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Heavy Metal Partitioning in Bottom Sediments
of the Matanza-Riachuelo River and Main

Tributary Streams

ALICIA RENDINA AND ALICIA FABRIZIO de IORIO

Department of Natural Resources and Environment, School of Agronomy,
University of Buenos Aires, Buenos Aires City, Argentina

This study provides geochemical partitioning, potential bioavailability, and enrichment
of Cd, Cu, Pb, and Zn in bottom sediments collected from the Matanza-Riachuelo River
and its main tributary streams. A modified Tessier sequential extraction procedure,
complemented with acid volatile sulfide (AVS) and simultaneous extracted metals (SEM)
measurements, was applied to determine the partitioning of metals into four fractions
(metals bound to amorphous sulfide, carbonate, and exchangeable), bound to Fe/Mn
oxides (reducible), bound to organic matter/sulfide (oxidizable) and residual. Spatial
and vertical distributions of metals were studied. The core sediments show a decreasing
concentration of metals with depth. In top sediments, non-residual Cu was mainly
associated with oxidizable phase, whereas Pb, Cd, and Zn were mainly associated with
amorphous sulfide. Pb exhibited the highest enrichment in all sites. The ratio AVS/SEM
was greater than one at sediment sections close to the water column, indicating that
metals extracted with hydrochloric acid were mainly associated with the amorphous
sulfide. The strong influence of amorphous sulfide in the retention of Cd, Pb, and Zn
in anoxic sediments of Matanza-Riachuelo river system suggests that dredging and
aeration could lead to the remobilization of metals from sediments to the water column,
hence making the metals more available to the biota.

Keywords Bottom sediments, heavy metals, acid volatile sulfide, sequential extraction,
Matanza-Riachuelo River

1. Introduction

Most of the rivers and streams in urban areas of Buenos Aires Province contain a high
load of urban and industrial wastes (Herkovits et al., 1996). The impacts produced by
human activities on these watercourses result in the alteration of the natural balance of
these water systems. Heavy metals are frequently detected in the environment, including
both bed sediments and water columns, and they have gradually become a major concern
worldwide. In Argentina, environmental concern is still incipient, as reflected in negligent
practices by the population and in little federal monitoring of most polluting agents. Under
this situation, the evaluation of the environmental impact originated by anthropic activities
on sediments quality is now a high priority.

Address correspondence to Rendina Alicia, Department of Natural Resources and Environment,
School of Agronomy, University of Buenos Aires, Av. San Martı́n 4453, C1417DSE Buenos Aires
City, Argentina. E-mail: arendina@agro.uba.ar
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 63

It is well known that the mobility of hazardous metals depends strongly on their specific
chemical forms or different binding forms, rather than on their total element concentra-
tions. Accordingly, knowledge of metal partitioning among various geochemical phases of
sediments is particularly interesting to assess the mobilization capacity, bioavailability, and
potential toxicity (Li et al., 2000). Sequential extraction procedures (SEP) are often used to
explore the binding fractions of metals in sediments, such as the SEP protocol elaborated
by Tessier et al. (1979). According to the Tessier protocol, metals have been assumed into
five fractions: exchangeable, bound to carbonate, bound to iron and manganese oxides (re-
ducible fraction), bound to organic matter and sulfides (oxidizable fraction), and residual
(metals within the crystal structure of primary and secondary minerals).

The metals extracted in the oxidizable fraction include metals associated to organic
matter and pyrite (Huerta-Diaz and Morse, 1993; Ouddane et al., 2000). However, this
traditional scheme does not allow identification of the metals bound to amorphous sulfides.
During the application of SEP, the metals that originally presented amorphous sulfides are
partially solubilized and then redistributed between other phases of the sediment (Hirner,
1992; Brumbaugh et al., 1994; Peltier et al., 2005), showing a lack of selectivity (Rao
et al., 2008).

The amorphous sulfides present in sediments are quantified as acid volatile sulfides
(AVS), which are operationally determined by the addition of cold hydrochloric acid to the
sediment, by trapping, and then by analyzing the evolving sulfides (Allen et al., 1993).

It is important that the trace metals (e.g. Cu+2, Cd+2, Pb+2, Zn+2, Ni+2, and Hg+2)
liberated during the evolution of sulfide in the AVS procedure (SEM, simultaneously
extracted metals) are also determined (Di Toro et al., 1990). If a metal sulfide is not
dissolved, then neither the AVS nor the SEM values will be increased. Measurement
of AVS and SEM provides a means to evaluate the potential toxicity of trace metals in
sediments (Allen et al., 1993; Yu et al., 2001; Liu et al., 2007). If the ratio of AVS to
SEM, which is determined on the required molar basis, is greater than one, there will not
be toxicity as all these trace metals would be expected to be present as their sulfides. If the
ratio of AVS to SEM is less than one, there may be metal toxicity because the metals are
likely to be bound as more bioavailable species (Allen et al., 1993).

The Matanza-Riachuelo River is one of the most polluted rivers in Latin America
(Olson et al., 1998). Although the possibility and effectiveness of dredging to remove
highly contaminated sediments of the Matanza-Riachuelo River in a lower basin area were
analyzed through several river decontamination projects, the upper and middle basins have
no modern data of the total content and partitioning of metals in river sediments.

The objective of this project is to provide a detailed study of the chemical forms,
including metals bound to amorphous sulfide, potential bioavailability and enrichment of
Cd, Cu, Pb, and Zn in anoxic sediment cores of the Matanza-Riachuelo River (Argentina)
and its main tributary streams, in upper and middle basin areas. Second, chemical and
physical characteristics such as organic matter, inorganic carbon, AVS, and grain size were
determined in order to interpret the mechanisms involved in the association of heavy metals
in the sediments.

2. Materials and Methods

2.1 Study Area

The Matanza-Riachuelo River is the main collector of a 2300 km2 basin. This river drains
directly into the de La Plata River, a huge binational estuary, which is the main source of

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 d
e 

B
ue

no
s 

A
ir

es
] 

at
 0

7:
27

 2
2 

Ju
ly

 2
01

3 



64 A. Rendina and A. Fabrizio de Iorio

drinkable water for the city of Buenos Aires and its outskirts (Magdaleno et al., 2008).
The Matanza-Riachuelo River system is mainly composed of three tributary streams:
Morales, Rodrı́guez, and Cañuelas. The climate of the Matanza-Riachuelo basin is hu-
mid sub-tropical. The maximum average temperatures are recorded in January (23.9◦C)
and the lowest average temperatures in July (10.4◦C). Rainfall is around 1000 mm/year.
The soils developed on loess-like sediments deposited throughout the late Pleistocene and
the Holocene. The dominant soils of the alluvial plane (near watercourses) are frequently
classified as Argiudolls, Natraqualfs, and Natraquolls (De Siervi et al., 2005).

The upper basin is mainly surrounded by agricultural and cattle breeding areas, while
the middle and lower basin areas are highly urbanized and industrialized. A population of 5
million, as well as industrial activities, are concentrated in the lower basin. Pollutants that
are dumped into the river or tributaries are generated by urban runoff, dump leachates, and
by municipal and industrial wastewater effluents.

2.2 Sampling Sites and Sampling Collection

The following sampling sites of bottom sediment were chosen for this study (Figure 1):
MOU on the Morales stream (upper basin), close to the headwaters; ROU on the Rodriguez
stream (upper basin); MAU on the Matanza-Riachuelo River (upper basin), downstream of
the Rodriguez stream. The main activities of the upper basin are cattle grazing, extensive
agriculture, poultry and porcine production, and bovine feedlots. CAM, on the Cañuelas

Figure 1. Study area in the upper and middle basin of Matanza-Riachuelo River. Solid symbols indi-
cate sampling sites along the Matanza-Riachuelo River, Morales, Rodriguez, and Cañuelas streams.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 d
e 

B
ue

no
s 

A
ir

es
] 

at
 0

7:
27

 2
2 

Ju
ly

 2
01

3 



Heavy Metal Partitioning in the Mantanza-Riachuelo River 65

stream (middle basin), represents the periphery of an industrialized and urbanized area.
MOM, on the Morales stream (middle basin) located near the Matanza-Riachuelo River;
and MAM, on the Matanza-Riachuelo River (middle basin) is located downstream (1km)
from a meat industry and close to a solid waste dumpsite. The Matanza-Riachuelo River,
between MAU and MAM and its tributary streams, has not been dredged or remediated.
Therefore, sediment cores can provide a historical record of metal contamination within
the watershed.

The sediments were collected approximately 2 m from the bank. Sampling was per-
formed manually by pushing down as far as possible into the bed sediment the core tube,
so the depth of sediment sampling was different for each location. The core tubes were
sealed with plastic caps and placed in a cooler. Twelve core samples were collected from
each of the six sites with core tubes of PVC (50 cm in length and 4 cm of inner diameter).
In the laboratory, each sediment core was extruded from the core tube and then cut in a
2 cm section up to 4 cm in depth and in 4 cm sections, starting at 4 cm from that depth on.
Sections from three cores were combined into each of four composite samples for each site
and depth. Sediment samples were placed in polyethylene bags and stored at 4◦C.

2.3 Sediment Analysis

The pH (1:5 sediment-water relation) was measured with a combined glass electrode
connected to a pH-meter (Allison et al., 1985), cation exchange capacity (CEC) was
determined after saturation with ammonium acetate (Allison et al., 1985), carbonate content
was determined by back titrating the excess of 0.5M HCl added to sediment samples, with
0.5M NaOH (Allison and Moodie, 1965), and organic carbon was estimated by the Walkley-
Black method (Walkley and Black, 1946) and converted to percent organic matter (%OM =
1.72 × C). Particle-size analysis (mechanical analysis) was done with a hydrometer (Gee
and Bauder, 1986). Total iron (Fe) was determined by atomic absorption spectrometry after
a wet mineralization with HNO3-HClO4-HF. Redox potentials (Eh) were measured with
a platinum electrode and saturated calomel electrode (Orion N◦96-78), and the data have
been corrected relative to the standard normal hydrogen electrode. The water content of the
sediment samples was determined by measuring weight loss after drying (105◦C for 24 h).
The water content was calculated as:

W = (Ww − Wd) × 100/Ww

where W: water content (%), Ww: wet weight and Wd: dry weight (Allison et al., 1985).
Handling material was performed under strict anaerobic conditions in a nitrogen box

to inhibit sediment oxidation. Extraction of both AVS and metals was performed within
24 h after sampling.

2.4 Fractionation Scheme

The sediment samples were submitted to a SEP procedure modified from Tessier et al.
(1979), in which the first step consisted of the extraction with 1M cold hydrochloric acid
that allowed identification of the metals bound to AVS. The SEP employed has been
described in detail by Rendina (2002) and it is summarized in the flow charts presented in
Figure 2. In order to obtain Fraction 1 (F1), 2–10 g of sediment was placed in a 500 mL
round bottom flask containing 100 mL of distilled water. Each sample was purged for
10 min with nitrogen, before 20 mL of 1M HCL was introduced into the flask. Then, nitrogen
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66 A. Rendina and A. Fabrizio de Iorio

WET SEDIMENT

1M HCl, magnetically stirred, with N2

flow, 30 min. 

dry residue

 Filtration (0.45µm) Liquid phase
Metals associated to AVS, 
carbonate and exchangeable

0.04 M hydroxylamine- HCl in 25% 
HAcO, 96 oC, 6h, shaken occasional

centrifugation

residue

Liquid phase Metals associated to Fe/ Mn oxides
(Reducible phase)

0.02 M HNO3 + H2O2 30%, 85 oC, 2h, shaken
occasional + H2O2 30 %, 3h shaken occasional + 
NH4OAc 3.2 M in HNO3 shaken continuously, 30 
min, room temperature, dilution.

centrifugation Liquid phase
Metals associated to organic matter 
and sulfides. (Oxidizable phase)

residue

Digestion HClO4 – HF almost dryness, HCl 

centrifugation Liquid phase Residual metals

F1

F3

F2

F4

Figure 2. Flow chart of the sequential extraction scheme for determination of heavy metal binding
forms in river sediments.

was bubbled through the sample for 30 min, while the sample was magnetically stirred.
The concentration of each metal (in the extract from the reaction flask) was determined
after filtering through Millipore 0.45 µm filter. Sulfides were determined as acid volatile
sulfide (AVS), according to Allen et al. (1993). The SEM was calculated by summation
of the concentrations of Cd, Cu, Ni, Pb, and Zn in the F1 fraction. The residue of F1 was

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 d
e 

B
ue

no
s 

A
ir

es
] 

at
 0

7:
27

 2
2 

Ju
ly

 2
01

3 



Heavy Metal Partitioning in the Mantanza-Riachuelo River 67

washed with water. Then a 1g subsample was used to obtain F2 (metals bound to Fe/Mn
oxides), F3 (metals bound to organic matter and sulfides), and F4 (residual), according to
Tessier et al. (1979). In each fraction, metal concentration (mg/kg sediment) was calculated
taking into account the total weight of residue of F1 fraction. The total concentration of
each metal in the sediment was calculated by adding the concentrations of the metal in F1,
F2, F3, and F4 fraction.

Sediment samples were analyzed in triplicate. The average values of the variation
coefficients, which were obtained (lesser than 8%), can be considered adequate for envi-
ronmental analysis.

A standard reference material CRM 320 (river sediment) was used to verify the accuracy
of metal determination in the sequential extraction analysis. The recovery rates for heavy
metals in the standard reference material ranged from 88 to107%.

Metal concentrations in all the extracts were measured by atomic absorption spectrom-
etry with air/acetylene flame (Perkin Elmer Model AAnalyst 200), using external standards
prepared from stock solution of the metals (1,000 mg/kg, Merck). The results of the analysis
of the wet samples are reported as dry weight of sediment.

2.5 Results Analysis

Data were analyzed using one way analysis of variance (ANOVA). The Bartlett’s test was
used to verify the homogeneity of variances, and means were compared using the Tukey
range test at the 0.05 level of significance.

3. Results and Discussion

3.1 Routine Sediment Characterization

Sediment textures from MOU, ROU, and MAU sites (upper basin) were loam and the
sediment textures from CAM, MOM. and MAM sites (middle basin) were clay loam.
The small slope of the middle basin implies that the depositional processes are mainly
gravity-controlled. The grain size composition of the sediments of all sites did not show
depth differences; therefore, down-core variations in metal concentrations reflect historical
variations in metals input (Mecray et al., 2001). Other characteristics of sediments at
different sites and depths are shown in Figure 3. Anoxic conditions of sediments prevailed
at all depths (Eh less than 100 mV), except at the site ROU, where the sediments showed
suboxic condition (Eh greater than 100 mV) at depth greater than 8 cm.

The total Fe concentrations in the sediment profiles did not vary greatly (3.0 ± 0.3%),
implying that there is little additional Fe input in the study area and that Fe in the sediments is
from lithogenous origin. This result parallels that of Villar et al. (1998) in bottom sediments
from Parana River and the River Plate Estuary.

The organic matter (OM) distribution showed a maximum in the upper sediments
(0–2 cm, section closest to sediment-water interface) with a decrease with depth for all
sites. The high OM contents in MAM and MOM sites (6.3% and 5.3%, respectively)
probably are attributed to impact by garbage dumps, cold-storage chambers, and sewage
sludge.

The sediments were neutral to slightly alkaline in reaction (7.4 to 8.7 unit of pH). The
values of CaCO3 ranged between 3.2 and 10.7%. The high pH and content of carbonate
in the top sediments of the MAM site can be attributed to the active process of anaerobic
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Figure 3. Chemical characteristics of sediments at different sites and depths.

degradation of the organic matter from waste generated in the industrial processing of
meat. The CEC values ranged between 27.0 and 67.3 cmolc/kg, MAM and MOM presented
high CEC in the top sediments in coincidence with the greatest contributions of organic
waste.
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 69

Table 1
Mean concentration of total metals (mg/kg) in top sediments (0–2 cm) from Matanza River
(MA), Morales stream (MO), Rodriguez stream (RO), and Cañuelas stream (CA); (U)

Upper basin, (M) Middle basin

Site Land use Cd Cu Pb Zn

MAM peri-urban/industrial 4.9 a 37.9 a 130 a 261 a
MOM peri-urban/industrial 2.6 bc 32.2 b 57.7 b 114 b
CAM peri-urban 2.3 cd 29.6 bc 64.0 b 94.6 bc
MOU Farming/cattle grazing 1.7 d 26.0 bc 48.1 c 86.7 c
ROU Farming/cattle grazing 1.9 d 25.3 c 46.3 c 79.0 c
MAU Farming/cattle grazing 1.3 d 24.7 c 41.9 d 95.6 bc

Different letters within a column denote significant differences between sites (p < 0 .05).

3.2 Acid Volatile Sulfide

The AVS values in top sediments (Figure 3) ranged from 3.4 to 72.3 µmol S2−/g. The MAM
site presented the highest AVS content, low Eh value (-200 mV), and high OM content
(6.3%). The drastic changes in the characteristics of Matanza-Riachuelo River sediments
between MAU and MAM are attributed to the anthropogenic impact produced by the
inflowing waters of Chacon stream (Figure 1), which receives sewage from automotive
and meat industries. The AVS content in the sediments of all sites decreased drastically
below 8 to 12 cm depth. In the deepest sections where the sediments are consolidated (low
water content), the AVS concentration was close to or less than the limit of detection of the
determination method (0.01 µmol S2−/g sediment). The highest AVS concentration in the
top sediments regarding the deep sections would indicate a very low oxygen transfer from
overlying water into top sediment, favoring the AVS formation and inhibiting its oxidation.

3.3 Total Metal Concentrations in Top Sediments and Vertical Distribution

The concentration of heavy metals in the top sediments (0–2cm) ranged as follow: Cd
(1.3 - 4.9 mg/kg), Cu (24.7-37.9 mg /kg), Pb (41.9-130 mg /kg), and Zn (79.0-261 mg /kg)
(Table 1). The concentration of Cd, Pb, and Zn in MAM was significantly higher than the
other sites.

The Cd in agricultural and cattle-grazing sites (MOU, ROU, and MAU) showed the
lowest values (1.7, 1.9, and 1.3 mg/kg, respectively). The MAM and MOM sites had Cd,
Cu, Pb, and Zn concentrations significantly higher than MAU and MOU sites. The soils
of the agricultural and cattle-grazing areas of Buenos Aires Province have naturally low
concentration of heavy metals (Cd 0.77 mg/kg, Cu 29.7 mg/kg, Pb 33.9 mg/kg, and Zn
84.1 mg/kg in average). They have a short history of phosphate fertilizer application and
light accumulations of heavy metals due to fertilization (Lavado et al., 1998). This suggests
that the metal concentrations increased in the middle basin due to urban and industrial
activities. However, the Pb and Zn levels in MOM (Pb 57.7 mg /kg, Zn 114 mg /kg) and
MAM (Pb 130 mg /kg, Zn 261 mg /kg) were lower than those found by Magdaleno et al.
(2008) in top sediments of the river (Pb 239 mg /kg and Zn 584 mg /kg), near the mouth
of the Matanza-Riachuelo River, where the river carries an impressive load of industrial
waste.
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Figure 4. Vertical distributions of Cd, Cu, Pb, and Zn in sediment cores.

The metal concentrations in sediments of all sites consistently decreased with depth
(Figure 4). Depth variations of metals concentrations at MAM site are characterized by
a pronounced concentration reduction below 8 to 16 cm of depth. Although geochemical
profiles of sediments can provide a history of chronological metal loading, diagenetic metal
remobilization can redistribute metals within the sediment profile. The gradient from anoxic
conditions at the sediment-water interface (Eh = −200 mV) to less anoxic conditions below
12 cm of depth (Eh = −100 mV) at MAM site suggests that the redox conditions control
the retention of metals. The metals remain almost constant down to the bottom of the
sediment core. The mean concentration (of the six sites) of Cd, Cu, Pb, and Zn in the
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 71

Figure 5. Partitioning of Cd among the different sediment fractions, at different sites and depths,
expressed as percentage (%) of sum of fractions (F1: amorphous sulfide, carbonate and exchangeable;
F2: Fe/Mn oxides; F3: organic matter/sulfide and F4: residual).

deepest section of the profile ranged between 1.3-1.6 mg/kg, 21.0-22.7 mg/kg, 27.4-37.4
mg/kg, and 67.9-77.0 mg/kg, respectively.

3.4 Partitioning of Metals in Top Sediments

Cadmium. In all sites, the only non-residual form of Cd (Figure 5) was from the leaching
with hydrochloric acid (F1). Although this extracting agent can release metals of the
sulfide phase (AVS), exchangeable and carbonates phase, the ratio AVS/SEM greater than
1 (Table 2) suggests that the metals are mainly associated with the amorphous sulfide in top
sediments. Under anoxic conditions the Cd may be strongly bound as CdS in the sediments;
nevertheless, recent research has shown that the Cd precipitated as sulfide can be quickly
released as a result of aeration of sediments and can increase the bioavailability of metal
for benthic organism (Wang et al., 2010).

The absence of Cd in F2 and in F3 is in parallel to the data of Abrameto et al. (2000)
in sediments of the Negro River (Argentina). The low stability of the Cd-humic complexes
and the low degree of association with pyrite (Cooper and Morse, 1998) would explain the
absence of Cd in the organic matter/sulfide fraction (F3). On the other hand, the low affinity
of this metal by the amorphous oxides of Fe and Mn does not facilitate the adsorption of
Cd in F2.

MAM showed a high percentage (74%) of non-residual Cd (Figure 5), denoting an
appreciable anthropogenic accumulation of this element. In contrast, the other sites showed
a percentage of non-residual Cd less than 45%.

Copper. The Cu distribution among non-residual fractions (F1, F2, and F3) in all sites
(Figure 6) followed the order: F3 > F1 ≥ F2. In the F3, Cu can either be coupled to active
sites of organic molecules (OH of carboxylic and phenolic groups of organic substances)
or precipitate/occluded in pyrite. Studies on preferential adsorption (Rashid, 1985) indicate
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 73

Figure 6. Partitioning of Cu among the different sediment fractions, at different sites and depths,
expressed as percentage (%) of sum of fractions (F1: amorphous sulfide, carbonate and exchangeable;
F2: Fe/Mn oxides; F3: organic matter/sulfide and F4: residual).

that among the transition metals assayed, Cu competed more strongly for the bonding sites
of the humic material. Metals in organic fraction are not considered to be very mobile or
available due to their association to humic substances of high molecular weight. Although
the organic matter dominates the Cu distribution in top sediments, substantial amounts of
Cu were present in the F1 fraction (23 and 41% of non-residual forms). MAM and MOM
presented the highest Cu content in F1 fraction in coincidence with the high AVS contents
(Figure 3).

MAM, MOM, and CAM showed (Figure 6) the lowest percentages of Cu in the residual
(F4) fraction (51, 65, and 67% of total Cu, respectively), in coincidence with the greatest
contribution of organic waste of urban and industrial origin, whereas the highest percentages
of Cu in F4 were found in MOU, ROU, and MAU (71, 77, and 75%, respectively). In the
upper basin of the Reconquista River (rural area of Buenos Aires province), the residual
Cu fraction of river sediments presented very similar percentages (71% in average) to those
of this study (Rendina et al., 2001), showing the predominantly lithogenous origin of this
element in both rural areas.

Lead. The percentage of Pb in non-residual forms in the top sediments (Figure 7) followed
the order: F1 > F2 > F3. The Pb in F2 and F3 ranged between 7 to 27% and 5–14% of total
Pb, respectively. Despite the reported affinity of Pb to organic matter (Gonzalez et al., 2000),
the Pb bound to F3 presented the lower percentages in all sediment samples. The percentage
of this fraction did not exceed 14% of total Pb in top sediment. This indicates that organic
matter is not the primary factor impacting the behavior of this metal in the study area, even
in sediments with high organic matter content. Lead in F1 represented between 29 and 73%
of the total Pb, suggesting that the metal is mainly associated with the amorphous sulfide.
Gonzalez et al. (2000), applying the Tessier procedure, found that more than 50% of the Pb
was bound to organic matter fraction and/or crystalline sulfide. On the other hand, Griffin
et al. (1989), who worked in sediments of the Chesapeake Bay, showed that a great
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74 A. Rendina and A. Fabrizio de Iorio

Figure 7. Partitioning of Pb among the different sediment fractions, at different sites and depths,
expressed as percentage (%) of sum of fractions (F1: amorphous sulfide, carbonate and exchangeable;
F2: Fe/Mn oxides; F3: organic matter/sulfide and F4: residual).

proportion of the Pb is found in the fraction extracted by DTPA (organically adsorbed
and complexed), but it is bound to neither crystalline sulfide nor amorphous sulfide (AVS).
Nevertheless, a discussion of these results is not only difficult due to the various methodolo-
gies applied to establish the relative importance of each geochemical phase in the retention
of metals, but it is also complicated owing to the different physical and chemical conditions
(e.g. Eh, pH) of the analyzed sediments.

The MAM presented the highest percentage of Pb in non-residual forms (82.7% of
total Pb); in the other sites, the percentages ranged between 46.3 to 63.6%. The significant
Pb concentrations in non-residual fractions suggest that they may be from anthropogenic
sources.

Zinc. The Zn distribution among non-residual fractions of the top sediments (Figure 8)
obeyed the following order: F1 > F2 > F3. The Zn concentration in F1 ranged between 48
and 75% of non-residual Zn. The F2 fraction represented between 20.4 and 37.8% and F3
represented between 2.3 and 8.2% of the total Zn. The association of Zn with the Fe and
Mn oxides of sediments (Li et al., 2000) has been widely recognized, showing that the Zn
adsorption onto the oxides has high stability constants. However, in reduced sediments the
production of high levels of AVS determines that only some oxides could compete with
the binding capability of AVS, shifting the equilibrium of Zn towards the formation of ZnS
amorphous.

The high percentage of non-residual Zn (76% of total Zn) found in MAM contrasted
with the percentage of the other sites (31–46%). This may be due to the effect of efflu-
ents inflows from metallurgic and automotive industry through Chacon Stream (Figure
1). In addition to industrial activities, leachates from a waste dumpsite located near the
main course at MAM may constitute a huge pollution potential. In Argentina, these areas
accept demolition materials as well as industrial, commercial, and domestic solid wastes
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 75

Figure 8. Partitioning of Zn among the different sediment fractions, at different sites and depths,
expressed as percentage (%) of sum of fractions (F1: amorphous sulfide, carbonate and exchangeable;
F2: Fe/Mn oxides; F3: organic matter/sulfide and F4: residual).

(Magdaleno et al., 2008). The co-disposal of industrial and domestic wastes in clandestine
dumpsites increases the toxic chemical risk for the environment (Schrab et al., 1993).

3.5 Vertical Distribution of Metals

The percentages of Cd, Cu, Pb, and Zn in non-residual forms (F1+F2+F3) become smaller
with increasing sediment depth (Figures 5–8), representing in the deepest sections on
average 2.8, 11.5, 37.5, and 19.4%, respectively. Cu and Zn distribution among non-residual
fractions changed with depth. The metals proportion decreased in F1 and F3 fractions and
increased in F2 with depth. The distribution of metals among different geochemical phases
does not depend only on the affinity between the metal and phase geochemistry. The
solid-phase distribution of metals can change if the physical-chemical characteristics of the
sediment (i.e. pH, Eh) are modified. The geochemical environment of sediment determines
the presence and abundance of the different phases. In our study, the sediments showed a
general decrease in OM and AVS concentrations, and less anoxic conditions with increasing
depth. These conditions do not favor the reductive dissolution of Fe and Mn oxides, and
therefore the Cu and Zn bound themselves preferably to amorphous oxides.

On the other hand, Pb has a different behavior. The non-residual Pb fractions in the
whole profile were mainly associated to F1. The very low concentration of AVS in depth
indicates that the metals extracted in F1 correspond to exchangeable forms and/or adsorbed
on carbonates. Considering what was mentioned above, our results show that more than
37% of the total Pb in the deepest sections of cores is present in labile forms. In contrast,
the percentages of Cd, Cu, and Zn were substantially lower (0.0–6.3%, 1.4–2.7%, and
5.9–10.4%, respectively), which indicates a low risk of mobilization of these metals.
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76 A. Rendina and A. Fabrizio de Iorio

3.6 Enrichment Factors and Background Concentrations of Metals

In the present study, an enrichment factor was used (EF) based on sediment metal concen-
trations available in this study. The EF was defined as the ratio of the total heavy metal
concentrations and the metal concentration in the residual phase:

EF = ([Me]F1 + [Me]F2 + [Me]F3 + [Me]F4)/[Me]F4

This enrichment factor indicates how much the sediment is enriched relative to metal
concentration in the residual fraction (mainly of lithogenous origin). EF values that equal
one suggest no enrichment, and EF values that are substantially greater than one suggest
anthropogenic input of metals.

The EF of Cd, Cu, Pb, and Zn in top and lower sections (maximum depth sampled in
each site) of cores are shown in Table 3.

The top sediments of all the sites are enriched in Cd, Cu, Pb, and Zn (EF greater than
1), except for Cd in MAU site. The EF values for Cd (3.8), Cu (1.9), Pb (5.8), and Zn
(4.1) in top sediments of MAM are greater than the other sites. The EF values of Cd, Cu,
Pb, and Zn in MAM represent an anthropogenic enrichment (relative to the residual metal
concentrations) of 280, 90, 480, and 310%, respectively.

The Pb presented the highest EF of the four analyzed metals both in rural as well
as in peri-urban and industrial environments. The Pb atmospheric pathway is one of the
main explanations of Pb dispersion into the rural environments. Lead may be found in
small particles and aerosols (Komárek et al., 2008), which might fall on the earth’s surface
very far from their emission source. The brick manufacture is widely distributed both in
rural and in peri-urban areas of the Matanza-Riachuelo basin. Fly ash generated in the
combustion of coal, oils, tires, and other wastes is a potential source of metals, dioxins, and
other pollutants generally released into the atmosphere.

The lower sections of the cores that are characterized by constant low metal con-
centration and EF ∼= 1 would belong to the concentration of the pre-anthropogenic metal
(background) in the sediments. The EF of Cd and Cu were close to one (1.0–1.1) in the
deepest sections of the sediments for all sites, for which the total concentrations of Cd
and Cu (1.6–1.3 mg/kg and 21.7–22.7 mg/kg, respectively) would be the indicators of the
natural levels of the studied area. However, the EF values of Pb ranged between 1.5 and
1.9. These results indicate that Pb derived from anthropogenic sources increased 50–70%
(as compared to residual Pb concentration) in the deepest section, even in the farming and
cattle grazing sites.

The high enrichment of Pb in the whole profile recorded in this study is in good
agreement with data reported by other authors (Lacey et al., 2001; Martin, 2000). On
the other hand, the EF of Zn in the deepest section of the sediments showed a similar
accumulation in all sites (1.2–1.3).

It is possible to infer from the obtained results that the depths sampled do not approach
pre-anthropogenic sediments, therefore the values of the total concentrations of Pb and Zn
in the deepest sections sampled are not indicators of their natural levels.

3.7 Potential Bioavailability of Metals in Sediments

Research has established that the molar ratio of AVS and SEM (which usually contains Cd,
Cu, Pb, Zn, and Ni) is able to predict the availability of various heavy metals for different
organisms (Di Toro et al., 1990; Allen et al., 1993; US EPA, 2004); if the molar ratio of
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78 A. Rendina and A. Fabrizio de Iorio

AVS to SEM exceeds one, the heavy metals can effectively react with sulfide to make them
unavailable to biota (Liber et al., 1996).

The concentration of the metals (Cd, Cu, Pb, Zn, and Ni) solubilized during the
acidification step (SEM) in top sediments of all sites (Table 2) was less than those of
AVS (AVS/SEM greater than one); the metals would not present adverse effects on benthic
organisms.

Because this study was performed in early spring, the water and sediment temperatures
are comparatively low in relation to summer temperature. It is speculated that during the
summer season (higher temperatures) an increase of AVS concentration is to be expected
when the sulfate reduction rates increase, as was observed by Leonard et al. (1993) and
Mackey and Mackay (1996); therefore the molar relation between AVS and SEM would
continue being greater than one.

In the MAM, MOU, and MAU sites, the AVS/SEM ratios (Table 2) were greater than
one up to 12 cm depth. By contrast, at ROU site the ratio AVS/SEM was less than one
at depths greater than 2 cm. This result is consistent with less anoxic condition of ROU
sediments (low AVS) with respect to other sites (Figure 3).

In core sections where the AVS/SEM ratios were greater than one, the literature suggests
that the metals extracted with hydrochloric acid are mainly associated with the AVS phase
(Di Toro et al., 1990). The metals in exchangeable and carbonate forms (phases that are
solubilized with HCl) are expected to be important only for sediments with AVS/SEM less
than one. This situation is present in the deep sections of the sediments where AVS was not
detected or its concentration was very low. At these sediment sections, the extracted metals
in F1 would come only from the exchangeable fraction, carbonates, and/or oxides of low
stability (Berry et al., 1996). Although these forms are more bioavailable, the absence of
organic matter in these core sections (Figure 3) indicates that the biological activity is low.

4. Conclusions

In the areas where the land use is mainly agriculture and cattle grazing, the concentration
of total metals in top sediments was low. Conversely, in those areas where the land uses are
both peri-urban and industrial, the concentration of total metals in sediments is greater.

The chemical sequential extraction used in this study showed that Cd, Pb, and Zn in
the top sediments were mainly associated with the AVS phase, for which the amorphous
sulfide phase should be included when the partitioning of these metals is performed in anoxic
sediments. On the other hand, the Cu was mainly associated with oxidizable fraction. The
differences in the sediment composition from the upper basin to the middle basin of the
streams and the Matanza-Riachuelo River do not change the distribution pattern of heavy
metals among the non-residual fractions of the top sediments.

Due to the decrease of AVS and organic matter with depth, Cu and Zn showed a vertical
variation in the distribution of its non-residual forms. Cu and Zn bound to reducible fraction
increased with increasing sediment depth. In contrast, Cd and Pb were mainly associated
to forms leached with cool hydrochloric acid, which in the sediment sections without the
presence of AVS would be exchangeable and carbonate.

The enrichment factors of Cd, Cu, Pb, and Zn showed a reduction from the closest
section to the interphase water-sediment towards depth. The Pb exhibited the highest
enrichment factors in rural as well as in peri-urban and industrial sites. Investigations
should be approached on the pollution of this metal at more limited scales in order to
determine local sources of pollution.
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Heavy Metal Partitioning in the Mantanza-Riachuelo River 79

The ratio values of AVS to SEM were greater than one in top sediments, indicating that
the metals would not be bioavailable to benthic organisms. However, due to the dredging
and aeration that are currently being proposed for cleaning up the system, the results of
this study warn of the risk of remobilization of metals from the sulfide phase to the water
column and its effects on biota.
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Gonzalez, E., Rodrı́guez, M. T., Jiménez Sánchez, J. C., Fernández Espinosa, A. J., and Barragán
De La Rosa, F. J. 2000. Assessment of metals in sediments in a tributary of Guadalquivir River
(Spain): Heavy metals partitioning and relation between the water and sediment system. Water
Air Soil Poll. 121, 11–29.

Griffin, T. M., Rabenhorst, M. C., and Fanning, D. S. 1989. Iron and trace metals in some tidal marsh
soils of the Chesapeake Bay. Soil Sci. Soc. Am. J. 53, 1010–1019.

Herkovits, J., Perez-Coll, C. S., and Herkovits, F. D. 1996. Ecotoxicity in the Reconquista River,
Province of Buenos Aires, Argentina: A preliminary study. Environ. Health Persp. 104, 186–189.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 d
e 

B
ue

no
s 

A
ir

es
] 

at
 0

7:
27

 2
2 

Ju
ly

 2
01

3 



80 A. Rendina and A. Fabrizio de Iorio

Hirner, A. V. 1992. Trace element speciation in soils and sediments using sequential chemical
extraction methods. J. Anal. Chem. 46, 77–85.

Huerta-Diaz, M. A., and Morse, J. W. 1993. Pyritization of trace metals in anoxic marine sediments.
Geochim. Cosmochim. Ac. 56, 2681–2702.
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