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Featured Application: Elaboration of unified experimental protocol for studying freezing and
thawing of organic-rich (humic) natural waters under laboratory conditions.

Abstract: Climate change is likely to modify the freezing–thawing cycles in soils and surface waters
of permafrost-affected and subarctic regions. However, the change of solution chemical composition
during ice formation and the evolution of the remaining fluids remain very poorly known. Towards
a better understanding of dissolved (<0.45 µm) organic carbon, as well as major and trace element
behavior in permafrost peatland environments, here we performed laboratory freezing of peat
leachates, from complete freezing to complete thawing, in order to quantify the partitioning of solutes
between the aqueous solution and the remaining ice. Freezing experiments were conducted, with and
without polyurethane insulation. Two main types of experiments involved (i) progressive freezing,
when we started from liquid leachates (filtered <0.45 µm) and allowed them to freeze at −18 ◦C,
and (ii) progressive thawing, where first, we froze solid a series of <0.45 µm filtered leachates and
then monitored their thawing at room temperature, 20 ◦C. We hypothesized the existence of two
main groups of solutes, behaving conservatively or non-conservatively during freezing, depending
on their incorporation into the ice or their ability to coagulate in the form of insoluble minerals
or amorphous materials in the fluid phase. An unexpected result of this work was that, despite a
sizable degree of element concentration in the remaining fluid and possible coagulation of organic,
organo-mineral, and inorganic compounds, the freezing and subsequent thawing produced final
concentrations of most solutes which were not drastically different from the initial concentrations in
the original leachates prior to freezing. This demonstrates the high stability of dissolved (<0.45 µm)
organic carbon, iron, aluminum, and some trace metals to the repetitive freezing and thawing of
surface waters in permafrost peatlands.

Keywords: peat; freezing; thawing; major; trace elements; organic carbon; experiments

1. Introduction

The climate warming in high latitudes leads to the change in frequency of the seasonal
thawing-freezing regime [1,2] which will be mostly pronounced during autumn and spring,
i.e., the so called “shoulder” seasons or transition periods [3]. It is known that spring
and autumn are extremely important for the export of dissolved and particulate load by
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rivers and element cycling in the lakes of Arctic wetlands [4–6]. During these transition
periods, the majority of organic carbon and inorganic solutes originate from leaching of
supra-permafrost soil and vegetation [7,8]. In addition to the effect on the carbon and
major elements cycling, these processes largely control the release of many trace elements
from soils to the aquatic systems [5,9,10]. However, in contrast to relatively good empirical
and modeling understanding of the physical aspects of soil freeze/thaw processes [1,11],
the behavior of aqueous solutes (<0.45 µm) upon freezing and thawing of organic matter-
rich surface and soil waters of permafrost peatlands remains poorly understood. It is
known that both the peat porewaters [12,13] and surface waters [5,7] of these regions
are strongly enriched in dissolved organic carbon (DOC) and some trace metals. These
solutes are often present in the form of organic and organo-mineral colloids [10,14,15],
which are likely to coagulate upon ice formation, for example, during the full freezing
of surface depressions and shallow thermokarst lakes and ponds [4]. In contrast to the
sizable number of works devoted to characterizing the impact of freezing and thawing on
mineral soil properties [16–34], the freezing/thawing impact on the chemical composition
of porewater and ice has not been well described, and most often, the researchers have to
rely on modeling predictions [35].

Although laboratory experiments allow for the identification of governing factors
during freezing/thawing effects [36–43], their applications to naturally relevant aquatic
settings of high latitude permafrost peatlands remain very restricted. Previous works in
permafrost peatlands reported translocation of microorganisms and changes in porewater
chemistry (pH, UV absorbance, DOC, major and trace element concentrations) after the
thawing and bidirectional freezing of peat cores [44,45]. Another recent study examined the
impact of freezing/thawing cycles (FTC) on the surface waters from Northeast European
permafrost peatland [46]. The latter authors reported only minor (<5–15%) changes of
DOC and labile ion concentrations, whereas several trace elements (Fe, Al, P, Mn, As,
and REE) exhibited a sizable decrease in their concentrations after FTC. These authors
concluded an overwhelming impact of colloidal status of DOC and trace metal on this
coagulation/dissolution processes during freezing and thawing. However, the quanti-
tative assessments of these effects are still missing. In the present study, we aimed at
(1) elaborating an optimal experimental procedure allowing for a discrete sampling of
fluid during complete freezing progress; (2) quantifying the partitioning coefficients of
elements between water and ice, and (3) testing the relationship between different elements,
depending on their speciation and affinity to dissolved organic matter.

We hypothesize the existence of several group of contrasting solutes—(1) those in-
corporating into forming ice; (2) those remaining in the fluid phase via concentrating due
to freezing front migration but not subjected to coagulation, and (3) less soluble complex
organo-mineral amorphous compounds or certain minerals, subjected to reversible or irre-
versible coagulation. Testing these mechanistic hypotheses constituted the first objective of
this study. The second objective was to use laboratory leachates of natural substrates (peat)
as surrogates for the direct experimental modeling of chemical and physical processes
occurring in shallow surface waters and topsoil horizons during the autumn—spring pe-
riod. We anticipate that achieving these objectives should allow a uniform approach for
the laboratory modeling of natural aquatic processes in permafrost peatlands and provide
useful background for assessing the impact of climate change on chemical composition of
surface waters in these environmentally-important regions.

2. Materials and Methods
2.1. Organic Substrates from Permafrost Peatlands Used for Aqueous Leachate Preparation

Peat core samples were collected at the end of the summer in the two largest per-
mafrost peatlands of Northern Eurasia—the Bolshezemelskaya Tundra (NE Europe) and
the Western Siberia Lowland (Figure 1). Two peat horizons, thawed (surface, 0 to 10 cm)
and deep (frozen, between 40 and 50 cm) were collected from at the sampling sites is
between 30 and 40 cm, and the permafrost is discontinuous. The dominant vegetation on
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the mound is mosses and lichens, with some dwarf shrubs. The detailed description of the
environmental context of the sampling sites is provided elsewhere (for Bolshezemelskaya
Tundra [47,48] and for Western Siberia [49,50]).
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Figure 1. Location map of study area in the Bolshezemelskaya Tundra (1, BZT) and the Western
Siberia Lowland (2, WSL), along with photos of sampled peat cores and their environmental context
(flat-mound bogs with thermokarst lakes).

To prepare aqueous leachates, 10 g of dry sample (thawed and frozen peat) was
reacted in a shaker at 25 ◦C with 1 L of Milli-Q water for 24 h under aerobic conditions,
with periodic aeration. The resulting suspension was filtered through a sterile single-use
Millipore filter unit and placed in broad mouth, PES jars of 150 mL volume.

2.2. Freezing Experiments of Aqueous Leachates

Freezing experiments were conducted in two main setups: with polyurethane insu-
lation (approximately 10 cm around the jars and the bottom), and without insulation, as
illustrated in Figure 2. Inside the plastic jar, we placed a flexible tube which was connected
to a syringe and which allowed for the sampling of fluid in the course of the experiment.
The freezing occurred from the borders to the center of the jar, in the case of no insulated
reactors, and from the surface to the bottom, in the case of insulated reactors (Figure 2). As
such, the sampling tube was located at the center of the jar, for the non-insulated reactors,
and at the bottom of the jar, in case of the insulated reactors.
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Figure 2. A scheme of experiments and photos of experimental reactors.

The two main type of experiments involved (i) progressive freezing, in which we
started from liquid leachates (filtered <0.45 µm) and allowed them to freeze at −18 ◦C,
and (ii) progressive thawing, in which we first froze solid a series of <0.45 µm filtered
leachates, and then monitored their thawing at room temperature, 20 ◦C. In order to avoid
the change in the fluid: ice ratio during sampling, we used a single-reactor sacrificial
sampling technique. For this, instead of consecutive sampling from the same reactor,
10 identical reactors with filtered leachates were prepared simultaneously and placed in the
freezer. Each sampling used the entire reactor, which was then removed from the freezer
and discarded.

The sampling was performed regularly as follows. Samples of the aqueous leachate of
peats with an insulant were taken after 6, 8, 11, and 15 h, whereas samples of the aqueous
leachate of peat BZT were taken after 6, 11, 29, and 31 h. Samples of the aqueous leachate
of peats without insulant were taken after 4, 5, and 6 h, and samples of aqueous leachate of
peat BZT were taken after 4 and 5 h. During the thawing of the aqueous leachate of WSL
peat, samples were collected after 2, 3, and 6 h, and samples of the aqueous leachate of peat
BZT were collected after 1, 2, 3, 5, and 7 h. Typically, between 30 and 50% of the remaining
or formed fluid was collected; the volume of sampled fluid did not exceed 15% of the initial
volume. Immediately before sampling, the reactors were vigorously shaken to homogenize
the precipitate that could have been formed in the remaining fluid. This guaranteed the
avoidance of the dilution or concentration of solutes relative to precipitates formed during
the freezing of peat leachates.
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2.3. Chemical Analyses

A non-filtered subsample of the fluid which was extracted from freezing reactor was
used to measure pH (uncertainty of ±0.01 pH units, WTW inoLab-pH7110) and specific
conductivity (±0.1 µS cm−1, Consort C830). The rest of the 15 mL was filtered through a
0.45 µm Minisart® (Fisher Scientific, Illkirch-Graffenstaden, France) syringe filter. In the
<0.45 µm filtrates, the DOC and DIC were analyzed by high-temperature catalytic oxidation
using TOC-VCSN, Shimadzu® (Genzo Shimadzu Sr., Kyoto, Japan), with an uncertainty
of ± 2% and a detection limit of 0.1 mg L−1. The DIC was measured after sample acid-
ification with HCl, and the DOC was analyzed in the acidified samples after sparging
with C-free air for 3 min at 100 mL min−1 as non-purgeable organic carbon (NPOC). The
internationally certified water samples (MISSISSIPPI-03) were used to check the validity
and reproducibility of the analysis. The UV-absorbance of the water samples was measured
using a 10 mm quartz cuvette on a CARY-50 UV-Vis spectrophotometer (Varian, Belrose,
Australia) to assess the aromaticity of pore fluids via specific UV absorbance (SUVA254).
Major cations, Si, P, and ~40 trace elements (TE) were measured in He and Ar operating
modes, with a quadrupole ICP-MS Agilent 7500 ce (Agilent Technologies, Santa Clara, CA,
USA). Indium and rhenium (approximately 3 µg L−1) were used as internal standards to
correct for instrumental drift and eventual matrix effects. The appropriate corrections for
oxide and hydroxide isobaric interferences were applied for the Rare Earth Elements (REE).
Three in-house standard solutions (1, 10, and 100 µg L−1 of each element in 2% HNO3)
were measured every 10 samples. The data tables present the results for the elements,
exhibiting a good agreement (±10%) between the certified or recommended values and our
measurements, or for cases in which we obtain a good reproducibility (the relative standard
deviation of our various measurements of standards lower than 10%), even if no certified
or recommended data are available. During ICP MS analysis, the SLRS-5 international
standard [51,52] was measured at the beginning of the analytical session and after each
20 samples to assess the external accuracy and sensitivity of the instrument. All certified
major (Ca, Mg, K, Na, Si) and trace elements (Al, As, B, Ba, Co, Cr, Cu, Fe, Ga, Li, Mn,
Mo, Ni, Pb) and all naturally-occurring REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm,
Yb, Lu, Sb, Sr, Th, Ti, U, V, Zn) concentrations of the SLRS-5 standard and the measured
concentrations agreed, with an uncertainty of 10–20%. The agreement for Cd, Cs, and Hf
was between 30 and 50%. For all major and most trace elements, the concentrations in the
blanks were below analytical detection limits (≤0.1–1 ng L−1 for Cd, Ba, Y, Zr, Nb, REE, Hf,
Pb, Th, U; 1 ng L−1 for Ga, Ge, Rb, Sr, Sb; ≤10 ng L−1 for Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As). Some rare elements, such as Sn, Nb, W, Tl, Ta, and Bi, which were not certified in the
reference materials, were also measured, but their concentrations were presented only in
the case when three independent subsamples provided a <20% agreement.

2.4. Data Interpretation

In order to identify the group of solutes depending on their partitioning between
the forming ice and the remaining solution, we normalized the concentration of main
non–conservative solutes (DOC, Fe, Al, P, Mn, Sr, trivalent and tetravalent hydrolysates)
to that of major and inert components which were not subjected to coagulation/mineral
precipitation, such as K, Na, or Cl. Note that we could not use Mg, Ca, Si, and sulfate for
such a normalization because these ions can form sparingly soluble salts (Mg, Ca carbonates,
Ca sulfate, Mg hydrous silicate) upon progressive concentration of the remaining fluid
during freezing. Assuming that there is no (or very little) incorporation of soluble labile ions
into the ice structure, we calculated the degree of element accumulation in the remaining
fluid at each time (Ct) relative to the initial concentration (C0), i.e., the element concentration
factor (Fconc), as follows:

Fconc = Ct/C0. (1)

To differentiate between conservative and non-conservative elements, the Fconc value
of each element at each time t of sampling was normalized to that of Na and traced as a
function of time for each consecutive sampling.
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2.5. Statistical Analysis

The data were processed by means of mathematical statistics using the MS Excel and
Statistica software (version 13.2, Microsoft) at a significance level value of 5%. Additionally,
in order to better differentiate between groups of elements, we performed pairwise (Pear-
son) correlations between elements in the fluid phase, considering all substrates and all
types of treatments together. Significance criterion was set at p < 0.05. Significance of the
difference in element concentration between different experimental treatments (freezing
and thawing; with and without isolation; surface and deep peat horizon; peat from NE
European tundra and Western Siberia) was examined by a pairwise Mann–Whitney test at
p < 0.05.

3. Results
3.1. Initial Leachate Composition and the Impact of Reactor Design and Freezing Mode on Element
Concentration in the Remaining Fluid

There were significant differences in element concentrations in the initial leachate of
frozen and thawed peat horizons, as well as between the peat of NE European tundra (BZT)
and Western Siberia (WSL). Thus, the leachates of peat from the NE European Tundra
demonstrated sizably lower pH than those of the WSL (4.74 and 5.8–6.2, respectively), with
a 2.5 times higher DOC concentration (Table 1).

Table 1. Element concentrations in the initial leachates (<0.45 µm) of frozen peat from NE European
tundra (BZT) and frozen and thawed peat horizons of Western Siberia (F WSL and WSL, respectively).

Element
Western Siberian Lowland European

Tundra Element Western Siberian Lowland European
Tundra

WSL F WSL BZT WSL F WSL BZT

S.C., µS cm−1 10 20 15.5 Zr, µg/L 0.0192 0.0878 0.4806
UV245, nm 0.386 0.167 1.037 Nb, µg/L 0.0015 0.0007 0.0095

pH 5.78 6.2 4.74 Mo, µg/L 0.1083 0.9193 0.034
DOC, mg/L 9.1 8.0 27.4 Cd, µg/L 0.0607 0.0579 0.0045

Li, µg/L 0.01 0.01 NA Sb, µg/L 0.0144 0.0566 0.007
B, µg/L 59.2 54.8 72.3 Cs, µg/L 0.0004 0.0004 0.0015

Na, µg/L 915 686 1472 Ba, µg/L 163.8 10.56 245
Mg, µg/L 73 8 150.3 La, µg/L 0.0214 0.0137 0.0375
Al, µg/L 15.6 9.8 78.1 Ce, µg/L 0.032 0.0277 0.069
Si, µg/L 32 19 388 Pr, µg/L 0.0031 0.0024 0.0084
P, µg/L 9.2 15.0 68.3 Nd, µg/L 0.0141 0.0096 0.0362
K, µg/L 215 113.3 732.5 Sm, µg/L 0.0049 0.0017 0.0101
Ca, µg/L 289 257.3 571.7 Eu, µg/L 0.0119 0.0011 0.0192
Ti, µg/L 0.106 0.1155 0.439 Gd, µg/L 0.0054 0.0031 0.0147
V, µg/L 0.360 0.2248 0.176 Tb, µg/L 0.0005 0.0003 0.0017
Cr, µg/L 0.040 0.06 0.460 Dy, µg/L 0.004 0.0023 0.0095
Mn, µg/L 1.26 0.1153 0.0323 Ho, µg/L 0.0007 0.0003 0.0017
Fe, µg/L 22.9 12.3 56.0 Er, µg/L 0.0068 0.0047 0.0058
Co, µg/L 0.015 0.0104 0.0373 Tm, µg/L 0.0005 0.0001 0.0009
Ni, µg/L 0.17 0.18 0.26 Yb, µg/L 0.0024 0.0009 0.0059
Cu, µg/L 0.674 0.7167 25.4 Lu, µg/L 0.0003 0.0002 0.0008
Zn, µg/L 212 8.62 420 Hf, µg/L 0.0019 0.0089 0.0343
Ga, µg/L 0.0002 0.0006 0.0181 W, µg/L 0.0069 0.0558 0.005
As, µg/L 0.1754 0.1352 0.2781 Pb, µg/L 0.044 0.025 1.406
Rb, µg/L 0.08 0.05 0.26 Th, µg/L 0.0019 0.0017 0.0204
Sr, µg/L 4.96 2.417 5.048 U, µg/L 0.0013 0.003 0.0074
Y, µg/L 0.0248 0.0114 0.0514

Note: S.C.—specific conductivity.

As a result of such high acidity of organic-rich waters, the leachates of BZT peat were
sizably, by a factor of 2 to 3, richer in Fe, Al, and other trace metals compared to those



Appl. Sci. 2023, 13, 4856 7 of 17

from the WSL peat. The leachates from the active horizon of the WSL peat layer exhibited
0.4 unit lower pH values, 1.5 to 2.0 times higher concentrations of Si, K, Fe, Al, Sr, and
10–20 times higher Mn, Zn, and Ba levels than the leachates from the frozen peat horizons.

3.2. Evolution of pH, DOC, and Metal Concentration in the Fluid Phase during the Freezing and
Thawing of Peat Leachates

Preliminary examination of the concentration evolution in the course of freezing
and thawing (in both directions) demonstrated that there was no significant (at p < 0.05)
difference between the two treatments in terms of pH, DOC, major, and trace element
concentration evolution. Progressive freezing of the aqueous peat leachates led to a decrease
in pH relative to the initial solutions (Figure 3), as well as a general increase in DOC and
element concentrations, but this increase was different among peat samples. Thus, a
sizable—a factor of 2 to 3—increase in the concentration of most elements in the remaining
fluid occurred during the freezing of leachates from the active (upper) layer peat of both
Western Siberian (WSL) and NE European Tundra (BZT), shown as brown and black
symbols, respectively, in Figure 3.

This was not the case for the leachates of frozen Siberian peat: this sample did not
exhibit any systematic change in the concentration of solutes during progressive freezing
and thawing (shown by blue symbols in Figure 3). Such a drastic difference in the behavior
of the leachates from frozen and thawed peat horizons is not linked to pH or DOC behavior,
but is likely due to the intrinsic properties of leachates, which depended on the position of
the peat sample at the core, with respect to active layer depth.

Progressive thawing of completely frozen leachates produced a decrease in concentra-
tion after each subsequent sampling (shown as crosses in Figure 3); the curve approximating
the element concentration versus time followed approximately that of progressive freezing.
This was observed for most analyzed elements, including DOC, Fe, Al, P, some divalent
trace metals, and trivalent and tetravalent hydrolysates.

We found that the initial concentration of some elements in leachates, prior to freezing,
were not always recovered after full freezing and thawing of the reactors (Figure 4). This
result is consistent with previous works on the freezing/thawing cycles of filtrates from
northern peatlands that demonstrated a sizable coagulation and the removal of low-soluble
elements bound to organic colloids [46,53].

Considering the element recovery from entire freezing/thawing cycle, three groups of
elements could be distinguished separately for each substrate (Table 2).

Table 2. The degree of element recovery during the entire reversible freezing and thawing cycle,
separately for <0.45 µm of leachates of peat from BZT, and from frozen (F WSL) and thawed (WSL).
The significance of group distinction is at p < 0.05 (Mann–Whitney test).

WSL F WSL BZT

C0/Cfinal < 0.5

Li, Cu, Pb, Th, U Mg, Mn, Zn, Cd, Ba Mg, Al, Si, V, Mn, Fe, Co, Ni, Ga, Rb, Zr,
Cd, Sb, Cs, Ce, Pb, Th

C0/Cfinal 0.5–1.5

DOC, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr,
Mn, Fe, Co, Zn, Ga, As, Rb, Sr, Zr, Mo, Cd,

Sb, Cs, Ba, REEs, Hf

Li, B, Na, Al, Ti, V, Fe, Co, Ni, Cu, Ga, Zr,
Mo, Sb, Cs, Ba, REEs, Hf, Pb, U

DOC, B, Na, P, K, Ca, Ti, Cr, Cu, As, Sr,
Mo, Ba, REEs, Hf, W

C0/Cfinal 1.5–3

Si, Ni, Yb DOC, K, Ca, As, Sr U

C0/Cfinal > 3
P, Rb, Th Zn
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Figure 3. Temporal evolution of pH and solute (DOC, Fe, P, Si, Al, Ni, and Cu) concentrations in the
remaining and forming fluid during progressive freezing and thawing, respectively, of peat leachates
obtained from active (thawed) and permanently frozen (below active layer depth) peat horizons of
permafrost peatlands in Northern Eurasia (at p < 0.05). Freezing is shown by diamonds and triangles,
whereas thawing is shown by circles. The concentration of element at time t and initial (0) were
normalized to that of sodium. Connecting lines are for guiding purposes. Analytical error bars are
within the symbol size.
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Figure 4. A histogram of ratios of the element concentration in the leachate prior to freezing (C0) to the
final concentration after the entire freezing/thawing cycle. The values above 1 indicate some removal
of an element in the form of coagulates. The values below 1 likely represent experimental/analytical
artifacts. A significant (at p < 0.05) difference from 1.0 is considered as a 30% deviation.

We discovered that the leachates from the frozen peat horizons (WSL) behaved differ-
ently from the leachates of the thawed horizons; namely, in the case of the leachate from
frozen peat, the element concentration in the remaining fluid during progressive freezing
did not increase significantly and remained rather constant over time. This contrasted
with the temporal pattern of thawed peat leachates: the concentration of elements in the
remaining fluid strongly increased upon freezing (Figure 3). This result could signify the
efficient incorporation of solutes from frozen peat leachate into the forming ice, as reflected
by the quite low partitioning coefficients of elements between the forming ice and the
remaining fluid for this type of substrate. We have no explanation for the potential mecha-
nism of the rather unexpected behavior of this particular leachate, but we can hypothesize
that some volumes of the fluid, formed from the frozen leachate, partially preserved the
peat dispersed ice structure and chemical composition (i.e., [9,10]) and could be directly
incorporated into the forming ice, with a partitioning coefficient close to 1. Clearly, further
freezing/thawing experiments, including the assessment of colloidal forms of aquatic
leachates obtained from permanently frozen peat horizons (sampled below the active layer
boundary) are needed to verify and develop this hypothesis.

3.3. Group of Elements Depending on Their Conservative and Non-Conservative Behavior during
Freezing Revealed via Correlation Relationships

The correlations between element concentrations during freezing and thawing at
different modes (with and without insulant, Figure 5 and Table 3) allowed for the distin-
guishing of two main groups of solutes: DOC, Fe, and Al as potential carriers of Si, P,
K, Cr, Co, Ni, Cu, As, Pb, Nb, and trivalent and tetravalent hydrolysates, as well as Ca,
Na, and K as major indicators of conservative solutes that did not exhibit any significant
correlations with other solutes. It was found that while Fe, Al, and other trace metals,
notably TE3+, and TE4+, exhibited strong correlations during freezing and thawing, the
labile Na or Ca (as a major cation) did not correlate with Fe, Al, and DOC in any of the
substrates. Note that the maximal number of elements correlated with three major compo-
nents of the organo-mineral colloids (DOC, Fe, and Al) was observed in thawing rather
than freezing experiments.
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Table 3. Matrix correlation (Pearson, p < 0.05 significance level, labeled by asterisk) of element
concentrations in aqueous solutions during freezing (left) and thawing (right) of peat leachates.
Experiments, with and without insulant, are combined together.

Freezing WSL + F WSL + BZT Thawing WSL + F WSL + BZT

DOC Na Al Fe DOC Na Al Fe

DOC 1 −0.0584 0.9752 * 0.9537 * DOC 1 0.1815 0.9320 * 0.9695 *
Li 0.2841 0.6957 0.4028 0.4249 Li 0.9149 * 0.3597 0.9141 * 0.9396 *
B 0.0137 0.9399 * 0.0984 0.1099 B 0.2050 0.9889 * 0.1702 0.2581

Na −0.0584 1 0.0585 0.0556 Na −0.4262 1 0.1483 0.2255
Mg 0.2708 0.7249 * 0.3661 0.3465 Mg 0.6507 0.5771 0.6468 0.6935
Al 0.9752 * 0.0585 1 0.9714 * Al 0.9320 * 0.1483 1 0.9684 *
Si 0.9433 * 0.0777 0.9784 * 0.9533 * Si 0.9302 * 0.2209 0.9686 * 0.9516 *
P 0.8843 * 0.2769 0.9342 * 0.9110 * P 0.9797 * 0.1920 0.9584 * 0.9802 *
K 0.8286 * 0.0625 0.8723 * 0.8240 * K 0.8810 * 0.1027 0.9076 * 0.8650 *
Ca 0.2949 0.7511 * 0.3536 0.4123 Ca 0.6472 0.7605 * 0.6221 0.6901
Ti 0.9329 * 0.1386 0.9767 * 0.9448 * Ti 0.9463 * 0.3545 0.8872 * 0.9503 *
V −0.0965 −0.0566 −0.1673 0.0424 V 0.2062 −0.0739 0.2954 0.3317
Cr 0.7382 * −0.0688 0.7430 * 0.6332 Cr 0.8028 * 0.5378 0.7283 * 0.7761 *
Mn −0.3950 −0.2971 −0.4310 −0.3443 Mn −0.4973 −0.2645 −0.3969 −0.4086
Fe 0.9537 * 0.0556 0.9714 * 1 Fe 0.9695 * 0.2254 0.9684 * 1
Co 0.5802 0.2920 0.6675 0.6908 Co 0.8884 * 0.1750 0.9240 * 0.9248 *
Ni 0.7402 * −0.1376 0.7681 * 0.7031 * Ni 0.9220 * 0.2549 0.9012 * 0.9375 *
Cu 0.9422 * 0.0668 0.9787 * 0.9200 * Cu 0.9824 * 0.2509 0.9490 * 0.9864 *
Zn 0.3588 0.3950 0.3647 0.3455 Zn 0.2217 0.8124 * 0.1310 0.2148
Ga 0.9447 * −0.0082 0.9617 * 0.8982 * Ga 0.8970 * 0.1903 0.9884 * 0.9363 *
As 0.7844 * −0.0093 0.7550 * 0.8698 * As 0.9210 * 0.2233 0.9128 * 0.9598 *
Rb 0.7832 * −0.1507 0.8052 * 0.7907 * Rb 0.7769 * −0.1060 0.9331 * 0.8367 *
Sr −0.1877 0.5511 −0.1361 −0.0676 Sr −0.0097 −0.1975 −0.0006 −0.0246
Y 0.8549 * 0.0521 0.8609 * 0.8934 * Y 0.9522 * 0.3111 0.9301 * 0.9605 *
Zr 0.8053 * 0.0260 0.8602 * 0.7922 * Zr 0.9661 * 0.2834 0.9565 * 0.9804 *
Nb 0.9546 * 0.1243 0.9925 * 0.9635 * Nb 0.9577 * 0.3725 0.8911 * 0.9628 *
Mo −0.5612 0.2892 −0.4798 −0.5046 Mo −0.4110 −0.2568 −0.3710 −0.4251
Cd −0.3985 −0.1202 −0.3732 −0.3835 Cd −0.5188 −0.3213 −0.4304 −0.4827
Sb −0.5286 0.1542 −0.4595 −0.4747 Sb −0.3971 −0.2852 −0.3401 −0.3979
Cs 0.6519 −0.1790 0.6329 0.6351 Cs 0.6829 −0.0942 0.8846 * 0.7569 *
Ba 0.4225 −0.1811 0.4279 0.4552 Ba 0.7095 * −0.0895 0.7918 * 0.7180 *
La 0.6586 −0.0468 0.6731 0.6531 La 0.9526 * 0.1168 0.9755 * 0.9722 *
Ce 0.6706 −0.0138 0.6699 0.6963 Ce 0.9631 * 0.1622 0.9812 * 0.9906 *
Nd 0.9474 * 0.0619 0.9602 * 0.9655 * Nd 0.9643 * 0.2661 0.9659 * 0.9818 *
Hf 0.7619 * 0.0501 0.8238 * 0.7434 * Hf 0.9608 * 0.3444 0.9306 * 0.9613 *
Pb 0.9462 * 0.0543 0.9799 * 0.9318 * Pb 0.9271 * 0.1359 0.9964 * 0.9687 *
Th 0.9580 * 0.0672 0.9842 * 0.9479 * Th 0.9781 * 0.1818 0.9742 * 0.9873 *
U 0.3306 0.4467 0.3885 0.3045 U 0.6095 0.5018 0.4967 0.5296

Further insights regarding the group of elemental patterns during freezing and thaw-
ing were obtained via consideration of correlations between element distribution factors
(Kd solution/ice), as listed in Table 4. These correlations generally confirmed the group of
elements described above; i.e., non-conservative, such as DOC, Fe, Al, trace metals, and
notably trivalent and tetravalent hydrolysates; and conservative major cations (Na, Ca,
Mg) and some anions (B). Overall, the number of significant correlations for Kd values
was lower than that for concentration values, and the maximal number of inter-correlated
elements was observed in the thawing experiments.
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Table 4. Matrix correlation (Pearson, p < 0.05 significance level, labeled by asterisk) of element
distribution coefficient (Kd) between the aqueous solution and ice during the freezing (left) and
thawing (right) of peat leachates. Experiments, with and without insulant, are combined together.

Freezing WSL + F WSL + BZT (Insulant + No Insulant) Thawing WSL + F WSL + BZT

DOC Na Al Ca Fe DOC Na Al Ca Fe

DOC 1 −0.4156 0.5072 0.0843 0.5100 DOC 1 −0.3016 0.5712 0.1688 0.6304
Li −0.1530 0.7967 * 0.4767 0.7761 * 0.4696 Li 0.2761 −0.0676 0.4645 0.3155 0.3766
B −0.0739 0.6382 0.0415 0.6214 0.1158 B −0.0679 0.9436 * −0.0395 0.7411 * 0.1240

Na −0.4156 1 0.1041 0.7425 * 0.1953 Na −0.3016 1 −0.1697 0.5711 −0.0609
Mg −0.2679 0.8074 * 0.1838 0.7995 * 0.1953 Mg −0.2314 −0.0126 −0.1526 −0.7061 −0.2045
Al 0.5072 0.1041 1 0.2329 0.7560 * Al 0.5712 −0.1697 1 0.2742 0.9317 *
Si 0.1082 0.4472 0.5676 0.3854 0.8156 * Si 0.2021 −0.1342 0.4378 −0.4496 0.3752
P 0.1482 0.4320 0.2525 0.7756 * 0.5143 P 0.7269 * −0.3039 0.4626 0.2122 0.4140
K −0.0056 0.3047 0.6187 0.2150 0.4870 K −0.2479 −0.0247 0.3868 −0.2146 0.2404
Ca 0.0843 0.7425 * 0.2329 1 0.3776 Ca 0.1688 0.5711 0.2742 1 0.4163
Ti 0.5325 0.1927 0.7393 * 0.3701 0.8923 * Ti 0.4915 −0.0464 0.7842 * 0.4037 0.8648 *
V 0.7352 * −0.1233 0.4677 0.3208 0.7364 * V 0.5676 0.0204 0.8124 * 0.6671 0.9248 *
Cr 0.3214 −0.2685 0.3539 −0.1761 −0.1111 Cr 0.1342 0.0799 0.0982 0.2944 0.0721
Mn −0.0527 −0.1320 0.4663 −0.3944 0.1574 Mn −0.2300 0.4363 0.4854 0.2417 0.5073
Fe 0.5100 0.1953 0.7560 * 0.3776 1 Fe 0.6304 −0.0609 0.9317 * 0.4163 1
Co 0.0272 0.4662 0.7655 * 0.2426 0.5674 Co −0.1855 0.0481 0.5476 −0.0876 0.4929
Ni 0.0342 −0.3260 −0.2851 −0.2410 −0.0968 Ni 0.6660 −0.0068 0.6953 0.3143 0.8425 *
Cu −0.1651 0.3935 0.5024 0.1072 0.6297 Cu 0.2010 −0.1413 0.2787 0.1113 0.1933
Zn −0.1390 0.0970 0.2811 −0.2016 0.1828 Zn −0.4330 0.1063 −0.1833 −0.6541 −0.2768
Ga 0.5550 −0.2729 0.4173 0.0082 0.0492 Ga 0.5962 −0.2789 0.5572 −0.0347 0.4060
As 0.7066 * −0.0685 0.3519 0.3874 0.6971 As 0.5922 −0.0274 0.8507 * 0.5036 0.8904 *
Rb 0.2731 −0.1322 0.6126 −0.0054 0.3259 Rb 0.5634 −0.3121 0.9508 * 0.1782 0.8402 *
Sr −0.1735 0.7653 * 0.2376 0.8512 * 0.2824 Sr −0.2950 −0.0756 0.1700 −0.3811 −0.0417
Y 0.1877 0.1517 0.5959 0.1345 0.6976 Y 0.5229 0.0566 0.9368 * 0.3604 0.9358 *
Zr 0.3338 −0.0874 0.4281 0.0913 0.3792 Zr 0.6300 −0.0906 0.9480 * 0.4148 0.9705 *
Nb 0.0318 0.5789 0.7029 * 0.4167 0.7073 * Nb 0.0933 0.1119 0.6551 0.0888 0.7199 *
Mo 0.5238 0.2488 0.9165 * 0.4235 0.8317 * Mo 0.0401 0.1440 0.6823 0.0976 0.6416
Cd −0.0607 −0.1219 0.4597 −0.3656 0.2252 Cd 0.2183 −0.1742 0.8165 * 0.0156 0.8099 *
Sb 0.3598 −0.0489 0.4976 0.1477 0.5904 Sb 0.1665 −0.1549 0.5969 −0.0309 0.4949
Cs 0.5773 −0.2419 0.5398 0.0382 0.3247 Cs 0.5899 −0.2591 0.9123 * 0.2353 0.7915 *
Ba −0.2300 0.0473 0.1627 −0.2749 0.0073 Ba −0.3542 −0.0635 0.0718 −0.6617 −0.0606
La −0.0399 −0.1035 −0.2501 −0.1054 −0.1870 La 0.5587 −0.1475 0.9793 * 0.2546 0.9591 *
Ce 0.1158 −0.0381 0.0226 0.0197 −0.0057 Ce 0.6383 −0.1569 0.9644 * 0.3963 0.9670 *
Pr 0.2602 −0.0751 0.1179 0.0857 0.1968 Pr 0.6663 −0.0715 0.9459 * 0.4638 0.9769 *
Nd 0.3362 0.0534 0.2615 0.2513 0.4887 Nd 0.6476 −0.0423 0.9222 * 0.5276 0.9306 *
Sm 0.4565 −0.1096 0.7472 * −0.0797 0.6653 Sm 0.5272 0.0892 0.8231 * 0.3027 0.8126 *
Gd 0.2701 −0.0438 0.4191 0.0736 0.4928 Gd 0.5253 −0.2441 0.9277 * 0.2001 0.8383 *
Dy 0.3761 0.0351 0.4851 0.1995 0.7265 * Dy 0.4651 0.0003 0.8763 * 0.2797 0.9322 *
Yb 0.2059 0.1526 0.5809 0.1827 0.5640 Yb 0.2427 0.2509 0.6487 0.2005 0.6722
Hf 0.2560 −0.0663 0.4668 0.0583 0.2919 Hf 0.5711 0.0393 0.8259 * 0.3117 0.8759 *
W −0.0986 0.4389 −0.0700 0.4516 0.0428 W −0.3747 0.7092 * 0.1301 0.3248 0.1942
Pb −0.1740 0.1610 0.4887 −0.1852 0.2997 Pb 0.4775 −0.2282 0.8482 * 0.1417 0.7263 *
Th 0.6065 0.1494 0.5774 0.5807 0.7874 * Th 0.5951 −0.1594 0.9138 * 0.4679 0.9234 *
U 0.2473 0.2469 0.6766 0.3174 0.5078 U −0.2065 0.3369 0.1920 −0.0993 0.0739

4. Discussion

During freezing of natural porewaters that present in the permafrost peatlands, the
solutes are known to be excluded downwards during the autumn freeze-up, when the
freezing front propagates from the surface to the bottom of the peat profile [54,55]. During
this process, the solutes can be accumulated by a factor of ten to hundreds of times in the
remaining unfrozen part of the porewaters in mineral and organic soils [54,56,57]. The
basic mechanism of DOC and inorganic solute accumulation in the residual fluid during
ice formation in the reactor is simply a physically induced increase in their concentration
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at the freezing front propagation [58,59]. Numerous experiments on homogeneous and
heterogeneous aqueous–solid systems demonstrated that the impurities (present in the
form of soluble salts or suspended materials) are separated from aqueous solution by the so-
called dynamic freezing front [60,61]. Other experiments on the freezing of natural surface
waters of Arctic peatlands, similar to the peat porewater of the current study, demonstrated
a progressive freezing of water from the reactor edges to the center, accompanied by the
relative accumulation of DOM in the remaining liquid [46,53].

The temporal concentration patterns and elemental correlations demonstrated two
contrasting group of solutes—labile elements and insoluble elements. The labile elements
were present in essentially ionic forms (alkalis, alkaline–earth metals, oxyanions, and neu-
tral molecules) which did not correlate with DOC, Fe, and Al, and exhibited rather similar
concentrations in the fluid prior to freezing and after the entire freeze–thaw sequence. Con-
trasting to these soluble and labile solutes were divalent metals and insoluble TE3+ and TE4+

trace elements, which are known to be carried in the form of organic and organo-mineral
(Fe, Al) colloids in the peat porewater (i.e., [15]) and dispersed ice of the peat cores [10].
Therefore, in agreement with previous studies of experimental bi-directional freezing of
the entire peat cores (i.e., [44,45]), we hypothesize that, during freezing front propagation,
large size organic-Fe-Al colloids are subjected to preferential exclusion relative to truly
dissolved (inorganic) solutes from the ice. As a result, they could form precipitates either
in the bulk of the remaining fluid or at the actual interface between the forming ice and the
remaining aqueous solution.

It is known that high DOM concentrations diminish the proportion of DOC incorpo-
rated into the ice phase [20,62,63]. In the present study, we observed a positive correlation
(R = 0.94, p < 0.01) between the initial DOC concentration in the leachates and the Kd value
of DOC. Note however, that a rather high concentration of initial DOM and a fast freezing
rate (at −20 ◦C) could drive some parts of ionic solutes and even organic colloids to be
occluded in the bulk of developing ice in the form of liquid pockets, as is known for sea ice
formation [64], and has been recently demonstrated for mineral soils [65,66].

Some decrease in DOM between the initial leachate and final fluid, after full freezing
and thawing, is most likely linked to coagulation, precipitation, and removal (on filters)
in the form of amorphous organic-rich solid phases. The detailed molecular mechanisms
of this freeze-induced coagulation of ionic solutes and colloids are not known [35,45,46].
The chemical nature of coagulated material has not been investigated in the present study,
but most likely includes, in addition to organic humic particles (e.g., [67]), organo-mineral
composites of Fe and Al (hydr)oxides tightly linked to organic matter (OM). Such com-
plex compounds are primary carriers of trace metal in soils and groundwater [68–70],
as also evidenced by studies of colloidal matter in the surface waters of permafrost
peatlands [10,14,15,71].

Despite these measurable, but rather minor, decreases in some component concentra-
tions between the initial leachate and the final fluid obtained after the full freezing and
thawing of the reactors, the present study generally evidenced a good recovery of DOC and
most solutes over reversible freezing and thawing cycles. The results of the present study
thus corroborate those reported earlier regarding the rather minor (i.e., <10–30%) effects of
freeze–thaw cycles on DOC quantity and quality in acidic peat leachates [46]. Overall, this
demonstrates the high stability of dissolved (<0.45 µm) OC, Fe, Al, and some trace metals
to the repetitive freezing and thawing of surface waters in permafrost peatlands.

5. Conclusions

Experimental modeling of the reversible freezing and thawing of the aqueous leachates
of peat originating from permafrost peatlands demonstrated a systematic evolution of
the solute concentration of remaining/forming fluids in the course of progressive freez-
ing/thawing, respectively. Element partitioning between the initial filtrate and the one
formed after complete freezing and thawing varied, depending on the nature of the ele-
ment and its relative affinity to organic matter, Fe/Al hydroxide colloids, or simple ionic
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complexes. In accord with the first hypothesis of this study, we revealed two groups of
solutes: (1) those incorporating into forming ice; and (2) those remaining in the fluid phase
via concentration due to freezing front migration, but not subjected to coagulation. In
contrast, we did not note the existence of insoluble organo-mineral amorphous compounds
or minerals subjected to irreversible coagulation. A likely reason for the latter observation
is the rather acidic pH of peat leachates and high DOC concentrations, leading to the
stabilization of typically insoluble solid phases known to be subjected to cryo-induced
precipitation, such as Fe, Al hydroxide, or Ca carbonate minerals.

The leachates of frozen peat behaved drastically differently from the leachates of peat
from the active layer, as the concentration of DOC, Fe and other solutes in the remaining
fluid did not increase upon progressive freezing. We thus demonstrate the efficient incor-
poration of solutes from frozen peat leachates into the forming ice, as reflected by quite low
partitioning coefficients of elements between forming ice and the remaining fluid for this
type of substrate. It is thus possible that some volumes of the fluid, formed from frozen
leachate, partially preserved the peat-dispersed ice structure and chemical composition and
could be directly incorporated into forming ice, with a partitioning coefficient close to 1.

We also conclude that one can use a laboratory leachate of natural substrates, such as
peat, as a surrogate for the direct experimental modeling of chemical and physical processes
occurring in permafrost peatlands during the autumn—spring period. Overall, the present
study provides a solid experimental basis for constructing a uniform approach for the
laboratory modeling of soil fluid behavior in permafrost peatlands.
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