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Abstract: Use of mechanistic mathematical models (consisting
of second-degree differential equations with partial derivatives)
in the prevention and control actions of heavy metals migration
into the soil is an extremely difficult approach. More suitable for
this purpose are empirical models obtained by statistical
processing of experimental data. Given, however, the high cost
of experimentation and time consumption, the number of such
experiments should be reduced to the minimum required. An
important way to reduce is the simplification of the model
equations by retaining only those process parameters with
decisive influence on the state variable. Using multiple
correlation analysis (in antithesis with the simple correlation
analysis), applied to a sample of 150 geological sites, this paper
has allowed a classification of soil physicochemical
characteristics by the major influence they have on the heavy
metals migration phenomenon. This hierarchy can be used,
further, to a rigorous selection of variables for a future
mathematical model.
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1. Introduction

One of the anthropogenic aggressions exerted
constantly by the soil is the heavy metals pollution.
But is it a special situation because these metals
can also be naturally found in the soil, some of
them (such as: copper, lead, cobalt or manganese)
having an important role in plant growth [1]. For
this reason, specialists were asked in the first
instance to find an answer for each of the three
fundamental questions related to this topic: what is
the threshold value above which soil is considered
polluted with a certain heavy metal; what locations
are expected to have high natural concentrations
for these elements; and

Rezumat: Utilizarea modelelor matematice mecaniciste
(formate din ecuatii diferentiale de gradul doi cu derivate
partiale) in actiunile de prevenire si control a migratiei metalelor
grele in sol este o abordare extrem de dificila. Mai potrivite
pentru acest scop sunt modele empirice obtinute prin
prelucrarea statistica a datelor experimentale. Avand in vedere,
ins&, costul ridicat si consumul de timp, volumul acestor
experimente ar trebui sa fie redus la minimum. O modalitate
importantd de reducere a acestor costuri este simplificarea
modelului, retindnd in ecuatiile sale numai acei parametri de
proces cu o influentd decisivd asupra variabilei de stare.
Folosind analiza de corelatie multipla (in antiteza cu analiza de
corelatie simplad), aplicatd pe un esantion format din 150 de sit-
uri geologice, aceastd Ilucrare a permis o clasificare a
caracteristicilor fizico-chimice ale solului cu influentd majora
asupra fenomenului de migratie a metalelor grele. Aceasta
ierarhizare poate fi utilizatd, in continuare, la o selectie
riguroasd a variabilelor pentru un viitor model matematic.

Cuvinte cheie: coeficienti de corelatie,
caracteristicile solului, modelare statistica.

metale grele,

1. Introducere

Una dintre agresiunile antropice, exercitate in mod
constant asupra solului, o reprezinta poluarea cu
metale grele. Dar fenomenul in sine constituie o
situatie deosebitd, deoarece aceste metale se
regasesc si in mod natural in sol, unele dintre ele
(cum ar fi: cuprul, plumbul, cobaltul sau manganul)
jucand chiar un rol important in cresterea plantelor
[1]. Din acest motiv, specialistii au fost solicitati,
ntr-o prima instanta, de a gasi un raspuns adecvat
pentru fiecare dintre cele trei Tintrebari
fundamentale legate de acest subiect: care este
valoarea de prag peste care solul va fi considerat
poluat cu un anumit metal
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what methods must be used to explain the spatial
distribution of a certain metal in the soil [2]. A
correct response to either of these questions
involves a mandatory appeal to mathematical
modeling.

The physical approach to the problem
involves a model which consists of two second-
degree differential equations with  partial
derivatives [3] that can be solved only by numerical
methods [4-6] considering some simplifying
hypotheses and a restrictive system of initial and
boundary conditions. These substantially reduce
the predictability of the model, restricting its
applicability. Therefore, for effective actions of
prevention and combat of heavy metal pollution,
mathematical empiric models are required on a
large scale. These models are obtained by
statistical processing of experimental data [7-9] or
of ground measured values [10,11]. For the latter,
specialists can benefit from the support of large
databases established to monitor heavy metals,
both at a European level [12] and also at national
level. In Romania, under the auspices of the
Research Institute for Soil Science and Agronomy
(I.C.P.A)) and of the Research Institute for Forest
Design (I.C.A.S.), was developed and published:
Monitoring of soils quality status in Romania [13].
This atlas provides comprehensive data for 942
sites (670 agricultural and 272 forestry) covering a
16 x 16 km network, throughout the country. For
each site separately have been determined, inter
alia, the content of heavy metals and also several
other physical and chemical soil characteristics.
Such databases, which associate a measured
value of a state variable (concentration in heavy
metal) to process parameters (physicochemical
characteristics of soil), provides large opportunity
of statistical processing in order to obtain empirical
performance models.

If, for establishing the model equations,
regression analysis method is used [14], it is
particularly useful, as a preliminary step, to carry
out an analysis of the correlation [7]. This allows a
simplification of the mathematical model equation
by retaining as process factors only those

physicochemical characteristics that have a
decisive influence on the state variable.
Quantifying this influence will be achieved
unequivocally by determining the simple

correlation coefficients and especially those of
multiple correlations between the physicochemical
characteristics of soils and heavy metals contents.

greu?; ce locati sunt de asteptat sa aiba
concentratii naturale ridicate pentru aceste
elemente?; si: ce metode trebuie sa fie utilizate
pentru a explica distributia spatialda a unui anumit
metal greu in sol? [2]. Un raspuns corect la oricare
dintre aceste intrebari implica un apel obligatoriu la
modelarea matematica.

Abordarea fizica a acestor probleme implica
un model matematic ce constd din doua ecuatii
diferentiale de gradul doi cu derivate partiale [3], care
pot fi rezolvate numai prin metode numerice [4-6],
introducand numeroase ipoteze simplificatoare si un
sistem restrictiv de conditii initiale si la limita. Toate
acestea reduc, insd substantial predictibilitatea
modelului, limitind drastic aplicabilitatea sa. Prin
urmare, pentru actiuni eficiente de prevenire si
combatere a poluarii solului cu metale grele,
modelele matematice empirice sunt mult mai
adecvate, fiind utilizate pe scara larga. Aceste
modele sunt obtinute prin prelucrarea statistica a
datelor experimentale [7-9] sau a valorilor masurate
in sol [10,11]. Pentru acestea din urma, specialistii
pot beneficia de sprijinul unor mari baze de date
create pentru monitorizarea metalelor grele, atat la
nivel european [12] c&t si la nivel national. in
Romania, sub auspiciile Institutului de Cercetari
pentru Pedologie si Agronomie (ICPA) si al
Institutului de Cercetari si Amenajari Silvice (ICAS), a
fost elaborat si publicat: Monitoringul Starii de
Calitate a Solurilor din Roméania [13]. Acest atlas
ofera date complete pentru 942 de sit-uri (670
agricole si 272 forestiere ) ce acopera cu o retea de
16 x 16 km, intreaga suprafata a tarii. Pentru fiecare
sit in parte au fost determinate, printre altele,
continutul de metale grele, precum si o serie de alte
caracteristici fizice si chimice ale solului. Aceste baze
de date, care asociaza o valoare masurata a unei
variabile de stare (concentratia ih metale grele) unor
parametri de proces (caracteristici fizico-chimice ale
solului), ofera o mare posibilitate de prelucrare
statistica in scopul obtinerii unor modele empirice
performante.

In cazul in care, pentru stabilirea ecuatiilor
modelului, este utilizatd metoda analizei de regresie
[14], este deosebit de utl, ca intr-o etapa
preliminara, sa se efectueze si o analizd de
corelatie [7]. Acest lucru permite o simplificare a
ecuatiei modelului matematic, retinand ca factori de
proces doar acele caracteristici fizico-chimice ale
solului care au o influenta decisiva asupra variabilei
de stare. Cuantificarea aceastei influente se va
realiza, fara echivoc, prin determinarea coeficientilor
de corelatie simpla dar mai ales a celor de corelatie
multipla dintre caracteristicile fizico-chimice ale
solurilor si concentratiile de metale grele.
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2. Materials and methods

When studying a particular natural phenomenon
governed by two variables y and x, (y is called the
state variable and x is a process parameter), are
relatively rare situations where there is a functional
dependence of the type: y = f(xX) that binds
between these two variables. Even more rare are
situations where this function is known. In all
cases, however, if we have a sufficiently large
number of x, y pairs we can proceed to determine a
simple correlation coefficient (noted: ry,) whose
modulus value indicates the extent to which there is
a covariance between the two values [15]. The
formula for calculating this coefficient is:

2. Materiale si metode

Atunci cand se studiazd un anumit fenomen
natural guvernat de doua variabile y si x, (y fiind
variabila de stare iar x un parametru de proces),
sunt relativ rare situatile in care exista o
dependenta functionala de tip: y = f (x), care sa
lege intre ele aceste doua variabile. Si mai rare
sunt situatile in care aceasta functie este
cunoscutd. In toate cazurile, insa, dacad avem un
numar suficient de mare de perechi x-y putem
determina un coeficient de corelatie simpla (notat:
fyx) @ carui valoare indicd masura in care exista o
covarianta intre cele doua valori [15]. Formula de
calcul a acestui coeficient este:

n

2.Xjyj —nxy
ry x =1k (1)
Y. (n—1)sxsy

where: n is the number of pairs of values x-y that
we have, X,y are the arithmetic means and sy, s,

are the standard deviations of these values.

If a null value resulting from the calculation
of the simple correlation coefficient will conclude
that the two variables are perfectly independent. If,
however, we find a modulus value equal to the
unit, may conclude that there is a functional
dependence of the type y=f(x) between the two
variables. A value in between these extremes is a
lesser or greater degree of correlation between the
two variables.

Due to facility of this method, the simple
correlation coefficient is frequently used also when
the state variable (y) is connected not only to a
parameter, but a series of “k” parameters (X;...X).
The simple correlation coefficients: ryy, ...ryy, , will

be calculated with the same equation which
emphasizes the relationship between the state
variable and every individual process parameter.
Unfortunately, in this case the accuracy of the
simple correlation coefficients is diminished by
the fact that Eq. (1) ignores two important aspects
in the state variable dependence of more
parameters with simultaneous action. These
aspects are: the mutual interactions between
these parameters (absolutely independent only in
few cases) and that the influence of some
parameters on the state variable may be different
in the presence of other parameters, than if they
would act individual.

in care: n este numarul de perechi de valori x-y,
avand mediile aritmetice: x, y si abaterile medii
patratice: s, si sy.

Daca din calculul coeficientului de corelatie
simpla rezulta o valoare nula, concluzia care se va
trage este aceea ca: cele doua variabile sunt
perfect independente. Daca, insa, rezulta o
valoare egala in modul cu unitatea, concluzia va fi
aceea ca existd o dependenta functionala de tip y
= f (x) intre cele doua variabile. O valoare intre
aceste doua extreme exprima un nivel mai mic sau
mai mare de corelare intre respectivele variabile.

Datorita facilitatii acestei metode, coeficientul
de corelatie simpla este frecvent utilizat chiar si in
situatia in care variabila stare (y) este legatd, nu
numai de un singur parametru, ci de o serie de "k"
parametri (x;...xx). Coeficientii de corelatie simpla:
lyx - Tyx, » vor fi calculati cu aceeasi relatie de mai

sus care pune accentul pe legatura dintre variabila de
stare si fiecare parametru de proces in parte. Din
pacate, in acest caz, acuratetea coeficientilor de
corelatie simpla este mult diminuatd de faptul ca
relatia (1) ignord doud aspecte importante legate de
dependenta variabilei de stare de mai multi parametri
cu actiune simultand. Aceste aspecte sunt:
interactiunile  frecvente dintre acesti parametri
(cazurile Tn care ei sunt absolut independenti fiind
relativ rare) si faptul ca influenta unui parametu
asupra variabilei de stare poate fi diferita in
prezenta altor parametri, decat in situatia in care
acesta ar actiona individual.
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To eliminate these deficiencies, it is
recommended to determine the multiple correlation
coefficients. Although the algorithm is much more
laborious, this approach removes the shortcomings
noted above and, in addition, it offers the
possibility of a thorough analysis of the multiple
interdependencies that can appear between the
state variable and the set of process parameters.

Relationship for calculating the multiple
correlation coefficient between state variable and
the set parameters X;... X, is the following [15]:

y.-xqXo.. Xk

where P is the correlation determinant of the form:

1 fyxq

X1y 1

xoy  Txoxg
p:

xky  Txpxq

and P, represents the algebraic complement of
determinant P to the simple correlation coefficient
ry=1. Each of the simple correlation coefficients
that appear in the determinant will be calculated, in
turn, using Eq. (1).

Next will show how these relationships will

be used to determine the correlations between
heavy metals contents and the physicochemical
characteristics of soils, starting from the results of
the measurements published in the Monitoring of
the Quality Status of Soils in Romania.
Since the use of data from all 942 sites, published
in the atlas above would have required an
excessive amount of calculation, a representative
sample was chosen, containing a total of only 150
sites, enough to reveal the correlations followed.
For establishing this sample a program was used
to generate random numbers, which picked the
150 sites. From these, 104 were arable sites and
46 were forestry sites. For each of these, the
concentrations of heavy metals (Cd, Co, Cr, Cu,
Mn, Ni, Pb and Zn) were retained and also the
values of six physicochemical characteristics: clay
content [%], compacting degree [%], hydraulic
conductivity at saturation [mm/h], structural hydro
stability [%], pH and organic matter content [%].

Pentru eliminarea acestor deficiente, se
recomanda recurgerea la calculul coeficientilor de
corelatie multipla. Desi, in acest caz, algoritmul
este mult mai laborios, aceastd abordare elimina
neajunsurile mentionate mai sus si in plus ofera
posibilitatea unei analize aprofundate a multiplelor
interdependente care pot aparea intre variabila de
stare si ansamblul parametrilor de proces.

Relatia de calcul a coeficientului de corelatie
multipla intre variabila de stare si setul parametrilor
de proces X;... X, este urmatoarea [15]:

= J1-P/P

unde P este determinantul de corelatie si are forma:

(2)

Fyxo Fyxy
Mxqx2 Fxq Xk
1 e Txoxy
(3)
M xo - 1
iar Pi; reprezintda complementul algebric al

determinantului P 1n raport cu coeficientul de
corelatie simpla r,,=1. Fiecare dintre coeficientii de
corelatie simpla care apar in acest determinant va
fi calculat, la randul sau, cu ajutorul relatiei (1).

in continuare va fi prezentat modul in care
aceste relatii au fost utilizate pentru determinarea
corelatiilor dintre continutul de metale grele si
caracteristicile fizico-chimice ale solurilor, pornind de
la rezultatele masuratorilor publicate Tn Monitoringul
Starii de Calitate a Solurilor din Romania.

Deoarece utilizarea datelor din toate cele
942 de situri, publicate in atlasul de mai sus, ar fi
necesitat o cantitate excesiva de calcule, a fost
ales un esantion reprezentativ, care contine un
total de doar 150 de sit-uri, suficiente insa pentru a
pune in evidentd corelatile urmarite. Pentru
stabilirea acestui esantion a fost utilizat un
program de generare a numerelor aleatoare, prin
intermediul caruia au fost extrase cele 150 de sit-
uri. Dintre acestea, 104 au fost sit-uri agricole iar
46 au fost sit-uri forestiere. Pentru fiecare sit in
parte au fost retinute concentratiile in metale grele
(Cd, Co, Cr, Cu, Mn, Ni, Pb si Zn) precum si
valorile a sase caracteristici fizico-chimice: continut
de argila[%], grad de tasare [%], conductivitate
hidraulica la saturatie [mm/h], hidrostabilitate
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In order to verify the law of distribution of the
sample values for each of the six features above,
was applied Kolmogorov test [16]. These consist of
comparing the cumulative absolute frequencies of
the sample values with the normal theoretical
repartition function (Gaussian type). Following this
test it was found that, besides the organic matter
content which shows a minor deviation, the values
of all the other physicochemical characteristics
comply the Gaussian normal distribution. These
positive results confirm the representativeness of
the sample and provide that any conclusions on
the sample can be extrapolated to the entire
statistic population.

3. Results and Interpretations

In a first step, using Eqg. (1), the simple correlation
coefficients between the heavy metals contents
and each of the six physicochemical
characteristics of soils were determined. These
coefficients were calculated both globally (G) for all
the 150 sites of the sample and separately for
arable sites (A), respectively for forestry sites (F)
(Table 1).

structurala [%], pH si continut de materie organica
[%].

In scopul verificarii legii de distributie a
valorilor esantionului, pentru fiecare dintre cele
sase caracteristici de mai sus, a fost aplicat testul
Kolmogorov [16]. Acesta consta in compararea
frecventelor absolute cumulate ale valorilor
esantionului cu functia normald de repartitie
teoretica (de tip Gaussian). in urma acestui test s-
a constatat ca, in afard de continutul de materie
organica, ce prezinta o abatere minora, valorile
tuturor celorlalte caracteristici respecta legea de
distributie normald. Aceste rezultate pozitive
confirma reprezentativitatea esantionului prelevat
si garanteaza ca orice concluzie referitoare la
acesta poate fi extrapolatda la nivelul Tintregii
populatii statistice.

3. Rezultate si interpretari

intr-o prima etapa, folosind relatia (1), s-au
determinat coeficientii de corelatie simpla intre
continuturile de metale grele si fiecare dintre cele
sase caracteristicilor fizico-chimice ale solurilor.
Acesti coeficienti au fost calculati atét la nivel global
(G), pentru toate cele 150 de sit-uri ale probei, cét si
separat pentru sit-urile agricole (A), respectiv pentru
sit-urile forestiere (F), (vezi Tab. 1).

Table 1.
Simple correlation coefficients (module values).
r Cd Co Cr Cu Mn Ni Pb Zn
Hydraulic G | 0.00137 004338 012525 009953 0.02468 0.13029 0.16054 0.13598
conductivityat | A | 0.05949 0.01182 0.01916 0.17221 0.05046 0.09176 0.11388 0.08130
saturation F | 011540 0.10168 0.00236 0.01852 0.13312 0.11173 0.15350 0.38392
_ G | 0.18473 003542 0.14525 027648 0.08066 0.04458 0.04022 0.02765
CO(;T;Z‘:Z:”Q A | 009991 005690 0.04579 0.34363 0.07520 0.08707 0.07502 0.04001
F | 028770 057571 0.12184 0.10768 0.21982 0.78083 0.21156 0.09631
G | 056343 002038 0.19256 0.04847 0.11607 0.10950 0.32096 0.00669
Structural hydro
bty A | 055252 0.09644 0.17332 0.00497 0.08188 0.26719 0.47183 0.03394
F | 050298 033273 008108 0.36281 0.12729 0.49269 0.30948 0.35086
G | 0.01367 0.15708 000498 0.16508 0.00737 0.48248 0.10986 0.18272
Clay content A | 024908 024348 0.16903 0.23394 0.21222 055191 0.09105 0.16197
F | 004789 000353 031124 001431 0.04492 0.28582 0.12322 0.08071
G | 024115 0.13087 017066 001726 0.10525 0.24219 0.38532 0.06723
oH A | 006578 0.13196 0.24075 0.04252 0.14370 0.22011 0.26029 0.07783
F | 007414 013457 001807 0.10432 0.01814 0.19207 0.31107 0.34258
G | 025526 002183 0.19787 001924 0.02936 0.02051 0.38576 0.10663
Orgiginctg]‘;’mer A | 017662 006759 0.08317 0.06029 0.14735 0.15882 0.42637 0.04499
F | 0.08795 0.04955 005167 0.16330 0.09327 0.02828 0.20572 0.12866
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For an objective verification of the
significance of simple correlation coefficient, its
value can be compared with size criteria: r'g,,
available in tables [16]. This criterion is chosen
according to the level of significance a, which has
a commonly adopted value of 0.05 and the number
of liberty degrees: v=n-2, where n is the sample
volume. In the studied case, for the global level
(a=0.05 and v=148) the criterion has the following
value: r'90514s=0.1825. For agricultural sites
(a=0.05 and v=102) the criterion has the value:
I'0.05,102=0.1946, and for the forestry sites (a=0.05
and v=44) the following value is adopted:
I'0.05.44=0.2875.

For all simple correlation coefficients from
Table 1, whose values exceed these limits criteria
(note the characters “bold”), we can conclude, with
a probability of 95%, that between the respective
content of heavy metals and the physicochemical
characteristic for which they were calculated there
is a significant correlation and, therefore, these
parameters must be retained in the equation of an
mathematical model. Such significant correlations
can be distinguished, in the case of forestry sites
for example, between the majority of contents in
heavy metals and the structural hydro stability or in
the case of agricultural sites between the same
majority of state variables and clay content. For
values under these criterion limits (such as the
vast majority of correlations between heavy metal
contents and hydraulic conductivity at saturation),
the conclusion, with the same probability, will be
that these correlation levels are insignificant.

The extent to which these simple correlation
coefficients describe the covariance between a
state variable and a certain process parameter can
be even more strongly emphasized by using its
graphical representation. Figure 1 illustrates, for
comparison, two of the correlations presented in
Table 1. A certain point from the graphical field
represents a pair of values: state variable —
process parameter and characterizes one of the
150 sites of the sample. Increasing the correlation
coefficient (from 0.004983 to 0.482477) leads to an
alignment of the 150 points in a certain preferential
direction.

Pentru o verificare obiectiva a semnificatiei
coeficientului de corelatie simpla, valoarea
acestuia poate fi comparata cu o marime criteriala:
I'sv, disponibild sub forma tabelara in literatura de
specialitate [16]. Acest criteriu se alege Tn functie
de nivelul de semnificatie: a, pentru care se adopta
uzual valoarea de 0,05 si numarul de grade de
libertate: v=n-2, unde n reprezinta volumul
esantionului. In cazul studiat, pentru nivelul global
(a=0,05 si v=148) criteriul are valoarea:
I'o.0s146=0,1825. Pentru siturile agricole (a=0,05 si
v=102) criteriul are valoarea: r'gs10,=0,1946, iar
pentru cele forestiere (a=0,05 si v=44) se adopta:
I'0.05,44=0,2875.

In cazul tuturor coeficientilor de corelatie
simpla din tabelul 1, ale caror valori depasesc
aceste limite criteriale, (cei notafi cu caractere
"bold") se poate concluziona, cu o probabilitate de
95%, ca intre respectivul confinut in metal greu si
caracteristica fizico-chimica pentru care au fost
calculati existd o corelatie semnificativd si prin
urmare, acesti parametri vor trebui sa fie retinuti, in
mod obligatoriu, Tn ecuatia unui eventual model
matematic. Asemenea corelatii semnificative se pot
evidentia — Tn cazul siturilor forestiere spre exemplu
— Intre majoritatea confinuturilor in metale grele si
hidrostabilitatea structurala sau in cazul siturilor
agricole — intre aceeasi majoritate a variabilelor de
stare si continutul de argila. Pentru valorile situate
sub aceste limite criteriale (cum ar fi cazul marii
majoritati a corelatiilor dintre continuturile in metale
grele si conductivitatea hidraulica la saturatie)
concluzia — cu aceeasi probabilitate — va fi ca
aceste nivele de corelatie sunt nesemnificative.

Masura Tn care acesti coeficienti de corelatie
simpla descriu covarianta dintre o variabila de stare si
un anumit parametru de proces poate fi mai bine
evidentiata prin folosirea reprezentarilor grafice. Fig.
1 ilustreaza, pentru comparatie, doua dintre corelatiile
prezentate in tabelul 1. Un anumit punct din campul
grafic reprezintd o pereche de valori: variabild de
stare - parametru de proces Si caracterizeaza unul
dintre cele 150 de situri ale probei. Cresterea valorii
coeficientului de corelatie (de la 0,004983 la
0,482477) conduce la alinierea celor 150 de puncte
pe o anumita directie preferentiala.
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Figure 1. Covariance between the state value and the process parameter in the case of Ni and Cr.

For advancing to the second stage:
determining multiple correlation coefficients, the
interaction coefficients (correlation coefficients
which describe the existing interdependencies only
between the process parameters) were calculated
in advance (Table 2.).

In this case we can also notice very high
levels of correlations, some predictable, such as
the correlation between the hydraulic conductivity
and the compacting degree or between pH and
clay content, respectively organic matter and
others more subtle such as the correlation
between pH level and hydraulic conductivity at
saturation. An overview of the data from Table 2 is
enough to support a previous assertion: situations
where process parameters could be perfectly
independent are rare.

For this reason, we went further to
determine the multiple correlation coefficients.
They were calculated using Egs. (2-3) and
represent the covariance between each of the
eight heavy metals content and the block of six
process parameters, taken as a whole.

Pentru trecerea la cea de-a doua etapa:
determinarea coeficientilor de corelatie multipla, au
fost calculati Tn prealabil (vezi Tab. 2) coeficientii
interactiunilor (adica acei coeficienti de corelatie
care descriu interdependentele existente numai
intre parametrii de proces).

Si in acest caz, pot fi observate,
deasemenea, niveluri foarte ridicate de corelatie,
unele previzibile, cum ar fi: corelatia dintre
conductivitatea hidraulica si gradul de tasare sau
cea dintre pH si continutul de argila, respectiv
materie organica, iar altele mai subtile, cum ar fi:
corelatia intre nivelul pH-ului si conductivitatea
hidraulica la saturatie. O privire de ansamblu
asupra datelor din tabelul 2 este suficienta, nsa,
pentru a sustine afirmatia anterioara cu privire la
faptul ca situatiile in care parametrii de proces sunt
perfect independenti sunt foarte rare.

Din acest motiv, s-a trecut mai departe la
determinarea coeficientilor de corelatie multipla.
Acestia au fost calculati cu ajutorul relatiilor (2-3) si
reprezinta covarianta dintre fiecare continut de
metal greu in parte si blocul celor sase parametri
de proces, luati Tn ansamblu.

Table 2.
Interaction coefficients.
r Hydraulic Compacting Hydro Clay H Organic
conductivity degree stability content p matter
Hydraulic 1 0.45887 0.15991 0.21406 0.37051 0.32982
conductivity ) ' ) ' )
Compacting
degree 0.45887 1 0.09647 0.12508 0.01893 0.18790
Hydro 0.15991 0.09647 1 0.18630 0.39774 0.33657
stability ) ) ) ' )
Clay content 0.21406 0.12508 0.18630 1 0.34693 0.14763
pH 0.37051 0.01893 0.39774 0.34693 1 0.41430
Organic
matter 0.32982 0.18790 0.33657 0.14763 0.41430 1
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Their values are summarized in Table 3,
along with the calculated sizes of the Fischer
criterion, which serves to objectively testing the
significance of these coefficients. The value of the
Fischer criterion is calculated, for each multiple
correlation coefficient using the following relation
[15]:

Valorile lor sunt sintetizate in tabelul 3,
alaturi de marimile calculate ale criteriului Fischer
(care serveste la testarea obiectiva a semnificatiei
acestor coeficienti). Valoarea criteriului Fischer a
fost calculata, pentru fiecare coeficient de
corelatie multipla Tn parte folosind urmatoarea
relatie [15]:

2
r
I::n—k—l Y-X1X2 .. Xk (4)
k _r2
Y X1 X2.. XKk

where n = 150 is the volume of the sample and k =
6 is the number of process parameters.

unde n = 150 reprezintd volumul esantionului iar k
= 6 este numarul total al parametrilor de proces.

Table 3.
Multiple correlation coefficients.
Cd Co Cr Mn Ni Pb Zn
r 0.61813 0.18718 | 0.27253 0.33483 0.16843 0.50982 0.47998 0.25555
F 14.737 0.86534 1.9122 3.0094 0.69586 8.3703 7.1343 1.6652
Faviv2 2.09
Conclusion | correlation [ - | - | correlaton | - | correlation | correlation | -

For Cd, Cu, Ni and Pb contents, the Fischer
criterion values, calculated with Eq. (4), are
superior to the tabular size Fa,v1,v2 [16] (for
a=0.05, v1=k=6 and v2=n-k-1=143). Therefore,
with the same probability of 95%, we can say that
between the contents of these heavy metals and
the physicochemical characteristics of soils there is
a very high level of correlation which justifies the
development of further mathematical models.

In the case of elements: Cr, Zn, but mostly
Co and Mn, the low values of the Fischer criterion
indicate much lower significance levels of existing
correlations between the contents of these heavy
metals and all the physicochemical characteristics
of soils.

The histogram in figure 2 brings together the
simple correlation coefficients previously
calculated, for each of the six physicochemical
characteristics, with multiple correlation
coefficients, for all the eight heavy metals that
have been studied.

Pentru continuturile de Cd, Cu, Ni si Pb
valorile criteriului Fischer, calculate cu relatia (4),
sunt superioare marimii Fq 1.2 [16] (pentru a=0,05,
vi=k=6 si v,=n-k-1=143). Prin urmare, se poate
afirma, cu aceeasi probabilitate de 95%, ca intre
continuturiie in  aceste metale grele i
caracteristicile fizico-chimice ale solurilor exista un
nivel de corelatie foarte ridicat ce justifica
elaborarea unor eventuale modele matematice
ulterioare.

In cazul elementelor: Cr, Zn, dar mai ales
Co si Mn valorile scazute ale criteriilor Fischer
indica nivele de semnificatie mult mai reduse ale
corelatiilor existente intre continuturile acestor
metale grele si ansamblul caracteristicilor fizico-
chimice ale solurilor.

Histograma din figura 2 reuneste, intr-o
maniera sintetica, coeficientii de corelatie simpla,
calculati anterior, pentru fiecare din cele sase
caracteristici  fizico-chimice, cu coeficin{i de
corelatie multipla, in cazul tuturor celor opt metale
grele studiate.
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Figure 2. Synthesis of simple and multiple correlation coefficients.

4. Conclusions

Analyzing and connecting all data provided by this
preliminary study, performed using correlation
analysis, can be summarized some general
conclusions. They can play an important role in
subsequent stage of mathematical modeling and
can be used as general information on prevention
and control activities of heavy metal pollution in
soils.

A first important observation, that can be
made by analyzing Table 1, is that there are
notable differences between the values of the
same calculated correlation coefficients, for each
of the two categories of sites separately
(agricultural and forestry). Most significant is the
case of structural hydro stability for which, in
forestry sites, we can observe a much higher level
of correlation than in the agricultural sites. This
conclusion prefigures the necessity to develop one
particular mathematical model for each of the two
site categories.

Further, if these results are interpreted in
terms of physicochemical properties of sails, it can
make a ranking of these features on the role they
play in the heavy metal retention process in the
soil. According to this hierarchy, the structural
hydro stability and pH of the soil are more closely
correlated to the heavy metal quantities retained
by the soil. A moderate relation was highlighted in
the case of clay and organic matter content, while
the compacting degree and the hydraulic
conductivity at saturation have an insignificant
influence. This latter observation supports the

4. Concluzii

Analizdnd si cupland toate datele oferite de acest
studiu preliminar, efectuat cu ajutorul analizei de
corelatie, pot fi sintetizate cateva concluzii cu
caracter general. Acestea pot juca un rol important
intr-o etapa ulterioara de prefigurare a unor
modele matematice sau pot fi utilizate ca informatii
cu caracter general Tn activitatile de preventie sau
combatere a poluarii solurilor cu metale grele.

O prima observatie importanta — ce se poate
formula analizand tabelul 1 — este aceea ca exista
diferenfieri notabile intre valorile acelorasi
coeficienti de corelatie calculati, Tn mod separat,
pentru fiecare din cele doud categorii de situri
(agricole si forestiere). Cel mai pregnant se
observa acest lucru in cazul hidrostabilitatii
structurale unde, in cazul siturilor forestiere, se
remarca un nivel de corelatie mult mai ridicat decat
in cazul celor agricole. Aceasta concluzie
prefigureaza necesitatea ca in etapa de modelare
sa se elaboreze cate un model matematic aparte
pentru fiecare din cele doua categorii de situri.

In continuare, daca aceste rezultate sunt
interpretate prin prisma caracteristicilor fizico-
chimice ale solurilor, se poate opera o ierarhizare a
acestor caracteristici dupa rolul pe care ele il joaca
in procesul de retentie a metalelor grele in sol.
Potrivit acestei ierarhii: hidrostabilitatea structurala
si pH-ul solului prezinta cea mai stransa corelatie cu
cantitatile de metale grele retinute in sol. O legatura
moderatda a fost pusa in evidenta in cazu
continuturilor de argila si materie organica, pe cand
gradul de tasare si conductivitatea hidraulica la |
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theories [3,9] that the pollutant sorption is
instantaneous and independent of the hydraulic
conductivity of the analyzed soil.

If we follow the influence that soil
characteristics have on the retention of each type
of heavy metal, we can easily notice that a higher
dependency is recorded for cadmium. The
contents of nickel and lead are also highly
influenced. Copper, chrome and zinc are
moderately influenced, while in the case of the
manganese content this influence is absolutely
minor.

For situations in which the correlation
coefficients values are below the criterion limits, for
final removal of uncertainty, a dispersion analysis
(single or multi-factorial) can be organized. This
analysis could highlight an eventual complex
dependence (highly non-linear) between contents
of heavy metals and the soil characteristics,
dependence that may go unnoticed in the case of

saturatie au o influentd nesemnificativa. Aceasta
ultima constatare vine in sprijinul teoriilor [3,9]
conform carora sorbfia poluantului este una
instantanee, ce nu depinde de conductivitatea
hidrauluica a solului analizat.

Daca se urmareste influenta pe care aceste
caracteristici ale solului o au asupra retentiei fiecarui
tip de metal greu in parte, atunci se poate usor
observa ca cea mai mare dependenta se
inregistreazd in cazul cadmiului. Continuturile de
nichel si plumb sunt, de asemenea, puternic
influentate, cuprul, cromul si zincul beneficiaza de
influente moderate, in timp ce in cazul continutului de
mangan aceasta influenta este una absolut minora.

Pentru situatiile in care s-au obtinut valori
ale coeficientilor de corelatie sub limitele criteriale,
in vederea inlaturarii definitive a incertitudinilor, se
pot organiza analize dispersionale mono sau multi-
factoriale. Acestea ar putea evidentia evenuale
dependente complexe (puternic non-lineare) ntre

a correlation analysis.

continuturile in metale grele si respectivele
caracteristici ale solurilor, dependente ce pot trece
neobservate in cazul unei analize de corelatje.
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