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Abstract

Total and EDTA-extractable concentrations of Cd, Co, Cu, Ni, Pb, and Zn in rice-farming
soils and their distribution in the profile depth were evaluated. The tempora variability of
metal concentrations in the superficia horizon was studied during 1991-1995. Results show
that the highest metal concentrations correspond to Zn, Pb, and Cu, for total and EDTA-
extractable fraction. In general, heavy metas showed an accumulation in soil surface, except
for Co and Ni that have their highest values in the deeper horizons. pH and organic matter
were the key parameters that regulate the distribution of metals in these soils. All the studied
metals were significantly correlated with available P, N, and sand textural fraction. The study
of the temporal evolution of these metas shows that the most significant variations
correspond to Cd, Cu, Ni, and Zn. Although Cd shows an increase, Cu and Zn tend to

decrease in these sails.

Keywords: EDTA-extractable fraction, soil profile, tempora variations of metalsin soils.

INTRODUCTION
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Traditionally, the soil has been considered as a depository of unlimited quantities of human
and animal wastes because of its regenerative and buffer capacity. Now, it is generally agreed
that some pollutants (e.g. heavy metas, nitrates, phosphates, pesticides, etc.) are influencing
the natura equilibrium of soil functions (Batjes & Bridges, 1993), and could decrease the
productivity of soil and itsfilter and buffer capacity. This situation is especially dangerousin
fragile ecosystems such as marsh areas that support rice crops, which is widely used al over
the world giving sustenance to great part of the population, mainly in developing and
depressed countries.

In the case of heavy metals, their fate in soils would be controlled by a complex set of
chemical reactions and by a number of physica and biological processes acting within the
soil profile. Thelir initia mobility will largely depend on the form in which the heavy metals
are added; this, in turn, depends on their source (Jones & Jarvis, 1981). Once the heavy
metals enter the soil, they may then: (a) remain in soil solution and pass into drainage water,
(b) be taken up by plants growing on the soil; or (c) be retained by soil in soluble or insoluble
forms. Two last options are in continuous change in seasonally wetted soils, such as those
that support rice crops, because of the cycles of aerobic and anaerobic conditions that affect
the soil redox potential. The presence of sulphur, Fe and Mn oxides, and highly reduced
conditions favor the immobilization and precipitation of heavy metals (Evans, 1989; Bourg &
Loch, 1995), but when these conditions become oxidizing the heavy meta cations are
solubilized gradually and released to the aqueous phase. These conditions make these soils
more vulnerable to enhance the solubility of metals (Loch et al., 1993) and to increase their
toxicity.

Moreover the study of the different forms in which metals could exist in soils, severa

authors have noted the importance of evaluating meta movement and persistence. These
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studies, generally, have been carried out in contaminated soils by addition of sewage dudges
or organic residues from agriculture or cattle raising (Sposito et al., 1983; Ducaroir et al.,
1990; Li & Shuman, 1997). However, other types of additions (e.g. fertilizers, pesticides and
wastewater effluents) could be considered (Giusguiani et al., 1992; McLaren & Ritchie,
1993; Gimeno-Garcia et al., 1996). All these studies show the importance of the precipitated
inorganic forms as mechanisms to immobilize the heavy metas, potentialy toxic, in
agricultural soils. Heavy meta retention time in soils can reach thousands of years even in
sandy soils with low retentive properties (Salomons, 1993).

In this paper, total and EDTA-extractable concentrations of Cd, Co, Cu, Ni, Pb, and Znin
rice-farming soils of Albufera Natural Park were evaluated as well as their distribution in the
profile depth and the influence of soil properties on distribution. Finally, the variation of

heavy metals concentration with time was studied during a period of 5 years (1991-1995).

MATERIALSAND METHODS

Study area and sampling

The study was carried out in arice plot of 3.2 ha, located in the north zone of the Natural Park
of La Albufera (Vaencia, Spain). This Park covers an area of 21,000 ha, in which 12,000 ha
are used for rice crops. This area has undergone a long serie of ecological alterations,
beginning by the introduction of rice farming during the last century and going on with the
industrialization of the neighboring zones. By the other hand, a network of irrigation channels
that transport residua water from the surrounding populations and industries crosses the Park
and irrigates the fields. At this moment the areais undergoes a continuous change in land use

by drying and draining to adapt it to new types of crops, mainly orchard and citrus.
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The studied site is typical of the rice crops of the zone. It is located in a low-lying area
with a high and variable water table, which appears on the surface in several points due to the
topography and the vicinity of the marine water interface. Soils of this zone have been
developed from organic black and gray silts and are affected intensaly, at the surface, by
agricultural practices. They show, as their most important physical and chemica
characteristics, an impermesable profile, carbonated, with hydromorphic properties, and high
sdinity level. According to FAO-UNESCO classification (1988), these soils belong to the
Calcareous-gleic Fluvisol type in saline phase. Table 1 shows some physical and chemica
characteristics of the studied soils.

The analyzed horizons are characterized by having a silt loam/clay-loam texture, alkaline
pH, high total carbonate levels, and the incidence of redox phenomena.

Random sampling was carried out at different depths according to the horizon distribution
and the presence of the water table in 44 points of the studied area with a total of 119
samples. Sampling was performed in Spring-Summer, when the soils were not flooded. To
study the temporal evolution of the metal, the sampling was repeated yearly from 1991 to
1995, in approximately the same dates.

After collection, soil samples were stored in polyethylene bags hermetically sealed until
analysis. In the laboratory, these samples were air-dried and passed though a 2-mm sieve. A
fraction of each sample was homogenized in an agate mortar before anaysis.

Apparatus and reagents
All materials for analysis were previously soaked in 30% HNO; (v/v) for 24 hours and rinsed
with distilled-deionized water. All reagents were of analytical grade and were checked for

trace metal contamination. Delonized water was used in preparing stock solutions.
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The digestion process for soil samples was carried out in a Tecator Digestion System 40,
1016 Digestor (40 places for tubes of 2.5 cm diameter). The agitation of soil-extractant
mixtures was conducted in an automatic shaker, previoudly adapted.

Presence of metals was measured by Flame Atomic Absorption Spectrophotometry (F-
AAS) involving direct aspiration of the agueous solution into an air-acetylene flame.
Deuterium background correction was used to measure Cu, Ni, Pb, and Zn. Absorbance
measurements of Cd and Co were made by Graphite Furnace Atomic Absorption
Spectrophotometry (GF-AAS). For Cd a standard addition technique was employed because

matrix interactions were observed.

Analytical determinations

Total concentration of metals was determined by a nitric-perchloric acid digestion method
(Andreu, 1993). This process was carried out by direct digestion of 1 g of soil sample using
HNO; and HCIO;, in the oxidation stage. The residue was dissolved in 4 ml of 6M HCI at
120°C, filtered and made to avolume to 50 ml with distilled-deionized water.

To determine the extractable fraction of metals, 4 g of soil sample were treated with a
solution of 0.05M EDTA a pH 7, in a modification to the procedure proposed by the
Agricultural Development and Advisory Service of England and Wales (ADAS, 1983).

Particle size analysis was performed by a pipette method (Gee & Bauder, 1986). Organic
matter concentration was determined by oxidation with K,Cr,O; (Jackson, 1958). Cation
exchange capacity was obtained by extraction with 1M NHAc solution (Rhoades, 1986).
Aggregate stability was assessed using a wet-sieving procedure (Primo & Carrasco, 1976).
Total and minera nitrogen were determined by an auto-anayzer using the Bremmer method

(Black, 1965). Total carbonates were measured using the Bernard calcimeter method



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

(Duchaufour, 1965). Electrical conductivity was measured in the soil saturation extract
(Richards, 1964). For each analytical determination, four repetitions per sample were carried.
Rel ationships between the metal levels and selected soil properties and the effect of depth
in the metal distribution were statistically analyzed by multiple correlations, unweighted least
squares linear regressions, and step-wise multiple linear regressions. Univariate and
multivariate analysis of variance (ANOVA) were applied. Tukey's multiple range test was

used at p=0.05 to separate means between soil horizons.

RESULTSAND DISCUSSION

Total and extractable fractions of metals

Table 2 shows the total and extractable concentrations of the studied metals in the soil
samples. All the values determined are, in generd, within the range described by different
authors for agricultural soils (Jen & Chen, 1992; Crisanto & Lorenzo, 1993; Canet et al.,
1997). Only total concentration of Cu and Zn exceeded these vaues.

Total levels are lower than the maximum established by the European Union (CEC, 1986)
for agricultura soils, and Spanish legidation for calcareous soils. They are within the normal
range values in soils set by Dutch legidation and the Statens Forurensningstilsyn of Norway
(Reimann et al., 1977)

EDTA-extractable fraction levels of the studied metals in the analyzed soils (Table 2) are
within the range determined by several authors for agricultural and prairie soils (Neilsen,
1988; Liang et al, 1990; Sauerbeck, 1991). However, they are lower than the data reported by

Baraona and Romero (1997) for rural areas of North Spain.
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The correlations between the different metals (Table 3), in the total concentrations and in
the extractable fraction, were studied. The most significant relationships were aso
determined in the best fitting equations obtained by the step-wise multiple linear regression
analysis (Table 4). Two strong relationships are present in these soils: Cd with Pb, and Co
with Ni. The relationships are more significant with respect to their total concentration.
Davies (1997) observed similar correlations in contaminated industria soils of Wales,
athough the levels detected in his study were lower for Co and Ni and higher for Cd and Pb.

Zn shows a significant correlation with al of the studied metals in their total
concentration as in the EDTA-extractable fraction. Extractable Pb is significantly
correlated with the other metals except Ni, but it is more influenced by Cu and Zn in its
total concentration and in the extractable fraction. Co has a negative correlation with Cd in
the extractable forms.

A high dependence was observed between the total concentration and the

extractable fraction for Cu and Zn.

Influence of soil properties

Correlation coefficients of the studied metals with soil chemical and physical properties are
reported in Tables 5 and 6 respectively. Table 7 shows the best-fit equations for the tota
concentration and the extractable fraction of the studied metals in relation with soil
characteristics.

All the studied metals show significant negative correlations with soil pH. Ther
availability in soils manifests also this negative correlation. This fact has been reported by
severa authors (Liang et al., 1990; Halen, 1991; Temminghoff, 1995; McBride et al., 1997).
These metals have also strong relationships with organic matter concentration, but more

significantly with their extractable forms. It has to be considered that these soils are under
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continuous flooding during the rice grown until its harvest and completely dry the rest of the
year. In addition, these soils have a water table highly variable in depth. These processes
control the transformation of soil organic matter, which is greatly subjected to the variations
in the aerobic or anaerobic soil conditions (Parton, 1987; Olk et al., 1996). These variations
influence the evolution and levels of the different forms of organic C, their solubility,
characteristics and the incorporation to the soil organic-mineral complex. The distribution
and quantities of the different organic matter forms and metabolites have an important effect
on the absorption and mobility of heavy metas in soils (Zachara et al., 1994; Li & Shuman,
1997).

Other soil parameters highly correlated with the studied metas are the available
phosphorous and soil nitrogen. It is consequence of the extensive use of N and P fertilizers by
the farmers, usualy in excess, that occurs in al the area. Electric conductivity is widely
correlated with the extractable forms of metals, except Cu, and the same occurs with the
available Ca.

Highly significant negative correlations are observed between metals and the percentage of
the different sand fractions, and between metals and the total sand concentration of these
soils. The most correlated sand fraction corresponds to the 0.25 to 0.10 mm of particle size. It
is observed for al the studied metals except for extractable Zn, which does not show any
correlation with the different soil textura fractions including clay. Likewise, al metas have
positive correlations with the silt fraction mainly in the particle size from 0.02 to 0.002 mm,
but for extractable Zn. Co, Cu, and Pb aso showed positive significant correlations with the
clay concentration. These observations agree with the studies of Hlavay et al. (1992) and
Flores-Véez et al. (1996) on the concentration of metals in the different soil textura fractions

and in dusts in different work places.
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The good correlations between Cu and Pb and between Co and Ni, together with the
significant correlations between pH, organic matter, and cation exchange capacity and the
total concentration and the extractable fraction of these metals could indicate a similar
dissol ution-precipitation pattern.

Relationships observed among metals and between metals and soil properties are,

generaly, similar respect to their available percentage in the studied soils (Table 8).

Metal availability for plants

The proportion of the EDTA-extractable fraction relative to the total concentration of the

metal could be an indicator of the quantity of metal available for plants and could reflect its

comparative mobility (Andreu, 1993; He & Singh, 1993). In this way, the percentage of

extractable fraction could be used as an estimate of the comparative mobility of the studied

metals. According to these data (Table 8), the order of comparative mobility in these soilsis:
Cu>Cd>Pb>>Zn> Ni > Co.

This progression shows that the elements potentially most toxic to humans (e.g., Cd and
Pb), together with Cu, are the most mobile in these soils. However, the vaues for Zn and Cd
are lower than those obtained by Hamon et al. (1997) in sandy loam soils under citrus crops.
Co and Ni are the elements most strongly retained.

Highly significant correlations occurred between Cd and Co on their available percentage
in these soils (Table 8). Availability of Co and Pb is related directly with Ni tota
concentration, but Zn percentage is the most influenced by Ni. Co and Ni are highly
correlated in availability on soils in the same way that was observed to ther tota

concentration and EDTA -extractabl e fraction.
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Distribution of metalsin the soil profile

Total Cd, Cu, and Pb show their maximum values in the superficid horizons (Table 2),
decreasing with depth, as it is reflected by negative correlation coefficients of their
concentrations with depth (Table 6). Statistically significant differences are observed for Cd
concentration below 85 cm depth, and Cu and Pb shows these differences below 30 cm
depth. Figure 1 shows the predicted evolution of these metals with depth and their best-fit
equation models. Cd and, more specifically, Cu and Pb are strongly retained in the first
centimeters of soil, possibly due to their immobilization by organic matter and phosphates
that are accumulated in this surface zone. This fixing effect due to organic matter phosphates
is in accordance with the high significant correlations coefficients obtained for these
parameters (Table 5). Severd authors have observed that Cd tends to remain in the top few
centimeters of the soil, and its downward movement is very dow (Loganathan & Hedley,
1997). Cu and Pb show great affinity for soil organic matter (Celardin & Chatenoux, 1990;
Flores-Véez et al., 1996). Generadly, it is accepted that organic matter complexes have an
important role in the mobility and availability of these metals (Alba & Chen, 1995; Herbert,
1997).

Total Co and Ni show an increase with depth, more intense in the case of Co that was
around 50% higher concentration in the deepest horizon than in the first 30 cm of sail. In the
case of Ni, this increase is lower and gradua. This course agrees with the positive
correlations observed for these metals with depth and with the prediction equations (Table 6
and Figure 1). Tota Zn shows a variable course in these soils and without any statistical
correlation with depth. Its predicted evolution is reported in Figure 1. These observations
agree with those of Celardin and Chatenoux (1990) and Herbert (1997), for Swiss forest soils
and contaminated podzol soils. For Co, Ni, and Zn, the influence of the movement and

distribution of soluble organic compounds and oxides (Fe, Al and Mn), together with the
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variations in cation exchange capacity in these soils is very important (Giusquiani et al.,
1992; Gimeno-Garciaet al., 1995; Li & Shuman, 1997). The influence of the cation exchange
capacity and organic matter is reflected by its significant correlation coefficients with these
parameters (Table 5). The organic matter concentration in the profile decreases with depth
and increases in the 3C horizon. This fact could be due to the ploughing in depth that these
rice soils recelve (fanguexat) and to the oscillation of their water table level that promotes
frequent changes in the soil redox conditions.

The evolution of the EDTA-extractable metal fractions with depth is similar to the total
concentration, except for Pb and Cd, which do not show dtatistical differences between
horizons. However, an accumulation of these forms of Pb and Cd is observed within the first
40 cm of soil. Co and Ni have a dtatistically significant increase with depth, mainly in the
deepest horizons (>100 cm depth). This tendency in the distribution with depth of the
extractable fraction of Co and Ni is more accentuated than in their total concentrations. The
predicted evolution of these metals is reported in Figure 2. Extractable Zn aso shows similar
variability than its total concentration, with a decrease in the zone from 30 to 70 cm and a
progressive increase with depth. This distribution of the extractable Zn is paralle to the
trends observed for the organic matter concentration, electric conductivity and total N (Table
1), which is correspondent to the significant correlation coefficients obtained (Table 5). This
course of Zn in its distribution with depth is in accordance with the studies on metas
availability of Benbi and Brar (1992) in semiarid calcareous soil of Punjab, and the
observations of Mandal and Hazra (1997) in soil under three different rice farming systems.

Only Cu, Ni and Zn show significant correlations with depth concerning the percentage of
available metal. Their predicted evolution in the soil profile and the best-fit equations
obtained are reported in Figure 3. However, for al the studied metals an increase of their

availability with depth is observed.



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Temporal evolution of heavy metals

A study of the five-year period was completed. Annual samplings were performed in the
same places and in the same season (spring) during 1991-1995. In this period, the variability
of total concentration and extractable fraction for Cd, Co, Cu, Ni, Pb and Zn in the superficia
horizon were studied.

The evolution of heavy metal concentrations in time can be observed in Figure 4.
Generadly, total and extractable concentrations of the studied metals have smilar courses. Cd
shows the most important increase with time, whereas Ni has a dight increase until 1994.
Thisincrease in time for Cd is in accordance, with the observations of Robards & Worsfold
(1991) in estuarine coastal systems, who reported persistence, or an increase in some cases, of
Cdfor 2 years.

Cu and Zn had a clear tendency to decrease, whereas Pb showed few variations with time.
Thisresult is similar to the behavior observed by Tsaplina (1993) in astudy of these metalsin
a meadow biogeocenosis. Hamon et al. (1997) also reported a similar tendency for Zn
studying the evolution in the availability of this metal for different plant species. However,
Co does not show a net variation, except for the intense increase of 1992. Berrow & Burridge
(1990), studying the persistence of metals in sewage sudge treated soils for 17 years, found
that the amounts of metals extracted by EDTA remained as high as 80 to 90% for Cd, Cu and
Zn and around 50 to 60% for Ni and Pb respect to their initial values.

The particular flooding/drying regime of these soils, with the variations in the redox
conditions, could influence greatly the temporal evolution of the studied metals in them.
The high levels of carbonates, the pH and the distribution of organic matter in depth could
also affect the adsorption/precipitation patterns of metals in these soils, and then its

retention and accumulation.
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CONCLUSIONS

Total concentrations and extractable fractions determined in the analyzed soils are lower
than the values established by the European and Spanish legidation for calcareous soils.
Highly significant correlations have been observed between total concentration of Cd and Pb
and for Co with Ni. Zn shows significant correlations with total and EDTA-extractable forms
of all the studied metals. The percentage of the extractable fraction suggests that the highest
relative mobility correspond to the most toxic elements Cd, Cu, and Pb.

pH, organic matter, and the sand and silt fractions, mainly the particles with size of 0.25-
0.10 mm and 0.02-0.002 mm respectively , are the parameters with more significant influence
on the different metals studied. The effects of the intensive use of fertilizers are reflected by
the significant correlations of the metalswith N and available P.

Total and extractable concentrations of Cd, Cu, and Pb show their maximum valuesin the
surface horizon. Extractable fraction of Co and Ni increased at the deeper horizon. Zn shows
avariable distribution but always increasing below 70 cm depth. 1t could be due to the intense
influence that exerts the variability of the water table and the aternation of flood and dry
periods. These circumstances greatly affects the distribution of organic matter and the
presence of its soluble forms that favors the mobility of some metas, together with the
variations in the redox conditions of these soils.

The period 1991-1995 is short to predict the evolution of heavy metals in the studied soils.
However, a tendency to increase has been observed for Cd, whereas Cu and Zn levels

decrease. Co, Ni and Pb tend to maintain these levels in these sails.



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

REFERENCES

Agricultura Development and Advisory Service (1982). Extractable metals in soils,
sewage sudge treated soils and related materials, Her Majesty's Stationery Office,
London.

Alba, A.K. & Chen, E.Q. (1995). Effects of external copper concentrations on uptake of
trace elements by citrus seedlings. Soil <ci., 159, 59-64.

Andreu, V. (1993). Contenido y evolucién de Cd, Co, Cr, Cu, Ni, Pb'y Zn en suelos de las
comarcas de L'Horta y La Ribera Baixa (Valencia), Servel de Publicacions Univ. Valencia,
Vaencia

Baraona, A. & Romero, F. (1997). Relationship among metals in the solid phase of soils
and wild plants. Wate Air Soil Pollut., 95, 59-74.

Batjes, N.H. & Bridges, EO.M. (1993). Soil vulnerability to pollution in Europe. Soil Use
and Management, 9, 25-29.

Benbi, D.K. & Brar, S.P.S. (1992). Dependence of DTPA-extractable zinc, Fe, Mn and Cu
availability on organic carbon presence in arid and semiarid soils of Punjab. Arid Soil Res.
Rehab., 6, 207-216.

Berrow, M.L. & Burridge, J.C. (1990). Persistence of meta residues in sewage sludge
treated soils over seventeen years. J. Environ. Anal. Chem., 39, 173-177.

Black, C.A. (1965). Relaciones suelo-planta, Ed. Hemisferio Sur, Buenos Aires.

Bourg, A.C.M. & Loch, JP.G. (1995). Mobilization of heavy metals as affected by pH and
redox conditions. In: Biogeodynamics of pollutants in soils and sediments, eds W.

Salomons and W.M. Stigliani. Springer, Heidelberg, pp 87-102.



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

Canet, R., Pomares, F. & Tarazona, F. (1997). Chemical extractability and availability of
heavy metals after seven years application of organic wastes to a citrus soil. Soil Use and
Management, 13, 117-121.

Cédardin, F. & Chatenoux, L. (1990). Repartition en profondeur des métaux lourds dans les
sols genevois. Archs. Sci. Geneve,, 43(2), 265-272.

Council of the European Communities (1986). Directive N 278 of 6/12/1986, Commission
of the European Communities, Brussels.

Crisanto, T. & Lorenzo, L.F. (1993). Evaluation of cadmium levelsin fertilized soils. Bull.
Environ. Contam. Toxicol., 50, 61-68.

Davies, B.E. (1997). Heavy metal contaminated soils in an old industrial area of Wales,
Great Britain: Source identification through statistical data intepretation. Water, Air and
Soil Pollut., 94, 85-98.

Ducaroir, J., Cambier, P., Leydecker, JP. & Prost, R. (1990). Application of soil
fractionation methods to the study of the distribution of pollutant metals. Z.
Pflanzenernahr. Bodenk., 153, 349-358.

Duchaufour, P. (1965). Precis de Pedologie, Masson et Cie. Paris.

Evans, L.J. (1989). Chemistry of metal retention by soils. Environ. Sci. Technol., 23, 1046-
1056.

FAO-UNESCO (1988). Soil map of the World. Revised legend. Scale 1:5.000.000, Food
and Agricultural Organization, Roma.

Flores-Vélez, L.M., Ducaroir, J., Jaunet, A.M. & Robert, M. (1996). Study of the
distribution of copper in an acid sandy vineyard soil by three different methods. Eur. J. Soil
i, 47, 523-532.

Gee, G.W. & Bauder, JW. (1986). Particle-size analysis. In: Methods of soil analysis. Part

1, ed A. Klute. Agron. Monogr. 9 ASA-SSSA, Madison, WI, pp 383-412.



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Gimeno-Garcia, E., Andreu, V. & Boluda, R. (1995). Distribution of heavy metalsin rice
farming soils. Arch. Environ. Contam. Toxicol., 29, 476-483.

Gimeno-Garcia, E., Andreu, V. & Boluda, R. (1996). Heavy metals incidence in the
application of inorganic fertilizers and pesticides to rice farming soils. Environ. Pollut., 92,
19-25.

Giusquiani, P.L., Gigliotti, G. & Busindli, D. (1992). Mobility of heavy metals in urban
waste-amended soils. J. Environ. Qual., 21, 330-335.

Halen, H., GarciaNavarro, M. & van Bladel, R. (1991). Adsorption du cadmium dans les
sols calcaires du Sud-Est de I'Espagne. Agronomie, 11, 35-44.

Hamon, R., Wundke, J., McLaughlin, M. & Naidu, R. (1997). Availability of Zn and Cd to
different plant species. Aust. J. Soil Res., 35, 1267-1277.

He, Q.B. & Singh, B.R. (1993). Effect of organic matter on the distribution, extractability
and uptake of cadmium in soils. J. Soil Sci., 44, 641-650.

Herbert, R.B. (1997). Partitioning of heavy metals in podzol soils contaminated by mine
drainage waters, Dalarna, Sweden. Water Air and Soil Pollut., 96, 39-59.

Hlavay, J., Polidk, K. & Wesemann, G. (1992). Particle size distribution of mineral phases
and metals in dusts collected at different workplaces. Fresenius J. Anal. Chem., 344, 319-
321.

Jackson, M.L. (1958). Soil chemical analysis, Prentice Hall Inc. London.

Jen-Fon Jen & Chi-shih Chen (1992). Determination of metal ions as EDTA complexes by
reverse-phase ion-pair liquid chromatography. Anal. Chim. Acta,, 270, 55-61.

Jones, L.H.T. & Jarvis, S.C. (1981). The fate of heavy metals. In: The chemistry of soil
processes, eds D.J. Greenland and M.H.B. Hayes. John Wiley & Sons Ltd. London, pp

593-620.



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Li, Z. & Shuman, L.M. (1997). Movility of Zn, Cd and Pb in soils as affected by poultry
litter extract-1. Leaching in soils columns. Environ. Pollut., 95, 219-226.

Liang, J., Stewart, JW.B. & Karamanos, R.E. (1990). Distribution of Zn fractions in
prairie soils. Can. J. Soil Sci., 70, 335-342.

Loch, J.P.G., van denBerg, G.A. & van der Weijden, C.H. (1993). The stability of Fe, Mn
and Al (hydr)oxides and their Binding capacity for contaminants in changing soil and
sediment environments. In: Chemical Time Bomb.Proc. European Sate of the Art Conf. on
Delayed Effects on Soils and Sediments, eds G.B.R. ter Meulen, W.M. Stigliani, W.
Salomons, E.M. Bridges and A.C. Imeson. Fundation for Ecodevelopment, Hoofdorp, pp
48-51.

Loganathan, P. & Hedley, M.J. (1997). Donward movement of cadmium and phosphorus
from phosphatic fertilizersin a pasture soil in New Zealand. Environ. Pollut., 95, 319-324.
Mandal, B. & Hazra, G.C. (1997). Zinc absorption in soils as influenced by different soil
management practices. Soil Sci., 162, 713-721.

McBride, M.B., Sauvé, S. & Hendershot, W. (1997). Solubility control of Cu, Zn, Cd and
Pb in contaminanated soils. Eur. J. Soil Sci., 48, 337-346.

McLaren, R.G. & Ritchie, G.S.P. (1993). The long-term fate of copper fertilizer applied to
alateritic sandy soil in Western Australia. Aust. J. Soil Res., 31, 39-50.

Neilsen, D., Hoyt, P.B. & McKenzie, A.F. (1988). Comparison of soil tests and leaf
analysis as methods of diagnosing Zn deficiency in British Columbia apple orchards. Plant
and Soil, 105, 47-53.

Olk, D.C., Cassman, K.G., Randall, E.W., Kinchesh, P., Sanger, L.J. & Anderson, J.M.
(1996). Changes in chemical properties of organic matter with intensified rice cropping in

tropical lowland soil. Eur. J. Soil <ci., 47, 293-303.



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Parton, W.J., Schimel, D.S., Cole, C.V. & Qjima, D.S. (1987). Anaysis of factors
controlling soil organic matter levelsin Great Plains Grasslands. Soil Sci. Soc. Am. J., 51,
1173-1179.

Primo-Yufera, E. & Carrasco, JM. (1973). Quimica Agricola. I. Suelos y fertilizantes,
Alhambra, Madrid.

Reimann, C., Boyd, R., de Caritat, P., Halleraker, J.H., Kashulina, G., Niskavaara, H. &
Bogatyrev, 1. (1997). Topsoil (0-5 cm) composition in height arctic catchments in northern
Europe (Finland, Norway and Russia). Environ. Pollut., 95, 45-56.

Rhoades, J.D. (1982). Cation-exchange capacity. In: Methods of soil analysis. Part 2, ed
A.L. Page. Agron. Monogr. 9 ASA-SSSA, Madison, WI, pp 149-157.

Richards, L.A. (1964). Diagnosis and improvement of saline and alkali soils, USDA Agric.
Handbook 6, Washington,D.C.

Robards, K. & Worsfold, P. (1991). Cadmium: Toxicology and analysis. Analyst, 116, 549-
568.

Salomons, W. (1993). Non-linear responses of toxic chemicals in the environment:. a
callenge for suitable management. In: Chemical Time Bobms. Proceedings of the European
state-of-the-art conference on delayed effects of chemicals in soils and sediments. 2-5
Fpotember 1992, eds G.B.R. ter Meulen, W.M. Stigliani, W. Salomons, E.M. Bridges and
A.C. Imeson. Hoofddorp, pp 31-43.

Sauerbeck, D.R. (1991). Plant, element and soil properties governing uptake and
availability of heavy metals derived from sewage sludge. Water  Air and Soil Pollut., 57-58,
227-237.

Sposito, G., Lund, L.J. & Chang, A.C. (1983). Trace metal chemistry in arid zone field
soils amended with sewage sludge. |. Fractionation of Ni, Cu, Zn, Cd and Pb in solid

phases. Soil Sci. Soc. Am. J., 46, 260-264.



457

458

459

460

461

462

463

464

465

466

467

Temminghoff, E.JJM., van der Zee, SE. & De Haan, F.A.M. (1995). Speciation and
calcium competition effects on cadmium sorption by sandy soils at various pHs. Eur. J.
Soil i, 46, 649-655.

Tsaplina, M.A. (1993). Distribution of heavy metas in the principal components of a
meadow biogeocenosis. Eur. Soil Sci., 25(2), 116-122.

Zachara, JM., Resch, C.T. & Smith, S.C. (1994). Influence of humic substances on Co*
sorption by a subsurface mineral separate and its mineralogic components. Geochim.

Cosmo. Acta,, 58, 553-566.



468

469

470
471
472
473
474

Table 1. Physical and chemical properties of the studied soils

#Horizons
Apl Ap2 AB 2Bgl 2Bg2 3Cr
Depth (cm) 0-30 30-45 4565 6585 85125 >125
Water content (%) 2.69 2.01 2.68 2.14 0.94 1.01
Aggregate stabilty 11.14
pH”(\II-IZO) 7.53 7.78 7.80 7.60 7.70 7.50
pH (KCl) 7.15 7.14 7.07 6.87 7.20 7.10
PE.C.(dSm?) 2.05 1.43 1.62 2.51 2.55 3.10
©COs (%) 3146 3416 3725 1989 2922 3494
d0.M. (%) 2.07 1.24 1.22 2.35 2.07 4.07
N total (%) 0146 0084 0060 0100 0170  0.170
N minera (Mol kg ™) 4.50 251 0.66 0.60 1.08 1.13
P,0s (cmol kg ™) 14.74 5.94 1.80 1.56 0.321 n.d.
®CEC(cmol kg™ 1509 1246 1729 2310  20.00  23.99
Ca®" (cmol kg ™) 10.70 9.00 13.35 18.06 18.88  22.25
Mg ?* (cmol kg ™ 3.39 2.70 3.24 4.23 0.69 1.04
K * (cmol kg ™) 0.50 0.41 0.37 0.33 0.11 0.09
Na* (cmol kg ™% 0.51 0.33 0.32 0.48 0.32 0.61
Particle size distribution (%)
<0.002 mm 2572 2647 3249 3430 6554 3593
0.02-0.002 mm 8.78 10.41 9.12 17.85 1380  40.83
0.05-0.02 mm 1950 1977 2438 1844 1717  19.74
0.10-0.05 mm 7.21 7.46 8.28 6.37 2.50 2.00
0.25-0.10 mm 1898  19.45 6.02 8.25 0.75 0.50
0.50-0.25 mm 453 3.56 1.87 3.00 0.25 n.d.
1.00-0.50 mm 1.25 1.03 1.12 2.10 n.d. 0.50
2.00-1.00 mm 0.57 0.88 1.20 2.12 n.d. 0.50
Total sand (%) 3255 3238 1848  21.85 35 35
Total silt (%) 4133 4096 4858 4339 3097  60.57

2 Designation of soil profile horizons according FAO (1988). ® Electric conductivity.
° Total carbonate concentration. ¢ Organic matter. ® Cation exchange capacity



475

476

477 Table 2. Total concentrations and EDTA-extractable fractions of metals in the
478  studied soils

479
Element (mg kg™
[?ep{h cd Co Cu Ni Pb Zn
Total content
Apl 0-30 "0625a 965la 28.105a 24578a 48.835a 65.565ab
Ap2 30-45 0.490 a 9.695 17.068b 21.801a 41.446a 44574a
AB 45-65 0632a 9.770a 17.268b 25.605a 41.868a 57.915ab
2Bgl 65-85 0524a 12.895ab 18.062b 29.465a 39.776a 67.444ab
2Bg2 85-125 0.356ab 19.218b 15.755b 34.750a 46.274a 80.667 b
3Cr >125 0.228b 17.849b 17.073b 36.441a 37.427a 82.139b
Extractable
fraction
Apl 0-30 0.100a 0.08a 5369a 0.616a 558a b5.19a
Ap2 30-45 0.084a 0.110a 3240a 0480a 5117a 1938ab
AB 45-65 0.042a 0.164ab 4.012a 0.702a 3875a 0801b
2Bgl 65-85 0.063a 0.199b 5991a 1335a 4578a 1911ab
2Bg2 85-125 0.083a 0.116ab 3864a 1420ab 7.280a 2.284ab
3Cr >125 0.078a 0.369c 4227a 2110b 6.884a 4.466a
480

481 " Vaueswith different letters indicate the means are significantly different at p=0.05
482  probability level (LSD) within each column.

483

484

485



486 Table 3. Correation coefficients ( p < 0.05) between total content and EDTA-
487  extractablefraction of the studied metals (n=118. NS= no significant correlation).

Total Content Cd Co Cu Ni Pb Zn

Cd 1.0000

Co NS 1.0000

Cu 0.3722 NS 1.0000

Ni NS 0.8425 NS 1.0000

Pb 0.5413 NS 0.5839 0.4734 1.0000

Zn 0.6296 0.7059 0.4118 0.7836 0.6066 1.0000
Extractable Cd Co Cu Ni Pb Zn

Eraction

Cd 1.0000

Co -0.3747 1.0000

Cu NS NS 1.0000

Ni NS 0.4560 0.3955 1.0000

Pb 0.8710 NS 0.4394 0.5014 1.0000

Zn 0.7635 NS 0.6548 0.5002 0.6672 1.0000

Extractable Fraction

Total Content Cd Co Cu Ni Pb Zn
Cd NS NS 0.4620 NS NS NS
Co 0.5558 NS NS 0.5282 0.6953 0.3273
Cu NS NS 0.6276 NS NS 0.5560
Ni 0.5407 NS 0.3550 0.5696 0.7847 0.4078
Pb 0.4501 NS 0.7155 NS 0.5556 0.6642
Zn 0.6269 NS 0.5636 0.7251 0.7691 0.7694

488

489



490 Table 4. Best fit equations for the interactions between total content and EDTA-

491 extractable fraction of the studied metals (h=118. P <0.05).

Total content R?
Cd Cd: e(0.880—(66.559/[Pbtot])) 052651
Co Co= -0.753+0.456 [Niq] 0.70979
Cu Cu= 13.213 (1.093cu &y 0.47531
Ni Ni= 4.057+1.535[ C0o] +1.063[ CUex] 0.81534
Pb Pb= 19.191+16.274] Cd] +0.897[ Cley] +0.193[ Znie(] 0.69827
Zn Zn= 12.817+8.675[ Nieq] +1.228[ Nito] +3.107[ ZNec] 0.88727

EDTA-Extractable Fraction

cd Cd= 0.066-0.002[ Nitc] +0.017[ Phec] +0.021[ Ni ext] -0.218] COexi] 0.87326

Co Co= 0.131-0.918[ Cdext] +0.101[ Niex] 0.54889

Cu Cu= -2.711+4.271[ C0he] +0.145[ Cuie] +2.291[ Niexi] 0.70879

Ni Ni= -0.764+2.975[ COgx] +0.019[ ZNe] 0.71506
Pb= -

Po 4.992+54.962] Cllaq] +0.049] Cxor] +0.302 Cliexe] +0.022[ Ciko] 0.92149

7n Zn= -3.719+51.226[ Cdex] +0.306[ CUex(] -0.543[ Pbex] +0.107[ Z ko] 0.91670

-0.214[C0xo]]

492 [Xit] Total content of the indicated metal

493 [Xexd] EDTA-extractable fraction of the indicated metal
494



Table 5. Correlation coefficients (p < 0.05) of the total content and EDTA-extractable fraction of studied metals with some soil chemical

properties (n=118. NS= no significant correlation).

Total

content W cont.2 pH E.C’.  Carbonates OM.C CEC® Mg® Na® Ke ca Ntot' Nmin? P,0s
Cd 0.6874 -0.5346 NS 0.3598 NS NS 0.6710 0.3256 0.7643 NS NS 0.3768 0.3757
Co -0.5144  -0.3560 0.5777 -0.4265 0.4886 0.5051 -0.5119 NS -0.3952 0.7152 NS NS NS
Cu 0.3860 -0.4544 NS NS NS NS NS 0.4894 0.4433 NS 0.6543 NS 0.7933
Ni NS -0.5627 0.6174 NS 0.6558 0.6860 NS NS NS 0.7844 0.4525 NS 0.3340
Pb 0.3410 -0.4279 NS NS 0.5053 0.5299 NS 0.4430 0.3627 0.4250 0.4990 NS 0.5599
Zn NS -0.5780 0.5378 NS 0.6799 0.5294 -0.3490 NS NS 0.6639 0.4690 NS 0.3882

Extractable Fraction
Cd -0.4685  -0.5562 0.4142 -0.3675 0.5090 NS -0.3629 NS NS NS 0.4144 NS 0.4756
Co NS -0.3622 0.4258 0.4841 0.3919 0.5519 NS NS NS 0.4408 NS 04091  -0.4168
Cu 0.3825 -0.5591 NS NS 0.6038 0.4897 0.3746 0.5544 NS NS 0.5093 NS 0.4089
Ni -0.3440  -0.4810 0.7156 NS 0.7259 0.5668 NS NS -0.4487 0.7022 NS -0.3983 NS
Pb -0.4104  -0.5924 0.4807 NS 0.6114 0.3693 -0.3827 NS NS 0.5224 0.4137 NS 0.3979
Zn NS -0.5846 0.4118 NS 0.5909 NS NS NS NS NS 0.5724 NS 0.6066

a\Water content. ° Electric conductivity. © Organic matter. © Cation Exchange Capacity. © Cations in available form. T Total Nitrogen. ¢ Mineral Nitrogen.



Table 6. Correlation coefficients (p < 0.05) between total content and EDTA-extractable fraction of the studied metals and soil phisical

properties (n=118. NS= no significant correlation)

Total

Particle size distribution (in mm)

0.02-

Total

Estructur

Jod 2010 1005 05025 025010 010005 005002 292 <oo02 99 Towsilt JZotit Depth
cd NS NS NS  -04517 NS 03223 NS NS  -0.3391 03334 03225 -0.3360
Co  -04694 -04824 -06016 -04602 NS NS 07206 06105 o550 NS N 05252
Cu NS NS NS NS NS NS NS NS NS NS 04889 -0.4035
Ni  -0.3489 -0.3618 -0.7332 -0.6644 NS NS 06513 06696 -06916 04888 NS  0.3981
Pb NS NS  -05560 -0.6456 NS NS NS 05335 -05931 04588 06952 NS
Zn NS NS  -0.6095 -04811 NS 05463 04200 04803 -05377 04330 03793 NS

Extractable Fraction
cd  -04038 NS NS NS 03795 NS 03659 NS NS NS 03257 NS
Co 04317 03351 -03361 -04567 NS NS 04244 NS 04265 04154 NS 06376
Cu NS NS  -04178 -04781 NS NS NS NS  -04261 04495 05265 NS
Ni NS NS  -05227 -0448 NS Ns 07215 04107 -04765 04016 NS 05627
Pb 04159 -04030 -05436 -04080 NS NS 05615 03983 -04274 03275 NS NS
Zn NS NS NS NS NS NS NS NS NS NS 06596 NS




Table 7. Best fit equations for the interactions between the studied metals and some

soil physical and chemical properties (n=118. p=0.05).

Total content R?
Cd= 3.396-0.423[pH]-0.225[Na] +0.065[ K] 0.73217
Cd Cd= 1.072-0.008[ SAf]-0.010[ Sl c]-0.004] Depth] 0.54915
Co= 5.809-3.569[W]+14.106[K]+0.606[ Ca] 0.85332
Co Co= -5.224-1.232[ SAvc] +0.284[ SIf] +0.157[ SAt] +0.318[ Clay] 0.80091
Cu= 13.543+4.430[W]-20.560[K]+0.785[ P] 0.73687
Cu Cu= 17.386+4.437[ES]-0.338[ES] *+0.007[ES]* 0.44625
, Ni= 11.672-0.664][ CEC]+1.762[Ca]+0.381[P] 0.82580
Ni Ni= 43.707-2.387[ SAm]+0.325[SIf]-0.331[ Slt] 0.66073
Pb= 27.865+0.778[CEC]+0.474[P] 0.57607
Pb Pb= 45.104-0.307[ SAf]+0.804[ ES] 0.82950
Zn= 32.391+6899[ OM]-3.752[Mg] +1.591[ Ca] +0.931[ P| 0.78055
Zn Zn= 70.795+1.050[ ES]-4.458] SAm] 0.49150
Extractable Fraction
Cd= 0.996-0.021[W]-0.116[pH]+0.002[P| 0.66266
Cd Cd= -0.005+0.003[ ES]-0.023] SAvc] +0.009[[ SAvf] +0.002[ SIf] 0.73317
Co= -0.059+0.003[ CO37]+0.032[ OM]+0.004[ CEC]-0.004[ P] 0.65972
Co Co= -0.270+0.048] SAc]+0.002[ SAf]+0.006[ SIt] +0.002[ Depth] 0.80704
Cu= -0.061+0.644] W] +1.693[OM] 0.52180
Cu Cu= 4.710+0.171[ ES]-0.064] SAf] 0.46620
_ Ni= 0.231+0.133[ EC]+0.370[OM]-0.563[Na]-0.075[Nm] 0.83470
Ni Ni= 0.259+0.042[SIf] 0.52049
Pb= 106.891+2.775[0OM]-12.718[pH]-0.673[Mg]- 0.83077
Pb 83.539[Nt]+0.235[P] 0.38741
Zn=-0.993+1.653[OM]+0.139[ P] 0.52357
Zn Zn= 1.894+1.478[ES]-0.177[ES]*+0.005[ES]° 0.73288

[Na] Available Na (cmol kg™). [K] Available K (cmol kg™?). [Depth] Soil depth (cm). [Ca] Available Ca
(cmol kg™). [SAL] Total sand fraction (%). [Clay] Total clay fraction (%). [ SAM] Medium sand (%oparticle
size 0.50-0.25 mm). [SIt] Total silt (%). [SAVf] Very fine sand (%particle size 0.10-0.05 mm). [COs7]
Total carbonates (%).



Table 8. Percentage of available metals (Extractable/Total Ratio in %) and the
inter actions between them and with soil properties

Depth Cd Co Cu Ni Pb Zn
Apl 0-30 '16.00ab 091a 19.10a 25la 1ll44a 792a
Ap2 3045 1714a 1.13a 18.98 a 2.20a 12.35a 4.35ab
AB 45-65 6.65a 1.68 a 23.23a 274 a 9.25a 1.38b
2Bgl 65-85 12.02ab 154a 33.17a 453a 1151a 283ab
2Bg2 85-125 233lab 0.60a 2452a 4.09a 1573a 283ab
3Cr >125 34.21b 2.07a 2476a 5.79b 18.39a 544 ab
R SF

Cd= 26.211-6.957[W] +62.469[N{] 0.84432  0.0000
Cd Cd= -11.597+0.419[ SAf]+0.737[SIf]+0.705[SI ] 0.64693 0.0000
Cd= 25.563+123.508[ Cdey;] -27.168[ Cdit] -1.959[ COg) 0.84988 0.0000
Co= 0.840+0.448[Mg]-0.167[Nm]-0.038[P] 0.89843  0.0000

Co=0.904+0.644[ SAvc]
Co CO= 2.295-0.335[ Ctlyg] -12.001[ Cdlgy] +0.047[ Cuig] +0.209[ Niog] + 0.57310  0.0000
+0.080[ Pbog] -0.069] Ni (] 0.90247 0.0000
Cu= 1.643[CEC]*% 0.82606  0.0000
Cu Cu= 1.64(0.9671%A7) 0.73461 0.0000
Cu= -0.252+4.280[ C0y,] +1.546] Cug,] +0.719[ Pl 0.78064 0.0000
Ni= 1.170-2.740[Nm]+1.281[OM] 0.56044 0.0000

, Ni= 0.458+0.976[ SAvc]+0.124[SIf]

Ni Ni= -0.064+1.612[ C0o;]-10.985[ COpe] +0.034] Cling] +3.071[ Nigg] + 0.57324  0.0000
+0.256[ ZNgy] -0.416[ Clq] 0.97841 0.0000
Pb= 181.818-21.847[pH]+0.253[ P]-64.165[Nt]+0.489[ CEC]-2.673jw]  0-77282  0.0000
Pb Pb= 8.079-1.413[ SAvc] +0.375[Slf] 0.49525 0.0000
Pb=10.729-0.076] Cdy,] +0.111[ Ni;o] +2.168[ Phex] -0.272[ Pbyot] 0.99288 0.0000
Zn= 46.258+0.565[EC]-5.781[pH] 0.69364  0.0000
Zn Zn= 3.069+1.921[ES]-0.201[ES]*+0.005[ES]* 0.61348 0.0000
Zn= 3.134+0.158[ Niot] +1.270[ ZNgy] -0.111[ Zye] 0.93219 0.0000

" Values with different letters indicate the means are significantly different at p=0.05
probability level (LSD) within each column.

[Xos] Percentage of metal in available form.

[W] Soil water content (%). [Nt] Total nitrogen (%). [SAf] Fine sand (Yoparticle size 0.10-0.25
mm). [SIf] Fine silt (Y%particle size 0.02-0.002 mm). [SIc] Coarse silt (Yoparticle size 0.05-0.02
mm). [Mg] Available Mg (cmol kg™). [Nm] Mineral nitrogen (cmol kg™). [P] P-Os (cmol kg™).
[SAvc] Very coarse sand (Yoparticle size 2.0-1.0 mm). [OM] Organic matter content. [CEC]
Cation exchange capacity. [EC] Electric conductivity (dS m™). [ES] Structural stability of

aggregates (%).
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Figure 1. Predicted evolution and best-fit equations of the total content of the studied metals (mg kg'™) with depth.
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Figure 2. Predicted evolution and best-fit equations of Co, Cu, Ni and Zn extractable

fraction (mg kg™) with depth.
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Figure 3. Predicted evolution and best-fit equations of the available percentage of Cu, Ni
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Figure 4. Evolution of total content (O, black line) and extractable fraction ( , grey line) of the studied metals between 1991 and 1995.






