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Abstract: Three different clay mineral assemblages are detected in mud-sandy bottom sediments of
the Parana Basin of Argentina. A dominant Kaolinite association, with sources areas in the Upper
Amazon, north-east of the study area and within the Brazilian Shield (also with subordinated
crystalline Illite); an Illitic- Smectitic and Interlayer I/S association, from the Andean Cordillera and
the Chaco Plains in the north-west and mainly represented by the Bermejo and Pilcomayo Rivers;
a southern Illitic-Chlorite dominant, but with lower crystallinity index than in the northern area,
whose source is in the Pampean Plains to the west of Argentina. Mixed layer clays (Illite/Smectite)
were also detected in this southern sector. These clay mineral associations reflect not only the
climate but the source rock composition in these three main geographical areas. The tributaries of
the lower Paranéd River Basin show a dominant Illitic-Smectitic clay mineral association that has
been eroded and transported from the Pampean Plains. In this contribution, three main clay mineral
associations (Illite-Chlorite, Smectite-I/S, and Kaolinite) in stream sediments of the Parand River
and tributaries within a wide area of Argentina are described and their provenance is interpreted
on the basis of controlling factors, climate and provenance.
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Resumen: Se describen tres asociaciones de argilominerales presentes en sedimentos de fondo
limo-arcillosos del rio Parand y algunos de sus tributarios en Argentina. Una asociacién con Caolinita
(con Illita cristalina subordinada) y con areas de aporte hacia el noreste de la zona de estudio, en el
Alto Amazonas y el Macizo Brasilefio, una asociacion de Illita-Esmectita e interestratificado Esmectita/
lita, procedente de la Cordillera Andina y las Planicies del Chaco ubicadas hacia el noroeste y
representadas por los rios Bermejo y Pilcomayo y una asociacién de Illita-Clorita dominante, de
menor indice de cristalinidad que las del area norte, procedente de las Planicies Pampeanas de
Argentina hacia el oeste. Argilominerales interestratificados de tipo Illita/ Esmectita son también
descriptos en este sector sur. Las asociaciones de arcilla reflejan tanto la influencia del clima como
a la litologia y composicién de estas areas de aporte. Los tributarios del rio Parana Inferior muestran
una composicion de argilominerales dominante, de tipo Illita-Esmectita con proveniencia de las
Planicies Pampeanas. En esta contribucion tres asociaciones de argilofacies (Illita-Clorita, Illita-
Esmectita interestratificado y Caolinita) en los sedimentos de fondo de los tributarios del Rio Parané
son analizadas e interpretadas en base a los principales factores de control como clima y procedencia.

Palabras clave: sedimentos de fondo, textura, argilominerales, Rio Parand y tributarios.
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INTRODUCTION

The Del Plata Basin is the second largest in South
America and comprises Argentina, Uruguay, Brazil, Bo-
livia and Paraguay (Fig. 1). The three main rivers are:
Parané (4352 km long), Paraguay (2459 km) and Uruguay
(1600 km) which contains the widest estuary of the
world, the Rio de la Plata (256 km wide). The annual
discharge reaching the Atlantic Ocean is 23,000 m® s™'.

The Parané River is the sixth largest river of the
world, with a basin of 2.600.00 km?, a mean annual
discharge of 17,000 m® s*and suspended load of 118.7
million tons yr? (Orfeo and Stevaux, 2002). This ba-
sin also passes through a great variety of geological
units, like the Andes Mountains, the Chaco-Pampean
Plains, the Eastern Plains, the Jurassic-Cretaceous Area
and the Brazilian Shield (Iriondo, 1988). These well
differentiated geologic and climatic environments are
important controlling factors in the sedimentology and
clay mineralogy of the area and their fingerprints can
be traced along the basin (Bertolino and Depetris, 1992).
Previous clay researchers showed that clay mineral
assemblages are excellent indicators of lithology, cli-
mate, weathering and topography in the source areas,
but also give important clues about different types of
fluvial transport and sedimentation processes (Potter
et al., 2005).

The grain size of the sediments in the basin is domi-
nated by silt and clay sizes (Orfeo, 1999; Iriondo, 2004).
There are also vast amounts of colloids and clay aggre-
gates circulating in the basin, which is characteristic
of the wash load (Konta, 1985). This river "s suspended
matter plays an important role in the sediment budgets
and nutrient production in downstream floodplain
environments. The Bermejo and the Pilcomayo rivers,
two of the most important tributaries of the Parana Ba-
sin, are good examples: the former, with only 5% of
the total water discharge provides 56 % of the total
sediment suspended load (more than 50 million tons
yr'), the latter is one of the largest active mega-fluvial
fans in the world (Latrubesse and Ramonell, 1994)
running eastward from the Andean Cordillera, cross-
ing extended swampy areas.

Taking into account the fact that most of the conti-
nental rocks exposed to weathering in large river ba-
sins have suffered previous weathering cycles (Gaillardet
et al., 1999; Barnes and Pelletier, 2006), the relation-
ship between weathering intensity, climate parameters
and dissolved river loads (derived from silicate weath-
ering) becomes highly complex.
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The dynamics of fine bottom fluvial sediments in
the Parana Basin also play an important role in envi-
ronmental studies, as they may act as transporting
agents and sinks of pollutants (Horowitz, 1985; Ronco
et al., 2001; Camilién et al., 2003; Manassero et al.,
2004). Although long transport distances of mud favour
both mixing and recycling of particles from different
sources, it is possible to establish the broad paleogeo-
graphic setting of the source and infer transport paths
(Potter et al., 2005).

The objective of this contribution is to discuss the
main grain size characteristics of bottom sediments from
the upper, middle and lower sectors of Parana River
Basin, and to describe the primary compositional trends
and the clay-provenance, based on standard clay mineral
composition data. The study was undertaken within a
major project for the water quality assessment program
of selected sections of the Parand, Paraguay rivers and
their tributaries (SADS, OPS, PNA, UNLP, 2005).

METHODOLOGY

The fine grained fraction of the stream bed sedi-
ments (upper 20 cm) from equivalent positions (100 to
200 m upstream of the tributary mouths) of different
rivers discharging into the Parané River Basin (Fig. 1;
Table 1) was analysed and compared using standard-
ized methods for grain size determination, as well as
sand and clay mineral composition. The cores, taken
in both margins using a bottom sampler (Wildco, Wild
Life Supply Company), were divided in an upper layer
(S) (0-10 cm) and a lower layer (I) (10-20 cm) for most
of the samples. When sample core recovery was over
20 cm long, a middle sample (M) was also separated
and analyzed. The sieving and settling velocity tech-
nique, with previous cement removal (Day, 1965; Carver,
1971) was performed for grain size analysis. Statistical
parameters were also calculated following Folk and
Ward (1957) and Carver (1971). Organic matter content
was determined by the dichromate oxidation method
followed by filtration according to Allison (1965).

Prior to clay fraction separation, the 38 carbonate
free samples were treated for removal of organic mate-
rials with hydrogen peroxide, and properly dispersed
by using sodium hexametaphosphate (Carver, 1971).
The clay fraction was separated from the aqueous sus-
pension and oriented clay slides were prepared by
pipetting the clay suspension onto glass slides. The X-
ray diffraction analysis was conducted sequentially on
air-dried, glycolated and heated to 550 °C samples on
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*Buenos Aires

Figure 1. Parané River Basin in Argentina and selected rivers and creeks with indication of sampling locations, Upper Sector:
Pilcomayo (1), Paraguay (2), Montelindo (3), Pilaga (4), Bermejo (5), Iguazi (6), Parana (7), Negro (8) and Uruguai (9), Middle Sector;
San Lorenzo (10), Sta. Lucia (11), Corrientes (12), Guayquirar6 (13), Feliciano (14), Salado (15), Coronda (16), Carcarana (17),
Luduena (18), Saladillo (19) and Pavén (20), Lower Sector: Del Medio (21), Arrecifes (22) and Areco (23).

Figura 1. Cuenca del Parana en Argentina, rios y arroyos seleccionados, con indicacién de los sitios de muestreo, Sector Superior:

Pilcomayo (1), Paraguay (2), Montelindo (3), Pilagé (4), Bermejo (5), Iguazi (6), Parand (7), Negro (8) y Uruguai (9), Sector Medio; San
Lorenzo (10), Sta. Lucia (11), Corrientes (12), Guayquiraré (13), Feliciano (14), Salado (15), Coronda (16), Carcarana (17), Luduena
(18), Saladillo (19) y Pavén (20), Sector Inferior: Del Medio (21), Arrecifes (22) y Areco (23).

X-Ray diffractometer (Cu K o radiation with Ni-filter,
36 KV, 18 mA). The clay minerals were identified by
their characteristic basal reflections (Brindley and Brown,
1980; Moore and Reynolds, 1989). Semi-quantitative
estimations of relative concentrations of clay minerals
were based on the peak area method (Biscaye, 1965).
The peak areas of glycolated samples were first com-
puted under 17 A for smectite, 12 A for the interlayer
illite/smectite, 10 A for illite and 7 A for chlorite and
kaolinite. Percentage evaluation was based on peak
height and area, corrected by factors depending on the
crystallinity of the mineral (Moore and Reynolds, 1989).
Sand optical petrography was carried out using stan-
dard methods in polarized microscope and immersion
liquids of known refraction indexes.

RESULTS AND DISCUSSION

Bottom sediments from the studied sites of the
Parana Basin are typical clayly-silty facies, with a vari-
able content of organic matter, ranging between 0.4 and
13% (dry weight), with 5.7% average content. Sands
are mainly composed by quartz, feldspar and lithic frag-
ments, while clays exhibit a typical illite, kaolinite and
smectite predominance.
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Grain size analysis and sand mineralogy

The analysis of grain size data (Table 2; Fig. 2) from
cores and statistical parameters of the core samples
show that most of the samples have a bimodal pattern,
with main frequencies both in the coarse (silt or fine
sand) and finer fractions (clays). The mean grain sizes
vary from very fine sand (3-4 @) to very coarse to coarse
silt (5-6 to 4-5 ®) with poor to moderate sorting (stan-
dard deviation), high kurtosis and positive skewness.

The statistical grain size parameters (Table 3) of these
tributaries of the Parané Basin do not show strong dif-
ferences and suggest typical and prevailing fluvial sedi-
mentary processes with well defined rolling-sliding,
saltation and suspension populations, according to
important changes in the hydraulic regime. As observed
by Orfeo (1999) for small rivers of the Chaco-Pampa
plain, the grain size of the bed sediments is relatively
homogeneous.

Previous contributions (Stevaux, 1994; Orfeo, 1999;
Orfeo and Stevaux, 2002) showed that the bed load
sediment is constituted mainly of medium (60-80%)
and fine (20-40%) sand. Their interpretation of the
cumulative frequency curves of the bed sediments sug-
gested that saltation is the dominant transport mecha-
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. . . Water

g g o1 | sl et | g

Rio Pilcomayo (mouth) (1) 07/12/2004 3| 25°217 13" S/57°40° 05" W
Rio Paraguay (2) 07/01/2005 3| 25°21753"S/57°39° 04" W
Rio Paraguay (mouth) (27) 09/12/2004 1,5 27°17 15" S/58° 36 43" W
Arroyo Monte Lindo (3) 08/12/2004 25| 25°52" 43" S/57°52° 30" W
Riacho Pilaga (4) 08/12/2004 3| 26°04° 52" S/57°59" 14" W
Rio Bermejo (5) 09/12/2004 3| 26°52" 13" S/58° 23" 04" W
Rio Iguazu (6) 04/01/2005 1| 25°35 35" S/54°34" 49" W
Rio Paran (7) 04/01/2005 15| 25°35 27" S/54°35 35" W
Rio Negro (8) 09/12/2004 2,5 27°24° 07" S/58°47 53" W
Rio Uruguay (9) 06/01/2005 15| 25°52° 33" S/54° 33" 30" W
Arroyo San Lorenzo (10) 14/12/2004 1| 32°43 11" S/60°43 39" W
Rio Santa Lucia (11) 11/12/2004 3| 29°04" 34" S/59° 13" 32" W
Rio Corrientes (12) 12/12/2004 3| 30°01°00"S/9°32" 12" W
Rio Guayquiraré (13) 12/12/2004 1| 30°20 31" S/59°30" 49" W
Rio Feliciano (14) 13/12/2004 2| 31°06" 25" S/59° 52" 44" W
Rio Salado (15) 13/12/2004 1| 31°39° 20" S/60° 44" 39" W
Rio Coronda (16) 14/12/2004 1| 32028 40" S/60°47 52" W
Rio Carcarafia (17) 14/12/2004 3| 32°26" 37" S/60°48 20" W
Arroyo Luduefia (18) 14/12/2004 1| 32°54° 25" S/60°40° 37" W
Rio Saladillo (19) 14/12/2004 3| 32°59" 58" S/60°36 52" W
Arroyo Pavén (20) 13/01/2005 0| 33°14" 30" S/60°26" 26" W
Arroyo del Medio (21) 13/12/2004 0| 33°19"50"S/60°18" 14" W
Rio Arrecifes (22) 13/12/2004 0| 33°49°02"S/59°35 32" W
Rio Areco (23) 13/01/2005 0| 34°03 22" S/59°18 07" W

Table 1. General information on sediment sampling points and samples.

Tabla 1. Informacién general sobre los puntos de muestreo de sedimentos y muestras.

nism (96-99%) in the river channels. The samples ana-
lyzed here show that the sand fraction is mainly com-
posed of stable minerals that resist weathering and
transport, like quartz (90%) with minor amounts of
chalcedony, potassium feldspar and plagioclase. Heavy
minerals are rare (2%) and are composed of magnetic
and non magnetic opaque minerals (see also Passeggi,
1996). Besides, Marengo et al. (2005) have shown, in a
relatively small area within the Province of Santa Fe,
that in a 2 km fluvial transport distance along the Pam-
pean Plains, silts with abundant glass shards (40-60%)
decrease these values to 5% and increase the relative
proportion of quartzose sand to 30%. The analysis of
35 loose and very fine sand bottom sediment-samples
by optical microscopy agrees with this data, demon-
strating also that quartzose sources are located mainly
in the Brazilian Shield and glass-shard sources are
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spread not only in the Pampean Plains but in the
Andean Cordillera as well.

Clay mineralogy

The distribution patterns of the clay mineral asso-
ciation in mud and sand are indicative of provenance
and climate, both in recent and ancient sediments
(Millot, 1970; Robert and Kennett, 1994; Dingle and
Lavelle, 2000; Zuther et al., 2000; Suresh et al., 2004).
They have been a useful guide to paleoclimatic set-
tings because hydrolysis of rock-forming silicates in
tropical conditions can change rapidly in response to
climate (Yuretich et al., 1999). And since all samples
are mixtures from various sources, only the four groups
of mayor clay minerals (Irion and Zollmer, 1999) are
used in this study.
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Stream Grain size interval (um)

w0 |55 [ [ 55 [RE [ [ [0
Pilcomayo S. 0.19 0.82 1.56 10.24 [9.34 1950 |11.91 |1250 |33.94
Pilcomayo 1. 0.00 0.00 0.50 20.44 |44.30 [0.49 6.07 7.02 21.14
Pilcomayo M 0.00 0.00 5.32 10.11 |4.48 11.00 |12.07 |[3.86 53.19
Paraguay S. 0.00 0.00 0.37 7.22 35.74 |2.94 1430 |8.74 30.68
Paraguay |. 0.00 0.00 0.66 12.45 |30.11 |[1457 (071 2.88 38.61
Paraguay mouth | 0.00 0.05 0.18 2.46 43.00 |6.65 7.81 30.31 |9.30
Montelindo 0.00 0.12 1.80 1323 |27.20 |4.73 19.73 | 7.94 25.28
Pilaga 0.00 0.00 0.00 32.20 |28.40 |10.67 [0.90 3.32 24.40
Bermejo S. 0.00 0.00 0.10 0.05 1.00 9.35 1474 1150 |[63.26
Bermejo I. 0.00 0.00 0.00 0.27 1.66 8.97 7.62 10.49 |[78.47
Iguazu S. 0.00 5.95 18.49 |5.83 28.56 |3.32 19.78 |2.12 15.94
Iguazu I. 0.00 8.46 2781 |6.14 7.01 4.92 27.78 |1.78 16.08
Parand S. 0.00 0.77 14.09 |24.34 [9.10 8.50 2.19 2.85 38.16
Parand I. 0.00 0.88 17.81 |29.58 |[5.12 4.62 7.48 5.66 28.84
Negro S. 0.00 0.00 0.46 20.90 |57.41 |[3.53 1.29 2.70 13.71
Negro 1. 0.00 0.15 0.48 6.73 18.36 |[6.15 38.52 |19.09 |10.51
Uruguai S. 0.00 0.26 141 5.27 4.46 21.60 |13.86 |32.58 |20.02
Uruguai I. 0.00 0.00 1.10 7.89 2.76 16.83 |22.11 |28.23 |21.07
San Lorenzo 0.00 0.00 1.29 2.57 2358 |11.21 |12.32 (0.18 48.85
Santa Lucia 0.00 3.87 37.18 |4.97 1352 |[5.56 5.56 8.29 21.04
Corrientes 0.00 26.18 |33.41 |7.48 453 3.39 0.15 14.66 |[10.19
Guayquiraro 0.00 7.22 1179 |5.42 11.14 |20.27 |8.83 8.83 26.29
Feliciano 0.00 0.43 1.47 7.69 33.73 |831 25.27 |3.38 19.72
Salado S. 0.00 0.00 0.56 0.47 3.69 10.32 |14.84 |[1.49 68.63
Salado I. 0.00 0.00 0.14 0.07 18.71 |14.14 |7.93 12.60 |[46.41
Coronda S. 0.00 0.26 2.23 13.03 |25.67 |[17.05 |[9.49 5.03 27.24
Coronda I. 0.00 0.14 2.74 9.39 17.48 (15,50 (1051 |[7.95 36.27
Carcarafia 0.00 0.40 1.93 4.04 23.03 |15.89 |[6.82 5.84 42.03
Luduefa 0.00 0.00 0.65 0.65 28.90 |10.15 |0.10 10.80 |[48.76
Saladilo S. 0.00 16.80 |[3.06 0.00 2531 |7.48 1.77 37.73 |7.70
Saladillo I. 0.00 1.11 7.15 1.19 3.50 32.02 |9.34 3571 |8.62
Pavén 0.00 36.10 |11.18 |9.78 1542 |(11.34 |1.34 4.73 10.04
del Medio S. 0.00 8.64 1.02 33.24 |23.06 |10.10 |[3.53 0.15 20.26
del Medio I. 0.00 28.60 |2.68 5.41 17.64 |[17.64 |[11.28 |[7.52 26.87
Arrecifes S. 0.00 0.00 2.45 2.16 23.81 |8.19 8.61 11.32 [53.46
Arrecifes I. 0.00 1.20 0.28 0.37 6.79 8.63 11.82 |3.76 67.22
Areco 0.00 7.51 4.36 9.86 12.47 |[22.80 |[2.82 27.36 |12.81

Table 2. Grain size data for the 38 sediment-bottom samples of the Parana River Basin. S: upper layer; I: lower layer; M: middle layer.

Tabla 2. Datos de granulometria de 38 muestras de sedimentos de fondo de la Cuenca del Rio Paran4 y tributarios. S: capa superior; I:

capa inferior; M: capa media.
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SAND

Figure 2. Sand- Silt- Clay ternary diagrams for the studied Parana

River Basin bottom sediments. Samples are identified as Upper,
Middle and Lower sector with full circles, triangles and squares,
respectively.

Figura 2. Diagramas ternarios Arena-Limo-Arcilla para sedimentos
de fondo estudiados de la Cuenca del Rio Parand. Las muestras se
identifican como Parana Alto, Medio y Bajo con circulos, tridn-
gulos y cuadrados rellenos, respectivamente.

Previous studies on the Parana Basin suspended
sediments (Depetris and Griffin, 1968; Bertolino et al.,
1991, Bertolino and Depetris, 1992, Bonetto et al., 1994)
have shown the mean mineralogical composition as a
percentage of the total clay fraction, with a dominant
illitic-smectitic composition for the Bermejo, Pilcomayo
and Paraguay, with higher kaolinite contents in the
Upper Parana sector. There is a large variation in the
content of the four different clay minerals within the
38 sediment-bottom studied samples, with variations
in the order of magnitude for each individual mineral
group. (Table 4; Figs. 3 and 4).

The principal clay minerals in the bottom sediments
are then, illite-chlorite, smectite+interlayer illite/smectite
and kaolinite (Fig. 5). Much is known of these clay
minerals in modern environments (Millot, 1970; Johnson
and Reynolds, 1986; Weaver, 1989; Ferrel et al., 1998),
so a brief description of their general characteristics is
provided.

Illite-chlorite dominant clay facies: The studied sets
of samples show strong illite dominance, with more
than 50 % containing a maximum of 80% (Figs. 3 and
4, Table 4) in the Upper Parana: Bermejo, Negro, Monte-
lindo, Uruguai (also samples from Pilcomayo and Para-
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guay); Middle Parana: San Lorenzo, Salado, Coronda,
Carcarand, Saladillo; and in the Lower Parana: Del Me-
dio, Arrecifes, Areco. The mean grain size of this clay
facies is fine silt (Fig. 3) with relatively moderate to
poor sorting.

Dominant clay minerals of immature soils that have
undergone little chemical weathering are associated
with chlorite and random mixed-layer clays. Illite is
derived directly from the erosion of unweathered par-
ent rocks. These clay minerals are characteristics of
cold regions and deserts marked by very low rates of
weathering and areas of steep topography where me-
chanical erosion interferes with soil formation. All the
sedimentary rocks are included within the depositional
model of the Pampa Loess, where winds derived from
the Patagonian ice field in the SE, during the late Qua-
ternary, formed a large sand sea and loess belt behind
it. The source rocks of these sediments are both the
Andean Cordillera and the Pampean plains (Iriondo,
1997). It is important to emphasize that although sedi-
ments have abundant glass shards, they are fresh and
not yet altered to smectite (Marengo et al., 2005).

Sharp X-ray diffraction peaks showing good crys-
tallinity in illite are also indicative of physical degra-
dation of rocks rich in biotite as a mineral precursor from
gneisses, granulites and granitoids (Damiani et al., 2006).

The chlorite clays, like the previously described clay
minerals, are also formed by the physical weathering
of low-grade metamorphic and basic source rocks rich
in Mg, under a cold climate (Ehermann et al., 1992).
They generally represent less than 10% of the clays in
the bottom sediments (Fig. 3 and Table 4). The results
agree with previous research on suspended sediments
from different sector of the Paran4 Basin (Bertolino and
Depetris, 1992; Bonetto et al., 1994). In the analyzed
set of samples, chlorite is relatively more abundant in
the Upper Parand, in agreement with a survey by Bo-
netto and Orfeo (1984), the source areas probably be-
ing both the Andean Cordillera and basic rocks from
the Brazilian Shield (maximum detected values of 20%).

Illite-Smectite and associated interlayer Illite/Smectite
dominant clay facies: The streams with more than 50
% of smectite plus I/S (Figs. 3 and 4; Table 4) are, for
the Upper Parana: Pilcomayo, Pilaga and Paraguay; for
the Middle Parana: Corrientes, Guayquiraro; and for
the Lower Parana: Arrecifes. The mean grain size of
this clay facies is fine to coarse silt (Fig. 3) with rela-
tively moderate to poor sorting. Bertolino et al. (1991)
and Bertolino and Depetris (1992) have studied the
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Sample Mean Sorting Skewness Kurtosis
Pilcomayo S. 6,0 1,8 6,2 7,8
Pilcomayo I. 5,2 2,1 6,7 8,0
Pilcomayo M 6,4 2,0 55 7,4
Paraguay S. 5,9 1,7 6,2 8,3
Paraguay |. 5,6 1,8 6,6 8,8
Paraguay mouth 5,3 1,4 59 54
Montelindo 57 1,8 5,6 8,3
Pilaga 5,0 2,0 6,2 9,6
Bermejo S. 7,2 1,0 6,8 1,6
Bermejo I. 7,4 0,9 7,3 1,4
Iguazu S. 4,4 2,2 4,6 11,5
Iguazd I. 4,5 2,2 3,8 12,5
Parané 4,6 2,2 6,8 14,1
Negro S. 47 15 4,0 2,4
Negro I. 57 14 4.8 3,5
Uruguai S. 6,3 1,2 5,7 3,2
Uruguai I. 6,3 1,3 59 3,6
San Lorenzo 6,2 1,6 58 7,3
Santa Lucia 4,5 2,4 5,2 14,9
Corrientes 3,5 2,4 4,6 11,7
Guayquirard 5,0 2,4 59 12,1
Feliciano 55 1,7 5,2 5,0
Salado S. 7,2 1,2 6,4 3,0
Salado I. 6,6 1,5 5,7 5,5
Coronda S. 5,4 1,8 6,3 8,8
Coronda I. 59 1,8 6,0 8,8
Carcarafa 6,0 1,8 6,1 9,0
Luduefa 6,4 1,7 5,3 79
Saladilo S. 4,5 2,4 57 9,4
Saladillo I. 5,9 1,3 6,0 4,0
Pavon 3,3 2,4 3,3 11,1
del Medio S. 4,8 2,0 4,3 5,0
del Medio I. 5,3 2,2 6,0 10,4
Arrecifes S. 6,4 1,8 54 8,2
Arrecifes . 7,1 1,4 6,2 4,0
Areco 51 2,1 58 9,0

Table 3. Statistical parameters of the samples grain size analysis.
Tabla 3. Parametros estadisticos del analisis granulométrico de muestras.

mineralogy of the clay-sized suspended load from head-  with results and interpretations that are consistent with
water tributaries of the Bermejo, Pilcomayo and Para-  the ones proposed in this contribution.

guay Rivers and established a clay mineralogy signature This detrital clay mineral forms from alteration of
for each basin identifying sources and transport paths,  volcanic rocks and also, in poorly drained tropical to
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Figure 3. Distribution of clay mineral associations in sampling sites of the Parana River Basin.
Figura 3. Distribucién de las asociaciones de argilominerales en los sitios de muestreo de la Cuenca del Rio Parand.
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Figure 4. Clay mineral ratios (Smectite/ Illite and Kaolinite/Illite) of bottom fluvial sediments in sampling localities of the Parand River
Basin.

Figura 4. Relacién entre arcillas (Esmectita/ Illite y Caolinita/Illita) en los sitios de muestreo de sedimentos de fondo de la Cuenca del
Rio Parana.
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Stream Ilite Smectite 1/S Kaolinite | Chlorite
Pilcomayo S. 55 10 15 20 0
Pilcomayo I. 45 15 15 20 5
Pilcomayo (mouth) 30 20 40 10 0
Paraguay S. 25 25 25 20 5
Paraguay I. 15 25 30 25 5
Paraguay M. 65 5 10 10 10
Montelindo 65 5 10 15 5
Pilaga 20 20 40 20 0
Bermejo S. 60 10 15 5 10
Bermejo I. 60 10 15 5 10
Iguazu S. 15 10 5 65 5
Iguazu I. 2 3 10 85 0
Parana S. 10 5 10 75 0
Parana I. 15 5 10 50 20
Negro 65 5 5 15 10
Uruguay S. 50 5 5 40 0
Uruguay I. 15 5 15 65 0
San Lorenzo 55 15 25 5 0
Santa Lucia 30 10 50 10 0
Corrientes 20 20 50 10 0
Guayquiraro 20 20 50 10 0
Feliciano 40 10 30 20 0
Salado S. 45 15 30 5 5
Salado I. 55 10 25 5 5
Coronda S. 40 20 25 15 0
Coronda I. 40 20 25 15 0
Carcarafia 70 5 10 15 0
Luduefia 70 5 10 15 0
Saladillo S. 80 5 5 10 0
Saladillo I. 75 10 15 0 0
Pavon 85 5 10 0 0
del Medio S. 60 15 20 5 0
del Medio I. 65 5 20 5 5
Arrecifes S. 45 10 30 10 5
Arrecifes . 35 15 40 10 0
Areco 60 20 5 15 0

Table 4. Clay mineral composition and relative abundance of main clay associations in % in bottom sediments of the Parana River Basin.

Tabla 4. Composicién de argilominerales y abundancias relativas porcentuales de asociaciones de arcillas en sedimentos de fondo de

la Cuenca del Rio Parana.

subtropical areas of low relief marked by flooding dur-
ing humid seasons, and subsequent concentration of
solutions in the soil during dry seasons. Today smectite
is the dominant mineral formed in the Lower Amazon
Basin (Millot, 1970). In this case, the main source ar-
eas for this mineral seem to be the Andean Cordillera
and the Chaco Plains in the Upper Parana. Bertolino
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and Depetris (1992) also proposed the following order
of abundance illitee» smectitee» chloritee» kaolinite for
the clay suspended load of the headwaters of Bermejo
River.

On the other hand, random mixed layer clay illite/
smectite is tied to the degradation of the previous and
abundant smectitic clays. They have been interpreted
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Figure 5. Selected examples of X-ray diffractograms plotted after
background correction of digital data showing peaks used to
calculate clay mineral percentages. A-illite, B-Smectite, and C-
Kaolinite dominant facies. Specimens air dried, saturated with
ethylene glycol, and heated to 375°C.

Figura 5. Difractogramas de Rayos X corregidos por fondo a partir
de datos digitales con picos caracteristicos. A- Illita, B-Esmectita,
C- Argilofacies de Caolinita dominante. Las muestras fueron
secadas, glicoladas y calcinadas a 375°C.

as the product of alteration of smectite by weathering
(Johnsson and Reynolds, 1986), although a diagenetic
origin may not be discarded. They also are relatively
more abundant in tributaries of the middle sector of
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Figure 6. Provenance ternary plots of Illite-Smectite+ Illite/ Smectite-
Kaolinite+ Chlorite in sampling sites of the Parana River Basin.
Figura 6. Diagramas ternaries de procedencia de Illita-Esmectita+
Illita/ Esmectita- Caolinita+ Clorita en sitios de muestreo Cuenca
del Rio Parana.
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the Parana Basin due to their association with loess
deposits and recently formed paleosoils (Figs. 6 and 7).

Kaolinite dominant clay facies: In the studied samples,
only big rivers like the Paraguay, Parana, Uruguai and
Iguaza (Figs. 3 and 4, Table 4) clearly show this upper
Amazon influence with more than 50% of kaolinite
(maximum of 85%). The mean grain size of this clay
facies is very close to fine sand (Fig. 3) with moderate
to poor sorting.

This mineral typically develops in tropical soils on
well-drained surfaces of diverse rocks receiving high
precipitation. It is the dominant clay mineral in the
Upper Amazon Basin (Millot, 1970) and is widely dis-
tributed in sediments in adjacent oceanic areas (Biscaye,
1965). This clay mineral could represent 30% of the
clay content in the Upper Parand River (Bonetto et al.,
1994). The source rocks are generally old igneous (gran-
ites) or metamorphic feldspar rich rocks exposed to
high precipitation and tropical weather and associated
with paleosoils (Dingle and Lavelle, 2000). Kaolinite
is the main clay mineral component of lateritic soils
and the upper part of the Mesozoic basalts in the Parana
Basin. Kaolinite might be also formed by hydrothermal
alteration or diagenesis as well as chemical-weather-
ing under tropical to temperate climate (Jeong and Yoon,
2001).

Previous studies (Bertolino and Depetris, 1992) have
also stressed that for the clay-sized suspended load,
the dominant tropical environment within the Rio Para-
guay headwaters of the Mato Grosso (Brazil) region,
along with the marine beds and volcanic and intrusive
rocks exposed in this area, have an important role as
source of the kaolinite-smectite fine grained minerals.
Bertolino et al. (1991) also described the presence of
regular kaolinite/smectite (R1) for the Bermejo River.

Sediment source areas

The clay mineral composition is controlled by the
interplay between different source rocks and the main
sedimentary processes taking place in the streams sedi-
ment deposition, like the size-sorting processes and
bed load structures.

When observing the distribution the clay mineral
associations of the tributaries plotted in ternary dia-
grams from the upper, middle and lower Parana (Figs.
6 and 7), it can be confirmed a greater homogeneity in
the clay mineral composition of the studied tributar-
ies. This tendency could also be reflected within the
Parana River itself, considering examples from other
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Figure 7. Simplified scheme of fine sediment sources for the
Parand River Basin.

Figura 7. Esquema simplificado de dreas de aporte de sedimentos
finos de la Cuenca del Rio Parané.

big river basins (Yuretich et al., 1999). The clay min-
eral composition in fine sediments from the studied
tributaries of the Upper Parana sector exhibits higher
variability, while to the south, is only represented by a
single Illitic-Smectitic association.

In addition, the fine sediment clay composition of
all tributaries shows: a) an increase of the estimated
Illite crystallinity index in tributaries of the upper ba-
sin like the Iguazt, Uruguai, and the Paran4 itself, show-
ing the imprint of the Brazilian Shield (from mica rich
rocks like gneisses and granitoids); and b) a variable
random Illite/ Smectite mixed layer clays associated to
sources like Sub Andean region and the loess deposits
and paleosoils (Fig. 7). Cratons and passive margins
tend to be small donors of sediments (Potter et al., 2005),
with a more clear imprint (shown here by Kaolinite
abundance and high Illite crystallinity index), while
in contrast, active margins provide more complex clay
associations (with variable Smectite/ Illite index).

CONCLUSIONS

The dynamics of bottom fluvial sediments play an
important role both in sedimentary and environmental
studies, considering that they may act as transporting
agents and sinks of pollutants. The size of the compo-
nent particles is one of the fundamental textural char-
acteristics of all fragmented deposits and their lithified
equivalents.

The study of grain size data and statistical param-
eters of the cores, from distal positions of tributaries of
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the Parana River Basin, shows a moderate to poor sort-
ing with predominant transport saltation and suspen-
sion processes. The first related to the abundance of fine
sands and silts and the latter to the clay mineral one.

Three clay mineral associations are detected in the
fine sediments of the tributaries of Parana River. An
Illite- Chlorite clay facies with source-areas in the Pampa
Plains, with scarce and subordinated mixed layers
clays like Illite/ Smectite. An Illite-Smectite+1Illite/
Smectite clay facies, coming from both, the Andean
Cordillera and the Chaco Plains, and mainly present
in the Bermejo and Pilcomayo Rivers. A last Kaolinite
clay facies, coming mainly from Brazilian sources could
also be detected. They have subordinated Illite with
good crystallinity index. This last association shows a
typical imprint of a passive continental margin.

The present study contributes with regional knowl-
edge at the level of clay mineral distribution, prov-
enance, transport and deposition in sediments from sur-
face bodies of water discharging in a highly complex and
large river system like the Parana River Basin.

Acknowledgements

The authors wish to acknowledge Ing. M. Gémez
from the Unidad de Gestién Ambiental de los Recursos
Hidricos, Secretaria de Ambiente y Desarrollo Sustenta-
ble of the Ministerio de Salud y Ambiente de la Nacién;
Pref. A.P. Annichini, Of. Princ. M. Insaurralde and
P.S. Almada from Prefectura Naval Argentina; Lic. G.D.
Bulus Rossini from CIMA, for project sampling coor-
dination; Lic. J. Maggi from CIG, for valuable assis-
tance in X-Ray diffraction analysis, O. Orfeo for help-
ful comments and N. Stern for editorial suggestions.

REFERENCES

Allison, L., 1965. Organic carbon, In: C. Black (Ed.), Methods of soil
analysis, part II, American Association of Agronomy, Wisconsin,
1367-1378.

Barnes, J.B. and J.D. Pelletier, 2006. Latitudinal variation of
denudation in the evolution of the Bolivian Andes. American
Journal of Science 306:1-31.

Bertolino, S.R., H.H. Murray and PJ.Depetris, 1991. Regular kaolini-
te/smectite (R1) from the Bermejo River basin, Argentina. Clays
and Clay Minerals 39:658-660.

Bertolino, S. R. and P. J. Depetris, 1992. Mineralogy of the clay-sized
suspended load from headwater tributaries on the Parana River:
Bermejo, Pilcomayo, and Paraguay Rivers. In: E. T. Degens, S.
Kempe, A. Lein and Y. Sorokin (Eds.). Interactions of
biogeochemical cycles in aqueous ecosystem. Pt. 7. Mitteilungen
des Geologish-Paldeontologischen Instituts der Universitat
Hamburg, SCOPE/UNEP Sonderband, 52:19-31.

136

Biscaye, PE, 1965. Mineralogy and sedimentation of recent deep-
sea clay in the Atlantic Ocean and adjacent seas and oceans.
Bulletin of the Geological Society of America 76:803-832.

Bonetto, A. and O. Orfeo, 1984. Caracteres sedimentoldgicos de la
carga en suspension del Rio Parana entre Corrientes y Esquina
(Reptblica Argentina). Revista de la Asociacién Argentina de
Mineralogia, Petrologia y Sedimentologia 15:51-61.

Bonetto, C., N. Gabellone and D. Poire, 1994. Phosphorous fractiona-
tion of suspended matter from the Parana and Bermejo Rivers.
Verhandlungen der Internationale Vereinigung fiir Limnologie
25:1878-1881.

Brindley, G.W. and G. Brown, 1980. Crystal structures of clay minerals
and their X-ray identification. Mineralogical Society of London,
London, 495 pp.

Camili6n, C., M. Manassero, M. Hurtado and A. Ronco, 2003. Copper,
Lead and Zinc distribution in soils and sediments of the South-
Western coast of the Rio de la Plata estuary, Argentina. Journal
of Soils and Sediments 3:213-220.

Carver, R., 1971. Procedures in Sedimentary Petrology. John Wiley,
New York, 653 pp.

Damiani, D., G. Giorgetti and I. Memmi Turbanti, 2006. Clay mi-
neral fluctuations and surface textural analysis of quartz grains
in Pliocene-Quaternary marine sediments from Wilkes Land
continental rise (East-Antarctica): Paleoenvironmental signi-
ficance. Marine Geology 226:281-295.

Day, P, 1965. Particle fractionation and particle-size analysis, In:
C.A. Black (Ed), Methods of soil analysis, part I, American Society
of Agronomy, Wisconsin, 545-566.

Depetris P. and J. Griffin, 1968. Suspended load in the Rio de la
Plata drainage basin. Sedimentology 11:53-60.

Dingle, R.V. and M. Lavelle, 2000. Antarctic Peninsula Late Cretaceous
-Early Cenozoic Paleoenvironments and Gondwana Paleogeo-
graphies. Journal of African Earth Sciences 31:91-105.

Ehrmann, W.U., M. Melles, G. Khun and H. Grobe, 1992. Significance
of clay minerals assemblages in the Antarctic Ocean. Marine
Geology 107:249-273.

Ferrel, R., G. Hart, S. Swamy and B. Murthy, 1998. X-Ray mineralo-
gical discrimination of depositional environments of the Krishna
Delta, Peninsular India. Journal of Sedimentary Research 68:148-
154.

Folk, R.L. and W.C. Ward, 1957. Brazos River Bar. A study in the
significance of grain size parameters. Journal of Sedimentary
Petrology 27:3-26.

Gaillardet, J., B. Dupré and C.J. Allegre, 1999. Geochemistry of
large river suspended sediments: Silicate weathering or recycling
tracer?. Geochimica et Cosmochimica Acta 63:4037-4051.

Griffin J.J., H. Winsdom and E.D. Goldberg, 1968. The distribution
of clay minerals in the world ocean. Deep-Sea Research 15:433-
460.

Horowitz, A., 1985. A primer on trace metal-sediment chemistry. U.S.
Geological Survey Water Supply, Paper 2227, 67 pp.

Irion, G. and V. Zollmer, 1999. Clay mineral associations in fine-grained
surface sediments of the North Sea. Journal of Sea Research
41:119-128.

Iriondo, M., 1988. A comparison between the Amazon and the
Parana River systems. In: E. Degens, S. Kempe, S. Naidu (Eds.),
Transport of carbon and minerals in major Wold Rivers, lakes an
Estuaries. Pt. 5. Mitteilungen des Geologish-Paldeontologischen
Instituts der Universitat Hamburg, SCOPE/UNEP, Sonderband
66:77-92.

Iriondo, M., 1997. Models of deposition of Loess and Loessoids in
the Upper Quaternary of South America. Journal of South

LATIN AMERICAN JOURNAL OF SEDIMENTOLOGY AND BASIN ANALYSIS | VOL. 15 (2) 2008, 125-137



Grain Size Analysis and Clay Mineral Associations in Bottom Sediments from Parand River Basin

American Earth Sciences 10:71-79.

Iriondo, M., 2004. The Littoral complex of the Parand mouth.
Quaternary International 114:143-154.

Jeong, G.Y. and H.I. Yoon, 2001. The origin of clay minerals in soils
of king George Island, South Shetland Islands, West Antarctica,
and its implication for the clay-mineral compositions of marine
sediments. Journal of Sedimentary Research 71:833-842.

Johnsson M. and R. Reynolds,1986. Clay mineralogy of shale-limes-
tone Rhythmites in the Scaglia Rossa (Turonian-Eocene) Italian
Apennines. Journal of Sedimentary Petrology 56:501-504.

Konta, J., 1985. Crystalline materials and chemical maturity of sus-
pended solids of some major world rivers. Mineralogical and
Petrographical Acta 29:121-133.

Latrubesse E.M. and C.G. Ramonell, 1994. A Climatic Model for
Southwestern Amazonia in last Glacial Times. Quaternary Inter-
national 21:163-169.

Manassero, M, C. Camilion and A. Ronco, 2004. Anélisis textural
de sedimentos fluviales distales de arroyo de la pampa ondulada,
Provincia de Buenos Aires, Argentina. Revista Asociacion Argen-
tina Sedimentologia 11:57-68.

Marengo, H.G., M. Coppolecchia, V. Bauman, P. Tchilinguirian
and M. Tolocziky, 2005. Geologia del Centro de la Provincia de
Santa Fe, Hojas Geoldgicas 3160 I y III (San Justo y Santa Fe).
XVI Congreso Geoldgico Argentino. La Plata, 4:125-132.

Millot, G., 1970. Geology of Clays. Springer Verlag, Berlin, 499 pp.

Moore, D.M. and R.C. Reynolds, 1989. X Ray diffraction and the
identification analysis of clay minerals. Oxford University Press,
New York, 332 pp.

Orfeo, O., 1999. Sedimentological characteristics of small rivers with
loessic headwaters in the Chaco, South America. Quaternary
International 62:69-74.

Orfeo, O. and J. Stevaux, 2002. Hydraulic and morphological charac-
teristics of middle and upper reaches of the Parand River
(Argentina and Brazil). Geomorphology 44:309-332.

LATIN AMERICAN JOURNAL OF SEDIMENTOLOGY AND BASIN ANALYSIS | VOL. 15 (2) 2008, 125-137

Passeggi, E., 1996. Variaciones mineraldgicas de los sedimentos de
lecho en cauces secundarios de la llanura aluvial del Rio Parana.
Revista de la Asociacién Geoldégica Argentina 51:156-164.

Potter, P, J. Maynard and PJ. Depetris, 2005. Mud & mudstones.
Springer, Berlin, 297 pp.

Robert, C., and J. Kennett, 1994. Antarctic subtropical humid episode
at the Paleocene-Eocene boundary: clay-mineral evidence. Geolo-
gy 22:211-214.

Ronco, A, C. Camilién and M. Manassero, 2001. Geochemistry of
Heavy Metals in bottom sediments of streams from the Rio de
la Plata Estuary, Argentina. Journal of Environmental Geoche-
mistry and Health 23:89-103.

SADS, OPS, PNA, UNLP, 2005. Caracterizacion sanitaria y ambiental
de las aguas en tramos especificos de los Rios Parand y Paraguay
y sus afluentes. Primera Campaiia afno, 2004. Informe técnico.
Secretaria de Ambiente y Desarrollo Sustentable, Organizacion
Panamericana de la Salud, Prefectura Naval Argentina, Univer-
sidad Nacional de La Plata, 90 pp.

Suresh, N., K. Sumit, S. Ghosh, K. Rohtash and S.J. Sangode,
2004. Clay-mineral distribution patterns in late Neogene fluvial
sediments of the Subathu sub-basin, central sector of Himalayan
foreland basin: implications for provenance and climate.
Sedimentary Geology 163:265-278.

Stevaux J.C., 1994. The Upper Parana River (Brazil): Geomorphology,
Sedimentology and Paleoclimatology. Quaternary International
21:143-161.

Weaver, C.E., 1989. Clays, muds and shales. Developments in
Sedimentology, 44. Elsevier, Amsterdan, 819 pp.

Yuretich, R., M. Melles, B. Sarata and H. Grobe, 1999. Clay minerals
in the sediments of lake Baikal, a useful climate proxy. Journal
of Sedimentary Research 69:588-596.

Zuther, M., O. Brockamp and N. Clauer, 2000. Composition and
origin of clay minerals in Holocene sediments from the South-
Eastern North Sea. Sedimentology 47:119-134.

137



