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Abstract. Transport of trace metals (TMs) from the soil to a plant involves chemical, physical and biological processes
(such as diffusion, adsorption, absorption, growth of a plant, transpiration rate, etc.) in the soil, the soil rhizosphere and in
the plant itself. Because of the complexity of these processes and external factors (e.g. weather conditions, biotic factors,
type of substrate, etc.) the processes are difficult to describe by mathematical formulas. Modelling of TMs transport to
plants is even more complex than that of organic contaminants because, contrary to organic contaminants, TMs are essen-
tial for plant growth, metabolism, enzyme activity, etc. The octanol-water partitioning coefficient for TMs in plants gives
only limited information about their accumulation, therefore, other coefficients, such as bioconcentration and translocation
coefficients, must be incorporated. The aim of this work was to simulate transport of TMs (Zn, Pb, Cu, Ni and Mn) from
the soil to tree seedlings by adapting a generalized model of contaminant uptake by plants. The model applied for trans-
port of TMs from the soil to trees was created by Hung and Muckay. When employing this model for modelling transport
of TMs from the soil, amended with industrial sewage sludge, to seedlings of coniferous and leafy trees, some adjustments
were made by evaluating the equilibrium partitioning coefficient of TMs between octanol and water (K,,,); by introducing
the equilibrium partitioning coefficient of TMs in the soil and water (Kg), which depends on the soil pH and the amount of
organic matter; by introducing the coefficient (K1) of TMs solubility in water as well as by introducing corrective coeffi-
cients. When using the Hung and Muckay’s model of the transport of trace metals from the soil to tree seedlings, the re-
sults of modelling differed approximately by 6 % in leaves, 5 % in the stem and 8 % in roots as compared with those of

measurements.
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1. Introduction

Sewage sludge is one of the major waste manage-
ment problems in many countries, especially in those
following EU regulations that prohibit disposal in land-
fills. Other sewage sludge treatment methods, such as
energy production, recycling, thermal destruction, treat-
ment to reduce or remove hazardous constituents, are
suggested, however, spreading of sewage sludge on natu-
ral and arable soils have received more attention.

Forest soils are more suitable for receiving sewage
sludge for several reasons: (i) they have no direct link to
human food chain [1]; (ii) well managed sewage sludge
can improve the forest soil quality because of high
amount of organic matter [1, 2]; (iii) adding of stabilized
sludge can stimulate both height and diameter of trees
(conifers) [2, 3] and increase survival when they are
transplanted outdoors [2]; (iv) because of large biomass
and long vegetation period, forest trees attract attention
for possibility to uptake metals [4].

Although only some tree species (e.g. willows and
osiers) are considered to be suitable for effective uptake
of metals, there is a growing demand to use a wide range

of tree species as a part of an integrated management of
soil reclamation and forest regeneration following sewage
sludge amendment [4, 5]. Not much information is avai-
lable about the metal uptake by other tree species, such as
pine, birch, alder, etc.

The uptake of trace metals (TMs) by trees is a
complex process and its efficiency varies with different
tree species, the soil properties (pH, redox potential, par-
ticle size and organic matter content), substrate condi-
tions, sewage sludge age, metal content, metal availabi-
lity, etc. [4-7]. Furthermore, it is reported that metals
may have different affect on trees, especially on tree
seedlings. There are evidences that these elements may
inhibit root growth [8, 9], decrease availability of essen-
tial elements [10], modify morphology and architecture
[8], inhibit protein and enzyme functions [11, 12], reduce
plant ability to access and transport soil resources (e.g.
water) [13] or have no visual affect on pine, birch and
black alder seedlings [6]. With a notable increase within
the first year of growth [14, 15] a decline of metal con-
centration in different tree species was recorded after
three years [16].
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For effective planning, design and application of tra-
ce metal bioaccumulation in trees, mathematical models
have emerged as a valuable tool, which, after extensive
adaptation, will enable to evaluate economic value of tree
bioaccumulation.

Transport of TMs from the soil to a tree covers a set
of chemical, physical and biological processes in the soil,
the tree and an interaction zone between the tree roots
and the soil, e.g. diffusion of TMs in the soil and tree,
adsorption and absorption, partitioning of TMs between
air, water, soil and roots, flow with transpiration flow,
etc. The complexity of processes, the impact of external
factors, such us climate conditions, type of substratum,
etc. make simulation of this process more difficult.

Models to simulate uptake of TMs by plants as dis-
tinct from organics uptake must take into consideration
the fact that some of TMs are essential for plant organism
to stimulate growth, metabolism, enzyme activities, etc.
This could be partially assessed with equilibrium parti-
tioning coefficient for TMs between octanol and water
(K,,,). Bioaccumulation and translocation coefficients
could also be valuable in TMs transport model.

This study presents a model of TMs transport from
the industrial sewage sludge, spread on the soil, to seed-
lings of trees, based on the simplified model of the trans-
port of contaminants from the soil to plants designed by
Hung and Muckay [17]. The model evaluates the trans-
port of TMs to plants from two media — the soil and air —
and computes concentrations of contaminants in three
plant compartments: roots, the stem and leaves. The up-
take of TMs from the soil to plants depends on the coeffi-
cients of partitioning of contaminants in various media
(the soil, water, transpiration flow, etc.) as well as on
metabolic rate, steady coefficients of contaminant con-
centration, and diffusion.

The objective of this study is to apply the model of
Hung and Muckay for evaluating the transport of TMs
from the soil to seedlings of coniferous and leafy trees.

2. Methods

To model TMs uptake, seedlings of pine (Pinus syl-
vestris), birch (Betula pendula) and black alder (Alnus
glutinosa) grown on an experimental site in Panevézys
region (at E024°34°38.8’latitude and N55°43°31.6"
longitude, Lithuania) were selected (Fig 1).

In 1998 the experimental site was amended with in-
dustrial wastewater sludge and a year later seedlings of
trees were planted there. A detailed description of the
investigated site, the soil and tree sampling is given in the
previous publication [18].

The Hung and Muckay’s model [17] applied in this
study computes transport of TMs from the soil to plant
roots, from the roots — to the stem, from the stem — to the
leaves, from the leaves — to the air and backwards. The
transport and transformation of TMs in the soil and plants
is defined by TMs equilibrium partitioning in different
media, the metabolic rate, diffusion coefficients, and the
growth rate of different plant compartments. Variable and
input values are presented in Table 1.
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Fig 1. Experimental site for industrial sewage sludge uti-
lization in Giténai forest of Taruskos forestry located in
Panevézys region (Lithuania)

Equations involved in the model for computing con-
centrations in roots (C,,,), the stem (Cy.,) and leaves
(Cleaves) are given below. The description and the units of
variables are given in Table 1.

Cloaves = [Ber ‘B 'lj(sl'Klw'Csuil + By 'Iflw'ca ] My (D

ew aw Pleaves

Corom = [Ber'BrsI'{Kstw “Coil 4 By 'Bl;(:KStw'Ca ] My , (2)
aw

ew pstem

K K,

ew pl’(){)[

Croot = (Ber Ky Cooil " B, 'Bis By Ky 'Cy }MTM &)
The steady state of contaminant concentrations in dif-
ferent plant compartments is calculated using equations

4), (5) and (6):
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Table 1. Input and computed parameters to model TM uptake by a tree seedling
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Parameter MARKING Unit
Leaf area Lp m?
Transpiration rate 0 m*h!
Growth and metabolism
Growth rate of leaves G h!
Growth rate of stem Y h!
Growth rate of roots R ht
Metabolism rate for leaves Tm ht
Metabolism rate for stem Tsm h!
Metabolism rate for roots TrM h!
Density of leaves Plap kg'm™
Density of stem Pram kgm™
Density of roots Psak kg'm™
Exposure duration of TM t H
Molar mass of TM My, g~mol’]
Concentration of TM in air C, mmol'm™
Equilibrium partitioning coefficients
Carbohydrate—water K., dimensionless
Octanol-water K,, dimensionless
Air-water K, dimensionless
Leaves—water K, dimensionless
Stem—water K, dimensionless
Root—water K., dimensionless
Soil-water K., dimensionless
Sap—water K., dimensionless
Octanol-air K, dimensionless
Diffusion fraction in xylem flow i\
Characteristic time through cuticle T ku
Characteristic time through air T_sr.or
Uptake ratios
Uptake ratio from air to leaves B, dimensionless
Uptake ratio from leaves to stem By dimensionless
Uptake ratio from stem to leaves By dimensionless
Uptake ratio from stem to roots B, dimensionless
Uptake ratio from roots to stem B, dimensionless
Uptake ratio from soil to roots B,, dimensionless
Total concentration of TM in soil Coit mg~kg'l
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Table 2. Specific values for TMs and molar masses
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Parameter, units - Trace metals References
Cu Ni Mn Pb Cr Zn
Molar mass, g-mol 63.5 59 55 207.2 52 65.3
K, which depends on soil acidity/ alkalinity
(values at pH = 4.5-6.0, kg ! - 12-650 | 1126-2063 | 4219-12904 | 16.8-360 | 16-530 [19, 20]
Log K, for soil, I'kg™ 0.1-3.6 1.0-3.8 - 0.7-5.0 -0.7-4.7 | -1.0-5.0 [21]
200 120 140 40 200 110
Kow 15-200 (22]
Concentration of trace metals in soil amen-
ded with industrial sewage sludge, mg-kg™ 143 465 698 1000 107 471 16]
_0.639-1 . Although the layer of sewage sludge spread on the
_1_ T 6 soil was up to 3 cm, the results of other researchers su-
Aroot 1 e ’ ( )

where T;, Ts, Tz — the total half-life for leaves, the stem
and roots, respectively, h.

The model does not involve contaminant-specific
processes, therefore, the transport of different contami-
nants can be simulated.

Seeking to adapt the model for TMs uptake by tree
seedlings, the model has been adjusted:

e values of equilibrium partitioning coefficient between
octanol and water (K,,,) were specified for TMs;

e partitioning coefficient between the soil and water
(K;) was introduced with TMs specific values. K,
depends on pH and the amount of soil organic mat-
ter;

e coefficient (K7) of TMs solubility in soil solution
was introduced;

e corrective coefficients were introduced.

Table 2 gives parameters with TMs specific values
based on references.

This paper presents simulation of TMs transport
from the soil, amended with sewage sludge, to the roots,
stem and leaves of a coniferous and leafy tree seedling.

The investigated territory represents an area far
away from technogenic TMs sources, and thus concentra-
tions of TMs in the air as well as their transport from the
air to a tree through leaves and needles are considered
negligible

Densities used for simulation are 863 kg:m™ for
pinewood, 878 kg:m™ — for birch wood and 827 kg'm™ —
for black alder wood [23]. The mass of sewage sludge
volume accounted for 1520 kg-m’3 . The volumes of roots,
the stem and leaves were experimentally determined and
constituted 0.001 m?, 0.002 m* and 0.00013 m®, respecti-
vely for leafy tree seedlings, and 0.001 m’ , 0.003 m?® and
0.00013 m?, respectively, for coniferous tree seedlings.

The metabolism rate in roots, the stem and leaves
was left as suggested by the model authors because these
values were used when assessing physiological processes
in maples [24].

When modelling the transport of TMs to tree seed-
lings, the concentration of TMs in the soil was equalled
to the sum of concentration of TMs in sewage sludge and
background concentration of TMs in the surrounding soil
(Table 2).

ggest that during one year bioavailable forms of TMs,
where the major mass of large and, in particular, fine
roots playing the main role in nutrients uptake are con-
centrated, has reached the soil depth of 10-20 cm [6].

A part of both bioavailable and potentially bioavai-
lable forms of the total TMs concentration was theoreti-
cally determined from previous investigation and
accounted for 0.3 (K7) [6, 25].

The duration of modelling is 6 years, but the focus is
not on the time period, but on a steady state of TMs con-
centrations in tree seedlings computed using equations 4,
5 and 6. Previous studies suggested that the most active
uptake of TMs by tree seedlings occured within the first
year after tree planting [6].

3. Results and discussion

Figures 2 and 3 present the results of the simulation
adjusted with corrective coefficients in comparison to the
experimental data with the values of standard errors. Bars
denoting standard errors represent heterogeneity of
sewage sludge also resulted in high variations of TMs
content in both the soil and trees.

Simulation results in coniferous (pine) tree com-
partments varied: from 25.9 to 66.5 mg-kg™ for Zn; from
222 t0 9.59 mgkg™ for Cu; from 28.8 to 179.1 mgkg™
for Mn; from 15.9 to 20.9 mg'kg’1 for Ni; and from 0.41
to 3.27 mgkg™ for Pb. Simulation results for Pb and Zn
showed a tendency to decrease from root upwards,
whereas in case of Mn, the tendency was quite the oppo-
site. Only a slight difference was found for Ni concentra-
tion within tree compartments, whereas the highest
concentration of Cu was simulated in the coniferous tree
stem.

Corrective coefficients used to adapt the model to
experimental results varied from 1.0 to 3.0 for uptake to
roots, from 0.1 to 0.6 for transport from roots to the stem
and from 0.1 to 9.0 — for uptake from the stem to needles.

Simulation results in leafy (birch and black alder)
tree compartments varied: from 141 to 270 mg-kg™ for
Zn; from 2.51 to 11.45 mg'kg’1 for Cu; from 84.7 to
118.8 mg-kg™ for Mn; from 19.2 to 24.2 mg-kg™" for Ni
and from 0.01 to 3.30 mg-kg ™" for Pb. Mn and Zn showed
the same tendency as observed in the experimental data -
to increase from roots upwards, whereas both simulation
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results and experimental data for Pb showed the opposite
trend. Speaking of Cu, the highest concentration was
found in the stem, whereas the difference between Ni
concentrations in compartments varied only slightly
within the range of standard error values.

Corrective coefficients for leafy tree simulation ran-
ged from 1.0 to 3.0 for root uptake; from 0.25 to 0.35 —
for stem uptake and from 0.5 to 4.0 for uptake of TMs to
leaves.

Simulation results showed that applicability of Hung
and Muckay’s model to simulate TMs transport from the
soil to the compartments of tree seedlings is highly de-
pendent on values of many processes occurring in the
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soil, the plant itself and also the interaction zone of soil—
plant and corrective coefficients.

The affinity between corrective coefficients was
found for some TMs: for leafy trees — between Zn and Cu
(1.5) and Ni and Mn (3.0) for uptake by roots and
between Pb, Mn and Cu — for uptake from roots to the
stem (0.25). In simulation of coniferous trees, some affi-
nity was determined between corrective coefficients for
Ni and Mn (3.0) for uptake by roots; between Zn and Pb
(0.1) for uptake from roots to the stem; for Zn, Pb and Cu
(0.1) for uptake from the stem to needles. Such
approximate values of corrective coefficients between
some of the TMs may show affinity in uptake of these
TMs by tree seedlings.
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Fig 2. Concentration of TMs in three compartments of a coniferous tree (pine): simulation results are presented in black, and

experimental results — in grey (the bars denote + SE, n = 4)
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Fig 3. Concentration of TMs in three compartments of a leafy tree (birch and black alder): simulation results are in black, and

experimental results — in grey (the bars denote + SE, n = 4)

Mean values of corrective coefficients were 2.0 for
root uptake, 0.28 — for stem uptake and 2.9 — for leave
uptake in leafy trees and 1.8 for root uptake, 0.31 — for
stem uptake and 2.56 — for needle uptake in coniferous
trees.

4. Conclusions

1. When using the Hung and Muckay’s model of the
transport of contaminants from the soil to plants, adapted
to tree seedlings under experimental conditions, the re-
sults of modelling differed by around 6 % in leaves, 5 %
in stems and 8 % in roots as compared with those of the
experimental data.

2. The applied model is easy to adapt to particular con-
ditions because it uses coefficients the values of which

can be changed according to the required conditions (e.g.
for different types of trees, simulation period, changes in
soil properties, etc.)

3. More data on TMs uptake by trees is required to
prove suitability of the Hung and Muckay’s model for
TMs uptake by higher plants. It is also very important to
determine the volume of tree roots, the stem and leaves
and the metabolism rate of different types and age of
seedlings.

Acknowledgements

The authors would like to thank Dr Valentinas Ka-
danas from the Institute of Geology and Geography
(Lithuania) for valuable discussions and suggestions du-
ring the experimental work.



206

This scientific research is funded under the imple-

mentation of the COST program activity No 859 Phyto-
technologies to promote sustainable land use and
improve food safety and the project Contaminants in the
system soil-plant: contaminants transport, accumula-
tion and soil remediation funded by the Agency for In-

ternational

Science and Technology Development

Programs in Lithuania.

References

1.

10.

HORSWELL, J.; WEITZ, H. J.; PERCIVAL, H. J.;
SPEIR, T. W. Impact of heavy metal-amended sewage
sludge on forest soils as assessed by bacterial and fungal
biosensors. Biol. Fertil. Soils, 2006, Vol. 26, p 569-576.

LAMBERT, D. H.; WEIDENSAUL, T. C.; BORGER, D. C.
and RHODE, L. H. Use of sewage sludge for forest-tree
seedling production. Project Summary. EPA, 1985. 8 p.
SALCEDO-PEREZ, E.; VAZQUEZ-ALARCON, A,
KRISHNAMURTHY, L.; ZAMORA-NATERA, F,;
HERNANDEZ-ALVAREZ, E.; MACIAS, R. R. Evalua-
tion of sewage sludge as an organic fertilizer in volcanic
soils of agriculture and forestall use in Jalisco, Mexico.
Intersciencia, 2007, Vol. 32 (2), p 115-120.

PULFORD, I. D. and DICKINSON, N. M. Phytoremedia-
tion technologies using trees. In Trace Elements in the
Environment: Biogeochemistry, Biotechnology, and Bio-
remediation. M. N. V. Prasad, Kenneth S. Sajwan, Ravi
Naidu (eds.), 2005, CRC, p 375-395.

FRENCH, CH. J.; DICKINSON, N. M.; PUTWAIN, PH. D.
Woody biomass phytoremediation of contaminated
brownfield land. Environmental Pollution, 2006,
Vol. 141, p 387-395.

KATINAS, V. et al. Processes of chemical element dis-
persion and redistribution in environment using
wastewater sludge for recultivation of woodcuttings areas.
Geologija, 2002, Vol. 38, p 3—11.

BUTKUS, D.; BALTRENAITE, E.; KAZIUKONIENE, D.
Estimation of heavy metal accumulation in tree rings. En-
vironmental Engineering (Aplinkos inZinerija), 2002,
Vol. X, No. 4, p 156-160.

ARDUINI, I.; GODBOLD, D. L.; ONNIS, A. Influence
of copper on root growth and morphology of Pinus pinea
L. and Pinus pinaster Ait. seedlings. Tree Physiology,
1995, Vol. 15, p 411-415.

HARTLEY, J.; CAIRNEY, J. W.; FREESTONE, P.;
WOODS, P.; MEHARG, A. A. The effects of multiple
metal contamination on ectomycorrhizal Scots pine (Pinus
sylvestris) seedlings. Environmental Pollution, 1999,
Vol. 106, p 413-424.

KABATA-PENDIAS, A.; PENDIAS, H. Trace elements
in soils and plants. CRC Press, Boca Raton, FL, 1992.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

E. Baltrénaite, D. Butkus / JEELM — 2007, Vol XV, No 4, 200207

CAKMAK, I. Possible roles of zinc in protecting plant
cells from damage by reactive oxygen species. New Phy-
tologist, 2000, Vol. 146, p 185-205.

MAKSYMIEC, W. Effect of copper on cellular processes
in higher plants. Photosynthetica, 1997, Vol. 34, p 321-
342.

BARCELO, J.; POSCHENRIEDER, CH. Plant water
relations as affected by heavy metal stress: a review. Jour-
nal of Plant Nutrition, 1990, Vol. 13, p 1-37.

PULFORD, 1. D.; RIDDELL-BLACK, D. and STE
WART, C. Heavy metal uptake by willow clones from
sewage sludge-treated soil: the potential for phytoreme-
diation. Int. J. Phytoremediation, 2002, Vol. 4, p 59-72.

HAMMER, D.; KAYSER, A. and KELLER, C.
Phytoextraction of Cd and Zn with Salix viminalis in field
trials. Soil Use Management, 2003, Vol. 19, p 187-192.

MORIN, M. D. Heavy metal concentrations in 3-year-old
trees grown on sludge-amended surface mine spoil. In
Proceedings of a Symposium on Surface Mining, Hydro-
logy, Sedimentology and Reclamation, Groves, D. H.
(ed.), Lexington, KY: OES Press, 1981, p 297.

HUNG, H.; MACKAY, D. A novel and simple model of
the uptake of organic chemicals by vegetation from air
and soil. Chemosphere, 1997, Vol. 35, p 959-977.
BUTKUS, D.; BALTRENAITE, E. Accumulation of
sewage sluoge-derived heavy metals in tree seedlings.
Ekologija, 2007 (in press).

PART 5. Chemical-Specific Parameters, 1996, p 133-
160. Available from Internet: <www.epa.gov/superfund/-
resources/soil/>.

JOSE, L.; PILLAI V. N. R. Transition metal complexes
of polymeric amino ligands derived from thriethylenegly-
col dimethacryle crosslinked polyacrylamides. Journal of
Applied Polymer Science, 1996, Vol. 60, p 1855-1865.
ALLISON, J. D.; ALLISON, T. L. MINTEQA?2. Geoche-
mical speciation workshop. Allison geoscience consul-
tants, Inc., Buford, GA. 2004. Available from Internet:
<http://www .epa.gov/athens/wwqtsc/courses/wasp7/-
toxicants/>.

TURNER, A.; MAWIL, E. Octanol-solubility of dissolved
and particulate trace metals in contaminated rivers: impli-
cations for metal reactivity and availability. Environmen-
tal Pollution, 2005, Vol. 135(2), p 235-244.

VERBYLA, V. Miskininko Zinynas. Vilnius: Mokslas,
1990. 480 p.

TSIROS, I. X.; AMBROSE, R. B.; CHRONOPOULU-
SERELI, A. Air-vegetation-soil partitioning of toxic che-
micals in environmental simulation modelling. Global
Nest: Int. J., 1999, Vol. 1(3), p 177-184.

Verma, P.; George, K. V.; Singh, H. V.; Singh, S. K,;
JUWARKAR, A. and SINGH, R. N. Modeling rhizofiltra-
tion: heavy metal uptake by plant roots. Environmental
Modeling and Assessment, 2006, Vol. 11, p 387-394.



E. Baltrénaité, D. Butkus / JEELM — 2007, Vol XV, No 4, 200207 207

Cu, Ni, Zn, Mn IR Pb PERNASOS IS DIRVOZEMIO [ SPYGLIUOCIU IR LAPUOCIU MEDZIU SODINUKUS
MODELIAVIMAS

E. Baltrénaite, D. Butkus
Santrauka

Sunkiyjy metaly (SM) pernasa i§ dirvoZemio i augalg apima cheminiy, fizikiniy ir biologiniy procesuy (tokiu, kaip difuzija,
adsorbcija, absorbcija, augalo augimas, transpiracijos greitis ir kt.), vykstanciy dirvoZemyje, rizosferos zonoje ir patiame
augale. D¢l Siy procesy sudétingumo ir iSoriniy veiksniy poveikio (pvz., klimato salygos, biotiniais veiksniai, substrato rii-
§is ir kt. juos sudétinga apraSyti matematinémis iSraiSkomis. Metaly pernasos | augalus modeliavimas yra dar sudétinges-
nis negu organiniy terSaly, nes, kitaip nei organiniai terSalai, sunkieji metalai yra svarbiis augaly augimui, medZiagy
apykaitai, fermenty veiklai ir kt. Sunkiyjy metaly pasiskirstymo tarp oktanolio ir vandens koeficientas suteikia nedaug in-
formacijos apie sunkiyjy metaly kaupimosi augaluose pobiidi, todél biitina jtraukti papildomus koeficientus, pvz., biologi-
nio pasisavinimo ir translokacijos koeficientus. Sio darbo tikslas buvo sumodeliuoti sunkiuju metaly (Zn, Pb, Cu, Ni ir
Mn) pernasa i§ dirvoZemio | medZio sodinukus, pritaikant Hung ir Muckay sukurta terSaly pernasos i augalus modelj. Pri-
taikant modelj sunkiyjy metaly pernasai i§ dirvoZemio su paskleistu pramoniniu nuoteky dumblu | spygliuo¢iy ir lapuociy
medZiy sodinukus atlikta keletas korekcijy, jvertinant sunkiuyju metaly pusiausvyros pasiskirstymo tarp oktanolio ir van-
dens koeficienta (K, ), sunkiyju metaly pusiausvyros tarp dirvoZemio ir vandens koeficienta (K,), kuris priklauso nuo dir-
voZemio pH ir organinés medZiagos kiekio, ir jtraukiant sunkiyjy metaly tirpumo vandenyje koeficienta (K7), taip pat
pataisos koeficientus. Pritaikius Hung ir Muckay modeli sunkiyjy metaly pernasai i§ dirvoZemio i medZiy sodinukus, mo-
deliavimo rezultatai nuo matavimo rezultaty skyrési apie 6 % lapuose, 5 % kamiene ir 8 % Saknyse.

ReiksSminiai ZodZiai: sunkieji metalai, modeliavimas, pernasa, sodinukai, pusis, berZas, juodalksnis.

MOJEJIMPOBAHUE NEPEHOCA Cu, Ni, Zn, Mn U Pb U3 IOYBBI B CAXKEHIIbl XBOMHBIX M
JIMCTBEHHBIX JEPEBBLEB

9. Baarpenaiite, 1. ByTkyc
Pesome

[epeHoC TsKENBIX METAIUIOB U3 TIOYBBI B IEPEBO COMPOBOXKAACTCSI MHOTUMHU (DM3NYECKUMH, XUMUYECKUMH U OUOIIOrHYe-
CKAMH TIporieccamu (TakuMH, Kak auddysus, agcopOums, abcopOuus, pocT IepeBa, CKOPOCTh TPAHCIHPALUN WU AP.),
MIPOUCXOAAIINMHY B TIOYBE, 30HE PU30C(EPHl M CaMOM AepeBe. DTU MPOLEecCh MaTeMaTHIECKH TPYAHO OIHCATh M3-33 UX
CJIOKHOCTH W BJIMSHHSI BHEIIHMX (haKTOPOB (Hampumep, KIMMaTHYECKUX YCIOBHH, OHOTHYECKHMX (akTopoB, BHIa cyO-
cTpara u 1p.). MonenupoBaHue NepeHoca MeTalIoB U3 MOYBHI B JIEPEBO SBIsiETCS Oojiee CIOKHBIM, YeM IepeHoca opra-
HUYECKUX 3arps3HHUTENel, IOCKOJIbKY OHHM HHa4ye BIMSIOT HAa POCT PACTEHHH, KPyrooOOpOT BEIIECTB, JEWCTBUE
(depmenToB u np. Hanpumep, pacrpeseneHne TSKENIbIX METAIJIOB MKy OKTUIJIOBBIM CIIMPTOM M BOJOW JaeT HEMOJHYIO
nH(pOpMALHIO 0 HAKOIUICHHH TSDKEJIBIX METAJJIOB B PACTEHUSIX, MOITOMY HEOOXOIMMO BBECTH IOIOJIHHUTENbHBIE KO du-
LUEHTHl, HampuMep, Ko3()(UIMEHTH OHOIOTHYECKOr0 OCBOEHUs M TpaHciokanuu. Llenpto Hacrosmeld paboTbl ObLIO
npumenenue moaenu ['anra u Makkes (Hung and Muckay), co3ganHo# i onpeeneHus IepeHoca 3arpsi3HSIONINX Be-
[IECTB B PACTEHUSI, Ul MOAEITMPOBAHUS MTEPEHOCA TSHKEIBIX METAJIOB U3 MOYBHI C 1I00ABICHHBIM B HE€ MPOMBIIIICHHBIM
WJIOM B CaKeHI[BI XBOIHBIX M JIMCTBEHHBIX AepeBheB. CylecTByIOmas MO/ENb OTKOPPEKTHPOBAaHA MyTeM BBEACHHS KO-
3G PHUINEHTOB PABHOBECHUS TAXKEIBIX METAIOB MEXITy OKTHIOBBIM clTUpToM | Bonoi (K,,,), Mexy mouBoi u Bogou (Ky),
3aBUCSIIMX OT KUCJIOTHOCTH MOYBBI ¥ KOJMYECTBAa OPraHMYECKOr0 BELIECTBA; KO3((GHIUEHTa, ONpeessIomero pa3oas-
JSIeMYI0 YacTh TsDkenbIX MetaiuioB (Kt), a Takxke HEKOTOPBIX MONPaBOYHBIX K03 duieHToB. [locie npuMeHeHus JKcme-
PHUMEHTAIbHO YCTAHOBJICHHBIX KOA((UIMEHTOB U MOMpPaBOK B Mojeian ['anra u Makkesi OKa3aaoch, YTO Pe3yJbTaThl
MOJIEJIMPOBAHUS OTJIMYAIIUCH OT PE3YJILTATOB U3MepeHHs Ha 6 % B JIHUCTBIX, HA 5 % — B cTBOJIE U HA 6 % — B KOPHSIX ca-
JKEHLIEB JIePEBbEB.

KunroueBble ciioBa: TshKesble METaJIIbI, MOJICIMPOBAHHUE, TIEPEHOC, CaXKEHIIbI, COCHA, Oepe3a, YepHast OJIbXa.
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