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Abstract: Supra-glacial material, including light-absorbing impurities (LAI) such as mineral dust of
crustal and soil origin, black carbon, algae and cryoconite, reduce the reflectance of snow and
glacier ice. The reduction depends on the amount of LAI and their physical and chemical proper-
ties, which vary spatially and temporally. Spectral reflectance data and snow and ice samples,
containing LAI, were collected in the ablation zone of the Djankuat Glacier, Central Caucasus,
Russia. The spectra of the samples containing mineral dust transported from deserts were charac-
terized by negative visible near-infrared gradients and were different from the spectra of clean
aged snow and exposed glacier ice and from the samples containing mineral dust produced locally.
Geochemical and mineralogical analysis using X-ray diffraction and X-ray fluorescence spectrom-
etry showed that samples containing desert dust were characterised by a high proportion of clay
materials and such minerals as smectites, illite-smectites and palygorskite and by a smaller size of
mineral particles. They were enriched in chromium, zinc and vanadium. The latter served as an
indicator of dust transport over or origin from the oil-producing regions of the Middle East. There
was a strong negative correlation between the amount of organic matter and mineral dust in the
collected samples and the albedo of surfaces from which the samples were collected. The results
suggested that organic matter reduced albedo more efficiently than mineral dust. The study high-
lighted the importance of supra-glacial material in changing the surface reflectivity of snow and
glaciers in the Caucasus region.

Keywords: light-absorbing impurities; mineral dust; spectral reflectance; albedo; glaciers;
Caucasus

1. Introduction

Mountain glaciers and high-elevation snow pack are important components of wa-
ter balance in many regions worldwide. They make a significant contribution to runoff
providing a vital ecosystem service to millions of people [1-3]. Changes in the albedo of
snow and glacier ice are an important control over snow and glacier melt alongside air
temperature. Albedo is controlled by several factors including the size of snow grains,
water content of snow and amount and composition of light-absorbing impurities (LAI)
deposited on snow and ice. LAI generate direct positive at-surface radiative forcing (RF)
increasing melt [4] and evoke a positive feedback whereby higher melt rates lead to an
earlier loss of snow cover and exposure of the darker firn and bare ice surfaces, which
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absorb more energy resulting in further loss of snow and ice [5-7]. The most common su-
pra-glacial LAI are algae and products of biogenic decay (cryoconite) [8,9], black carbon (BC)
[10,11] and mineral dust [12-14]. The latter is derived either from crustal materials or from
soils and is produced locally or/and transported from remote regions, predominantly from
deserts [15,16].

The most efficient LAI are BC and cryoconite. The Sixth IPCC report [17] estimated the
effective radiative forcing (ERF) of BC as + 0.08 (0.00 to 0.18) W m=2 Cryoconite is a
dark-coloured granular sediment that is a mixture of mineral and soil particles and organic
matter including products of microbiological activity and organo-mineral interactions. Alt-
hough there are no large-scale assessments of its RF, local studies showed that it can be as ef-
ficient as BC [8,18]. Although mineral dust absorbs less solar radiation per unit mass than BC
and cryoconite, other factors make it an important control over snow and glacier melt be-
cause the at-surface RF of LAI depends on the spatial extent, elevation and timing of deposi-
tion. The latter controls the occurrence of positive air temperatures and snow accumulation
after a deposition event. Those events, which occur in late spring and in summer, are clima-
tologically significant.

Radiative effects of LAI are highly variable over snow and glacier surfaces and uncer-
tainties, associated with the RF of LA are high [11]. Currently, there are few observations of
changes in the reflective properties of snow and glacier ice affected by different types of LAI
[8,19-22]. There are also few studies linking spectral signatures of mineral dust with its geo-
chemical composition [13,23], although similar assessments exist for algae [24,25] and su-
pra-glacial debris [26].

The Caucasus Mountains is one of the glacierized regions affected by the deposition of
desert dust, and its occurrence, sources and chemical composition were investigated using
ice cores extracted at Mt. Elbrus, satellite imagery, and air trajectory modelling [16,27]. The
deposition of desert dust on Mt. Elbrus occurs, on average, 34 times a year predominantly
between March and June, and the main sources are the northern Sahara and the Middle East.
Although the largest changes in albedo occur following deposition events, the contribution of
the at-surface RF of dust to melt is most significant during the melt season when dust, buried
in snowpack, emerges on the snow and ice surface often mixing with other LAI such as cry-
oconite or mineral deposits derived from the nearby exposed terrain. Glaciers in the Cauca-
sus are losing mass at an increasing rate [28-30] and negative mass balance leads to a rapid
reduction in glacier area, exposure of the sub-glacier terrain and an increase in the su-
pra-glacial debris cover [31,32]. The observed increase in summer temperature and the in-
coming shortwave radiation drive glacier recession [33]. The deposition of LAI of different
types and darkening of the glacier surface are also likely to contribute to glacier melt.

The aim of this paper is to examine variability in spectral reflectance over snow and
glacier ice in the central Greater Caucasus during the melt season. The specific objectives are
(i) to characterise optical, geochemical and mineralogical characteristics of different types of
LAI using in situ measurements of spectral reflectance and (ii) to characterise links between
the elemental and mineral composition of LAI and their spectral signatures.

2. Materials and Methods

The methodology consisted of (i) in situ collection of reflectance spectra and samples of
snow and ice, (ii) analysis of spectral signatures to different types of LAI, (iii) analysis of
mineralogy and geochemistry of the collected samples, and (iv) establishing qualitative links
between the spectral signatures, chemical composition, and mineralogy.

The in situ measurements of spectral reflectance of snow and ice samples were collected
from the Djankuat Glacier located in the central sector of the Glavny (Main) Ridge of the
Greater Caucasus (43.12° N; 42.45° E; ~2790-3050 m a.s.l.) on 7-11 August 2013 (Figure 1).
The melt season begins on Djankuat in late May—early June and continues until the middle of
September [31,34]. In 2020, the cumulative mass balance of the Djankuat Glacier reached
-14.4 m w.e. since the beginning of observation in 1968 with a mean equilibrium line altitude
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of 3213 m a.s.l. [35]. In the 2007-2017 period, the glacier area decreased from 2.68 km? to
2.42 km?, or by 10% [31].

2.1. In Situ Spectral Measurements

At the time of measurements, the glacier surface was represented by patches of aged
melting snow with grain size varying between 1 and 1.5 mm. The maximum snow depth
reached 1.5 m and a considerable proportion of glacier was represented by the exposed firn
areas and glacier ice. To ensure detailed representation of surface characteristics, 18 plots of
approximately 10 m x 10 m were selected in the ablation zone of the glacier (Figure 1) and,
within each plot, measurements were taken at three—four points. Each measurement point
was labelled with a plot and point number (e.g., S1/1). In total, 50 points at 18 plots were
sampled in the elevation range from 2800 to 3030 m a.s.1. (Table S1).

An SVC HR-1024i high resolution portable spectroradiometer with the spectral range of
350-2500 nm, and 1024 channels was used. Spectral Resolution (FWHM) is 3.3 nm, 700 nm;
<9.5 nm, 1500 nm; <6.5 nm, 2100 nm. The measurements were taken around mid-day in
bright sunshine and spectral reflectance was calculated with reference to a Spectralon plate.
At least three measurements were taken at each point using 4° lens. The spectrally-integrated
albedo was calculated from total hemispherical-directional reflectance in the 372-1050 nm
wavelength range of the target surface and that of the Spectralon plate. In total, 142 spectra
were analysed. All calculations were performed using the Field Spectroscopy Facility (FSF)
Post Processing Toolbox for processing spectra in MATLAB software
(https://tst.nerc.ac.uk/resources/post-processing/ (accessed on 01.10.2021)).

In order to detect the presence of impurities on snow, firn and glacier surface the visible
near-infrared (VIS-NIR) reflectance gradient was analysed. The spectral signatures of snow
and ice show high reflectance in the visible range and strong absorption in the NIR wave-
lengths. The presence of mineral dust on glacier surface decreases spectral albedo in the visi-
ble wavelengths from approximately 0.95 to as low as 0.30 and shifts the maximum reflec-
tance towards NIR [14,36]. Therefore, negative values of the VIS-NIR gradient are used as
indicator of the presence of mineral dust on snow and glacier surface. In this study, the
wavelengths of 0.47 pum (VIS) and 0.86 um (NIR) were selected to be consistent with the
MODIS spectral bands (2 and 3) because most published studies attempting to detect the
presence of dust on glacier surface are based on MODIS imagery.

a 4000E S0°00E

Figure 1. (a) Location of the Djankuat Glacier; (b) location of the measurement plots (Spot 6 image
from 11 August 2013 is used as a background; glacier boundaries are shown in red); (c) general
view of the glacier from plot 3 (c); spectral reflectance measurements at plot 4 (d). Note presence of
dust (brown colour) on the snow surface on both, the satellite image and the terrestrial photo-
graphs.
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2.2. Sample Collection and Analyses

At each measurement point, snow and ice samples were collected by removing the
top 1-2 cm layer of the 30 cm x 30 cm plots (Figure 2). The samples were placed in sterile
plastic bags, melted at room temperature, and filtered using the pre-weighed 0.2 um
Millipore filters. The filters were dried at 65 °C for 24 h and weighed using laboratory
analytical scales with the accuracy of 0.0001 g (Analytical Balance MS105, Reading Uni-
versity, Reading, UK). The mass of LAI per unit area was obtained from the difference of
the dry weights of a filter and the sampling area and expressed in g m=.

The loss-on-ignition method was used to separate mineral dust from the organic
matter other than BC and quantify the amount of mineral dust/BC and organic LAI in
each sample. The weighed dried filters containing LAI were burned at 350 °C using 1000
degree Celsius muffle furnace (Reading University, Reading, UK). Combustion at this
temperature did not eliminate BC, which potentially could be present in the samples. BC,
however, causes more uniform reduction in reflectance in VIS-NIR spectrum than either
mineral dust or organic components resulting in overall lower reflection and ‘flat’ spectra
[4].

X-ray diffraction (XRD) was used to semi-quantitatively identify mineral composi-
tion of the samples and X-ray fluorescence spectrometry (XRF) was used to provide a
quantitative measurement of weight percentages of the major elemental composition as
oxides and trace elements as parts per million.

X-ray diffraction patterns were obtained with a Bruker AXS D5000 diffractometer
(Reading University, Reading, UK). The mineral composition was analysed according to
the method of Moore and Reynolds [37], the quantitative composition was estimated
with the Rietveld method [38] using Profex software (Version 3.14.3), [39]. The sizes of
coherent scattering regions (CSRs), which can be correlated with sizes of crystallites,
were calculated in the Jade 6.0 program using the Scherrer equation. For quartz, the av-
erage crystallite size was calculated, and for illite, the CSR size was measured along the C
axis, which correlates with the particle thickness and is the most significant parameter for
clay minerals.

For XRF, pressed powder pellets were prepared from the ground samples and major
and trace elements were measured on the pellets. Samples were analysed using Panalyt-
ical MagixPro XRF spectrometer (Reading University, Reading, UK) with an Rb 4 kW
X-ray tube. The spectrometer was calibrated and the samples were analysed using Pan-
alytical SuperQ analytical software. A wide range of international reference standards
were used for calibration [40] and GSP-1 and DR-N standards were analysed at the same
time as the collected samples to act as internal check standards. The nominal detection
limit of trace elements measurements was 5 ppm.

2.3. Statistical Analysis

The Complete Linkage cluster analysis was run on the spectral measurements. The
multiple spectra (three or more) collected at each point were averaged. The input data
consisted of the average spectra for each point with the spectral range of 372-2463 nm.
The obtained clusters were interpreted with regard to spectral characteristics of cluster
members, elemental and mineral composition of samples collected from each measure-
ment point, and amount of organic material.

3. Results
3.1. Spectral Reflectance

The collected spectra are shown in Figure 2. The application of cluster analysis gen-
erated four clusters (Table 1; Figure 2) predominantly according to the shapes of the
spectra and VIS-NIR gradient values, while the absolute reflectance values varied sig-
nificantly between measurement sites within the clusters (Table 1; Figure 2). The ob-
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tained clusters were labelled: (1) clean aged snow and ice; (2) mineral dust; (3) mixed
LAIL (4) algae (Figure 2).

Cluster 1 contained spectra collected from the relatively clean aged snow (one spec-
trum) or exposed glacier ice without visible LAI (seven spectra).

Cluster 2 was dominated by samples collected from the aged snow and ice surfaces
with the presence of dust and other LAI Thirteen measurement points were distributed
over the eight study plots and prevailed at sites covered in snow (two plots) and, at lower
elevations, at two firn patches.

Cluster 3 exhibited the highest within-cluster variability in reflectance values vary-
ing between 0.07 and 0.52 at 0.47 um (Table 1). This cluster was represented by glacier ice
surfaces with large amounts of LAIL

Cluster 4 contained two spectra (Table 1). Characteristic of this cluster was a decline
in reflectance at approximately 0.68 um (Figures 2a and 3) corresponding to the biologi-
cal chlorophyll absorption minimum [9,41]. The chlorophyll-related absorption feature
was clearly visible in Cluster 4 and, to a lesser extent, in Cluster 2, indicating the presence
of biogenic products in both clusters.

Figure 4 shows the VIS-NIR gradients expressed as absolute difference between re-
flectance at 0.47 pum and 0.86 um for the four clusters. The ANOVA test showed that there
is statistically significant difference in VIS-NIR gradient values between all four clusters.
All spectra in Cluster 1 and 23 (out of 26) spectra in Cluster 3 exhibited positive gradients,
while all spectra in Clusters 2 and 4 were characterised by negative values (Figure 4).

Table 1. Results of cluster analysis of the reflectance spectra. Cluster mean values + standard de-
viation are shown unless indicated otherwise.

Parameters Cluster 1 Cluster 2 Cluster 3 Cluster 4
Number of samples 7 13 26 2
Spectrally-integrated albedo  0.49 +0.08 0.26 +0.08 0.25+0.13 0.23+0.02

Reflectance at 0.47 pm 0.57 £0.11 0.23+0.07 0.26£0.13 0.18+£0.01
Range at 0.47 um 0.43-0.77 0.09-0.35 0.07-0.52 0.17-0.19
Reflectance at 0.86 pm 0.43 £ 0.07 0.28 £ 0.09 0.23+£0.12 0.26£0.02
Range at 0.86 um 0.34-0.56 0.12-0.43 0.05-0.46 0.24-0.28
LAI content, g m= 43+33 28.8+334 38.7+42.6 145+ 3.6
Organic matter (LOI), % 33+£22 85+74 59+5.0 18.0+0.5
'!_::Iuster . ¥ C‘gs!?tz LT e 08 —— Cluster ean ice)
,& £ ?,‘ : " G E]us:er; ESLS” }
i eI ; Cluster 3 (mixed LAI)
— = ) / G Cluster 4 (Algae)
x e 06 Measured spectra
g 0.4
Cluster 3 _ . Cluster 4 é
; o E
v /;(l it ?l, 02
i
™ E 0
: / 400 600 800 1000 1200

wavelength (nm)

(a) (b)

Figure 2. Spectral reflectance (individual spectra are shown as grey lines and cluster-averaged
spectra as bold colour lines) (a). Photographs of the typical sampling plots (b). Vertical lines show
470 nm and 860 nm used for VIS-NIR gradient calculations.
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Figure 3. Mean spectrum of the Cluster 4 measurements displaying the main absorption features
associated with algal chlorophyll and carotenoids (400-680 nm) and chlorophyll (678 nm).

0.1 1

VIS-NIR gradient
o

Figure 4. The VIS-NIR gradient values expressed as absolute difference between reflectance at 470
nm and 860 nm for four clusters. Dots and bars show cluster means and standard deviations, re-
spectively.

3.2. Concentrations and Composition of LAI

The dry weight of LAI varied considerably between 1 g m2 and 149 g m=2 with an
average of 31 g m? and a standard deviation of +38 g m=2. The lowest LAI content was
measured in the samples corresponding to Cluster 1 (Table 1). Samples attributed to
Clusters 2 and 3 were characterised by higher dust load and exhibited high variability
between the sampling sites. On average, six samples collected from the snow surface
(average of 10 g m=2) were less polluted in comparison with the samples collected from
the exposed ice surfaces (33 g m2).

The ratios of organic matter to total dry weight of the samples ranged between 0.9%
and 23.2% and did not exhibit significant correlation with altitude, although the ratios
were lower on ice than the snow surface. The proportions of organic material in the
samples corresponding to the spectra grouped in Clusters 1 and 3 were lower than in the
samples corresponding to Clusters 2 and 4 (Table 1). Organic matter accounted for 8.5 =
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7.4% of the total weight of the Cluster 2 samples and, in six snow samples, it accounted
for 17-23% of the samples’ weight. A distinct reduction in reflections at approximately
0.68 um in the cluster-average spectra in Cluster 4, and a less well-pronounced reduction
in Cluster 2, confirmed a higher presence of organic material than in other clusters.

Analysis of the amount of inorganic and organic matter in the samples collected
from the glacier surface together with spectral reflectance measured at the same points
enabled us to establish of relationships between these variables. There is a statistically
significant negative correlation between the amount of mineral and organic matter and
the broadband albedo (300-1050 nm) of the samples collected at the Djankuat Glacier
(Figure 5). Even though the variability in the albedo values is high, there is clear evidence
that surface concentrations of LAI in excess of 50 g m? reduce albedo to less than 0.3.

O]
(o

_ 06 - r=-0.69, p<0.001 _ 0.6 r=-0.84, p<0.001
n ()]

[%] [%]

o o

= =

5 5

5 0.4 5 0.4

O O

C C

© ]

s 3

o o

© 02 © 02 -
x - x -

0 50 100 150 0 5 10
amount mineral matter g m2 amount organic matter g m2

Figure 5. Relationship between spectrally-integrated albedo (300-1050 nm) and the amount of
mineral (a) and organic (b) matter.

The highest negative correlation was found using logarithmic regression. The cor-
relation coefficients (r) for the relationship between albedo and the amounts of mineral
and organic matter were —0.69 and -0.84, respectively, although organic matter consti-
tuted a lesser part of the total mass of the samples than mineral particles.

In the six samples collected at snow patches (Clusters 2 and 4), the amount of or-
ganic matter was higher in comparison to samples from exposed glacier ice due to the
presence of algae and other biogenic products. In these samples, concentrations of inor-
ganic impurities were as low as 7-14 g m?, but reflectance at 0.47 um declined to 0.11-
0.48 in comparison to 0.43-0.77 of clean snow likely due to the presence of organic mate-
rial, which accounted for 17-23% of the total weight of the snow samples. We performed
an experiment by repeating the spectral reflectance measurements at the same site (plot
4) on the untouched snow surface and after the removal of the upper 5 cm of dusted
snow. The reflectance at 0.47 um increased from 0.18 to 0.49 despite the similar snow
grain size, confirming a strong influence of LAI on reflectance.

3.3. Mineralogy and Geochemistry

All collected samples had similar mineralogy, but ratios between the abundances of
different minerals varied. In the collected samples, clay minerals included illite, smectite,
mixed-layer minerals of the illite-smectite, kaolinite and palygorskite series. The
non-clay minerals include quartz, feldspars (mainly albite and microcline), and amphi-
boles.

Three groups were clearly distinguished according to the X-ray diffraction patterns
of clay to non-clay minerals. The first group of samples was characterized by a significant
predominance of non-clay minerals with a high content of quartz and feldspars. Among
its clay minerals, illites (micas) and chlorites prevailed, while smectites, kaolinite and
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other clay minerals were sparse. The mean size of quartz crystallites was 85.6 nm and the
mean thickness of illite particles was 61.3 nm. The typical X-ray diffraction patterns of the
group of samples in which clay minerals were sparse are shown in Figure 6a. These
samples, collected from the exposed ice surface and attributed primarily to Clusters 1 and
3, were most likely derived from the local moraine material and rock outcrops.

N N
§ g
3 3
3.34 3.34
+ 0 8. »
D = = 44
£ 55 8 tel|f g
° 5 2 23 & £5|2 8
£ 2 = ] 8 Ss|o
= 3 Sy g2 OX 47 8 S3|s &
S + = %) 3 SalR @
® 100 T 475 5o Mo 21 G ox|L. 5
= o a8 |9 S| 425 319 8
(€] < =
L 74 ol G|k 50/ 3sef | =
) E| 425 354319 ' 30
=| |
I 5'0| | u_w

T

2-Theta(®) 10 2 30 2-Theta(®) 10 2 30

Figure 6. X-ray diffraction patterns of samples with the predominance of non-clay minerals (a) and
with abundance of clay minerals (b).

The second group was characterized by a higher proportion of clay minerals. Smec-
tites and mixed-layer clay minerals were widely represented, as well as kaolinite and
palygorskite. The mean size of quartz crystallites was smaller (61.8 nm) as well as the
mean thickness of illite particles (31.4 nm). Its typical X-ray diffraction patterns are
shown in Figure 6b. Importantly, palygorskite is found in sediments and soils in arid re-
gions and is, therefore, considered as a tracer of aeolian dust [42,43]. All samples with a
high proportion of clay minerals, including palygorskite, were collected from the snow
surfaces and attributed to Cluster 2.

The third group of samples was characterized by a mixed mineral assemblage. The
content of clay and non-clay minerals varied within narrow limits and did not reach the
values characteristic of the first and second groups. This group of samples was associated
with Clusters 1 and 3.

The geochemical composition of the insoluble materials was consistent with the
mineralogy of the samples (Table 2). All samples were characterized by the high propor-
tions of SiO2 (54.9-68.0%) and Al:Os (13.8-18.6%), followed by Fe20s (3.9-8.6%), K20 (2.6—
4.8%) and MgO (1.4-3.8%). The concentrations of Na20O, P05, CaO, TiO2 and MnO were
generally low and did not exceed 2.9%.

Ratios between SiO: and Al2Os showed that samples containing a larger proportion
of clay minerals also formed a distinct group with the lower ratio values (Figure 7a). Po-
tassium is associated with mica, illites and the mixed layered illite—smectite clay minerals
with K-field spars and, therefore, cannot be used as a single tracer of desert dust. How-
ever, K2O/SiO2+ Al:Os versus SiO2/AlOs ratios allow us to distinguish three groups of
samples consistent with the identified mineralogical groups (Figure 6b). Samples with a
predominance of non-clay minerals also contained more K20 in comparison with sam-
ples containing larger proportion of clay minerals. At the same time, their K2O/SiO: +
AlLOs versus SiO2/Al20s ratios were higher because of the higher content of mica and
quartz and lower amount of clay minerals in the locally-derived materials.
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Figure 7. (a) SiO2 vs. A2Os and (b) K2O/SiO2+ Al20s vs. SiO2/Al20s ratios in the analysed samples
attributed to three groups by mineral composition.

With regard to concentrations of trace elements, the main differences between sam-
ples with abundance of clay minerals and samples with supra-glacial material of
non-clay and mixed mineralogy were in the significantly higher concentrations of V, Cr

and Zn and lower concentrations of Rb in the former (Table 1, Figure 8).

Table 2. Chemical composition of the samples. All samples are divided into three groups based on
mineralogy. Mean values and standard deviation are shown for each group.

ngﬁif Na:0 MgO ALO:s SiO: P:0s K:0 CaO TiO: MnO Fe:0s

Percentage of total weight
Group  Mean 072 344 1628 5710 025 274 051 111 009 7.9
o 018 021 035 114 002 014 010 004 001 043
Group Mean 177 195 1694 6501 0.14 417 043 075 006 5.36
I o 042 029 145 175 003 048 014 014 001 096
Group Mean 193 238 1564 6458 018 335 077 078 006 544
M o 062 065 099 258 003 025 012 017 002 119
\% Cr Co Ni Cu Zn Rb Sr Y Zr

ppm

Group 1 Mean 13233 133,17 1983 9083 4483 20567 11050 11800 38.33 22283
o 706 758 121 1520 254 1892 574 947 394 19.13
Group Mean 87.13 69.38 10.88 30.38 14.63 88.00 180.38 98.88 32.13 211.38
I o 1686 1329 289 353 274 800 13.03 1122 647 2508
Group Mean 89.64 92.18 12.09 6391 2645 136.64 13091 10645 30.64 187.73
Il o 2466 3754 412 3079 1148 4572 2455 1659 556 28.65
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Figure 8. Concentrations of trace elements measured in the collected samples using XRF. The
samples are attributed to three groups by mineralogy.

4. Discussion

A number of studies have shown that LAI deposited on the surface of snow and ice
significantly reduce glacier albedo, accelerating glacier melt [8,20,22,44]. However, the
relationships between spectral reflectance and the amount and composition of the su-
pra-glacial materials in different geographical regions are understood less well.

While it is difficult to discriminate between desert dust and other LAI using broad-
band albedo, the use of spectral albedo measurements enables this distinction through
the links between the visible near-infrared (VIS-NIR) reflectance gradient and the pres-
ence of mineral dust in samples. The spectral signatures of snow and ice show high re-
flectance in the visible range and strong absorption in the NIR wavelengths. The presence
of mineral dust on the glacier surface decreases spectral albedo in the visible wavelengths
from approximately 0.95 to as low as 0.30 and shifts the maximum reflectance towards
NIR [14,36]. Therefore, negative values of the VIS-NIR gradient are used as an indicator
of the presence of mineral dust on snow and the glacier surface in both in situ and satel-
lite measurement [36, 45-46]. The VIS-NIR gradients for Clusters 2 and 4 are character-
ised by negative values between —0.02 um and -0.1 um, and these values are consistent
with those reported by [46]. Reflectance at 0.47 um varied between 0.43-0.77 for clean
snow samples in cluster 1 (Figure 2a; Table 1), which is consistent with reports from other
in situ spectral measurements (e.g., [12,47]). The cluster-averaged reflectance values were
significantly higher in both VIS and NIR in comparison with other clusters (Table 1). The
reflectance spectrum in Cluster 4 has several characteristic absorption features in the
visible wavelengths associated with absorption by algal chlorophyll and carotenoids
within the 0.37-0.68 um range and algal chlorophyll at approximately 0.68 um [24,41]. In
the Cluster 4 spectra, the 0.37-0.68 um absorption features were not expressed well, most
likely because they were obscured by the presence of other LAI (Figure 3).

The abundance of impurities in the ablation zone of the Djankuat Glacier (36 + 38 g
m™) is higher than values reported for Canadian Arctic, Greenland, Alaskan and Siberian
glaciers, but 4-10 times lower than for Asian glaciers in the Altay, Himalayas and the
Tien Shan ([48] and references therein). There is less windblown material available in the
central Caucasus in comparison with the semi-arid and arid regions of High Mountain
Asia. The estimates of dust flux, previously obtained from the analyses of ice cores,
showed that, on average, dust deposition in the accumulation zones of glaciers located on
Mount Kazbek (4500 m a.s.l.) and Mount Elbrus (5115 m a.s.l.) were 13 gm?a'and 2.5 g
m? a’, respectively [49]. The desert dust deposition events make a significant contribu-
tion to the total dust flux at these sites [16]. Surface concentrations measured on the
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Djankuat Glacier located at lower elevations, were much higher due to the additional
input from local sources such as rock outcrops, moraines and exposed soils.

There was a statistically significant negative correlation between the amount of
mineral and organic matter on the glacier surface and spectrally-integrated albedo. The
highest correlation was found for concentrations of organic matter, which suggests that
organic matter decreases snow albedo more efficiently, in line with previous studies [22].

Two important features were noted in the mineral composition of the supra-glacial
material: the presence and content of clay minerals, and the size of mineral crystallites
(for non-clay minerals, the average particle size; for clay minerals, particle thickness).
Taken together, these characteristics serve as indicators of mineral dust provenance. A
significant increase in the proportion of clay minerals indicates the predominant effect of
aeolian transfer of aerosol, which is also confirmed by a decrease in the size of crystallites
of all minerals (both clay and non-clay). The small size and shape of clay particles allow
their transport over long distances from source regions. Smectites and illite-smectites are
common soil minerals in different climatic zones and are sampled under wide humidity
and temperature conditions. Palygorskite, found in individual samples collected from
the snow surface at the Djankuat Glacier, presently forms in arid and semi-arid zones, for
example, in saline soils or lagoon sediments. In the geological past, this mineral also had
a very limited occurrence and, as a result, rarely gets into modern sediments due to the
weathering of ancient rocks. The discovery of palygorskite in the samples of mineral dust
(Group II) collected on Djankuat points at its desert origin and aeolian transport, which
was also noted by other researchers [43]. Group I, with the predominance of non-clay
minerals quartz and feldspars, can be attributed to local sources (moraines, rock out-
crops), and group III represents a mixed origin of debris.

Geochemical analysis supported the classification of LAI depending on the main
source (aeolian, local, mixed). Aeolian dust dominated in the samples attributed to
Clusters 2 and 4, while the local and mixed materials were found in Clusters 1 and 3.

In the samples attributed to Cluster 2, concentrations of V, Cr and Zn were signifi-
cantly higher than in the samples associated with other clusters, while concentrations of
Rb were lower. Rb is geochemically associated with K due to the co-occurrence in
K-feldspars and micas, which is consistent with the different mineralogy of the local and
desert dust samples. The enrichment of aeolian samples in Zn and Cr is consistent with
the fact that desert dust serves as a vector for the transportation of anthropogenic pollu-
tants. High atmospheric concentrations of V are associated with the combustion of fossil
fuels, particularly oil [50], and the observed enrichment of aeolian samples in V was
consistent with its origin in or passage over the oil-producing regions of the Middle East.

The importance of dust deposition dust events in shortening snow cover duration in
the Caucasus was highlighted recently. A strong dust deposition event in 2018 shortened
the snow cover duration by 12 to 30 days which equalled the effect of an extra average
daily radiative forcing of 35 W m= [51]. It was also found that the impact of dust was
stronger when the snowpack was melting later because solar irradiance increased with
day length. Our results suggest that the effect of spring dust deposition events persist till
the end of the ablation season on glaciers in the Caucasus, affecting glacier melt and mass
balance. This is particularly important since the frequency and intensity of dust deposi-
tion events on the Caucasus glaciers has increased in recent decades, which has led to a
rise in dust flux by the factor of four in comparison with the beginning of the 20th century
[52] and might have been an additional factor in the deglaciation in this region.

5. Conclusions

Variability in the spectral reflectance of LAI deposited on the glacier surface was
investigated in the ablation zone of the Djankuat Glacier. All spectra were divided into
four clusters depending on their shape and, primarily, in accordance with the VIS-NIR
gradient. The reflectance values at 0.47 um varied between 0.43 and 0.77 for clean aged
snow/firn and ice, between 0.1 and 0.35 for snow and ice on which aeolian dust and or-
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ganic matter were present, and between 0.07 and 0.51 for bare ice surfaces with high
mineral content.

Obtained results show that spectrally-integrated albedo depends on the amount of
inorganic and organic LAI on the snow, firn and ice surfaces logarithmically with a
stronger association with organic matter. The abundance of impurities in the ablation
zone of the Djankuat Glacier was higher than in Canadian Arctic, Greenland, Alaskan
and Siberian glaciers but 4-10 times lower than on Asian glaciers.

The ratio between clay and non-clay minerals was a good indicator of dust origin.
An increase in the proportion of clay minerals such as smectites and mixed-layer clay
minerals, as well as kaolinite and palygorskite, indicated a remote desert origin and aeo-
lian transportation of the mineral particles. The geochemical composition of insoluble
materials, and especially the presence of Cr, Zn and V, also pointed to aeolian transport
in agreement with the mineralogical analysis.

The study highlighted the importance of supra-glacial material in changing the
surface reflectance of snow and glaciers. There is a need for further investigation of the
links between the deposition of LAI, snow melt and glacier recession of both inorganic
and organic origin in the Caucasus Mountains.
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