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Abstract: Sediment metal geochemistry from different surface water basins of South America has
recently started to be investigated, together with textural properties of transported materials. The
objective of the present study is to analyze and compare the metal contents in bottom sediments
from down-stream positions of eight drainage basins running across eolic and water-reworked
substrate materials from the Pampean loess, in relation to matrix composition, stream location and
geomorphology from a relevant area of the del Plata basin. The sector, under the influence of
extensive crop agriculture, holds more than half of Argentine’s population and the largest country
industrial sittings. Sampling, included extraction of cores (25 cm average recovery) from both margins
at a 50 cm water-depth, from equivalent distal positions of different fluvial basins of the Undulated
Pampa discharging into the Parana river (del Medio, Ramallo, Tala, Arrecifes, Areco), were analyzed
and also compared with those discharging into the Rio de la Plata estuary (Carnaval-Martin, del
Gato and del Pescado). A comparison with selected upstream positions was also included.
Standardized methods for the determination of granulometric parameters, clay mineral composition,
and metal contents were employed. Assessment of differences between rivers and metal content
was done by ANOVA-MANOVA. Dot plot diagrams were used to observe distribution and trends
of metal contents and matrix components. Almost 50% of samples fall in the mud and sandy mud
sediment classification, and the majority of the rest in sandy silt field. Distal sediments from the
northern sector show lower clay and organic matter contents than the southern sector rivers. Illite
is the main clay component in all streams. Smectite and kaolinite levels are also high in streams
flowing to the Rio de la Plata. Metal contents indicate that Fe and Mn concentrations are very
variable. The order of abundance for all studied metals, considering raw mean contents, is
Fe>Mn>Pb>Cu> Cr>Ni>Cd, with lower mean values in the northern sector streams. Comparisons
between clay, organic matter, and raw metal contents show significant correlations with most metals
only for the northern streams. Statistical analysis with ANOVA-MANOVA between streams, metal
contents, and stream locations indicate significant differences between all streams (p < 0.0000) for
all metals (raw and grain size normalized data for clay and also silt plus clay). The comparison of
streams from the northern sector shows no significant differences (p < 0.000) between them, with
both raw and normalized metal contents. Cluster analysis shows the presence of two main clusters
grouping both stream sectors. We can conclude that the northern sector streams are significantly
similar and are in correspondence with a higher homogeneity of provenance materials along the
courses. On the contrary, the southern streams are more variable, especially considering a different
depositional environment in their distal positions. Also, a higher influence of antropic activities
could be observed in this sector. Control of metal-polluted sites could be introduced taken into
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account existent experience in sediment management programs and local projects for the protection
of the Rio de la Plata estuary under bilateral agreement between Argentina and Uruguay.

Keywords: streambed sediments, metal content, textural properties, clay minerals, lower Parana-
Rio de la Plata

Resumen: En los tltimos afios se han iniciado investigaciones relacionadas con la geoquimica de
metales en sedimentos de fondo de cuencas superficiales de América del Sur. El objetivo del
presente trabajo es analizar y comparar contenidos de metales en sedimentos de fondo correspon-
dientes a ocho cursos de agua superficial que atraviesan sustratos compuestos por materiales edlicos
retrabajados del loess pampeano, en relacién con la composicién de la matriz, geomorfologia y
localizacién en un area representativa de la Cuenca del Plata. En la regién, bajo la influencia de
agricultura extensiva, se asienta mas del la mitad de la poblacién de Argentina, junto a gran parte
de la produccién industrial. El muestreo incluyé la extraccién de corers (recuperacién promedio
25 c¢m) sobre ambas margenes, a 50 cm de profundidad, en posiciones distales equivalentes en
cursos que desaguan en el Rio Parana (sector norte: del Medio, Ramallo, Tala, Arrecifes, Areco), y
fueron comparados con los que desaguan en el estuario del Rio de la Plata (sector sur: Carnaval-
Martin, del Gato and del Pescado). Incluye también una comparaciéon con sectores superiores de
una de las cuencas hidrograficas. Se utilizaron métodos estandarizados para la determinacién granu-
lométrica de muestras, mineralogia de arcillas y contenido de metales. La evaluacion de las diferencias
entre el contenido de metales entre los cursos de agua se realizé por ANOVA-MANOVA. Se utilizaron
diagramas de punto para observar distribucién y tendencias en el contenido de los componentes de
la matriz. Aproximadamente el 50% de las muestras corresponden a fangos y fangos arenosos y el
resto a limos arenosos. Los sedimentos distales del sector norte muestran un menor contenido de
arcilla y materia organica que los del sector sur. La illita es el argilomineral predominante en todos
los cursos de agua. Los contenidos de esmectita y caolinita son también elevados en los cursos que
desaguan al Rio de la Plata. El contenido de metales indican que las concentraciones de Fe y Mn
son muy variables. El orden de abundancia de los metales estudiados (valores sin normalizar) son:
Fe>Mn> Pb>Cu>Cr>Ni>Cd, con valores promedio menores en los cursos del sector norte. Las
comparaciones entre los contenidos de arcilla, material organica y metales sin normalizar muestran
correlaciones significativas con la mayoria de los metales sdlo para el sector norte. Analisis estadistico
entre cursos, contenido de metal y localizacion, por ANOVA-MANOVA, indica diferencias
significativas entre todos los cursos (p < 0.0000), para todos los metales (datos sin normalizar y
normalizados por granulometria, por contenido de arcilla y de arcilla+limo). La comparacién de
los cursos del sector norte entre si no muestra diferencias significativas (p < 0.000), tanto para
datos crudos como normalizados. El anélisis de clusters muestra la presencia de dos agrupaciones
principales correspondientes a los sectores norte y sur. Se concluye que los cursos del sector norte
son significativamente similares, correspondiendo a una mayor homogeneidad de los materiales de
proveniencia. Por el contrario, el sector sur presenta mayor variabilidad, con diferentes ambientes
depositacionales en posiciones distales de los cursos. Se observa ademds una mayor influencia
antrépica en este sector.

Palabras claves: sedimentos de fondo, contenido de metales, propiedades texturales, argilominerales,
Parané inferior- Rio de la Plata

BACKGROUND topsoil composition along the course (Ferguson, 1991;

Chamley, 1997). Metal distribution trends are also re-

Compositional studies of suspended matter in wa-  lated to the clay mineral fate in surface water bodies
ter from rivers have revealed that the fine fractionre-  (Horowitz, 1985; Ferguson, 1991; Tarvenier, 1995). The
flects either substrate lithology from source areas or  characterization of the fluvial system from the western
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margin of the Parané River and the Rio de la Plata estu-
ary in South America has recently started in relation
to its sedimentology, mineralogy, and geochemistry.
Previous studies have focused on the analysis of the
distribution patterns of heavy metals in sediments from
restricted sectors of the system (Villar et al., 1998, 1999;
Cataldo et al., 2001; Ronco et al., 2001; Camilion et
al., 2003a). The present contribution studies the con-
tent of metals in bottom sediments from down-stream
positions of eight drainage basins running across Pam-
pean loess, eolic, and water-reworked substrate mate-
rials. Two main sectors with different ggomorphologi-
cal and soil characteristics and productive activities
were analyzed and compared. A northern sector, with
water streams discharging in the lower Parana River,
associated to extensive agriculture; and a southern sec-
tor, heavily populated and industrialized, from the
coast of the Rio de la Plata estuary. Clay mineral and

grain size composition, metal concentration, metal
matrix correlations, and comparisons between streams
and stream sectors are analyzed.

METHODS
Study area

Sampling of bottom sediments using 4 cm diameter
plastic tubes -n=41, including 20 samples from previ-
ous published data set (Ronco et al., 2001)-, was done
in equivalent distal positions, (both margins) of the
different fluvial basins of the Undulated Pampa of Ar-
gentina (Manassero et al., 2004; Dangavs, 2005), and
also in an upstream position of a selected stream for
comparison between sectors. Water depth at the sam-
pling site was between 0.5 and 1 m, and sediment depth
core recovery was within 30 cm. The studied rivers
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Figure 1. Map of the study area, streams, and sampling point locations. Open triangles show sampling point locations.

Figura 1. Mapa del area de estudio, cursos de agua y ubicacién de sitios de muestreo. Triangulos abiertos muestran sitios de muestreo.
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(Fig. 1) flow from the southwest to the northeast dis-
charging into the Parana river (northern sector streams:
del Medio, Ramallo, Tala, Arrecifes, Areco) (Manassero
et al., 2004) and the Rio de la Plata estuary (southern
sector streams: Carnaval-Martin, Del Gato, Del Pescado)
(Ronco et al., 2001; Camilion et al., 2003a). The north-
ern group stream run across sandy silt materials of the
Buenos Aires Formation (Dangavs, 2005) along the en-
tire course, while the southern group only run this for-
mation in the upper and/or middle topographic sectors,
and then on a coastal plain of Holocene marine fine
materials (Ronco et al., 2001; Manassero et al., 2004).

Sedimentological and chemical analysis

Granulometric analysis was performed by sieving
and settling velocity technique at one f interval (Day,
1965). Grain size classification of sediments was made
according to Folk (1954). The clay fraction was ana-
lyzed by X-ray diffraction on normal, glycolated, and
calcinated sample (Moore and Reynolds, 1989). Organic
matter content was determined according to Walkey
and Black (Allison, 1965). Analysis of total Cr, Ni, Cu,
Zn, Cd, Pb, Fe, and Mn content was done by atomic
absorption spectrometry following acid digestion of
samples (USEPA, 1986; APHA, 1998). Quality controls
included reagent blanks, duplicate samples (APHA,
1998), analysis of certified reference material (Pond
Sediment, National Institute for Environmental Stud-
ies, Tsukuba Ibaraki, Japan), and traceable reference
standards (AccuStandard, Inc.).

Statistical analysis

Statistical analysis of results was done by ANOVA
and regression analysis to assess the differences be-
tween rivers and raw and normalized metal contents
(Horowitz, 1985; Trimble and Hoenstine, 1997). Dot
plot diagrams are given to observe distribution and
trends of metal contents and matrix components. Clus-
ter analysis using Euclidian distances and single link-
age for raw metal contents and clay proportion as vari-
ables and sampling sites was also performed.

RESULTS

Regarding matrix properties, granulometric analy-
sis indicates that almost 50% of samples fall in the
mud and sandy mud sediment classification, and the
majority of the rest in sandy silt field (Folk, 1954). Sedi-

ments from the northern sector show relatively lower
clay contents (mean content, 30.2%) when compared
to the southern sector rivers (mean content, 53.9%),
with the exception of the upper stream sampling sec-
tor of the Arrecifes, which is similar to the second group
(Fig. 2).

Organic matter and total clay content has been plot-
ted in Fig. 3. Organic matter concentrations vary be-
tween 0.2 to 4.2% with higher mean values in the
Arrecifes tributary and the Del Gato stream. A high
variation in the proportion of clay content levels is
observed for all streams (from 4.4 to 72.6 %). The south-
ern streams, together with the Arrecifes river and its
tributary, are richer in clay. This result can also be
observed in figure 2. The majority of the Northern
streams fall within the sandy silt and sandy mud and
muddy sand, while most of the southern streams and
the tributary fall in the mud classification.
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Figure 2. Grain size ternary diagram for sediment classification
(Folk 1954). The lowercase letters identify each stream (a: del
Medio; b: Ramallo; c: Tala; d: Arrecifes; e: Areco; f: Arrecifes
tributary; g: Carnaval-Martin; h: del Gato; i: Pescado) and Roman
numerals the fields (I: sandy; II: muddy sand; III: clayey sand;
IV: sand; V: sandy silt; VI: sandy mud; VII: sandy clay; VIII: silt;
IX: mud; X: clay).

Figura 2. Diagramas ternarios de clasificacion granulométrica de
sedimentos (Folk 1954). Las letras mintsculas identifican a cada
curso de agua (a: del Medio; b: Ramallo; ¢: Tala; d: Arrecifes; e:
Areco; f: Arrecifes tributary; g: Carnaval-Martin; h: del Gato; i:
Pescado) y los nimeros romanos los campos texturales (I: arenoso;
II: arena fangosa; I1I: arena arcillosa; IV: arena; V: limo arenoso;
VI: fango arenoso; VII: arcilla arenosa; VIII: limo; IX: fango; X:
arcilla).
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Figure 3. Organic matter and total clay content in each stream. a:
del Medio; b: Ramallo; c: Tala; d: Arrecifes; e: Areco; f: Arrecifes
tributary; g: Carnaval-Martin; h: del Gato; i: Pescado.

Figura 3. Materia organica y contenido total de arcilla en cada
curso de agua. a: del Medio; b: Ramallo; c: Tala; d: Arrecifes; e:
Areco; f: Arrecifes tributary; g: Carnaval-Martin; h: del Gato; i:
Pescado.

In a similar manner, as seen for the total clay con-
tent, compositional differences related to clay mineral
groups were observed between regions (Fig. 4). Illite,
from loessic eolic substrate regional provenance, is the
main clay component in all studied streams. The
streams flowing to the Rio de la Plata margin also show
high levels of smectite and kaolinite. The clay mineral
associations from the northern area correspond to con-
tinental wind-blown fine material, while in the south-
ern streams a mixture of provenances is found. Added
to the eolic illite, both smectitic marine Holocene clay
and recent kaolinitic inputs from the del Plata basin
are also found (Ronco et al., 2001; Manassero et al.,
2004).

With respect to metal composition, results show
that the concentration of Fe and Mn (mg/Kg dry weight)
is very variable (Fig. 5) (Fe: average for all streams,
26596.6 and SD 16434.9; Mn: average for all streams,

698.3 and SD 834.0; n=41), with lower mean values
in the northern sector area when considering all distal
positions. The raw mean contents of the other metals
(mg/Kg dry weight) (Fig. 6) in all streams (with stan-
dard deviation in parenthesis for n=41) in order of
abundance are as follows: Zn, 95.74 (173.79); Pb, 37.02
(53.57); Cu, 33.15 (31.14); Cr, 24.79 (18.66); Ni, 14.71
(9.06); Cd, 0.67 (0.32). The northern sector streams
(n=21) exhibit lower contents: Zn, 34.08 (15.40); Pb,
20.46 (26.01); Cu, 21.71 (16.09); Cr, 15.99 (8.26); Ni,
6.4 (3.7); Cd, 0.57 (0.17). For the case of the Arrecifes
tributary, the mean Ni content is three times the north-
ern average, assimilating to the southern streams.
Comparisons between clay, organic matter, and raw
metal contents with all data sets show significant cor-
relations (=0.05 in all tests), only between clays and
Ni (r: 0.59, n=36), and organic matter and Mn (r: 0.42,
n=28). The same analysis, when considering the data
set for the northern streams, shows significant correla-
tions between clay and Cr, Ni, Zn, Fe, and Pb contents
(r values: 0.61, 0.60, 0.70, 0.45, and 0.44, respectively,
forn=21), and organic matter and Mn, Cr, Ni, Zn, Cu,
and Pb (r values: 0.69, 0.73, 0.64, 0.78, 0.71, and 0.77,
respectively, for n=12). The Fe content also show sig-
nificant correlation with the rest of the metals for all
streams (r values: Cr, 0.68; Ni, 0.80; Cd, 0.36; Zn, 0.52;
Cu, 0.59; Pb, 0.60; with n=41 for Cr, Cd, Zn, Cu, Pb,
and n=36 for Ni), except for Mn; and for the northern
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Figure 4. Clay mineral associations in sampling sites. a: del Medio;
b: Ramallo; c: Tala; d: Arrecifes; e: Areco; f: Arrecifes tributary; g:
Carnaval-Martin; h: del Gato; i: Pescado.

Figura 4. Asociaciones de arcillas de los sitios en estudio. a: del
Medio; b: Ramallo; c: Tala; d: Arrecifes; e: Areco; f: Arrecifes
tributary; g: Carnaval-Martin; h: del Gato; i: Pescado.
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Figure 5. Variability of Fe and Mn raw metal content (mg/Kg) in
each stream. a: del Medio; b: Ramallo; c: Tala; d: Arrecifes; e:
Areco; f: Arrecifes tributary; g: Carnaval-Martin; h: del Gato; i:
Pescado.

Figura 5. Variabilidad de la concentracién sin normalizar de Fe y
Mn (mg/Kg) en cada curso de agua. a: del Medio; b: Ramallo; c:
Tala; d: Arrecifes; e: Areco; f: Arrecifes tributary; g: Carnaval-
Martin; h: del Gato; i: Pescado.

streams only with Cr, Ni, Zn, and also Mn (r values:
Cr, 0.73; Ni, 0.87; Zn, 0.66; Mn, 0.70; with n=21).

Comparisons by statistical analysis with ANOVA-
MANOVA between streams, metal contents, and stream
locations indicate significant differences between all
streams (p < 0.0000) for all metals (raw and grain size
normalized data for clay and also silt plus clay). Al-
though, the comparison of streams from the northern
sector shows no significant differences (p < 0.000)
between them for either raw or normalized metal con-
tents. When analyzing the effect of the metal content,
the influence of Fe on data can be observed, being the
major measured component of the matrix with a vari-
able concentration. This behavior is valid for all
streams. Clay-normalized metal data shows that El Tala
is significantly different (p < 0.05) from the rest of the
streams due to a very low clay level.

The dendrogram summarizing the three main clus-
ters identified using average linkages is presented as
Fig. 7. One of the clusters corresponds to the northern
sector streams, including the Arrecifes tributary, ex-
cept for one site in a small wetland, resolved in a sec-
ond cluster, together with the southern streams. A
smaller cluster is identified for some of the samples of
the Carnaval-Martin stream, associated with distinc-
tively low concentrations of iron.

DISCUSSION

In general, the observation of differences between
grain size populations (Fig. 2) indicates predominance
of saltation and suspension processes. Although all
streams show similar patterns of grain size distribu-
tion, El Tala exhibits the presence of high silt content
(95%) and smectitic clay (Fig. 3 and 4), probably due
to the composition of source-substrate materials (mainly
wind driven sediments) or the washing — reworking
effect. When analyzing the northern streams, the
Arrecifes shows a loss of clay particles and organic
matter between source and distal positions, indicating
the presence of siltation in this watercourse (Camilion
et al., 2003b). This process does not seem to prevail in
the southern coast streams of the Rio de la Plata area
due to the smaller size of their basins and also the
existence of a wide marshy coastal plain where the
streams flow into. Data from a previous study show
higher clay predominance in distal stream positions
(Ronco et al., 2001). Differences in the sedimentary
processes could be explained by transport and deposi-
tional conditions, added to particular lithogeological
and morphological characteristics, with an estuarine
lower plain, where higher deposition of fine materials
occurs in the southern sector. Clay composition, with
higher proportion of smectite, in stream sediments of
the coastal plain is also related to inherited substrate
lithology from an older marine depositional system
(Camilion et al., 2003a; Cavalloto et al., 2005).

There is a distinctive grouping tendency between
northern and southern stream distal positions, with
higher similarities in metal content levels within the
first group, and better correlations with main matrix
components. Although, the upstream sector of the
Arrecifes river shows characteristics from both groups.
Some streams flowing to the coastal area of the Rio de
la Plata present metal pollution in down-stream posi-
tions associated to point and non-point sources form
urban, industrial, and agricultural activities. Particu-
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Figure 6. Variability of raw minor metal content (mg/Kg) per stream. a: del Medio; b: Ramallo; c: Tala; d: Arrecifes; e: Areco; f: Arrecifes

tributary; g: Carnaval-Martin; h: del Gato; i: Pescado.

Figura 6. Variabilidad del contenido sin normalizar de metales minoritarios (mg/Kg) para cada curso de agua. a: del Medio; b: Ramallo;

c: Tala; d: Arrecifes; e: Areco; f: Arrecifes tributary; g: Carnaval-Martin; h: del Gato; i: Pescado.

larly, del Gato stream shows metal polluted sediments
in its middle sector (Ronco et al., 2001), also in rela-
tion to neighboring soils (Camilion et al., 2003a). A
high variability in the content of Fe and Mn indicates
differences in physicochemical depositional environ-
ments. In the coastal plain, with dominant chemical
and biochemical redox processes producing Fe and Mn
neoformations (Ronco et al., 2001), presence of local
hydromorphic conditions and alkaline soils (Camilion

et al., 2003a), higher concentrations are observed. This
is also in agreement with higher proportions of im-
ported kaolinite (from estuary inputs), a clay mineral
associated in the mobilization or precipitation of both
metals (Pracejus and Bolton, 1992). The cluster analy-
sis complements the above observations, indicating two
major groupings belonging to the two different envi-
ronments.

A comparison of metal contents in bottom sediments
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Figure 7. Cluster analysis using Euclidian distances and single linkage of the 35 sample data set using raw metal contents and clay

proportions.

Figura 7. Anélisis de cluster utilizando distancias Euclidianas y distancias minimas del banco de datos correspondiente a 35 muestras

utilizando contenidos sin normalizar de metales y proporciones de arcillas.

from the distal positions of all of the studied streams
shows that they are within the concentrations levels
of those reported for sediments near the coasts of the
Rio de la Plata and low Parana river (Villar et al., 1998,
1999). However, the concentration levels of Cr, Pb, Zn,
Cd, and Cu are, respectively, 100-, 20-, 10-, 8-, and 2-
fold lower than those reported for a very highly pol-
luted stream running across the metropolitan area of
Buenos Aires (Kreimer et al., 1996) and flowing into
the Rio de la Plata coast in an intermediate position
between the two studied stream groups. Also, mean
concentrations of Cr were almost one order of magni-
tude lower than those reported for the Delta region by
Cataldo et al. (2001).

CONCLUSIONS

The results of this study show that metal distribu-
tion trends in distal positions from right margin tribu-
taries of the Lower del Plata Basin correspond with
the two main lithogeological sectors and depositional

environments. Metal contents in the system exhibits
good correlations with matrix components like fines,
organic matter and colloids. Also, changes due to hu-
man activities indicate metal compositional variations,
with higher concentration levels close to very urban-
ized and industrialized areas. Site-specific management
of polluted sectors within a framework of conceptual
river basin scale (Apitz and White, 2003; Owens, 2005)
could be recommended for this basin sector. Perspec-
tive of future studies on metal provenance, flows, and
budgets should take into account the previous experi-
ence in several countries on sediment management
programs (Kothe 2003), and regional projects carried
under country bilateral agreements for the environmen-
tal protection of the Rio de la Plata and its maritime
front, FREPLATA (Project PNUD/ GEF/ RLA/ 99/ G31;
www.freplata.org).
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