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Abstract: In the summer of 2003 and 2004,

characterized by a rapid glacier retreat, a stony
surface covered by well-structured organic-rich

the foreland system. The deposits were dated using
Carbon-14 and analyzed for the chemical
characteristics of the organic component, the

mineral debris was observed very close to the Indren
glacier terminus (Monte Rosa Massif, NW Italy, 3100
m ASL), on an area covered by the glacier tongue till
the year before. The origin and type of this organic-
rich material were investigated, in order to detect
their characteristics, potential sources and fate within
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elemental composition of the mineral fraction and
presence of microbial markers. The material, granular
and dark in color, had a total organic carbon (TOC)
content ranging between 17.4 + 0.39 and 28.1 + 0.63 g
kgt dry weight (dw), significantly higher than the
surrounding glacial till (~ 1.4 g kg dw), although only
0.33% of it was in water soluble form. Microbial
carbon (C) and nitrogen (N) accounted for 10.6% and
3.13% of TOC and total N, respectively. Dissolved
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nitrogen (N), mainly present as ammonium,
represented 2.40% of the total N. The low aromatic
component and large presence of nitrogen (N)-
derived compounds suggested that most of the
organic carbon (OC) in these organic-rich mineral
deposits was derived from microbial cells, although
the high average radiocarbon age of about 2900 years
may also point to the contribution of aeolian
depositions of anthropogenic or natural origin.
Elemental composition and the crustal enrichment
factor of trace elements in the mineral fraction of the
aggregates corroborated the hypothesis that most part
of the accumulated material derived from ice
meltwater. Some indicators of the colonization of
these deposits by microbial communities were also
reported, from the abundance of DNA and
phylogenetic markers, to the presence of bacterial
taxa commonly able to thrive in similar habitats. All
these elements suggested that such kind of deposits
may have a potential role as energy and nutrient
sources in recently deglaciated areas, highlighting the
necessity to better understand the processes
underlying their formation and their evolution.

Keywords: Glacier foreland; Dissolved organic
carbon; Organic matter; qPCR; Microbial community;
Trace elements

1 Introduction

Many alpine areas are experiencing numerous
changes that affect biogeochemical cycling, including
increase in air temperature and deglaciation, along
with changes in the quality of atmospheric deposition
in wetfall and dryfall (Fountain et al. 2012; Mladenov
et al. 2012). The direct response of glaciers to climate
change occurs through changes in their mass balance
and ultimately in variations in glacier length and size
(Hoelzle et al. 2003; Haeberli et al. 2004). As glaciers
undergo negative mass balance that give rise to
retreat, new areas become ice-free.

The newly deglaciated areas - often called glacier
forefields - are then subjected to changes in mineral
weathering, biogeochemical cycling, and soil
formation processes (Diimig et al. 2011; D’Amico et al.
2014, 2015). The first evidence is a high rate of
microbial activity (Schulz et al. 2013; Bradley et al.
2014; Nikrad et al. 2016), within a few years of
deglaciation in some cases (Schmidt et al. 2009;
Schurig et al. 2013). In spite of this, these
environments are severely nutrient-limited (Williams
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et al. 1997, 2007; Brooks and Williams 1999; King et
al. 2008). Thus, there is some urgency to understand
the sources, transport and fate of nutrients to high-
elevation areas undergoing rapid environmental
change (Ren et al. 2019; Wadham et al. 2019).

Glaciers themselves can be sources of organic
carbon (OC) and nutrients, exported through glacial
meltwaters to glacier forefields (Bradley et al. 2014;
Hood et al. 2015; Li et al. 2018). Ice sheet surfaces,
including ecosystems such as cryoconite holes, have
been demonstrated to host active microbial
communities, including primary producers but also
organisms involved in nutrient cycling (Anesio and
Laybourn-Parry 2012; Margesin and Collins 2019).
For instance, Anesio et al. (2009) reported that on a
global basis (all glaciers outside of Antarctica)
cryoconite holes have the potential to fix as much as
64 Gg C yr. Furthermore, several studies pointed out
that glacier surfaces can accumulate aeolian
depositions and anthropogenic aerosols, acting as a
reservoir of allochthonous minerals and OC (Jenk et
al. 2006; Stubbins et al. 2012). “Saharan” dust storms
are ubiquitous in the European Alps, and Mladenov et
al. (2009, 2010, 2011) reported that aeolian
deposition from such Saharan dust storms were
surprisingly comprised of about 10% to 20% OC in the
Sierra Nevada of Spain.

Another potential source of carbon and nutrients
is the subglacial environment, as a result of different
processes including microbial chemolithoautotrophic
growth and rock weathering (Wadham et al. 2010;
Boyd et al. 2014), but also the recycling of ancient,
buried organic matter (Barker et al. 2018).

As a glacier melts, the export of glacially derived
dissolved organic carbon (DOC) may increase in
response to climate warming, and the effects of this
organic material on downstream environments may
become increasingly important for plant colonization
(Dubnick et al. 2010). Several reports have shown
that a high proportion of the DOC present in glacial
runoff is labile (Lafreniére and Sharp 2004; Barker et
al. 2006, 2009; Hood et al. 2009; Dubnick et al. 2017)
and may undergo the degradation and mineralization
processes, which are the base for biological
colonization.

Europe has experienced a pronounced summer
warming over the 1986-2015 period, with an increase
of severe heat wave events, one of the most impressive
occurring in 2003 (Luterbacher et al. 2004, 2016).
The impact of the 2003 summer heatwave on alpine



glaciers resulted in outstanding negative mass
balances and records in the amount of meltwater
discharge from these glaciers (e.g. Beniston 2004). In
particular, the Indren Glacier in the northwestern
Alps in Italy retreated 9 m in 2003 (Armando 2004).
This glacial retreat revealed in the newly exposed
glacier foreland the presence of mineral debris,
consisting of black-colored material, with a granular
structure.

The aim of this study was to characterize such
mineral debris, potentially representing a common
element in other alpine areas undergoing processes of
rapid glacial retreat, in order to investigate their
characteristics and to assess their origin and their
possible fate within the foreland system. To answer
these questions, we investigated the molecular and
elemental composition of the deposits, their age and
the abundance and diversity of microbial markers.

2 Materials and Methods

2.1 Study site

The study site (45°53'19.38" N; 7°51'03.26" E) is
located on the Indren glacier, which is a temperate
glacier of about 100 ha in size, located in the
Northwestern Alps in the Aosta Valley, Italy, and
belongs to the Long-Term Ecological Research (LTER)
Istituto Mosso site. Elevation ranges from 3000 to
4100 m ASL, with a predominantly southwest aspect.
Most seasonal snow accumulation results from
snowfall, but drifting snow and avalanches also
contribute to the seasonal snowpack on the glacier
(Maggioni et al. 2009). The foreland of the Indren
glacier lies, at 3000-3100 m ASL which is above the
actual treeline. The mean annual air temperature near
the glacier terminus is -4°C, mean annual
precipitation is 1500 mm, and snow cover usually
lasts from early-October to late June (Maggioni et al.
2009). The moraines are composed of micaschist and
gneiss. The surface of the glacier in the ablation zone
is heavily crevassed and supraglacial drainage is
routed via several small streams that flow into a small
proglacial lake, drained by a small alpine stream.
During a survey of the Indren Glacier foreland in the
middle of August 2003, some unusual mineral debris
were discovered in the recently deglaciated area.
These sediments were observed on a stony counter
slope in an area that until autumn 2002 was occupied
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Fig. 1 a) Indren glacier during summer 2003. The black
line and dotted line indicate the location of the glacier
terminus in 2003 and 2002, respectively. b) Bediéres
running on the glacier surface in 2003. ¢) Organic-rich
mineral debris in 2003, located 3 meters from the
glacier terminus.

Fig. 2 Single aggregates found in the organic-rich
mineral debris discovered at the Indren glacier foreland
in August, 2003.

by the glacier, covering an area of about 10 m2 (Fig. 1).
The size of the individual aggregates which
constituted the mineral debris ranged from 1 to 3 cm
(Fig. 2).

2.2 Sampling procedure
These sediments were initially sampled in August

2003 in six replicates, each one consisting of a layer of
an area of 10 cm? and a depth of 1—3 cm. The samples
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were collected into sterile 100-mL polypropylene bags
using a sterile spatula. After collection, the samples
were maintained at low temperature to limit
biological activity during transport and analyzed
immediately after being returned to the laboratory for
microbial biomass, N and P forms determination.
Aliquots of each sample were stored dried, for further
chemical characterization, or frozen at -20°C for
molecular analyses. Further 6 samples were collected
in August 2004 using the same field protocols and
sampling location. Glacial meltwater was sampled in
both years in the glacier outflow adjacent to the
location of the sediments in order to evaluate its
contribution to the formation of the organic-rich
mineral deposits. Water from the glacial outflow was
collected in 500-cc clean polyethylene bottles, filtered
(pre-ashed Whatman GF/F filters; 0.7 um) within 1 to
4 h, and stored for 1 to 3 d at 4°C prior to analysis.

2.3 General characterization of sediment and
glacier outflow samples

The color of the material was determined in the
laboratory using Munsell charts. The structure was
described in the undisturbed samples according to the
Guidelines for the Soil Description (IUSS Working
Group 2006). All samples of the sediments were air
dried to constant weight, ground and sieved (2 mm)
before conducting the chemical analyses. An aliquot
of each fresh sample was dried at 105°C to determine
moisture content. Electrical conductivity (EC) and pH
were measured potentiometrically in water (1:2.5
w/v). Total organic carbon (TOC) and total nitrogen
(TN) were determined by total oxidation using a CN
analyzer (CE Instruments, NA2100 Protein, Milan,
ITtaly). The cation exchange capacity (CEC) and the
exchangeable cations were determined in a BaCl.
solution buffered at pH 8.1 (Rhoades 1983).

For the water samples, pH and EC were
determined potentiometrically and DOC content was
measured using a TOC analyzer (TOC-Vario
Elementar, Hannover, Germany). Fluorescence
measurements were conducted on the DOC in the
water samples using a Fluoromax-2 multi-wavelength
fluorescence spectrophotometer with a xenon lamp.
Samples were scanned in an optically clear quartz
cuvette. Scans were performed at an excitation
wavelength of 370 nm, for emissions wavelengths
between 370 and 700 nm at 1-nm increments. Scans
of sample blanks of deionized water were performed,
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and the blank fluorescence values were subtracted
from the raw scans of the samples in order to remove
the effects of Raman scattering (Lafreniere and Sharp
2004). After subtracting the blank, the Fluorescence
Index (FI-the ratio of emission intensity at 450 nm to
500 nm for an excitation of 370 nm) was determined
(Mcknight et al. 2001).

2.4 Nitrogen and phosphorus forms

To better characterize the sediments and obtain
more information on their genesis, further analyses
were carried out on the samples collected in 2004. As
a base for several analyses, 10 g of the fresh material
were added to 50 mL of 0.5 M K.SO,, shaken for 1 h,
centrifuged and filtered (0.45 pm), obtaining a
solution that will be referred as K-SO, extract.

Total dissolved nitrogen (TDN) was measured in
K-SO, extracts as N-NH,* after oxidation with
potassium persulfate and subsequent reduction with
Devarda alloy (Williams et al. 1995). Ammonium and
nitrate concentrations were determined sequentially
on the same aliquot of K.SO, extract. Firstly,
ammonium was diffused into 0.01M H.SO, after
treatment of the extract with MgO (Bremner 1965),
and the trapped NH,;* was determined
colorimetrically (Crooke and Simpson 1971). Then,
NO;- concentration was determined colorimetrically
as NH,* after the reduction of the remaining extract
with Devarda alloy. Extractable DON was calculated
as DON = TDN — (N-NH4* + N-NO3").

Total phosphorus (TP) was determined after
H.SO4,-HCIO, digestion of the organo-mineral
deposits (Kuo 1996) by measuring the amount of P in
solution with malachite green as described by Ohno
and Zibilske (1991). Also, dissolved inorganic
phosphorus (DIP) and total dissolved phosphorus
(TDP) were determined with the malachite green
method, applied directly on K.SO,extracts for DIP or
after the oxidation of the extracts with potassium
persulfate for TDP (Williams et al. 1995). Dissolved
organic phosphorus (DOP) was calculated by
difference between TDP and DIP.

2.5 Microbial biomass

To measure microbial biomass C and N, a set of
fresh samples was fumigated overnight with
chloroform and extracted with 0.5 M K.SO, as
described above, in parallel with a set of non-



fumigated samples (Williams and Sparling 1988).
Biomass-C and -N values were calculated from the
flushes of extractable C and N using the recovery
factors of 0.45 for C (Sarathchandra et al. 1989) and
0.54 for N (Brookes et al. 1985). Microbial P was
determined by the procedure used by Brookes et al.
(1982), with a conversion factor equal to 0.40.

2.6 Organic matter fractionation and

characterization

To evaluate the origin and composition of the
organic material in the deposits, the samples collected
in 2004 were subjected to a combined chemical
fractionation procedure used in soil and organic rich
matrices (Cerli et al. 2008). All the reagents used
were Sigma-Aldrich, ACS grade (unless otherwise
specified). Although the chemical extraction cannot
give information on organic matter fractions based on
their turnover (Kogel-Knabner and Rumpel 2018), it
can allow for a better elemental and chemical
characterization, which is the aim of the present work.

The samples were firstly treated with deionized
water (1:10 solid/water ratio) to separate the water
extractable organic matter (WEOM) and then
subjected to 0.1 M NaOH extraction (soil: liquid ratio
1:10) under N flux. The carbon content in the WEOM
and alkaline extracted fractions (WEOC and AEOC,
respectively) was determined on an aliquot of the
obtained solutions using a TOC analyzer (TOC-Vario
Elementar, Hannover, Germany). The non-
extractable organic C (NE-C) was determined by
difference between TOC and (WEOC+AEOQOC). The
alkaline fraction was then treated with 6 M HCI to
induce the precipitation of the less soluble fraction,
the so called humic acids (HA). The supernatant
containing highly soluble compounds, called fulvic
acids (FA), was separated from the precipitate by
centrifugation at 1516 x g for 15 min. Humic acids
were demineralized by shaking overnight with a 0.1 M
HCl:0.3 M HF solution (solid: liquid ratio 1:1) and
then washed with deionized water until the solution
pH was 3. Fulvic acids were concentrated using XAD-
8 and IR-120 resins. Both HA and FA solutions were
then freeze-dried. During FA concentration, a large
part of the organic compounds was not retained in the
XAD-8 fraction. This fraction was collected, freeze-
dried and called non-retained fraction (NRF). WEOM,
FA, NRF, and HA were characterized for their
elemental (C, N, H, S) composition by a CHN-600
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combustion analyzer (LECO, St Joseph, Michigan,
USA), while the O content was calculated by
difference. The obtained data were corrected for ash
and moisture content. The presence of polar groups
and aromatic/aliphatic component were assessed by
determining the ratio between the optical density
measured at 450 and 650 nm (E;/E¢ ratio) on
samples dissolved in 50 mL of 0.05 N NaHCO; (Chen
et al. 1977). Fourier-Transform infrared spectra on
the different organic fractions were obtained using a
Perkin Elmer 16F PC FT-IR spectrophotometer. The
pellets were prepared by pressing under vacuum a
mixture of 1 mg of organic material with 400 mg of
KBr (spectrometry grade). Spectra were acquired at 4
cm resolution and 64 scans were averaged. The
interpretation of the FT-IR spectra is based on
procedures reported in Celi et al. (1997) and
references therein.

2.7 Radiocarbon dating of the organic-rich
mineral deposits

One of the samples collected in 2004 was cleaned
using an acid-alkali-acid treatment. The sample was
heated at 900°C to obtain CO.. The CO. of the
combusted sample was mixed with H. (1:2.5) and
catalytically reduced over iron powder at 535°C to
elemental carbon (graphite). After reduction, the
mixture was pressed into a target and carbon ratio
was measured by Accelerator Mass Spectrometry
(AMS) using 0.2 MV radiocarbon dating facility
(MICADAS) of the Ion Beam Physics at the Swiss
Federal Institute of Technology Zurich.

The calendar age was obtained using the OxCal
4.2 calibration program (Bronk Ramsey 2001, 2009)
based on the IntCal 13 calibration curve (Reimer et al.
2013). The calibrated age is given in the 1 sigma and 2
sigma range (minimum and maximum value for each).

2.8 Elemental composition and trace elements

For elemental composition and trace element
determination, 500 mg of the <2 mm samples (2004)
were ground and then weighed into a Teflon
polytetrafluoroacetate (PFA) digestion vessel, to
which 6 mL of HCl, 2 mL of HNO; and 3 mL of H.O.
were slowly added. Digestion was performed using a
microwave system (MARS 5; CEM, Matthews, NC,
USA) using a controlled dynamic program (600 W for
15 min at 120°C, 900 W for 20 min at 180°C).
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Following digestion, samples were cooled to ambient
temperature, separated from the insoluble residue by
filtration through pre-cleaned 0.45-pym membrane
filters and the remaining insoluble residue, as well as
the vessel, were rinsed with ultra-pure water (Purelab
Ultra-Analytic, ElgalLabWater, High Wycombe, UK).
Concentrations of 41 elements including 14 rare earth
elements (REE) were determined by a quadrupole
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) (Agilent 7500; Agilent Technologies, Tokyo,
Japan) equipped with an inlet system consisting of a
PFA nebulizer (Elemental Scientific) and a water
cooled (4°C) Scott-type spray chamber. An external
calibration curve method was used for the
quantification of analytes. Standard solutions were
prepared by diluting trace elements (ICUS-2012, 10
ppm; ULTRA Scientific, N. Kingstown, RD, USA) and
REE (IMS-101, 10 ppm; ULTRA Scientific, N.
Kingstown, RD, USA) multi-standard stock solution.
Calibrations were performed using 5 standards with
concentrations ranging between 0.10 to 1000ug kg,
using Yttrium as an internal standard. Ultra-pure
water was used in all the dilutions. The recoveries
obtained analyzing a certificate reference material
(CRM BCR-141R; IRMM, Geel, Belgium) ranged from
81% (Ti) to 98% (Pb) with a precision ranging from
5.7% (T1) to 18.8% (Cd). The degree to which elements
are introduced from rock and soil dust was assessed
by calculating crustal enrichment factors EF(a)
following the protocol of Lawrence et al. (2010). EFza)
is defined as the concentration ratio of a given
element to that of Ba (which is a good approximation
of rock and soil dust), normalized to the same
concentration ratio characteristic of the upper
continental crust. Here, we have used the data for the
upper continental crust given by Wedepohl (1995).
The primary uncertainty in these calculations is
attributed to the differences between chemical
composition of local soil and reference crustal
composition. EF®y values should therefore be
qualitatively used in evaluating the relative
contribution from rock and soil dust.

2.9 Microbial abundance and diversity

DNA was extracted from 500 mg of the samples
collected in 2004 using the FastDNA® Spin Kit for
soil (MP Biomedicals, Santa Ana, CA, USA). The
obtained DNA pellet was re-suspended in 50 pL of
sterile, DNase free water (Sigma-Aldrich) and the
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quantity and quality of extracted DNA was evaluated
using a NanoDrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). Five
microliters of extracted DNA were separated by
agarose gel (1%) electrophoresis at 100V for 60 min in
TAE buffer 1X and visualized under UV light after
staining with ethidium bromide, to assess the quality
of extracted DNA in terms of molecular weight and
fragment length distribution.

The abundance of Archaea and Bacteria was
assessed by quantitative Polymerase Chain Reaction
(qPCR) on 16S rRNA genes as described in Mania et al.
(2016). Archaeal and bacterial community structure
were investigated, based on the same marker genes,
by Denaturing Gradient Gel Electrophoresis (DGGE),
and dominant Archaea bands were excised and
sequenced, as previously described (Mania et al.
2016).

Due to the higher complexity of bacterial profiles,
no DGGE bands were sequenced for Bacteria, but
DNA replicates from 2004 were pooled together and
analyzed by  Tag-encoded FLX  amplicon
pyrosequencing using a Roche 454 FLX instrument at
RTL Genomics (Lubbock, TX, USA). Sample
preparation and bioinformatic analysis of sequencing
data have been performed as previously described
(Cocolin et al. 2013).

2.10 Statistical analysis

The differences in chemical properties between
the sampling years were tested with one-way ANOVA
or, when the ANOVA assumptions were violated, with
Kruskal-Wallis rank sum test. Correlations between
the different parameters were carried out using the
Pearson correlation coefficient. All the statistical
analyses were carried out using SPSS 12.0 for
Windows.

3 Results

3.1 General characteristics of the organic-rich
mineral deposits and meltwater samples

The general characteristics of the organic-rich
mineral deposits and the meltwater samples are
summarized in Table 1 and Table 2. Briefly, the color
of the dry samples was black (2.5Y 2.5/1), and the
structure was always granular, moderate in 2003,



Table 1 Main characteristics of the organic-rich
mineral deposits sampled in 2003 (n=6) and 2004
(n=6). TOC: total organic carbon; EC: electrical
conductivity; CEC: cation exchange capacity; Caex, Mgex,
Kex, Naex: exchangeable cations; BS: base saturation.
Values reported in brackets are standard deviations,
and different letters indicate significant differences
(p<0.05) between years.

Characteristics 2003 2004
Color dry 2.5Y 2.5/1 2.5Y 2.5/1
grade moderate weak
Structure  form granular granular
size very coarse coarse
TOC (gkg?) 28.1(0.63)a 17.4(0.39)b
TOC/TN 9.79 (0.13) 12.2 (1.88)
pH H=0 6.32(0.22)a 5.62(0.18)b
EC (uS cm?) 179 (21.2) a 78.9 (21.5) b
CEC (cmol) kg) 12.1(0.45)a 6.53(2.24)b
Caex (cmol) kg) 1.67 (0.61) 1.53 (0.69)
Mgex (cmolc+) kg) 0.73(0.07)a 0.33(0.08)b
Kex (cmol+) kg) 0.29 (0.01)a 0.16 (0.05) b
Naex (cmol+) kg ) 0.11 (0.02) 0.13 (0.03)
BS (%) 23.3 (5.51) 33.6 (5.94)

weak in 2004. The base saturation was lower than 50%
in all samples. For the base cations, calcium showed
the greatest concentration, sodium the lowest. The
electrical conductivity (EC), cation exchange capacity
(CEC), pH and total organic carbon (TOC)
significantly = decreased from 2003 to 2004. In
contrast, the TOC/TN ratio showed an opposite trend
with greater values in 2004. A significant positive
correlation (r=0.96; p<0.01) was found between TOC
and CEC, as with the exchangeable cations Mg
(r=0.95; p<0.01) and K (r=0.96; p<0.01).
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The pH and temperature of glacial meltwater
showed no significant differences between sampling
times. The EC and Fluorescence Index were
characterized by significantly higher values during
2004, while the DOC concentration was significantly
lower in 2004 than in 2003.

3.2 Carbon, nitrogen and phosphorus forms

The distribution of C and N in the different forms
highlighted that up to 10.6% of C and 3.13% of N was
composed of microbial material, which contained a
low amount of P (Table 3). The largest amount of C
was found in the alkaline extract (AEOC),
representing more than 50% of TOC. The water
extractable organic fraction included instead a smaller
portion of TOC. The greatest amount of dissolved N
was found in inorganic forms, mainly as ammonium.
However, total dissolved N (comprising both organic
and inorganic forms), represented only 2.40% of TN,
indicating that more than 97% of TN was present as
particulate N. Total P showed that the sediments
contained a considerable amount of P-minerals, with
less than 0.5% of TP in dissolved and microbial forms.

3.3 Organic matter characteristics

The water extractable organic material (WEOM)
was characterized by high N, S and O contents, which
led to low C/N and quite high O/C ratios (Table 4).
Fig. 3 shows the FT-IR spectra with the main band

Table 2 Main characteristics of the glacier meltwater samples collected from the outflow of the Indren glacier during
summer 2003 and 2004 (n=12). EC: electrical conductivity; DOC: dissolved organic carbon; FI: Fluorescence Index.
Values reported in brackets are standard deviations, and different letters indicate significant differences (p<0.05)

between years.
Year T (°C) pH EC (uS cm™) DOC (mg L) FI
2003 3.28 (0.16) 6.53 (0.06) 108 (24.96) b 3.16 (0.26) a 1.75(x0.01) b
2004 3.19 (0.05) 6.50 (0.03) 150 (2.51) a 1.89 (0.05) b 1.93(+0.14) a

Table 3 Main C, N, P forms in the organic-rich mineral deposit sampled in August 2004 (n=6).

Carbon Nitrogen

Phosphorus

forms mg C kg % TOC forms mg N kg % TN forms mgPkgt %TP
TOC 17400 TN 1510 TP 1012

Chnicr 1850 10.6 Nmier 47.3 3.13 Prmicr 1.37 0.14

WEOC 57.4 0.33 DON 2.53 0.17 DOP 0.23 0.02
AEOC 9700 55.7 NH,* 31.0 2.05 DIP 0.29 0.03
CFA+NRF 6400 36.8 NO;- 2.73 0.18

Cua 3300 19.0 Cmicr/ Nmicr 39

Notes: %TOC, %TN and %TP: percentage of C, N, P forms as proportion of TOC, TN and TP. TOC: total organic C;
Cumicr: microbial C; WEOC: water extractable organic C; AEOC: alkaline extractable organic C; Cra:nrr: C content in
the fulvic acids and not retained fulvic fractions; Cua: C content in the humic acids; TN: total nitrogen; Nmicr:
microbial N; DON: dissolved organic N; NH,*: ammonium; NOs: nitrate; TP: total phosphorus; Pmic: microbial P;

DOP: dissolved organic phosphorus; DIP: dissolved inorganic phosphorus
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Table 4 Elemental composition (%), elemental ratios and E,/Es ratio of the organic fractions extracted from organic-
rich mineral debris sampled in 2004. WEOM: water extractable organic matter; NRF: non-retained acidic fraction;
FA: fulvic acids; HA: humic acids. Values reported in brackets are standard deviations.

Parameters C N H S
38.33 7.89 6.12 4.81
e (1.98) (1.04) (0.18) (1.90)
42.56 1.96 5.05 7.8
NRE (2.38) (0.37) (0.82) (0.92)
FA 51.02 7.00 6.16 2.73
(2.20) (2.91) (0.76) (0.76)
HA 63.03 5.80 6.68 1.83
(3.01) (0.17) (0.31) (0.01)

(0) H/C C/N o/C S/N E4/Ee
43.51 1.92 5.72 0.84 0.27 2.05
(1.48) (0.08) (0.84) (0.04) (0.06) (0.21)
42.56 1.42 26.03 0.76 1.83 4.23
(3.28) (0.16) (4.80) (0.10) (0.53) (1.20)
33.00 145 9.75 0.49 0.21 9.82
(3.38) (0.21) (4.06) (0.07) (0.13) (0.80)
22.81 1.28 12.70 0.27 0.14 1.63
(2.63) (0.10) (0.97) (0.04) (0.00) (0.06)

Table 5 Main FT-IR spectra band assignments and corresponding types of groups or compounds.

Frequency (cm?)  Band assignment Functional groups or compounds
2034 -CHj stretching Aliphatic

2849 -CH- stretching Aliphatic

1732-1708 -C-O stretching -C=0 and -COOH
1660-1650 -C=C- stretching Aromatic

1655 -NH;* stretching Free amino acids
1535-1520 -CONH- of amide IT Peptides or proteins
1400-1384 -CH.- and —CHj3 bending Aliphatic

1233-1231 -C-0 asymm. stretching and —OH bending  Saccharides
1160-1150 C-0 and OH bending Saccharides
1080-969 C-OH stretching Alcoholic or phenolic

frequencies; their assignments are reported in Table 5.

In the WEOM spectrum the shoulders at 2934 cm-,
1724 cm and the band at 1244 cm, together with the
sharper band at 1655 cm™, may suggest that the high
content of N and S was related to the presence of
simple amino acids. However, the band at 1542 cm-,
generally attributed to secondary amides, indicated
also the presence of soluble oligopeptides (Sodano et
al. 2016). However, more pronounced bands occurred
at 1400 cm and 1384 cm™ and in the 1100-1000 cm™
region, suggesting that oxygen-derived groups mostly
belonged to mono- and oligosaccharides. The low
E,/Es¢ (Table 4) may be related to the presence of
fresh or unaltered material poor in carboxyl and
phenolic functional groups (Chen et al. 1977).

The organic material was characterized by a large
proportion of NaOH extractable compounds, mainly
represented by non-humified material, i.e., NRF
(Table 3). In contrast to the water extractable fraction,
the latter was characterized by low N values and high
O/C and H/C ratios (Table 4, Fig. 3), highlighting the
dominance of high polar aliphatic compounds
(Andreux and Piccolo 1996). The FT-IR spectrum of
this fraction showed a pronounced band in the 1200-
1000 cm region, due to C-O bending, indicating the
prevalence of almost unaltered saccharide residues.

Fulvic acids were composed by unusually high
contents of H, N and S compared to soil derived FA
(i.e., Agnelli et al. 2002). The resulting H/C ratio
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Fig. 3 FT-IR spectra of water extractable organic
matter (WEOM), non-retained fraction (NRF), fulvic
acids (FA) and humic acids (HA) extracted from the
organic-rich samples collected in 2004.

suggested that the material was dominated by the
aliphatic fraction. This was particularly evident in the
FT-IR spectrum (Fig. 3) that showed well distinct
peaks at 2963, 2937 and 2878 cm due to aliphatic —
CH; and —CH-—C-H stretching, respectively. The low
C/N ratio suggested that these compounds were very



rich in N-containing compounds and the pronounced
band at 1538 cm is consistent with the predominance
of proteinaceous material. Conversely, the weaker
bands at 1231, 1080 and 1037 cm®, which are
generally due to C-O bending, highlighted a minor
presence of saccharide residues. The oxygen present
in this fraction may be then related to —COOH groups
derived from a higher degree of decomposition
compared to WEOM and NRF. This was deduced by
the sharp peak present in the FT-IR spectrum at 1715
cm and by the higher E4/E¢ ratio with respect to the
other fractions.

1.20

lucose
1.00 s

NRF | i o
0-80 _t WEOM

~/
C 0.60{  soil Ha A

1 ; aa
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0.20 lignin protein

0.00 !
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H/C

Fig. 4 Van Krevelen diagram of elemental composition
(O/C vs H/C) for water extractable organic matter
(WEOM), non-retained fraction (NRF), fulvic acids
(FA) and humic acids (HA) extracted from the organic-
rich mineral debris collected in 2004. For comparison,
we plotted the relationship between O/C and H/C of
lignin, glucose, a generic protein, amino acids (aa), and
a typical soil HA (obtained by Celi et al. 1997).

By comparison, humic acids appeared richer in C
and N, with lower H/C, indicating a lower presence of
aliphatic moieties. The reduction of aliphatic moieties
in the humic acids was supported by the more
pronounced band at 1652 and 1631 cm?, most likely
due to aromatic C=C bonds. However, two pronounced
peaks at 2919 and 2858 cm due to aliphatic moieties
were present in the HA spectrum. The O/C was low, as
confirmed by the weak shoulder at 1708 cm-, due to —
COOH groups. For HA a pronounced band at 1535 cm™?
was present as well as the bands at 1233 and 1044 cm™,
suggesting the presence of unaltered proteinaceous and
saccharidic remains.

The origin and the processes influencing the
formation of organic material in the sediments were
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evaluated using the van Krevelen diagram (Fig. 4),
which enables to characterize the organic matter in a
“snapshot” and determine what types of molecules
likely compose the sample (Kim et al. 2003). When
H/C versus O/C (of each distinct empirical formula) is
plotted for samples, distinct regions corresponding to
different types of molecules emerge (Grannas et al.
2006). For our samples, the O/C ratios ranged from
0.25 to 0.84, the H/C ratios ranged from 0.35 to 2.05.
The O/C ratio increased in the order
HA<FA<WEOM<NREF. In parallel WEOM and NRF
elemental composition approached that of glucose
and a generic amino acid. In contrast, FA and HA
plotted closer to that of plant derived biocompounds,
such as lignin, or typical soil HA (Celi et al. 1997), but
without plotting in the general region of those
compounds.

The overall age of the dated deposits was old with
its age of about 2900 years (Table 6).

3.4 Elemental composition and trace elements

Using the aqua-regia dissolution, we determined
the elemental composition of small particles,
carbonates and organic material while the silica-
bound elements were not dissolved, keeping intact the
geological matrix, which was principally composed of
mica-schist and gneiss. In this way we determined the
element concentrations in the fraction which could be
influenced by non-autochthonous inputs such as
atmospheric dust and biogenic materials (Gabrieli
2008). Summary statistics of elements and rare earth
elements (REE) concentrations are reported in Table
7. Median concentrations of P and Mn were higher
than 1000 mg kg?, while Pb, Rb, Zn, Cr and Ba
median concentrations ranged between 120 (Rb) to
513 mg kg (Cr). Median concentrations of all other
elements were lower, ranging from 1 to 100 mg kg
while the less abundant were Cd (0.20 mg kg) and T1
(0.46 mg kg*). REE concentrations ranged from 0.24
(Lu) to 92 (Ce) mg kg (Table 7).

The enrichment or depletion of elements in dust
relative to the Upper Continental Crust (UCC)
provides some evidence for the origin of dust particles
(Schiitz and Rahn 1982; Schiitz and Sebert 1987).
Schiitz and Rahn (1982) showed that because the

Table 6 Radiocarbon data of the organic-rich mineral deposits

ETH no UZ no
60748 6265

C-14 age (year)
2785 £ 30

13C (%o0)
-39.5+ 1.0

Calibration
1 sigma (68.2%)
2849 — 2929 cal BP

2 sigma (95.4%)
2794 — 2956 cal BP
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geochemical composition of aerosol sized particles
from desert soils are, in general, quite similar in
element concentration to the UCC, the enrichment or
depletion of dust relative to the UCC is a good point
for comparison when the specific source soil is
unknown (Lawrence et al. 2010). The enrichment
factor (EFsa) calculated by normalization with UCC
ranged between 1.0 (Co) and 178 (Ag) (Table 8).

3.5 Microbial abundance and diversity

Total DNA amount of the sediment was on
average 17.9 + 6.6 (n=3) ug g* of dry weight. Gel
electrophoresis indicated that the extracted DNA was
of high quality (molecular weight) and low
fragmentation (Appendix 1). The size of DNA
extracted from the three replicates, notwithstanding
differences in DNA yields, was about 10 kb with low
smear on the gel and therefore with a very low
fragmentation.

Archaeal and bacterial 16S rRNA genes, as
quantified by qPCR, were in the range of 4.9 to 5.6
and 7.5 to 7.7 Log copies per gram of dry weight,
respectively (data not shown).

Archaea DGGE profiles (Appendix 2) included a
total of 4-5 bands, with only slight variations in terms
of dominant bands among the samples. All the
recovered bands referred to phylotypes affiliated to
the orders Methanomicrobiales and
Methanosarcinales.

Bacterial DGGE profiles (Appendix 2) showed a
uniform community structure among all the samples,
and the complex band pattern suggested the presence
of a relatively diverse community. In terms of
community composition, pyrosequencing data
indicated that 70% of bacterial OTUs were affiliated to

Actinobacteria (predominantly Actinomycetales), 10%

to Firmicutes (Clostridiales), 5% to
Gammaproteobacteria (Xanthomonadales), 4% to

Bacteroidetes (Flavobacteriales, Sphingobacteriales), 2%

to Betaproteobacteria and Saccharibacteria and 1% to
Alphaproteobacteria and Gemmatimonadetes (Fig. 5).

4 Discussion

The organic-rich mineral sediments found in the
proglacial area of the Indren glacier in 2003 and 2004
were characterized by a coarse agglomeration of
organic and mineral material, with apparently
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Table 7 Elemental composition of organic-rich mineral
samples collected in 2004 (n=6). EFa) represents the
crustal enrichment factors.

Concentrations (mg kg)

Element Min Max Median EF B2
Ag 3.8 7.4 5.7 178
As 15 25 21 25
Ba 242 347 288 1.0
Be 1.1 1.5 1.2 1.1
Bi 1.2 2.2 1.7 44
Ccd 0.15 0.23 0.20 3.9
Ce 71 95 92 2.6
Co 9.9 14.6 11.9 1.0
Cr 411 575 513 7.7
Cu 34 51 45 3.4
Dy 3.3 4.4 4.2 2.1
Er 1.7 2.4 2.1 1.8
Eu 1 1.3 1.3 2.3
Ga 27 36 29 4.0
Gd 4.6 6.0 6.0 1.7
Ho 0.62 0.86 0.79 1.9
La 35 46 45 4.9
Li 25 36 30 3.4
Lu 0.19 0.28 0.24 1.7
Mn 831 1133 1057 2.7
Mo 1.5 2.7 2.2 4.1
Nd 26 35 34 2.8
Ni 31 60 52 1.8
P 831 1133 1057 2.5
Pb 104 187 142 21
Pr 7.1 11 11 2.7
Rb 103 148 120 3.2
Sb 1.8 3.3 2.7 19
Sm 5.3 7.1 6.9 2.2
Sn 9 17 14 13
Sr 73 99 89 0.5
Tb 0.64 0.83 0.81 2.5
Ti 74 111 92 0.1
Tl 0.39 0.54 0.46 1.7
Tm 0.21 0.31 0.27 1.9
U 39 5 4.7 4.9
v 65 108 92 1.9
Yb 1.3 2.0 1.8 1.7
Zn 106 145 130 3.8
Zr 4.7 13.3 9.2 0.1

anomalously high amounts of organic matter (TOC
and TN of 17.4 g C kg* and 1.51 g N kg* in 2004).
Freppaz et al. (2013) sampled the surrounding glacial
till of the Indren glacier and reported values of TOC
and TN of 1.44 g C kgand 0.11 g N kg, respectively,
an order of magnitude less than the values found on
these sediments. The latter were also greater than
those observed in recently deglaciated forefields in
different alpine and polar regions (Bradley et al. 2014).
Conversely, the high levels of total P and the low
proportion of dissolved P forms were not surprising in
a recently deglaciated area, where minerals exposure
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Table 8 Trace elements concentrations and EFsa) in the organic-rich mineral deposits and ice samples (Barbante et
al. 2004; Gabrieli 2008) from the Monte Rosa area. EFa) of trace elements were calculated using normalization for
both upper continental crust mean values (column a; Wedepohl 1995) and trace elements concentrations in the Colle

Gnifetti ice samples during pre-industrial times (before 1700 AD) (column b).

Organic-rich mineral deposit

Colle Gnifetti ice core

le;:ﬁznt Conc. EF@3a) Concentration (ng kg) EF@3a)
(mgkg?) (a) (b) Pre-1700 Post-1950 Post-1970 Pre-1700 Post-1950 Post-1970

Mn 1057 2.7 2.7 588 2279 2039 1.1 1.2 1.1
Cr 513 7.7 5.3 144 N/A 350 1.5 N/A 1.1
Cu 45 3.4 1.3 53 301 196 2.9 4.6 3.1
Zn 130 3.8 1.1 171 4250 3494 3.6 25 21
Co 11.9 1.0 1.2 15 32.5 33 0.8 0.5 0.5
Ni 52 1.8 3.3 24 N/A 218 0.6 N/A 1.5
Ag 5.7 178 25 0.34 N/A 1.2 6.6 N/A 6.7
Cd 0.2 3.9 0.1 3.3 70 38 45 268 147
Bi 1.7 44 2.8 0.91 4.3 3.4 14 19 16
U 4.7 4.9 2.8 2.5 16.8 21 2.0 3.8 4.8
Pb 142 21 1.4 156 3100 1929 14 8o 51
A% 92 1.9 6.0 23 214 209 0.3 0.8 0.8
Ba 288 432 1525 1489

to biotic and abiotic weathering processes is expected
to be limited if compared with well-developed,
vegetated soils (Wu et al. 2013).

For the origin of these aggregates, several
elements can give us indications in this sense. The
radiocarbon dating showed that the organic material
accumulated was quite old, with a mean age of about
3000 years, suggesting that organic C may derive
either from organic matter that was previously
beneath the glacier (Bardgett et al. 2007; Singer et al.
2012) or from aeolian depositions of anthropogenic or
natural origin accumulated and processed on the
glacier surface. However, the chemical signature of
this organic material was typical of microbial remains,
as all organic pools showed a H/C ratio >1 and a C/N
ratio <13 (except NRF), being a first index of a limited
presence of the aromatic component (Andreux and
Piccolo 1996), such as lignin and phenolic derived
compounds, and a relatively high presence of N
residues. Analogous values were reported in recently
deglaciated (< 3 yr) soils in the Morteratsch proglacial
area (Switzerland) (Eckmeier et al. 2013).
Interestingly, also in the glacial meltwaters sampled
adjacent to the solid deposits, characterized by
particularly high DOC levels compared to that
reported in other glacial areas (Barker et al. 2006),
the DOC Fluorescence Index showed values similar to
those reported for microbially derived DOC from
lakes in the Antarctic (Mcknight et al. 2001) and in a
rock glacier outflow in the Colorado Front Range
during late summer and fall (Williams et al. 2007).
Taken together, these elements suggest that the

organic fraction of the investigated debris is mainly
derived from microbial supraglacial or subglacial
activity (either fixation of atmospheric C or
processing of aeolian-derived C sources), excluding a
relevant contribution of ancient, recalcitrant organic
matter deriving from buried soils or vegetal residues.

90%

80% u Others
. B Gemmatimonadetes
70%
B Alphaproteobacteria
0/
60% uTM7
50% B Betaproteobacteria
Bacteroidetes
40% y .
Gammaproteobacteria
30% B Firmicutes
) B Actinobacteria
20%

10%
0%

Fig. 5 Relative abundance of the bacterial phyla
including >1% of total bacterial sequences, with
Proteobacteria split in classes. Data refer to a
composite sample obtained by pooling DNA from 2004
samples.

The mineral phase within the aggregates was
constituted by a large variety of elements. The degree
to which these elements were introduced from rock
and soil dust or by different sources (anthropogenic
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activity, marine or volcanic emissions, etc.), as
assessed by calculating the crustal enrichment factors
EF@®a), revealed that Ag, As, Sn, Sb, Pb and Bi, higher
than 10, potentially had an allochthonous origin.
Sources of these compounds may include regional
emissions from adjacent vegetation and soils of
different ages but also large-scale emissions, such as
Saharan dust, which regularly deposits onto the
European Alps (Thevenon et al. 2009; Singer et al.
2012). The EF@,) of the organic-rich mineral deposits
were then compared with those measured in ice from
Colle Gnifetti, Monte Rosa group (~2 km in distance
from the Indren Glacier Front), at an altitude of 4450
m ASL at different reference periods (Table 8,
Barbante et al. 2004; Gabrieli 2008). Assuming that
the trace element depositions over the Colle Gnifetti
ice saddle before the 18th century were totally
ascribable to natural sources, we can use them as a
reference in the EF . calculation, minimizing the bias
of the local soil (Table 8; EF . column b). A general
decrease was observed for the elements,
demonstrating that the most part of these elements
are derived from ice meltwater without significant
external enrichments. The low EF . for some heavy
metals (e.g., Cd, Pb, and Bi) respect to those of recent

ice suggests the major influence of ancient ice melting.

Therefore, we can conclude that both the organic
and mineral material constituting the debris object of
this study have a glacial origin, although the
mechanisms and the dynamics of aggregation of the
different fractions are still unclear.

The second question risen by the retrieval of the
Indren aggregates was about their potential fate and
contribution to the foreland system evolution.
Comparing the data collected in 2003 and 2004, the
decrease in TOC, CEC and EC indicated that part of
the most labile C forms was lost within the first year
of sediment exposure, and that also the cations were
scarcely retained by the solid surfaces. However,
further analyses showed that in 2004 the fraction of
bioavailable C (WEOC) was only limited, and the
organic matter characterization confirmed that also
the WEOM constituted only a low proportion of the
total OM, nonetheless including simple compounds
such as aminoacids and saccharide residues, that may
offer an easily available energy and macronutrients
source for developing microbial communities.
Considering N availability, the analysis of the nitrogen
forms highlighted that TDN represented only 2.4% of
the TN, but the most of it were inorganic forms and
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particularly ammonium, whose concentration showed
to be still higher than those commonly reported in
recently deglaciated forefields (Schulz et al. 2013).
Therefore, we can suppose that such kind of deposits
readily act as C and nutrient sources for the
surrounding forefields immediately after their
exposure, preserving only a limited ability to provide
bioavailable macronutrients after a longer period (in
the Indren case, one year). Similar characteristics
have been described by Bernasconi et al. (2011) for
organic matter found in poorly evoluted soils of the
Damma glacier forefield, containing relatively high
proportions of labile organic compounds which are
easily oxidizable and have an annual to decadal
turnover time. However, this does not exclude the
potential importance of the studied deposits as
organic matter reservoirs, since the establishment of
microbial communities able to process the more
stable organic material may lead to a long-term
release of organic fractions currently unavailable.
Although the absence of data on the dissolved C and N
forms present in the 2003 samples or the
impossibility to follow the fate of the deposits for a
longer period does not allow us to confirm or reject
this hypothesis, these observations suggest that a
particular attention should be devoted to similar
recently-exposed organic-rich material, taking into
account that their chemical composition, and thus
their role in the early stages of soil development, may
vary upon a short time span.

Focusing on the microbial populations
potentially present on the deposits, whose importance
in their evolution was discussed above, the qPCR
analysis revealed the presence of levels of 16S rRNA
genes comparable with those previously reported in
glacier forefields (Bajerski and Wagner 2013; Liu et al.
2016) and seasonally frozen soils (Gittel et al. 2014;
Tripathi et al. 2018). The percentages of microbial C
and N were also comparable or higher than those
found in other recently deglaciated soils (Schulz et al.
2013). All these elements can suggest but not confirm
the establishment and development of microbial
communities on the debris, although microbial
community composition data, particularly those
concerning Bacteria, are further in accordance with
this interpretation. For instance, the high relative
abundance of the phylum Actinobacteria and the
orders Sphingobacteriales (Bacteroidetes) and
Xanthomonadales (Gammaproteobacteria), coupled
with the low percentage of Acidobacteria are coherent



with a bacterial community associated to a poorly
pedogenized or mineral matrix (Nemergut et al. 2007;
Franzetti et al. 2013; Mania et al. 2019). In addition,
the scarcity of sequences related to bacterial taxa such
as  Betaproteobacteria  (Burkholderiales) and
Cyanobacteria, including chemolithoautotrophic and
photoautotrophic microorganisms commonly found
in supraglacial and subglacial ecosystems (Franzetti et
al. 2017; Margesin and Collins 2019) suggests that the
picture we obtained, although based on a stable
marker molecule such as DNA, is not just
representing a relict microbial population, but
includes also information on the communities
established on the deposits after their deposition and
exposure in the forefield. The same reasoning is not
valid for Archaea. Indeed, if the dominance of
sequences related to Euryarchaeota, and particularly
methanogenic Archaea, is a common feature in young
soils (Zumsteg et al. 2012), the presence of
methanogens has typically been reported in studies
on subglacial habitats (Margesin and Collins 2019),
from where the genetic material might have been
transported.

5 Conclusions

Following glacier retreat, organic-rich mineral
debris were found among the coarse mineral material
present in the glacial foreland Indren area. The
organic material, showing a radiocarbon age of about
3000 years and evident features of a microbial origin,
is supposed to derive mainly from microbial
communities in supraglacial or subglacial ecosystems
that cycled and recycled C sources, potentially coming
from anthropogenic aeolian depositions. The very
limited signs of terrigenous compounds rule out a
direct contribution of remnants from preglacial soils.
Elemental composition and the crustal enrichment
factor of trace elements reveal that the most part of
the mineral elements could derive also from ice
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