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Distribution of As, Be, Cd, Cu, Mn, Pb, Sr, and Zn was studied in a soil profile
developed on the alluvium of the granitic bedrock in a forested watershed
"Lesni potok" SE from Prague. Geochemistry of the bedrock shows consider-
able enrichment in As, Be and Pb. Four horizons, A, Bw, Go and Gr, were

distinguished in a soil described as Gleyic Cambisol. Total content of Mn, Fe,
Zn, and Cu in the individual soil horizons is proportional to their clay content
and cation exchange capacity. Distribution of the forms of elements in the soil

profile, extractable in 0.1 M HNO3 reveals the pattern resulting from their

migration characteristics, origin, and the impact of the acid atmospheric depo-
sition. The uppermost A soil horizon is enriched in the extractable forms of

As, Cd, Mn, Pb, Sr, and Zn. Anthropogenic industrial aerosol is the most
probable source of As, Cd and Zn, whereas the aerosol of vehicular emissions
represents the main input of Pb. Metabolic activity of the forest vegetation,
manifested in considerably enhanced fluxes of Mn, Sr (Zn) in throughfall, is
the most probable reason for their enrichment in the A horizon. Decrease in
the overall content of Be, as well as in the content of extractable Be and Sr
towards the upper parts of the soil profile results from the enhanced leaching
of these elements through the acid atmospheric precipitation, which is also
documented in high concentrations of these elements in the surface discharge.

watershed; soil; profile; trace elements; distribution

INTRODUCTION

The bonding and vertical distribution of minor and trace elements in soils
have been intensively studied from several reasons: First, they can provide

* The study was supported by the Grant Agency of the Czech Republic

(Grant No. 205/96/0011).
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valuable information on possible risks of the mobilisation of elements into
the ground waters and surface streams. On the other hand, they can give
evidence on the accessibility of soil chemical components for the vegetation,
which is important especially in agriculture. There are several factors which
affect the status and mobilisation of trace elements in soils: chemical charac-
ter of the particular element, its origin, structural and chemical composition
of soil, dispersity of its particles, and the external effects. Among them, the
acid atmospheric precipitation is the most important effect in our studied

system.
Aim of this work was to compare the behaviour of several typical minor

and trace elements in a soil profile which evolved in an alluvial deposit with
granitic bedrock in the experimental forested watershed "Lesni potok" in
Central Bohemia. Selection of elements pursued the possibility to choose
various types of them with differing mobilisation characteristics, role in the
plant metabolism and origin, including the anthropogenic one.

MATERIAL AND METHODS

Site description

The soil characteristics and distribution of selected elements in the soil
profile were studied at the closing profile of the experimental catchment
"Lesni potok watershed" (LPW) in the Cernokostelecko region, Central Bo-
hemia. Small brook of the watershed is draining the northern part of the
Nature State Reserve "Voderadske buciny" and it is situated approximately
30 km SE from the centre of Prague. It covers an area of 0.765 km2 and it is
completely forested (prevailing beech, hornbearn and Norway spruce). The
southern boundary of the catchment reaches 500 m above sea level and the
closing weir at its northern part is 406 m a.s.l. Mean annual precipitation is
635 mm and the average stream runoff is 134 mm (3.:2 L.s-1). "Lesni potok
watershed" is underlain by the granitoids of the Ricany massif. The LPW is
included in an integrated biogeochemical monitoring system of small water-
sheds (covering the western part of the Czech Republic) managed by the
Czech Geological Survey. Chemistry of bulk precipitation, throughfall and
stream runoff is monitored there since 1994 (bulk precipitation since 1989).
Soil profile was studied in a distance 5 m NE from the Thomson weir, where
the stream runoff and its chemistry are measured, in an 1 m deep pit. Total
content of the selected elements (As, Be, Cd, Cu, Fe, Mn, Pb, Sr, Zn) and
content of their extractable forms (determined through the digestion in 0.1 M
HNO3) were measured in the soil sampled from the pit.
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Bedrock of the watershed

The LPW watershed is underlain by two types of granitic rocks. They
represent part of the late Variscan Central Bohemian Pluton as its most recent
members. The northern half of the catchment is underlain by a light coloured
fine-grained two mica syenogranite (the Jevany type), while the southern part
is built of a coarse- to medium-grained biotitic monzogranite (the Ricany
type) (M i n a l' i k et al., 1998). The studied soil profile (in the northern part
of the catchment) is therefore underlined by syenogranite. The profile, how-
ever, is of alluvial origin (floodplain of the "Lesni potok" brook) and the
studied soil profile is therefore probably derived from both types of the
described rocks.

Characteristics of the soil profile

The sampled soil profile is formed by the alluvial deposits with the overall
thickness 10 m (H o n s et al., 1990). The soil profile (LP 33) has been
sampled 5 meters NE from the Thomson weir and the pit was dug into 1 m
depth on 4 June 1996. The main morphological characteristics of the individ-
ual horizon are presented in the soil profile description:
A: 0-15 cm Very dark brown (10 YR 2/2) moist, loamy sand, moderate
coarse granular, very friable, abundant very fine and fine roots, abrupt,
smooth boundary;
Bw: 15-33 cm Yellowish brown (10 YR 5/4) moist, loam, moderate medium
angular, friable, abundant very fine roots, clear, smooth boundary
Go: 33-48 cm Yellow (10 YR 8/6) moist, loamy sand, structureless, non
coherent, clear, smooth boundary;
Gr: 48-101 cm Light grey (5Y 7/1) moist, loam, structureless, plastic, small
soft spherical reddish brown iron nodules.

Depth of the groundwater table is approx. 1.7 m.
Solid rock, the Jevany syenogranite, was found by drilling in depth of

approx. 10 m.
The soil is classified according to the World Reference Base for Soil

Resources (1994) as a Gleyic Cambisol.
Samples of the soil profile were analysed from four horizons, A, Bw, Go,

Gr (this one with 4 subhorizons). The pH value, humus content, cation ex-
change capacity -TM, exchangeable ~ (according to Mehlich), particle size
distribution (see Table I) and physical properties (bulk density, particle den-
sity, suction, water capacity, maximum capillary capacity, retention water
capacity, porosity, semicapillary porosity, minimum air capacity and volume
changeability -see Table II) were determined by procedures according to
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Hrasko et al. (1962), modified by Research Institute for Soil and Water
Conservation, Prague.

The soil profile is very acid. The organic carbon shows the decrease from
the umbric A horizon to gleyic Gr horizon -and it mirrors the irregularities
in the clay content « 0.001 mm, see Table I) reflected in the cation exchange
capacity -TM. Content of the exchangeable Hit in the sorption complex is
high and it corresponds to the Gleyic Carnbisol.

Results of the particle size distribution correspond to the allochtonous
origin of the parent material, which in the horizons Go and Gr3 has signifi-
cant portion of the 0.25-2.00 mm fraction and in the horizons Bw, Gr1, Gr2
has significant portion of the < 0.001 mm fraction. We define the individual
horizons with respect to the texture classes -as follows: A -loamy sand,
Bw- loam, Go -loamy sand, Gr1 -loam, Gr2 -loam, Gr3 -loamy sand,
Gr4 -loamy sand.

Knowledge of the mobilization and redistribution of elements requires the
definition of physical characteristics of soil (see the Table II). The bulk
density BD considerably increases in the Go horizon, in the underlying hori-
zons having similar values. Opposite course was observed in the porosity P ,
that is the characteristics, as well as bulk density, which correlates to the
humus content of the soil profile. The Gr, as it is described bellow, shows
abrupt and significant changes in comparison to the upper part of soil profile.
The value of suction S reaches higher values than the porosity, which docu-
ments the enhanced swelling of soils. The values of water capacity WC reach
values of suction, which means that majority of the semicapiIlary pores SP
is filled with water. This characterisation of soil is also confirmed by the fact,
that at growing volume of the semicapiI\ary pores the values of minimum air
capacity MAC are lowering. Proportion between the retention water capacity
RWC and the porosity is unfavourable for further development of soil, too.
Values of the physical properties, as well as their course show, that the
pedogenesis proceeds in the upper part of the soil profile under oxidising
conditions, which change in the depth approx. 48 cm (the boundary between
the Go and Gr horizons) into the reducing ones. Conditions of the lower part
of the profile have led to the evolution of horizons with gleyic properties.

Chemistry of the soil profile

The total content and content of the mobile forms was determined in the
soil sampled from the probe (LP33) described above. Total content of studied
elements was determined (Analytika Co. Ltd., Prague, analyst I. Bendl)
through wet decomposition of soil samples in a mixture of conc. HNO3 and
HP under pressure in a microwave oven and through analysis of the solution
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by ICP-MS. Content of the extractable {loosely bound) forms of elements
were determined through digestion of the soil samples {fraction < I mm) in
0.1 M HNO3 {I g of solid in 200 ml of acid solution, duration 24 hrs). The
extracts were -after the membrane filtration {Sartorius, pore size < 0.45 m) -
analysed by AAS {M. Burian, in a laboratory of the Institute of Geology,
CAS, Prague).

RESULTS

Inputs and outputs of elements of the catchment

Bulk atmospheric precipitation

Sampling of the bulk precipitation is carried out at the experimental station
of the Faculty of Forestry, Czech Agricultural University (locality "Truba")
which is situated 5 km from the LPW. It is sampled on a forest clearing, at
least 50 m from the full-grown trees. The procedure of the bulk precipitation
sampling is in principle similar to that published by B erg et al. (1994) and
it was previously described by Ski'ivan and Vach (1993).

Mean annual pH of atmospheric precipitation is 4.2 and the average com-
position is sampled monthly since May 1989. Data summarising the bulk
precipitation samples from the point of view of the selected elements content
are presented in Table III (from May 1994, like the following throughfall
data).

Through/all

Beech-hornbeam throughfall is sampled in the closing profile of the LPW,
e. g. in the same site as the stream runoff and soil profile. Sampling of this
type of atmospheric deposition started in May 1993. The throughfa1l is col-
lected monthly, too, and the sampling procedure was described by S k l' i van
et al. (1994). Mean pH of the throughfall samples is 4.7. Data of the beech-
hornbeam throughfall are summarised in Table III, together with the bulk
precipitation data.

Output by the surface discharge

Surface water discharge is one of the most significant outputs (together
with the subsurface discharge and exploitation of wood) from the catchment.
The average runoff during the last 3 hydrological years (1994-1996) was
134,1 L.m-2.yr-l and the average pH was 4.8 during the same period. The
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III. Mean concentrations {~g.l-l. mean fluxes {~g.m-2.day-l and mean annual fluxes {~g.m-2.year)
of selected elements in samples of the bulk precipitation, beech-hornbeam throughfall and
surface discharge {n = 32 for all of these sampled media)

~ u I

~ 2.08

3.07

ll~

Cd

0.15

0.24

86.3

Element

Mean concentration

Mean flux

Mean annual flux

!!!.-1

2.45

2.72

994

Cu

3.02

3.57

1303

Cd

0.23

0.27

98.1

Element

Mean concentration

Mean flux

Mean annual flux

Sr

7.75

4.55

1662

~ u

1.09

0.2]

77.3

Cd

0.48

0.19

69.4

Sf

201.28

78.98

28829

Element

Mean concentration

Mean flux

Mean annual flux

average stream runoff of the selected elements is presented in the following
Table III, too.

Mineralogy and chemistry of the bedrock

Mineralogy, bulk chemistry and content of selected minor and trace ele-
ments in both types of the parent rocks are summarised in Table IV.

Chemistry of the soil profile

Chemical data from the probe are summarised in Table V. It contains the
total content of studied elements, together with their mobile forms and the
ratio of mobile/total content, expressed in %.

DISCUSSION

Inputs and outputs

Higher concentration of some elements in throughfall (the precipitation
collected after it has passed through the tree canopy) in comparison with
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IV. Modal- and bulk chemical composition of the parent rocks

I SyenograniteI Monzogranite I R k II (Jevany type) «({icany type) oc ype Syenogranite I Monzogranite I

(Jevany type) (Ricany type)
Rock type

wt. %1)

70.62

0.29

14.80

0.57

1.28

0.04

1.08

1.36

3.92

5.09

0.24

0.41

0.23

99.93

wt.%2)

69.64

0.35

15.24

0.72

1.48

0.05

1.42

1.43

3.50

5.40

0.35

0.43

0.27

100.28

val. %

24.76

32.70

27.53

8.10

0.18

6.60

0.06

0.07

100.00

mg.kg-l

11.0

13.0

0.56

14.7

68.0

807

85.8

oxide

SiO2

TiO2

AI203

Fe203

FeO

MnO

MgO

CaO

Na20

K2O

P20S

H20+

H20PPP

1:

Mineral

Quartz

K -feldspar

Plagioclase

Biotite

Muscovite

Kaolinite

Chlorite

Accessories

L

Element

As4)

Be3)

Cd4)

Cu4)

Pb4)

Sr4)

Zn4)

val. %

26.42

40.61

20.05

5.79

0.47

6.22

0.18

0.16

99.98

mg.kg-J

24.0

7.0

0.19

13.9

64.0

28.0

35.4

I) mean values of 11 analyses
2) mean values of 16 analyses, both by PalivcovA et al. (1992)
3) mean concentratin by Nemec (1978)
4) concentration by J. Bendl, Analytika Co. Ltd., ICP-MS (unpublished)

samples of the bulk precipitation collected on an open place (see Table III)
follows from the fact that throughfall contains -in addition to the solutes of
the incoming precipitation -also solutes from the leached metabolites of the
foliage and the dissolved species from the so called "occult deposition"
(0 r e v e r .C low .1993). This term is used to cover the deposition from
mist and fog and the dry deposition (both solid and gaseous) taken up by
surfaces of foliage. Occult deposition is the probable source of As. Be. Cd.
(Cu and Zn) in throughfall. whereas the tree metabolism is responsible here
for the elevated concentrations of Mn. Sr and perhaps essential Cu. Zn (H e i n -

richs. Mayer. 1980; Atteia. Oambrine. 1993). On the other
hand. lower concentration of Fe in through fall can be attributed to the lower
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content of terrigenous dust inside the afforested area than in an open place.
Lower concentration of Pb in throughfall is explained by the character of fine
particles of the vehicular aerosol, which is attached to the foliar surfaces and
then partly enters the tree tissues (H a 9 e m e ye r , S c h a e f e r , 1995). Part
of the atmospheric Pb is then deposited on the ground only with the litterfall.
Additionally -the locality Truba, where the bulk atmospheric precipitation
is collected, is situated approx. 100 m from the road with relatively low traffic
density and part of the Pb content may be derived from this road -like
a vehicular lead (Martinek, Burian, 1996).

The deposition intensity of throughfall water is lower ( owing to the tree
canopy interception and evapotranspiration) than that of the bulk precipita-
tion. Nevertheless, the inputs of Mn, Sr, Zn as the essential elements and Be,
Cd, Cu as the washed out components of anthropogenic aerosols are higher
than the inputs by the bulk precipitation from reasons mentioned above.

Surface discharge of Cu, Pb, As, Zn and Fe is much lower than their
atmospheric inputs. On the other hand, the output of Sr and Be (weathering
products of underlying rock) is much higher than their atmospheric inputs.

Differences among the pH values of the individual presented fluxes (bulk
precipitation pH = 4.2, throughfall 4.69 and surface discharge 4.8) reflect the
processes of interaction among rainfall water, tree canopy and soil profile.
These values also indicate that the precipitation water is partly neutralised
during its path into the stream, which, on the other hand, results in the
depletion of soil profile cations and accelerates the weathering processes.

The data presented in Table III are the most important for the mass balance
of the watershed.

Content in parent rock and in soil

Underlying rock is generally the main source of elements in the corre-
sponding soils. In our case, the composition of studied alluvial soil profile is
derived from both types of the bedrock -the Ricany monzogranite and the
Jevany syenogranite. These two types of bedrock are derived from the same
source, which is documented by similar mineral and bulk chemical composi-
tion. On the other hand, they differ strongly in the content of several trace
elements, as can be seen from Table IV .The difference is by far the largest
in Sr and it is difficult to explain, as the content of plagioclases in both the
rock types is similar. Results of Sr analyses were repeatedly confirmed and
the high Sr content in monzogranite is necessary to ascribe to the local
anomaly of the sampled rock. Remarkably high content of Pb in both types
of rock results from its isomorphous substitution in K-feldspars.
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Total content of As, Cd, Cu, and Pb throughout the soil profile, however,
is higher than that in both types of the bedrock. This fact has to be explained
by the content of secondary clay minerals and amorphous Fe and Mn oxyhy-
roxides in the soil profile. These phases with unique properties and high
specific surfaces represent favourable environment for the attachment of trace
elements, which are liberated during the hydrolytical alteration of the primary
rock forming minerals.

Soil profile

Total contents of studied elements (see Table V) indicate that the concen-
trations of Zn, Mn, Cu, Fe (Fig. 1) and partly As and Pb (see Figs. 2 and 4)
correlate with the clay content « 0.001 mm fraction) in the individual soil
horizons. Content of these elements corresponds -in the deeper soil horizons
-with the cation exchange capacity according to Mehlich, too. Discrepancies
between the element content and the two mentioned soil characteristics in the
A horizon can be explained by the enhanced content of organic matter, as it
is well known that several trace elements, especially Cu, Pb and Zn are
considerably retained by the organic matter. (1 e n n e , 1977; H a r t e r ,
N a i d u , 1995). Content of studied elements in the uppermost A horizon is
mostly affected by the atmospheric inputs of anthropogenic dry deposition
and by the solutes from throughfall.
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Portion of the elements bound to the organic matter is mobilised -under
applied experimental conditions -and enters the solution. This concerns, in
our case, mainly the content of Pb, Mn, Cd, and Zn in the umbric A horizon.
Low content of exctractable forms of arsenic (Fig. 2), in comparison to the
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considerable portion of exctractable Fe and Mn throughout the whole soil
profile, documents either the poor mobility of As anions at low pH or its
presence in the relatively stabile inclusions -most probably in sulfidic phases
-inside the grains of the rock forming minerals and in biotite (M i n a r i k
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et al., 1997). The growing portion of the exctractable forms of Be, as well as
of its total content (Fig. 3), towards the bottom of the profile follows from
its high mobility under acidic conditions (B o r o v e c , 1993; Ve s e I yet al.,
1989). This tendency verifies the gradual washout of this element by acid
atmospheric precipitation and its depletion in the uppermost soil horizons.
The enhanced output of Be is in good agreement with its relatively high
content in the surface discharge (see Table III, S k r i van et al., 1996). It is
necessary to point out, that the inputs of Be through the atmospheric deposi-
tion are negligible. The overall amount of Be is partly influenced -but not
so markedly as in the other elements -by the clay content of the individual
horizon. The abrupt decrease in the content of exctractable forms of Fe and
Mn in the Or horizon (see Table V), in spite of their higher total contents
(which follows from the higher content of clay fraction), can be explained by
the above discussed change of the redox conditions at the boundary between
the Go and Or horizons, which lead to the depletion of mobile forms of Fe
and Mn.

Both the high total amount of Pb and content of its mobile forms (Fig. 4),
mobilised at given experimental conditions, correspond in the whole soil
profile to high Pb content in both types of the parent rock. Lead substitutes
potassium in the structure of K-feldspar which is the dominant mineral com-
ponent of the bedrock (see Table IV). The annual atmospheric input of Pb is
not insignificant, as it is shown in Table III. It originates from the vehicular
emissions of the engines, which burn the leaded gasoline. Nevertheless, the
content of exctractable Pb forms in the uppermost 1 m of soil exceeds its
annual input at least by 3 orders. This means that majority of mobile lead
throughout the profile is of lithogenic origin. Only the umbric A horizon,
which is directly influenced by the wet and dry atmospheric deposition, as
well as by the litterfall, contains substantial amount of anthropogenic lead.
The relative content of exctractable forms of the studied elements in the
A horizon with respect to their total content is in the sequence Pb > Fe > Cd
> Mn > Zn > Cu > Be > As > Sr (see Table V). It is necessary to point out
that the sequence clearly reflects the conditions of the experimental determi-
nation of labile forms of studied elements. High relative content of mobile
lead, in comparison with that of arsenic, stresses the significance of the
chemical aspects of bonding of the compared elements. Lead, after its libera-
tion from the crystal lattice of the aluminosilicates and sulphides, remains
bound in secondary forms, whose mobilisation strongly depends on the pH
of the system. Mobility of this element throughout the soil layer, under
common natural conditions, is very low (1 o h n s o n et al., 1995). Arsenic
has been most probably originally bound in separate sulfidic compounds.
Mobility of its secondary oxidized phases (AsIII, AsV), which are mostly
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bound to the Fe-oxyhydroxides, primarily depends on the Eh of the system
(B o well , 1994). It is evident that the applied experimental determination
of the exctractable forms of all studied elements is tentative only and that it
does not simulate the natural leaching processes precisely. Nevertheless, the
field study confirmed that the mobility of both elements, Pb and As, is low,
as it is documented by their content in the surface discharge. On the other
hand, low content of exctractable forms of Sr throughout the soil profile (see
Table IV and Fig. 5) results from their continual leaching (P o p o vet al.,
1995) into the ground water and the surface stream (see high concentration
of Sr in the surface discharge in Table III) under the really existing conditions
which are strongly affected by the acid atmospheric precipitation.

CONCLUSIONS

Distribution of studied minor and trace elements (As, Be, Cd, Cu, Mn, Pb,
Sr, Zn) troughout the soil profile of the LPW watershed is first of aIl affected
by the bulk chemical and mineral composition of the bedrock, which deter-
mines the character of the individual soil horizons. The underlying granites
are enriched in As, Be and Pb, content of the other elements corresponds to
their common content in these rock types. Character of the studied soil profile
is affected by its genesis, as it is formed by the alluvial deposits with chang-
ing modal composition and grain size distribution. Distribution of most of
the studied elements, e.g. Zn, Mn, Cu, and Fe strongly correlates with the
clay content of the individual soil horizons. Atmospheric input of vehicular
Pb represents the only important source of elements besides their input
through the rock weathering. The atmospheric deposition of technogenic As,
Cd, Pb, and perhaps Zn contributes to their enhanced content of extractable
forms in the soil A horizon, too. On the other hand, metabolic activity of the
tree vegetation affects the distribution pattern throughout the profile strongly
in Mn, .and to a lesser extent in Sr (Zn). The influx of atmospheric protons,
which is at least by one order higher than before the industrial revolution,
significantly affects the pattern of Be and Sr, the elements which are increas-
ingly leached into the surface water .
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MARTtNEK, J. -2IGOV A, A. -SKf{IV AN, P. (Geologicky ustav A V CR, Praha,
Ceska republika):

Faktory ovliviiujici distribuci stopovych prvku v pudnim profilu vyvinutem na
graniticke hornine ve strednich Cechach (Ceska republika).

Scientia Agric. Bohem., 30, 1999: 55-71.

Distribuce As, Be, Cd, Cu, Mn, Pb, Sr a Zn byla sledovana v plidnfm profilu
vyvinutem na aluviu graniticke hominy v povodi Lesnf potok, nachazejicim se jiho-
vychodne od Prahy. Podloznf homina je znacne obohacena As, Be a Pb. V plide,
urcene jako glej kambizemnf, byly odliseny ctyn horizonty: A, Bw, Go, Gr. Celkovy
obsah Mn, Fe, Zn a Cu v jednotlivych plidnich horizontech zavisi na obsahu jilovych
mineralli a kationtove vymenne kapacite. Distribuce forem prvkli v plidnfm profilu,
jez jsou extrahovatelne v 0,1 M HNO3, vypovida o jejich migracnfch charakteris-
tikach, plivodu a vlivu kysele atmosfericke depozice. Plidnf A horizont je obohacen
o extrahovatelne formy As, Cd, Mn, Pb, Sr a Zn. Antropogennf industrialnf aerosol
je s nejvyssi pravdepodobnosti zdrojem As, Cd a Zn, zatimco aerosol z vehikulamich
emisi predstavuje hlavnf vstup olova. Metabolicka aktivita stromove vegetace, jiz
dokladaji vyznamne zvysene toky Mn, Sr (Zn) ve srazkach pod korunami stromli, je
nejpravdepodobnejsi pricinou jejich zvysenych koncentraci v plidnfm A horizontu.
Snizovanf celkoveho obsahu Be i celkoveho obsahu extrahovatelneho Be a Sr smerem
k vrchnfm castem plidnfho profilu vyplyva ze zvyseneho louzenf techto prvkli kyse-
lymi atmosferickymi srazkami, coz dokumentuji jejich vysoke koncentrace v povr-
chovem odtoku.

povodi; puda; stopove prvky; distribuce

Contact Address:

Ing. Jaroslav M a r t i n e k , Geologicky ustav A V CR, Rozvojova 135, 165 00 Praha 6,
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