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Mineralogy and geochemistry of podzolized tills was studied in the area of
dieback forest near the Ni-Cu smelters at Monchegorsk, and less extensively
forest damage near by Apatity and Kirovsk in the Russian Kola Peninsula. The
abundances of main elements (Si, Al, Fe, Mg, Ca, K, Na) in the <64 um fraction
were determined by the hot aqua regia digestion method and inductively coupled
plasma spectrometry. The clay mineralogy of the silt plus clay fraction was
examined by X-ray diffraction after selective extraction and heating treatments.

At all study sites, trioctahedral mica and chlorite were totally weathered from
thesiltand clay fraction (<64 um) of the eluvial layer, leaving behind interstratified
mica-vermiculite-smectite clays. In general, the mixed-layer clay of the eluvial
layer had low levels of hydroxy interlayering. Illuviated layers were characterized
by hydroxy interlayered vermiculite-chlorite. The abundance of chlorite and
mica was greater, and the degree of interlayering lower, in parent tills than in the
overlying illuviated layers. Regardless of differences in bedrock and till
geochemistry, the weathering sequence throughout the podzolized till profile
was coherent at most of the sampling sites.

Exceptionally, in a few profiles sampled at the totally destroyed forest site, the
swelling mixed-layer clay of the eluvial layer displayed a neochloritized structure.
On the basis of XRD patterns and geochemistry of the samples, it was inferred
that a short-term decomposition of plagioclase had promoted, via inputs of
Al-hydroxides, the transformation of mica-vermiculite-smectite to a poorly
crystalline interstratification of chlorite-aluminous montmorillonite. The
accelerated weathering occurring occasionally in exposed places was probably
activated by the strongly acidic load in the vicinity of the smelters and the city
of Monchegorsk.
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INTRODUCTION

Till in the glaciated areas of Fennoscandia is a
mixture of preglacial sediments and ‘fresh’,
unweathered rock fragments derived from
crystalline bedrock. In many areas, regional
differences in till geochemistry can be explained by
variation in the chemical composition and structure
of the underlying bedrock (Koljonen 1992). The
composition of till reflects processes of erosion,
transport and deposition. The fine material of till
tends to be enriched in phyllosilicates in the first
case, and in quartz, feldspars and amphiboles in the
second (Linden 1975, Perttunen 1977). However,
the major part of the mineral species in the fine
(<0.06 m) fraction of the till, especially that of
sandy till, consists of quartz and feldspars (seee.g.,
Perttunen 1977, Melkerud 1984, Mikinen 1992,
Raiisdnen et al. 1992).

The quality and quantity of the chemical alteration
taking place during soil processes depend largely
on their duration and geochemistry of sediments.
The Weichselian Ice Sheet retreated from the Kola
Peninsula approximately 10,000 years ago (Igna-
tius et al. 1980, Niemeli et al. 1993). It is assumed,
however, that pedogenesis has altered the mineral
composition of tills only slightly in the northern
coniferous areas (Olsson 1992, Hyyppietal. 1992).
Riisdnen et al. (1989) and Olsson (1992) have
calculated that weathering rates for the major
minerals of podzolized tills are extremely low.

Within the last fifty years, rainwater has
increasingly been acidified by sulphuric and nitric
acids emitted from local and also remote
anthropogenic sources in the northernmost areas of
Europe (Tuovinen et al. 1990, Honkanen 1992).
Acidification of rainwater has been especially
intensive in the vicinity of the Ni-Cu smelters in the
Russian Kola Peninsula (Kryuskov 1991). In arctic
regions, the incomplete decomposition of organic
material and the short period of biological activity
create natural soil acidification, limiting the capacity
of soils to resist anthropogenic impacts (Kasulina

1991). Moreover, as Kasulina (1991), Kontio et al.
(1992) and Olsson (1992) have shown, the ion
exchange capacity of till, and consequently, also
the buffer capacity of the soil are low in northern
forest areas.

The mobilization of Al from acid podzolic soils
to surface and groundwaters is causing increasing
concern within the general context of acid deposition
from the atmosphere. An understanding of the
conditions under which Al is released to waters
requires the characterization of possible sources of
mobile Al in the soil. The present study was aimed
at examining secondary clay minerals and the
stability of Al-hydroxy interlayering in thatrespect.

This study deals with geochemistry and
mineralogy of podzolized till profiles in the vicinity
of the Monchegorsk Ni-Cu smelter complex and
near by Apatity and Kirovsk (Fig. 1). Of special
interest was a comparison of the podzol profiles of
totally destroyed forest areas with those of less
damaged areas. The underlying assumption of the
study was that the clay minerals characteristical for
podzol soil are formed regardless of the regional
differences in geochemistry. The volume and rate
of weathering and acidification were assumed to
depend mostly on the biogeochemical factors and
climate, including the quality of rain water.

General geology of the central Kola Peninsula

Fig. 1 shows the location of the study sites in the
Kola Peninsula. A large fractionated layered mafic
igneous complex embedded in Archaean granitoid
is the characteristic bedrock unit in the area around
Monchegorsk and at site No. 1 (Gorbunov et al.
1985). Volcanics, mainly mafic tuffs and lavas,
surrounded by granite gneiss, predominate at the
area of site No. 2 (Belyaev et al. 1976). The till at
site No. 3 lies on granite gneiss bedrock. At site No.
4, located southeast of Kirovsk, the bedrock consists
of granite gneiss and mafic rocks, varying in
composition from mafic to ultramafic (Belyaev et
al. 1976).
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Fig. 1. Sampling sites in the Kola Peninsula, Russia. The hatched area shows the area in the vicinity of the Ni-Cu
smelters at Monchegorsk where the forest is totally destroyed.

Air pollution and forest damage
in the central Kola Peninsula

According to Kryuskov (1991), the S deposition
within 4 km of the Ni-Cu smelters at Monchegorsk
in 1989 was an estimated 20-25 g m?, while 7 km
away from the smelter complex it was 3-5 g m™2. In
the same year, the deposition of Ni, Cu, Mn and Zn
was estimated at 6 g per m” total in the area close to
the smelters and 2 g per m? at 7 km distance.

In 1989 the area of totally destroyed forest
around Monchegorsk was approximately 300 km?

and that of the partially destroyed forest 1000 km?
(Kryuskov & Makarova 1989, as reported in Hon-
kanen 1992). Atsite No. 1, all spruce trees and most
of the birch bushes were dead, and in many places
also ground vegetation was destroyed. Wide areas
were barren and lacking a humus layer. Only in a
few places with decomposed old stumps and stems
was a humus layer (2-4 cm) observed.

At site No. 2, where the forest was partially
destroyed, spruce trees were afflicted by intense
needle loss, and trees were dead in limited areas. In
places ground vegetation was dead, too, and the
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mineral soil barren. Blueberry (Myrtillus), a typical
dwarf shrub in Kola spruce forests, was alive only
at site No. 2 and at the background sites Nos. 3 and
4 (Jevtjugina 1991). Site No. 1 had supported
blueberry before the deterioration (Kasulina, pers.
comm.).

In the background area, over 20 km away from
the emission source, where the forest was
considerably less damaged, the estimated S
deposition in 1989 was 1-2 g m? and the metal
deposition 0.05-0.5 g m™ (Kryuskov 1991). At site
No. 3, located 30 km from the Ni-Cu smelters of
Monchegorsk, spruce trees suffered serious
defoliation and dead trees were sporadically
observed. The ground vegetation was alive, and
significant erosion of humus was not observed. Site
No. 4, which is about 20 km southeast of the city of
Kirovsk and 80 km from the Ni-Cu smelters of
Monchegorsk, is considered as an unpolluted spruce
forest area (Jevtjugina 1991).

MATERIALS AND METHODS
Soil sampling

Glacial sediments at study sites consist of a stony
sandy till (Niemeld et al. 1993). According to
Kasulina (1991), the soil is an Fe-Al humus podzol.
The majority of the gravel and boulders of the till
had originated from the local bedrock. We therefore
assume that at most of the sampling locations the
bedrock had had a dominant influence on the
chemical composition and primary mineralogy of
the sandy till. This interpretation is based on field
observations made during the sampling.

Eluvial (E) and illuviated (B, BC) mineral soil
layers characteristical for podzol soil were sampled
atall study sites. Two profile types were sampled at
site No. 1: a profile with a grey-coloured E layer,
and a profile without a distinct E layer. The distance
between these profile types varied from one to few
meters independently of the topographical changes.

A similar variation in the appearance of the top soil
layer was not observed in profiles of sites 2-4. At
these sites the E layer varied from light grey to
brownish grey in colour.

At all study sites, the illuviated layers graded
from dark brown or reddish brown (B) to yellowish
brown (BC) in colour. If the thickness of the illuvial
(B) layer was over 5 cm, two illuvial (B,, B) layers
were sampled separately. The subindexes B, and B,
refer to the predominant accumulation of organic
matter and inorganic sesquioxides, respectively. In
addition, the greenish grey layer of the parent sandy
till (C) was sampled at all study sites. The depth of
the C layer varied from 30 cm to 80 cm depending
on the abundance of boulders and the thickness of
podzolized layers.

Atsite No. 1, altogether six profiles were sampled
in barren areas and areas with dead and green
ground vegetation of moss, grass and crowberry
(Empetrum). Atsite No. 2, one profile was sampled
in a barren area and another profile in an area with
green ground vegetation of moss, crowberry and
blueberry. Three profiles were sampled at site No.
3 and one profile at site No. 4. Samples were taken
in summer 1989, and at site No. 1 anew in 1991.

Chemical analysis

The clay minerals in the <2 um fraction of sandy
tills have a major influence on soil reactions.
However, since the clay-size fraction commonly
comprises less than 10 % of podzolized sandy till,
we preferred a mixture of silt and clay fractions
(<64 um) for the X-ray diffraction and geochemical
analysis. The same fraction was used in an earlier
study (Riisdnen et al. 1992). Other reasons for
choosing the coarser fraction were the following:
1) Clay minerals in the silt fraction are suggested to
be a source of readily mobilizeable Al (Farmeretal.
1988), and 2) Characteristics of existing
hydroxy-interlayers are likely to serve as an indicator
of progressing acidification (Lou & Huang 1988,
Bain et al. 1990).
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Major elements (Si, Al, Fe, Mg, Ca, K, Na) were
determined in air-dried samples sieved to <64 um
and leached with hot (90°C) aqua regia. Altogether
56 samples were analysed with an inductively
coupled plasma spectrometer (Thermo Jarrel Ash
Polyscan61E ICP-AES).

According to Réisénen etal. (1992), the hotaqua
regia selectively dissolves trioctahedral micas
(mainly biotite), clay minerals and amorphous
precipitates of tills. The authors suggest that the hot
aqua regia does not destroy crystals of quartz,
feldspars and amphiboles, though it may leach
elements in minor amounts from broken surfaces of
these minerals. Accordingly, we here assume that
the elements extractable with hot aqua regia mostly
reflect the composition of trioctahedral micas, clay
minerals and precipitates. Since silica partially
reprecipitated during the digestion, results of the
silica assay were not used in the present study.

Mineralogical study

Micas and clay minerals were studied by X-ray
diffraction (XRD) in 30 samples from seven podzol
profiles. Four profiles were in the destroyed forest
area (sites Nos. I and 2) and three in the background
area.

Extractants for the XRD analyses were 1 M KCl,
0.025MNH,NO, acidified topH 2.3-2.4 (A8 5 55)
and NH, oxalate buffered at pH 3.0 (Réisinen 1989,
Raéisdnen et al. 1992). The whole set of treatments
of subsamples was as follows: 1) air-dried and in
some cases also heated at 200°C and 550°C, 2)
ASsz.s-z. L extracted, 3) ASPH“_Z_ ,extracted and heated
at 200°C and 550°C, 5) K saturated, 6) K saturated
and heated at 200°C and 550°C, 7) NH , Oxalate
extracted at pH 3.0, and 8) NH, oxalate extracted at
pH 3.0 and heated at 200°C and 550°C. The
expanding property of clay minerals was studied
upon ethylene glycol solvation, after the acid NH ”
oxalate extraction.

Theacidified NH,NO, treatmentis amodification
of the acid neutralizing capacity (ANC) method,

and, according to Réisdnen et al. (1992), the XRD
pattern after the AS ;) 5,4 EXtraction is similar to
that after the K saturation and, therefore, shows
characteristics of the interlayering. Generally, the
ANC method is used to measure the solubility of
aluminium and base cations in buffering reactions
of soils poor in carbonates (Réisdnen 1989). The
extractant used in the XRD analysis contained a
dilute ammonium nitrate solution acidified with 0.1
N H,SO, to pH 2.3-2.4 (Riisinen et al. 1992).

The ammonium oxalate pH 3.0 extraction,
modified after the method of McKeague & Day
(1966), was used to leach Al and Fe hydroxides
from surface coatings and interlayers of clay
minerals (Riisdnen et al. 1992). The acid NH,
oxalate more effectively dissolves iron precipitates,
and Al-hydroxides bound to interlayer sites, than
the ASpH2,3-2.4 extractant (Riisdnen et al. 1992).
Moreover, the oxalate solution leaches more reactive
Al-rich species from interlayers, compared to the
resistantinterlayer materials extracted by hot citrate
solutions (Farmer et al. 1988).

The fractions studied were <60 um and <40 pm
depending on the abundance of silt and clay in the
samples. The <10 um fraction of the samples rich in
silt was prepared for comparison. Oriented
aggregates for XRD analysis were prepared with
the pipette sampling technique. The precision and
repetition of the XRD patterns were examined in
duplicate treatments of subsamples. Slides were
run at a scanning rate of 1° per minute in the Philips
diffractometer with Ni filtered Cu p-radiation. The
XRD analysis handbooks edited by Thorez (1975)
and Dixon & Weed (1977 and 1989) were used for
mineral identification.

RESULTS AND DISCUSSION
Chemical variation of the podzolized till profiles

The fine fraction of the parent till in the area of the
totally destroyed forest (site No. 1) contained more
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Table 1. Mean, maximum and minimum values (weight-%) of AL,O, Fe,0, MgO, K,O, CaO, Na,O extractable in
aqua regia from <64 um fraction of podzolized till layers at the study sites, the central Kola Peninsula, Russia.
Abbreviations for the layers are E = eluvial (grey), B = upper illuvial (dark brown), BC = lower illuviated
(vellowish brown), C = parent till (greenish grey).

Arca of totally destroyed Arca of partially destro-  Background arca
forest yed forest 4 prolfiles, sites Nos. 3 and 4
6 prolilcs, sitc No. 1 2 profilcs, sitc No. 2

ALOO| E B B C|E B B C|E B BC C
Mecan | 0.81 7.62 748 484029 440 325 227|0.16 466 258 248"
Min. | 060 274 499 366|027 259 311 222[0.15 171 145 113

Max. 1.21 125 948 5.79(030 752 339 2321020 701 464 383
1

F,O, | E B BC C|E B BC C | E B BC C
Mean | 1.02 408 296 239|087 559 272 212|021 388 139 174"
Min. | 052 286 215 229|064 377 270 183|011 113 101 105
Max. | 171 689 381 262|110 765 273 241[039 579 226 242
MgO | E B BC C|E B BC CJ|E B BC C
Mcan | 0.14 050 082 1.00[007 048 068 058[003 045 047 068"
Min. | 007 0.19 034 087006 031 060 0.50]002 026 037 042
Max. | 034 104 110 1.14 007 067 076 0.65[005 069 081 093
K,0 E B B CJ|E B B C|E B BC C
Mcan | 002 005 007 0.13]002 009 025 025]004 009 010 018"
Min. | 001 003 003 008002 006 023 021003 005 007 0.13
Max. | 003 009 013 0.18[002 0.12 027 028[005 013 016 022
ca0O0 | E B BC C|E B BC C|E B BC C
Mcan | 0.15 031 050 0.62[0.11 025 032 036|006 018 028 0427
Min. | 0.13 021 036 054009 017 030 033|005 011 021 040
Max. | 0.19 046 066 0.67]0.13 037 035 039006 030 043 043
NaO | E B BC C|E B BC C|E B BC C
Mean | 0.05 009 0.1 0.13[008 010 009 009|005 005 005 007°
Min. | 001 004 007 008|008 008 009 009004 004 005 007
Max. | 009 0.4 017 017008 0.11 009 009]005 006 007 008

2 Mean valuc of two samplcs
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Al, Fe, Mg and Ca extractable in aqua regia than till
in the area of partial forest destruction (site No. 2)
(Table 1). The fine fraction of the parent till in the
background area with less forest damage (sites Nos.
3-4) contained almost equal amounts of the aqua
regia leachable elements to that at site No. 2 (Table
1). Field observations indicated that bedrock, and
also rock fragments of the till, at site No. 1 were
dominantly mafic, amphibole-rich and anorthosite
gabbros. At the other study sites (sites Nos 2-4) the
parent material of the till consisted of felsic and
mafic rocks in variable abundance. Differences in
abundances of the major elements at the various
sites are therefore suggested to be due to the bedrock
variation.

At all the study sites the <64 pum fraction of the
eluvial layer was characterized by an extremely
low concentration of K (Table 1), which indicates
the absence of trioctahedral micas (Réisénen et al.
1992). Compared with the parent till, concentrations
of K were also decreased in the upper illuvial (B)
layer (Table 1). Onthe basis of the chemical variation
within the profiles, itis suggested that the decreased
contents of K, Mg and Cain the eluvial layer and the
enrichment of Al and Fe in the underlying layers (B,
BC) of all profiles are linked to the partial
decomposition of ferromagnesian minerals in the
eluvial layer, and in some profiles also in the
illuvial (B) layers (Table 1).

The decrease in Na concentrations of the eluvial
layer was analogous to that of Ca only within
profiles of the totally destroyed forest area (site No.
1, Table 1). At other sites concentrations of Na were
more or less constant through the profile. Réisdnen
et al. (1992) inferred that the constant and low
content of Na in tills was indicative of the presence
of unweathered plagioclase. The increased leaching
of Na and Ca downwards in the podzol profiles in
the totally destroyed area is probably due to a partial
weathering of plagioclase. Further support for this
is the marked increase of Al in the underlying B and
BC layers at site No. 1 (Table 1).

Distribution of micas within the podzolized till
profiles

The distribution of micas within the profiles was
broadly alike at all sites. Two major groups,
dioctahedral and trioctahedral forms, occurred in
podzolized tills in both the destroyed forest area
and the background area with less damaged forest.
As seen in Fig. 2, the ratio of the intensities of the
peaks at 5 A and 10 A decreased downwards in the
podzol profile, suggesting that dioctahedral mica
predominated in the eluvial layer and the
trioctahedral mica in the lower podzol layers and
parent till (see Soveri & Hyyppd 1966, Barnhisel
1977). The trioctahedral mica was totally absent in
the eluvial layer. Occasionally both mica forms
were observed, or both were absent in the brown
illuvial (B,,B) layers.

In most of the samples, di- and trioctahedral
micas gave a broad basal reflection at 10 A,
indicating a partial weathering of the sheet structure
(e.g.Figs 2 and 3). However, in no sample could the
expanding properties of weathered mica layers be
reliably interpreted upon ethylene glycol solvation.
In the samples of the eluvial layer the intensity of
the 10 A peak was decreased upon ethylene glycol
solvation, and several humps appeared between 10
and 12 A (Figs 2 and 3d). The same kind of decrease
was observed in some samples of the illuviated (B,
BC) layers. In the samples of the parent till, by
contrast, the 10 A peak remained unaltered upon
ethylene glycol solvation. The change in the peak
intensity upon glycol solvation may imply adecrease
in the weathering rate of the mica structure from top
to bottom of the podzolized till profile.

Mixed-layer clay minerals in the eluvial layer of
podzolized tills

Randomly interstratified clays dominated the clay
mineral group of the eluvial layers at all the study
sites. According to our interpretation of the XRD
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analysis, mica-, vermiculite- and smectite-like layers
were present in variable abundance in the
mixed-layer clay of the eluvial layer in most profiles
in both the destroyed forest area and the background
area. The characteristics of the interstratified clay
mineral after several treatments are described in the
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Fig. 2. XRD traces of the oxalate (Ox)-treated samples
of the podzol profile from site No. 2 (dead ground
vegetation), Monchegorsk. The grain size of the
subsamples was <40 um. Key to the treatments: Ox =
oxalate extracted, Ox+EG = oxalate extracted and
ethylene glycol solvation. Key to the XRD traces: Mx
= mixed-layer clay, Mi-ill = illitic mica (di- or
trioctahedral), H = hornblende, Pl = plagioclase, and
T = talc.

following.

The XRD patterns of most of the air-dried,
K-saturated and oxalate-treated samples displayed
the same basal reflection between 12 A and 13 A
without integral diffraction peaks (Fig. 3). Upon K
saturation at room temperature the basal spacing at
12-13 A partially collapsed to 10 A indicating the
presence of some ‘true’ vermiculite (Fig. 3b)
(Barnhisel & Bertsch 1989). Moreover, the
contraction of the mixed-layer clay upon heating
was coherent and independent of the extractions
(see Fig. 3). The partial collapse toward 10 A upon
heating at low temperature suggests that the
mixed-layer clay has only a low degree of hydroxy
interlayering (Fig. 3) (Barnhisel 1977, Barnhisel &
Bertsch 1989).

Uponethylene glycol solvation the basal spacing
of the mixed-layer clay shifted to 17 A (Fig. 3d).
This implies that the dominant component of the
interstratification has a swelling property similar to
smectite (MacEwan & Wilson 1980, Wilson 1987).
According to MacEwan & Wilson (1980),
non-saturated vermiculite can only reach the spacing
of 16 A upon glycol solvation. The weak residual
peak at 10 A for samples solvated with ethylene
glycol is suggested to indicate a minor content of
mica (Fig. 3d).

The interstratified clay mineral in a few eluvial
samples from the destroyed forest area displayed
divergentcharacteristics: viz. abroad peak between
13 A and 14 A only upon K-saturation, and variable
traces in the ranges 11-14 A or 11-15 A upon other
treatments (Fig. 4). Since the K-saturation treatment
at room temperature resulted in weak contraction,
the divergent clay form must contain less ‘true’
vermiculite component than the mica-vermiculite-
smectite clay occurring in other samples of the
eluvial layer (cf. Figs 3b and 4b). As can be seen in
Figs. 3 and 4, the swelling properties upon ethylene
glycol solvation were nevertheless broadly similar
for the two clay forms regardless of the differences
inthe basal reflections upon air-drying, K-saturation
and after the oxalate extraction. Furthermore, the
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basal peaks of both clay types shifted to 15 A after
the acidified NH,NO, extraction (ASszj_z ,) (Figs.
3c and 4a).

In contrast to the mica-vermiculite-smectite (Fig.
3), the divergent clay form (Fig. 4) gave weak and
diffuse reflections upon heating at 200 °C and 550
°Cafterall treatments, and especially after AS ., ,
extraction. Oxalate treatment of the <10 um fraction
of one sample left a weak residual peak of 14 A at
550 °C (Fig. 4d), indicating the presence of some
chlorite (Barnhisel 1977). The 14 A reflection was
less pronounced in the samples of the <40 um
fraction (Figs. 4a-c). In general, the diffuse collapse
upon heating at 550 °C indicates the presence of
interlayer contaminants (MacEwan & Wilson 1980).

The incomplete collapse to 10 A at 550 °C is
generally attributed to ahigher degree of Al-hydroxy
interlayering or the presence of chlorite (Barnhisel
1977, April et al. 1986, Farmer et al. 1988).
MacEwan & Wilson (1980) proposed that diffuse
and broad reflection upon heating indicate an
intergrade clay with properties between chlorite
and montmorillonite or vermiculite (see also Jack-
son 1963). Olson (1988) has reported a poorly
crystalline clay mineral, whose reflections collapsed
only partially to 10 A and gave a weak plateau of
intensity from 12 A to 14 A upon heating to 550°C.
Similarly, the present study suggests that the
divergent clay form with plateau-like reflections
upon heating possessed a poorly crystalline
mixed-layer structure. High concentrations of Al
and Fe in the sample confirm that the clay was rich
in Al- and/or Fe-hydroxides. The divergent
mixed-layer clay is, therefore, identified either as a
chlorite-aluminous montmorillonite (Jackson 1963,
Thorez 1975) or a mixed-layer clay with
vermiculitic, chloritic and smectitic components
(Barnhisel 1977, Kodama & Brydon 1968).

Mixed-layer clay minerals in illuviated (B, BC)
layers of podzolized tills

The illuviated (B, BC) layers in both the destroyed

forestarea and the background area were dominated
by a clay mineral with a basal spacing at 14 A (Fig.
5). On the basis of the XRD analyses, the 14 A clay
was attributed to a hydroxy-interlayered vermicul-
ite-chlorite. The absence of higher integral peaks
indicates arandom interstratification of vermiculite
and chlorite layers (Barnhisel 1977, Barnhisel &
Bertsch 1989).

Randomly interstratified vermiculite-chlorite did
not expand upon ethylene glycol solvation in any
sample of illuviated (B, BC) layers (see Fig. 5d).
Neither did its peak shift to a larger spacing after
By extraction, unlike mixed-layer clay forms
inthe eluvial layer (cf. Figs 3cand 5c). Furthermore,
the 14 A peak in the specimens of the illuviated
layers did not collapse to 10 A after any extraction
until heated to 550 °C (Fig. 5). The diffractograms
recorded for samples heated to 550 °C diversely
displayed broad humps or shoulders on the low
angle side of the 10 A reflection. The incomplete
contraction at 550°C, and the stability of the 14 A
peak after the acidifying treatment (AS ., ).
indicate a high degree of polymerization of
hydroxides ininterlayer spaces of vermiculite layers
(Réisdnen et al. 1992, see also Rich 1968 and
Carstea et al. 1970). The residual 14 A peak at
550°C was more marked after the oxalate extraction
than after the other extractions, and indicates the
presence of chlorite (see Fig. 5). According to the
variable intensity of the 14 A peak at 550 °C, the
abundance of chlorite must have varied from sample
to sample.

Diffractograms recorded for some samples of B
and BC layers rich in Al and Fe from the totally
destroyed forest area showed broad humps after
air-drying, K-saturation and AS ., , extraction.
Only after the oxalate extraction was a very strong
spacing at 14 A with a shoulder at 15 A obtained
(e.g. Fig. 6). In this case the 14 A peak collapsed
less completely to 10 A at 550°C (Figs. 6a and 6b)
than that for the sample of the illuvial layer with less
increased content of Al and Fe (Fig. 5d). The
incomplete contraction may indicate the presence
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Fig. 3. XRD patterns of the eluvial layer at site No. 3 (background) near Apatity. The grain size of the
subsamples was <40 um. Key to the treatments: C = air-dried, K = K-saturated, A = AS’,H7 ,, extracted, Ox =
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of unleached precipitates, which obscure the interstratified structure of vermiculite and chlorite.

resolutioninto aninterlayered componentand ‘true’  The highly resistant interlayers of the mixed-layer

chloritic component (Carstea et al. 1970). clay with incomplete contraction at 550 °C and flat

Nevertheless, both mixed-layerclay types, presented ~ reflections may indicate transformation to the more
in Figs 5 and 6, can be interpreted to have the chloritized structure of the 2:1 layer-silicate (cf.
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Farmeretal. 1988, Wadaetal. 1987). However, the
‘more chloritized” mixed-layer clay form was only
observed in one of the profiles sampled from the
barren soil surface of the totally destroyed forest
area. The eluvial layer of the same profile contained
chlorite-aluminous montmorillonite.

In addition, most of the samples of both illuviated
(B,BC)layers displayed aweak reflection between
12 A and 13 A. After the acidic AS and

pH2.3-2.4

oxalate extractions it shifted closer to the stronger
14 A reflection, or eventually became merged with
it (Fig. 5). The weak reflection at 24 A observed for
afew samples was attributed to anisolated, regularly
interstratified clay form (Fig. 6). Since the peak at
12 A was unaffected by ethylene glycol or
K-saturation, we attribute it to a mica-vermiculite
with hydroxy interlayers.The traces were weak,
however, and the 12 A clay was indefinable in most
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of the samples of the illuviated layers.
Mixed-layer clay minerals in the parent till

The parent till (C) layers in both the destroyed forest
area and the background area were dominated by a
non-swelling vermiculite-chlorite. In general, this
mixed-layer clay had alower degree of interlayering
than the vermiculite-chlorite in the illuviated layers.
However, the abundance of chlorite varied with the
sampling site. The mixed-layer clay in till from site
No. 1 contained more chlorite and more resistant
interlayers of vermiculite than that from site No. 2.
The mixed-layer clay (14 A) from site No. 3 fell
somewhere between these. Atsite No. 4, by contrast,

the parent till contained abundant chlorite with a
minor amount of the hydroxy interlayered
vermiculite.

The abundance of chlorite in the till at site No. 1
may be due to the gabbro bedrock, varying in
composition from amphibole-rich to anorthosite
gabbros (Gorbunov et al. 1985). According to our
field observations (see also Belyaev et al. 1976), at
sites Nos 2 and 4 the influence of the mafic bedrock
is probably diluted by felsic rocks, and at site No. 3
the influence is minimal.

The mixed-layer clay with the 12 A spacing was
observed at site No. 3. As it had some properties
similar to the clay type of the illuviated layers, it is
attributed to mica-vermiculite with hydroxy
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interlayers. The absence of the integral diffraction
peak points to a random rather than a regular
interstratification.

Weathering reactions within the podzolized
till profiles

Several mineralogical studies from glaciated regions
suggest that the most important weathering
processes of podzols are the complete or nearly
complete decomposition of trioctahedral micas
(mainly biotite) and chlorite in the clay fraction of
the eluvial layer (Kodama & Brydon 1968, Kodama
1979, Kapoor 1972, Melkerud 1984, April et al.
1986). The absence of trioctahedral mica and the

presence of a minor amount of dioctahedral mica in
the interstratified clays of eluvial layer samples
indicate that the micas in the top layers of the
podzolized tills were vermiculized in the early
stages of the weathering sequence. The minor
content of hot aqua regia extractable K also implies
the total breakdown of trioctahedral micas in the
<64 um fraction of the eluvial layer. The continued
weathering of the eluvial layer has progressively
transformed vermiculite to a more swelling
smectitic-like layer, as also reported by Brydon et
al. (1968), Ross et al. (1982) and Melkerud (1984).
This alteration product was observed at all study
sites regardless of the geochemical composition of
the bedrock and parent tills. We therefore propose
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Fig. 5. XRD patterns of the illuvial (B) layer at site No. 3 (background) near Apatity. The grain size of the

subsamples was <40 um. The sample was taken from the same profile as the sample of the eluvial layer

presented in Fig. 3. See explanations in Figs 2 and 3.

that the smectitic mixed-layer clay mineralis formed  of chlorite in the silt+clay fraction (<64 um or <40

during the long-term weathering (natural pm) of most of the eluvial layer samples. As

acidification) of podzolized tills. indicated by the peak intensity at 14 A in samples
The presentinvestigation confirmed the absence  heated at 550°C, the abundance of chlorite increased
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from the illuvial layer downwards to the parent till
in all profiles studied. Teveldal et al. (1990) have
suggested that the breakdown of chlorite, unlike
that of micas, does not result in the neoformation of
a stable clay mineral in the eluvial layer. The silica,
Aland Fereleased in chlorite weathering are mostly

leached out and precipitated in the B and BC layers.

Inilluviated (B, BC) layers, vermiculite was the
dominating clay mineral with various interlayering
of hydroxy polymers (chloritization), as also
reported by Laverdiere et al. (1977), Melkerud
(1984), and April et al. (1986). Differences in
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Fig. 6. XRD traces of the air-dried and oxalate-treated samples of the illuviated (B) layer (a), and underlying BC
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explanations in Fig. 3.
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bedrock seemed to control the chlorite in the parent
tills, whereas pedogenic and climatic factors of the
illuviated layers control the abundance of chloritic
residue and the chloritization (hydroxy inter-
layering) of vermiculite in the mixed-layer clays
(Réisédnen et al. 1992, see also Ross et al. 1982).

Exceptionally, in a few eluvial layer samples
from the totally destroyed forest area a chloritized
mixed-layer clay (chlorite-aluminous mont-
morillonite) occurred side by side with a
mica-vermiculite-smectite interstratification.
According to diffractograms recorded at 550°C, the
degree of filling of the interlayer space was greater
in the chlorite-aluminous montmorillonite than in
the mica-vermiculite-smectite (see Figs 3d and
4c-d). No clay form with a similar chloritized
structure was observed in the eluvial layer samples
from the background area.

Both the chloritized interstratification and the
mica-vermiculite-smectite gave an expanded
spacing at 15 A after the acidified ammonium
nitrate extraction (ASpH2.3-2. ,)- Theexpanding showed
that in any strong acidic medium these two
mixed-layer clays adsorb free hydroxides into the
interlayer sites. However, mica-vermiculite-
smectite treated with the AS 1,54 solution and
heated at 550 °C displayed complete contraction to
an intense peak at 10 A, while the chloritized
mixed-layer clay treated in the same way exhibited
only a slightly stronger 10 A reflection (cf. Figs 3¢
and 4a).

Organic acids in the top mineral soil layer,
immediately below the organic layer, are widely
assumed to prevent the formation of
hydroxy-interlayers (chloritization) or to dissolve
preexisting hydroxy-interlayers or chlorite (Violante
& Violante 1980, Singer & Huang 1993). In our
case, the eluvial layer (at site No. 1) in which
chloritized interstratification was observed lacked
an overlying humus layer because of the erosion.
The production of organic acids had ceased and the
external conditions in the top mineral soil layers
had changed drastically. It can be proposed that

exposure of the podzolic mineral soil layers
promotes the mobilization of Al-hydroxides via
percolation of acidic rain water (cf. Rdisdanen 1989).
Lou & Huang (1990) and Huang (1991) suggested
that expandable clay mineral, when present in
sufficient amount, can prevent the formation of
discrete noncrystalline aluminosilicate from a
hydroxy-aluminosilicate solution through the
interlayer adsorption mechanism. It could be
concluded, therefore, that inputs of Al-hydroxides
intointerlayer spaces of the vermiculitic component
have transformed the mica-vermiculite-smectite to
chlorite-aluminous montmorillonite.

Feasibly, an alternative source for the chlorite-
aluminous montmorillonite could be the degradation
of pre-existing chlorite component from the coarser
fraction than 64 um. Arguing against this,
hornblende, a possible pool of secondary chlorite,
seemed to stay unweathered in the fractions <40
um and <10 pm, judging by the sharp reflections at
8.3-84 A (e.g. Figs. 2 and 4). Moreover, Teveldal
et al. (1990) report that chlorite is decomposed
almost completely, even in the sand fraction of the
eluvial layer, during the Holocene epoch of 9400
years. Podzolized tills in the study area have
presumedly formed in this time (Niemeli et al.
1993). Vermiculitization of chlorite, which prefers
moderate, non-eluvial weathering conditions, and
further alteration of this to a smectitic mixed-layer
clay, is likewise excluded (Ross et al. 1982).

Finally, the source of the extra Al-hydroxides
may be the intensified weathering of plagioclase as
suggested by the decreased concentrations of Na
and Ca in the eluvial layer and increased
concentrations of Alin both the eluvial and illuviated
layers.

CONCLUSIONS

Trioctahedral mica and chlorite were totally
weathered from the silt and clay fraction (<64 um)
of the eluvial layer at all study sites in the central
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Kola Peninsula. Only dioctahedral mica occurred
in the eluvial layer. The following distribution of
mixed-layer clays was observed in most of the
podzolized till profiles of the study: an expanding
three-component interstratification containing mica,
vermiculite and smectite with low levels of
interlayering in the eluvial layer, and anon-swelling
vermiculite-chlorite with polymerized hydroxy
interlayers in the illuviated (B, BC) layers. The
abundance of chlorite and the degree of interlayering
of vermiculite in the parent till varied from site to
site.

On the whole, characteristics of the mixed-layer
clays were similar in most of the podzolic layers of
the destroyed forest area (sites Nos | and 2) and the
background area (sites Nos 3 and 4). The expanding
layers of the smectitic-like component were present
in the eluvial layer and there was a high degree of
interlayering of the vermiculitic component in the
illuviated layers at all sites regardless of the
geochemical composition of the parent tills and
bedrock.
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