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The chemical and physical characteristics of the fine fraction of till were ex-
amined in the area of the Raahe-Ladoga metallogenic belt in central Finland. Till, 
weathered bedrock and rock samples were collected from the area, where element 
concentrations of till abruptly ranged from high in an anomalous zone (NE) to low 
in a non-anomalous zone (SW). The grain size distribution, specific surface area 
and unit weight, and the leachability of elements measured with several chemical 
methods were determined from the fine fraction (<0.06 mm) of till. The minera-
logical composition of the fine fraction of till and weathered bedrock was estab-
lished with the X-ray diffraction method (XRD), and the chemical composition of 
rock samples with the X-ray fluorescence method (XRF). 

The main factor affecting the increased element concentrations in the anoma-
lous zone is the variation in mica and clay mineral types. The abundance of triocta-
hedral micas (biotite) and vermiculitic clays carrying most of the trace metals dis-
solved in aqua regia, has affected to the geochemical pattern of till in the study 
area. The concentrations of trace metals in the iron precipitates extracted with acid 
oxalate were too low to be used as evidence of the hydromorphic origin of the ano-
malous zone. The abundance of main silicates (quartz, feldspars) does not vary much 
in the fine fraction of till throughout the study area. 

The absence of the swelling smectite component from the surface layers of till 
indicates that the source was not the underlying weathered bedrock. The till with 
a vermiculitic mixed-layer mineral in the anomalous zone contains more material 
from old sediments weathered during interstadial or interglacial time than does the 
till with a low clay content in the non-anomalous zone. The abrupt change in the 
mineralogical and physical properties of till in the study area is suggested to be 
attributed to the difference in the transport and accumulation dynamics of over-
burden during deglaciation. 
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Introduction 

The element composition and dispersal pat-
terns of transported overburden can be attributed 

to several factors. Regional differences in till geo-
chemistry are mainly explained by the variation 
in the chemical composition and structure of the 
underlying bedrock (Shilts 1980, Salminen & 
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Hartikainen 1985, Koljonen et ai. 1989). More-
over, the rate of glacial erosion and comminu-
tion, and intermixing with older sediments have 
heavily obscured the regional dispersal patterns 
in some till areas (Shilts 1973, Linden 1975, 
Kauranne et al. 1977, Rencz & Shilts 1980, 
Peuraniemi 1990). 

Regional geochemical mapping in Finland is 
based on low density sampling using <0.06 mm 
till fractions. Trace metals in the fine fraction of 
till vary owing to changes in the lithological 
character of the bedrock (Kauranne 1959, Nik-
karinen et al. 1984, Salminen & Hartikainen 
1985, Saarnisto & Taipale 1984). In the fine frac-
tion, trace metals are generally interpreted as be-

ing derived from primary sulphide minerals, but 
they could also be trapped in clay minerals and 
Fe precipitates during pre-till bedrock weather-
ing and weathering of the till (Shilts 1973, Peu-
raniemi 1982, Nikkarinen et al. 1984, Peuranie-
mi 1990). An increase in trace element contents 
with a reduction in grain size has been reported 
in many studies (Eriksson 1973, Toverud 1974, 
Äyräs 1977, Shilts 1980, Rencz & Shilts 1980 
Peuraniemi 1982, Nikkarinen et al. 1984). 

Most previous studies have emphasized the 
mineralogical composition of different grain-size 
fractions and the distance of glacial transport of 
these fractions (Dreimanis & Vagners 1971 a and 
1971 b, Linden 1975, Perttunen 1977, Peuranie-
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Fig. 1. Map of the bedrock geology of the study area in central Finland. The sampling sites of the composite rock samples 
are also marked. 



Relationship between mineralogy and the physico-chemical properties of till in central Finland 37 

mi 1982, Nevalainen 1983). However, few studies 
deal with the physical and mineralogical proper-
ties of the fine fraction of till and their relation-
ship to anomalously high trace metal contents on 
a regional scale (Mäkinen 1992, cf. Lintinen 
1989). 

This paper examines the relationship between 
mineralogy and the physico-chemical properties 
of till in the Raahe-Ladoga metallogenic belt 
in central Finland. In previous studies of that 
area, an abrupt change in element concentrations 
ranging from high in an anomalous zone (NE) 
to low in a non-anomalous zone (SW) has been 
attributed to co-existing glacigenic and bedrock 
features separated by fault zones (Kuosmanen 
1988). According to Glumoff and Nikkarinen 
(1991), the lithological composition of bedrock 
is the dominant factor affecting on the chemical 
composition of the heavy mineral fraction 
(0.06—2 mm grain size) in tills of that area. 

Attention is drawn to the mineralogical differ-
ences between the anomalous zone with high met-
al contents and the non-anomalous zone, and 
their relation to the physical properties of the fine 
fraction of till in both zones. Till samples for this 
study were taken from the surface layers of a till 
bed (1—3 m) as were the samples for the Geo-
chemical Atlas of Finland (Koljonen et al. 1989), 
and not from deeper layers near the bedrock. The 
mineralogical and chemical relations of till to 
bedrock geochemistry were studied with samples 
of representative rock types and composite sam-
ples of weathered bedrock from the anomalous 
and non-anomalous zones. 

General geology of the study area 

Bedrock geology 

The study area is made up of Early Proterozoic 
Svecofennian Supracrustal rocks between the 
Granitoid Batholith Complex of Central Finland 
and the Archaean Basement Gneiss Complex 
(Fig. 1) (Kuosmanen 1988). The southwestern 

part is dominated by granites, granodiorites, 
quartz diorites and quartz-sericite schists. Basic 
volcanics mainly exist between Kangasjärvi and 
Säviä, and north of Pihtipudas. 

The northeastern part is characterized by an 
abundance of mica schists and basic volcanics. 
The border between Archean and Proterozoic is 
in northeastern part of the study area, and the 
basement gneiss represents the Archean forma-
tions. Granites and granitoids occur in minor 
amounts and Archaean gneisses predominate 
(Fig. 1). 

Most of the known massive pyrite — Cu-Zn 
sulphide occurrences lie in the volcanogenic-
sedimentary zone extending from Pyhäsalmi via 
Kalliokylä to Säviä. Typical of this zone is the 
occurrence of cordierite-anthophyllite-garnet 
rocks intercalated with schists. Another ore-
potential belt follows the zone of basic intrusive 
rocks along the line Säviä-Saarela-Saarinen-Kiu-
ruvesi (Nikander 1988). The ore deposits and oc-
currences are part of the Raahe-Ladoga metal-
logenic belt (Kahma 1973). 

Quaternary geology 

The study area, which lies in the Kiuruvesi-
Vieremä region of central Finland, is divided into 
two Quaternary geological units (Salonen et al. 
1988). The southwestern part of the area is the 
extensive Keitele drumlin field; the northeastern 
part of the area is morainal topography, where 
glacial erosion was weaker than in the drumlin 
area and weathered bedrock is encountered at 
numerous sites (Fig. 2). These two units are sepa-
rated from each other by a northeast-trending 
esker system (Fig. 2). It has been suggested that 
the esker system forms an interlobate moraine be-
tween two glacial lobes (Punkari 1980, Ekdahl 
1982). 

Two till beds, presumably of different age, has 
been observed in the both areas of the low and 
high element concentrations (Hirvas & Nenonen 
1987, Ekdahl 1982). The bulk of the study area 
is covered by the younger till. The Keitele drum-
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Iin field was formed during the deposition of 
this till, which is loose and sandy and brown in 
colour. In the drumlin field, which corresponds 
to the low elemental abundance, the younger till 
is often the only till unit. 

The lowest till unit dark grey or bluish in 
colour, occurs more extensively in the passive ice 
than drumlin areas. The clay content of this older 
till is 18% in contrast to that of the younger 
sandy till, in which it is 2% (Hirvas 1980). It has 
been suggested that the older till unit occurs only 
in areas protected from the destructive action of 
younger ice movements (Salonen et al. 1988). 
This till is characterized by pollen flora of the 
Eem interglacial, indicating that interglacial sedi-

ments were mixed with the lower till at an early 
stage of the Weichsel glaciation (cf. Rainio & La-
hermo 1976, Nurmi 1977, Iisalo 1992). 

Materials and methods 

Sampling 

Twenty-one composite till samples were col-
lected from a study line across the Raahe-Ladoga 
metallogenic belt in central Finland (Fig. 2). The 
distance between sampling sites along the line was 
from 3 to 10 km. Subsampies were taken with 
a spade from road cuttings. The average depth 
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of till and the sampling Fig. 2. Map of the Quaternary geology of the study area in central Finland. The sampling sites 
area of the composite samples of weathered bedrock are also marked. 
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of the till layers sampled in the road cutting 
trenches was 1—3 m, but the sampling depth in 
the bottom of the road cuttings as measured from 
the uncovered surface, was less than 50 cm. Three 
to five subsamples taken 1 to 10 m apart were 
combined into one composite sample for each 
sampling site. The volume of the composite sam-
ple was 4 liters. Samples No. 1—8 were taken 
from the non-anomalous till zone, and samples 
No. 9—21 from the anomalous zone (Fig. 2). In 
the section on mineralogy samples of the anom-
alous zone is further divided into two subzones: 
anomalous I (Nos. 9—15) and anomalous II 
(Nos. 17—21). 

Unweathered bedrock samples were collected 
with a field hammer from 28 outcrops (Fig. 1); 
14 of them were granitoids and 14 mica gneisses. 
Chemical analyses of the granitoids were made 
on four composite samples of granite rocks and 
four composite samples of granodiorites from 
both the non-anomalous and anomalous zones 
corresponding to till geochemistry (Fig. 1). Five 
samples of mica gneiss were taken from the 
anomalous zone and nine from the non-anoma-
lous zone. Each of the sample types was a com-
posite sample of five subsamples weighing ap-
proximately 5 kg. The subsamples for one com-
posite sample were collected from the same out-
crop with an average surface area of 1500 m2. 

Two composite samples of the weathered bed-
rock used for the mineralogical studies were made 
by combining six subsamples collected from the 
non-anomalous zone, and eight from the anom-
alous zone (Fig. 1). The subsamples were taken 
in the course of the regional geochemical till map-
ping conducted by the Geological Survey of Fin-
land (GSF) in 1988, in which the sampling den-
sity was one sample per 4 km2. The samples of 
weathered crust were taken with a percussion drill 
under the till beds. 

Measurements of physical properties 

The grain size distribution was determined 
from 100 g of till samples. The grain size distri-

bution of the <0.06 mm fraction was analysed 
with the areometrical method, and that of the 
>0.06 mm fraction by dry sieving. The determi-
nations were made at the Soil Laboratory of the 
GSF in Kuopio. 

The specific surface area was measured with 
a Micromeritic Flow Sorb II 2300 at the Soil 
Laboratory of the GSF in Espoo. The gas was 
a mixture of 30% N and 70% He. The <0.06 
mm fraction samples used in the measurements 
weighed 0.6—1.3 g. The unit weight of the same 
fraction was measured according to the method 
described by Mäkinen (1992). 

Chemical analyses of the fine fraction of till 

All the chemical analyses were made on the silt 
and clay fraction, that is the less than 0.06 mm. 
Sample No. 6 from the non-anomalous zone was 
not included because it did not contain enough 
fine fraction for several chemical analyses. 

The main and trace element concentrations of 
the fine fraction were analysed with a hot aqua 
regia leach method modified by the Chemical 
Laboratory of the GSF in Kuopio (see Räisänen 
et al. 1992). A 3:1 mixture of hydrochloric and 
nitric acids is commonly used for analyzing till 
samples in the GSF's geochemical mapping pro-
gramme. Concentrations of Al, Fe, Ca, Mg, K, 
Na and trace metals (Ba, Co, Cu, Mn, Ni, Pb, 
Zn) were measured from the leachates with 
atomic absorption spectrophotometry (AAS). 

The solubility of Ca, Mg, K, Na, AI, Fe was 
determined with the acid neutralizing capacity 
(ANC) method (Räisänen 1989). Only two types 
of extraction were used: a 0.025 M NH4N03 ex-
traction and an acidic salt extraction, that is, 
ANCp H 2 3_2 4 extraction, where the subindex 
refers to the pH of the NH4N03 solution after 
the addition of 0.1 N H2S04 solution. The soil 
pH was measured as the pH of the supernatant 
after the NH 4 N0 3 extraction. The soluble cat-
ions in the supernatant were measured with AAS 
at the Chemical Laboratory of the GSF in Kuo-
pio. 
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Iron, aluminium and some trace metals (Co, 
Cu, Ni, Mn, Zn) bound to inorganic precipitates 
were determined with the ammonium oxalate ex-
traction at pH 3.0, modified as in Räisänen et 
al. (1992). The concentrations of trace metals, Al 
and Fe in the supernatant were measured with 
AAS at the Chemical Laboratory of the GSF in 
Kuopio. 

Chemical analyses of bedrock samples 

The bedrock samples were crushed in a jaw 
crusher to a grain size of <5—6 mm. 60 g of 
crushed sample was ground in a wolfram-carbide 
pan, and 7 g of the powder was used for the 
chemical analysis. Total element concentrations 
were measured with XRF at the Chemical 
Laboratory of the GSF in Otaniemi. 

X-ray diffraction analysis of the fine fraction 
of till 

Treatments and identification 

The sample preparation for XRD analysis was 
modified to use minor portions of sieved sam-
ples of the <0.06 mm grain-size as used in 
chemical analyses. Oriented aggregates from this 
fraction were made with the sedimentation tech-
nique, which included pipette sampling from sus-
pensions of unextracted and extracted samples 
(Whittig and Allardice 1986). Because of the low 
clay content ( < 5 % ) of the samples from the non-
anomalous zone, the grain-size of all oriented ag-
gregates was in this study coarser than generally 
used in clay mineral studies. The average grain 
size selected here was either <0.04 mm or <0.05 
mm (sedimentation time of 1—2 min). Aggre-
gates of the comparative <0.02 mm fraction 
were examined from only a few samples with 
higher clay contents. 

Air-dried oriented aggregates of 20 samples 
(excluding sample No. 6) were made from sub-
samples (a) suspended with ionized water and (b) 
leached with hot aqua regia. The digestion resi-
dues were washed with ionized water, and then 
suspended once more in deionized water before 

the pipette sampling. Moreover, clay minerals 
were studied doser after several extractions and 
heat treatments from 12 samples selected from 
the anomalous I (3 samples) and II (5 samples) 
zones and the non-anomalous (4 samples) zone. 

In the clay mineral study, 'free' aluminium and 
iron hydroxides from edges and interlayers of 
clay minerals were extracted with the acid oxa-
late instead of the dithionite-citrate method 
generally used (Mehra and Jackson 1960, see also 
Dixon & Weed 1977). The acid oxalate extrac-
tion was selected in this context because of the 
low content of iron precipitates and its easier 
procedure. The ANC p H 2 3 _ 2 4 extraction was 
modified here to examine the lability of Al-hy-
droxy interlayers. The comparative procedure to 
this extraction was K saturation including 1 M 
KCl extraction. The identification method of the 
interlayered minerals and pure vermiculite usually 
employed requires K-saturation with heat treat-
ments (Douglas 1977, Wilson 1987). 

Comparative procedures for the identifica-
tion of clay minerals were following: (1) the 
A N C p H 2 . 3 _ 2 . 4 extracted, (2) ANC p H 2 3 _ 2 4 ex-
tracted and heated at 200 °C (stayed for 30 min), 
(3) ANCp H 2 3_2 4 extracted and heated at 550 °C 
(stayed for 10 min), (4) K saturated, (5) K satu-
rated and heated at 200 °C (for 30 min), (6) K 
saturated and heated at 550 °C (for 10 min), (7) 
acid oxalate extracted, (8) acid oxalate extracted 
and heated at 200 °C (for 30 min), and (9) acid 
oxalate extracted and heated at 550 °C (for 10 
min). The swelling properties of clay minerals 
were studied with ethylene glycol solvation. One 
or two drops of ethylene glycol were introduced 
onto air-dried aggregate made from a subsam-
ple extracted with the ANC p H 2 3 _ 2 4 solution. 
Procedures of the acid oxalate and ANCpH2 3_24 

extractions were described in the section of the 
chemical analysis. 

XRD patterns of all oriented aggregates were 
run at a scanning rate of 10 per min using a Phil-
lips diffractometer and Ni-filtered Cua radiation. 
The XRD analyses were made at the GSF's 
Mineralogical Laboratory in Kuopio. The XRD-
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Table 1. The strongest d-values of the main minerals com-
monly found in till samples and their K constants determined 
by P. Kallio at the Mineralogical Laboratory of the Geolog-
ical Survey of Finland in Kuopio. 

Mineral d-value K 

Quartz 
K-feldspar 
Plagioclase 
Hornblende 
Mica 
Chlorite 

4.25 A 
3.24 Å 
3.19 Å 

8.4 Å 
10.0 Å 

14 Å 

3.0 
4.0 
4.0 
1.5 
4.0 
4.0 

analysis handbooks edited by Thorez (1975), 
Dixon & Weed (1977) and Brindley & Brown 
(1980) were used as an aid in mineral identifica-
tions. Kaolinite was identified on the basis of its 
instability at 550°C (Brindley 1961). 

Quantitative determination 

The semiquantitative mineral abundance of the 
fine fraction was determined with XRD using 
sieved samples of random orientation. Samples 
of the <0.06 mm grain size were spread onto 
glass slides without further grinding. XRD pat-
terns were run at a scanning rate of 1 ° per min 
using a Phillips diffractometer at the GFS's 
Mineralogical Laboratory in Kuopio. The mi-
neral composition was determined with the ex-
ternal intensity ratio technique described by 
Pawloski (1985). The highest integrated intensity 
peak of each mineral to be quantified was used 
with the highest integrated intensity peak of 
quartz to calculate the ratio: 

Xmineral = K ismstäi, where 
XT ' 

miart? AmiartT 

Xmineral = weight of mineral, Xquart2 = weight of 
quartz, K = slope of calibration curve for the 
mineral, Imineral = integrated intensity of the 
highest peak of the mineral in the XRD pattern, 
and Iquartz = integrated intensity of the highest 
peak of the quartz XRD pattern. 

The abundances of quartz, K-feldspar, plagio-
clase, hornblende, micas and the clay mineral 
group with the 14 Å spacing were calculated semi-
quantitatively using the intensities of the stron-
gest d-values and the constants (K) presented in 
Table 1. The constant of chlorite in Table 1 was 
used for the clay mineral group with the 14 A 
spacing, which includes chlorite and mixed-layer 
clay minerals of chlorite and vermiculite. 

The di- and trioctahedral micas were identified 
and estimated semiquantitatively from oriented 
aggregates on the basis of the reduced intensity 
of the 10 Å peak, and the increased intensity of 
the 5 A peak after aqua regia digestion (Fig. 3). 
If weak or totally absent, the 5 Å peak refers to 
the presence of trioctahedral rather than diocta-
hedral mica (Wilson 1987, Fanning & Keramidas 
1977, Soveri & Hyyppä 1966, Sippola 1974). The 
060 spacing characteristic of the dioctahedral 
forms (1.49—1.50 A), which is generally used to 
distinguish the dioctahedral from the triocta-
hedral mica group (spacings between 1.52 and 
1.54 Å), was occasionally observed before or 
after the acid digestion. However, the 1.53 Å 
reflection attributed to phlogopite in this study 
occurred together with the 1.54 Å diffraction 
maximum of quartz in both cases (Fig. 3). The 
abundance of the chloritic component in mixed-
layer clay minerals was estimated from the resi-
dual intensity of the 14 Å peak after the oriented 
aggregate made from a sample extracted with the 
acid oxalate had been heated at 550°C. 

X-ray diffraction analysis of composite 
samples of weathered bedrock 

Subsamples of weathered bedrock from areas 
of the non-anomalous and anomalous zones were 
combined into two samples by sieving the <0.06 
mm fraction. Oriented aggregates of these two 
composite samples were examined for clay min-
erals only. Before the XRD analysis, the sieved 
samples were treated as follows: 1) air-dried, 2) 
K-saturated with 1 M KCl, 3) ANCp H 2 3_2 4 ex-
tracted, 4) ANCpH2 3_24 extracted and ethylene 
glycol solvated, 5) ANCp H 2 3_2 4 extracted and 
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Fig. 3. X-ray diffraction traces of the oriented aggregates of (a) sample No. 1 from the non-anomalous zone and (b) sample 
No. 9 from the anomalous zone before and after the treatment with hot aqua regia. Treatments: C = air dried, aq = aqua 
regia leached; Identified minerals: Mx = mixed-layer clay mineral, Mi-ill = illitic mica, H = hornblende, PL = plagioclase, 
Q = quartz, M = microcline (K-feldspar), Mu = muscovite, Se = sericite, Phi = phlogopite, K = kaolinite, tri-Mi = trioctahedral 
mica. 
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heated at 200°C, and 6) ANCp H 2 3_2 4 extracted 
and heated at 550°C. Like the till samples, the 
grain size of the weathered rock samples used 
in the XRD analysis was either <0.04 or 
<0 .05 mm. 

Statistical treatment of data 

The main aim of the chemical data processing 
was to present the variables in graphical form. 
Multivariate methods were used to establish the 

relationships between the chemical, mineralogi-
cal and physical properties of the fine fraction 
of till. Factor analysis and multidimensional 
scaling were based on rank correlation matrix of 
the variables. 

The statistical significance of the chemical 
differences between the bedrock samples from 
the anomalous zone and those from the non-
anomalous zone was tested with the non-para-
metric Mann-Whitney Test. 

The results were graphically presented with the 
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Table 2. The proportion (%) of grain sizes <0.06 mm and <0.002 mm (clay content), specific surface area, and unit weight 
in samples from the study line in central Finland. 

Sample </><0.06 mm <t> <0.002 mm Specific surface Unit weight 
area m ! /g values g/ml 

1 39.9 1.44 1.30 1.83 
2 54.6 2.50 1.42 1.81 
3 40.3 1.70 1.26 1.76 
4 M = 32.3 31.2 M = 1.70 3.83 M=1.58 4.02 M=1.80 1.61 
5 X = 36.7 31.7 X = 2.23 1.70 X = 2 . 3 1 1.58 X = 1.74 1.82 
7 32.3 2.76 2.84 1.80 
8 26.7 1.70 3.73 1.56 

9 48.4 15.3 15.3 1.34 
10 60.1 18.5 18.8 1.49 
11 57.4 15.9 20.8 1.54 
12 34.8 7.73 8.79 1.44 
13 41.4 9.89 16.3 1.59 
14 M = 46.4 50.2 M = 9.89 11.5 M = 14.5 21.1 M = 1.56 1.56 
15 X =48.8 41.3 X = 10.8 5.82 X = 12.5 6.78 X = 1.53 1.60 
16 53.7 2.78 1.51 1.76 
17 44.2 9.89 14.0 1.69 
18 34.3 2.83 3.90 1.52 
19 77.1 24.9 7.44 1.23 
20 45.7 8.60 15.4 1.56 
21 46.4 6.69 — 1.61 

Chart Microsoft Program. The multivariate 
processing of the data was done with SPSSX soft-
ware. 

Resu l t s and d i scuss ion 

Grain size distribution of till 

The median values of the abundance of fine 
fractions of till are only slightly higher in the 
anomalous zone (32.3%) than in the non-anoma-
lous zone (46.4%) (Table 2). The abundance of 
the <0.002 mm fraction, corresponding to the 
grain size of clay, is higher in the anomalous zone 
than in the non-anomalous zone by a factor of 
5.8 based on the median values. 

The abundances of the clay and fine fractions 
show a positive correlation with the specific sur-
face values (Tables 2, and 5 b). This is under-
standable as 75—95% of the surface area of the 
sample is due to the fine fraction of till (Niemi-

nen 1985). There is also a clear positive correla-
tion between the clay content of soils and porosi-
ty (Farrar & Coleman 1967). In the non-anoma-
lous zone, the median value of the specific sur-
face area is 1.58 and in the anomalous zone 14.5 
(Table 2). 

The sampling line was later extended over the 
northeastern side of the anomalous zone to the 
non-anomalous zone. Preliminary results show 
that the median values of the abundance of the 
clay fraction (M n = 6 =8.6%) in the anomalous 
zone are higher than those in the non-anomalous 
zone in the northeast (Mn=9 = 2.8%) by a factor 
of 3.1. 

Chemical composition of bedrock samples 

The chemical compositions of granite and 
granodiorite in the anomalous and non-anoma-
lous zones differed significantly from each other 
only in potassium and sodium abundances. The 
median value of sodium was lower and that of 
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Table 3 a. Median, arithmetic mean, maximum, minimum and standard deviation values of the granites and granodiorites 
in the (1) non-anomalous and (2) anomalous zones. The data are from four granite samples (Nos. 9, 10, 12, 22) and three 
granodiorite samples (Nos. 3, 11, 18) in the non-anomalous zone and four granite samples (Nos. 51, 52, 56, 57) and three 
granodiorite samples (Nos. 26, 30, 44) in the anomalous zone (see Fig. 2). The anomalous zones were determined from the 
till geochemistry (see text). 

Element Median Median Mean Mean Max. Max. Min. Min. St. dev. St. dev. 
1 2 1 2 1 2 1 2 1 2 

AI2O, % 14.2 15.2 14.4 15.2 15.9 16.4 13.5 13.7 0.79 0.93 
Fe 20, % 3.10 3.27 3.86 4.06 7.27 7.67 1.83 0.86 2.08 2.64 
CaO % 2.31 2.72 2.58 3.45 4.60 6.07 1.36 2.13 1.25 1.63 
MgO % 0.79 0.90 0.76 1.55 1.28 4.10 0.31 0.31 0.34 1.45 
K2O % 3.41 2.33 3.29 2.33 4.73 3.32 1.10 0.96 1.09 0.76 
NazO % 3.89 4.50 3.78 4.40 4.03 4.97 3.23 3.60 0.28 0.43 
MnO % 0.07 0.07 0.09 0.07 0.16 0.11 0.04 0.04 0.04 0.03 
Ni ppm 11.0 11.0 10.1 19.6 12.0 58.0 6.00 8.00 2.12 18.0 
Cu ppm 0.00 5.00 3.43 8.00 18.0 26.0 0.00 0.00 6.80 10.4 
Zn ppm 61.0 77.0 76.6 78.6 134. 132. 52.0 25.0 29.4 39.3 
Cr ppm 26.0 27.0 24.0 47.1 28.0 111. 18.0 18.0 3.70 40.2 

potassium higher in the non-anomalous zone 
than in the anomalous zone (Table 3 a). 

The concentrations of Fe, Al, Mn, Ca, K, Zn 
and Ni in mica gneisses showed statistically sig-
nificant differences between the anomalous and 
non-anomalous zones (Table 3 b). The nickel 
concentrations, in particular, were clearly higher 
in the anomalous than in the non-anomalous 
zone. The zinc concentrations were about the 
same in both areas (Fig. 1). 

It is difficult to assess the average chemical 
composition of till f rom the rock samples, be-
cause the proportions of rock types vary marked-
ly between the zones. For example, the abun-
dance of mica gneisses in the bedrock of the 
anomalous zone is very low (Fig. 1), and yet the 
importance of mica schists and micaceous rocks 
as anomaly sources is emphasized in analytical 
data based on partial leach. 

Mineralogy of the fine fraction of till 

Main silicates 

The main silicate minerals in the fine fraction 
of till on the study line are plagioclase, quartz 
and potassium feldspar (Fig. 4 a). The plagioclase 
was a Na-rich type (albite-oligoclase) rather than 

i - - J n 
anomalous I anomalous zone 

Fig. 4. Mineralogical distribution of (a) the main silicates, 
quartz, plagioclase and K-feldspar, and (b) hornblende, micas 
and the 14 Å mineral group along the study line in central 
Finland. 



Relat ionship between mineralogy and the physico-chemical propert ies of till in central Finland 45 

Table 3 b. Median, arithmetic mean, maximum, minimum and standard deviation values in the (1) non-anomalous and 
(2) anomalous zones. The data are from five mica schist samples from the non-anomalous zone (Nos. 4, 5, 6, 19, 21) and 
nine mica schist samples from the anomalous zone (Nos. 24, 25, 28, 29, 40, 41, 42, 43, 45) (see Fig. 2). The anomalous 
zones were determined from the till geochemistry (see text). 

Element Median 
1 

Median 
2 

Mean 
1 

Mean 
2 

Max. 
1 

Max. 
2 

Min. 
1 

Min. 
2 

St. dev. 
1 

St. dev. 
2 

AI2O3 % 16.0 15.0 16.7 15.1 20.5 17.8 14.8 12.8 2.24 1.36 
Fe203 % 8.03 5.92 8.44 5.63 11.7 8.50 7.20 1.68 1.84 2.21 
CaO % 5.24 2.47 5.71 3.20 8.74 6.26 3.52 0.55 1.93 1.96 
MgO % 2.14 2.99 2.46 2.70 3.73 3.71 1.26 1.24 1.10 0.76 
K2O % 1.36 2.67 1.57 2.48 2.50 3.92 0.63 1.50 0.82 0.75 
Na 2 0 % 3.07 3.74 3.17 3.50 3.98 4.49 2.36 1.66 0.66 0.04 
MnO % 0.16 0.09 0.16 0.09 0.20 0.15 0.12 0.02 0.03 0.04 
Ni ppm 14.0 24.0 17.6 31.9 38.0 55.0 6.00 10.0 12.7 16.5 
Cu ppm 14.0 27.0 17.4 25.8 48.0 51.0 0.00 0.00 19.0 16.2 
Zn ppm 124. 101. 126. 96.9 147. 124. 94.0 58.0 21.2 19.7 
Cr ppm 38.0 74.0 55.2 80.0 149.0 Cr ppm 

137. 15.0 17.0 54.5 40.5 

a Ca-rich one, as shown by its predominant re-
flections of 6.3—6.4 Å, 4.02 Å and 3.19 Å. The 
abundance of amphiboles, which were identified 
mainly as hornblende (Fig. 3), and that of the 
mica-clay mineral group account for less than 
20% of the total (Fig. 4 b). The difference in the 
abundances of the main silicates between the 
anomalous and non-anomalous zones is not very 
marked as is seen in Fig. 4 a. There were a few 
exceptions in the mineral distribution: sample 
No. 5 was poor in micas and clay minerals, No. 
8 was rich in plagioclase, No. 13 was rich in K-
feldspar, and No. 18 was rich in micas (Fig. 4). 

According to the XRD analysis, the aqua regia 
leach did not dissolve feldspars, amphiboles or 
quartz in detectable amounts (Fig. 3). It did, 
however, intensify the peaks characteristic of 
these silicates in many samples, regardless of the 
sampling site. The intensities of these stable 
minerals might increase, because the very fine 
fraction was leached away. Otherwise, the in-
creased sharpness of the diffraction peaks might 
be due to the etched surfaces from which the acid 
had leached impurities. It is, in this case, sug-
gested that the elements leached from these sili-
cates are bound to their broken surfaces. Accord-
ing to Foster (1971 and 1973), the extractability 
of metals from amphiboles can vary from under 

25% to 60%. In the same study, the extractabil-
ity of elements from quartz and feldspar was also 
low, depending on the grain size and lattice po-
sitions and bond strengths of the trace elements 
(cf. Fletcher 1981). 

Micas 

The abundance of the mica and clay mineral 
group was, on average, slightly higher in sam-
ples from the anomalous zone than in those from 
the non-anomalous zone (Fig. 4 b), but not as 
high as was expected on the basis of the distri-
bution of the clay content and the main elements 
leached in aqua regia along the study line (Fig. 
5). The proportion of micas (10 Å) relative to clay 
minerals of the 14 Å spacing varies from sample 
to sample along the study line, but the estimated 
abundance of micas is lower in the anomalous 
than in the non-anomalous zone, as shown in Fig. 
5. The only exceptionally high abundance of mica 
was observed in sample No. 18 (Fig. 4 b), which 
had a very low clay content (Table 2). 

Both di- and trioctahedral micas occurred in 
slightly weathered forms in all the samples 
studied. The predominant dioctahedral mica type 
was muscovite or sericite (main peak at 9.9 A). 
Trioctahedral micas were biotite and phlogopite 
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(10.0—10.1 Å). In untreated samples the diffrac-
tion line at 10 Å was broad, extending from 10.0 
A to 10.3 A, and was therefore attributed to illitic 
mica (Figs. 3, 6, 8). In this context, illitic mica 
is considered to be a mixed-layer mineral, either 
trioctahedral or dioctahedral. It contains variable 
amounts of a non-expanding illitic component, 
with mica as the major component. 

According to a rough estimate based on the 
XRD analyses of oriented aggregates, diocta-
hedral illitic micas are the predominant mica 
group in the non-anomalous zone and triocta-
hedral (mainly biotite) in the anomalous zone. 
As shown by the study of Soveri and Hyyppä 
(1966), in Finland the predominant mica in the 
fine fraction of till is mainly a trioctahedral type, 
as it is also in the argillaceous sediments studied 
by Sippola (1974). Note, however, that the study 

of Soveri and Hyyppä (1966) included only a few 
till samples from the bedrock areas of southern 
and central Finland. 

The abundance of trioctahedral phlogopite 
(Mg-rich) in relation to that of biotite (Fe-rich) 
varies in both areas. The reflection (1.53 Å) 
characteristic of phlogopite was observed in every 
sample from the non-anomalous zone, except 
No. 16. It was recorded occasionally in the ano-
malous II zone but in the anomalous I zone it 
was absent only from sample No. 11. 

The hot aqua regia leach had different effects 
on different mica types. After the digestion, the 
intensity of the broad 10 Å peak of illitic micas 
was reduced, whereas the intensity of the 5 A 
spacing characteristic of dioctahedral muscovite 
remained constant or was even increased (Figs. 
3 and 6). The spacing between 4.47 and 4.49 A 

non-
anomalous 

I -
anomalous zone 

Fig. 5. Calculated total sum (black line) of the main elements 
(AI, Fe, Mg, K, Ca, Na) soluble in hot aqua regia and the 
clay content (grey histograms) of samples along the study line 
in central Finland. The proportion of illitic micas (10 Å) rela-
tive to clay minerals with the 14 Å spacing was estimated from 
the reflection intensities of the 10 Å and 14 Å lines, and 
presented in the figure: the intensity of a peak is < smaller 
than, > higher than, or = equal. 

Fig. 6. X-ray diffraction traces of the oriented aggregates 
of sample No. 8 representing the sample from the non-anoma-
lous zone on the study line in central Finland. Treatments: 
C = air dried, aq = aqua regia leached, A = ANCp H 2 i ,_2 .4 

extracted, K = K saturated, AG = ANCp H 2 3_2 4 extracted and 
solvated with ethylene glycol, AH, = ANCp H 2 3_2 4 extracted 
and heated to 200°C, AH2 = A N C p H 2 3 _ 2 4 extracted and 
heated to 550°C. For other abbreviations, see Fig. 3. 
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exchange capacity 
(Ca+Mg+K+Na+AI) 

'interlayer' AI 
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Fig. 7. The exchange capacity calculated as a sum of Ca, 
Mg, K, Na and Al extracted with the NH4N03 solution (light 
grey histograms) and Al concentration in the ANC p H 2 3_ 2 4 

extraction called 'interlayered' Al (opposite numbers, black 
histograms) along the study line in central Finland. In the 
same figure the predominance (bold letters) of chloritic (chl) 
or vermiculitic (verm) layers in interstratified clays is based 
on the results of X-ray diffraction analyses. 

(020 spacing) remained after acid digestion also 
refers to the presence of insoluble dioctahedral 
mica, probably to sericite (Fig. 3 a) (Thorez 1975, 
Fanning & Keramidas 1977). 

The weak intensity of the 1.53 Å spacing at-
tributed to trioctahedral, Mg-rich phlogopite was 
observed in most samples together with the 1.54 
Å spacing of quartz after the aqua regia diges-
tion (Fig. 3). However, the intensity of the 1.53 
Å reflection decreased in most cases after the 
digestion, suggesting partial dissolution of illitic 
phlogopite (Fig. 3). Another sign of the residual 
phlogopite was a weak peak at 10.1 Å or a broad 
reflection at 10 Å, which occurred together with 
the stronger and sharper reflection at 9.9 Å at-

tributed to the dioctahedral muscovite (Figs. 3 
and 6). 

In summary, it is suggested that the triocta-
hedral micas of the fine fraction of till mostly dis-
solve in aqua regia leach, biotite totally and Mg-
phlogopite partially. But the dioctahedral micas 
(muscovite or sericite) did not significantly de-
compose in the aqua regia digestion of this study. 

Clay minerals 

The characteristics of the clay minerals in the 
oriented aggregates of the silt-clay fraction 
(<0.04 mm or <0.05 mm) did not differ signifi-
cantly from those of clay mineral types in the ag-
gregates representing the finer fraction (<0.02 
mm). The coarser fraction (<0.04 mm or <0.05 
mm) including the pure clay fraction (<0.002 
mm) used in the XRD analysis of this study did 
not only expose mixed-layer mineral types of the 
silt-sized fraction but also clay minerals of the 
clay-sized fraction. 

The clay mineral group in both the non-anom-
alous and anomalous zones is composed of 
mixed-layer clays with variable amounts of chlo-
ritic component. The randomly interstratified 
mineral with the 14 Å spacing was the main clay 
mineral, and the mixed-layer mineral with the 12 
Å spacing the accessory in most samples. Neither 
the pure illite, a nonexpanding, dioctahedral clay-
size mineral ( < 4 |im) described by Srodon and 
Eberl (1984), nor the swelling illitic types with a 
smectite component described by Wilson (1987) 
was observed. It is suggested that illitic clay exists 
as a mixed layer in micas, producing a broad 
spacing at 10.0—10.3 Å as described in the sec-
tion Micas. 

The interstratified mineral with the 14 Å 
spacing was either a vermiculite-chlorite or a 
chlorite-vermiculite, depending on the predomi-
nance of the chloritic component (Fig. 7). Nei-
ther the 14 Å nor the 12 Å clay mineral swelled 
upon ethylene glycol solvation. In all the sam-
ples studied, the 14 Å clays had Al-hydroxides 
blocking the exchange sites of the vermiculite 
component (chloritic or AI-hydroxy interlayers), 
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Fig. 8. X-ray diffraction traces of the oriented aggregates of (a) sample No. 13 and (b) sample No. 19 representing the 
anomalous zone along the study line, in central Finland. Treatments: see Fig. 6, and Ox = acid oxalate extracted, Ox 200°C = acid 
oxalate extracted and heated to 200°C, Ox 550°C = acid oxalate extracted and heated to 550°C. For abbreviations, see also 
Fig. 3. 

which prevented the interlayer space from con-
tracting to exactly 10 Å at K saturation without 
heat treatment (Figs. 6 and 8 a). Mica-vermiculite 
with a broad spacing at 12 Å also had a variable 
amount of Al-hydroxy units in the interlayer 
space (Figs. 6 and 8). 

The effect of extraction with acidic NH 4 N0 3 

( = ANCpH2.3_2.4 extraction) in getting the ver-
miculitic layer to collapse towards 10 Å is com-
parable to that obtained with K saturation (Figs. 
6 and 8). The increase in the extractability of Al 
with ANCp H 2 3_2 4 was consistent with the pre-
sence of interlayering in the clay minerals, and 
the stability of Al-hydroxy interlayers at heating. 
According to MacEvan and Wilson (1980), when 
treated with dilute acid, protons attack silicate 
layers via the interlayer region and exposed edges. 
The acidic NH 4 N0 3 solution used in the present 

study did not destroy the structure of the clay 
minerals, nor did it liberate octahedral ions, for 
instance Al, which could then have precipitated 
as hydroxy! groups in the interlayer space. It is 
thought that the ANCp H 2 3_2 4 solution extracts 
labile Al-hydroxides f rom the edges and inter-
layer space, and also from precipitates, but that 
it is a weaker extractant than the acid oxalate (see 
Fig. 8 b, and the next paragraph). Therefore, the 
Al concentration extracted with ANCp H 2 3_2 4 is 
called an 'interlayer' Al in this context. 

Acid NH4-oxalate extraction effectively 
leaches Al and Fe from precipitates (McKeague 
& Day 1966), but also Al-hydroxides tightly 
bound to interlayer spaces of clay minerals as 
shown in Fig. 8 b. In Fig. 8 b, the 14 Å spacing 
partially collapsed towards 10 Å, even at room 
temperature, after the oxalate extraction, and 
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when heated to 550°C after ANCpH2 3_24 extrac-
tion. Furthermore, after the heating, a greater 
reduction in the intensity of the 14 Å peak of the 
chloritic component was achieved by extracting 
the samples with acid oxalate rather than with 
ANCpH2 j_24 solution (Fig. 8 b). 

The degree of filling of the interlayers of clay 
minerals determined with the extraction and 
heating treatments was used to estimate the 
amount of chloritic component and the stability 
of the Al-hydroxy interlayers in the mixed-layer 
minerals. According to Barnhisell (1977), the 
more tightly the polymers are bound to the in-
terlayers the higher the temperature that is needed 
to get the 14 Å or 12 Å peak to collapse towards 
10 Å. As the filling of the interlayer space with 
hydroxy polymers approaches completeness it be-
comes increasingly difficult to distinguish the 
XRD pattern from that of chlorite (Barnhisell 
1977, Weaver 1989). Moreover, interlayering 
with hydroxy polymers impairs the exchange ca-
pacity of clay minerals (Jackson 1963, Rich 
1968). 

The 14 A peak in the oriented aggregate 
representing the anomalous zone collapsed to 10 
Å almost completely at room temperature after 
both K saturation and ANCp H 2 3_2 4 extraction. 
The distinct increase in the intensity of the 10 Å 
peak after heating at 550°C implies the presence 
of some Al-hydroxy interlayers (Fig. 8 a). Other-
wise, a complete shifting and an increase in the 
intensity of 10 Å in oriented aggregates from the 
non-anomalous and anomalous II zones were not 
observed until samples were heated to 550°C 
(Figs. 6 and 8). In both cases the residual spacing 
of 14 A observed after heating refers to the pre-
sence of a chloritic component or a high degree 
of filling (strongly bound polymeric Al-hydrox-
ides). 

In the anomalous I zone, the mixed-layer 
minerals of 14 Å have more vermiculitic compo-
nents with a weaker interlayering character than 
have those in the non-anomalous zone, where ei-
ther chloritic component or Al-hydroxy inter-
layering predominates (Fig. 7). As shown by Fig. 

7, the abundance of exchangeable cations is 
highest and that of acid-soluble Al in the inter-
layer space lowest in most of the samples from 
the anomalous I zone, thus proving the presence 
of exchangeable clay minerals. The 'true' chlo-
ritic component is present in most of the sam-
ples from the non-anomalous zone, resulting in 
lowered exchangeability of the clay minerals. In 
some samples from the anomalous II zone the 
14 Å mixed-layer mineral has vermiculitic hy-
droxy-Al interlayers, and in others weak inter-
layering, implying higher exchangeability (Figs. 
7 and 8 b). 

The abundance of the 12 Å mixed-layer clay 
varied from sample to sample. On average, the 
abundance was greater in the anomalous II zone 
than in the other two areas. The 12 Å clay was 
observed in marked concentrations in samples 
No. 8, 9, 13, 18, 20 and 21. Kaolinite was occa-
sionally observed in minor amounts in both 
zones. 

Hot aqua regia leach dissolved the clay mi-
nerals with the 12 Å and 14 Å spacings complete-
ly (Figs. 3 and 6). However, as seen in Figs. 3 
b and 6, kaolinite did not decompose in every 
case. 

Clay minerals in weathered bedrock 

The clay minerals in the composite sample of 
weathered bedrock from the anomalous zone 
were mostly illitic mica (10 Å), but minor 
amounts of mixed-layer minerals with a broad 
spacing between 13 A and 14 A and a flat reflec-
tion of 12 Å were also present. Both mixed-layer 
minerals showed very weak interlayering and 
swelled upon ethylene glycol solvation. Broad 
spacings were displayed between 14.3 Å and 18.0 
Å (Fig. 9 a), implying the presence of the expand-
able smectite component. Therefore, the clay 
mineral with the 13—14 Å spacing in weathered 
bedrock is probably a randomly interstratified 
smectite-vermiculite with weak interlayering 
character (no chlorite). Furthermore, the weak 
(almost flat) reflection at 12 Å may refer to a 

4 
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Fig. 9. X-ray diffraction traces of the oriented aggregates of the weathered bedrock from (a) anomalous and (b) non-anomalous 
zones in central Finland. For abbreviations, see Figs. 3 and 6. 

three-component, mixed-layer mica-smectite-ver-
miculite or to an isolated interstratification of 
mica-smectite mineral (Sawhney 1977). The high 
abundance of illitic mica and, overall, the small 

size of the composite sample for the grain-size 
and mineralogical separation impeded detailed 
study of the characteristics of mixed-layer min-
erals in this case. 
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Table 4. The leachability of Fe, AI and trace elements (Mn, Co, Cu, Ni, Zn) in the acid oxalate solution (subindex ox) 
and aqua regia leach (subindex aq) on the study line, in Central Finland. Samples No. 1—8 represent the non-anomalous 
zone and samples No. 9—21 the anomalous zone (shaded numbers). 

No. Feox Feaq Alox AIaq Mnox Mnaq Coox Coaq Cuox Cuaq Niox Niaq Znox Znaq 
ppm % ppm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

1 631 1.07 499 0.46 6 110 0.6 4 1.5 7 2.4 7 2.0 13 
2 412 1.25 1346 0.66 8 126 1.0 4 1.5 9 0 7 2.3 20 
3 698 1.27 1240 0.65 16 147 0 5 0.9 8 1.2 8 1.1 16 
4 3340 1.71 4058 1.21 107 257 1.5 7 4.0 16 1.1 12 1.4 32 
5 563 1.28 2262 0.72 15 131 0.2 4 1.5 8 1.0 8 2.4 13 
7 1200 1.48 2153 0.78 13 150 1.0 5 1.2 10 0.6 10 2.8 18 
8 1290 1.66 5124 1.63 1 160 0.9 8 2.7 28 1.0 18 4.1 35 

9 7580 3.80 1710 2.39 85 405 3.0 17 5.4 43 2.7 34 5.1 76 
10 7650 3.00 1107 1.89 174 459 4.4 13 4.7 28 2.0 24 3.2 53 
11 5406 3.14 866 1.68 214 518 4.6 14 7.2 30 4.1 27 10.5 58 
12 5527 2.85 2197 1.54 152 421 4.3 16 5.7 27 2.3 28 6.9 57 
13 4512 2.55 911 1.80 79 284 3.4 10 3.8 25 3.0 21 5.9 45 
14 5705 3.05 1432 1.90 140 404 3.6 13 5.1 30 1.3 24 4.9 55 
15 5242 2.12 3630 1.48 62 243 2.4 10 3.8 19 1.8 17 4.4 35 
16 812 1.11 1996 0.53 10 102 1.0 4 1.1 7 0.3 7 4.5 9 
17 5096 2.33 925 1.28 64 230 2.1 9 3.1 18 1.9 18 5.5 33 
18 1055 2.98 2103 1.98 29 259 2.5 17 2.4 46 0.2 47 4.6 65 
19 6021 3.11 2193 2.01 130 409 3.2 14 4.3 22 2.7 33 6.1 71 
20 4824 2.49 2092 1.89 51 236 3.4 12 2.0 26 1.7 27 3.6 42 
21 1962 2.33 3681 1.75 59 273 1.9 12 3.6 29 1.0 29 1.6 46 

According to the peak intensities, the propor-
tion of illitic mica relative to the clay minerals 
with 14 Å spacing was considerably lower in the 
non-anomalous zone than in the anomalous zone 
(Fig. 9). The reflection at 14 Å in the composite 
sample from the non-anomalous zone showed 
hardly any change due to K saturation and 
A N C p H 2 . 3 _ 2 . 4 extraction, implying the presence 
of pure chlorite with non-detectable vermiculitic 
layers (Fig. 9 b). The 12 Å mixed-layer clay in 
the non-anomalous zone is attributed to mica-
chlorite or hydrobiotite on the basis of its stabil-
ity at 550°C. According to observations of Rey-
nolds (1980), the diffraction patterns of mica-
chlorite and hydrobiotite are too alike to be reli-
ably distinguished. 

The predominance of less weathered biotite 
and chlorite in the composite sample from the 
non-anomalous zone might be due to material 
from the unweathered bedrock pulverized fine 
during drilling at some sampling sites. Otherwise, 
the presence of kaolinite (strong peak at 7 Å) in 

the oriented aggregate refers to the presence of 
weathered bedrock material (in cracks) at least 
at some sampling sites. Talc (9.3 Å), too, was 
present in minor amounts in the weathered bed-
rock of the non-anomalous zone (Fig. 9 b). 

Relationship between mineralogical and 
physico-chemical properties of the fine 
fraction of till 

The iron, aluminium and trace element (Co, 
Cu, Ni, Zn) contents of the fine fraction of till 
determined with aqua regia leach were distinctly 
higher in the anomalous than in the non-anoma-
lous zone (Table 4). Even though the concentra-
tions of Co, Cu, Ni, Zn extracted from inorganic 
precipitates with acid oxalate were very low, 
being near the detection limit of the method, the 
anomalous zone of the study line was still detect-
able. The only exception among the elements ex-
tracted with acid oxalate was aluminium. Its con-
centration varied from sample to sample in the 



Table 5 a. Correlation coefficients between the concentrations of elements leached with hot aqua regia, clay content (CC), specific surface area (SSA), unit weight 
(UW) and mineralogy. CHL = chlorite and other 14 Å clay minerals, MI = micas, H = hornblende, Q = quartz, PL = plagioclase, KF = K-feldspar. 

Co Cu Mn Ni Pb Zn Ba Fe Al Mg K Ca Na 5 a 
CU .8868** s" 
Mn .8866** .7839** 
Ni .9560** .8807** .8167** g : 

Pb .9137** .8651** .8562** .9014** ^ 
Zn .9701** .8926** .8962** .9419** .9146** &. 
Ba .9635** .9258** .8809** .9079** .8928** .9588** | 
•— <4 
Fe .9380** .8490** .9304** .8891** .8812** .9492** .9421** 
Al .8854** .8697** .7868** .9121** .9006** .9176** .8903** .9097** 
Mg .9652** .9089** .8872** .9359** .9131** .9850** .9717** .9590** .9342** § 
K .8918** .9669** .8000** .8567** .8661** .9090** .9263** .8477** .8492** .9263** 
Ca .3413 .2038 .6002* .2395 .3022 .3989 .4005 .5335* .2882 .4032 .2640 c 

Na .6715** .5740* .8627** .5620* .5900* .6721** .6936** .8072** .5756* .6704** .5867* .7126** 

CC .6046* .4460 .6963** .5401* .5535* .6146* .5980* .7444** .6129* .6172* .4552 .6084* .6772** o 
SSA .7226** .7411** .8276*0 .7050** .6877** .7260** .7756** .8504** .7559** .7433** .6836** .5540* .8558** ® 
UW .9261** .7977** .8606** .8719** .9053** .9223** .8977** .8937** .8692** .9126** .8448** .3279 .6213* § 
CHL .5560* .4781 .7268** .4998 .5591* .5850* .5524* .6765** .5224* .5869* .4941 .3985 .6870** ^ 
MI .5166* .5460* .4026 .4552 .5272* .5536* .4695 .4276 .4594 .5486* .6678** —.0371 .1077 § 
H .1326 .1890 —.0032 .1741 .2817 .0944 .0609 .0080 .0550 .0756 .1274 —.2127 —.1757 > 
Q —.3082 —.4401 —.3380 —.3439 —.3115 —.3998 —.3684 —.3117 —.4245 —.4383 —.5130 —.0555 —.0994 S 
PL —.4228 —.3623 —.2867 —.3488 —.2673 —.3586 —.4826 —.3860 —.3457 —.3599 —.2761 —.2574 —.2660 
KF —.1167 —.0566 .0377 —.1334 —.1578 —.0905 —.0193 —.0260 —.0490 —.1235 —.1379 .3602 .1662 

Table 5 b. Correlation coefficients between clay content, specific surface area, unit weight and mineralogy. See explana-
tions in Fig. 5 a. 

CC SSA UW CHL Ml H Q PL 

SSA .7629** 
UW .6669** .6829** 
CHL .6808** .7234** .6526** 
MI .1535 .1489 .5598* .2963 
H —.2426 —.2371 —.0379 —.3023 .2229 
Q —.2336 —.2594 —.3705 —.2159 —.4918 .2984 
PL —.1406 —.3496 —.2677 .0824 .0709 —.1079 —.1756 
KF .2635 .2938 —.1623 —.1832 —.4692 —.2752 —.0756 —.2698 
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same way as did Al extracted with ANCpH2.3_2.4 

along the study line (Table 4, Fig. 7). The con-
centration of Al was lowest in samples with pre-
dominant exchangeable vermiculitic clay miner-
als (Fig. 7). 

The relationship between the concentrations of 
elements leached with hot aqua regia and the 
physical and mineralogical properties of the fine 
fraction of till was studied with Varimax-rotated 
factor analysis. Factor 1 (total variation = 
62.2%), called a mica factor in this study, con-
tained the main elements (Fe, Al, Mg, K), all the 
trace elements (Ba, Co, Cu, Mn, Ni, Pb, Zn) and, 
of the physical properties, specific surface area, 
unit weight and mica group. As seen in Table 5 
a, the correlation coefficients between the main 
elements and the trace elements are significant. 
Moreover, in the mica factor the correlation be-
tween unit weight and chemical content is even 
better than that between unit weight and specific 
surface area. 

Factor 2 (total variation = 12.2%), called in 
this context the clay and precipitate factor, con-
tains Na, Ca, Fe, Mn, clay content, specific sur-
face area and the clay minerals with the 14 Å 
spacing. The values of the correlation coefficients 
between each variable are lower than those of the 
coefficients between the variables in the mica fac-
tor (Table 5). As expected, the clay mineral group 
of 14 Å correlates slightly better with the specific 
surface area values than with the others (Table 
4). Factors 3 and 4, which include the main sili-
cates minerals, were less significant (cf. Mäkinen 
1992). 

The matrix configuration (Table 5) of the 
selected variables is visualized with multidimen-
sional scaling in Fig. 10. The unit weight corre-
lates best with the chemical variables, as also 
reported by Mäkinen (1992). According to fac-
tor analysis, most of the trace elements and 
values of unit weight are related to the occurrence 
of micas. 

The significant correlation between the main 
elements (Fe, Al, Mg, K) characteristic of micas 
and clay minerals and the trace elements (Co, Cu, 

* Na *Cu 
* SSA *K 

*Ca 

* Ba 

* Fe C n * Ni 
* Pb 
* AI 

* UW 

CC 
D 1 

Fig. 10. Multidimensional scaling of the rank correlation 
matrix. For abbreviations, see Table 5. 

Mn, Ni, Pb, Zn) implies that the trace elements 
in both the anomalous and non-anomalous zones 
are mostly incorporated in the structures of micas 
and clay minerals. Moreover, the concentrations 
of Co, Cu, Ni and Zn in iron precipitates were 
too low to refer to a hydromorphic origin of the 
anomalous zone in till. 

Origin of clay minerals in the fine fraction 
of till 

The predominance of illitic mica and chloritic 
component in the clay mineralogy the only simi-
larity between the weathered bedrock in and 
the till samples from the non-anomalous zone. 
Otherwise, the similarities between the weathered 
bedrock and till were minor in both study area 
types. 

The mixed-layer minerals in the till samples 
have a non-expanding vermiculite component 
with variable amounts of the mica or chlorite 
component in both the non-anomalous and the 
anomalous (I, II) zones (Fig. 7). The absence of 
the swelling smectite component from the till 
samples indicates that the source of their ver-
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miculitic clay types is not the underlying weath-
ered bedrock, especially in the anomalous area. 
Furthermore, the Al-hydroxy interlayering was 
lacking or only weakly developed in the samples 
of weathered bedrock, in striking contrast to 
its predominance in till samples f rom the non-
anomalous zone, and its variable occurrence in 
the anomalous I and II zones. However, it is un-
likely that the original smectite component had 
been transformed into a vermiculitic clay type 
with Al-hydroxy interlayers during postglacial 
weathering. 

Generally, the chemical weathering of clay 
minerals shows the following sequence (Weaver 
1989, Wilson 1970, see also Melkerud 1984): 

mica-illite — illite-vermiculite — vermiculite — 
vermiculite-smectite — smectite 

chlorite — (chlorite-swelling chlorite) —-
chlorite-vermiculite — smectite 

or chlorite and chlorite-vermiculite simply 
decompose into an amorphous phase rather than 
being transformed into another clay mineral, es-
pecially under acid conditions (McKeague & 
Brydon 1970, Bain 1977, Kodarna 1979, Church-
man 1980). 

The presence of the smectite component in the 
mixed-layer mineral indicates a higher weather-
ing degree in the weathered bedrock than does 
the vermiculite in the overlying till. The combi-
nation of chlorite, vermiculite and mica-vermicu-
lite of 12 A reflects moderate weathering in a cold 
and temperate climate and, generally, represents 
a common clay group in glacial deposits (Koda-
rna & Brydon 1968, Weaver 1989). According to 
studies of Weaver (1958 and 1989), vermiculite 
and mixed-layer mica-vermiculite are rare in ma-
rine sediments, but they do occur in continental 
sediments. Sippola (1974) has observed a swell-
ing interstratified clay-type smectite-vermiculite 
in the argillaceous soils of southern Finland. 

Acidic percolating waters in soils mostly acti-
vate Al hydroxides to precipitate in the interlayer 

space of vermiculite, not only in vermiculites of 
the clay fraction but also in those of the silt frac-
tion (Jackson 1963, Carstea 1968, Carstea et al. 
1970). Carstea et al. (1970) have shown that Al 
interlayers can be formed in vermiculites, even 
in a short period of time. According to studies 
of Jackson (1963) and Rich (1968), interlayering 
appears to form at pH 5.0, at sites where there 
is low organic matter and frequent wetting and 
drying. This process is generally observed in the 
B and BC layers of podzols in glaciated regions 
(Kapoor 1972, Melkerud 1984, Räisänen & 
Jylänki 1990). 

In the present study, however, the interlayered 
mixed-layer minerals were identified from the 
parent till at a depth of 1—3 m. The pH of the 
till samples varied from 4.5 to 5.3 (one exception: 
sample No. 15 with pH 4.3). This implies slight-
ly acidic conditions at the sampling depth, which 
was less than 50 cm as measured from the un-
covered surface on the bottom of the road cut-
ting. The pH of till layers at a depth greater than 
1.5 m from the surface soil is generally higher 
(above 6) than the pH values of the till measured 
in this study (Nuotio et al. 1990). Because of the 
variable occurrence of Al-hydroxy interlayers in 
clay minerals along the study line, the inter-
layering may be formed more likely in postgla-
cial than in interstadial or interglacial time. Fur-
thermore, the lability of the interlayering at some 
sampling sites seems to be promoted by contem-
porary acidic leaching caused by water perco-
lating through the thin till layer. However, the 
definite evidence of postglacial weathering needs 
more attention in vertical profiles from the 
weathered bedrock up to topsoil. 

The till with vermiculitic clay minerals, which 
is the predominant type in the anomalous zone, 
contains old sediments weathered in interstadial 
or interglacial time. The till in the non-anomalous 
zone is richer in sandy fraction than the till in 
the anomalous zone but is less mixed with old 
sediments owing to the different dynamics of 
transport and the accumulation of överdrift. 
Thus, the differences observed in the trace ele-
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ment contents of mica gneiss between the non-
anomalous and anomalous zones are masked by 
glacial process (cf. Mäkinen 1991, 1992). 

Conclusions 

This study of the chemical and physical charac-
teristics of the fine fraction of till in the area of 
the Raahe-Ladoga metallogenic belt in central 
Finland has led to the following conclusions. 
Concentrations of elements leached with hot 
aqua regia, and the clay content of the fine frac-
tion of till were found to change abruptly in the 
area from southwest (non-anomalous zone) to 
northeast (anomalous zone). The significant 
correlation between the main elements (Fe, AI, 
Mg, K) characteristic of the micas (biotite) and 
clay minerals and the trace elements (Co, Cu, 
Mn, Ni, Pb, Zn) dissolved in aqua regia implies 
that the trace elements in both zones are mostly 
bound to structures of the micas and clay min-
erals. Moreover, the concentrations of Co, Cu, 
Ni and Zn in the iron precipitates extracted with 
acid oxalate were too low to be used as evidence 
of the hydromorphic origin of the anomalous 
zone in the fine fraction of till. 

The main factor affecting the increased ele-
ment concentrations in the anomalous zone ap-
pears to be the variation in mica and clay min-
eral types. The dioctahedral illitic micas, which 
were insoluble in hot aqua regia, occur as the pre-
dominant mica group in the non-anomalous 
zone, whereas the trioctahedral (Fe-rich) micas, 
which did dissolve in the leach, dominate in the 
anomalous zone. Furthermore, the mixed-layer 
clay minerals differed in characteristics from the 
others, having more vermiculitic components 
with higher exchangeability in the anomalous 
zone than in the non-anomalous zone. In the 
non-anomalous zone the mixed-layer minerals 
had either a predominant chloritic component or 
Al-hydroxy interlayering. 

However, the semiquantitative abundances 
and types of the main silicates (feldspars, quartz) 
did not vary much in the fine fraction in relation 
to the physical properties of the till types. The 
aqua regia leach did not dissolve feldspars, am-
phiboles and quartz as well as it did micas and 
clay minerals. It is suggested that the elements 
leached in minor amounts from feldspars and 
amphiboles are bound to their broken surfaces. 

The absence of the swelling smectite compo-
nent from the surface layers of the till indicates 
that the source of their vermiculitic clay types was 
not the underlying weathered bedrock, especial-
ly in the anomalous area of this study. The till 
was intermixed with old sediments weathered 
during interstadial or interglacial time to a greater 
extent than was the till poor in clay in the non-
anomalous zone. The abrupt change in the miner-
alogical and physical properties of the till in the 
study area is attributed to the different transport 
and accumulation dynamics of overburden dur-
ing deglaciation. 

The variable occurrence of Al-hydroxy inter-
layers in the surface layers of the till indicates that 
the interlayering was more probably formed dur-
ing postglacial than interstadial or interglacial 
time. However, in further studies samples should 
be taken from deep enough or from the whole 
profile, starting with the weathered bedrock and 
continuing up to the topsoil to avoid the sec-
ondary effects of contemporary acidic leaching. 
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