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Fig. 11.

among other ways, by direct observations and by sulphur
isotope analyses (Szynkiewicz et al., 2013).

Very significant is the evolution of mineral speciation,
which is common to all the metals studied. The weather-
ing processes dominating the system are: redox reactions
and incongruent dissolution, followed by precipitation of
the secondary phases and partial sorption of the aqueous
species. As a result, the elements released from weathering
minerals are only partially transported away from the sys-
tem. The remaining part transforms by weathering from the
coarse-grained fraction (dominated by fragments of prima-
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Zinc speciation in the Werenskioldbreen chronosequence. See Figure 2 for explanations.

ry minerals) into the fine-grained fraction (in the form of
authigenic minerals or as species sorbed on mineral skele-
ton). This is very pronounced within the chronosequence:
the content of all the metals studied correlates identically
with the grain size, despite the differences in their chemi-
cal character and affinities. Another important observation
is a possible relatively rapid transformation of ferrihydrite
to more stable iron oxyhydroxides, which obviously affects
the bioavailability of iron.

To date, most studies on the denudation rates in the progla-
cial areas concentrated on the examination of solutions (see
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Fig. 12. Zinc speciation in various grain fractions of the Werenskioldbreen chronosequence. See Figure 3 for explanations.
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for example Anderson et al., 2000; Yde et al., 2008; Stach-
nik et al., 2016 and the literature therein). The mechanisms
of weathering, however, cannot be fully inferred only on
the basis of indirect macroscopic investigation of the evolu-
tion of the composition of solutions. The microscopic study
presented herein indicates that the role of incongruent dis-
solution possibly was underestimated. Also, the formation
of coatings of secondary phases was observed on primary
mineral surfaces. All these affect the mineral speciation of
initial soils as well as the composition of mineral suspen-
sions transported by rivers to the ocean.

For many years, the presence of heavy metals in soils
and sediments in Svalbard has been usually linked with air
pollution (see for example Grodzinska and Godzik, 1991;
Plichta and Kuczyniska, 1991). Direct evidence, however,
was never presented and this conclusion was always specu-
lative. Moreover, some studies have suggested that only lo-
cal sources in the closest vicinity might affect the soil chem-
istry significantly (Gulinska et al., 2003; Krajcarova et al.,
2016; Gonet et al., 2018). The present study indicates that
relatively low concentrations of Pb, Zn, and Cu, as well as
Fe and Mn determined in surficial sediments and soils may
result from natural sulphide and carbonate mineralization,
which is quite common there. Therefore, more detailed iso-
topic studies may be necessary to distinguish natural from
anthropogenic sources of these metals, resulting from global
and local air and soil pollution.

CONCLUSIONS

The weathering in the proglacial area of a retreating glacier
is very fast. The weathering processes dominating the system
are: redox reactions and incongruent dissolution, followed by
the precipitation of secondary phases and partial sorption of
aqueous species. The geochemical fates of Pb, Zn, and Cu,
as well as Fe and Mn, correlate with each other, reflecting a)
the geochemical similarities between them, b) the similari-
ties of their primary mineral sources, and c) the significant
role of incongruent dissolution. The elements released from
weathering minerals are only partially transported away from
the system. The remaining part transforms by weathering
from a coarse-grained fraction (dominated by fragments of
primary minerals) into a fine-grained fraction (in the form of
secondary, authigenic minerals or as species sorbed on min-
eral skeleton). This is very strongly pronounced within the
chronosequence: the content of all the metals studied corre-
lates identically with the grain size, despite the differences in
their chemical character and affinities. This role of incongru-
ent dissolution previously was underestimated.

The weathering mechanisms observed in the proglacial
area of the retreating Werenskiold Glacier are probably rep-
resentative to the processes in the proglacial areas of glaciers
retreating after the glaciations in Europe. Glaciers at Sval-
bard are not limited to the valley, but through ice-covered
passes they form a connected network, which is often closer
to the ice cap, rather than to a valley glacier, as in the Alps.
This type of ice coverage existed in the Alps during periods
of glaciation. Therefore, studies of the chronosequences of
a contemporary glacial forefield in the Alps and at Svalbard
may provide complementary information.
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