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The contamination of soils by metals issuing from municipal solid waste (MSW) disposal in tropical envi-
ronments has hardly been studied with regard to the particular problems associated with them, i.e., gen-
erally a high permeability of soils despite the abundance of clay, and the role of reactive Fe compounds.
From a previous geotechnical and chemical survey, three latosol profiles differently affected by MSW
leachates in the region of Londrina (Parana, Brazil) were selected. The aims were to evaluate the extent
of their contamination, to better understand the fate of potentially harmful metals in tropical soils and
rank the determining factors. Samples between 0.5 and 7 m depth were analyzed for their physical, min-
eralogical and chemical properties, and their micro-morphology was described by optical and transmis-
sion electron microscopy. Two steps of a sequential extraction procedure helped to assess the mobility of
elements and to better discriminate between metals originating from pedogenesis and issued from MSW.
These combined approaches showed that exposed soil profiles have been impacted at various depths,
down to 7 m, through increased metal content, especially enhanced mobility of Zn, Co, Mn, Cu and Fe,
and through increased salinity and organic matter. The mobility of potentially harmful metals should
decrease with pH, which significantly increased in some impacted horizons, but other factors can reverse
this trend.

Editorial handling by R. Fuge

© 20009 Elsevier Ltd. All rights reserved.

1. Introduction

The diagnosis of soil contamination by potentially harmful met-
als has been the subject of public interest since the 1970s and of
countless studies reported by many researchers, among them:
Yong et al. (1996), Alloway and Ayres (1997), Sigolo (1998) and
Juca et al. (1999). This is due to the environmental and health
problems caused by high metal contents in soils which can affect
microorganisms, plants, animals and human beings through con-
tamination of water and crops. High potentially harmful metal
contents in soils may come from the bedrock itself, and in some
cases through natural transport, but are more often due to anthro-
pogenic sources like solid or liquid waste deposits, agricultural
inputs, and fallout of industrial and urban emissions.

The most common destination of wastes generated by urban
society in Brazil is a municipal solid waste (MSW) deposit. The
characterization and evaluation of the contamination of soils by

* Corresponding author. Tel.: +55 43 3371 4441; fax: +55 43 3371 4455.
E-mail address: raquel@uel.br (R.S. Teixeira).
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MSW leachates caused by the degradation of residues since their
deposition are essential for environmental control because they
are usually close to areas with agricultural activities and human
settlements (Heitzmann, 1999; Mwiganga and Kansiime, 2005;
Baba et al., 2004). Among the most common contaminants are
organic matter and metals like Cd, Cr, Cu, Mn, Pb, Hg, Zn and Fe
(Barazani et al., 2004; Roy et al., 2004).

The mechanisms responsible for the retention or mobilization
of metals in soils are physical (filtration, diffusion, dispersion,
dilution and absorption), chemical (precipitation/dissolution,
adsorption/desorption, complexation, cation exchange and redox
reactions), and biological (aerobic and anaerobic transformations)
(Sposito, 1989). The understanding of the speciation of metals in
soils is essential to discuss and interpret their toxicity and bioavail-
ability (Alloway, 1995). The term speciation refers to the chemical
forms of elements in solution; however, it is also used to define the
forms of elements linked to different solid mineral or organic
phases, resulting from interactions between dissolved species
and reactive solids, forming surface complexes, isolated precipi-
tates or even the metabolites in living organisms (Alloway, 1995;
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Meurer, 2004). Metallic species and other contaminants in soils
and water caused by the degradation of solid waste have been
studied by Banat et al. (2005), Chen et al. (2005), Shukurov et al.
(2005), Piantone et al. (2004), Segura-Mufioz et al. (2004) and
Gongalves et al. (2004).

This work presents the results of a geotechnical and geochemi-
cal study of different soil profiles impacted by the MSW deposit of
the city of Londrina (Parana, Brazil). The soil permeability, together
with the continuous emission of leachates and the inadequate pro-
tection conditions operating, make this area a threat for surround-
ing soils and waters. The research is focused on the contaminants
Co, Cu and Zn, which had been previously detected in leachates
collected from the deposit, and on some other elements, highlight-
ing the impact of the deposit. The aim is to evaluate the extent of
this contamination and to identify its determining factors in rela-
tion to geochemical and physical characteristics of soils commonly
found under a humid subtropical climate.

2. Materials and methods
2.1. Local characteristics

The city of Londrina is in the north of the state of Parana (Fig. 1),
and its MSW deposit is located in the SE, 7 km from the center, at
51°06" West longitude and 23°20’ South latitude. Urban solid resi-
dues were simply deposited on the land from 1977 until 1993 (Fer-
nandes et al.,, 1995). After this date and up to the present, the
landfill has become a compacted deposit which has been covered
daily. Nowadays, the municipal district of Londrina produces every
day 348 tons domestic residues on average, that are deposited to-
gether with 68 tons of commercial residues and 0.9 tons hospital
residues. The nearby vegetation is made up of pasture, some crops,
such as corn and banana, and a small forest area. The climate is hu-
mid subtropical, where the summers are hot and humid (mean of
23.8 °C and 600 mm rainfall) and the winters cool and dry (mean of
16.8 °C and 200 mm rainfall), with an annual mean temperature of
22.5°C.

The predominant geology in the area is the Serra Geral forma-
tion, belonging to the sedimentary basin of Parana, and whose
main lithology is basic volcanic rock. According to Teixeira et al.
(2004), the weathering of basalt has resulted in a dark-red Latosol,
following the Brazilian Soil Classification System (EMBRAPA,
1999). This soil type has a well drained deep B horizon with high
clay content, overlying a C horizon made up of alterite, or residual
soil, that maintains the basalt structure.

As reported by Teixeira et al. (2006), a monitoring project of the
MSW disposal area began in 2003 with a topographical survey of
the area. Then, investigations based on an electroresistivity meth-

od were carried out along the surrounding area of the sanitary
landfill to detect anomalies possibly due to MSW leachates. The
topographic map with the limit of the impacted area presented
in Teixeira et al. (2006) is schematized in Fig. 2, which shows the
line going away from the landfill boundary and further down in
the direction of the Periquitos stream, linking points P4, P11, P5
and P6. Such points were submitted to mechanical probing with
the standard penetration test (SPT) and sampled at different
depths for laboratory investigation (see Section 2.2). The same
authors described the stratigraphical profile, based on the SPT at
points P2, P4 and P7. It is made up of three strata, whose character-
istics vary from lateritic, dark red and particularly soft porous silty
clay to very compact variegated sandy silt in the lower stratum. A
silty clay texture is predominant in the profile. The water table was
found at a depth of 8.10 m in P2. The hydraulic conductivity of the
B horizon was evaluated in situ, by means of four permeability
tests, and found to be in the range 107-10"%cms™! (Teixeira
et al., 2006).

2.2. Soil sample collection

2.2.1. Choice of study profiles and sampling depths

Based on the results of the monitoring, three nearby locations
were chosen for further investigation: P4 and P11, which are con-
sidered to be affected by MSW leachates, and P3 which appears
unaffected, in relation to its slightly elevated position (Fig. 2).
The exact locations and elevations are given in Table 1, together
with a schematic pedological classification according to EMBRAPA
(1999), and the encoding of the different profiles and samples.

2.2.2. Undisturbed and representative sampling of the soil

Pits, approximately 80 cm in diameter, were dug manually
at the three locations. At each depth defined previously, two
samples were collected: an undisturbed sample, approximately
20 x 20 x 20 cm, was cut, wrapped in paraffin and removed; then
a representative sample of about 1 kg, was collected from multiple
subsamples.

2.3. Characterization of soil samples

2.3.1. Geotechnical characterization

The analyses were carried out based on the Brazilian Standard
methods - NBR (Vargas, 1978). All samples were submitted to
grain size analysis according to NBR 7181/84 and solid specific
gravity, natural specific weight and water content were deter-
mined according to NBR 6508/84; NBR 10838/88 and NBR 6504/
84, respectively.
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Fig. 1. Location of Londrina in the state of Parana, Brazil.
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Fig. 2. The limit of the area contaminated and topographic map of the MSW disposal area of Londrina.

2.3.2. Chemical characterization

The representative samples were air dried over 5 days, disag-
gregated and passed through a # 10 sieve (2 mm aperture). Analy-
ses of exchangeable cations (Ca2*, Mg?*, K*, AI** and H"), organic C
content, and pH in H,0 and KCI were performed by the soil labora-
tory at the Agronomic Institute of Parana (IAPAR, Londrina), fol-
lowing the Soil Analysis Methods Manual from EMBRAPA (1997).
Briefly, pH was determined in water and 1 M KCl (soil:solution
1:10); Ca, Mg and Al were extracted with 1 M KCI, Ca and Mg being
measured by the titrimetric method with EDTA, Al being deter-
mined by titration with NaOH; the potential acidity (H"+ AI*")
was determined by the SMP method at pH 7 (Shoemaker et al.,
1961), using a solution of triethanolamine, p-nitrophenol, K;CrOy,
Ca(CH3C00), and CaCl,; K was extracted with Mehlich-11 (solu-

tion: 0.05 M HCl + 0.0125 M H,S0,); the C content was determined
by the Walkley Black method. The organic matter content was esti-
mated from organic C by using a multiplier of 1.72. ApH was de-
fined as the difference between the values of pH in KCl and in
water, and the cation exchange capacity (CEC) by the sum of
exchangeable Ca?*, Mg?*, K" and (H* + AI**).

2.3.3. Major element analyses

These analyses were performed at the SGSGeosol Laboratory in
Belo Horizonte (Minas Gerais, Brazil). The major oxides were
determined by X-ray fluorescence and the loss on ignition (LOI)
by calcination at 1000 °C. Two-gram samples were dried at
110 °C, mixed with 2 g of lithium tetraborate, and fused in a Lavoi-
sier mufla (Quimis) at 1000 °C. The LOI was determined at the
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Table 1
Pedologic classification, location and encoding of the samples.

Profiles - coordinates Sampling Encoding Classification
(UTM) elevation (m) depths (m) Horizon Pedology
0.5 P3-0.5 A Latosol
P3 2.0 P3-2
E-W 489409 4.0 P3-4 B
N-S 7418560 6.0 P3-6
513 m 7.0 P3-7
P4 0.5 P4-0.5 A Latosol
E-W 489271 2.0 P4-2
N-S 7418552 4.0 P4-4 B
495 m 7.0 P4-7
0.5 P11-0.5 A Latosol
P11 2.0 P11-2
E-W 489311 3.0 P11-3 B
N-S 7418433 5.0 P11-5
486 m 7.0 P11-7

same time. After that, the melted glass was broken up and boric
acid added. The mixture was poured into 20 mL tungsten carbide
vessels and pressed at 250 kN, using a Herzog press (I model
HTP40) and a Spex vessel mill (Shatterbox). The tablets were ana-
lyzed in a Philips X-ray fluorescence spectrometer PW 1480 model.

2.4. Mineralogical analyses

X-ray diffraction (XRD) was carried out at UR251-PESSAC (INRA,
Versailles, France) on P3 and P11 soils, on the whole air dried sam-
ples reduced to powder, and on oriented deposits of their clay frac-
tions. These fractions were prepared from suspensions containing
0.1 g of soil, two drops of sodium pyrophosphate solution and
about 50 mL of water. After ultrasonic dispersion, shaking and then
settling for 4 h, 2 mL of the supernatant was pipetted, spread on a
glass slide and left to dry at room atmosphere.

The instrument used was a Siemens D5000, equipped with a Co
tube. The traces were recorded with a 0.02° 20 step every 155,
from 3° to 80° 26 for the whole samples and with a 0.02° step every
5s from 2° to 35° 20 for the clay deposits.

2.5. Sequential extraction and metal analyses

Chemical extractions and elemental analyses were performed at
UR251-PESSAC. A sequential extraction, using chemical reagents
with increasing strength, is often used to characterize the different
forms of metals in soils. The BCR scheme (Community Bureau of
Reference; Rauret et al., 1999; Sahuquillo et al., 1999) was adapted
by using its first two steps, in order to evaluate the most mobile
forms, and a total digestion procedure for the initial samples and
some residues from the BCR extractions, in order to control the
quality of analyses (see below). The fractions corresponding to
the partial extractions were labeled E1 and E2, respectively, and
also referred to as the labile and easily reducible fractions, in rela-
tion to the reagents used, dilute acetic acid (HOAc) and acidified
hydroxylamine (NH,OH-HCI).

Large soil samples were sieved again to <2 mm, their water con-
tent determined on aliquots, and other aliquots were prepared for
the extractions in duplicate. 0.8 g of soil was accurately weighed in
a polycarbonate centrifuge tube and 32 mL (1:40) of 0.11 M HOAc
was added. All tubes were shaken for 16 h at room temperature.
The supernatants were separated by centrifugation (Beckman
Avanti J-25i) at 5000 rpm for 20 min, transferred to polyethylene
bottles, acidified with 1% (v:v) analytical grade concentrated
HNO3 69%, and kept at 4 °C until analysis.

After this first step, the solid was rinsed by adding approxi-
mately 10 mL Milli-Q water and centrifuged again under the same

conditions. The supernatant obtained was discarded and the solid
kept at 4 °C overnight before the second step: 32 mL of 0.1 M
NH,OH-HCl, pH 2 adjusted with HCI, was added and the same pro-
cedure, with 16 h shaking, led to the second extract.

2.5.1. Total digestion

Duplicate 0.5 g samples were accurately weighed and trans-
ferred to 120 mL Teflon tubes with 1 mL of Milli-Q water. Then,
9 mL HNO; (69%) and 3 mL of HF (37%) were added and the mix-
ture was left to react for 15 min. The tubes were sealed and heated
in a micro-wave oven (CEM MARS XPress, 2455 MHz, 1600 W). The
temperature was progressively increased up to 183 °C and main-
tained at that point for 15 min. The contents of each tube were col-
lected with Milli-Q water into a Teflon crucible in order to
evaporate the remaining HF on a sand bath. The residue was dis-
solved with 0.5 mL HNO; and transferred to 50 mL volumetric ves-
sel. The final solutions were transferred to polyethylene bottles
and kept at 4 °C until analysis.

2.5.2. Metal analyses and quality control

Iron, Mn, Co, Cu, Pb and Zn were analyzed in the solutions ob-
tained from the sequential extractions and from total digestion
by Flame Atomic Absorption Spectrophotometry (FAAS), using a
VARIAN SpectrAA220. These elements were chosen due to their
significant presence in the MSW leachates and, on another hand,
to the particular role of soil Fe and Mn oxides in the retention of
other metals. To assess the quality of analyses (+10% recovery on
accuracy), the following controls were included in each series:
blanks using allotted reagents and vessels, a sample with measured
additions of elements from standard solutions (to check matrix ef-
fects), a certified reference material (CAN-LKDS-1) for the total
digestion series. For sequential extractions, a series was submitted,
after the second step, to total digestion and the sum of extracted
elements was compared to the result of total digestion on initial
samples.

2.6. Soil water extracts and soluble elements

The analysis of water-soluble metals was performed according
to NBR 10006/2004. A soil solution was obtained from contact be-
tween 50 g of air-dry soil and 200 mL deionized water (1:4). The
suspension was shaken for 5 min and left for 7 days at room tem-
perature. The samples were filtered through 0.45 pm membranes
and kept at 4 °C until analyses, which were completed with a multi
element inductively coupled plasma optical emission spectrometer
(ICP/OES, View-Pro Varian). The pH and the electrical conductivity
of the solutions after filtering were also measured.

2.7. Micro-morphology analyses

2.7.1. Optical microscope

Morphological observations of thin sections of the undisturbed
samples were performed with a Zeiss Axiophot optic microscope,
under natural light, in the Histology laboratory at the State Univer-
sity of Londrina.

2.7.2. Transmission electron microscope (TEM)

Clay fractions of the samples were prepared in the same way as
for X-ray diffraction, but adjusted dilutions were applied to the
pipetted volumes. Then the solution was ultrasonically dispersed
again for 15 min before a drop was deposited onto C-coated grids
and left to dry for 24 h, at room temperature. The microscope used
was a Philips 420 STEM operated at 120V and equipped with a
Megaview Il CCD camera.
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3. Results
3.1. Physical and textural analyses

The physical parameters obtained from the geotechnical char-
acterization carried out on P3, P4 and P11 profiles are presented
in Table 2. The natural (y), dry (y4) and solid (ys) specific weights,
the water content (w), void ratio (e), and porosity (n) are very
similar between the three profiles and vary little with depth, the
major noticeable differences being lower void ratios at the surface
of P3 and in a deep layer (P11-5) of P11. The water table was not
detected in the three profiles. The solid specific weight is high in
all horizons, close to 30 kN m~3, which reflects the high Fe,Os
contents (see below), whereas the natural specific weight is low,
corresponding to high void indexes, particularly around 2-4 m
depth. The texture of the soil, based on the particle size analyses
after dispersion with Na hexametaphosphate, is silty clay, except
for the deepest layers of P3 and P11 which are clay silt. On another
hand, without dispersing agent, all soil samples would be classified
as sandy silt, except for P11-0.5 and P11-2 which appeared as clay
silt.

3.2. Chemical characteristics of soil

The results of pH, exchangeable cations, CEC and organic matter
contents are presented in Table 3. The pHs are generally acidic,
with the lowest values found in the deep layers of P3, down to
4.1 for the pH in KCl at 6-7 m in this profile. The pH values are
higher in P4 and P11, reaching slightly alkaline values for the pH
in water of P11 samples between 3 and 7 m deep. The ApH are
negative, between —0.2 and —1.4, except in the P11-2 sample
where it is zero and for P3-4 and P4-7 with positive values. A neg-
ative ApH, apart from the case of exchangeable Al as in P3-6 and
P3-7, implies that soil samples have variable charges protonated
at the pH in water. These charges are probably in Fe oxides since
the zero points of charge (ZPC) of kaolinite and magnetite for
example, are about 4.6 and 6.5, respectively (Meurer, 2004). The
layers P3-4 and P4-7 which have positive ApH are also character-
ized by the lowest CEC (Table 3), that might indicate the neutral-
ization of variable charges by specific counteractions between
kaolinite and oxides.

The CEC values at 0.5 m are relatively high and decrease with
depth, except for P3 where they increase again between 4 and

Table 2

Physical characteristics of the samples.
Samples Depth )? yd° Ps¢ w(%) e n (%) PSD (%) using a dispersing PSD (%) no dispersing Ratio

(m) (kNm=3) (kNm3) (kNm>3) agent (%) agent (%)
Clay Silt Finesand M.sand Clay Silt F.sand M.sand Silt/clay

P3-0.5 0.5 16.2 11.5 29.7 40.5 1.6 612 75 16 8 1 11 67 21 1 0.2
P3-2 2.0 143 10.1 314 41.8 21 679 55 26 18 1 0 60 39 1 0.5
P3-4 4.0 15.0 10.6 338 41.0 22 685 55 20 24 1 0 70 28 2 0.4
P3-6 6.0 15.4 10.9 30.0 40.7 1.7 636 45 39 15 1 0 77 22 1 0.7
P3-7 7.0 15.2 10.6 30.1 43.8 1.8 648 28 50 21 1 0 72 27 1 1.8
P4-0.5 0.5 15.4 113 32.6 36.5 19 654 60 27 12 1 2 60 37 1 0.5
P4-2 2.0 14.2 10.2 29.6 394 19 656 74 17 8 1 1 83 15 1 0.2
P4-4 4.0 14.9 11.0 30.6 35.6 1.8 641 71 14 14 1 2 72 27 1 0.2
P4-7 7.0 14.9 10.8 304 37.5 1.8 644 56 28 15 1 0 66 33 1 0.5
P11-0.5 0.5 16.2 12.0 333 35.2 1.8 640 52 35 12 1 34 36 28 2 0.7
P11-2 2.0 14.9 10.5 30.8 415 19 658 71 19 14 1 16 76 7 1 0.3
P11-3 3.0 14.6 10.5 31.1 395 20 663 64 26 9 1 5 77 17 1 0.4
P11-5 5.0 17.0 121 31.2 40.0 1.6 611 52 35 12 1 10 72 17 1 0.7
P11-7 7.0 ns ns 31.5 35.5 ns 45 36 17 1 3 67 28 2 0.8

ns = No sample; w, water content; e, void ratio; n porosity.
4 Natural specific weight.
° Dry specific weight.
¢ Solid specific weight.

9 Particle size distribution with Na hexametaphosphate; upper limits are 2, 60, 200 and 600 um for clay, silt, fine sand and medium sand fractions, respectively.

Table 3

Chemical characteristics of the samples.
Sample pH ApH CEC? Ca** Mg?* AP H +AP* K* omP

= — (cmol, dm—3) (cmol. dm—3) (cmol. dm™—3) (cmol, dm—3) (cmol. dm—3) (cmol, dm—3) (gkg™")
2

P3-0.5 6.2 5.6 -0.6 11.0 5.9 1.9 <LD 3.2 0.1 8.5
P3-2 6.3 5.9 -0.4 9.0 4.2 1.7 <LD 2.7 0.4 3.6
P3-4 5.6 5.7 0.1 7.9 3.0 1.9 <LD 29 0.1 1.7
P3-6 49 41 -0.8 15.5 0.6 0.7 3.0 141 0.2 1.6
P3-7 5.0 4.1 -0.9 16.5 0.3 0.2 3.1 15.2 1.0 14
P4-0.5 6.9 5.9 -1.0 13.0 6.9 2.1 <LD 2.9 1.0 21.1
P4-2 6.9 6.1 -0.8 10.0 49 0.9 <LD 2.5 1.7 54
P4-4 6.5 6.0 -0.5 8.5 4.1 1.6 <LD 2.7 0.1 2.1
P4-7 5.5 5.8 0.3 7.8 2.7 23 <LD 2.7 0.1 14
P11-0.5 6.5 6.2 -0.3 21.1 8.2 3.9 <LD 2.9 6.1 28.9
P11-2 5.6 5.6 0.0 17.2 5.0 2.8 <LD 4.0 5.4 7.5
P11-3 7.4 7.0 -0.4 14.5 4.3 2.2 <LD 2.4 5.6 8.2
P11-5 7.1 6.7 -0.4 13.7 43 2.1 <LD 24 49 7.5
P11-7 7.7 6.8 -0.9 103 1.9 1.2 <LD 2.2 51 3.2

@ Cation exchange capacity, equal to exchangeable Ca + Mg + K + H + Al; LD limit of detection.
" Organic matter (1.72 times the organic carbon content, see Section 2).



6 R.S. Teixeira et al./Applied Geochemistry 25 (2010) 1-15

Table 4

Total chemical analyses of the samples®.
Sample Al,O; (%) Ca0 (%) Fe,0; (%) K»0 (%) MgO (%) MnO (%) Na,0 (%) P,0s (%) Si0, (%) TiO, (%) IL° (%)
P3-0.5 27.9 0.22 234 0.08 0.15 0.22 <0.1 0.17 34.6 3 10.45
P3-2 26.2 0.15 26.8 0.08 0.26 0.24 <0.1 0.15 313 4.1 9.85
P3-4 253 0.11 294 0.07 0.25 0.22 <0.1 0.15 32.6 3.7 7.36
P3-6 26 0.03 25.2 0.08 0.34 0.16 <0.1 0.15 343 3.5 10.13
P3-7 25.9 0.02 23.7 0.24 0.43 0.2 <0.1 0.2 34.7 3 10.59
P4-0.5 229 0.36 28.5 0.13 0.23 0.45 <0.1 0.24 30.2 5.1 10.97
P4-2 26.4 0.16 254 0.14 0.29 0.27 <0.1 0.2 32.8 39 9.47
P4-4 26.8 0.11 26.2 0.07 0.23 0.22 <0.1 0.18 323 4.2 9.63
P4-7 271 0.09 26.7 0.06 0.26 0.14 <0.1 0.16 323 4.3 8.98
P11-0.5 20 0.25 314 0.39 0.37 0.53 <0.1 0.28 29.5 6.5 9.98
P11-2 25.7 0.16 25.7 0.36 0.19 0.44 <0.1 0.2 324 4.4 9.87
P11-3 25.1 0.19 26.2 0.39 0.29 0.33 <0.1 0.21 334 4.3 9.72
P11-5 24.6 0.13 26.3 0.36 0.22 0.19 <0.1 0.23 33.2 4.7 9.76
P11-7 24.7 0.12 26.7 0.34 0.2 0.24 <0.1 0.28 323 4.8 10.63
Rock 13.7 © 154 1 3.8 0.24 2.5 0.31 51.8 2.2 0.97

2 Elemental analysis by X-ray fluorescence.
b IL: ignition loss at 1000 °C.

7 m. The largest CEC is found at 0.5 m in the P11 profile. With re-
spect to exchangeable cations, the most acid samples P3-6 and P3-
7 consistently contain exchangeable Al and more exchangeable H*
than any other sample, these cations being mainly responsible for
the CEC increase at the bottom of this profile. Considering the other
exchangeable cations and referring to the unaffected P3 profile,
one can notice the relative abundance of K, Ca and Mg in the whole
of profile P11 and in some layers of P4.

The largest contents of organic matter are found at 0.5 m, which
is due to the biological activity in the superficial layers. But rela-
tively high contents of organic matter are also observed in P4-2,
compared to deeper layers, and in the whole of profile P11 com-
pared to P3 and P4.

3.3. Total chemical analyses by X-ray fluorescence

X-ray fluorescence was carried out on the soil samples and on a
sample of the bedrock. Table 4 presents the results, normalized
with respect to the sum of oxide contents plus the ignition loss.
The contents of Fe,03 and TiO, increase as SiO, decreases in the
profiles, whereas the Al,0Os; content generally shows the same
trend as SiO,, demonstrating the advanced degree of weathering
in these soil profiles.

3.4. Mineralogical analyses by X-ray diffraction

All XRD diagrams of the samples of P3 and P11 profiles show
that kaolinite is the dominant clay mineral. Iron oxides are also
identified in the form of hematite, magnetite and goethite, and Al
as gibbsite (AI(OH)3) in some clay fractions. Quartz was identified,
although only with small intensity peaks, showing the low content
of this mineral in the studied clay samples.

XRD was also carried out on oriented clay samples saturated
with ethylene glycol, or heated, in order to detect the presence of
expandable phylosilicates. Such minerals were not detected, con-
firming the high degree of weathering of the studied profiles.

3.5. Metal fractionation and mobility in the profiles

The results of sequential extractions and total digestions are gi-
ven below for Fe, Mn, Cu, Zn, and Co. To outline the reproducibility
between duplicates, their means and standard deviations are given
in graphs showing the different fractions of each element versus
depth in each profile (Figs. 3-7, left side). These figures also give
the percentages of extracted metals E1 and E2 with respect to their
total contents (right sides).

3.5.1. Assessment of the quality of analyses

FAAS analyses were first validated on the recovery between 91%
and 109% of 26 standard additions in solution samples for all stud-
ied elements, except for Fe in hydroxylamine extracts where recov-
eries lay between 89% and 130%. All reported results correspond to
concentrations above the quantification limits (QL), and all blanks
were below QL except once with Zn and once for Fe. The certified
total content values for the sample CAN-LKDS-1 were recovered
between 91% (Zn) and 103% (Co). The sums of the metal fractions
plus the residual contents were equal to 101 £ 13% (mean, stan-
dard deviation, n = 40) of the total contents determined on initial
sample aliquots.

The reproducibility of results obtained for the total contents
was quite satisfactory, with variations generally much lower than
10%, except for Mn with two samples, one for Fe and one for Co
(Figs. 3, 4 and 7). Heterogeneity of surface samples and the occur-
rence of mangano-ferric concretions in deeper layers may explain
these few cases. The variations for the metal fractions were fre-
quently high, particularly for Zn and Co in fraction E2 (Figs. 6
and 7). This can be related to difficulties when using the same sam-
ple in two successive moderate extractions (Egreja Filho, 2000; La
et al., 2003; Lee and Kao, 2004). Nevertheless, the reproducibility of
the data presented in Figs. 3-7 allows for the comparisons detailed
below.

3.5.2. Iron

The high and rather constant Fe contents are typical of lateritic
soils originated from basalt, with no accumulation in any particular
horizon (Fig. 3). The extractions of Fe by acetic acid or hydroxyl-
amine are very low (less than about 0.1% or 1% of the total, respec-
tively). The highest values for E2 fractions are found in the surface
layers (0.5 m), but in P11, this fraction remains at the same level,
about 1 g kg™!, through the whole profile (Fig. 3).

3.5.3. Manganese

The total Mn contents are higher in P11, down to 7 m, and in P4-
0.5, by comparison with P3 (Fig. 4). The fraction E2 shows the same
trends, since total and reducible Mn vary together. This fraction is
always important, falling between about 20% and 70% of total Mn
except in P4-7. In contrast, the labile fraction E1 is very low in
the P3 and P4 profiles, but represents 7-33% of total Mn in P11,
the maximum lying in P11-0.5.

3.5.4. Copper
The total Cu contents are roughly constant throughout the three
profiles, between 330 and 375mgkg™! (Fig. 5). The mobile
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Fig. 3. Behaviour of Fe down the studied profiles (different scales for total and
mobile fractions; bars represent standard deviations).

fractions vary more, between 1.4 and 12% of total Cu. The E1 frac-
tion at 0.5 and 2 m is larger in P11 than in P3, but the largest values
are found in P3 at 6-7 m. The E2 fraction is relatively high in sur-
face layers of P4 and P11, and indeed throughout the P11 profile
(Fig. 5).

3.5.5. Zinc
The total contents of Zn vary a little more than those of Cu
throughout the profiles and P11 shows values above 158 mg kg™!,

systematically higher than in P3 or P4 (Fig. 6). The mobile fractions
are low, between 0.4 and 10 mg kg~! for E1 and between 0.2 and
10mg kg ! for E2. In P11 only, these fractions appear parallel to
the total content, and they are generally higher than in the other
profiles. They are also relatively higher in surface layers (0.5 m).
Then, as for Cu, the mobile fractions increase again in the deep lay-
ers of P3 (6-7 m).

3.5.6. Cobalt

The analyses of Co generally show the decreasing order
TD > E2 > E1 and for the profiles P11 > P4 =~ P3 (Fig. 7). Cobalt
showed the largest fraction in E2 when compared to the other ana-
lyzed elements. The fraction E1 represents less than 1% of the total
content of Co in P3 and P4, but about 15% in P11. Figs. 4 and 7
strongly suggest that the behaviour of Co is similar to that of Mn
in all the profiles and fractions.

3.6. Characterization of soil water extracts

The results for pH, electrical conductivity, major and trace ele-
ments of soil water extracts obtained in the laboratory are presented
in Table 5. The concentrations of Cu, Zn, Co, Al and Fe generally fall
under the quantification limit of the analytical technique used, ex-
cept for Al in the surface horizons and for Cu and Co in several sam-
ples of P11 and the deep samples of P3. For all other measurements,
the main trend is that small values are observed with P3 and large
values occur with P11 and the surface layers of P4. Above all, the
electrical conductivity in P11, although decreasing down the profile,
remains very high when compared to the other profiles, whichis also
the case with K and Na concentrations. One noticeable result con-
cerns pH, generally higher in P11 and P4 compared to P3, except
for P11-0.5 where it is particularly low (pH 4.9).

3.7. Micro-morphology analyses

Based on observations by optical and transmission electron
microscopy, the morphologies of the structures and of the particles
of the soil down the profiles were described, with the particular
aim of identifying transformations induced by MSW leachates.

3.7.1. Optical microscopy

The observations on the optical microscope were made from a
thin section of soil using natural light. Fig. 8 shows a typical image
of the A horizon from P3 at 0.5 m depth. A clayey matrix with con-
tinuous dense and dark red areas in relation to the more yellowish
red fissured areas can be seen. The denser and redder clayey areas
are round and surrounded by clearer matrix, which probably has a
lower Fe content.

The structure in general, is organized in angular polyhedron
microaggregates, separated by larger and smaller natural fissures,
respectively, called non-conformed and conformed. The larger fis-
sures were produced by the passage of water and they make up the
percolation path. The porosity becomes variable between the
macro to micro porous aggregates.

Fig. 9 shows an image of P11 at 0.5 m depth. One of the different
features observed is dark color impregnation on the borders of the
pores that was not identified in the P3 plates. This impregnation
suggests the accumulation of a leached substance, due to the
dynamics of the profile. The presence of the impregnation of the
voids was observed in all of the ultra thin sections of P4 and P11
samples.

3.7.2. Transmission electronic microscopy

The observations by TEM were made for the samples from the
P3 and P11 profiles and they allowed the visualization of the mor-
phologies of the mineral particles. Fig. 10 shows images of the P3
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Fig. 4. Behaviour of Mn down the studied profiles (bars represent standard deviations) and percentages of mobile E1 and E2 fractions.

samples at 0.5 m depth where different sized hexagonal particles
and the kaolinite clay mineral are observed in abundance in the
two images. The presence of Fe oxides, possibly dark colored and
rounded hematite and magnetite, and also halloysite, in baton for-
mat can be noticed. The presence of quartz is recognized as trian-
gular and dark minerals which are larger than the others. Some
aggregates with several clay associated particles can be seen.

The images obtained of the P11 samples at 0.5 and 5 m depths
(Fig. 11) show the same mineralogy, as well as the same morphol-
ogy and the presence of kaolinite clay, quartz and Fe oxides. But

characteristic images of organic matter that have undefined and
translucent form also appear. Organic matter was ubiquitous in
the sample 5 m depth, always occurring surrounding minerals.

4. Discussion
4.1. Physical, chemical and mineralogical characteristics of soil

The texture of the soil determined by particle size analyses varies
from silty clay, after dispersion with sodium hexametaphosphate,
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Fig. 5. Behaviour of Cu down the studied profiles (bars represent standard deviations) and percentages of mobile E1 and E2 fractions.

to sandy silt, without dispersing agent. Such variation in the textural
classification reveals the aggregation of clay-oxide particles (Cambi-
er and Picot, 1988), which is also responsible for the high porosity,
providing good permeability. This behaviour is typical of soil ex-
posed to tropical weathering, rich in Fe oxides and with a high Al con-
tent, as described by Delvigne (1960), Chauvel (1977) and Melfi and
Pedro (1978a,b) amongst others. The predominance of kaolinite,
gibbsite and ferric oxides, as seen from XRD and TEM confirm this

relationship. Apart from the surface ones, the studied samples be-
long to the thick B horizon of this highly weathered soil. However
the silt/clay ratio indicates that the deepest sampled layers of the
profiles P3 and P11 approach the C horizon, since values >0.7 are spe-
cific characteristics of the C horizon (EMBRAPA, 1999). With regard
to the possible impact of the MSW, the unexpected similarity be-
tween particle size analyses with and without hexametaphosphate
for the P11-0.5 sample could be due to changing interactions be-
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Fig. 6. Behaviour of Zn down the studied profiles (bars represent standard deviations) and percentages of mobile E1 and E2 fractions.

tween constituents in relation to the composition of leachates (see
Section 4.2).

Latosols usually have A and B horizons which are acid and poor
in base cations, these being replaced by exchangeable Al and pro-
tons. In this work, only a few of the studied samples are markedly
acid. It is noteworthy that the whole area was or is being culti-
vated, so that pH and other chemical characteristics may been af-
fected by tillage and fertilizers. But the differentiation of pH in the
deep horizons between the profile P3 where it is lower than 5, and
the profile P11 where it is around 7, can be attributed to waste

landfill leachates which appear to have reached the bottom of
the latter. Indeed, the organic matter content, apart from the usual
decrease below the surface horizons, has enhanced values in the
whole P11 profile, and in the upper layers of P4.

There is a positive and significant correlation between organic
matter and the CEC in these profiles. This is not the case for P3,
where another contribution to the CEC makes it increase in the
deepest layers, because of the way CEC is calculated, i.e., by the
sum of exchangeable cations including the potential acidity deter-
mined at pH 7. This CEC measured in all samples from <0.5 m
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Fig. 7. Behaviour of Co down the studied profiles (bars represent standard deviations) and percentages of mobile E1 and E2 fractions.

depth, as is common for Brazilian latosols, is <17 cmol. kg™, the
threshold value used to classify the B horizon of latosols by EMB-
RAPA (1999). The ApH values are most often negative, and the
ZPC are lower than the pH. According to Uehara (1979), these con-
ditions lead to the appearance of negative surface variable charges.
These charges can be attributed to oxide surfaces, kaolinite edges,
and to organic substances particularly in P11 samples as suggested
above. The exchangeable cations also indicate the impact of waste
leachates, with the importance of K™ in P11, and to a lesser extent
in P4-0.5 and P4-2.

4.2. Soil water extracts

The data obtained from soil water extracts confirm several
trends in the chemistry of soil samples, and reinforced the descrip-
tion of waste leachate impacts. The electrical conductivity in P11
decreases with depth, as in P4, but with very high values in P11
compared to the other profiles. The same trends are observed in
the concentrations of K and Na, and to a lesser extent with Ca,
Mg and Mn. Similar differences between profiles were noticed for
exchangeable K and Ca (Table 3). By contrast, a major difference
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Table 5

pH, electrical conductivity, major and trace element concentrations of the soil water extracts.
Sample pH Elec. cond. K Mg Mn Na Ca Al Fe Cu Zn Co

(psem™)  (mgl™)  (mgl") (mglL) (mgl") (mgl") (mgl") (mgL') (mgl") (mgLl!) (mglh)

P3-0.5 7.4 56.3 <0.50 2.9 0.4 0.3 15.5 0.31 0.11 <0.01 <0.01 <0.01
P3-2 5.9 114.0 5.3 44 1.1 0.3 17.8 <0.05 <0.05 <0.01 <0.01 <0.01
P3-4 5.8 126.0 0.7 33 0.3 0.3 4.6 <0.05 <0.05 <0.01 <0.01 <0.01
P3-6 53 35.8 13 2.0 0.3 0.6 2.8 <0.05 <0.05 0.02 <0.01 <0.01
P3-7 5.2 39.3 104 1.9 0.2 0.3 23 <0.05 <0.05 0.02 <0.01 0.01
P4-0.5 7.7 177.0 17.2 9.1 1.0 43 20.8 0.22 <0.05 0.01 <0.01 <0.01
P4-2 7.4 160.0 24.6 2.8 0.2 10.8 114 <0.05 <0.05 <0.01 <0.01 <0.01
P4-4 6.8 97.9 <0.50 3.4 0.8 4.9 10.1 <0.05 <0.05 <0.01 <0.01 <0.01
P4-7 5.2 124.0 0.5 43 0.2 11.2 7.5 <0.05 <0.05 <0.01 <0.01 <0.01
P11-0.5 4.9 2440.0 313.0 51.0 26.4 158.0 124.0 0.25 <0.05 0.02 <0.01 0.03
P11-2 7.6 1292.0 220.0 11.1 0.8 100.0 30.0 <0.05 <0.05 <0.01 <0.01 0.01
P11-3 7.7 1212.0 202.0 6.0 0.2 106.0 193 <0.05 <0.05 0.01 <0.01 0.02
P11-5 7.5 1041.0 164.0 2.3 0.0 88.4 9.7 <0.05 <0.05 <0.01 <0.01 <0.01
P11-7 7.7 884.0 143.0 1.3 0.0 62.6 4.0 <0.05 <0.05 0.03 <0.01 0.02

Dense and red areas

Dense and red areas

yellowish coatings

Fig. 8. Images of the ultra thin section of soil of P3 at 0.5 m depth.

of soil chemical data lies in the low pH value of the water extract
obtained from the P11-0.5 sample (about 4.9). This may be due
to the decomposition of organic matter by acetogenic bacteria
(Chernicharo, 1997). This may have also increased the concentra-
tion of metals, particularly Mn, in this solution.

According to Prado (2003), high K and Na concentrations and a
soil pH above its ZPC, can induce the dispersion of clay and may ex-
plain the similar clay content found in P11-0.5, with or without
chemical dispersant (Table 2).

4.3. Fractionation of metal

The high contents of Fe and some other metals are typical of
latosols of Parana, originating from basic rocks under a tropical cli-
mate (Souza et al., 1996; MINEROPAR, 2005; Melfi et al., 1979). The
casual impacts of MSW on their total contents seem low or insig-
nificant. Thus the following discussion considers first the varia-
tions of metal fractions between the three profiles.

dark color impregnation

dark color impregnation

dark color impregnation

Fig. 9. Images of the ultra thin section of soil of P11 at 0.5 m depth.

4.3.1. Mobility of Fe and Mn

The low Fe content of E1 and E2 fractions are consistent with
the dominant crystalline forms of ferric oxides in the latosol pro-
files of the investigated area (Melfi et al., 1979; Matos et al.,
2001 Ghidin et al., 2006). However a significant increase of Fe
was found in the E2 fraction of P11 in comparison to P3, which
could be attributed to waste leachates carrying reduced or organic
complexed forms of Fe. Manganese was extracted in step E2 in
much greater proportion than Fe, consistent with the reduction
of Mn oxides by hydroxylamine and the specificity of this dissolu-
tion with respect to ferric oxides (Chao, 1972; Shuman, 1985; Her-
nandez-Moreno et al.,, 2007). The differences of Mn behaviour
between the studied profiles, particularly between P3 and P11,
are found in all fractions. It can then be concluded that the impact
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Fig. 11. TEM images of P11samples at 0.5 and 5 m depths.

of waste leachates is limited to the reducible fraction of Fe but is
reflected in the labile, reducible and total contents of Mn.

4.3.2. Cobalt

Cobalt was found to have similar behaviour to Mn in the three
soil pits, suggesting a strong association between both elements.
Several other researchers have already underlined this association,
according to Alloway (1995). However the very noticeable differ-

ence between profiles is shown for the E1 fraction, having very
low Co in P3 or P4 but being in the range 9-19% of total Co in
P11, evincing a major impact of waste leachates on metal mobility.

4.3.3. Copper

According to Bradl (2004), depending on the pedoclimatic con-
ditions, the mobility of Cu is low because it has a marked affinity
with soil components following in decreasing order: Mn oxi-
de > organic matter > Fe oxide > clay minerals. Matos et al. (2001)
concluded from metal extraction experiments carried out on Bra-
zilian latosols, that the strong association between organic matter
and Cu leads to its retention in surface A horizons. Egreja Filho
(2000) using a similar approach underlined the role of oxides
and organic matter in Cu retention by lateritic horizons. The pres-
ent results show high and rather constant Cu contents in all hori-
zons, with more than 90% extracted only by total digestion. Thus
this element is mainly linked to mineral structures. On the other
hand, moderate increases in the E2 fraction of P11 and at the sur-
face of P4 can be ascribed to contamination from the MSW deposit,
this fraction being associated to parallel organic matter inputs. In
contrast, the high values of the E1 and E2 fractions in P3 at 6-
7 m are probably due mainly to the naturally acid pH. Mouta
et al. (2008) underlined the sharp variation of Cu retention on var-
iable charge subsoil material with pH in the 4.0-5.0 range.

4.3.4. Zinc

Zinc with its +2 valency and its atomic size, can substitute for
Fe*? and Mg*? in different rock minerals, mainly in the silicate
and oxide groups. It can also replace a few% of Fe** in goethite.
When deriving from anthropogenic sources, Zn is known to be a
relatively mobile and bioavailable metal in the soil, having a signif-
icant exchangeable or labile fraction as here in the E1 fraction, and
a comparable reducible fraction. These fractions are commonly
attributed to adsorbed Zn on permanent and above all variable
charge surface sites of Fe, Mn or Al oxides. Zinc can also be fixed
by organic matter although less specifically than Cu. Thus the pres-
ent data provide evidence for the predominance of natural Zn in
the soil, with a minor component of mobile fractions E1 and E2
in surface horizons, and a small increase of labile Zn in the P11 pro-
file and in P4-0.5. These latter differences between profiles, as sim-
ilar differences for Cu, show a limited impact of the MSW
leachates.

4.4. Micro-morphology

With regard to the soil structure and the morphology of the
constituents, some important features were observed in surface
horizons (Fig. 8) such as the continuous clayey matrix with denser
dark red color areas, where the microaggregation begins and incip-
ient yellowish red zones, that can be more sensitive areas with
lower Fe content. For the P11-0.5 undisturbed sample (Fig. 9),
the presence of dark colored material was also observed, impreg-
nating the borders of the voids and coating features. The dark col-
ored material does not seem to be mineral; on the other hand it
seems to be from the accumulation of the leaching. The coatings
are clay composition features, yellowish in color and occurring
around the pores. They are particularly affected, in contrast to
the clayey matrix of the original P3 soil, and they were identified
in the profiles that are located in the contaminating plume flow,
showing the effect of leachate in the soil.

The morphology of the soil clay fraction, observed in TEM (Figs.
10 and 11), confirms the presence of minerals common in latosol
profiles with a high degree of weathering: kaolinite, Fe oxides
and quartz. The phylosilicate occurs in different stages of weather-
ing, from the well crystallized kaolinite in a hexagonal format to
poorly crystallized rounded forms.
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The abundant presence of organic matter was verified in the
TEM images taken from the P11 samples at 0.5 and 5 m depth
(Fig. 11). The presence of isolated organic matter was identified
in the P3 samples in only one image at 0.5 m depth. These observa-
tions confirm the presence of organic contamination, in the P11
profile, and its absence in the reference P3 profile.

5. Conclusions

The soil samples investigated belong to dark red thick clayey A
and B horizons of residual latosols, located well above the water ta-
ble and the bedrock, although the deepest layers of two profiles
reached more silty and less weathered material. The P3 profile is
located mid-slope out of direct streaming from the MSW deposit,
whereas the P4 and P11 profiles are on a dip slope, with greater
contamination as defined by geophysical resistivity methods. The
high electrical conductivity and concentration of some cations in
soil water extracts of samples taken from P4 and, in particular,
P11 result from contact between MSW leachates and the soil,
which also increased the soil pH values, the organic matter con-
tent, the CEC and exchangeable base cations.

The most acid soil pHs were obtained from the deepest layers of
the unaffected pit P3. These conditions induce relatively high frac-
tions of mobile metals at the bottom of this profile. But similarly
high mobile fractions of Co, Mn and Zn were observed at the bot-
tom of P11, despite the neutral or slightly alkaline pH which should
favor the adsorption of these metals on variable charge oxide and
clay surfaces. When considering surface horizons where pHs are
more alike, higher E1 fractions of Co, Mn and Zn in P11, and higher
E2 fractions of Cu, Mn and Zn were found in P11 and P4 compared
to P3. Thus the systematic higher concentrations of mobile metals
in the P4 and P11 profiles, indicated by the sequential extractions,
clearly shows the influence of MSW leachates from both surficial
and subsurface flows.

The leachates streaming into the soils from the RSU landfill of
Londrina did not affect their physical characteristics (soil and solid
specific weights, void ratio, mineralogy, particle morphology) ex-
cept for a limited dispersion effect on clay microaggregation in
the surface horizon of P11. However, such dispersion has appar-
ently not hampered impregnations of this profile down to deeper
layers, affecting their color, inducing a smell of decomposing or-
ganic matter and the migration of contaminants. More detailed
studies should focus on the interactions between MSW organic
compound transformations and the mobility of Fe and potentially
harmful metals in impacted horizons.
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