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The vertical distribution of the total contents assayed by Dc-Arc ES analysis of 28 trace elements and 6 major elements measured by
ICP-MS within 53 complete soil profiles in Lithuania are presented. Models of the soil profiles were created, each having the master soil
horizons A, E, B and C. Median values of elements in the master horizons of different texture were used in place of missing samples,
while aberrant samples were discarded. The absolute average deviation (G) was taken to measure the variability of the data subsets and
thus to check the reliability of location of the element contents within the soil profile. Within the context of the different actions of the
various soil-forming processes (podzolization, lessivage, gleyfication, humification and so on) the general patterns of vertical element
distribution were revealed. Element depletion is dominant in the soils of Lithuania. The most easily removed are the alkaline elements Ca
and Mg, while U, B, Th, As, Co, Cr, Sr, Y, Mo, La, Sc, Yb, Ti, P and K are depleted through the whole soil profile. Ag, Pb, Sn and Mn
were defined as the accumulative elements in the surface A-horizon and might be influenced by anthropogenic or biogenic processes. A
relative accumulation of Zr, Ba and Nb was observed in the surface A-horizon, and this seems to be related to the weathering of resistant
minerals. Levels of Fe, Li, Al, V, Zn, Ga, Ni, Cu and Rb were ascribed to elements precipitated in the soil illuvial B-horizon due to soil
formation processes. Na, K, Sr, B, U, As, Co Rb and Yb were found to be the most immobile elements within typical soil profiles, while
Ag, Zn, Sc, Ba, Cu, Zr, Fe La, Th and Ca are the most mobile elements and affected by a variety of natural and human factors.
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INTRODUCTION Blaser ef al., 2000; Hernandez et al., 2003). The enrichment of
surface soil horizons in certain metals has been reported: by
lead and cadmium in France, and by lead and zinc, as well as by

arsenic and cupper, though to a lesser extent, in Switzerland.

files is investigated nowadays for a variety of purposes. Mod-
ern agricultural recommendations are derived from the last
century’s research into soil fertility, regarding the total depth
reached by plant roots. Recent investigations are aimed more at
the release and immobilization of contaminants added to soil
with sewage sludge or fertilizers (Agbenin and Fe-
lix-Henningsen, 2001; Morera et al., 2001; Kaschl et al.,
2002). Depletion and redistribution of nutrients has been ob-
served in soil after clear-cutting down and firing of forests, as
well as after afforestation (Kutiel and Inbar, 1993; Berthelsen
and Steinnes, 1995; Lahdenpera, 1999; Andersen et al., 2002).
The impact of airborn dust on undisturbed soil and the behav-
iour of heavy metals within soil profile has been investigated
mainly in supposedly non-polluted forests and boggy sites,
which are rich in organic soil matter (Shotyk et al., 1992;

The spatial distribution of elements and an increase in nickel,
iron and chromium in the mineral-humus soil horizons of
Western Poland has been related to the vertical distribution of
these partly aerially-derived elements (Degorski, 1998). Un-
derstanding the location of trace elements in soil profiles also
helps to provide correlations within geochemical maps of trace
element contents, obtained by stream sediment and topsoil
analyses (Berrow and Mitchell, 1991).

This study analyses the patterns of spatial element distribu-
tion, established during national geochemical mapping across
Lithuania, the data being derived from topsoil and stream sedi-
ments (Kadtinas ef al., 1999). This study of vertical element
distribution also helped to evaluate both the natural and human
factors acting on soil chemistry prior to calculation of element
background values in topsoil. Assessment of the element distri-
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Fig. 1. Total distribution of soil profile sampling sites in Lithuania

bution within soil profiles provide a basis for establishing
long-term and wide spread predictable changes in soil and
groundwater quality. This study also updates understanding of
element migration through multi-layered mineral media in a
boreal climate zone with an excess of precipitation.

METHODS

Pedological studies of complete soil profiles were carried
out within the project “Geochemical Atlas of Lithuania”
(Kadiinas et al., 1999). 249 soil samples were taken from the
master horizons A, E, B, BC and C of 53 complete soil profiles.
The selection of sampling sites was designed to cover the na-
tional territory evenly and to represent the dominant soil types
(Fig. 1). Both forest and agricultural soils were collected ac-
cording to the dominant land use and soil parent material in the
sampling area; and site selection was carried out to establish a
maximum distance to roads, villages, industry and others
sources of human activity.

Descriptions of soil profile texture was made in the field us-
ing national soil maps at a scale of 1:50 000, and later the
grain-size classes were revised in selected samples by a com-
bined sieve and pipette method in the laboratory. The samples
were analysed in the Spectral Laboratory of the Institute of Ge-
ology and Geography of Lithuania by Dc-Arc ES for the total
content of 28 trace elements. The loss on ignition (LOI) was
calculated after soil burning at a temperature of 450°C, and de-
termination of pH was made using glass electrodes in a 1:5 sus-

pension of soil in water. The total content of major and trace el-
ements in a 4-acid digestion (HNO;-HC1O4-HF-HCI) was de-
termined in Acme Analytical Laboratories Ltd. of Canada by
ICP-MS to provide internationally comparable data. Data on
the major elements Al, Ca, Fe, K, Mg, Na from Acme Labora-
tory and data on the trace elements Ag, As, B, Ba, Co, Cr, Cu,
Ga, Y, Yb, La, Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Sc, Sn, Sr, Th,
Ti, U, V, Zn, Zr from Spectral Laboratory is discussed here.

The entire dataset was separated into subsets for the master
soil horizons A, E, B and C and statistical parameters (median,
arithmetical average and standard deviation) were calculated.
The same statistical data was calculated for the different soil ho-
rizons according to the soil texture, i.e. for sand, sandy loam and
loam/clay horizons separately. The median values of elements in
the master horizons of different texture are shown in Table 1.

In reality, not all soil profiles consist of the same sequence
of horizons, thus, from the data, 53 soil profile models with
159 samples were created, each of them having samples from
all the master horizons A, E, B and C. The atypical samples,
e.g. of buried organic horizons and of soil layers with specific
diagnostic properties, were not included in the soil profile
models. Missing samples of some master horizons were re-
placed with element median values of the corresponding soil
horizon of corresponding texture. Most of the modifications
were done for the E-horizon.

The absolute average deviation (G) was used to measure the
variability of the data and to check the probability of location of
the element contents within the soil profile. The parameter 6
was calculated by the formula:
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Table 1
Median values of elements in the master soil horizons of different texture

Z A-horizon E-horizon B-horizon C-horizon
;éé sand  Sndylobw o whOle | sang Sady IR an | osand PRY MW an | sand 'R an

n=10 n=29 n=14 n=53 | n=13 n=12 n=18 n=43 | n=15 n=6 n=31 n=52| n=13 n=40 n=53
Ag 0.088  0.105  0.088 0.096 0.079 0.079  0.076  0.079 | 0.079 0.098 0.076  0.084 | 0.094 0.064 0.068
As 2.0 2.9 4.0 2.9 2.4 3.6 4.2 3.6 2.5 3.75 4 3.4 2.7 4.8 4.4
B 22 30 36 30 22 32 37 32 27 34 49 43 24 50 46
Ba 198 365 475 342 230 358 435 347 228 252 337 298 253 325 312
Co 2.6 6.4 7.2 6.7 3.1 7.1 8.2 7.0 4.5 7.5 8.9 8.4 34 9.4 8.6
Cr 14 40 45 41 18 45 48 42 22 43 63 50 19 55 52
Cu 4.9 7.7 9.5 7.8 3.0 6.6 9.7 6.7 5.0 8.9 12.7 11.4 4.0 12.7 11.7
Ga 5.0 7.8 8.0 7.8 5.4 8.2 9.1 7.6 6.2 8.3 10.6 9.7 4.2 10.1 9.7
Y 8.0 15.6 18.5 15.3 59 17.6 17.3 15.6 8.0 18.6 17.4 15.4 9.4 21.8 18.9
Yb 1.34 2.28 2.47 2.21 1.00 2.29 2.54 2.16 1.30 2.46 2.57 2.32 1.39 2.75 2.62
La 16.8 25.6 27.2 24.6 17.0 22.0 26.6 22.8 18.0 27.4 26.9 252 17.9 322 28.7
Li 10.7 17.1 20.0 17.3 11.9 16.9 19.2 16.6 14.0 18.6 24.1 19.7 12.5 21.4 19.2
Mn 406 475 454 464 168 420 459 387 350 477 423 423 281 489 458
Mo 0.65 0.75 0.77 0.75 0.62 0.67 0.71 0.68 0.69 0.83 0.79 0.78 0.64 0.98 0.95
Nb 12.6 13.5 13.8 133 10.9 13.7 14.7 13.6 10.8 13.8 133 11.8 12.9 13.7 13.6
Ni 6.3 13.6 17.9 14.2 7.5 15.8 19.2 15.7 9.9 22.4 29.4 233 7.0 253 24.4
P 446 558 475 506 403 356 358 372 403 474 404 405 471 582 539
Pb 17.7 19.5 18.7 19.0 12.9 15.1 17.9 15.8 14.7 19.1 16.7 15.8 11.4 15.6 14.9
Rb 31 65 77 65 42 69 90 68 40 65 87 68 41 83 77
Sc 1.92 6.12 8.20 5.97 1.49 5.82 8.12 5.89 2.48 5.08 8.09 6.44 2.14 8.14 7.21
Sn 2.05 2.41 2.40 2.28 1.87 2.58 2.69 2.32 2.10 2.83 3.35 2.75 1.93 2.47 2.29
Sr 54 83 91 82 65 81 92 80 68 83 86 83 64 103 97
Th 2.1 4.6 5.3 4.6 3.9 5.1 6.4 5.0 4.0 5.4 6.4 5.8 3.7 6.7 6.0
Ti 1287 3040 3022 2688 1297 2699 3196 2716 1085 2360 3023 2635 1389 3026 2922
U 1.3 2.3 2.6 23 2.2 2.4 2.7 2.4 2.2 2.3 3.0 2.8 2.3 3.6 32
A\ 17 40 46 40 17 43 55 47 27 50 71 65 18 67 62
Zn 16 35 34 33 12 30 46 33 18 34 48 39 10 38 37
Zr 168 273 260 254 208 290 241 235 135 269 212 191 154 194 191
[%]
Al 1.63 3.04 4.15 3.14 1.79 3.26 4.24 3.37 2.16 3.13 4.65 3.59 1.75 4.02 3.86
Ca 0.21 0.45 0.66 0.46 0.18 0.34 0.49 0.33 0.24 0.46 0.53 0.44 0.23 4.23 1.91
Fe 0.42 1.19 1.71 1.21 0.45 1.12 1.80 1.26 0.69 1.28 2.25 1.67 0.34 1.96 1.65
K 1.07 1.80 2.12 1.80 1.14 2.01 2.16 1.93 1.33 1.71 2.34 1.97 1.18 2.14 2.08
Mg 0.06 0.29 0.54 0.30 0.08 0.26 0.50 0.33 0.18 0.39 0.67 0.52 0.08 1.23 0.95
Na 0.27 0.43 0.46 0.43 0.38 0.50 0.46 0.44 0.37 0.45 0.43 0.42 0.38 0.44 0.42

o= Fh-x

where: n — the number of samples, x — the element content in the n-sam-
ple and x — the arithmetical average.

Instead of measured concentrations, selected ratios were
used to avoid the influence of measurement units in the (o) cal-
culations. Several absolute average deviations were applied in
order to smooth out unusual fluctuations in element content and
reveal regularities in element distribution within the soil profile:

o1 — the variability of elements in the whole dataset (the
ratio of element content in each real sample to the element me-
dian value of the C-horizon data subset (7x/Cyyq) is used in the
calculation);

02 — the variability of elements in the whole model dataset
(the ratio of element content in each sample of this set to the ele-
ment median value of the C-horizon data subset (tx/Cyyq) s used
in the calculation);

03 — the variability in the element contents within the
model soil profile in comparison to the soil parent material of
the same profile (the ratio of element content in the master hori-
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Table 2

Total contents of some elements in soil profile No. 35 (Stagni-Eutric Podzoluvisol)

Gon | Temy | Testwe | pH |68 | | (oo | (ppm] | (pom] | (ppm]
Ap 0-26 sandy loam 7.35 | 0.49 316 12.0 40 6.5 14.4
AE 2640 loam 6.9 0.37 351 12.2 51 6.8 15.6
E 40-44 loam 7.05 | 0.36 352 13.7 55 6.6 12.7
Bt 44-75 | silty clay loam | 7.45 | 0.42 270 23.2 71 10.1 20.3
BCkg 75-105 clay loam 8.65 1.91 243 34.9 116 16.5 243

The suffix letters used to qualify the master horizons: p — disturbed by ploughing; t — illuvial ac-
cumulation of clay; k — accumulation of calcium carbonate; g — gleyic properties pattern ex-
pressed by mottles reflecting variations in oxidation and reduction

Table 3

Total contents of some elements in soil profile No. 33 (Eutric Podzoluvisol)

Hori- | Depth Fe Ba As Cu U Sc
zon | [em] Texture PH 1 196] | [ppm] | [ppm] | [ppm] | [ppm] | [ppm]
Ap 0-27 sandy loam 6.7 1.07 317 2.6 7.7 2.6 4.80

AE 27-35 loam 6.35 | 1.56 | 443 3.6 13.8 22 6.40
Bs 35-64 clay loam 6.65 | 2.64 | 543 4.7 33.0 3.0 8.73
Ck 64-100 | sandy clay loam | 8.7 1.54 | 196 4.1 25.5 2.8 5.50

s — accumulation of sesquioxides; other explanations as on Table 2

Table 4

Total contents of some elements in soil profile No. 8 (Stagnic Luvisol)

Son | Tew) | Texwre | o | ph | (opm) | (ppm | (ppwi | pbmi | (oo
Ap 0-30 | sandy loam | 7.2 6.9 38 27 15.4 15 36
E 30-53 loam 7.4 8.8 60 35 21.5 24 57
Ej 53-65 loam 7.8 8.7 58 30 21.2 20 40
Bt 65-76 silt loam 8.4 14.4 106 58 23.1 48 96
Ck 76-100 | clay loam 8.5 12.6 64 45 10.6 37 77

j — stagnic properties expressed by occurrence of jarosite; other explanations as on Table 2

Table 5

Total contents of some elements in soil profile No. 37 (Carbi-Gleyic Podzol)

Hori- | Depth Texture LOI Sn P Mn La Y Zn
zon [cm] [%] | [ppm] | [ppm] | [ppm] | [ppm] | [ppm] | [ppm]
Ap 0-25 sand 4.5 2.20 573 191 25.8 11.5 11.5
Ob 25-35 | org. matter | 34.1 0.92 | 1188 73 19.1 9.9 7.9
E 25-45 sand 2.1 1.76 490 142 10.8 5.9 9.8
Bh 45-50 sand 1.9 1.96 324 157 16.7 8.4 9.8
Bs 50-68 sand 1.4 1.58 325 148 17.7 7.5 9.9
BC 68-106 sand 0.3 1.50 319 160 18.9 10.0 11.0
Cr 106-136 sand 0.3 2.09 299 189 359 12.0 12.0

b — buried soil horizon; h — accumulation of organic matter in mineral horizon; r — strong reduc-
tion as a result of ground water permanent presence; LOI — loss on ignition; other explanations as
on Tables 2 and 3

zon sample to the real element content in
the C-horizon (Ax/Cx, Ex/Cx, Bx/Cx,) is
used in the calculation);

04 — the variability of elements
within the model soil profile by the master
horizons (horizon by horizon) as the ra-
tios of element contents between the con-
tiguous master horizons (Ax/Ex, Ex/Bx,
Bx/Cx,) is used in the calculation.

TOTAL ELEMENT CONTENTS
IN THE SOIL HORIZONS

All the soils in Lithuania are devel-
oped on the more or less mechani-
cally-comminuted and re-sorted Quater-
nary deposits of the various stages of
Weichselian and Saalian glaciations:
basal and marginal glacial loam and
sandy loam, glaciofluvial sand and
gravel, glaciolacustrine sand and clay, i.e.
a more or less uniform parent material
(Guobyte, 1998).

In reality, not only vertical but also
horizontal (spatial) chemical variation in
the soils is apparent and this means that
variations should also be interpreted in the
light of pedochemical processes such as
podzolization, lessivage, gleyfication and
humification (Gregorauskien¢, 1997).

The effect of podzolization could
clearly be identified by the element distri-
bution in the soil profiles that are devel-
oped on marginal tills of various ages on
the East Lithuanian highland. An almost
equal element depletion is observed in the
moderately drained cultivated Stagni-
Eutric Podzoluvisol developed on the mar-
ginal till of the oldest stage of the Late
Weichselian Glaciation (Table 2). Carbon-
ates are leached to a depth of 75 cm and the
Ca value in the BCkg-horizon is 5.3 times
higher than in the E-horizon. The higher
values of Zr in the upper soil horizons, par-
ticularly in the eluvial E-horizon, reflect
also a relative increase in the content of
minerals resistant to weathering. On the
other hand, V, Ga, Li, Ni and other ele-
ments are related to the clay fraction and
accumulate in the illuvial Bt-horizon. The
textural changes also indicate the possible
vertical translocation of elements related to
the fine-grained soil fraction.

The element depletion in the freely
drained cultivated Eutric Podzoluvisol,
developed on the younger marginal till, in
comparison to the previously mentioned
soil is also recognized by pH,, , values.
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The latter values indicate very alkaline condi- Table 6
tions preS.th mn the parent matenalf while neu- Total contents of some elements in soil profile No. 43 (Anthric Histosol)
tral-subacid conditions are present in the upper
part of the soil profile (Table 3). In the context of Hori- ?ept]h Texture | pH 1[409]1 [ g 1T Pb i Sn 1 Cr 1 Zn ]
. . . . . zon cm m m m m m
the general depletion, the illuvial Bs-horizon is > | 1PP PP PP PP PP
clearly enriched in Fe. U. Ba. As. Sc. Cu and Ap 0-16 | org. matter | 7.35 | 46.0 | 0.130 | 36.7 3.24 48.6 151
2 2 9 2 b
other elements that bind to clay minerals and ox- Hb | 16-44 | org. matter | 7 49.510076 | 5.1 | 116 1 197 40
ides-hydroxides, especially when compared to BCg | 44-62 | clayloam | 8.15| 4.0 | 0.054 | 13.4 1.82 38.4 59
the eluvial AE-horizon. Cg 62-82 | clay loam | 8.55| 4.5 | 0.048 10.5 1.81 45.8 38
The vertical movement of elements (Co, Cr,
B, Ni, Nb and V) prevailing in the fine fraction of  other explanations as on Tables 2 and 5
the soil is noticeable in the moderately drained
cultivated Stagnic Luvisol formed on the young Table 7

basal till composed of two distinct units, tempo-
rarily suffering a water excess (Table 4). These

Total contents of some elements in soil profile No. 3 (Stagni-Calcaric Cambisol)

trace elements are leached from the overlying Hori- | Depth | o e | py | LOT| Ca Mg Ti Al Cu

water-saturated Ej-horizon when changing from zon | [em] 6] | [%] | [%] | [%] | [%] | [plpm

oxidising to reducing conditions and vice versa | AP 0-20 | loam |7.25| 7.0 | 076 | 0.62 | 0.298 | 4.38 | 12.1

and accumulated in the undeﬂying Bt-horizon Bt 20-36 | clay loam | 8.05 | 7.5 0.71 1.83 | 0.278 | 8.34 20.4

enriched in clay and silt particles. Bgk | 36-60 |clayloam |8.8 | 5.5 | 7.66 | 2.35 | 0.406 | 6.78 | 12.3
A similar mobility of trace elements is no- Bk 60-62 | clay loam | 8.85 | 5.3 | 16.29 | 1.92 | 0.218 | 4.35 7.1

ticed in the Carbi-Gleyic Podzol formed on the BCg | 62-98 |clayloam | 8.9 | 42 | 4.16 | 2.11 | 0326 | 522 | 4938

glaciolacustrine sand of the South Lithuanian

phase (Table 5). The gleyic Cr—horizgn, Perma- o explanations as on Table 2

nently groundwater-saturated, contains increa-

sed amounts of elements leached from the up-

per horizons. This sampling site was on an ara- Table 8

ble field cultivated in the former forest, thus
here we can observe the influence of soil or-

Total contents of some elements in soil profile No. 49 (Hapli-Albic Arenosol)

ganic matter on the redistribution of elements, Hori- | Depth | Tex- | o [LOI| AL [ Pb Ag Sr 7
both geogenic and agrogenic in origin. The zon | [em] | twre | P [%] | [%] | [ppm] | [ppm] | [ppm] | [ppm]
buried discontinuous Ob-horizon (partly min- A 323 | sand | 54 | 1 |135| 104 | 0.089 46 257
eralized roots and peat) contains much bio- E 2344 | sand | 545 | 02 [143| 7.0 | 0.050 48 210
genic P and is depleted in Sn, Mn, and Zn. The | 4470 | sand | 575 | 02 |1.44| 80 | 0.060 | 43 135
ploughed A-horizon is enriched in agrogenic | gc | 70-120 | sand | 575 | 02 |1.55| 80 | 0.060 | 64 110

La, Y, Sn and Zn. The same pattern is observed
in the Cr-horizon, i.e the agrogenic elements
migrate easily through the sand soil profile into those parts of
the soil that are lower than the groundwater level.

Organic matter in soil is important as regards the sorption
capacity of chemical elements, and this affects the redistribu-
tion of elements within the soil profile (Shotyk et al., 1992).
The accumulation of airborne and agrogenic elements contami-
nants in soil organic matter may be seen in the poorly drained
cultivated Anthric Histosol on the calcareous basal till of the
South Lithuanian phase (Table 6). The contents of Ag, Pb, Sn,
Crand Zn increase several times in the surface-ploughed A-ho-
rizon when compared to the lower non-cultivated histic H-hori-
zon consisting of peat.

Element redistribution through the calcification process is
observed in the poorly drained cultivated Stagni-Calcaric
Cambisol on the youngest calcareous basal till of the North
Lithuanian phase (Table 7). A continuous powder-like calcic
horizon is found here at a depth of 60—62 cm. The precipita-
tion of carbonates via evaporation from the carbonate-satu-
rated pore water takes place during summertime (the average
soil temperature in July is +18°C) at the upper boundary of the

permanently wet BC-horizon. Nodules and thin ‘veins’ of cal-
cite are observed in the upper part of section, at a depth of
36—60 cm.

The soil-forming processes are clearly reflected in the
chemical composition of the loam-clay soils, i.e. the total con-
tents of the major and trace elements show element redistribu-
tion through a soil profile. The element distribution is more
even in sandy soils, this type of soil having a more homogenous
texture. The variations of most elements within a profile reflect
rather analytical error fluctuation at (and below) the detection
limits. However, in the very well-drained forested Hapli-Albic
Arenosol on the glaciofluvial sand (remade by eolian pro-
cesses) of the oldest stage of the Late Weichselian Glaciation,
the total element contents (Al, Sr and some others) differ nota-
bly between the contiguous soil horizons (Table 8). The signifi-
cant increase of Zr and Yb may be related to the weathering-re-
sistant minerals while an increase of airborne Pb, Ag and Sn is
observed in the surface mineral A-horizon and has accumu-
lated in the forest litter.
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Fig. 2. Variability of element contents in the whole real dataset (1) and in the whole dataset of the 53 model soil profiles (52)

REGULARITIES OF VERTICAL
ELEMENT DISTRIBUTION

The variability in element contents in the whole dataset of
the 53 model soil profiles has been analysed. Variations in Ca,
Mg and Ba contents related to the individual characteristic of the
calcareous soil parent material were smoothed, eliminating sam-
ples from specific soil-diagnostic horizons (Fig. 2). But, the
variability in Fe, Ni, S¢, U and Th related to the particular devel-
opment of the B-horizon was also decreased. In the same way,
fluctuations in Mo and P, being clearly related to the buried or-
ganic matter in the soil in some variable soil layers, were also
smoothed. The variability in Ag, Zr and, to a slight extent, in Pb
and Sn, was increased mainly because of the soil texture hetero-
geneity in the dataset and the local human impact on some sam-
ples of the real soil profiles.

Comparison of the chemical composition of topsoil and soil
parent material reveals dominant element depletion process in
the soils of Lithuania: contents of trace elements in the topsoil
are on average 8% lower, and of major elements 34% lower,
than in the parent material (Gregorauskiené and Kadiinas,

2000). Only contents of trace elements related to weather-
ing-resistant minerals (Zr, Ba and Nb) and the
biogenic-anthropogenic elements (Ag, Pb, Sn and Mn) are
higher in topsoil than in subsoil (Fig. 3).

The character and intensity of the depletion process de-
pends also on the soil profile texture. Berrow and Mitchell
(1991) has shown that such elements as Ti, Zr, La and Y,
contained in resistant minerals, accumulate in silt and fine
sand. This element removal is also clearly visible in the soils
of Lithuania, particularly as regards the chemical composi-
tion of loam-clay soil (Kadiinas and Gregorauskiené, 1999).
Nevertheless, the contents of Ag, Pb, Sn, Zr, Ba, Nb and Na
in the topsoil are greater than in the soil parent material. The
surface A-horizon of the sandy soil profile in addition is en-
riched with P, Mn, Zn, Yb, Al and Sc. The depletion in many
other elements, e.g. Ca, Mg, Ni, As, Ga, and Mo, is less dis-
tinct. There are a few reasons for this phenomenon. Firstly,
the chemical composition of the surface horizon in sandy soil
reflects mainly the primary weathering-resistant silicates and
avery small amount of clay minerals. Secondly, elements de-
rived from forestry and agriculture practices noticeably pre-
cipitate in the topsoil. In loam-clay soil this precipitation is

4 3 D sand n= 13
250 - |:| Ioam clay n= 40
: : : : : : : : : : : : - a" :n =53 :
2.00 1 : f f f : : : : : : :
Té“ 1.50 | ﬂ ’—I_i ’—l—.
E Mi Fmﬂ ﬂ.
2 4 0o I H:= !—l—. I_I_I J—. |—. |‘|_l
C/A Ca Mg Co
T 405 | : : : : : : : : ;Osandn=13 .
é ' ; ; 5 5 5 5 : : o Ioa'm-clay'n = 40,
| . | | . | . . .
H H H H H | H H
5 0957 : : : (HE : :|_| :U |_|_l U
2 0.80 - 5
(6]
[0
& 0.65 -
CA Sc Mo Rb Ti A K Yb Zn P Na Mn Nb Ag
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camouflaged by an active depletion of the weathered non-sili-
cate primary minerals.

The elements were grouped according to their location
within the model soil profile. The elements that accumulate in
the soil top A-horizon (Ag, Ba, Mn, Na, Nb, Pb, Sn and Zr)
were ascribed to the first group according to the ratio of the
A-horizon element medians to the median values in the soil
parent material (Fig. 4a).

A study of the model soil profile, horizon by horizon, as re-
gards the two subgroups of elements reveals: Zr, Ba, Nb and
Na elements that show relatively increases in the eluvial E-ho-
rizon; Ag, Mn, Pb and Sn elements that show increases in the
top A-horizon, depletions in the eluvial E-horizon and are pre-
cipitated in the illuvial B-horizon (Fig. 4b). The first ones are
related to the resistant minerals that remain after most other pri-
mary minerals have disappeared due to the soil-forming pro-
cesses (Dixon, 1977). The second ones are anthropogenic and
biogenic elements in part and accumulate in the soil organic
matter in the top A-horizon and are redistributed downwards
with the humus and fine-grained particles (Kabata-Pendias and
Pendias, 1993). The variability of the second subgroup ele-
ments is noticeably higher (63 0.67-0.31 and 64 0.54-0.26)
than of the first group elements (63 0.51-0.15 and
04 0.35-0.13). This indicates that the regional anthropogenic

Fig. 5. Accumulative elements in the soil illuvial B-horizon: a —
by the ratio of the soil horizon medians to the median value
in the soil parent material; b — by the ratio of the median
values of contiguous soil horizons

Explanations as on Figure 4

influence of the airborne elements-pollutants on the soil chem-
istry that was non-avoidable in some sampling sites
(Gregorauskiené and Kadiinas, 1998).

The elements that accumulate in the soil illuvial B-horizon
(Fe, Li, Al, V, Zn, Ga, Ni, Cu and Rb) were ascribed to the next
group according to the ratio of the B-horizon element medians
to the median values in the soil parent material (Fig. 5a). Some
of the elements (Fe, Li, Al and V) are abundantly precipitated
in the B-horizon, while others (Cu, Ni, Ga, Zn and Rb) are less
so0. The latter ones (also Fe and V) are removed from the eluvial
E-horizon and even from the top A-horizon, and have partly ac-
cumulated in the B-horizon. The distributions of Zn, Cu and Fe
within the soil profile are affected by human activity: these re-
late to their relatively increased values in the soil top A-horizon
and their increased variability (63 0.54-0.48). Additionally, the
influence of soil texture heterogeneity and of the particular de-
velopment of the B-horizon (argillic, spodic, calcic and so on)
was revealed by analysing the soil profile horizon by horizon,
i.e. the variability of Cu, Zn, Fe, Ni and V is moderately high:
04 0.6-0.3 (Fig. 5b).

The remaining elements (Ca, Mg, U, B, Th, As, Co, Cr, Sr,
Y, Mo, La, Sc, Yb, Ti, P and K) were attributed to the group of
elements removed from the upper soil horizons by various
means (Fig. 6). The most easily removable of these are Ca and
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Explanations as on Figure 4

Mg, as components of highly soluble carbonate minerals. As,
Co, U, B, Th, Crand Y are also depleted through the whole soil
profile. The variability of Sc, La, Ca and P is moderately high
(03>0.4) due to the different behaviour elements of these in the
soil profile with respect to different textures (Fig. 6a).

Tracing the movement elements of horizon by horizon the in-
fluence of other factors appears: the median values of Ca and Mg
in the top A-horizon are increased due to the liming of cultivated
sites; the top A-horizon is enriched in P, Mo and La by agricultural
fertilization and because of the presence of plant remains; in-
creases of Ti and Sr are observed in the eluvial E-horizon, related
to residual resistant minerals (Fig. 6b). The high variability of Ca,

Mg, P and Sc (64 >0.4) is determined by: different soil textures in
the subsets of samples; and calcareous soil parent material.

The variability of elements, i.e. the probability of an ele-
ment’s location in the model soil profile was evaluated using
the absolute average deviation calculated in two ways (63 and
04). This enabled discrimination of various soil-forming pro-
cesses that influence the general patterns of element distribu-
tion within the soil profile. The distribution of Ag, Zn, Sc, Ba,
Cu, Zr, Fe, La, Th and Ca is most affected by the various
soil-forming factors (63 >0.4) when compared to the soil par-
ent material, while Sr, Na and K are almost immobile elements
(03 <0.2) within the soil profile (Fig. 7).

5 P Mn Li
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Ag Zn Sc Ba Cu Zr Fe La Th Ca

V. Pb Nb Cr

Mg Ti Ni Sn Ga Y Al Mo

Yo Rb Co As U B

K Na Sr
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Fig. 7. Variability of the element median values within the model soil profile according to different average deviations: 3 — in comparison to
the real soil parent material; 64 — by contiguous master horizons
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Detailed (horizon by horizon) investigation of element dis-
tribution through the soil profile revealed that Ca, Cu, Zn, Ag,
Mn, Mg, P, Sc and Fe have the highest variability (64 >0.4). In
contrast, the lowest variability is of Na, K and Sr again
(04 <0.2). Consequently, the distribution of Na, K and Sr as
well as of B, U, As, Co, Rb and YD is more or less even within
the soil profile, i.e. they are moderately affected by the different
soil-forming processes and by human impact.

CONCLUSIONS

Vertical element redistribution within the soil profile, due to
different soil-forming processes, is taking place in the soils of
Lithuania formed on Late Weichselian and Upper Saalian glacial
deposits of variable composition. The most evident soil-forming
processes occur in loam-clay soil. Depletion is the dominant pro-
cess, with most elements being moved from the upper soil hori-
zons or even out of the entire soil profile. Trace elements related
to weathering-resistant minerals (Zr, Nb and Ba) and
anthropogenic biogenic elements (Ag, Pb, Sn and Mn) accumu-
late in the surface A-horizon. The elements related to fine soil

particles and clay minerals (Fe, Al, Li and V) accumulate in the
illuvial B-horizon. The distribution of Na, K and Sr is almost
even within the soil profile, whereas of Ca, Cu, Zn, Ag, Mn, Mg,
P and Sc are the most mobile elements. Natural factors such as
weathering and washout (particularly for Ca, Mg, Mn and Sc),
and human impact (on the behaviour of Ag, Cu, Zn, Pb and P)
determine the variability of these element contents within the soil
profile. Two long-term trends of soil chemistry were distin-
guished: regional enrichment of the surface A-horizon by
anthropogenic heavy metals; and the depletion of bioavailable
alkaline elements from the upper soil horizons. These processes
within the soil profile influence the regional groundwater qual-
ity, mainly by increasing the total dissolved solids, particularly in
areas of high agricultural activity.

Further details of these patterns of vertical element distribu-
tion should be explored by means of mineralogical analyses.
Applications of sequential chemical extraction procedures and
of grain-size analyses would also help constrain hypotheses re-
garding the patterns of element distribution within the soil pro-
file. Furthermore, the samples of soil investigated were col-
lected in the summer, and so the impact of seasonal variability
on element variations remains unclear.
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