1557 Dkb Dfsbx” 1750–2000 A 880
ZSDV-0081 Jamski sustav Velebita Velebit Mt. 380160 4958622 1557 Dkb Dfsbx” 1750–2000 A 860
ZSDV-0082 Ledena jama u Lomskoj

dulibi
Velebit Mt. 383428 4960274 1235 Dkb Dfsbx” 1750–2000 A 50

ZSDV-0083 Lukina jama Velebit Mt. 383409 4959481 1475 Dkb Dfsbx” 1750–2000 A 1300
ZSDV-0084 Špilja u kamenolomu Tounj Tounj 407359 5012597 251 Dkb Cfsbx” 1400–1500 C b100
ZSDV-0085 Veternica Medvednica Mt. 451345 5078104 317 ikPb Cfwbx” 1000–1100 A b100

a Dkb = Dinaric karst belt, ikPb = isolated karst of Panonnian basin.
b A - stalactite, B - stalagmite, C- phreatic speleothem.
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acid for half an hour at 1000W in Anton Paar Multiwave 3000 Oven ac-
cording to ISO 11466 norm. Dissolved samples were quantitatively
transferred to volumetric flasks and diluted to 50 ml with deionised
water. All laboratory glasswarewere submerged for 24h in 1%HNO3 so-
lution and rinsed three times with deionisedwater prior to use. Calibra-
tion lines for each element and internal standards were made using
Perkin Elmer Multi-element calibration standard solution.

The elements contents were detected by inductively coupled plas-
ma-mass spectrometry (ICP-MS, Elan 9000, Perkin Elmer, USA), with
solution of 20 μg l−1 Ge, Rh, In and Re as internal standard according
to HRN EN ISO 17294–1 and HRN EN ISO 17294–2 norms. All measure-
mentswere performed in triplicates. The precision, evaluated directly as
the relative standard deviation (RSD), was better than 10% for all deter-
mined elements. The accuracy of the ICP-MS analytical procedure and
method quality control was performed by the analysis of the elements
of interest in standard reference material (RTC, Trace elements on
fresh water sediment, catalog number: CNS392-050), which were ana-
lyzed at the beginning and after analyzing each series of samples. A gen-
erally good agreement within 15% was observed between our data and
the certified values. Limit of quantification is the lowest quantity of an-
alyte in a sample that can be quantifiedwith an acceptable level of accu-
racy and precision, calculated by multiplying the standard deviation of
10 measurements of a certain sample by 10, or by multiplying the
value of the limit of detection by 3.3. The results of ICP-MS
measurements show only two values below the limit of quantification
– for the element Tl in two samples, ZSDV-64 and ZSDV-70, which is
5.4%.

Determination of mineralogical composition of speleothems was
done using X-ray diffractometer Philips, X-Pert MPD (start position:
82Q: 4.01; end position: 82Q: 62.99; generator settings: 40 kV,
40 mA). Crystalline phases were identified using a Powder Diffraction
File (1997) and computer program X'Pert High score 2002, Philips.
Semi quantitative mineralogical composition was determined as de-
scribed in Boldrin et al. (1992).

2.3. Statistical analysis

All statistical analyses were obtained using program Statistica 6.0
(StatSoft, 2001). The following statistical analyses were performed:

a) Determination of basic statistical parameters: N (number of cases),
mean, geometric mean, median, mode, frequency, minimum, maxi-
mum, standard deviation, skewness, and kurtosis. These parameters
were determined to present a closer view to the experimentally
determined values, without presenting the whole dataset. Correla-
tion analysis was performed by calculating Pearson's correlation
coefficient and presented in the form of correlation matrix to deter-
mine the strength of linear correlation of mass fractions between



Fig. 2. Sampling locations in Lukina jama-Trojama system, North Velebit NP (Stroj and
Velić, 2015). Legend: J21,2 – limestones (Middle Jurassic); J23,4 - Velebit limestone breccia
& limestone (Middle Jurassic); J31 – Velebit limestone breccia & limestone (Upper
Jurassic); J32 – dolomitic limestones (Upper Jurassic); Ol, M - Velebit limestone breccia;
red line – fault, approximate position.
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researched elements. Obtained values were statistically significant
at p b 0.05.

b) Boxplot methodwas used to determine anomalies in sediment sam-
ples. Normal or lognormal box-plots are constructed on the basis of
the empirical cumulative distribution plots. The box length was of
interquartile range, where outlier values were defined between 1.5
and 3 box lengths from the upper or lower edge of the box. Extremes
Table 2
Mineral (phase) composition of speleothem samples.

Sample Mineral (phase) composition Sample Mineral

ZSDV-0001 Calcite ZSDV-0046 Calcite
ZSDV-0003 Calcite ZSDV-0048 Calcite
ZSDV-0005 Calcite ZSDV-0053 Calcite, q
ZSDV-0006 Calcite ZSDV-0054 Calcite, d
ZSDV-0007 Calcite ZSDV-0055 Calcite
ZSDV-0009 Calcite ZSDV-0056 Calcite
ZSDV-0010 Calcite ZSDV-0058 Calcite
ZSDV-0011 Calcite, quartz, clorite, muscovite/illite ZSDV-0059 Calcite
ZSDV-0018 Calcite ZSDV-0060 Calcite
ZSDV-0039 Calcite, quartz ZSDV-0064 Calcite
ZSDV-0040 Calcite ZSDV-0065 Calcite
ZSDV-0044 Calcite ZSDV-0066 Calcite
ZSDV-0045 Calcite ZSDV-0070 Calcite
are values N3 box lengths from the edge of the box (Tukey, 1977;
Reimann et al., 2005).

c) Cluster analysis of Q-modewasperformed to findgroupswhich con-
tain similar samples. Cluster analysis belongs to multivariate statis-
tics and represents a hierarchical method. There are two modes of
cluster analysis: Q-mode, in which clusters of samples are sought,
while in the R-mode clusters of variables (in our case, elements)
are desired (Kaufman and Rousseeuw, 1990).

d) Factor analysis was also performed in order to reduce the number of
variables and to set up a model of several factors, each of them de-
scribing one anthropogenic or natural influence. In factor analysis,
the relation between a set of m variables is assumed to reflect corre-
lations of every one of the variables with p mutually non-correlated
main factors. The general assumption is that p b m. Variance of m
variables is derived from the variance of the p factor (Halamić et
al., 2001; Davis, 2002).
3. Results

3.1. Semiquantitative mineralogical analysis

Results of semiquantitative mineralogical analysis are presented in
Table 2. In 31 of total 37 studied samples (83.8%) calcite is the onlymin-
eral identified by XRD method. This does not necessarily mean that
traces of other minerals do not exist, as detection limit of this method
is ~2%, and traces of other minerals could be present. In only 6 samples
(16.2%) some otherminerals besides calcite have been detected. Also, in
those samples calcite abundance is over 90%, while other minerals are
accessory minerals, which are present in small amounts around value
of detection limit. Among them, three samples are from Lukina jama,
taken at different positions (with respect to depth). In those three sam-
ples, besides calcite, the following minerals have been detected: quartz,
muscovite/illite, chlorite and plagioclase. Illite and chlorite indicate
clays – the most common insoluble components in carbonate rocks.
There are two main sources of clays in caves: allogenic and authigenic
(Ford and Williams, 2007). Allogenic sources in this case could include
flushing or infiltration from soils and reworked fluvial infillings.
Authigenic source is rock weathering. In case of sample ZSDV-0011
and samples ZSDV-0053 and ZSDV-0083 the main source could be
reworked fluvial deposit since samples ZSDV-0053 and ZSDV-0083
were taken from the epiphreatic zone where by logger recorded water
level oscillations exceed 100 m (Paar et al., 2012). Sample ZSDV-0011
was taken from top of the chamber with water stream and where geo-
morphological traces of (paleo)floodswere observed (accumulated flu-
vial sediments: silt, sand and gravel). During flood events fine-grained
sediments including clay are deposited around the cave passage perim-
eter. Due to the bare karst surface with some limited soil pockets (up to
(phase) composition Sample Mineral (phase) composition

ZSDV-0072 Calcite
ZSDV-0074 Calcite

uartz, muscovite/illite, chlorite ZSDV-0075 Calcite, dolomite
olomite ZSDV-0076 Calcite

ZSDV-0077 Calcite
ZSDV-0078 Calcite
ZSDV-0081 Calcite
ZSDV-0082 Calcite
ZSDV-0083 Calcite, quartz, chlorite,

Muscovite/illite, plagioclase
ZSDV-0084 Calcite
ZSDV-0085 Calcite



Table 3
Results of ICP-MS analysis of 30 chemical elements.

Sample
Cd
mg/kg

Pb
mg/kg

Cu
mg/kg

Zn
mg/kg

Mn
mg/kg

Ni
mg/kg

Cr
mg/kg

Co
mg/kg

Ba
mg/kg

ZSDV-0001 0.018 ± 0.001 0.237 ± 0.003 0.487 ± 0.011 2.93 ± 0.026 1.30 ± 0.036 1.61 ± 0.045 0.509 ± 0.043 0.590 ± 0.024 3.82 ± 0.084
ZSDV-0003 0.063 ± 0.003 1.25 ± 0.038 0.756 ± 0.010 3.51 ± 0.046 2.85 ± 0.077 3.83 ± 0.088 2.59 ± 0.053 0.551 ± 0.009 12.8 ± 0.179
ZSDV-0005 0.371 ± 0.004 0.413 ± 0.005 0.875 ± 0.004 2.29 ± 0.015 2.82 ± 0.034 2.63 ± 0.068 0.780 ± 0.051 0.744 ± 0.015 1.80 ± 0.009
ZSDV-0006 0.029 ± 0.0006 0.367 ± 0.013 0.542 ± 0.011 1.88 ± 0.023 5.22 ± 0.026 1.71 ± 0.105 0.881 ± 0.019 0.980 ± 0.013 8.67 ± 0.078
ZSDV-0007 0.092 ± 0.003 1.16 ± 0.020 1.40 ± 0.020 5.25 ± 0.063 23.5 ± 0376 3.76 ± 0.086 1.70 ± 0.040 0.937 ± 0.030 4.08 ± 0.102
ZSDV-0009 0.078 ± 0.005 15.73 ± 0.267 1.55 ± 0.011 5.34 ± 0.053 13.0 ± 0.143 2.36 ± 0.066 1.23 ± 0.014 0.695 ± 0.017 2.89 ± 0.92
ZSDV-00010 0.019 ± 0.001 0.289 ± 0.004 0.537 ± 0.002 1.39 ± 0.024 1.86 ± 0.024 1.85 ± 0.085 1.0 ± 0.045 0.637 ± 0.010 3.91 ± 0.086
ZSDV-00011 0.545 ± 0.013 14.0 ± 0.084 9.97 ± 0.119 26.5 ± 0.291 255 ± 3.82 31.6 ± 2.96 18.8 ± 0.180 5.09 ± 0.025 80.9 ± 1.37
ZSDV-00018 0.121 ± 0.0009 2.18 ± 0.033 1.29 ± 0.019 5.96 ± 0.036 8.68 ± 0.061 1.74 ± 0.036 1.01 ± 0.106 0.619 ± 0.006 13.0 ± 0.208
ZSDV-00039 0.222 ± 0.003 0.954 ± 0.006 9.31 ± 0.074 26.9 ± 0.081 17.7 ± 0.478 30.2 ± 0.363 9.52 ± 0.278 0.809 ± 0.17 5.12 ± 0.117
ZSDV-00040 0.049 ± 0.001 2.06 ± 0.021 0.840 ± 0.008 6.44 ± 0.097 2.96 ± 0.018 2.33 ± 0.116 1.07 ± 0.057 0.642 ± 0.028 0.303 ± 0.004
ZSDV-00044 0.022 ± 0.001 1.04 ± 0.010 1.69 ± 0.019 1.76 ± 0.011 3.76 ± 0.079 1.51 ± 0.024 4.84 ± 0.247 0.498 ± 0.017 5.51 ± 0.198
ZSDV-00045 0.507 ± 0.009 0.635 ± 0.013 2.81 ± 0.028 14.8 ± 0.133 3.92 ± 0.030 30.1 ± 0.242 8.78 ± 0.462 0.653 ± 0.004 1.12 ± 0.062
ZSDV-00046 0.084 ± 0.006 0.367 ± 0.006 0.757 ± 0.017 2.54 ± 0.021 2.40 ± 0.019 4.77 ± 0.124 1.46 ± 0.095 0.660 ± 0.009 1.02 ± 0.029
ZSDV-00048 0.237 ± 0.005 0.377 ± 0.003 1.10 ± 0.005 2.30 ± 0.032 1.36 ± 0.015 1.86 ± 0.080 0.810 ± 0.070 0.647 ± 0.019 1.27 ± 0.037
ZSDV-00053 0.132 ± 0.004 6.06 ± 0.036 3.86 ± 0.093 10.2 ± 0.051 55.9 ± 0.615 10.0 ± 0.350 6.93 ± 0.077 1.71 ± 0.031 26.9 ± 0.457
ZSDV-00054 0.820 ± 0.005 3.40 ± 0.058 1.31 ± 0.018 1.4 ± 0.021 7.39 ± 0.059 3.20 ± 0.70 1.17 ± 0.066 0.760 ± 0.005 9.08 ± 0.073
ZSDV-00055 0.369 ± 0.003 0.301 ± 0.005 0.442 ± 0.003 1.40 ± 0.015 1.38 ± 0.035 1.59 ± 0.046 1.27 ± 0.062 0.525 ± 0.011 0.792 ± 0.030
ZSDV-00056 0.064 ± 0.002 0.972 ± 0.009 3.22 ± 0.016 11.9 ± 0.048 18.4 ± 0.220 2.89 ± 0.064 1.855 ± 0.012 0.817 ± 0.018 15.9 ± 0.254
ZSDV-00058 0.010 ± 0.0009 0.402 ± 0.005 0.445 ± 0.014 0.951 ± 0.030 1.65 ± 0.040 1.34 ± 0.026 0.364 ± 0.052 0.543 ± 0.010 11.6 ± 0.093
ZSDV-00059 0.060 ± 0.002 2.15 ± 0.056 0.637 ± 0.005 2.25 ± 0.009 3.07 ± 0.049 2.07 ± 0.085 1.83 ± 0.028 0.635 ± 0.017 1.63 ± 0.024
ZSDV-00060 0.017 ± 0.0002 0.601 ± 0.004 0.563 ± 0.008 1.53 ± 0.01 2.41 ± 0.022 1.92 ± 0.042 0.631 ± 0.052 0.577 ± 0.007 2.47 ± 0.020
ZSDV-00064 0.027 ± 0.002 0.453 ± 0.005 1.26 ± 0.007 2.89 ± 0.038 1.22 ± 0.020 1.86 ± 0.058 0.568 ± 0.084 0.602 ± 0.010 3.50 ± 0.056
ZSDV-00065 0.016 ± 0.0007 0.709 ± 0.011 0.430 ± 0.004 1.63 ± 0.008 2.09 ± 0.013 2.25 ± 0.012 0.862 ± 0.031 0.542 ± 0.010 2.09 ± 0.033
ZSDV-00066 0.014 ± 0.001 0.491 ± 0.010 0.326 ± 0.008 2.0 ± 0.022 1.85 ± 0.022 1.67 ± 0.033 0.592 ± 0.090 0.612 ± 0.009 2.42 ± 0.036
ZSDV-00070 0.079 ± 0.001 0.486 ± 0.009 0.510 ± 0.006 2.33 ± 0.012 1.19 ± 0.033 88.9 ± 0.800 29.3 ± 2.06 0.606 ± 0.008 3.57 ± 0.071
ZSDV-00072 0.054 ± 0.001 0.577 ± 0.005 0.828 ± 0.017 2.70 ± 0.032 2.84 ± 0.037 2.55 ± 0.49 2.04 ± 0.020 0.600 ± 0.013 2.60 ± 0.021
ZSDV-00074 0.039 ± 0.002 0.264 ± 0.004 1.38 ± 0.007 6.95 ± 0.063 1.66 ± 0.010 4.74 ± 0.090 1.05 ± 0.031 0.559 ± 0.010 0.956 ± 0.016
ZSDV-00075 0.201 ± 0.006 2.23 ± 0.031 1.89 ± 0.025 5.51 ± 0.100 18.6 ± 0.316 4.96 ± 0.050 2.90 ± 0.017 0.968 ± 0.011 6.54 ± 0.052
ZSDV-00076 0.100 ± 0.002 0.572 ± 0.013 7.16 ± 0.037 2.11 ± 0.036 1.09 ± 0.017 30.6 ± 0.184 9.95 ± 0.050 0.579 ± 0.012 3.91 ± 0.101
ZSDV-00077 0.029 ± 0.001 1.73 ± 0.035 0.573 ± 0.009 1.95 ± 0.025 15.0 ± 0.120 9.01 ± 0.117 5.77 ± 0.363 0.634 ± 0.013 5.81 ± 0.186
ZSDV-00078 0.020 ± 0.0004 1.80 ± 0.036 0.853 ± 0.020 2.93 ± 0.053 12.2 ± 0.122 5.01 ± 0.050 2.29 ± 0.060 0.811 ± 0.015 5.14 ± 0.046
ZSDV-00081 0.037 ± 0.001 1.51 ± 0.025 0.593 ± 0.014 1.67 ± 0.027 3.76 ± 0.060 1.94 ± 0.089 0.645 ± 0.053 0.619 ± 0.019 4.55 ± 0.041
ZSDV-00082 0.015 ± 0.0007 0.374 ± 0.012 0.433 ± 0.006 1.26 ± 0.024 1.87 ± 0.041 1.50 ± 0.054 3.96 ± 0.206 0.429 ± 0.009 4.41 ± 0.057
ZSDV-00083 0.403 ± 0.006 18.7 ± 0.093 7.01 ± 0.168 22.3 ± 0.133 313 ± 5.0 16.6 ± 0.730 31.6 ± 0.830 4.29 ± 0.077 78.3 ± 2.82
ZSDV-00084 0.276 ± 0.003 4.51 ± 0.158 3.14 ± 0.056 5.54 ± 0.044 206 ± 2.47 3.52 ± 0.035 9.35 ± 0.252 1.77 ± 0.021 26.4 ± 0.580
ZSDV-00085 0.046 ± 0.003 1.26 ± 0.038 0.835 ± 0.004 3.20 ± 0.058 15.2 ± 0.091 2.41 ± 0.161 1.18 ± 0.034 0.714 ± 0.014 5.70 ± 0.074
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Table 3
Results of ICP-MS analysis of 30 chemical elements.

Sample
Ca
mg/kg

K
mg/kg

Mg
mg/kg

Na
mg/kg

Sr
mg/kg

Li
mg/kg

Mo
mg/kg

Sb
mg/kg

Bi
mg/kg

Be
mg/kg

ZSDV-0001 371,708 ± 10,036 12.8 ± 1.20 160 ± 2.56 42.8 ± 2.09 25.5 ± 0.180 0.101 ± 0.004 0.174 ± 0.013 0.097 ± 0.005 0.218 ± 0.016 0.013 ± 0.001
ZSDV-0003 367,819 ± 8827 108 ± 3.24 130 ± 2.86 44.1 ± 1.01 23.7 ± 0.663 2.05 ± 0.039 0.230 ± 0.012 0.130 ± 0.002 0.186 ± 0.003 0.036 ± 0001
ZSDV-0005 356,181 ± 9616 26.1 ± 0.261 178 ± 3.03 25.0 ± 0.625 36.0 ± 0.396 0.344 ± 0.010 0.222 ± 0.010 0.087 ± 0.0008 0.065 ± 0.004 0.035 ± 0.002
ZSDV-0006 371,778 ± 5948 28.9 ± 0.924 3741 ± 71.0 49.4 ± 0.988 26.8 ± 0.241 0.264 ± 0.008 0.087 ± 0.004 0.036 ± 0.001 0.050 ± 0.0004 0.018 ± 0.001
ZSDV-0007 371,023 ± 8533 97.8 ± 1.85 242 ± 3.87 44.0 ± 1.06 45.8 ± 0.140 1.02 ± 0.020 0.155 ± 0.008 0.067 ± 0.003 0.112 ± 0.004 0.039 ± 0.002
ZSDV-0009 363,513 ± 5816 60.9 ± 1.34 105 ± 1.68 61.9 ± 1.86 23.8 ± 0.428 0.506 ± 0.008 0.113 ± 0.007 0.073 ± 0.002 0.085 ± 0.004 0.028 ± 0.001
ZSDV-00010 374,428 ± 4118 15.9 ± 0.238 82.9 ± 1.74 34.8 ± 0.730 29.3 ± 0.322 0.173 ± 0.005 0.083 ± 0.002 0.030 ± 0.001 0.041 ± 0.002 0.016 ± 0.0008
ZSDV-00011 253,648 ± 1521 2831 ± 56.6 2679 ± 56.2 184 ± 4.60 65.2 ± 0.326 20.4 ± 0.530 1.12 ± 0.019 0.564 ± 0.007 1.65 ± 0.012 0.536 ± 0.026
ZSDV-00018 362,718 ± 3264 94.3 ± 4.33 2836 ± 85.0 43.0 ± 1.20 22.1 ± 0.200 0.553 ± 0.014 0.087 ± 0.007 0.048 ± 0.002 0.060 ± 0.0008 0.041 ± 0.003
ZSDV-00039 356,178 ± 10,329 138 ± 6.07 125 ± 3.87 128 ± 4.73 53.7 ± 0.375 0.542 ± 0.022 10.4 ± 0.166 0.037 ± 0.0007 0.076 ± 0.002 0.032 ± 0.0009
ZSDV-00040 372,672 ± 7826 39.5 ± 1.73 112 ± 2.01 42.8 ± 0.941 16.5 ± 0.297 1.36 ± 0.007 0.259 ± 0.020 0.408 ± 0.002 0.916 ± 0.010 0.029 ± 0.001
ZSDV-00044 371,585 ± 2230 49.9 ± 2.39 93.9 ± 3.0 60.4 ± 2.0 13.0 ± 0.143 1.03 ± 0.031 0.171 ± 0.002 9.63 ± 0.087 2.08 ± 0.029 0.029 ± 0.002
ZSDV-00045 365,923 ± 3293 72.5 ± 3.11 206 ± 3.91 56.8 ± 1.31 9.89 ± 0.208 0.614 ± 0.015 11.0 ± 0.055 0.045 ± 0.0009 0.056 ± 0.005 0.038 ± 0.003
ZSDV-00046 364,092 ± 3276 501 ± 10.0 300 ± 11.7 310 ± 11.8 23.4 ± 0.515 0.263 ± 0.015 1.56 ± 0.017 0.279 ± 0.006 0.052 ± 0.004 0.020 ± 0001
ZSDV-00048 356,042 ± 5340 142 ± 5.39 453 ± 9.51 161 ± 4.50 62.5 ± 0.188 0.307 ± 0.005 0.135 ± 0.012 0.043 ± 0.0009 0.051 ± 0.004 0.028 ± 0.001
ZSDV-00053 332,530 ± 7315 770 ± 11.5 667 ± 17.3 72.1 ± 1.15 37.6 ± 0.639 9.87 ± 0.148 0.390 ± 0.009 0.136 ± 0.0007 0.661 ± 0.007 0.239 ± 0.010
ZSDV-00054 346,585 ± 3119 60.4 ± 3.26 497 ± 16.4 52.6 ± 1.36 27.4 ± 0.384 0.490 ± 0.015 0.325 ± 0.007 0.071 ± 0.001 0.073 ± 0.005 0.049 ± 0.002
ZSDV-00055 349,041 ± 3839 18.8 ± 1.80 44.6 ± 0.669 52.6 ± 1.37 14.0 ± 0.07 0.173 ± 0.010 0.078 ± 0.005 0.050 ± 0.001 0.034 ± 0.001 0.020 ± 0.001
ZSDV-00056 360,480 ± 3605 741 ± 16.3 767 ± 10.7 346 ± 9.34 83.5 ± 1.0 0.910 ± 0.019 0.179 ± 0.006 0.068 ± 0.003 0.098 ± 0.002 0.049 ± 0.002
ZSDV-00058 368,289 ± 12,521 49.6 ± 1.73 1348 ± 22.9 59.9 ± 1.20 468 ± 6.55 0.396 ± 0.013 0.164 ± 0.003 0.218 ± 0.014 0.539 ± 0.020 0.020 ± 0.0006
ZSDV-00059 375,087 ± 6001 261 ± 5.74 120 ± 3.24 206 ± 6.18 31.8 ± 0.413 2.23 ± 0.040 0.173 ± 0.004 0.051 ± 0.002 0.305 ± 0.011 0.054 ± 0.003
ZSDV-00060 363,277 ± 3996 36.4 ± 2.33 63.0 ± 1.32 20.9 ± 0.480 28.3 ± 0.141 0.320 ± 0.006 0.144 ± 0.002 0.028 ± 0.001 0.032 ± 0.001 0.023 ± 0.001
ZSDV-00064 362,113 ± 3983 9.78 ± 0.596 105 ± 3.88 55.4 ± 2.71 28.0 ± 0.168 0.159 ± 0.007 0.184 ± 0.013 3.95 ± 0.028 1.80 ± 0.038 0.018 ± 0.0008
ZSDV-00065 354,857 ± 3193 22.0 ± 1.58 53.8 ± 1.23 51.2 ± 1.18 19.4 ± 0.019 0.266 ± 0.003 0.436 ± 0.004 0.050 ± 0.001 0.074 ± 0.004 0.020 ± 0.001
ZSDV-00066 361,338 ± 2890 15.0 ± 0.480 38.7 ± 1.74 35.8 ± 1.32 19.9 ± 0.179 0.341 ± 0.020 0.118 ± 0.010 0.053 ± 0.0006 0.050 ± 0.002 0.017 ± 0.001
ZSDV-00070 332,894 ± 6324 5.30 ± 0.365 69.3 ± 2.07 38.9 ± 0.933 73.4 ± 0.293 0.131 ± 0.005 32.9 ± 0.395 1.65 ± 0.021 0.183 ± 0.010 0.023 ± 0.001
ZSDV-00072 346,398 ± 6927 20.6 ± 1.42 86.8 ± 3.65 31.1 ± 1.49 18.8 ± 0.075 0.396 ± 0.003 0.471 ± 0.036 0.035 ± 0.001 0.067 ± 0.004 0.024 ± 0.002
ZSDV-00074 349,696 ± 4895 11.0 ± 0.920 310 ± 12.1 26.2 ± 0.681 20.5 ± 0.085 0.146 ± 0.005 0.790 ± 0.011 0.029 ± 0.0006 0.031 ± 0.0007 0.009 ± 0.0007
ZSDV-00075 340,738 ± 2044 1412 ± 53.6 1174 ± 52.8 624 ± 20.0 26.5 ± 0.450 2.21 ± 0.069 0.788 ± 0.017 0.334 ± 0.010 0.227 ± 0.005 0.087 ± 0.003
ZSDV-00076 350,971 ± 8744 11.2 ± 0.638 54.8 ± 1.26 38.4 ± 1.46 22.5 ± 0.428 0.492 ± 0020 11.3 ± 0.158 0.096 ± 0.0006 0.292 ± 0.006 0.023 ± 0.002
ZSDV-00077 362,727 ± 3627 125 ± 3.25 165 ± 4.29 64.4 ± 1.29 22.5 ± 0.225 2.17 ± 0.026 2.68 ± 0.021 3.61 ± 0.029 0.096 ± 0.0008 0.041 ± 0.003
ZSDV-00078 349,736 ± 4896 629 ± 15.7 181 ± 2.90 217 ± 4.12 18.4 ± 0.294 1.83 ± 0.059 1.06 ± 0.010 0.047 ± 0.001 0.181 ± 0.002 0.043 ± 0.004
ZSDV-00081 386,002 ± 3088 76.4 ± 1.98 153 ± 4.74 44.1 ± 0.926 32.3 ± 0.320 1.17 ± 0.043 0.163 ± 0.003 0.119 ± 0.004 0.165 ± 0.006 0.027 ± 0.001
ZSDV-00082 381,863 ± 5727 36.0 ± 3.2 39.6 ± 1.94 103 ± 5.35 21.9 ± 0.153 0.354 ± 0.005 0.139 ± 0.009 5.84 ± 0.058 0.030 ± 0.0009 0.008 ± 0.0008
ZSDV-00083 258,198 ± 6196 1917 ± 47.9 1972 ± 90.7 253 ± 9.36 65.6 ± 0.721 20.4 ± 0.653 0.859 ± 0.015 9.36 ± 0.225 0.997 ± 0.017 0.719 ± 0.029
ZSDV-00084 344,682 ± 3102 374 ± 10.8 662 ± 22.5 101 ± 8.48 77.2 ± 0.463 3.69 ± 0.130 0.287 ± 0.010 6.52 ± 0.085 0.226 ± 0.012 0.183 ± 0.016
ZSDV-00085 351,033 ± 9477 163 ± 6.84 154 ± 4.0 51.6 ± 1.90 30.2 ± 0.513 0.736 ± 0.026 0.117 ± 0.010 0.051 ± 0.0003 0.071 ± 0.003 0.044 ± 0.004
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Table 3
Results of ICP-MS analysis of 30 chemical elements.

Sample
Al
mg/kg

Tl
mg/kg

U
mg/kg

B
mg/kg

Si
mg/kg

Ti
mg/kg

W
mg/kg

Fe
mg/kg

V
mg/kg

Sn
mg/kg

As
mg/kg

ZSDV-0001 63.1 ± 0.640 0.035 ± 0.0006 0.204 ± 0.006 11.2 ± 0.347 50.7 ± 1.36 3.75 ± 0.064 0.347 ± 0.007 132 ± 2.38 122 ± 4.74 2.33 ± 0.075 0.161 ± 0.020
ZSDV-0003 328 ± 2.01 1.87 ± 0.020 1.20 ± 0.012 15.0 ± 0.345 676 ± 10.8 21.3 ± 0.213 0.299 ± 0.006 460 ± 9.57 183 ± 1.83 1.10 ± 0.031 1.35 ± 0.025
ZSDV-0005 209 ± 5.43 0.026 ± 0.0006 0.309 ± 0.002 8.88 ± 0.390 324 ± 6.15 11.2 ± 0.120 0.181 ± 0.005 348 ± 2.78 136 ± 3.26 0.804 ± 0.030 0.203 ± 0.081
ZSDV-0006 153 ± 2.30 0.010 ± 0.0003 0.318 ± 0.010 10.0 ± 0.400 218 ± 3.48 13.6 ± 0.108 0.141 ± 0.003 292 ± 4.08 117 ± 2.46 2.59 ± 0.052 0.105 ± 0.019
ZSDV-0007 1084 ± 19.5 0.044 ± 0.001 0.401 ± 0.005 12.1 ± 0.278 941 ± 22.6 41.5 ± 0.954 0.186 ± 0.003 1022 ± 7.15 155 ± 3.10 1.18 ± 0.033 0.392 ± 0.013
ZSDV-0009 328 ± 8.20 0.043 ± 0.001 0.120 ± 0.001 8.61 ± 0.250 499 ± 15.0 23.2 ± 1.11 0.120 ± 0.004 531 ± 14.3 115 ± 2.77 0.853 ± 0.070 0.243 ± 0.010
ZSDV-00010 86.5 ± 2.33 0.006 ± 0.0002 0.329 ± 0.006 10.5 ± 0.325 87.4 ± 0.620 5.82 ± 0.110 0.126 ± 0.002 191 ± 3.25 151 ± 1.36 2.71 ± 0.019 0.292 ± 0.039
ZSDV-00011 12,040 ± 409 0.959 ± 0.024 2.26 ± 0.032 24.3 ± 0.996 7581 ± 257 723 ± 18.0 0.569 ± 0.010 14,977 ± 284 187 ± 4.30 3.91 ± 0.090 4.92 ± 0.0146
ZSDV-00018 304 ± 6.68 0.019 ± 0.0007 0.454 ± 0.009 13.6 ± 0.476 596 ± 5.36 22.0 ± 0.308 0.128 ± 0.003 525 ± 6.82 140 ± 1.96 2.81 ± 0.067 0.240 ± 0.037
ZSDV-00039 419 ± 8.80 0.027 ± 0.0006 0.448 ± 0.009 17.3 ± 0.536 799 ± 20.7 29.8 ± 0.271 0.222 ± 0.006 760 ± 12.1 144 ± 1.87 2.80 ± 0.037 0.224 ± 0.037
ZSDV-00040 361 ± 6.86 0.086 ± 0.002 0.167 ± 0.017 10.1 ± 0.272 430 ± 5.59 14.4 ± 0.460 0.101 ± 0.005 457 ± 7.77 135 ± 3.62 1.09 ± 0.018 0.307 ± 0.088
ZSDV-00044 600 ± 12.0 0.108 ± 0.001 0.105 ± 0.002 2.18 ± 0.090 574 ± 9.18 29.7 ± 0.475 0.132 ± 0.004 254 ± 4.07 152 ± 3.04 1.88 ± 0.042 1.21 ± 0.085
ZSDV-00045 380 ± 6.08 0.023 ± 0.0004 0.303 ± 0.005 10.5 ± 0.231 640 ± 14.7 24.4 ± 0.488 0.118 ± 0.002 452 ± 7.23 114 ± 2.73 0.759 ± 0.010 0.128 ± 0.029
ZSDV-00046 159 ± 3.34 0.014 ± 0.0006 0.300 ± 0.003 8.40 ± 0.353 148 ± 8.28 8.65 ± 0.198 0.100 ± 0.002 293 ± 1.76 173 ± 2.25 1.11 ± 0.023 0.175 ± 0.049
ZSDV-00048 163 ± 5.22 0.009 ± 0.0006 0.604 ± 0.009 12.5 ± 0.512 230 ± 9.66 8.18 ± 0.171 0.102 ± 0.003 272 ± 1.63 198 ± 3.36 1.13 ± 0.040 0.09 ± 0.001
ZSDV-00053 4644 ± 195 0.670 ± 0.013 1.38 ± 0.028 20.0 ± 0.620 5278 ± 132 206 ± 11.9 0.238 ± 0.005 4440 ± 44.4 152 ± 2.28 1.70 ± 0.042 3.20 ± 0.057
ZSDV-00054 301 ± 8.43 0.043 ± 0.0006 0.407 ± 0.008 10.1 ± 0.363 420 ± 9.66 22.2 ± 0.310 0.093 ± 0.007 481 ± 5.28 155 ± 2.18 1.09 ± 0.028 0.484 ± 0.024
ZSDV-00055 100 ± 2.50 0.004 ± 0.0002 0.307 ± 0.005 11.1 ± 0.421 129 ± 6.96 9.80 ± 0.362 0.072 ± 0.002 211 ± 1.30 151 ± 2.86 2.80 ± 0.065 0.208 ± 0.054
ZSDV-00056 1264 ± 40.4 0.050 ± 0.0006 0.872 ± 0.013 8.55 ± 0.316 1687 ± 40.5 42.3 ± 1.18 0.095 ± 0.004 1041 ± 4.16 135 ± 1.08 0.885 ± 0.037 0.448 ± 0.015
ZSDV-00058 191 ± 3.44 0.019 ± 0.0006 0.964 ± 0.021 11.3 ± 0.452 195 ± 4.48 3.34 ± 0.097 0.255 ± 0.018 151 ± 1.81 101 ± 1.62 2.79 ± 0.017 0.190 ± 0.011
ZSDV-00059 1456 ± 59.7 0.027 ± 0.0002 0.237 ± 0.005 141 ± 4.79 433 ± 15.1 15.5 ± 0.480 0.065 ± 0.004 506 ± 3.54 124 ± 0.865 2.49 ± 0.045 0.877 ± 0.061
ZSDV-00060 197 ± 6.50 0.018 ± 0.0004 0.869 ± 0.013 7.63 ± 0.267 307 ± 5.83 10.4 ± 0.083 0.051 ± 0.0006 330 ± 0.700 100 ± 2.03 0.565 ± 0.025 0.212 ± 0.033
ZSDV-00064 96.8 ± 4.45 b0.003 0.230 ± 0.003 14.0 ± 0.476 61.0 ± 1.58 3.35 ± 0.064 0.075 ± 0.004 193 ± 2.31 195 ± 3.11 0.987 ± 0.019 0.206 ± 0.011
ZSDV-00065 240 ± 6.48 0.004 ± 0.0003 0.281 ± 0.010 40.2 ± 1.85 97.2 ± 6.02 4.82 ± 0.212 0.056 ± 0.001 210 ± 1.26 145 ± 2.47 2.55 ± 0.064 0.302 ± 0.012
ZSDV-00066 144 ± 4.90 0.013 ± 0.0007 0.106 ± 0.002 11.3 ± 0.350 143 ± 4.57 7.31 ± 0.285 0.063 ± 0.002 262 ± 2.36 159 ± 1.91 0.856 ± 0.012 0.534 ± 0.032
ZSDV-00070 97.8 ± 3.81 b0.003 0.505 ± 0.017 12.8 ± 0.550 38.8 ± 1.04 2.25 ± 0.065 0.158 ± 0.002 188 ± 2.83 188 ± 5.25 0.958 ± 0.043 0.121 ± 0.007
ZSDV-00072 259 ± 10.6 0.027 ± 0.001 0.358 ± 0.009 12.0 ± 0.456 301 ± 2.70 12.2 ± 0.146 0.077 ± 0.002 403 ± 7.65 178 ± 4.26 1.0 ± 0.32 0.265 ± 0.012
ZSDV-00074 74.5 ± 2.16 0.022 ± 0.0007 0.276 ± 0.004 10.1 ± 0.393 103 ± 3.29 2.53 ± 0.071 0.046 ± 0.0004 150 ± 1.80 123 ± 3.57 0.831 ± 0.010 0.139 ± 0.001
ZSDV-00075 2176 ± 69.6 0.226 ± 0.005 0.698 ± 0.011 13.2 ± 0.871 2207 ± 59.5 68.6 ± 1.92 0.129 ± 0.004 2094 ± 18.9 197 ± 3.75 1.54 ± 0.041 1.19 ± 0.010
ZSDV-00076 126 ± 4.28 0.027 ± 0.0004 0.258 ± 0.006 14.1 ± 0.451 143 ± 1.72 7.18 ± 0.603 0.090 ± 0.001 217 ± 1.2 169 ± 1.52 1.0 ± 0.034 0.140 ± 0.001
ZSDV-00077 923 ± 24.0 0.053 ± 0.001 0.130 ± 0.003 0.831 ± 0.056 1116 ± 21.2 29.6 ± 0.266 0.053 ± 0.001 448 ± 8.07 77.5 ± 1.47 0.959 ± 0.026 1.07 ± 0.050
ZSDV-00078 497 ± 20.8 0.376 ± 0.006 0.426 ± 0.010 7.67 ± 0.268 1012 ± 17.2 107 ± 1.61 0.294 ± 0.003 1128 ± 13.5 129 ± 3.10 0.933 ± 0.025 1.10 ± 0.065
ZSDV-00081 344 ± 5.50 0.106 ± 0.004 0.192 ± 0.004 14.6 ± 0.495 552 ± 5.52 19.7 ± 0.354 0.278 ± 0.020 359 ± 5.39 141 ± 2.26 3.23 ± 0.058 0.515 ± 0.025
ZSDV-00082 118 ± 3.54 0.004 ± 0.0001 0.065 ± 0.001 0.417 ± 0.018 89.4 ± 2.59 3.26 ± 0.101 0.046 ± 0.002 89.5 ± 2.15 115 ± 2.40 1.39 ± 0.030 0.364 ± 0.015
ZSDV-00083 17,263 ± 915 0.333 ± 0.008 1.50 ± 0.024 11.0 ± 0.396 8716 ± 357 571 ± 14.8 0.418 ± 0.008 9378 ± 206 228 ± 3.75 4.77 ± 0.085 5.03 ± 0.246
ZSDV-00084 4424 ± 150 0.112 ± 0.002 0.322 ± 0.005 1.63 ± 0.092 2843 ± 59.7 78.4 ± 1.25 0.121 ± 0.003 1814 ± 54.8 178 ± 4.45 2.52 ± 0.060 0.801 ± 0.032
ZSDV-00085 511 ± 15.8 0.022 ± 0.0002 1.0 ± 0.037 10.7 ± 0.353 925 ± 24.9 31.9 ± 0.510 0.081 ± 0.004 840 ± 12.6 163 ± 3.76 1.02 ± 0.034 0.451 ± 0.016
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a few square meters large and mostly up to 20 cm deep), the second
source is mostly certain rock weathering. In the sample from Mandića
cave (ZSDV-0039) quartz was detected besides calcite. The possible
source of Si is influshed, fine-grained clastic sediment (Lovrenčić
Mikelić et al., 2013). In two samples, one from Zagorska peć (ZSDV-
0054) and one fromVrelo (ZSDV-0075), dolomite was detected besides
calcite. It is a reflection of the local geological conditions, e.g. occurrence
of dolomite and dolomitic limestone (Bahun, 1970; Garašić, 1992).

3.2. ICP-MS analysis of trace elements and statistical interpretation

Results of ICP-MS analysis of 30 chemical elements are presented in
Table 3 and their basic statistical parameters are presented in Table 4.
Parameters are obtained for all 30 analyzed elements, including all sam-
ples from all studied caves to get a brief insight into the concentration
ranges of studied elements in the studied caves that belong to Croatian
karst. These values could serve as reference values for thementioned re-
gion and could be compared with values of some other karst regions
worldwide.

Results of the correlation analysis of log-transformed data between
30 elements are given in Table 5. The majority of the element mass frac-
tionswere strongly correlatedwith each other (Table 6). There are a total
of 71 cases (16.3%) of strong relationships, 171 cases (39.3%) ofmoderate
strong relationships, and 106 cases (24.4%) of weak relationships. Strong
and moderate strong positive relationships dominate over strong and
moderate strong negative relationships (9.1:1). Their prevalence indi-
cates influence of similar sources. Due to the prevalence of calcite, the
most abundant element is Ca. It is expected due to the carbonate host
rocks and Ca high solubility and mobility. It has negative correlations
with all other elements. Similar relationships of Ca with other elements
were identified in carbonate rocks by Lovrenčić Mikelić et al. (2013) so
there are similarities between host rock and speleothem composition.

Results of boxplot evaluation of anomalies, which are according to
their intensity divided into extremes and outliers, are presented in
Table 7. The largest number of anomalies is present in all three samples
Table 4
Basic statistical parameters of mass fractions. Values are given in mg/kg.

Valid N Mean Median Minimum Maximum

Cd 37 0.1 0.1 0.0 0.8
Pb 37 2.4 1.0 0.2 18.7
Cu 37 1.9 0.9 0.3 9.9
Zn 37 5.5 2.7 1.0 26.9
Mn 37 27.9 3.1 1.1 313.0
Ni 37 8.7 2.5 1.3 88.9
Cr 37 4.6 1.5 0.4 31.6
Co 37 0.9 0.6 0.4 5.1
Ba 37 10.0 4.1 0.3 80.9
Ca 37 354,266.0 361,338.0 253,648.0 386,002.0
K 37 296.8 60.9 5.3 2831.0
Mg 37 545.1 160.0 38.7 3741.0
Na 37 103.6 52.6 20.9 624.0
Sr 37 45.0 26.8 9.9 468.0
Li 37 2.1 0.5 0.1 20.4
Mo 37 2.1 0.2 0.1 32.9
Sb 37 1.2 0.1 0.0 9.6
Bi 37 0.3 0.1 0.0 2.1
Be 37 0.1 0.0 0.0 0.7
Al 37 1408.8 304.0 63.1 17,263.0
Tl 37 0.1 0.0 0.0 1.9
U 37 0.5 0.3 0.1 2.3
B 37 15.1 11.1 0.4 141.0
Si 37 1097.0 430.0 38.8 8716.0
Ti 37 60.5 15.5 2.3 723.0
W 37 0.2 0.1 0.0 0.6
Fe 37 1240.5 403.0 89.5 14,977.0
V 37 149.3 151.0 77.5 228.0
Sn 37 1.7 1.1 0.6 4.8
As 37 0.8 0.3 0.1 5.0
from Lukina jama (ZSDV-0011, ZSDV-0053, ZSDV-0083) located on
Northern Velebit Mt. In this cave a whole series of elements, including
many heavy metals, show extreme values (Pb, Cu, Zn, Mn, Ni, Cr, Co,
Ba, K,Mg, Li, Be, Al, U, Si, Ti,W, Fe, As). Among all samples, all three sam-
ples from Lukina jama show the highest anomalies of Fe and Mn. Ac-
cording to previous research it is probably an effect of Mn\\Fe crusts
showing changes of hydrological conditions (Gázquez et al., 2011). It
is also known that other types of mineral coatings affect speleothem
mineralogy (Onac, 1996). The other location with a larger number of
anomalies, but to a much lower extent than Lukina jama, is cave Špilja
u kamenolomu Tounj (ZSDV-0084), where Pb, Mn, Co, Sb, Be and Al
show extreme values and Ba, Sr, Li, Si, Ti and Fe outlier values. Mandića
špilja (ZSDV-0039) has extreme values of Cu, Zn, Ni and Mo. Fabrisova
jama (ZSDV-0070) also shows four extremes (Ni, Cr, Mo, Sb) and one
outlier (Sr). Vrelo cave (ZSDV-0075) shows three extremes (K, Na, Al)
and four outliers (Mg, Si, Ti, Fe). It is interesting that in its clastic sedi-
ment abundant hematite particles were found (Garašić, 1992). We
found increased concentration of Fe in speleothem too but not so high
since Fe in clastic sediment is a part of alluvial deposit from a different
source and reflects geological influence from a wider drainage aquifer
system. Meduza cave (ZSDV-0076) shows three extremes (Cu, Ni,
Mo). The sample from Sedrena špilja iza mlina (ZSDV-0058) has the
highest concentration of Sr. It is a cave formed in tufa deposits. Sr is
known to be incorporated in larger quantities at high growth rates
that are due to the high porosity of tufa and precipitation but it can
also reflect change in water chemistry due to the prior calcite precipita-
tion, aeolian input, Sr-bearing salts that were precipitated in drying soils
in the summer and summer dryness in general (Lorens, 1981; Fairchild
et al., 2000; Ihlenfeld et al., 2003; Fairchild and Treble, 2009). So it
would be interesting to collect more samples of speleothems from
other tufa caves for comparison because of less complicated sampling
and not so complicated geological conditions that can be also analyzed
for determination of precipitation environment and controls. All other
caves show a much lower number of anomalies, which are not so im-
portant, or do not show any anomaly at all.
Variance Std.Dev. Std. Error Skewness Kurtosis

0 0.18 0.030 2.04910 4.30203
19 4.34 0.714 2.89760 7.75418
6 2.45 0.403 2.27051 4.41621

45 6.71 1.103 2.31994 4.76560
5063 71.15 11.698 3.27011 9.89031
265 16.28 2.676 3.75306 16.52799
54 7.35 1.208 2.72483 7.37915
1 0.96 0.157 3.68208 13.49132

323 17.97 2.954 3.41012 11.59468
721,965,777 26,869.42 4417.306 −2.75712 8.74052

348,958 590.73 97.115 3.09392 10.18039
772,335 878.83 144.478 2.42447 5.43810
14,391 119.96 19.722 2.80522 9.37908
5475 73.99 12.164 5.47236 31.80590

22 4.74 0.779 3.46038 11.50241
36 5.97 0.982 4.26118 20.28691
7 2.57 0.422 2.42829 5.02851
0 0.52 0.085 2.39947 5.06241
0 0.14 0.024 3.71974 14.02126

11,761,366 3429.48 563.804 3.78724 14.81245
0 0.35 0.058 3.91534 16.95588
0 0.47 0.077 2.03934 4.70345

498 22.31 3.668 5.28168 30.06720
3,900,600 1974.99 324.687 2.96788 8.52927

21,933 148.10 24.347 3.82993 14.54889
0 0.12 0.019 1.82545 3.73879

8,068,781 2840.56 466.985 4.02453 16.95595
1050 32.40 5.326 0.16463 −0.10955

1 1.02 0.167 1.10868 0.70681
1 1.17 0.193 2.94461 8.41506



Table 5
Correlation coefficients of log-transformed data for 30 elements. Elevation (z) and precipitation (P). Correlations are significant at p b 0.05.

Al As B Ba Be Bi Ca Cd Co Cr Cu Fe K Li Mg Mn

Al 1.00
As 0.84 1.00
B 0.07 −0.01 1.00
Ba 0.67 0.67 −0.08 1.00
Be 0.94 0.79 0.16 0.71 1.00
Bi 0.51 0.55 0.15 0.41 0.52 1.00
Ca −0.65 −0.58 −0.17 −0.59 −0.78 −0.41 1.00
Cd 0.45 0.19 0.17 0.21 0.60 0.05 −0.52 1.00
Co 0.83 0.67 0.13 0.71 0.91 0.45 −0.86 0.52 1.00
Cr 0.58 0.47 −0.15 0.45 0.60 0.33 −0.61 0.47 0.55 1.00
Cu 0.63 0.38 0.11 0.50 0.67 0.41 −0.59 0.62 0.66 0.65 1.00
Fe 0.93 0.78 0.18 0.67 0.95 0.43 −0.76 0.55 0.91 0.55 0.69 1.00
K 0.85 0.71 0.06 0.57 0.80 0.31 −0.52 0.42 0.70 0.40 0.53 0.85 1.00
Li 0.95 0.89 0.04 0.65 0.90 0.56 −0.61 0.38 0.78 0.57 0.58 0.89 0.83 1.00
Mg 0.53 0.29 0.11 0.62 0.58 0.24 −0.45 0.37 0.63 0.13 0.41 0.57 0.60 0.46 1.00
Mn 0.92 0.73 −0.08 0.74 0.89 0.34 −0.66 0.47 0.87 0.55 0.66 0.92 0.80 0.84 0.59 1.00
Mo 0.10 −0.03 0.03 0.00 0.15 0.11 −0.30 0.30 0.13 0.70 0.44 0.14 0.05 0.10 −0.07 0.08
Na 0.56 0.43 0.05 0.32 0.48 0.24 −0.35 0.28 0.43 0.34 0.39 0.52 0.80 0.49 0.42 0.48
Ni 0.33 0.18 0.11 0.25 0.43 0.21 −0.55 0.48 0.43 0.84 0.62 0.42 0.23 0.33 0.10 0.34
Pb 0.83 0.74 0.09 0.59 0.83 0.47 −0.58 0.44 0.71 0.47 0.56 0.82 0.68 0.84 0.41 0.82
Sb 0.36 0.42 −0.55 0.36 0.32 0.58 −0.30 0.01 0.29 0.50 0.17 0.18 0.18 0.36 0.07 0.31
Si 0.94 0.78 0.00 0.65 0.89 0.38 −0.56 0.49 0.76 0.49 0.65 0.93 0.87 0.92 0.57 0.91
Sn 0.36 0.34 0.21 0.47 0.38 0.32 −0.34 0.12 0.45 0.17 0.18 0.30 0.28 0.33 0.41 0.36
Sr 0.28 0.08 0.10 0.49 0.31 0.26 −0.28 0.05 0.35 0.08 0.18 0.24 0.27 0.19 0.46 0.29
Ti 0.92 0.81 0.05 0.66 0.91 0.41 −0.65 0.51 0.83 0.53 0.66 0.96 0.86 0.91 0.53 0.92
Tl 0.71 0.78 0.05 0.55 0.69 0.50 −0.42 0.28 0.58 0.37 0.49 0.73 0.69 0.83 0.40 0.65
U 0.49 0.36 0.41 0.56 0.62 0.22 −0.61 0.38 0.59 0.25 0.42 0.63 0.54 0.46 0.57 0.47
V 0.26 0.25 0.30 0.25 0.40 0.32 −0.50 0.44 0.41 0.32 0.37 0.37 0.23 0.22 0.13 0.22
W 0.43 0.42 0.23 0.57 0.53 0.50 −0.46 0.27 0.58 0.30 0.39 0.53 0.43 0.48 0.48 0.46
Zn 0.63 0.38 0.19 0.38 0.63 0.28 −0.57 0.53 0.67 0.55 0.80 0.73 0.57 0.56 0.44 0.69
z 0.41 0.65 −0.14 0.29 0.33 0.31 −0.26 −0.09 0.28 0.42 0.08 0.35 0.34 0.58 −0.11 0.29
p 0.38 0.62 −0.16 0.23 0.29 0.40 −0.21 −0.09 0.22 0.30 0.04 0.30 0.34 0.50 −0.08 0.23

Mo Na Ni Pb Sb Si Sn Sr Ti Tl U V W Zn z p

Mo 1.00
Na 0.15 1.00
Ni 0.91 0.19 1.00
Pb 0.04 0.38 0.28 1.00
Sb 0.16 0.26 0.17 0.29 1.00
Si 0.06 0.49 0.29 0.81 0.20 1.00
Sn −0.16 0.26 −0.03 0.27 0.19 0.25 1.00
Sr 0.00 0.24 0.12 0.14 0.16 0.20 0.31 1.00
Ti 0.08 0.51 0.34 0.82 0.20 0.96 0.31 0.11 1.00
Tl 0.07 0.33 0.25 0.68 0.15 0.80 0.15 0.07 0.79 1.00
U 0.11 0.28 0.34 0.33 −0.15 0.53 0.20 0.52 0.52 0.45 1.00
V 0.10 0.29 0.24 0.20 0.20 0.17 0.20 0.10 0.26 0.17 0.38 1.00
W 0.12 0.23 0.32 0.40 0.10 0.46 0.48 0.40 0.54 0.63 0.51 0.29 1.00
Zn 0.36 0.39 0.57 0.55 0.06 0.66 0.16 0.11 0.66 0.50 0.44 0.27 0.43 1.00
z 0.17 0.21 0.24 0.40 0.30 0.37 0.09 −0.14 0.43 0.57 −0.02 0.06 0.24 −0.02 1.00
p 0.09 0.35 0.09 0.37 0.42 0.30 0.05 −0.06 0.34 0.51 −0.09 0.24 0.14 −0.09 0.86 1.00

0 b |r| b 0.20 = not or slightly correlated; 0.20 ≤ |r| b 0.40 = weak linear relationship;
0.40 ≤ |r| b 0.70 = moderate strong linear relationship; 0.70 ≤ |r| b 1 = strong linear relationship.
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Results of Q-mode cluster analysis are presented in Table 8 (mem-
bers of each of three extracted clusters and Euclidean distances from re-
spective cluster center) and Table 9 (mean values of elements for all
three clusters). Cluster analysis was performed using 10 selected ele-
ments (Pb, Zn, Ni, Cr, Co, Ca, Li, Al, Si and Fe) and 2 other variables (ele-
vation and precipitation). Cluster 1 contains 15 samples and cluster 3
contains 20 locations. Differences of mean values of most elements be-
tween them are not very big, while cluster 2, which contains only two
samples from Lukina jama, has significantly increased values of almost
all elements and parameters. Those two samples are so much different
than any other sample, that they formed their own cluster.

To get an even better insight into the behavior of factors of studied
speleothems, factor statistical analysis was performed. The results of
factor analyses are presented in Table 10 (factor loadings) and in
Table 11 (factor scores for each studied sample). Three factors (varimax
normalized) were extracted, and the obtained results fit well with the
stipulation of Morrison (1967) that main components should explain
at least 75% of the total variance (in our dataset 89.36% of the total var-
iance is explained with three factors). In the obtained factor model 10
chemical elements were included and 2 other variables (elevation
above sea level of the cave entrance and precipitation).

Factor 1 has very good or excellent positive correlationswith the fol-
lowing chemical elements: Pb, Zn, Co, Li, Al, Si and Fe, while with Ca it
has very good negative correlation. So, it can be concluded that this fac-
tor is obviously a natural factor caused by local mineralogy, influenced
by aluminosilicate rocks. The highest factor scores of this factor are pres-
ent in samples from Lukina jama cave, in which the largest number of
mineral phases was detected. Factor scores of this factor are also rather
high in caves Špilja u kamenolomu Tounj, Maklutača, Gvozdenica and
Mandića Špilja. Themajority of these caves have complexmineralogical
composition.

Factor 2 has excellent positive correlationswith elevation of cave en-
trance (e.g. surface drainage area) and with precipitation. The highest
factor scores are present in several caves located on Velebit Mt. and in



Table 6
Distribution of correlation relationship strength.

r value Relationship strength Cases N Cases %

−1 b r ≤ −0.7 Strong negative linear relationship 3 0.7
−0.7 b r ≤ −0.4 Moderate strong negative linear relationship 21 4.8
−0.4 b r ≤ −0.2 Weak negative linear relationship 5 1.1
−0.2 b r ≤ 0 Not or slightly correlated 11 2.5
0 b r b 0.2 Not or slightly correlated 76 17.5
0.2 ≤ r b 0.4 Weak positive linear relationship 101 23.2
0.4 ≤ r b 0.7 Moderate strong positive linear relationship 150 34.5
0.7 ≤ r b 1 Strong positive linear relationship 68 15.6

Class thresholds for r value taken from Lovrenčić Mikelić et al., 2013.
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Gorski kotar region. Those caves are mostly located at high elevations
(N1200 m) and/or have the highest rate of precipitation (~2000 mm/
y; the amount is not connected only with the elevation but also with
the geographical position near the Adriatic Sea as the source of humid
air masses and influences from the Atlantic; Table 1). It is an expected
result but it is stressed here because of the impact on the transport of
mineral phases between the surface and the underground, e.g.
weathering and accumulation environments. Vadose circulation (dif-
fuse and concentrated), underground flash floods after snow melting
or heavy rains, together with allogenic streams can transport remark-
able amounts of inorganic and organic matter and energy through con-
duits influencing both weathering and accumulation in cave sediments,
including speleothems. Therefore the correlation between elevation/
precipitation and elemental composition is also interesting (Table 12).
Due to the interconnections of surface and cave microclimate increase
Table 7
Anomalies (extremes and outliers) determined by boxplot method. Elements V and Sn did not

Location

Anomaly of following element:

Extreme

ZSDV-0001
ZSDV-0003 Tl
ZSDV-0005
ZSDV-0006 Mg
ZSDV-0007
ZSDV-0009 Pb
ZSDV-00010
ZSDV-00011 Al, As, Ba, Be, Bi, Ca(−), Co, Cr, Cu, Fe, K, Li
ZSDV-00018 Mg
ZSDV-00039 Cu, Mo, Ni, Zn
ZSDV-00040 Bi
ZSDV-00044 Bi, Sb
ZSDV-00045 Mo, Ni
ZSDV-00046 Na
ZSDV-00048
ZSDV-00053 Al, As, Be, Co, Fe, K, Li, Mn, Si, Ti
ZSDV-00054 Cd
ZSDV-00055
ZSDV-00056 K, Na
ZSDV-00058 Sr
ZSDV-00059 B
ZSDV-00060
ZSDV-00064 Bi, Sb
ZSDV-00065 B
ZSDV-00066
ZSDV-00070 Cr, Mo, Ni, Sb
ZSDV-00072
ZSDV-00074
ZSDV-00075 Al, K, Na
ZSDV-00076 Cu, Mo, Ni
ZSDV-00077 Sb
ZSDV-00078 K, Ti
ZSDV-00081
ZSDV-00082 Sb
ZSDV-00083 Al, As, Ba, Be, Bi, Ca(−), Co, Cr, Cu, Fe, K, Li
ZSDV-00084 Al, Be, Co, Mn, Pb, Sb
ZSDV-00085

(−) negative anomaly.
in elevation (z) can be observed as the factor influencing air/water tem-
perature oscillations and thus speleothem deposition and composition
(Domínguez-Villar et al., 2013; Paar et al., 2013a; Rau et al., 2015). Sta-
tistical analysis indicates the highest values of positive correlation be-
tween precipitation and concentrations of As, Na and K. Carbonates
are normally low in As, usually around 1 mg/kg or less (Onishi and
Sandell, 1955; Salminen et al., 2005; Lovrenčić Mikelić et al., 2013), so
our results are consistent with literature data. In sedimentary rocks,
As is concentrated in clays and hydrous Fe and Mn oxides. In our case
it is confirmed by strong correlation with Fe and Mn (r = 0.78 and
0.73) but also with Al and Si (0.84 and 0.78) as compounds of claymin-
erals, e.g. secondary aluminosilicates found in our examples (Tables 3
and 5). As minerals and compounds are readily soluble, but As migra-
tion is greatly limited, because of strong sorption by clays, hydroxides
and organic matter; the latter may have a marked influence on the
show any anomalous values, all other showed some anomalies.

Outlier

U

, Mg, Mn, Ni, Pb, Si, Ti, U, W, Zn B, Cd, Sr

Cd, Zn
K
Sr
Ba, Bi, Cu, Ni, Pb, U

Sr, Zn
Bi, Mg
Al, Na

Sr

Fe, Mg, Si, Ti

Mo
Na

, Mg, Mn, Sb, Si, Ti, Zn Na, Sr, U, W
Ba, Fe, Li, Sr, Si, Ti



Table 8
Members of obtained clusters and distances from respective cluster centers.

Members of cluster number 1 and distances from respective cluster center. cluster contains 15 cases. Distance

ZSDV-0005, špilja rudnik Minjera, Brač 2435.738
ZSDV-00039, Mandića špilja, Omiš 2419.325
ZSDV-00048, Jama Povajska Lipotica, Brač 2403.728
ZSDV-00053, Lukina jama, Sjev. Velebit 4829.115
ZSDV-00054, Zagorska peć, Ogulin 463.633
ZSDV-00055, Provala, Žumberak 551.427
ZSDV-00065, Špilja Barići, Kremen-Slunj 2065.512
ZSDV-00070, Fabrisova jama, Ročko polje, Istra 4334.853
ZSDV-00072, Pčelina špilja, Gospić 527.825
ZSDV-00074, Kraljevska jama, Hvar 708.462
ZSDV-00075, Vrelo, Fužine 2169.458
ZSDV-00076, Meduza, Sjev. Velebit 1036.864
ZSDV-00078, Velebita, Sjev. Velebit 645.387
ZSDV-00084, Špilja u kamenolomu Tounj 1483.106
ZSDV-00085, Veternica, Medvednica 942.042

Members of cluster number 2 and distances from respective cluster center. cluster contains 2 cases. Distance

ZSDV-00011, Lukina jama, Sjev. Velebit 1295.985
ZSDV-00083, Lukina jama, Sjev. Velebit 1295.985

Members of cluster number 3 and distances from respective cluster center. cluster contains 20 cases. Distance

ZSDV-0001, Jopićeva špilja, Kordun 837.307
ZSDV-0003, Lubuška jama, Sjev. Velebit 429.977
ZSDV-0006, Dolača, Žumberak 839.202
ZSDV-0007, Golubnjača, Plitvice 676.251
ZSDV-0009, Maklutača, Dugopolje 1563.365
ZSDV-00010, Provala, Žumberak 1605.004
ZSDV-00018, Markova špilja, Hvar 1810.684
ZSDV-00040, Manita Peć, N.P. Paklenica 1089.603
ZSDV-00044, Munižaba, Crnopac 809.341
ZSDV-00045, Rača špilja, Lastovo 909.087
ZSDV-00046, Vodarica, N.P. Paklenica 1405.155
ZSDV-00056, Gvozdenica, Kordun 2484.982
ZSDV-00058, Sedrena špilja, Krka 268.197
ZSDV-00059, Debeljača, Lovinac 1805.601
ZSDV-00060, Nova Grgosova špilja, Otruševac 1637.695
ZSDV-00064, Samograd, Korčula 1983.961
ZSDV-00066, Burinka, Crnopac 2205.754
ZSDV-00077, Velebita, Sjev. Velebit 1827.932
ZSDV-00081, Velebita, Sjev. Velebit 4939.723
ZSDV-00082, Ledena jama u Lomskoj Dulibi, Sjev. Velebit 3745.797
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measured As concentration. Mobilized by the weathering of rocks and
minerals As is thus readily fixed and accumulated in clays and in Fe
and Al oxides in soils (Ure & Berrow, 1982). So its stronger correlation
with precipitation, e.g. higher elevations is probably influenced by
more intense transport of authigenic or allogenic clays, hydroxides
and organicmatter from the upper parts of the caves close or connected
to the surface. A similar behavior can be concluded for K as a component
of aluminosilicateminerals, including the clay minerals. Ca has negative
correlation with elevation and precipitation (Table 12). It is weak but
expected since caves located in higher and colder areas are less
Table 9
Mean values of 10 elements and two other parameters for 3 obtained clusters. Element's conte

Cluster - no. 1
Mean

Pb 1.6
Zn 5.2
Ni 13.0
Cr 5.3
Co 0.8
Ca 347,837.5
Li 1.4
Al 949.4
Si 990.0
Fe 903.7
Altitude z 572.0
Precipitation 1465.0
abundant in speleothems or there are no speleothem formations at all.
Also, the differences between r considering elevation and precipitations
can be used for rating of influences of temperature and precipitation on
weathering, elements mobility and their incorporation in speleothems.

Factor 3 has excellent and very good correlations with Ni and Cr. Ob-
viously, it is of a completely other origin than Factor 1, but most proba-
bly its origin is also natural (geogene), originating from flysch, which is
known to be a source of Ni and Cr (Prohić et al., 1997; Miko et al., 2001;
Frančišković-Bilinski et al., 2014). More about origin of Ni and Cr in
studied speleothem samples will be presented in Discussion.
nts are given in mg/kg, elevation in m and precipitation in mm/m2.

Cluster - no. 2
Mean

Cluster - no. 3
Mean

16.4 1.7
24.4 3.9
24.1 4.0
25.2 2.1
4.7 0.6

255,923.0 368,921.8
20.4 0.8

14,651.5 429.0
8148.5 472.2

12,177.5 399.4
1475.0 614.1
1875.0 1461.3



Table 10
Factor loadings (varimax normalized; marked loadings are N0.70).

Factor - 1 Factor - 2 Factor - 3

Pb 0.838 0.153 0.036
Zn 0.759 −0.173 0.301
Ni 0.067 −0.006 0.987
Cr 0.550 0.153 0.781
Co 0.959 0.143 0.154
Ca −0.867 −0.112 −0.338
Li 0.944 0.262 0.138
Al 0.944 0.198 0.142
Si 0.940 0.236 0.115
Fe 0.934 0.188 0.147
z 0.253 0.888 0.078
Precipitation 0.093 0.930 3.45E−4
% of Expl.Var 6.867 1.961 1.893
Prp.Totl 0.572 0.163 0.158
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4. Discussion

Our research shows that there are significant differences between
concentrations of certain elements, which make them good candidates
for further research. The correlation analyses included parameters
such as elevation of cave entrance, overlays of speleothem location, geo-
logical composition of the area, climate zone and the actual amount of
rainfall.

4.1. Mineral composition of speleothems

As already described in the Results, calcite is the only constituent of
themajority of samples, with the note that traces of otherminerals may
Table 11
Factor Scores for analyzed samples.

Sample Cave Region

ZSDV-0001 Jopićeva špilja Kordun
ZSDV-0003 Lubuška jama NP Sjeverni V
ZSDV-0005 Špilja-rudnik Minjera Supetar. Brač
ZSDV-0006 Dolača Žumberak
ZSDV-0007 Golubnjača Plitvice
ZSDV-0009 Maklutača Dugopolje
ZSDV-00010 Provala Žumberak
ZSDV-00011 Lukina jama NP Sjeverni V
ZSDV-00018 Markova špilja Hvar
ZSDV-00039 Mandića špilja Omiš
ZSDV-00040 Manita Peć NP Paklenica
ZSDV-00044 Munižaba Crnopac
ZSDV-00045 Rača špilja Lastovo
ZSDV-00046 Vodarica NP Paklenica
ZSDV-00048 Jama Povajska Lipotica Brač
ZSDV-00053 Lukina jama NP Sjeverni V
ZSDV-00054 Zagorska peć Ogulin
ZSDV-00055 Provala Žumberak
ZSDV-00056 Gvozdenica Kordun
ZSDV-00058 Sedrena špilja iza mlina Krka. Bilušić b
ZSDV-00059 Debeljača Lovinac
ZSDV-00060 Nova Grgosova špilja Otruševac
ZSDV-00064 Samograd Korčula
ZSDV-00065 Špilja Barići Kremen-Slun
ZSDV-00066 Burinka Crnopac
ZSDV-00070 Fabrisova jama Ročko polje. I
ZSDV-00072 Pčelina špilja Gospić
ZSDV-00074 Kraljevska jama Hvar
ZSDV-00075 Vrelo Fužine
ZSDV-00076 Meduza NP Sjeverni V
ZSDV-00077 Velebita NP Sjeverni V
ZSDV-00078 Velebita NP Sjeverni V
ZSDV-00081 Velebita NP Sjeverni V
ZSDV-00082 Ledena jama u Lomskoj dulibi NP Sjeverni V
ZSDV-00083 Lukina jama NP Sjeverni V
ZSDV-00084 Špilja u kamenolomu Tounj Tounj
ZSDV-00085 Veternica Medvednica
be present, due to detection limits of XRD method. Only samples from
theCave system Lukina jama-Trojama (VelebitMt.) showmulti-mineral
composition of several minerals, while samples at two other locations
show presence of dolomite and at one location of quartz, besides calcite.
Tremaine and Froelich (2013) and Wu et al. (2015) showed that the
main chemical and mineral components of speleothems are quite simi-
lar to the host rock. This is because the main material source of drip
water and speleothems are governed by the host rock. Their study re-
vealed the main mineralogical and geochemical characteristics of host
rock and speleothems, further discussing the seasonal variation of
hydrochemical indices of drip water. So, in our study it could also be
concluded that mineral composition of the studied speleothems reflects
the composition of surrounding rocks. Around the location of Lukina
Factor - 1 Factor - 2 Factor - 3

−0.30 −0.72 −0.44
elebit −0.48 1.35 −0.22

−0.16 −0.80 −0.37
−0.25 −0.51 −0.45
−0.08 −0.32 −0.37

0.35 −0.42 −0.77
−0.32 −0.72 −0.43

elebit 3.76 0.47 0.74
0.07 −1.42 −0.45
0.13 −1.55 1.47

−0.28 0.37 −0.42
−0.58 1.29 −0.21
−0.12 −1.68 1.30
−0.50 0.59 −0.22
−0.16 −0.97 −0.40

elebit 1.10 1.12 −0.21
−0.15 −0.06 −0.39
−0.22 −0.75 −0.34

0.23 −0.98 −0.33
uk −0.30 −0.67 −0.48

−0.27 0.38 −0.46
−0.25 −0.65 −0.43
−0.18 −1.09 −0.41

j −0.27 −0.53 −0.37
−0.57 1.15 −0.39

stra −1.23 −0.07 4.97
−0.34 0.35 −0.23
−0.10 −1.16 −0.18
−0.02 1.52 −0.28

elebit −0.89 1.49 1.42
elebit −0.47 1.46 0.13
elebit −0.31 1.38 −0.20
elebit −0.60 1.47 −0.48
elebit −0.72 1.19 −0.22
elebit 3.79 0.69 0.74

0.70 −0.42 −0.19
−0.01 −0.77 −0.40



Table 12
Correlation coefficients for elements, altitude and precipitation.

Altitude z Precipitation

Cd −0.06 −0.06
Pb 0.34 0.22
Cu 0.28 0.10
Zn 0.12 −0.04
Mn 0.31 0.20
Ni 0.09 0.00
Cr 0.32 0.18
Co 0.37 0.22
Ba 0.40 0.21
Ca −0.30 −0.20
K 0.42 0.39
Mg 0.02 −0.06
Na 0.14 0.45
Sr −0.15 −0.14
Li 0.50 0.30
Mo −0.03 −0.07
Sb 0.25 0.30
Bi 0.23 0.28
Be 0.41 0.25
Al 0.41 0.27
Tl −0.18 −0.14
U 0.29 0.11
B 0.03 0.02
Si 0.45 0.30
Ti 0.45 0.26
W 0.42 0.18
Fe 0.42 0.26
V 0.13 0.28
Sn 0.16 0.02
As 0.59 0.42
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jama cave the lithological composition is heterogeneous and at location
of three samples with complexmineral composition among other litho-
logical units carbonate breccias are present (Tari Kovačić and Mrinjek,
1994; Vlahović et al., 2007; Velić and Velić, 2009). So, it could be as-
sumed that the identified minerals, such as quartz, chlorite, musco-
vite/illlite and plagioclase, originate from mica-chlorite matrix or
quartz-carbonate cement, as part of present breccia.

4.2. Elemental composition of speleothems

Generally speaking, concentrations of all elements, especially of
heavymetals in studied speleothems are very low. Even those two sam-
pling media (speleothems and sediments) are different, when com-
pared with available sediment quality criteria (SMSP and
FALCONBRIDGE NC SAS, 2005) all the values of toxic elements are far
below the toxic threshold values. Even anomalous values of
speleothems from Lukina jama are below those values.

To get a better insight into the element distribution in the studied
speleothems, several statistical analyses have been performed. Boxplot
method was obtained to get anomalies. As already described in the
Results section, most anomalies are present in samples from Lukina
jama, especially in two speleothems samples: ZSDV-00011 and ZSDV-
00083. Q-mode cluster analysis showed that those two samples are so
much different regarding elemental compositions from any other sam-
ples, that they form a separate cluster (cluster 2). The third sample from
Lukina jama belongs to cluster 1, although it has a rather high distance
from cluster center (3051.135). Velebit Mt. is a coastal mountain
Table 13
Comparison of heavy metals content (mg/kg) in clastic sediments and speleothems of Lukina j

Type Cd Pb

Clastic sedimentsa 0.1–0.9 9–16
Speleothems 0.1–0.6 6.1–18.7

a After Vrbek (1998).
chain, known to have Dfsbx climate according to Köppen-Geiger classi-
fication and high precipitation (1750–2000 mm/year) owing to preva-
lent western air currents and elevation. Those conditions are similar to
those on Risnjak Mt. located 80 km NW from the Lukina jama area. Al-
though in the soils of the Risnjak karst area increased concentrations
of heavy metals caused by air-borne transport and precipitation from
industrial areas of northern Italy were recorded (Vrbek and Gašparac,
1992; Vrbek et al., 1991, 1994), the study of clastic cave sediments
from six caves did not show significantly increased concentrations of
Pb and other heavy metals (Vrbek and Buzjak, 2004). Therefore record-
ed heavy metals content from cave sediments was attributed to natural
origin. In a similar way increased concentrations of series of elements in
Lukina jama are more likely to be of natural origin, due to specific com-
position of surrounding rocks. It can be supported by the comparison of
heavy metal content in Lukina jama clastic cave sediments and
speleothems (Table 13; Vrbek, 1995, 1998, 2007). The values are similar
and can be used to support the thesis about their geogene origin. Ac-
cording to the heavy metal content in clastic cave sediments (sandy
clay and clay) sampled at the depths between 928 and 1392 m below
the surface, Lukina jama has very small quantities compared to some
other caves in Croatia (Vrbek, 1995). Vrbek has recorded similar rela-
tions in caves with heavy metals concentrations similar to natural con-
ditions and high concentrations as a result of anthropogenic pollution
from dump sites and sewerage systems (Vrbek, 1986–1987; Vrbek,
1992-1993).

The Pb content in rocks is usually b20 mg/kg (Gerhardsson, 2004;
Salminen et al., 2005) and in carbonate rocksworldwide and in Croatian
ama.

Cu Zn Mn

10–22 22–31 40–115
3.9–10 10.2–26.5 55.9–313
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karst it is b10 mg/kg (Adriano, 1986; Bakšić et al., 2011; Hough, 2010;
Kabata-Pendias, 2011; Lovrenčić Mikelić et al., 2013). Both Pb content
in clastic cave sediments and speleothems in Lukina jama correspond
to that value and therefore can be attributed to host rock origin. The
analysis of the soil profiles shows that the main contamination is
found in the upper 20–30 cm and decreasing with depth because the
contaminants canmigrate up to a fewmeters in depth in the soil profile
but it is different for various metals and conditions. The migration de-
pends on soil chemistry and texture (like pH, capacity of exchangeable
cations, carbon and organic matter content, sand content, sorption/de-
sorption processes of metals and metalloids on/from soil components),
climate, topographical factors (like slope inclination) and biological ac-
tivity (Sterckeman et al., 2000; Violante et al., 2010; Bakšić et al., 2011).
In general it is considered that Pb in soil has limited mobility since after
precipitation in the soil it quickly binds to the surface of the negatively
charged particles which negatively affects Pb mobility and slowly con-
verts to more insoluble forms such as sulfate, sulfide, oxide and phos-
phate salts. Therefore Pb concentration in cave sediments is lower
than in surface soils (Bakšić et al., 2011). Themobility can risewhen sol-
uble organic complexes are formed orwhen the soil Pb exchange capac-
ity approaches saturation. Extremely to significantly high Pb
concentrations in karst springs in Croatian karst were recorded by
Matić et al. (2012), as well as influence of Mn to Pb concentration
(Matić et al., 2013). It is known that Pb has strong adsorption affinity
for particles, especially for Mn oxides or carbonate (Bilinski et al.,
1991; Gerhardsson, 2004; Feng, 2011). The significantly higher Mn
amount in samples determined the higher Pb concentrations by adsorp-
tion of the most Pb onto Mn oxide particles. A similar connection was
found in our samples,with strong correlation (r=0.82)which also sug-
gests geogene origin of Pb. The surface around the entrance of Lukina
jama and its potential drainage basin that could feed speleothems has
small quantities of topsoil or not at all (bare karst) so there is a small
chance for absorption of aerosol Pb into organic soil components. One
must also not neglect the depth of sampling locations to the length of
the non-determinable flow paths, their interconnection influencing
mixing from different sources and host rocks, different conditions
influencing pH, temperature and deposition/denudation, and unknown
water retention in voids during flow.

The only bigger difference is noticeable in Mn concentration with
lower values in clastic sediments compared to speleothems. This is
probably due to the very differing behavior of Mn in sediments con-
trolled by various environmental factors. In a colder environment, like
Lukina jama with average air temperature 3–4 °C (at the depth
1225 m below the surface; Paar et al., 2013a) Mn could be removed
from the sediment by bicarbonates or as a complex with organic acids
derived from decaying plants that could be influshed by water flows
into the underground. Also the physical properties ofMnoxides and hy-
droxides result in their fast association with transitional metals like Cu,
Zn, Pb. Also Mn2+ (aq) is readily soluble so its lower concentration in
loose clastic sediment could also be a consequence of occasional
flooding recorded in the lower epiphreatic parts of Lukina jama where
sediments were sampled (Paar et al., 2013b).

According to Q-mode cluster analysis, all other studied samples (ex-
cept those two from cluster 2) are rather equally distributed into clus-
ters 1 and 3. Those two clusters show rather similar concentrations of
most elements, with slightly higher values for most of them in cluster
1. But, when comparing those clusters with anomalous cluster 2, one
can notice that concentrations of almost all elements are significantly
higher in this cluster, for some elements up to 20 times. However,
there are some exceptions, like Ca, Mo and B. Contrary to other ele-
ments, Ca has the lowest concentration in cluster 2, and even the differ-
ences to other clusters are not so high. Mo shows a completely different
behavior than other elements, as it has 4 times higher concentration in
cluster 1, while in anomalous cluster 2 it shows low concentrations,
similar to those in cluster 3. B shows rather uniform concentrations in
all three clusters. It is interesting to notice that all samples which
show significant anomalies determined by boxplot method (besides
those two which form separate cluster 2) belong to cluster 1 (one of
samples from Lukina jama, Mandića cave, Špilja u kamenolomu Tounj
cave, Fabrisova cave, Vrelo cave and Meduza cave). Caves with
speleothems containing significant anomalies do not show any com-
mon characteristics: they do not belong to the same geomorphological
category, do not belong to the same climate type and have different
amounts of rainfall.

Sr is important as an indicator for fluid-rock interactions. Its varia-
tions in concentration are a result of precipitation rate, mineral stoichi-
ometry, crystal growthmechanism, fluid composition and temperature.
Calcite and dolomite in limestones have Sr concentrations 20–70 ppm
(Banner, 1995).

Mg (Mn and Zn) incorporation in calcite is temperature dependent
(Roberts et al., 1998; Fairchild and Treble, 2009) and also determined
by drip water rate and chemistry (Huang and Fairchild, 2008) primarily
determined by the host rock and soil cover. Besides that it is known that
changes in the Mg concentration of a speleothem can be used to re-
search air surface temperature changes especially in shallow caves
where the calcite precipitation temperature and cave air temperature
correspond to the annual mean of the surface air temperature
(Gascoyne, 1983, 1992). So it can be presumed that speleothems from
higher elevations will show different Mg concentration compared to
caves located in lower elevations.

Si, Al, K, Na and Li can be used to determine if their high frequency
oscillations might result from variations in the detrital (non-carbonate)
content of the calcite e.g. clay particles and sands (Dandurand et al.,
2011; Lovrenčić Mikelić et al., 2013; Tremaine and Froelich, 2013). In
this case typical indices are concentrations of Al and K. This was sup-
ported by their strong positive correlation (r=0.85). Similar strong re-
lationships were recorded in the cases of Al with Si (r = 0.94) and Li
(r = 0.95), and K with Si (r = 0.87) and Li (r = 0.83; Table 5).
4.3. Determination of flysch and terra rossa influence on speleothems

Our finding, obtained by factor statistical analysis that Ni and Cr are
of other origin than other heavy metals is similar as the finding of
Zupančič and Skobe (2014). They also concluded that the very high Cr
and Ni levels found in their research could still be geogenic because
soils developed on Eocene flysch rocks of the Istra region are enriched
in both metals. Additional support to this is the finding of Lenaz et al.
(2003), who state that detrital Cr-spinels are widespread in Eocene
sandstones of the Brkini, Istra peninsula and Krk Island foredeep flysch
basins. According to them, Cr-spinels were derived from the erosion of
the Internal Dinarides, where type II and III peridotites are present,
and also from the Outer Dinarides, where type I peridotites crop out.
Frančišković-Bilinski et al. (2014) found elevated values of Cr and Ni
in the flysch basins of Croatia and Slovenia. Miko et al. (2001) per-
formed geochemical baseline mapping of soils developed on diverse
bedrock from two regions in Croatia. In this research they concluded
that the highest concentrations of bothCr andNi in karst areas of Croatia
are confined to three soil types: the terra rossa soils, the soils developed
on Eocene flysch and the soils developed onQuaternary sands (on some
islands). Both the Eocene flysch sedimentary rocks and Quaternary
sands are probably partly derived from weathering products of basic
magmatic rocks. A very high factor score is present in Fabrisova cave
in Istra and somewhat lower, but also elevated scores are present also
in Mandića cave. On those locations flysch is present in composition of
the surrounding area in higher or lower amounts, so analysis supports
this hypothesis. Thehinterland of Fabrisova cave is built of Eoceneflysch
sediments, so it could be assumed that there are sources of Ni and Cr. El-
evated scores in the case of Rača špilja (Lastovo Island) can't be ex-
plained in a similar way due to the absence of flysch, but it can be
connected with terra rossa soils. For any deeper analyses further re-
search is necessary.
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5. Conclusions and recommendations

The Croatian karst, mostly part of Dinaric karst and worldwide
known as the locus typicus of classical karst, is very rich in caves,
which are very poorly investigated in terms of elemental and mineral-
ogical composition of their speleothems. Therefore our research aims
to determine “reference values” for the Croatian karst. The most impor-
tant findings of our research are the following:

• Mineralogical analysis by XRD method showed that in 83.8% of stud-
ied speleothem samples calcite is the only identified mineral. In only
16.2% of samples some other minerals besides calcite (quartz, dolo-
mite, chlorite, muscovite/illite, plagioclase) have been detected. Half
of them (3 samples) are from Lukina jama, taken at different positions
(with respect to depth), which is the cave with most complex miner-
alogical composition of speleothems. Two main sources of clays in
caves are known: allogenic and authigenic. In case of samples from
Lukina jama, the main source could be reworked fluvial deposit.

• Concentrations of 30 chemical elements are determined by ICP-MS
method and their basic statistical parameters are calculated to get a
brief insight into the concentration ranges of studied elements in the
studied caves that belong to the Croatian karst. These values could
serve as a database and as “reference values” for the Croatian karst
that can be compared with values determined in some other karst re-
gions worldwide.

• Elemental concentrations obtained for each speleothem sample in
this work are average values for the whole time of speleothem
growth, as each speleothem can encompass long period of precip-
itation, with several climate and environmental settings. Average
samples from each speleothem were obtained in a way that
whole speleothems specimens were crushed and homogenized in
a mortar.

• We also aimed to determine differences of concentrations of par-
ticular elements in speleothems of different locations and to define
parameters which might be possible causes of those differences,
keeping in mind the fact that all speleothems are not equally old
and didn't have the same growth dynamic. Our conclusion, which
has to be additionally proved by future investigations, is that dif-
ferences in environmental conditions (geologic, geomorphologic,
soil, hydrologic, climatic, vegetational) condition variations of ele-
ment concentration in the speleothems.

• The largest number of element anomalies, obtained by boxplot
method, is present in all three samples from Lukina jama located
on Northern Velebit Mt. In this cave a whole series of elements, in-
cluding many heavy metals, show extreme values (Pb, Cu, Zn, Mn,
Ni, Cr, Co, Ba, K, Mg, Li, Be, Al, U, Si, Ti, W, Fe, As). This is the deepest
of the investigated caves, with heterogeneous lithological and
mineralogical composition, which has obviously influenced in-
creased concentrations of series of elements. Further investiga-
tions of influence of rock and mineral composition and
environmental conditions on elemental concentrations of
speleothems would be important.

• All statistical analyses performed in this research showed as very
useful, as following: Basic statistical parameters are very useful as
“reference values” of the whole studied Croatian karst region;
Boxplot was a very suitable method to determine caves with
anomalous concentrations of particular elements; Cluster analysis
of Q-mode was ideal to find groups of samples of similar proper-
ties; Factor analysis was a method of choice to reduce the number
of variables and to set up a model of several factors, each of them
describing one anthropogenic or natural influence (e.g. Cr\\Ni re-
lated factor indicating influence of flysch or terra rossa soils) and
to estimate the strength of each factor in each sample; Pearson's
correlation matrix was most suitable to study the strength of linear
correlation of mass fractions between researched elements and to
determine influences of similar sources. Therefore, we recommend
such multi-statistical method approach for similar research in the
future.

• The Croatian karst is not so large area in global proportions, but its
particular parts are rather different due to local geology, geomor-
phological processes, climate conditions, precipitation and other
environmental factors. Therefore, in one of directions of our future
research, which is in progress, we will orient to deep caves, where
our research focus will be aimed to investigate relations of rock
composition, sediments and speleothems and try to determine re-
lation of elemental composition of speleothems with different pe-
riods of speleothem formation. Elements which will be determined
to be influenced by climatic and hydrological conditions will be
proposed as suitable for paleoclimatic research.

• This study was the first study of such type performed in such a
broad area of the Croatian karst. Therefore we hope that the ob-
tained results will contribute the knowledge about elemental and
mineralogical composition, which are mostly determined by
geogene influence. Knowledge of natural (“zero”) state of nature
is very important because of nature protection measures and it
will enable future monitoring and easier detection of possible an-
thropogenic influence in the future. There are still many unsolved
questions, therefore the current paper should be considered as ini-
tiation of future broader research, which should include the differ-
ent temporal resolution of speleothem proxy time series.
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