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Active rock glaciers—known as mixtures of unconsolidated debris with interstitial
ice, ice lenses or a core of massive ice—are widespread indicators of mountain
permafrost. The age of a frozen rock glacier core in the Central European Alps
(Lazaun, Italy) was dated to about 10,000 years. Here we report on the chemical
composition of the frozen Lazaun core. The ice containing part of the core
extended from about 2.8 m down to 24 m depth and consisted of two
lobes—both a mix of ice and debris, separated by more than 3 m thick almost
ice-free layer. The two lobes of the core showed layers of high solute content and
peak values of electrical conductivity exceeding 1,000 μS/cm, but they differed in
acidity andmetal concentration. High acidity (minimum pH of 4.15) and high levels
of elements like nickel, cobalt, zinc, manganese, iron and aluminum characterized
the upper lobe, while neutral to alkaline pH and low metal values prevailed in the
bottom lobe. We attributed solutes accumulated in the ice matrix to the
weathering of bedrock minerals, with peak values favored by the oxidation of
pyrite, or by an enhanced reactive surface area in fine-grained sediment layers.
The chemical composition of the ice core also revealed signals of prehistoric
atmospheric deposition fromdifferent sources includingwood combustion,metal
ore mining, and large volcanic eruptions (Thera, Aniakchak II). To our knowledge,
this is the first study that presents the chemical stratigraphy of an entire rock
glacier ice core.
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1 Introduction

Permafrost is an important part of the global cryosphere. About 17% of the global
exposed land surface and 25% of the Northern Hemisphere are estimated to be perennially
frozen (Biskaborn et al., 2019), either at high latitudes or high altitudes. Impressive features
of mountain permafrost are active rock glaciers, i.e., lobate-to tongue-shaped bodies of
unconsolidated rocks and debris supersaturated with interstitial ice and ice lenses (Barsch,
1996). Active rock glaciers (ARGs) move downslope or downvalley by creep as a
consequence of the deforming internal ice (Haeberli, 1985; Barsch, 1996). ARGs of
periglacial origin consist of a core of ice-supersaturated perennially frozen talus covered
by a seasonally frozen layer of debris, known as the active layer. The ice of these talus-derived
ARGs originates from rain and meltwater, which percolate through the core of rock and
debris and freeze at lower depths (Haeberli et al., 2006; Jones et al., 2019). Details on the
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internal structure of ARGs have been provided by geophysical
methods like ground-penetrating radar, seismic refraction
tomography or electrical resistivity tomography (Hausmann
et al., 2007; Hauck et al., 2011; Leopold et al., 2011; Hausmann
et al., 2012), as well as by core drillings. However, the extraction of
ARG cores has yet been confined to a few sites in the European Alps
(for instance Reichenkar, Ölgrube and Kaiserberg in Austria, Hohe
Gaisl/Croda Rossa, Murfreit/Sella and Foscagno in Italy, Murtel-
Corvatsch and Muragl in Switzerland) and in the US (Galena Creek)
(Barsch et al., 1979; Haeberli et al., 1998; Steig et al., 1998; Haeberli
et al., 1999; Arenson et al., 2002; Guglielmin et al., 2004; Krainer
et al., 2015). The ice of individual European ARGs dates back to the
Early Holocene. For instance, an age of about 10,300 years has been
derived by radiocarbon dating of fossil plant remains for the frozen
core of Lazaun rock glacier (Italy) (Krainer et al., 2015). A likely age
of several thousand years is given for Murtél-Corvatsch
(Switzerland) (Haeberli et al., 1999), while an age of 2,200 years
is reported for the relict glacier ice within the permafrost of
Foscagno rock glacier (Italy) (Guglielmin et al., 2004).

The chemistry of rock glacier ice is expected to reveal impacts of
bedrock weathering and of atmospheric deposition, but there is still
a major lack of knowledge on the solute content of rock glacier ice
due to the limited number of extracted cores (Guglielmin et al.,
2004). Increased substance contents in high elevation surface waters
downstream of rock glaciers (Williams et al., 2006; Thies et al., 2007;
Williams et al., 2007; Thies et al., 2013; Ilyashuk et al., 2014; Fegel
et al., 2016; Colombo et al., 2018a; Colombo et al., 2018b; Thies et al.,
2018; Colombo et al., 2019; Jones et al., 2019) point to a temporary
contribution of highly concentrated meltwater from the ice matrix of
rock glaciers in late summer, and provide an indirect evidence of the
solutes accumulated in the ice of ARGs. In view of increasing air
temperatures due to climate warming, an enhanced degradation of
rock glacier ice and thus a higher fraction of meltwater to the
outflows of ARGs is hypothesised (Jones et al., 2019) with potential
impacts on freshwater ecosystems downstream of ARGs (Brighenti
et al., 2019a; Brighenti et al., 2019b; Colombo et al., 2020; Peszek
et al., 2022).

In this study, we investigate the chemical stratigraphy of a frozen
rock glacier core, extracted in the Central Eastern Alps (Lazaun,
Italy). We discuss processes that potentially had an impact on
vertical solute profiles in the ice matrix of the core. According to
our knowledge, this is the first study that presents the chemistry of
an entire rock glacier ice core.

2 Study site and methods

Lazaun rock glacier (LZRG) is located at 46°44′49″N and
10°45′20″E in the Schnals Valley in the southern Ötztal Alps
(Northern Italy) (Figure 1). The active tongue-shaped rock
glacier extends from 2,480 to 2,700 m above sea level in a north-
east facing cirque and covers a horizontal surface area of 0.12 km2.
Debris is supplied from frost weathering of a ridge south of LZRG.
The bedrock in the catchment of LZRG is composed of
polymetamorphic rocks of the Ötztal-Stubai Metamorphic
Complex of the austroalpine Ötztal-Bundschuh Nappe System
that is mainly composed of paragneiss and mica schists,
orthogneiss and amphibolite (Hoinkes and Thöni 1993; Hoinkes

et al., 2021). The main bedrock types at Lazaun are paragneiss
(biotite-plagioclase gneiss) and micaschist. Orthogneiss is rare and
amphibolite is absent (Bressan, 2007). Carbonate rocks do not occur.
LZRG is composed of debris derived from these bedrock types,
mainly paragneiss and mica schist. Paragneiss (biotite-plagioclase
gneiss) is composed of quartz, plagioclase, biotite, garnet, muscovite,
chlorite, staurolite, some chlorite and accessory minerals such as
tourmaline, titanite and opaque grains (ilmenite, sulfide minerals
like pyrite, chalkopyrite, and pyrrhotine). Mica schists have a similar
mineralogical composition of quartz, plagioclase, muscovite, biotite,
chlorite, garnet, staurolite, rare kyanite and accessory minerals
including zircon, tourmaline, titanite, and opaque minerals.
Orthogneiss is fine-grained and composed of quartz, feldspars,
biotite, muscovite, garnet, accessory opaque minerals and locally
some chlorite and carbonate minerals. More information on LZRG
(regarding geomorphology, flow velocities, borehole temperature
profiles, core stratigraphy, radiocarbon core dating, etc.,) is given by
Krainer et al. (2015).

The vertical LZRG core of 12.5 cm diameter was extracted from
the lower part of LZRG in summer 2010 using a cooled core drilling
device (Nenzi Gelmina by Landservice Srl, Italy). The core was
extracted at a distance of about 240 m from the rock glacier front at
an elevation of 2,580 m and covered a length of 40 m. The ice-
containing parts of the core were put into cooling boxes at the field
site, and were stored at a temperature of −20°C prior to chemical
analysis. Sub-samples of the frozen core were taken at 10–55 cm
intervals for the determination of the ice content, for chemical
analysis, and for radiocarbon dating resulting in a total of
149 samples (Krainer et al., 2015). Prior to chemical analysis, the
mixture of ice and debris was melted at room temperature in closed
containers and filtered through 0.45 µm mesh filters (ME 25,
Schleicher and Schuell). Water samples were then analysed for
pH, conductivity, major ions and metals. Polyethylene bottles
used for further analysis were all pre-cleaned according to
standard procedures (for ion analysis bottles were rinsed with
diluted HCl and then soaked and rinsed with ultrapure water; for
element analysis bottles were pre-cleaned with 3% HNO3 and
samples were acidified with HNO3 (Merck 65% suprapur) to
about 1 (wt) %). Specific electrical conductivity (at 25°C) was
measured with a WTW LF-92 m, and pH was determined with a
WTWpH-91 m and aHamilton flushtrode. Ion concentrations were
analysed by ion exchange chromatography (Dionex DX-500 and
ICS-1000) applying suppressed conductivity detection. Major
anions and cations were separated with AS11 and CS12A
analytical columns and injection volume was 20 µl. Individual
stock solutions of 1,000 mg/kg (Merck CertiPur) were diluted for
mixed standard solutions. Analytical accuracy was less than 1.5%
and precision was less than 3% for all ions. Method detection limits
(MDL) were between 0.04 and 0.09 mg/L for all ions. An Inductively
Coupled Plasma Optical Emission Spectrometer ICP OES (Horiba
Jobin Yvon Activa) was used for elemental metal analysis. Merck
CertiPur ICP multi-element stock solutions and AlfaAesar single
element ICP stock solutions were used for standard solutions and
certified reference solutions from Environment Canada (trace
element fortified materials TM-15.2, TMDA-61.2, and TMDA-
70) were applied for quality control. Deviation of measured
values generally ranged below 10% of certified concentrations.
Detection limits were 3 μg/L for Al, Ba, Co, Cu, Mn, Ni, Sr, and
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Zn, and 10 μg/L for Fe and Si (Thies et al., 2007; Thies et al., 2013;
Thies et al., 2018). Alkalinity was determined by Gran titration in
case there was enough water left for analysis. Temperature in the
drill hole of the LZRG core was measured at several levels (i.e., every

0.2 m down to 2 m depth, and every 5 m between 5 and 40 m depth)
by a thermistor chain (YSI 4403110 10 k Ohm, accuracy of 0.1°C)
and data are available at hourly intervals for the period June to
October 2012. Statistica 13 software was used for statistical analysis.

FIGURE 1
The active rock glacier Lazaun (Northern Italy). (A) Location of the rock glacier, close to the border Italy—Austria, indicated by the red dot. (B)
Location of the site at Lazaun rock glacier where the core was drilled (red dot). Orthophoto by terraitaly products TM—© C.G.R. S.P.A—PARMA. (C) Tongue
and lower part of Lazaun rock glacier (Photo by K. Krainer).

FIGURE 2
Vertical profiles of daily average temperature in the LZRG core for selected days during summer 2012 and profile of electrical conductivity (µS/cm).
Horizontal dashed line indicates the upper limit of the frozen core.
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FIGURE 3
Chemical stratigraphy of the Lazaun rock glacier core. (A) Vertical profiles of electrical conductivity (EC) in µS/cm, major ions (chloride, nitrate,
sulfate, sodium, ammonium, potassium, magnesium, calcium) in mg/L and pH (the scale is from the right pH 4 to the left pH 8). (B) Vertical profiles of
selected metals in mg/L. The depth range of both upper and lower lobe are indicated in (A, B). (C) Different segments of the LZRG core (Photos by H.
Thies). (D) Schematic of the structure of LZRG derived from two vertical drillings (Profile one is the LZRG core as discussed here, Profile two is a 32 m
long core close to the front of the rock glacier—for more detailed information see Krainer et al., 2015).
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3 Results

The 40 m long vertical LZRG core can be divided into several
segments. The active layer without any ice covered the top 2.8 m. It
was followed by the frozen part of the core down to a depth of
25 m. The frozen core consisted of two active lobes, both a mixture
of ice and debris. An almost ice-free layer between 14.7 and 18.1 m
depth separated the two lobes. No ice was found below 25 m down
to 40 m, the lower end of the LZRG core (Figure 3D). The
temperature profile measured in the borehole between June and
October 2012 nicely reflected the extent of the active layer. Down
to a depth of 2 m, daily temperature means were positive from June
through October, while values remained ≤0°C between 5 and 35 m
(Figure 2).

Radiocarbon dating of plant microfossils revealed a total age of
about 10,300 cal yr BP for the LZRG core down to 25 m depth (Krainer
et al., 2015). The first ice at 2.8 m depth corresponded to an age of
~2,200 years according to the age-depthmodel. The upper lobe covered
a time span from 2,200 to 3,900 cal·yr BP, while the lower lobe was
dated to the period from ~5,300 to 10,300 cal·yr BP. The almost ice-free
part of the core in between the two lobes was interpreted as amore than

500-year long drought period with ice melting and the formation of ice-
free debris layers (Krainer et al., 2015). The oldest chemically analysed
ice was dated to about 9,400 cal·yr BP (as the 24–25 m layer contained
too little ice for chemical analysis).

Here we focus on the chemical stratigraphy of the frozen LZRG
core. We present the vertical distribution of major ions and metals
along the core profile and discuss differences in the overall chemical
characteristics of the ice in the two lobes. The vertical distribution of
analysed ions and elements in the ice matrix of the LZRG core is
given in Figure 3.

3.1 Chemistry of the upper lobe

The upper lobe of LZRG extended from 2.8 to 14.7 m. The ice
matrix was acidic with a median pH of 5.38 and a minimum pH of
4.15. Electrical conductivity (EC) revealed a high variability along
the vertical profile with a median value of 174 μS/cm and a
maximum EC of >1,000 μS/cm (Table 1; Figure 3). The total
amount of dissolved ions was dominated by sulfate, calcium, and
magnesium. Generally, these three ions comprised ≥90% of the ion

TABLE 1 Median, minimum andmaximum values of electrical conductivity EC, major ions and pH in different depth intervals of the LZRG core as well as number of
samples (n). EC given in µS/cm, all ions in mg/L.

Depth EC Cl NO3 SO4 Na NH4 K Mg Ca pH

285–480 cm

Median 439 0.6 0.4 219 2.3 0.6 2.7 7.7 64 4.74

Min 39 0.1 0.0 9.1 0.4 0.03 0.5 0.7 3.7 4.22

Max 1029 1.8 1.7 620 10 1.7 9.8 42 252 7.19

n 20 20 20 20 20 20 20 20 20 20

545–1470 cm

Median 169 0.6 0.2 69 2.7 1.4 2.4 3.1 14 5.44

Min 41 0.2 0.0 14 0.4 0.4 0.7 0.5 4.1 4.15

Max 918 2.1 4.7 288 11 6.4 19 12 110 7.18

n 43 42 42 42 42 42 42 42 42 36

285–1470 cm

Upper lobe

Median 174 0.6 0.2 72 2.6 1.0 2.5 3.3 18 5.38

Min 39 0.1 0.0 9.1 0.4 0.03 0.5 0.5 3.7 4.15

Max 1029 2.1 4.7 620 11 6.4 19 42 252 7.19

n 63 62 62 62 62 62 62 62 62 56

1810–2400 cm

Lower lobe

Median 603 0.7 0.1 269 7 0.3 8 12 93 7.48

Min 175 0.3 0.01 63 2.3 0.1 4 3 20 6.12

Max 1313 2.8 4 784 22 0.9 19 25 300 7.82

n 45 46 46 46 46 46 46 46 46 44
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sum. Median concentrations were 72 mg/L for sulfate, 18 mg/L for
calcium and 3 mg/L for magnesium, and maxima exceeded median
values by about one order of magnitude. Median metal
concentrations were generally in the µg/L range and showed a
high vertical variability along the core profile. Minima of metal
concentrations were close to or below the limits of detection and
maxima between one and two orders of magnitude higher than
median concentrations (Table 2).

A specific section of high ion and elemental concentrations was
found between 3.4 and 4.8 m depth (Figure 3). There, acidity was
high with a median pH of 4.74 and concentrations of sulfate,
calcium, magnesium and EC exceeded median values of the
entire lobe by a factor of two to four. A similar behavior was
found for the median concentrations of aluminum, cobalt, iron,
nickel, strontium, and zinc, all of which were two times (nickel) to
10 times (iron) higher than the corresponding median values of the
entire upper lobe (Tables 1, 2). However, above this core section of
high acidity, high EC, ion and metal contents, we found about 60 cm
ice of low substance concentrations and neutral pH values
(Figure 3). This layer between 2.85 and 3.4 m depth (i.e., the top
60 cm of the frozen LZRG core with maximum ice fractions of 92%–

98% vol) experienced positive temperatures during summer months
(Figure 2).

3.2 Chemistry of the lower lobe

In the ice matrix of the lower lobe (i.e., at 18.1–24 m depth),
neutral to slightly alkaline pH values prevailed with a median of
pH 7.48 and combined with high values of alkalinity (median
alkalinity of 632 µeq/L) and EC (median EC of 603 μS/cm). The
absolute peak EC of the frozen LZRG core was >1,300 μS/cm in the
lowest meter of the core (Table 1; Figure 3). Ion load was determined
by sulfate, calcium and magnesium, similar to the upper lobe of the
LZRG core. Median concentrations were 269 mg/L (sulfate), 93 mg/
L (calcium) and 12 mg/L (magnesium) and maxima exceeded
median values by a factor of two to three. Median concentrations
of the metals aluminum, cobalt, copper, iron, nickel, and zinc were
in the range of a few µg/L, but values of these elements were close to
or below the limits of detection in several layers of the lower lobe
(Table 2; Figure 3). Barium, manganese and silica were in the same
concentration range as in the upper lobe, while median strontium

TABLE 2 Median, minimum and maximum values of metal concentrations in different depth intervals of the LZRG core as well as number of samples (n). All
concentrations are given in mg/L (LOD: limit of detection).

Depth Al Ba Co Cu Fe Mn Ni Si Sr Zn

285–480 cm

Median 0.052 0.010 0.062 0.004 0.392 0.441 0.124 0.208 0.073 0.203

Min <LOD 0.001 <LOD <LOD <LOD 0.016 <LOD 0.025 0.002 <LOD

Max 0.842 0.021 0.430 0.095 16.2 4.8 0.460 0.579 0.232 0.705

n 20 20 20 20 20 20 20 20 20 20

545–1470 cm

Median 0.006 0.006 0.032 0.004 0.019 0.537 0.047 0.240 0.014 0.057

Min <LOD 0.001 0.005 <LOD <LOD 0.111 0.007 0.063 0.004 0.009

Max 0.129 0.020 0.339 0.052 3.7 1.7 0.490 0.746 0.139 0.391

n 36 36 36 36 36 36 36 36 36 36

285–1470 cm

Upper lobe

Median 0.008 0.007 0.034 0.004 0.035 0.494 0.053 0.217 0.014 0.068

Min <LOD 0.001 <LOD <LOD <LOD 0.016 <LOD 0.025 0.002 <LOD

Max 0.842 0.021 0.430 0.095 16.2 4.8 0.490 0.746 0.232 0.705

n 56 56 56 56 56 56 56 56 56 56

1810–2400 cm

Lower lobe

Median <LOD 0.017 0.004 0.003 <LOD 0.536 0.007 0.302 0.233 0.011

Min <LOD 0.005 <LOD <LOD <LOD 0.153 <LOD 0.166 0.050 0.003

Max 0.009 0.029 0.069 0.009 0.169 1.4 0.054 0.655 0.479 0.030

n 46 46 46 46 46 46 46 46 46 46
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concentration exceeded the median of the upper lobe by more than
one order of magnitude.

3.3 Linkage of chemical variables

Spearman rank correlation was applied to ions and elements
analyzed in the LZRG ice core (Supplementary Table S1). In the
upper lobe, most correlations are significant at p < 0.01. We found a
strong positive correlation between acidity and metals like nickel, iron,
copper, cobalt, aluminum, zinc, and manganese (r = 0.7–0.87) and
there was a strong correlation amongmost of these metals. Correlation
was also strongly positive between calcium, magnesium, strontium,
and sulfate (r = 0.9–0.97), and between silica, sodium and potassium (r
~ 0.8). Contrary to the upper lobe of the LZRG core, less significant

correlations among ions and elements were found in the lower lobe
(Supplementary Table S1). Both iron and aluminum were excluded
from correlation analysis due to their very low concentrations
(partly <LOD). The only strong positive correlation was between
calcium, magnesium, strontium, potassium and sulfate (r =
0.79–1.0), while correlations between acidity and metals were low
and limited to nickel, cobalt and zinc (r = 0.4–0.5).

Factor analysis was applied to explore potential controls on the
concentration of ions and metals in the ice of the LZRG core. We
used principal component analysis for factor extraction and
Varimax rotation. A two-factor solution explained ~70% of the
total variance in the upper lobe and 62% in the lower lobe
(Supplementary Table S2). Sulfate, potassium, magnesium,

FIGURE 4
Factor analysis biplots (varimax rotated) showing the variable loadings: (A) Upper lobe, (B) lower lobe of the LZRG core.

FIGURE 5
Histogram of the sulfate mass fraction (SMF) in samples of the
LZRG core.

FIGURE 6
Scatterplot of sulfate vs. (calcium + magnesium) in µeq/L for
LZRG samples. Values of the upper lobe in blue, values of the lower
lobe in red.
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calcium and strontium loaded strongly (loading >0.7) on factor 1 in
both lobes, barium and sodium only in the upper lobe. This factor is
considered to describe the impact of bedrock weathering on the
chemical composition of the ice matrix without acidity. Factor
1 explains 40% of the variance in the upper and 36% in the
lower lobe. Factor 2 revealed high loadings of H+ and iron for
both lobes, and additionally of cobalt, zinc and nickel for the upper
lobe and aluminum for the lower lobe. Factor 2 is attributed to
chemical weathering and the dissolution of metals driven by acidity
as well as to atmospheric deposition. The explained variance was
30% in the upper and 26% in the lower lobe (Supplementary Table
S2). The pattern of loadings on the two factors revealed a high
similarity for most ions and metals in both lobes except for nickel
(Supplementary Table S2; Figure 4). In the upper lobe, loading of
nickel on factor 2 was very strong (0.98) and weak on factor 1 (0.06),
while loadings on both factors in the lower lobe were similar (i.e.
0.52 vs. 0.69 for factor 1 and 2).

4 Discussion

4.1 Geochemical bedrock weathering

Geochemical weathering of bedrock minerals (i.e., paragneiss
and micaschists of the Ötztal-Stubai Metamorphic Complex) has a
major impact on the ion and metal concentrations found in the ice
matrix of LZRG. Freeze-thaw weathering is widely discussed as a
prominent agent of mechanical weathering in cold environments
(Hall et al., 2002). The temporal availability of liquid water

originating from rain events, snowmelt or internal ice-melt
enables hydration and adsorption of water and water vapor on
rock pore and crack surfaces. Wetting, drying and frost shattering of
rocks is thus an effective combination for mechanical weathering in
cold environments under water availability (Hall et al., 2002)
creating eroded fractured rock surfaces. In addition, the downhill
movement of the active rock glacier LZRG enhances the existence of
freshly exposed mineral surfaces. Grain size tends to decrease with
increasing depth and towards the front of the rock glacier, with fine-
grained material more abundant in deepest layers, as was found for
instance at LZRG (Krainer et al., 2015).

Intensified chemical weathering is expected to occur at the
fractured rock faces (Williams et al., 2006) and, where liquid
water is present, chemical weathering can be a major component
of the overall weathering regime (Hall et al., 2002; Matsuoka and
Murton, 2008). It is suggested that weathering in cold regions is not
temperature limited, but rather the availability of moisture limits
weathering (Hall et al., 2002; Williams et al., 2006). As moisture and
liquid water within a rock glacier are available from rain events,
snowmelt or internal ice-melt, we attribute a major fraction of ions
and metals dissolved in the ice matrix of LZRG to mechanical and
chemical weathering of bedrock minerals. The oxidation of pyrite
and the related production of acidity intensify mineral weathering
(Hall et al., 2002; Thies et al., 2007; Thies et al., 2013; Strauhal et al.,
2016; Bucher et al., 2017).

Sulfide oxidation may occur through abiotic and biotic pathways
and is controlled by factors like temperature, area of mineral
surfaces, oxygen content and pH of the water, and it is mediated
by microbial activity in this environment (Tranter et al., 2002;

FIGURE 7
Schematics indicating the timeframe of factors that are considered to impact on the chemical composition of the LZRG core combining the age-
depthmodel of the LZRG core (in yr cal BP) adapted from (Krainer et al., 2015) and vertical profiles of sulfate (mg/L), pH (reversed scale right to left), nickel
(mg/L) and the enrichment factor (EF) of nickel (with barium as crustal tracer).
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Percak-Dennett et al., 2017). Sulfide oxidation may be coupled to
carbonate and/or silicate weathering with carbonate weathering
reactions being faster than silicate weathering (Tranter et al.,
2002; Auqué et al., 2019). An indication on the preferred
weathering pathway may be derived from the sulfate mass
fraction (SMF = SO4

2−/(SO4
2− + HCO3

−)). Values of
SMF >0.5 point to sulfide oxidation coupled to silicate
weathering assuming that other sulfate sources are small (Tranter
et al., 2002). Ice from the LZRG core revealed SMF values >0.6 with a
median SMF of 0.95 (Figure 5). In addition, dissolved (Ca2+ + Mg2+)
vs. SO4

2- concentrations in the ice matrix were close to the 1:1 line
(being highly correlated with R2 = 0.99) (Figure 6). In view of
stoichiometry of the related reactions (Tranter et al., 2002; Auqué
et al., 2019) both SMF values and the molar ratio of (calcium +
magnesium) vs. sulfate emphasize a prevalence of sulfuric acid
silicate weathering at LZRG and fits to the available knowledge
on the LZRG bedrock (Bressan, 2007; Krainer et al., 2015).

4.2 Atmospheric deposition and
anthropogenic impact

In addition to geochemical weathering, prehistoric atmospheric
deposition is a potential source of substances accumulated in the ice of
LZRG. Mining and the related burning of biomass for copper
metallurgy were likely sources of particulate and gaseous
compounds to dry and wet atmospheric deposition in prehistoric
times. Emission factors of the applied pyro-metallurgical methods
were presumably high due to the uncontrolled mining and smelting
procedures (Hong et al., 1996). Thus, emissions from firewood and
particularly from metal ore mining and the smelting in open furnaces
substantially contributed to the atmospheric deposition of metals like
copper during the Antiquity (Hong et al., 1996). Rich copper deposits
were mined in the Southeastern Alps during the Bronze Age sites of
respective copper deposits and mines are indicated by Artioli et al.
(2008); Lutz and Pernicka, (2013); Artioli et al. (2014); Artioli et al.
(2016). From the Southeastern Alps, substantial copper production is
reported from the second half of the 3rd millennium BC through the
Recent Bronze Age, and copper sources presumably supplied most of
Northern Italy (Artioli et al., 2016). An increased need for copper
occurred with the introduction of coinage around 600 BC and a high
copper production was reported during the Roman period (Hong
et al., 1996).

Metals like nickel, arsenic, cobalt, zinc, and manganese were
present at high concentrations of >1,000 ppm in many of the
prehistoric alpine copper sulfide ores (Artioli et al., 2008).
Besides, wood ash from biomass burning and charcoal use for
metal ore production of copper (Pichler et al., 2013) can contain
considerable amounts of metals like manganese, zinc, copper, and
nickel (Narodoslawsky and Obernberger, 1996; Demeyer et al.,
2001). Emissions of modern copper-nickel mining industries may
serve as an indication of heavy metal release from ancient ore
mining and smelting. For instance, high concentrations of heavy
metals and sulfur are measured in precipitation, soil and surface
waters at Kola Peninsula (Russia) and at Sudbury (Canada),
reflecting the environmental pollution in the surrounding areas
of copper-nickel industries (Hutchinson and Whitby, 1977;
Dudka et al., 1995; Kashulina et al., 2014; Kashulina, 2017).

Distinct ice layers of the upper lobe of LZRG revealed peak
concentrations of heavy metals (Figure 3). Apart from geochemical
weathering, the high metal concentrations point to a certain
anthropogenic impact of copper mining as a source of
atmospheric trace substances that were dry and wet deposited
and accumulated within the ice of LZRG. High values of copper
and nickel in the uppermost LZRG ice core layers relate to the period
of 2,600–2,200 cal·yr BP. They are considered to partly reflect
atmospheric deposition impacts of mining during the Iron Age
and the early Roman Empire when large quantities of bronze
utensils were produced (Hong et al., 1996). Earlier peaks of
nickel and copper fall into the period of ~3,200 and 3,550 cal·yr
BP and similar peaks were dated for this period in the core of a peat
bog in the close vicinity of LZRG (Hirnsperger, 2017). In the lower
lobe of LZRG, i.e., prior to ~4,400 cal·yr BP (Krainer et al., 2015),
concentrations of cobalt, copper, nickel and zinc were about one
order of magnitude lower than in the uppermost peak of the period
2,600–2,200 cal·yr BP (Figures 3, 5). This points to the absence of a
major anthropogenic impact through metal mining on the
chemistry of LZRG ice during this early period and fits to the
background concentrations of nickel and copper in the nearby peat
bog (Hirnsperger, 2017).

4.3 Atmospheric deposition and prehistoric
volcanic eruptions

Another potential source of substances analysed in the ice
matrix of the LZRG core are large volcanic eruptions. They
introduce huge amounts of gases and debris into the atmosphere.
The injected material is distributed across vast areas or even globally.
In Arctic and Antarctic ice cores, layers of tephra and elevated acid
concentration (mainly as sulfate) are related to large eruptions and
volcanic signatures are used as timemarkers and help to synchronize
between different ice cores (Sigl et al., 2022).

We have checked for a distinct layer of the LZRG ice core
whether the high amounts of acidity and metals could be related to a
large volcanic eruption. This layer between 11.9 and 12.5 m depth
was characterized by the lowest pH value of the entire LZRG core
(pH of 4.15) accompanied by high values of sulfate, calcium,
manganese, iron, aluminum, cobalt, copper, and nickel (Figure 3;
Figure 7). According to the age-depth model, the layer corresponds
to an age interval of about 3,500–3,550 cal·yr BP. Pronounced peaks
of sulfur, cobalt, copper, and nickel were also reported from a layer
of a core taken in a peat bog at about 600 m distance from Lazaun
rock glacier. This specific layer was dated to 3,430 cal·yr BP
(Hirnsperger, 2017). A potential source for the peak substance
concentrations in both cores, i.e., in the LZRG ice core and in
the Lazaun peat bog core, could be large volcanic eruptions and the
associated atmospheric deposition of ejected gases and debris.

Recently, the eruption of Aniakchak II in Alaska could be dated
to 1628 BCE by synchronizing polar ice core records from
Greenland and the Antarctic (Cole-Dai et al., 2021; Pearson
et al., 2022; Sigl et al., 2022). Aniakchak II is considered to have
caused one of the largest Northern Hemisphere sulfur injections in
the last 4,000 years. Total sulfur injection is calculated to
52 ±17 Tg·S, which clearly exceeds the Tambora injection of
34 ±7 Tg·S in 1815 CE (Pearson et al., 2022). Before, the

Frontiers in Earth Science frontiersin.org09

Nickus et al. 10.3389/feart.2023.1141379

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1141379


eruption of Thera on the Greek island of Santorini has long been
discussed to have occurred in the 17th century BCE. Thera eruption
was one of the most explosive in the Holocene with a volcanic
explosivity index VEI 7, and has covered the Minoan settlement of
Akrotiri with meters of deposited debris and tephra (Pearson et al.,
2022). But recent evaluations of bipolar ice cores have shifted the
date of the Thera eruption towards 1611 BCE, 1,562–1555 BCE or
1538 BCE, leaving the exact date still unconfirmed (McAneney and
Baillie, 2019; Cole-Dai et al., 2021; Pearson et al., 2022).

In view of the uncertainties with the dating of the late Bronze
Age Thera eruption, we may consider a time span of >100 years
(1,628–1538 BCE) between the eruptions of Aniakchak II and Thera.
This compares fairly well with the dated age of the above mentioned
layer in the LZRG core (i.e. 3500–3,550 cal·yr BP) with high values of
acidity, sulfate, calcium, manganese, iron, aluminum, cobalt, copper,
and nickel. We therefore argue that the chemistry of this LZRG core
layer reflects some impact of the large volcanic eruptions of Thera
and Aniakchak II.

4.4 Chemical compounds in the ice of the
LZRG core

We attributed the vertical profile of components dissolved in the
ice of the LZRG core to a varying prevalence of both natural factors
and human activities driving the chemical composition of the ice
matrix through the past 10,000 years (Figure 7). To estimate the
contribution of anthropogenic sources to the overall load of
substances dissolved in the frozen LZRG core, we applied the
crustal enrichment factor (EFc) method, which has been widely
used in this context (Barbante et al., 2017; Spolaor et al., 2021). The
crustal enrichment factor is defined as the ratio of a given element to
a specific crustal tracer element, normalized to the concentration
ratio of these elements in the upper continental crust (Barbante et al.,
2017). As crustal tracer we used barium, and the element ratios in
the Upper Continental Crust were taken from (Wedepohl, 1995).
Values of EFs revealed a clear difference along the vertical core
profile. In the lower lobe, mean EFs of the selected elements were 7
(copper), 10 (zinc), 22 (cobalt), 26 (nickel) and 50 (manganese). But
mean values of EFs were by more than one order of magnitude
higher in the upper lobe, except for manganese with an increase by a
factor of <3 (Figure 7; Supplementary Figure S1). The high average
EFs in the upper lobe support our interpretation that prehistoric
anthropogenic sources added up to geochemical weathering, while
in the lower lobe concentrations of ions and metals were mainly
driven by the weathering of bedrock minerals.

In particular, the fine grained sediment layers in the lower part
of the core are attributed to intense mechanical weathering and
provide an enhanced reactive surface area for chemical weathering,
which very likely caused the highest ion concentrations of the entire
LZRG ice core. In the upper lobe, the oxidation of pyrite and the
production of acidity enhanced chemical weathering. Sulfuric acid
silicate weathering is considered to result in layers of acidic
pH values and high concentrations of sulfate, base cations and
metals (aluminum, cobalt, iron, nickel, zinc) prevailing in the upper
lobe of the LZRG ice core. Anthropogenic impacts occurred via
atmospheric deposition of gases and particles and were most likely
limited to the last ~3,500 years. Prehistoric metal ore mining and the

related burning of wood, that was necessary for smelting procedures
and metal ore production of copper, were potential sources releasing
considerable amounts of heavy metals to the atmosphere. Dry and
wet deposition are expected to have contributed to the peak values of
metals like copper or nickel in the upper lobe of the LZRG core thus
potentially increasing the amount of substances derived from
geochemical weathering (Figure 7). Large historic volcanic
eruptions like those of Aniakchak II (Alaska) and Thera
(Santorini, Greece) ejected high amounts of debris and gases (like
sulfur) into the atmosphere and signals of tephra and elevated acid
concentration were found in polar ice (Sigl et al., 2022). In the LZRG
core, the layer dated to 3,500—3,550 cal·yr BP revealed high values
of acidity, sulfate and metals like aluminum, copper or nickel. The
large volcanic eruptions of Aniakchak II and Thera may thus have
contributed to the high substance concentrations of this particular
layer (Figure 7). In return, the high amount of acidity may have
enhanced rates of geochemical weathering.

To summarize, geochemical weathering and atmospheric
deposition of gases and particles from anthropogenic and natural
sources (mining, biomass burning, large volcanic eruptions) were
the driving factors of ion and metal concentrations in the ice of the
LZRG core. The interpretation of two factors extracted from factor
analysis discriminates processes related to acidity from those
without acidity. Base cations, sulfate, silica, strontium and barium
strongly loaded on the factor representing weathering without
acidity, while aluminum, copper, iron and zinc strongly loaded
on the factor related to the presence of acidity. The occurrence of
nickel in the ice matrix of the LZRG core was related to acidity in the
upper lobe. But we also found low amounts of nickel in the µg/L
range (median nickel concentration of 7 μg/L) in the ice below 18 m
depth, where pH values were above pH seven and accordingly
aluminum concentrations were close to or below the limit of
detection. This pattern was also reported for Lake Leit, a high
mountain lake in the Swiss Alps, and its rock glacier impacted
inflows (Steingruber et al., 2021). Nickel concentrations of these
waters ranged between 6 and 18 μg/L, while nickel values <1 μg/L
were given for streams not impacted by the rock glacier. We assume
that nickel in the lower lobe of LZRG originated from the bedrock,
and geochemical weathering may release small amounts of nickel.
This is supported by the presence of nickel in paragneiss and
orthogneiss samples of catchments in the Ötztal Alps
(Krummgampen and Köfels, Austria) with a similar bedrock as
in Lazaun, (i.e., Ötztal-Stubai metamorphic complex) (Purtscheller
et al., 1995; Schönherr, 2009; Thies et al., 2018).

The uppermost 60 cm of the frozen LZRG core experienced periods
of positive temperatures during summer months (Figure 2). We
therefore assume that these layers of the LZRG core had already
been exposed to partial contemporary melting and preferential
elution of substances accumulated in the ice. Percolating
precipitation and snow and ice melt are expected to be responsible
for the reduction of substance concentrations in the top layers of the ice
matrix (Figure 3). An increase in the active layer thickness was reported
from permafrost sites across Europe, particularly from the European
Alps with a pronounced thawing of the active layer in the warm
summers of 2003 and 2015 (Etzelmüller et al., 2020). An increase in
mountain permafrost temperatures of 0.19°C ± 0.05°C/decade (relative
to 2008–2009) was given by Biskaborn et al. (2019) and a global analysis
suggested a further permafrost warming under projected climate
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scenarios with anthropogenic climate change as key driver of northern
hemisphere permafrost warming (Gudmundsson et al., 2022; Smith
et al., 2022). The degradation of ice below the active layer will reduce the
water volume equivalent stored within the rock glacier causing both an
increasing hydrological contribution and an export of solute-rich waters
to downstream areas (Colombo et al., 2018a; Jones et al., 2019).

5 Conclusion

We present the chemical composition of the ice matrix of an
active rock glacier in the Central Eastern Alps (Lazaun, Italy). The
frozen core extended down to a depth of 28 m and covered an age of
about 10,000 years. It consisted of two active lobes separated by an
almost ice-free debris layer. Both lobes of the core had layers of high
solute content with peak values of electrical conductivity >1,000 µS/
cm. Sulfate, calcium and magnesium comprised ~90% of the
dissolved ion load in the entire frozen core. The two lobes
differed in acidity and metal concentrations—low pH and high
levels of elements like cobalt, nickel, zinc, manganese, iron and
aluminum prevailed in the upper lobe, while pH > 7 and low metal
values were characteristic of the lower lobe. The concentrations of
solutes are driven by geochemical weathering of bedrock minerals.
Superimposed prehistoric atmospheric deposition from metal ore
mining, wood (biomass) burning and large volcanic eruptions
(Thera, Aniakchak II) may add up to increased substance loads
in certain layers of the upper LZRG lobe.
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