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Abstract—The paper presents data acquired by a comparative study of the vertical variability in the chemical
composition and ratios of aerosol subdisperse fractions in snow layers chronologically correlated with the
stratigraphically significant snowfall periods. These data highlight features of the concentrating of trace ele-
ments at reactive (geochemical) barriers in the snow profile. The ratio of three geochemically close groups of
elements, such as siderophile, sulfophile, and lithophile elements, were found out to vary relatively little from
one snow layer to another in the growing snow cover. Trajectory analysis of the transfer of air masses to which
stratigraphically significant snowfalls were related to the observation site provides no evidence that the iden-
tified geochemical phenomenon can be explained by that the winter aerosol field that was formed above an
urban area with different trajectories of air masses can be somehow inherited in the snow layers of the growing
snow cover and thus affect the vertical distributions of trace elements. Evidence indicates that that the ratios
of assemblages of trace elements in the discrete snow layers, which remain stable with the growth of the snow
mass, can be employed as geochemical markers of stagnant zones in an urban heat island, and the method of
geochemical sampling of a snow cover in its discrete layers at a rare network of urban meteorological obser-
vation sites is an efficient additional tool for studying microscale atmospheric processes and recovering infor-
mation on characteristics of the transfer of pollutants in a spatially limited urban area.
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INTRODUCTION

The volume of dust—aerosol material in the tropo-
sphere nowadays continuously increases and has
increased more that twofold greater over the past cen-
tury (Mahowald et al., 2010). The situation is further
worsened by the fact that anthropogenic activities are
continuously producing new sources of aerosols that
are atypical of nature. While the average fraction of
anthropogenic aerosols is >10% of all aerosol particles
(Ivlev, 2011), this fraction increases to 45% at indus-
trial centers. In view of this, ecological—geochemistry
assessments of urban air pollutions should take into
account changes in the role of suspended particles
when anthropogenic atmospheric anomalies are gen-
erated. In some situations, the composition of such
anomalies is controlled by the massive fallouts of dust
with relatively low concentrations of trace elements,
whereas the composition of anomalies elsewhere is
characterized by low dust contents and high loads of
trace elements (Environmental Geochemistry, 1990).
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The territories of industrially developed population
centers are contaminated unevenly, and the back-
ground of generally elevated concentrations of trace
elements is complicated by clearly discernible anthro-
pogenic anomalies that are obviously constrained to
industrial facilities (Ecological Geochemistry of Urban
Landscapes, 1995; Kasimov et al., 2016; Moskov-
chenko et al., 2021). The intensity of air pollution in
urban areas strongly depends on the intensity of local
atmospheric processes, which are triggered when an
urban territory interacts with the environment. Such
interactions give rise to so-called urban heat islands,
which are discernible not only thanks to differences
between the population center and adjacent “green”
territories but also owing to a specific system of local
circulations within the urban development areas,
which control the development of processes that
transfer and disperse contaminants within urban
areas. It is believed that the character of the distribu-
tion of trace elements in a snow profile can sometimes
be employed as markers of such processes.
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Fig. 1. Snow corer used to sample discrete snow layers and an illustration of its usage (see text for details).

Our study was focused on the effects of the origin of
reactive (geochemical) barriers on the distributions of
trace elements in the discrete layers of the snow cover.
We also attempted to elucidate whether the distribu-
tions of the ratios of trace-element groups in discrete
snow layers can be used to identify stagnant zones in
an urban heat island.

METHODS

The variability in the granulometric and chemical
composition of acrosol materials between discrete snow
layers was studied at a snow-measuring site in the court-
yard of the Institute of Geology, Komi Science Center,
Ural Branch, Russian Academy of Sciences, in Syk-
tyvkar. At this site, samples of snow from discrete snow
layers were taken on February 28, 2021, with the use of
asnow corer of original design (Patent 2411487..., 2011).
It should also be mentioned that the snow samples were
taken during an interlude between snowfalls, when the
snow mass on the snow cover surface slightly increased
because of frost precipitation. It was measured using a
device designed for this purpose (Patent for Indus-
trial..., 89907, 2014). The measured thickness of this
newly formed loose snow layer by the time of snow sam-
pling had been a little bit greater than 1 cm, and the total
thickness of the snow cover was 71 cm.

Corer for Layer-by-Layer Snow Sampling

Figure 1a displays the device (corer) we used for
sampling discrete snow layers at adjustable spacing
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between the sampling spots in a snow profile. The
corer consists of a rectangular prism, whose walls (/)
were manufactured of material chemically inert to
atmospheric compounds deposited in the snow mass.
The plates of the prism walls are fixed at reinforcement
ribs (2), which also serve as guideways when the corer
is vertically pressed into a snow cover. Snow samples
were cut off with the plate knife (3), which was the
removable front wall of the prism corer. The corer was
equipped with a console platform (4) for adjusting the
sampling spacing. The console platform was mounted
onto the frontal reinforcement ribs and was equipped
with fasteners (5) for its fixation at a desirable depth.

Sampling methods. Before snow sampling, the
prism of the corer was vertically forced into the snow
mass (Fig. 1b), then a pit was dug to make a free space
in front of the frontal wall of the corer (3), and the
removable console (4) was mounted and fixed at a
desired depth of the snow bar. After this, the platform
was fixed with the fasteners (5) (Fig. 1d). To take a
snow sample, the frontal plate of the prism (3) was
placed onto the console platform (4) and was inserted
into the snow core to cut it within the prism. The
snow bar thus cut off was placed, using a plastic
shovel, into a polyethylene bag. On the sampling day,
the samples were prepared for their analysis by
weighing each sample and calculating its density
(p, g/cm?). The snow was then melted at room tem-
perature, and the snowmelt water was potentiometri-
cally analyzed for pH and conductometrically for
electric conductivity (nS, uS/cm).
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The layer-by-layer variations in granulometric
composition of the aerosol material accumulated in
the snow mass was analyzed by dynamic light scatter-
ing (DLS) by an ZetaSizer Nano ZS (Malvern Pana-
Iytical, Great Britain) laser analyzer. This method
does not require any preparatory calibration of the
equipment and is equally efficient at low concentra-
tions of particles and in the presence of their aggre-
gates. The measurable size of the particles lies within
the range of 1 to 10 000 nm. Note that this range also
encompasses the whole three-level gradation of aero-
sols (Ivlev and Dovgalyuk, 1999): finely dispersed
(D< 0.1 um or 100 nm), intermediately dispersed
(0.1 <D< 1umor 100 < D <1000 nm), and coarsely
dispersed (r =2 1 um, i.e., 21000 nm). The method is
relatively cheap and enables the researcher to rapidly
acquire reasonably accurate analyses.

In analyzing the granulometric composition of the
material, the optimal accumulation time of the cor-
relation function for each measurement of the volu-
metric size distribution of the particles was automati-
cally measured using the proprietary software of the
tool. The volumetric content of nanoparticles in sam-
ples was calculated integrally from the ratio (in %) of
the areas under the curves describing the size distribu-
tion of the particles in linear coordinates.

The quantitative chemical composition of the
snowmelt water was analyzed in samples that had been
preparatorily centrifugated to get rid of suspension
particles. The samples were analyzed by ICP-MS on a
Agilent 7700x (Agilent Technologies, United States).

The trajectory analysis of the transfer of air masses
to Syktyvkar, a process that forms the wintertime aero-
sol field, was carried out by the concentration
weighted trajectories technique (CWT; Hsu et al.,
2003), using seven-day backward trajectories, which
were calculated by the method (Shukurov et al., 2018),
the NOAA HYSPLIT 4 trajectory model (Draxler
and Hess, 1998), and the NCEP/NCAR Reanalysis
meteofields (Kistler et al., 2001). The probability field
of air transport toward the city was calculated by the
method (Shukurov and Chkhetiani, 2017).

RESULTS AND DISCUSSION

Formation Characteristics of the Snow Cover
in Winter 2020—2021

The first snow fell in the area on October 10, and
the snow depth was 4 cm. On March, 11, relatively
warm weather came, with a daily mean temperature
of +3°C and with alternating raining and sleeting,
which had increased the snow height to 6 cm by
December, 11 (Fig. 2a).

In spite of snowfalls during the following days, the
snow cover grew slowly because of the positive tempera-
ture at daytime, with the snow that fell at nighttime
melting and settling during daytime. A sustainable
growth of the snow cover recurred on November, 21,
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and the snow depth had reached 11 cm by November, 27.
After that, the snowfalls were infrequent and not heavy
(Fig. 2b), and the depth of the snow cover grew slowly.
By the time of the first warming on December 21
through 23, the height of the snow cover had been
29 cm. At that time, a relatively warm weather came
(the mean daily temperature was close to 0°C), with
precipitation in the form of sleet and rain. Because of
this and despite the heavy snowing (Fig. 2b), the snow
cover depth decreased to 28 cm. The temperature
decreased after December, 23 (from 0 to —13°C). The
winter freezing weather that came afterward and the fre-
quent snowfalls resulted in the rapid growth of the snow
cover, whose depth had reached 54 cm by the onset of
the second warming on January 25 through 28. Note
that the maximum air temperature during the second
warming varied from +1.3 to —1.3°C, and the precipi-
tation fell in the form of sleet with drizzle. The snow
cover depth during this warming period decreased
from 54 to 49 cm. After this, the trend of snow accu-
mulation became as is typical of wintertime, and the
growth of the snow cover had not been discontinued.

Textural—Structural Feature of the Snow Cover

These features are evident from Profile 27, which
was studied and sampled on February 26, 2021, at the
snow-measuring site in the inner courtyard of the
Institute of Geology, Komi Science Center, Ural
Branch, Russian Academy of Sciences, in Syktyvkar.
The vertical section of the snow cover was made up of
five discernible stratigraphic layers of various thick-
ness (Fig. 3). The first layer was a little bit thicker than
1 cm and consisted of fresh surface frost. This layer
rested on the loose second layer 8 cm thick. The struc-
ture of the second layer showed evidence of postsedi-
mentation transformations of the older solid precipita-
tion: along with fresh snow fragments, this layer con-
tained small (<0.5 mm) roundish grains. The third
layer was 6 cm thick and consisted of fine-grained
compacted snow. The snow was compacted under the
effect of a strong wind and temperature decrease. The
fourth layer is 13 cm in thickness. It was made up of
opaque aggregates of small (0.5—1.0 mm) roundish
and subhedral snow grains. These crystals with edges
were readily discernible in the contact zone with the
fifth layer, which consisted of glaciated snow grains
that had been formed during the January warming.
Because of the optical anisotropy of the snow layers,
the upper and lower contact zones were discernible
quite clearly. It is thought that the mechanism that
formed the horizontal layering of glaciated aggregates
is related to the migration of capillary moisture. It is
also believed that capillary moisture migrates from the
surface of the snow grains toward lower and colder
snow layers at warming to form there subhorizontal
glaciated beds, whose thicknesses sometimes vary lat-
erally. These glaciated beds are more or less permeable
(Firts et al., 2012), and this feature allows them to
Vol. 61
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Fig. 2. Time series of the intensity of snow cover growth with (a) the layers of geochemical sampling in the snow cover, which are
(b) correlated with the dates of the stratigraphically significant snowfalls (data: Syktyvkar weather station). Letter labels of the fall

dates of geochemically sampled snow layers: (a) 08—12.11.20; (b) 12.11—14.12.20; (c) 14—17.12.20; (d, e) 17—25.12.20; (f, g,
28.12.20; (j) 28.12.20—03.02.21; (k) 03—15.02.21; (1) 15—28.02.21.

thicken within the snow cover because capillary mois-
ture freezes over them. Such horizontal glaciated beds
are thought to hamper the vertical migration of capil-
lary moisture and are able to operate as a sort of a reac-
tive barrier. The sixth layer up to 20 cm thick was com-
posed of larger subhedral roundish grains. The coars-
ening of the grains was obvious near the contact with
the seventh layer, which consisted of glaciated aggre-
gates of snow grains. This layer was 2 cm thick and had
been formed, similar to the overlying layer, during the
brief warming in December. The eighth layer (up to
13 cm) consists of roundish subhedral grains. The ninth
layer was a glaciated bed that had been produced during
the November warming. This layer overlied the lower-
most fenth layer, which was made up of equant crystals
of deep frost (up to 3 mm). The thicknesses of the two
lowermost layers were 3 and 4 cm, respectively.

Variations in Geochemical Parameters between Layers
of the Snow Cover

The hydrogen index (pH) is an integral geochemical
parameter. The pH of the snowmelt water varies from
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h, i) 25—

6.2to 7.3 (Fig. 2). Note the variability of individual pH
values in the middle part of the snow cover. The differ-
ence between pH values in layers f and g is one pH
unit. The differences between pH values in layers
below and above this zone vary within a few tenths of
a unit and tend to shift from weakly acidic to near-
neutral. It should be mentioned that the maximum pH
values are constrained, in addition to layers g and i,
also to the upper capillary barrier, whereas the middle
and lower capillary barriers in the snow profile are dis-
cernible less clearly. Note that the dynamics of the pH
variations provides little information on the geochem-
ical conditions developing in the snow profile, because
pH decreases the integral characteristic of all base—
acid interactions in the snow cover. Analysis of the
electrical conductivity of the snowmelt water may
hopefully be more informative when the snow masses
are alkalinized with the precipitating aerosol material.

The electrical conductivity of the snowmelt water
was measured conductometrically. Analysis of the ver-
tical distribution of the snow conductivity values
reveals two peaks (Fig. 3), both of which occur in snow
layers in the middle part of the snow cover and are
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Fig. 3. Layer-by-layer Size distribution of aerosol particles in the discrete layers of the snowpack with integral indicators of the
geochemical activity of the snow cover: hydrogen index (pH), electrical conductivity (nS, uS/cm). Legend: (1) newly fallen snow
(hoarfrost) (PP), (2) recently deposited snow (DFbk) with rounded grains (RGsr), (3) wind packing of fine-grained snow parti-
cles (RGwp), (4) rounded snow grains and rounded particles with edges (RGlr/RGxf), (5) horizontal glaciated layer of large snow

aggregate grains (IFil), acting as a capillary geochemical barrier
with edges (RGxf/FCxr) operating as a capillary reactive barrier
according to Firts et al., 2012).

adjacent to the capillary barrier. Simultaneous varia-
tions seen in the plots of the Na concentration and
conductivity in this zone indicate that the variations in
the conductivity are controlled, first of all, by changes
in the Na concentrations at the reactive barriers.

We also cannot rule out that Na may be supplied by
the wind transfer of ice-melting chemicals. Their fall-
outs onto the snow surface, together with aerosols,
may increase the concentrations of easily hydrolyzed
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(Cb); (6) rounded particles with edges and rounded snow grains
(Cb); (7) deep frost (DHxr) (classification of grain shapes (F) is

compounds. The involvement of these compounds in
the reactions of low-temperature (cryogenic) com-
plexation induces an increase in the concentration of
free ions, and thus also the conductivity, in the reac-
tive barrier zones. However, measurements of conduc-
tivity in the middle portion of the snow cover led to the
discovery of a fact that is still hard to explain: a layer of
low conductivity was identified between layers with
high values of this parameter. This contrasting
decrease in the conductivity in the capillary barrier
Vol. 61

No.1 2023



GEOCHEMICAL MARKERS OF STAGNANT ZONES IN AN URBAN HEAT ISLAND 87

zone is possible if aerosol material migrates with the
capillary moisture in different directions. This hypoth-
esis requires further studies to be validated.

Frequency Distribution of Aerosol Particles
in Snow Layers Chronologically Correlated
with Stratigraphically Significant Snowfalls

Figure 3 shows the size distribution of sumbicrome-
ter-sized fractions of aerosol material in the snow layers.
The layers were chronologically correlated by the fall
time of stratigraphically significant snowfalls (Fig. 2a).
Analysis of the frequency of the size distribution of the
sumbicrometer-sized particles reveals a trimodal dis-
tribution in the surface frost (layer 1) and deep frost
(layers a and b) and a bimodal distribution for the rest
of the snow profile (layers k, j, g, h, f, e, d, and c but
not layer i).

The layers with a bimodal distribution type of par-
ticles produced during snowfalls show a stable correla-
tion of the sets with certain size ranges. For example,
one was identified with gentle- and acute-top peaks
with maxima within the ranges of 345—898 and 4540—
5586 nm. These layers are persistently dominated by
large particles: 8—48% against 42—92%. The only
exception is layer g. This layer is principally different
from the others in that, at its bimodal distribution, it
contains much more finely dispersed fraction, which
shows peaks at 55 and 345 nm. In all other layers, the
content of this fraction is one order of magnitude
lower. These proportions of the fractions of aerosol
material in layer g reflect the postsedimentation redis-
tribution of aerosols in snow layers adjacent to the cap-
illary barrier as a result of the descending migration of
capillary moisture. Consequently, underlying layer f is
significantly enriched in the medium dispersed frac-
tion. While the coarsely dispersed fraction dominated
over the medium dispersed one in all instances dis-
cussed above, the content of medium dispersed frac-
tion in layer f was 58%, at 42% of the coarsely dis-
persed fraction (at the size of the medium and coarsely
dispersed fractions with clearly discernible peaks at
379 and 5590 nm, respectively).

The effect of the capillary mechanical barrier may
also explain the occurrence of the finely dispersed frac-
tion in layer i. As follows from Fig. 3, the four underly-
ing layers (layers i, h, g, and f) are constrained to the
snow horizon whose snow was accumulated very rap-
idly and which hosts the first capillary barrier (Fig. 2a).
Thereby layer i contains all of the three size fractions of
particles, whose peaks lie at 116, 394, and 5332 nm. No
evidence indicates that this resulted from the precipita-
tion of dry aerosols, because the time and character of
the fallouts of the solid particles shows (Fig. 2b) that the
snow cover grew at that time only because of snowfalls.
It is thus reasonable to think that layer i, which was
produced after the snowfalls, contained two fractions
(medium and coarsely dispersed), whereas the finely
dispersed one was brought by the redistribution of par-
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ticles between the layers due to thermodiffusiophoresis,
and the particles may have been brought from layer h.
This layer is characterized by a bimodal distribution of
the medium and coarsely dispersed fractions with peaks
at 519 and 5045 nm, with the coarse fraction signifi-
cantly dominating over the medium one: 92 and 8%,
respectively. Note that the proportion of these fractions
in layer j (which overlies layer i) is close to 1 : 3.

In layers with a trimodal distribution of the parti-
cles, analysis of the proportions of the dispersed frac-
tions shows that the first fraction falls within the
range of 60 to 180 nm with a gentle peak at 98 nm in
the surface frost (layer 1). The other two fractions
correspond to broad ranges of 400—1900 to 4500—
7000 nm, with clearly seen peaks at 554 and 5560 nm,
respectively. Whereas the content of the finely dis-
persed fraction was 3%, those of the medium and
coarsely dispersed ones were 46 and 51%, respec-
tively. Layer 1 was formed between two snowfalls, and
hence, its granulometric composition reflects fea-
tures of the dry precipitation of aerosols and is related
to the formation of the surface frost.

At the same time, the deep frost (layers a and b) is
characterized by a trimodal distribution of the frac-
tions. The distribution of dispersed fractions of the
aerosol material in layer a is characterized by that the
size range is strongly shifted rightward. Thereby one of
the sets characterizes the medium dispersed fraction
with a clearly pronounced peak with a maximum at
549 nm, and the other two correspond to gentle-top
and acute-top peaks at 2018 and 6086 nm and pertain
to the coarsely dispersed fraction. The percentages of
the fractions (45, 8, and 47%, respectively) indicate
that the second coarsely dispersed fraction was
formed in relation to the increase in the concentra-
tion of particles in the capillary liquid because of the
vertical migration of soluble compounds in the soil
moisture. This hypothesis is based on that the con-
ductivity increases in this part of the snow profile
(Fig. 3). Conceivably, thermodiffusionphoresis of
soil moisture vapors is sufficiently intense, because
layer b, which is adjacent to layer a, contains a finely
dispersed fraction with a peak at 112 nm in the range
of 65—150 nm. Therewith the medium dispersed
fraction lies within the range of 450—2000 nm, with
an acute-top peak at 898 nm, and the coarse disperse
fraction occurs within the range of 4600—7000 nm,
with a clear peak at 5586 nm. The aforementioned
changes in the granulometric composition of layers a
and b may, perhaps, be explained by postsedimenta-
tion transformations of the aerosol material in the
near-soil snow layer, in which a frost-generated
(cryogenic) thermodiffusion reactive barrier is
formed. It is pertinent to mention that factors favor-
able for the origin of reactive barriers in a snow cover
are natural processes and phenomena (thermophore-
sis, diffusiophoresis, capillary forces, and adhe-
sion/wettability) that are predetermined by proper-
ties of the snow profile itself.
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Fig. 4. Accumulation of trace elements at reactive barriers in the seasonal snow cover (the snow measuring site was located in the
inner court of the Institute of Geology, Komi Science Center, Ural Branch, Russian Academy of Sciences, section 27). Legend:
(1) newly fallen snow (hoarfrost) (PP), (2) recently deposited snow (DFbk) with rounded grains (RGsr), (3) wind packing of fine-
grained snow particles (RGwp), (4) rounded snow grains and rounded particles with edges (RGlr/RGxf), (5) horizontal glaciated
layer of large snow grain aggregates (IFil); (6) rounded particles with faces and rounded snow grains with edges (RGxf/FCxr);
(7) deep frost (DHxr) [classification of grain shapes (F) is given according to Firts et al., 2012].

Specifics of the Origin of Reactive Barriers
on the Snow Surface and within the Snow Cover

Data of quantitative mass-spectrometric analysis
were used to plot the distribution of the concentrations
of chemical elements in discrete layers of the snow
profile (Fig. 4). As follows from this plot, the snow
profile comprises the following three zones in which
trace elements are accumulated.

The first zone is constrained to layer 1 and is charac-
terized by enrichment in a broad spectrum of trace ele-
ments, which are accumulated at the surface thermodif-
fusion reactive barrier (Fig. 4), which is formed at the
snow—atmosphere interface due to features typical of
the accumulation of dry aerosols in wintertime. It is
known that snow cover always (even at the lowest tem-
perature) emits long-wave radiation (its own heat) and
is also able to reflect much solar radiation, which facil-
itates the strong cooling of the snow cover and results in
a temperature inversion (so-called snow inversion,
according to Rikhter, 1948). Moreover, the surface of a
snow cover is characterized not only by a high reflectiv-
ity and emissivity (Kuz’min, 1957) but also by the abil-
ity of drying the surface air (Rikhter, 1948). In the pres-
ence of temperature and moisture gradients, a snow
cover receives excess moisture from the surface air and
thus induces descending air migration. This results in
the stable transport of water vapor toward the snow
cover. This process stimulates the runoff of aerosol
material from the near-surface atmosphere. The pro-
cess is associated with an increase in concentrations of
trace elements on the snow cover surface (Fig. 4).

The second zone of the accumulation of trace ele-
ments is constrained to the middle part of the snow
profile, to the capillary barrier, which is, in turn, formed
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in the glaciated snow layer that had been produced
during warmings. Note that the accuracy of the location
of the mechanical capillary barrier was controlled by
correlating peaks of trace elements that formed a para-
genetic geochemical association, which reflects natural
snow-geochemical processes that maintain the accu-
mulation of trace elements at the mechanical capillary
reactive barrier. The mechanism responsible for the
accumulation of trace elements is currently thought to
be regaled to the generation of clathrates.

It is known that water transition from the liquid to
crystalline state takes place at exactly 0°C, but the
freezing point is shifted to a lower temperature if the
water contains dissolved compounds. According to the
Raoult law, a decrease in the freezing point is propor-
tional to the concentration of the dissolved com-
pound. The cooling of a diluted solution to a tempera-
ture below 0°C should lead to ice crystallization and
phase separation. A further temperature decrease
should lead to an increase in the ice volume and in that
the residual solution becomes progressively more con-
centrated, unit the eutectic concentration and tem-
perature are reached. At this point, the dissolved com-
pound and the rest of the solvent crystallize, and pre-
cipitate settles that consists of interlaced domains of
the dissolved compound and ice, i.e., a clathrate is
formed (Glinka, 1987). It is known that a determining
role in its formation is played not by the reaction abil-
ity of the components but the spatial correspondence
(complementarity) of the crystalline dissolved com-
pound and pure volumetric ice.

Note that the second peak in the concentration of
trace elements, which was formed below the capillary
reactive barrier, is constrained to the transition layer of
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the snow grains from fine- to medium-grained ones.
The origin of this layer in the middle part of the snow
profile is explained as follows. It is known that the
temperature of a snow cover is usually lower than the
temperature of the adjacent air layer because of the
high albedo. This decreases the relative moisture con-
tent in the air layer and results in a deficiency of water
vapor concentration in air above the snow surface.
However, vapor deficit in the near-snow air layer can
be counterbalanced by the ablimation of ice crystals.
Because an ablimation transition from a crystalline
phase into vapor is associated with heat consumption,
the temperature of the uppermost snow layer decreases
even further. This results in a temperature gradient in
the middle part of the snow profile and in the related
movement of water vapor from the lower, relatively
warm, snow layers into upper colder ones.

This results in a gradient in the water vapor pressure
in the upper part of the snow profile induced by the
temperature gradient. Because of this, water vapor
comes to the snow surface from both deeper layers and
middle ones in the snow profile. However, this process
in the middle part of the snow profile can be disturbed.
It is known that daily variations in air temperature in
dry snow with an average density of 0.28 g/cm? occur
at a depth no greater than 50 cm and are absent below
(Kuz’min, 1957). At the same time, data (Tentyukov,
2021) on the dynamics of structural—textural transfor-
mations in a freshly fallen snow layer at its transforma-
tion into a stratigraphically significant snow layer pro-
vide grounds to suggest that daily temperature varia-
tions and related possedimentation transformations of
the solid precipitation should be constrained (at all
other things equal) by the diffusion-controlled transfer
of soil moisture in the opposite direction. This process
begins in the lower part of a snow profile as a conse-
quence of the in-snow temperature inversion (the
temperature in the bottom part of a snow profile is
always higher than in its middle portion). The possi-
bility of such processes in snow profiles has been
demonstrated in (Gurtovaya, 1961; Sokratov and
Maeno, 2000; Sokratov, 2001; Pinzer et al., 2012).
Hence, the second concentration peak of trace ele-
ments in the middle part of the snow profile is formed
by the redistribution of aerosol material between the
layers, which is induced by the migration of capillary
moisture in the contact zone of the descending front of
daily temperature variations and the ascending diffu-
sion-controlled transport of soil moisture.

The third zone of accumulation of trace elements is
found in the bottom part of the snow profile and, sim-
ilar to what occurs in the second zone, trace elements
are concentrated at the capillary reactive barrier.
However, the mechanism producing it is different. It is
known that soil density and, hence, its volumetric heat
capacity are several times higher than those of snow
(Gurtovaya, 1961). This results in a temperature gradi-
ent at the snow—soil interface, and this gradient
induces an influx of subcooled pore soil solutions.
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This influx causes the recrystallization of the earlier
snow grains and the origin of deep frost crystals. They
grow further by means of repeating recrystallization,
which is maintained by the continuous diffusion-con-
trolled inflow of soil moisture. This led to the conclu-
sion that a specific crystal-forming environment is
produced in the lower part of a seasonal snow profile.
This environment is characterized by certain condi-
tions favorable for the nucleation and growth of the
crystals of deep frost. These conditions include
changes in the thermodynamic and physicochemical
parameters. The most informative of them is pH, elec-
trical conductivity, and density of the snow layer in the
contact zone (Fig. 4). Inasmuch as the most intense
vapor diffusion and the highest temperatures are usu-
ally found in the bottom part of a snow profile (Kolo-
myts, 2013), the ice crystals of deep frost most rapidly
grow and recrystallize with the origin of clathrates
exactly in the contact snow layer, whose density is rela-
tively low, and this leads to the accumulation of trace
elements in the deep frost crystals (Fig. 4). Hence, the
barriers are formed and trace elements are accumulated
at the thermodiffusion barrier in the lower part of a sea-
sonal snow profile because an specific crystal-forming
environment occurs in this transitional zone. Trace ele-
ments are brought into this zone by thrmodiffusiopho-
resis of soil moisture and dissolved soil material.

Development Features of the Winter Aerosol Field
above an Urban Area and Differences in the Distributions
of Trace Elements between Snow Layers

Comparison of the layer-by-layer accumulation of
trace elements and the configuration of the distribution
curves of these elements in the snow profile (Fig. 4)
indicates that the uppermost layer 1 is noted for that it
contains a broad spectrum of accumulated elements.
However, analysis of the vertical distribution of trace
elements reveals that three elements, Co—Cr—Ni, dif-
fer from the others (Li—Sr—Ba and Cu—Zn—Cd) in a
more monotonous configuration of the distribution
plots. It is not fully warranted to explain this fact solely
by features of the postsedimentation redistribution of
the aerosol material when reactive barriers are formed.
It was hypothesized that, when a winter aerosol field is
formed above an urban area, the trajectories of air
masses to which stratigraphically significant snowfalls
are related can be somehow inherited in the snow lay-
ers when the snow cover grows and can thus affect the
vertical distribution of trace elements. To test this
hypothesis, we conducted trajectory analysis of the
atmospheric transfer of trace elements.

Analysis of the atmospheric transfer of trace ele-
ments to which the origin of the winter aerosol field
above an urban area is related on snowfall days. This was
done using ten-day backward trajectories of air particles
which arrived hourly, starting on November 8, 2020,
through March 28, 2021, in the layer 10—2010 m
(lower troposphere, height increment 100 m) above
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Syktyvkar (a total of 54 000) for all days. The diagram
thus obtained characterizes the regional probability of
the transfer of air particle above the surface when
moving toward the observation site in the city of Syk-
tyvkar (Fig. 5a).

At the same time, it is known that solid precipita-
tion falls out at a negative air temperature, 7 [°C], and
relative air humidity, » [%], close to 100%. It was thus
suggested that the regional probability of the transfer
of air particles related to precipitation in Syktyvkar can
be more accurately estimated by taking into account
the trajectories of air particles for which », > 90% and
T, < 0°C above Syktyvkar. The number of such trajec-
tories was 17 000 from the original dataset. The
regional transfer probability calculated from these tra-
jectories is displayed in Fig. 5b. Note that the field of
regional probability only insignificantly changes qual-
itatively when r, tends to 100% compared to the
threshold of r, = 90%.

We took into account only segments of the trajec-
tories only to an hour when the specific air humidity,
q [g/kg], decreases to <5% of the specific air humid-
ity above Syktyvkar, g,. We thus assumed that mois-
ture transfer to Syktyvkar from areas above which g <
0.05 x g, can be neglected. With regard to this, the
regional probability is shown in Fig. 5c. Comparison
of diagrams in Figs. 5a and 5b reveals their small differ-
ence, which can, in our opinion, characterize the tra-
jectories to which the dry precipitation of aerosols
between snowfalls may be related. Because both mois-
ture and aerosol are brought to the lower troposphere
from the atmospheric boundary layer (ABL) and from
it to the surface, we constructed a diagram for the trans-
fer probability analogous to Fig. 5c but for trajectory
segments that occurred in the regional atmospheric
boundary layer. The diagram is presented in Fig. 5d.

Diagrams in Figs. 5a—5d indicate that the forma-
tion features of the aerosol field above the urban terri-
tory on snowfall days were controlled by air particles
that most probably came along an anticyclonic arc
above regions on the Syktyvkar meridian (50° E) and
northwestern Kazakhstan, including the northern part
of the partly desertificated Aral—Caspian arid area
(ACAA). The anticyclonic character of the transfer
from ABL may indicate that conditions favorable for
snowfalls in Syktyvkar (r, > 90%) in winter 2021 were
formed because of the invasion of the western part of
the Siberian anticyclone into the European territory of
Russia. The cold (Fig. 5¢) and dry (Fig. 5f) air of the
anticyclone, which had passed through ABL over the
potentially dust-forming ACAA region and southern
Russia and, hence, highly probably carried aerosol
condensation nuclei, likely collided above Syktyvkar
with humid (Fig. 5f) and warmer (Fig. 5¢) air coming
from the west. Analysis of weather conditions in an
area above which air masses are transported requires a
separate study, which extends outside the scope of this
publication.
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It should be mentioned that the character of the ver-
tical distribution of trace elements in the snow profile
(Fig. 4) provides no grounds to unambiguously extend
our results to snow layers produced before February, 28.
However, with regard to time periods when stratigraph-
ically significant snowfalls occurred (Fig. 2b), we have
reproduced the backward trajectories of the probability
field of the transfer of air particles for underlying layers
(see pair diagrams in Figs. 6a—6h). The left-hand parts
of the pair diagrams in Figs. 6a—6h were calculated
based on trajectories for the whole height range of 10—
2010 m, whereas the right-hand ones pertain only to
trajectory segments that occurred in the atmospheric
boundary layer (ABL) above the city and throughout
the whole lengths of the trajectories.

Analysis of the layer-by-layer diagrams (Figs. 6a—6h)
led us to conclude that the chemical composition of
snow layers a—e, which were formed during the time
span from November 8, 2020, through December 26,
2020, were formed mostly by westerly atmospheric
transfer, whereas fractions in layers f—h, which were
formed starting on December 25, 2020, through Feb-
ruary 28, 2021, were accumulated at the predomi-
nance of the easterly transfer of air masses. However,
all of the studied snow layers, which grew at different
trajectories of the air masses, are characterized by the
dominant accumulation of the group of lithophile ele-
ments. This is clearly seen in the Gibbs—Roozeboom
triangular diagram, which portrays the percentages of
various components in a system of three element
assemblages: lithophile elements (Lif) Li, Sr, Ba, Be,
B, P, Sc, Ga, Ge, Y, Ti, Sn, V, and Mo—siderophile
elements (Sid) Cr, Mn, Co, Ni, and Pd—sulfophile
elements (SIf) Cu, Zn, Cd, Pb, and Sb. The chemical
elements within the groups are similar in chemical
properties, which control the general migration and
concentration features of the elements in various geo-
chemical environments. For example, siderophile ele-
ments show a strong affinity to oxygen and are prone
to form metallic bonds. The activity of their migration
in landscape and accumulation at reactive barriers is
controlled largely by the redox conditions. The group
of sulfophile elements is characterized by that these
elements tend to form covalent bonds, display an
stronger affinity to sulfur, and form insoluble sulfides.
A common feature in the group of lithophile elements
is that all of them variably tend to form ionic bonds.
This readily explains the high solubility of some of
their salts, their white color, and the pH of their solu-
tions (Perel’man and Kasimov, 1999). The propor-
tions of the three groups can be illustrated in a three-
component diagram, which makes it possible to com-
pare the concentrations of these elements and their
variations from one snow layer to another and makes
the results more informative (Fig. 6, inset).

Calculations show that the percentages of the three
groups of elements are Lit : SIf : Sid = 74 : 11 : 14.
Hence, all snow layers of the snow profile are per-
sistently dominated by lithophile elements. In view of
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Fig. 5. Maps of the average probability, P [%], of air particle transfer above the area toward Syktyvkar (circled) in winter 2021.
(a) For all trajectories in layer 10—2010 m. (b) As in (a) but for trajectories with relative humidity over Syktyvkar over 90% and a
negative air temperature. (¢) As in (b) but with a limitation on specific humidity (see text). (d) As in (c) but only for trajectory
segments in the atmospheric boundary layer. (¢) Average air temperature, 7 [°C], in the transfer area. (f) Average specific air
humidity, g [g/kg], in the transfer area. Here and below, the cell size is 1 X 1.

this, the proportions obtained for the elemental groups
in discrete snow layers and the trajectory analysis of the
air masses did not allow us to unambiguously interpret
these data as reflecting the winter aerosol field that was
formed above the urban area as a result of long-distance
transfer. Because of this, we suggest that the proportions
of the groups of element assemblages in the snow layers,
which were persistently preserved during the growth of
the snow cover, may be used as a geochemical marker of
stagnant zones in the urban heat island for ecologi-

GEOCHEMISTRY INTERNATIONAL  Vol.61 No. 1

cally—geochemically estimating atmospheric contami-
nation at urbanized areas. It is worth mentioning that
any typomorphic groups of chemical elements of the
fallen out aerosol material can be used as the geochem-
ical markers of stagnant zones in an urban heat island.
Thereby the only principal requirements are that these
groups of elements can be correlated with the industrial
specialization of the territory and that their proportions
in the snow layers were persistently preserved when the
SNOW COVer grows.
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Fig. 6. Layer-by-layer pair diagrams for the probability of air particle transfer, P[%], at twenty levels, arriving in the layer 10—2010
m (left-hand diagrams) and within the atmospheric boundary layer (ABL; right-hand diagrams). The inset shows the distribution
of elemental groups (sulfophiles, lithophiles, and siderophiles) in the snow layers chronologically correlated with the periods of
stratigraphically significant snowfalls. Layers: a—December 8—12, 2020; b—December 11—14, 2020; c—December 14—17, 2020;
d and e—December 17—-25, 2020; f, g, h, and i—December 20—28, 2020; k—December 28, 2020—February 3, 2021; 1—February

3—15, 2021; m—February 15—-28, 2021.

CONCLUSIONS

Analysis of the layer-by-layer postsedimentation
transformations of the granulometric composition of
the fallen aerosol material in a snow profile conducted
using the method of dynamic light scattering has
demonstrated that aerosol material in the frost and
deep frost is much more polydisperse than in the snow
layers chronologically correlated with stratigraphically
significant snowfalls. These features of the size distri-
bution of parameters in ice crystals in surface and deep
frost are thought to be caused by natural effects and
phenomena (thermophoresis, diffusiophoresis, capil-
lary forces, and adhesion), which are predetermined
by physical properties of the snow cover.

Our comparative study of the layer-by-layer vari-
ability of the chemical composition of the fallen aero-
sol material allowed us to identify the proportions of
three elemental groups in snow layers: siderophile ele-
ments (Sid), sulfophile elements (SIf), and lithophile
elements (Lit). These proportions of element groups
relatively little vary in the snow profile when the snow
cover grows. Trajectory analysis of the transfer, toward
Syktyvkar, of air masses to which stratigraphically sig-
nificant snowfalls were related provides no grounds for
explaining the detected geochemical phenomenon by
that the winter aerosol field that was formed above
Syktyvkar at various trajectories of air masses may be
somehow inherited in snow layers of the growing snow
cover and thus affect the vertical distribution of trace
elements. Evidently, the proportions of the three ele-
mental groups were found out to little vary from one
snow layer to another and should reflect the occur-
rence of stagnant zones in the urban heat island. It
should be mentioned that geochemical manifestations
of the phenomenon of an urban heat island are still
unknown at northern population centers, in which
snow cover persists for six to eight months and longer.
At the same time, a principal feature of meteorological
processes in northern latitudes is a high frequency of
atmospheric inversions (Nygard et al., 2014; Wetzel
and Brimmer, 2011). Atmospheric boundary layers
formed during such periods of time are typically stable
and are characterized by the occurrence of a thin sub-
inversion stirring layer, which facilitates the accumu-
lation of anthropogenic heat and contaminant emis-
sions at the air—ground interface. Their density in
local zones within urban areas may reach a level at
which the total solar radiation decreases and the infra-
red radiation from the underlying surface is shielded.
Operating simultaneously and together with heat
losses from living and industrial facilities, these pro-
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cesses result in a local greenhouse effect above the
population center and in a sort of aerosol dome. Its
density is sufficient to counterbalance the influence of
the winter aerosol field produced over the urban area
by the long-distance transfer. Because of this and
despite of the different trajectories of air masses
responsible for the growth of the snow cover and com-
ing to the population center, the proportions of the
elemental groups in discrete layers of the snow cover
remain relatively stable.

This indicates that the proportions of elemental
assemblages, which change relatively little from one
snow layer to another in a growing snow cover, can be
employed as a geochemical marker for the identifica-
tion of stagnant zones in an urban heat island at eco-
logical—geochemical estimations of the distribution
of contaminants in the seasonal snow cover at a pop-
ulation center. In this context, the method proposed
in this publication for geochemical study of a snow
cover can be regarded as an additional tool for study-
ing the small-scale dynamics of turbulent air flows
and the transfer of contaminants in an urban envi-
ronment. This tool can be efficiently utilized in com-
bination with currently known modeling techniques
in search for relations and patterns in the transfer of
contaminants in urban environments and for repro-
ducing the evolutionary dynamics of temperature
anomalies (Atlaskin and Vihma, 2012; Glazunov,
2014; Anderson et al., 2015; Li et al., 2016; Sadique
et al., 2017).
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