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Abstract
The multinational Paraná River (drainage basin ~ 2.6 × 106 km2; current discharge ~ 540 km3  y−1) has in its middle and 
lower stretches a long (~ 1200 km) and wide (~ 30 – 50 km) flood valley mantled with riparian vegetation and fully carved 
with lentic and lotic water bodies. Most of the wetland (~ 50000  Km2) holds myriad water bodies which, following the 
seasonal variation of the prevailing discharge regime, exchange water, dissolved chemical species, sediment, and biological 
materials with the Paraná’s main stem. Exceptional hydrological events (e.g., strong El Niño-triggered floods) sporadically 
inundate almost totally the flood valley’s expanse. The examination of chemical data collected in the main channel during 
the 1982–1983 event showed: (a) TDS was diluted to almost ¼ of the original concentration during the high flood; (b) water 
pH decreased to ~ 6.5, and  CO2 partial pressure increased up to ~ 16000 ppmv during the overbank stage and afterwards; 
(c) throughout the event water remained within the medium dilute/dilute water types (375 > TZ+ > 1500 µeq  L−1); and (d) 
dissolved inorganic carbon (DIC)—along with other variables—reached the highest concentrations in the descending limb, 
when the floodplain was drained. Dissolved organic carbon (DOC) showed an uneven variability pattern, seemingly unre-
lated to DIC, but definitely influenced by the significant lentic–lotic exchange. A 10-year long (1965–1975), uninterrupted 
series of alkalinity measurements allowed probing into the mechanisms that contributed to determine the observed alkalinity 
variability. Such variation appeared controlled by several biogeochemical processes occurring in the wetland (e.g., photo-
synthesis/respiration), sporadically impacted by changing hydrological stages.

Keywords Floodplain · Wetland · Flood regime · Alkalinity · ENSO effect · Biogeochemistry · Hysteresis

Introduction

Rivers construct floodplains through a combination of ero-
sion and deposition at lower gradient stretches of river val-
leys. A floodplain is a relatively low relief sedimentary plain, 
although it has a general downstream slope coherent with 

the overall river gradient. In large rivers, floodplains usu-
ally have a “topographic amplitude between ridges and the 
beds of floodplain water bodies of ~ 0.1–0.5 times the bank 
full depth of the river, constructed by various sedimenta-
tion processes and inundated to some extent by most annual 
floods in the current hydro climatic regime of the river’s 
drainage basin” (Dunne and Aalto 2013). Floodplains are 
filled with alluvium (i.e., loose sediments transported by 
streams), which is easily eroded and redeposited by the river. 
It follows that the location in a floodplain of a river main 
channel is not a stable feature and changes with a measurable 
rate (e.g., Paira and Drago 2007).

Flooding, besides being a normal characteristic of river 
behavior, occurs when the water depth in a river exceeds the 
depth of the waterway and spreads beyond the river main 
channel onto the surrounding land (e.g., Benke et al. 2000; 
Steiger et al. 2005). When a river fills completely its main 
stem, it is said to be at bank full stage; when it surpasses 
bank full stage it is said to be an overbank flood.
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Abundant literature shows that flooding dynamics are 
considered to be the chief variable forcing the structure and 
functioning of floodplain systems (Dunne and Aalto 2013, 
and references therein). Overbank events force longitudi-
nal, vertical, and lateral exchanges of material and energy, 
finally affecting—among several other impacts—patterns of 
sediment deposition and erosion (e.g., Potter et al. 2005), 
and biogeochemical cycling through space and time (e.g., 
Richards et al. 2003; Tank et al. 2010). Moreover, the time 
in which a floodplain remains inundated depends on the size 
of the river, its slope, and the prevailing climatic characteris-
tics. Excess water is eventually disposed of by downstream 
drainage, water infiltration, and evapotranspiration.

To attain such goal, a partly unpublished data set pro-
duced within the framework of the SCOPE-UNEP Inter-
national Carbon Project (e.g., Degens et  al. 1991) was 
herein employed, seeking to analyze the interrelationship 
between high discharges (i.e., outstanding overbank events) 
and the resulting impact on solute concentrations (particu-
larly addressing alkalinity dynamics), in the middle Paraná 
River, Argentina, which is characterized by a vast floodplain. 
The data suite includes the occurrence of an exceptional 
ENSO-triggered overbank flood, involving samples col-
lected between 1981 and 1984, near the Argentine city of 
Paraná, ~ 600 km upstream the mouth. Also included and 
within the same project, there is another data array, collected 
in 1985, in an expanded downriver survey.

The data series collected within the carbon project was 
supplemented with another set, here used to explore the 
fluvial processes affecting alkalinity dynamics. Based on 
continuous, uninterrupted daily analyses gathered during a 
decade, the hydro chemical data were collected by Argen-
tina’s Obras Sanitarias de la Nación in approximately the 
same sampling spot used in the previously mentioned series 
(i.e., ~ 600 km upstream the mouth). The series comprises 
hydrological and chemical data, recorded between 1965 and 
1975, and—taking advantage of its extended and continuous 
characteristics—it is used to probe further into the associa-
tion existing between alkalinity, and the floods (i.e., some of 
exceptional magnitude) that periodically inundate the ample 
flood valley of the Paraná River’s middle range.

Main features of the Paraná River

The Paraná River and its tributaries account for the larg-
est proportion (~ 81%) of the Río de la Plata drainage 
basin (~ 3.17  106 km2), pertaining the remainder area to 
the Uruguay River drainage basin (Fig. 1). In terms of 
basin area (~ 2.58  106 km2), the Paraná River occupies the 
fifth place among the global rivers that discharge more 
than 400  km3of water annually (Milliman and Farnsworth 
2011). It is 4500 km-long and drains a continental-sized 

drainage basin formed by several contrasting regions in 
four different countries (i.e., Brazil, Paraguay, Bolivia, and 
Argentina), with an assortment of mountain chains, rain-
forests, deserts, and savannas (Fig. 1), thus configuring a 
dissimilar scenario: from Andean sources close to South 
America’s Pacific active margin, in the Bermejo and Pil-
comayo upper catchments (~ 65°W), to the tropical head-
waters placed at the Serra dos Preneos (~ 45°W), close 
to the Atlantic passive margin. The Gran Pantanal (i.e., 
0.2 × 106  Km2, one of the largest wetlands in the world 
at ~ 15°–17°S, and ~ 55°–60°W) is an additional headwater 
that exerts a discernible modulating effect on the Paraguay 
River, which joins the Paraná near the Argentine city of 
Corrientes, where its middle reach begins.

Maximum precipitation (2400 mm  y−1) occurs along the 
eastern edge of the basin and over the Iguaçu River drain-
age basin. Rainfall decreases (400–800 mm  y−1) towards 
the western edge, along the 60–65°W strip. In general, run-
off mimics rainfall distribution, with high values along the 
drainage basin’s NE corner (700–800 mm  y−1), and in the 
Bermejo and Pilcomayo upper catchments (~ 500 mm  y−1). 
In Argentine territory, the Paraná’s upper and middle course 
has a mean runoff of ~ 300 mm  y−1. Potential evapotranspi-
ration at the origin of Paraná’s middle course is ~ 1000 mm 
 y−1and gradually decreases to 850 mm  y−1, at the mouth.

Fig. 1  Map of the Río de la Plata drainage basin, comprised by the 
Paraná and Uruguay rivers. The ~ 800-Km long Paraná’s middle reach 
is defined between the cities of Corrientes and Rosario (red arrows). 
All the samples referred to in this article were collected near the city 
of Paraná (i.e., blue arrow, ~ 600 km upstream the mouth, 32° 39′ 59″ 
S, 60° 47′ 36″ W). The stage meter at La Paz is located 337 km north 
of Rosario (Wikipedia Commons)
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Most of the Paraná River drainage network seems to have 
originated in the Late Cretaceous, in synchrony with the 
opening of the Atlantic Ocean. Its mouth, however, switched 
to the present Río de la Plata estuary, about 2.4 My. Its struc-
tural setting is a classic intra-cratonic layout for much of its 
course; its main geological features are defined by Upper 
Paleozoic and Mesozoic sediments and extensive volcanic 
flood-basalts constrained by Precambrian crystalline rocks 
(Potter and Hamblin 2006).

The Paraná basin’s hydrographic net is a complex system 
that transports water down to the middle latitudes of the 
South Atlantic Ocean, collecting and modifying inorganic 
and organic materials from mountainous as well as from 
low-relief tropical environments. Iriondo et al. (2007) have 
dealt extensively with the Paraná’s features, in general, and 
particularly with those of its middle stretch.

Data and methods

Argentina’s Sistema Nacional de Información Hídrica allows 
to download permanently updated Paraná River discharge 
data from different discharge (or stage height)-measuring 
stations placed along the Paraná main stem and tributar-
ies (https ://snih.hidri cosar genti na.gob.ar/Inici o.aspx). As 
indicated in the text, data from four gauging stations (i.e., 
Corrientes, La Paz, Paraná, and Rosario) placed along the 
Paraná’s main channel have been used throughout this paper.

Parametric statistics, such as regression and correlation 
analysis, require that the variables under study adjust to a 
normal distribution. Discharge and solute concentrations 
often show a skewed statistical distribution, which can be 
normalized by converting to logarithms. This procedure has 
been followed wherever necessary.

Discharge data were deseasonalized by subtracting the 
mean historical discharge of a specific month from the 
measured discharge for the same month in the data series: 
 QiD = Qi −Qmi, where  QiD is the deseasonalized discharge of 
the ith month;  Qi, is the measured mean monthly discharge 
for the ith month, and  Qmi is average historical discharge for 
the ith month.

The downriver flood wave velocity—between the stage 
meters placed at La Paz (757 km upstream the mouth) and 
Rosario (420 km upstream the mouth) during the 1982–1983 
ENSO triggered outstanding flood—was determined by 
employing the cross-correlation statistical technique (e.g., 
Davis 1986). The method is appropriately used to compare 
two time-dependent series, thus revealing the strength of 
such relationship, and the lag or offset in time between them 
at their position of maximum equivalence.

Water surface slopes (WSS) were determined using the 
water heights recorded in the stage meters placed at La Paz 
(757 km upstream Paraná’s mouth) and at the city of Rosario 
(420 km upstream Paraná’s mouth). Both parameters are also 

reported by the Sistema Nacional de Información Hídrica of 
Argentina. The employed simple equation was,  SWSS = (HLP 
-  HR)/DLP-R, were  SWSS is the WSS,  HLP and  HR are La Paz 
and Rosario stage meter readings, respectively, and  DLP-R is 
the distance between La Paz and Rosario (337 km). The rela-
tive gauging station heights were transformed to sea-level 
values by applying the corresponding numerical corrections 
(Soldano 1947).

As stated above, three different data suites have been used 
to tackle this paper’s subject matter. They were the only 
available data series for the Paraná River, which contained 
physicochemical information associated with river discharge 
measurements. The main data set was gathered between 1981 
and 1984 in the middle Paraná, sampled 600 km upstream 
the mouth during the progress of the SCOPE-UNEP Inter-
national Carbon Project. This data set was accompanied with 
another array obtained in a downriver exploration (Depetris 
and Kempe 1993), from the Iguazu falls (i.e., 1927 km 
upstream the mouth), down to the dock of the city of Paraná 
(i.e., 600 km upstream the mouth). This project, which had 
its main seat at Univeristät Hamburg (Hamburg, Germany), 
was originally initiated to gather detailed information on the 
dynamics of inorganic and organic carbon species in world 
rivers (e.g., Degens et al. 1991, and references therein). The 
methodologies for various methods used in the field, anions, 
cations, and assorted carbon species have been described by 
Michaelis and Ittekkot (1982). Data on the main inorganic 
constituents are reported here for the first time, whereas the 
riverine dynamics of various carbon species has been dealt 
with elsewhere (Depetris and Kempe 1993).

The Aqion1 hydrochemistry software (https ://www.aqion 
.de/site/98) was employed to check for charge balance errors 
(CBE) and to calculate several variables (e.g., TDS, Eh, 
ionic strength, etc.). Most CBE in both data sets assembled 
within the framework of the SCOPE-UNEP International 
Carbon Project fluctuated between − 4.7% (deficiency of 
cations) and 4.9% (deficiency of anions).

The added data series was selected based on the need 
of using a long and uninterrupted data series to probe into 
the mechanisms linking alkalinity with the level reached by 
water in the floodplain (i.e., discharge variability). A 10-year 
long time series (1965–1975) of daily chemical analyses 
performed in the Paraná River (Lenardón 1979), at the city 
of Paraná, sampled about 600 km upstream from the mouth, 
was used to probe into the hydrology–alkalinity relationship. 
The chemical analyses were performed in the laboratories of 
Obras Sanitarias de la Nación, Argentina’s federal agency 

1 This software used to validate aqueous solutions operates with the 
well-known USGS’s PhreeqC as an internal numerical solver.

https://snih.hidricosargentina.gob.ar/Inicio.aspx
https://www.aqion.de/site/98
https://www.aqion.de/site/98
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which, at that time, was in charge of the daily quality control 
of river water, subsequently processed to attain potable qual-
ity, and distributed for human consumption through munic-
ipal networks.2 Monthly concentration (geometric) means 
were calculated from daily measurements. This extended 
series included several chemical parameters, which were 
determined simultaneously (i.e., pH, TDS, color, turbidity, 
water hardness, sulfate, alkalinity, chloride, etc.), perma-
nently subjected to strict quality controls. However, only 
alkalinity and chloride concentrations were employed in this 
work. Alkalinity was determined by standard 0.1 N  H2SO4 
electrometric titration; precision was checked every ten 
samples, and was within 2.1% (p < 0.001). The well-known 
Mohr method (i.e., titration with a  AgNO3solution) was used 
to measure  Cl−concentrations; precision was checked every 
20 samples, and was within 1.9% (p < 0.001). Lenardón 
(1979) supplied more detailed analytical information.

Hydrological outline of the Paraná River

The Paraná’s middle reach originates when the river—with 
headwaters in tropical Brazil—meets the Paraguay River, 
near the Argentine city of Corrientes (i.e., 1208 km upstream 
the mouth), and extends downstream for ~ 800 km (i.e., until 
the city of Rosario), with a floodplain width that fluctuates 
between ~ 20 and ~ 50 km (Fig. 2). Although it accounts for 
about ~ 1.5% of the total drainage basin’s area, the extensive 
wetland is important in terms of biodiversity and as a signifi-
cant factor affecting the riverine biogeochemistry.

Countless lentic and lotic water bodies of assorted shape, 
size, and age fill the middle Paraná floodplain (Fig. 2). 

Modern and evolved meanders, and anastomosed plains are 
the main geomorphological units (Paira and Drago 2007). 
These features are embedded in a heterogeneous mosaic of 
water bodies, with landscapes determined by the variable 
dynamics of the fluvial processes, and the short- and long-
term evolution of the river floodplain (Fig. 2). The Paraná’s 
floodplain is inundated and partially drained periodically 
following the river’s seasonal discharge variability. A flood 
may barely enter the floodplain or—when reaching a very 
high stage—it may inundate entirely the distance across the 
riparian environment. Excess water on the floodplain drains 
back to the channel as the river discharge recedes. On wide 
floodplains—such as the Paraná’s—bordered by natural lev-
ees, the water may drain back slowly, causing local inunda-
tion or pounding which may last for months.

The Paraná River currently delivers to the SW Atlantic a 
mean discharge of ~ 17000 m3  s−1 (i.e., ~ 540  Km3 annually), 
and shows a statistically significant increasing discharge trend 
since the 1970s, as well as an active remote connection with 
El Niño-Southern Oscillation (ENSO) events in the Pacific 
Ocean (e.g., Depetris et al. 1996; Pasquini and Depetris 2007, 
2010). The teleconnection linking the Southern Oscillation 
(SO) and Paraná River discharges was originally recognized 
by Sir Gilbert Walker’s research group, back in the 1920s, 
when they were pursuing the prediction of India’s monsoons 
(e.g., Depetris et al. 1996, and references therein). The El 
Niño occurrence in the Pacific Ocean frequently triggers—
among several other global climatic impacts—exceptionally 
abundant rainfalls in the Brazilian headwaters of the upper 
Paraná and Paraguay rivers. Since El Niño episodes are usu-
ally in phase with the Paraná’s seasonal high-water period 
(i.e., during December–March, the austral summer), its occur-
rences frequently result in overbank floods—sometimes of 
exceptional magnitude. La Niña events, on the other hand, 
often result in below-the-mean discharges, usually during the 
southern summer.

An aspect worth emphasizing is that, although the upper 
Paraná River provides an average of ~ 70% of the water reach-
ing the river’s middle reach (Pasquini and Depetris 2007), the 
Paraguay River increased its relative discharge contribution to 
the middle section of the Paraná River, during the 1982–1983 
high flood (Pasquini and Depetris 2010). However, most of 
the total suspended sediment (TSS) load being transported to 
Corrientes is delivered by the Paraguay River and, particu-
larly, by one of its Andean tributaries, the Bermejo River (e.g., 
Campodonico et al. 2016, and references therein).

Figure 3 shows the Paraná River monthly mean discharge 
for the period 1980–1985, along with the corresponding 
deseasonalized discharge series and the Southern Oscilla-
tion Index (SOI)3(e.g., Stone et al. 1996, Sarachik and Cane 

Fig. 2  Image of a portion of the middle Paraná River flood valley. 
Notice the profusion of anastomosed lotic and lentic water bodies that 
dissect the riparian environment; clear ponds have not been flooded 
in the immediate past (i.e., particulate matter has settled down). The 
distance from top to bottom of the figure is ~ 30 km (Wikipedia Com-
mons)

3 The Southern Oscillation Index (SOI) is a measure of the strength 
of the Walker Circulation, and one of the key atmospheric indices for 

2 The sanitary services delivered by Argentina’s Obras Sanitarias de 
la Nación were privatized in 1992. .



Environmental Earth Sciences (2021) 80:54 

1 3

Page 5 of 19 54

2010). The figure shows the markedly negative SOI value, 
which preceded the exceptionally high ENSO-caused flood 
of 1982–1983 in the Paraná River, the highest on record 
(e.g., Hansen 1990). The flood began in 1982 and lasted 
for almost 2 years, reaching a peak discharge which nearly 
touched 60000 m3  s−1at the Corrientes gauging meter, almost 
four times the Paraná River average annual discharge. The 
inundation flooded the areas that the USA’s FEMA (Federal 
Emergency Management Agency) designates as between the 
limits of the 100-year and 500-year floodplain (i.e., with a 
0.2% annual chance of flooding, affecting areas beyond the 
protection of levees from 100-year flood).

The deseasonalized data series allows to assess further the 
flood impact. During the considered period (1980–1985), the 
deseasonalized discharge shows that, at the flood’s peak, it 
exceeded by ~ 37000 m3  s−1 the historical average discharge 
for the same period (Fig. 3). This discharge meant a gauge 
stage height of ~ 9 m, i.e., several meters above the mean 
hydrograph value at the Corrientes stage meter. It is worth 
considering that the mean annual (historical) discharge at 
Corrientes is reached when the stage meter height is ~ 3.2 m 
(~ 17000 m3  s−1). River water enters or is flushed out of the 
lentic/lotic environments - overly abundant in the flood plain 
- when stage readings fluctuates in the ~ 2.9–3.3 m range. 
A high flood (e.g., ~ 45000 m3  s−1) reaches a stage read-
ing of ~ 7 m at Corrientes, covering extensive areas of the 
riparian zone with more than a ~ 3 m-deep water mass. A 
conservative estimate proposes that during the 1982–1983 
flooding period (~ 18 months), the valley stored between 200 

and 400 km m3of water, which probably signified a contribu-
tion of ~ 10–20% to the topmost discharges.

The velocity of propagation of the flood-wave in the mid-
dle section of the Paraná River - when the flood reaches a 
middle stage in the rising limb - is ~ 60 km  d−1, and it slows 
down to ~ 45 km  d−1, or less, during the high or very high 
stage (Soldano 1947). By means of the cross-correlation 
method, it was possible to establish that, during the 1982-
1983 ENSO high flood, it took 9 days to the flood wave to 
cover the distance (337 km) that separates the stage meters 
of La Paz (i.e., 757 km upstream the mouth) and Rosario 
(i.e., 420 km upstream the mouth), progressing downriver at 
a mean velocity of ~ 49 km  d−1 (i.e., ~ 0.6 m s−1). The flood 
wave, which is slower than the mean water velocity in the 
main channel, clearly affects the water surface slope (WSS).

The gauge oscillations inherent to the WSS determine the 
influx or outflow of flood water in the flood plain (Fig. 4). 
Figure 4a shows that the relationship between discharge (i.e., 
stage meter height at La Paz) and WSS is a complex one, 
because WSS may increase with increasing stage readings 
(e.g., as in the peaks of June 1983) but, also, with decreas-
ing ones, as of July 1, 1984 (Fig. 4a). The latter instance 
implies that, with decreasing stage heights, the floodplain 
was being drained due to increased WSS. Conversely, the 
plunging discharge as of March 20, 1984 (Fig. 4a) appears 
to determine a significant decrease in WSS, which probably 
marks a slowed-down draining of the floodplain. At any rate, 
the draining of the wetland occurs when water level at the 
main channel descends significantly and WSS maintains a 
relatively high value (e.g., WSS > 3.8 cm  km−1).

It seems clear that the residence time of flood water in 
the floodplain was of the order of days/weeks during the 
inundation of 1982-1983, but it can extend months—or even 
years—during extended periods of low waters, when lentic 
environments become practically isolated from the main 

Fig. 3  Mean monthly and 
deseasonalized discharge of 
the Paraná River at Corrientes 
(1208 km upstream the mouth), 
for the period 1980–1985. The 
Southern Oscillation Index 
(SOI) (i.e., one of the key 
atmospheric indices for gauging 
the strength of El Niño and La 
Niña events) is also included in 
the graph to show the connec-
tion between the 1982 and 1983 
ENSO event in the equatorial 
Pacific and the occurrence of 
one of the highest floods on 
record

assessing the strength of El Niño (i.e., negative index) and La Niña 
events (i.e., positive index).

Footnote 3 (continued)
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lotic ones. On the other hand, the scatter graph of Fig. 4b 
displays the complex connection—known as hysteresis—
between stage meter height (i.e., discharge) and WSS, at the 
stage meter of La Paz.

River discharge, soil moisture tension, solute and sus-
pended sediment concentrations experience the occurrence 
of hysteresis (e.g., Walling and Webb 1988, Baca 2008). 
However, some aspects of such looped rating curves still 
remain unclear (e.g., Muste and Lee 2013). Hysteresis in 
river discharge is most pronounced in flat sloped streams 
and occurs during unsteady flow when WSS changes due to 
either rapidly rising or falling water levels in a river control 
reach. The loops suggest the occurrence of rate-dependent 
hysteresis (i.e., a dependence of the state of the system on 
its history),4 which shows smaller loops as the discharge 

increases (i.e., narrower WSS variability), and wider loops 
in the opposite situation, thus reflecting differences in the 
dynamics of the water exchange between the riparian zone 
and the lotic systems (Fig. 4).

The described dynamic water exchange between the main 
river stem and the extensive floodplain not only leads to 
significant ecological impacts but also affects the relation-
ship between water volume and solutes or suspended particle 
concentrations. When large water masses, that have been 
stored in the floodplain for weeks or months—and, hence, 
subjected to numerous processes that alter their physico-
chemical characteristics—re-enter the main channel while 
undergoing a receding stage, the chemical and physical char-
acteristics of flowing water in the main stem may change, 
sometimes markedly.

Fig. 4  a The 1982–1983 Paraná 
River high flood. a Variability 
of the gage height at La Paz 
(i.e., 757 km upstream the 
mouth) and the correspond-
ing water surface slope (WSS) 
between La Paz (i.e., 757 km 
upstream the mouth, from Jan. 
1st 1983 until Jan. 4th 1985), 
and Rosario (i.e., 420 km 
upstream the mouth). The chan-
nel slope between both locali-
ties is ~ 3.7 cm  km−1. Notice 
high WSS coherent with low 
gage height. The draining of the 
floodplain is promoted when 
discharge is on the descending 
limb and WSS > 3.8 cm  km−1. 
b Hysteresis between gage 
height (at La Paz) and the WSS 
between La Paz and Rosario. 
High and low discharges define 
a marked amplitude variability 
for the corresponding WSS 
loops

4 In mathematical terms, the response to an external effect is a dou-
bled-valued function. One applies when the effect is increasing, while 
the other operates when the influence is decreasing.
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Results and discussion

The geochemical (e.g., Sanci and Panarello 2018; Cam-
podonico et al. 2015, 2016; Depetris and Pasquini 2007; 
Pasquini and Depetris 2012; De Cabo and Seoane 2005; 
Depetris 1976), and biogeochemical characteristics (e.g., 
Ceballos et  al. 2013; Depetris 2005; Villar et  al. 1998; 
Depetris and Kempe 1993; Depetris and Paolini 1991) of 
the Paraná River have been studied for several decades. The 
vast and intricate wetland that comprises its middle reach 
has received special attention not only due to the complexity 
of its ecosystem, and to partly clear biogeochemical features, 
but also because there is a need to improve knowledge on its 
functioning, of utmost importance when human intervention 
must be dealt with.

The geochemical signature of dissolved 
and particulate phases

Dissimilar geology, climate, topography, and biota charac-
terizes each of Paraná’s three main headwaters (i.e., Andean 
Bermejo and Pilcomayo rivers; Paraguay’s Gran Pantanal, 
and upper Paraná’s tropical mountainous ranges), and such 
attributes results in different geochemical features in the total 
suspended solids (TSS) as well as in the dissolved phases. The 
middle Paraná sediment load bears a signature of one source 
supplying “old or recycled materials affected by intracrustal 
differentiation”, and a secondary source of “young material 
derived from undifferentiated volcanic rocks” (Compodonico 
et al. 2016). This is also succinctly shown by radiogenic iso-
topic data. Figure 5 shows differing isotopic signatures in the 
Paraná River for the dissolved and particulate species, whereas 

the Uruguay River samples (i.e., included for comparison), 
with a relatively uniform lithology (i.e., dominant tholeiitic 
flood basalts), do not (Henry et al. 1996). Paraná River TSS 
is significantly more radiogenic (e.g., 87Sr/86Sr, 0.723–0.726) 
than its dissolved counterpart, and has low 143Nd/144Nd ratios 
(e.g., 0.5120–0.5121, and negative εNd (0)), typical of an 
enriched crustal source. Conversely, the dissolved fraction 
is somewhat less radiogenic (e.g., 87Sr/86Sr, 0.7120–0.7124), 
maintaining a negative εNd (0) and lower 143Nd/144Nd ratios 
(e.g., 0.5120–0.5122) (Henry et al. 1996). These isotopic dif-
ferences are probably related to the diverse sources supplying 
the largest proportion of the sediment load (i.e., the Bermejo 
River) and the major water source (i.e., the upper Paraná drain-
age basin). Data from the southern Puna (Gili et al. 2017) and 
from Amazonian sediments (Rollinson 1993) plot halfway 
between both clusters. Contrastingly, the Uruguay River data 
are compatible with Paraná flood basalts (Faure 1986), and 
does not show significant differences in its isotopic signatures, 
regardless of its particulate or dissolved nature (Fig. 5).

The scatter plot of Fig. 6 seeks to approach the prov-
enance of dissolved phases in the middle Paraná River dur-
ing the 1982–1983 flood. The record has been separated into 
one set including data preceding and following the flood 
(i.e., lower discharges) and another set collected during 
the high flood. Most of the plotted data is bounded within 
four straight lines resulting from the chemical reconstruc-
tion of source minerals in the Sierra Nevada (California and 
Nevada. USA) (Garrels and Mackenzie 1967). Two lines 
represent the ideal hydrolysis of a mixture of plagioclase 
(175 mol) + biotite (14 mol) + calcite (115 mol) + H2O + CO2 
under conditions of deep circulation (i.e., groundwater, 
extended rock–water interaction). One line stands for the 
covariation of  HCO3

− and  Ca2+, whereas the other repre-
sents the covariation of  Mg2+ and  Ca2+, both normalized 
to  Na+.

The other two lines represents the ideal dissolution 
occurring in near surface conditions, of a combination of 
plagioclase (177 mol) + biotite (7.3 mol) + potassium feld-
spar (13 mol) + H2O + CO2 (i.e., ephemeral springs, limited 
water–rock interaction) (Garrels and Mackenzie 1967). As 
in the previous instance, one stands for the covariation of 
 HCO3

− and  Ca2+, whereas the other represents the covaria-
tion of  Mg2+ and  Ca2+, both normalized to  Na+.

The scattering of the data suggests a pronounced litho-
logical variability in the sources, as well as dilution, and 
unevenness in the rock-water interaction. The dynamic 
exchange between the floodplain and the main channel is 
also a likely significant cause.

According to Gaillardet et al. (1999), waters draining 
limestone/carbonate would plot at or near the upper right 
corner of the graph, whereas waters draining hypersaline 
terrains/evaporites would fall in the graph’s lower left cor-
ner. Solutes from pure silicates sources would plot above 

Fig. 5  Scatter graph for 87Sr/86Sr and 143Nd/144Nd signifying different 
sources for the Paraná River solid and dissolved phases. Additional 
data included for comparison
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the uppermost lines, with  Ca2+/Na+ plotting in the ~ 0.3–0.7 
range.

Revisiting the main hydro chemical characteristics 
during high flooding

Table 1 shows data gathered between 1981 and 1984, when 
the Paraná River was subjected to one of the highest (and 
most disastrous) floods on record: the ENSO-set off excep-
tional flood of 1982–1983 (e.g. Depetris and Kempe 1991). 
Table 1 presents variables and parameters herein chosen 
to project an image of the system’s response to extreme 
flooding.5

During the high flood, data showed that a five-fold 
increase in discharge (i.e., from 10000 to 50000 m3  s−1, 
at the Corrientes gauging station) determined a mean TDS 
dilution of ~ 350%. Average conductivity (i.e., corrected for 
temperature) fell from ~ 225 to 64 µS  cm−1. The coefficient 
of determination6 (r2 = 0.402) for the nonlinear regres-
sion implies that only ~ 40% of the variability of the total 
dissolved solids (TDS) is accounted for by the discharge 
determined at the Corrientes stage meter and that other fac-
tors would explain the remaining ~ 60% of the variance of 
the dependent variable. Likewise, in Fig. 7a, ionic strength 
peaks (7–8 mM) at low discharge and then sharply decreases 
(1–2 mM) with high flooding, reaching values close to those 
exhibited by rainfall. Along this line of argumentation, the 

 Na+/Cl− molar ratio in Paraná River water (Fig. 7b) exhib-
ited a mean of 0.76 ± 0.87 during several months previous 
to the high flood, and reached a mean of 1.4 ± 0.9 dur-
ing the ENSO-triggered flood. The inundation left a lasting 
“memory effect”, because after the event, the  Na+/Cl− molar 
ratio in river water (Fig. 7b) reached a mean of 1.3 ± 0.3, 
which persisted for several months. It must be emphasized 
that, according to Möller (1990), the  Na+/Cl− molar ratio of 
continental rainfall fluctuates between 1.1 and 1.8 (i.e., not 
influenced by excess Na and Cl), although the molar  Na+/
Cl− ratio in bulk maritime rainwater is ~ 0.86.

Meybeck (2005) used the parameter  TZ+  [TZ+ (meq 
 L−1) = Na+ + K+ + 2Ca2+ + 2 Mg2+] to interpret river chemis-
try. Some samples analyzed in the Paraná during the 1982-83 
flood plot within the dilute field (0.375 < TZ+ < 0.750 meq 
 L−1), although most samples measured during the flood fall 
within the medium dilute field (0.750 < TZ+ < 1.500 meq 
 L−1), and only two samples plot in the medium mineral-
ized domain (1.500 < TZ+ < 3.000 meq  L−1). The samples 
determined before and after the ENSO flood are more con-
centrated to some extent, reaching the mineralized field 
(3.000 < TZ+ < 6.000 meq  L−1) at low flow (Fig. 8). In this 
instance, flood-induced dilution obviously explains low con-
centrations. Some medium mineralized waters were probably 
accounted for by the relative increase in the water volume 
supplied by the Paraguay River system (i.e., the upper Para-
guay plus its Andean tributaries). At any rate, Figs. 7 and 
8 are examples of the low correlation that prevails between 
river discharges and physicochemical variables, which is 

Fig. 6  Mixing diagram using 
Na-normalized Paraná River 
water molar ratios. The lines 
show ideal trends for diverse 
weathering products and resi-
dence times. Data were sepa-
rated into sets collected during 
the high flood, and preceding 
and following the event. Notice 
logarithmic axes. See text for 
explanation

6 The statistic  r2 is the proportion of the variance in the dependent 
variable that is predictable from the independent variable. 7 Mean ± standard deviation.

5 Additional chemical information collected during the SCOPE/
UNEP Carbon Project is included as supplementary material.
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another characteristic feature—besides pronounced dilu-
tion—of high floods in large rivers with vast flood plains.

Particulate matter transported in suspension (TSS) also 
shows ample variability, as dissolved phases do. Relatively 
low TSS concentrations are ubiquitous during the flood, 
reaching values that were common before the flooding 
event (Fig. 9a). The highest concentrations are reached in 
the ~ 17000–30000 m3  s−1 flow range, regardless the condi-
tions governing the discharge (i.e., before, during the flood, 
or afterwards). These concentrations are probably caused by 
the flushing out of the floodplain.

Particulate organic carbon (POC) is also very variable in 
all river stages (Fig. 9b), although this characteristic is par-
ticularly noticeable in the ~ 17000–30000 m3  s−1 discharge 
span, where organic matter sources may be terrestrial debris 
as well as phytoplankton. At high discharges (Q > 35000 m3 
 s−1) POC concentration remains < ~ 100 µM and POC/PN 
maintains the mixed sources signatures for the transported 
organic matter (Fig. 9b).

Probing further into the high-flood discharge vs. concen-
tration, it is important to explore the influence of WSS in 
governing the hydro chemical dynamics during exceptional 
flooding and the role played by the water exchange mecha-
nism with the floodplain.

WSS appear to show a discernible linkage with some 
biogeochemical variables in as much the former is associ-
ated with the draining of the floodplain. Dissolved inorganic 
carbon [DIC = (CO2 (aq)) + (H2CO3) + (HCO3−) + CO3

2−)]8 
is a relevant example. Figure 10 shows the clustering of DIC 
concentrations that prevailed preceding the flood (i.e., Pre-
ENSO), whereas higher concentrations are recorded dur-
ing the flood and after its occurrence, when the floodplain 
is drained due to higher WSS and decreasing water level. 
Increased heterotrophic respiration in the floodplain water 
bodies leads to increased DIC by supplying  CO2:

The well-known mechanism is further corroborated 
in Fig. 11. The level reached by the  CO2 partial pressure 
 (PCO2) in Paraná’s flood water supplied another angle to 
understand the flooding/draining process of the flood-
plain.  PCO2 is very high during the high flood and after 
its occurrence, when the floodplain is drained as a conse-
quence of increased WSS associated with decreasing water 
levels. Figure 11 also shows exceedingly high  PCO2 values 
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(~ 8000– ~ 16000 ppmv) 9 associated with above-the-mean 
discharges (i.e., > 17000 m3  s−1). The wide span of the vari-
ation leads to different scenarios: one when the river was in 
the rising limb (lower  PCO2), and another when discharge 
was in the downward limb of the hydrograph.

Accordingly, the dynamics of the flood determined a 
decrease in pH to below-neutral values when overbank dis-
charge reached ~ 20000  m3s−1 and flood water, mainly acidi-
fied by the high  PCO2 increase and other processes occur-
ring in the wetland, was flushed out from the flood valley 
(Fig. 12). As water level decreased and organic-rich ox-bows 
and ponds in the riparian environment became shallower, 
the oxidation of sulfur may have also contributed to lower 
the pH:

The dynamics of carbon and its sources in the Paraná 
River has shown, among other findings that dissolved 
organic carbon (DOC) and the inorganic fraction (DIC) were 
essentially uncorrelated with Paraná’s discharge during the 
1981–1984 period (i.e., 1982–1983 ENSO flood included) 
(Fig. 13): DOC showed high concentrations associated with 

HS−(aq) + 2 O2(g) → SO2−
4
(aq) + H+(aq)

Fig. 7  Variability of ionic strength (a) and  Na+/Cl− ratio (b) in the 
middle Paraná River. Points are divided into data collected preceding 
and following the high flood, and during the event. Mean discharge 
for the period was ~ 17000 m3  s−1

Fig. 8  TZ+ variability during the ENSO-triggered flood, and data col-
lected preceding and following the event. Notice the dilution effect 
during the high flood. Mean discharge for the period was ~ 17000 m3 
 s−1

Fig. 9  a Total suspended solids (TSS) variability in the middle Par-
aná River. Notice dilution at high flow. b POC and POC/PN (in TSS) 
in the middle Paraná River. Note the dominance of phytoplankton and 
terrestrial sources during high discharges. Data from Depetris and 
Kempe (1993)

9 ppmv = parts per million in volume.
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both, low and high discharges, whereas DIC exhibited a nar-
rower variability. In fact, the coefficient of variation (i.e., 
 cv = σ/μ) for DOC was ~ 0.87, and  cv ≈ 0.47 for DIC. Fur-
thermore, the DIC/DOC ratio was 0.4 ± 0.34 for the period 
preceding the flood, 1.14 ± 0.7 during the high flood, and 
1.68 ± 1.0 after the flood. These values further suggest that 
bacterial respiration is a significant part of DIC in the water 
drained from the riparian environment.

Table 2 shows contrasting dynamics for some important 
biogeochemical parameters during the pre-ENSO, ENSO, 
and post-ENSO (flood) periods. TDS,  TZ+, and DOC 
showed dilution throughout the flooding process, whereas 
DIC and  PCO2 exhibited an increasing concentration trend 
during the whole 1982–1983 flooding event. Clearly, the 

contribution of  PCO2 to DIC appeared as more important 
during the flood and in the following receding stage than in 
the preceding period.

Scientific literature shows that the silica cycle has sig-
nificant overlap with the carbon cycle (e.g., Berner et al. 
1983). In the riverine environment,  SiO2 is particularly sub-
jected to biological consumption (e.g., diatoms, radiolar-
ians) and to other physicochemical reactions, particularly 
while river water remains isolated in the lentic environment. 
The dynamic water exchange between floodplain and the 
river main channel during the Paraná’s flood of 1982–1983 
revealed, however, a discernible signal. Preceding de high 
flood, the geometric mean of  SiO2 concentrations (± stand-
ard deviation of normalized data) was 229 ± 1.3 μmol  L−1; 
during the ENSO-caused flood, the concentration increased 
to 265 ± 1.1 μmol  L−1, and during the receding stage it 
decreased to 178 ± 1.4 μmol  L−1. Since apparently there 
was no significant dilution after the high flood, the decrease 
observed during the declining stage can only be attributed 
to the dilution exerted by  SiO2-depleted flood plain water 
entering the main stem.10

Within the framework of the SCOPE-UNEP Carbon 
Project, a downriver biogeochemical probe was performed 
in July–August 1985, after the high flood of 1982–1983 
(Table 3). The attention was placed on the biogeochemistry 
of carbon (Depetris and Kempe 1993) even though other 
hydro chemical data was also collected. The downriver sur-
vey showed a generalized concentration increase—in the 
upper as well as in the middle Paraná River reaches—in 
most dissolved chemical elements, with some conspicu-
ous exceptions (e.g.,  PO4

3−) (Depetris and Pasquini 2007; 

Fig. 10  Relationship between WSS and DIC. Notice clustering of 
data points preceding and following the ENSO event

Fig. 11  Relationship between WSS and  PCO2in the middle Paraná 
River. Observe clustering of data points preceding the high flood and 
the very high  PCO2 values following the event, when the floodplain 
was being drained. Note logarithmic y-axis

Fig. 12  Scatter diagram of  PCO2 and pH in the middle Paraná River. 
Very high partial pressures and pH < 7.0 are associated with the 
draining of the floodplain

10 The differences among geometric means were statistically signifi-
cant..
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Pasquini and Depetris 2012). In general, these investigations 
showed the geochemical influence of the Paraguay River 
and its tributaries, not only in the dissolved and particulate 
inorganic load of the middle Paraná stretch but also in its 
carbon biogeochemistry (Depetris and Kempe 1993). More 
recent studies (Campodonico et al. 2015, 2016) also showed 
that physicochemical inhomogeneity is not only observed 
downriver but also crosswise. This transverse chemical 
asymmetry is mainly caused by the incomplete mixing of 
the Paraguay and Paraná rivers, which is perceived for over 
200 km downstream their meeting point (Campodonico et al. 
2015). The use of 222Rn also showed the likelihood of mod-
est groundwater contributions (Campodnico et al. 2015).

Figure 14 illustrates the influence of the Paraguay River 
on the Paraná’s middle section by means of  TZ+ parameter. 
It also shows the effect of the floodplain’s lotic and len-
tic environments on the river’s main stem. Table 3 shows 

how inorganic constituents can be concentrated by evapo-
transpiration, and how biogeochemical components can be 
altered while isolated in the riparian environment. Similarly, 
Bonetto et al. (1998), and Villar et al. (1998) have compared 
the hydrochemistry of the lower Paraná’s main stem and 
the adjacent swampy floodplain and have shown the bio-
geochemical changes—particularly concerning nutrients—
experimented in the riparian environment of the lowermost 
Paraná’s reach.

Long‑term variability of solute concentration 
in the Paraná River

As has been described, the concentration of dissolved and 
particulate phases in the middle Paraná River water is, in 
general, poorly correlated with discharge, partly due to the 
water exchange process (i.e., regulated by stage height) 
between the main channel and the riparian zone. Flood 
water—while in the floodplain—endures chemical (e.g., it 
may concentrate and precipitate mineral phases), biologi-
cal (e.g., biological production regulates dissolved gases), 
and physical (e.g., turbidity and color affect light penetra-
tion) changes while residing—for weeks or months—in the 
riparian environment. When the mass of water stored in the 
floodplain for a relatively long period of time re-enters the 

Fig. 13  Variability of DOC and 
DIC against discharge in the 
middle Paraná River, during 
the 1982–83 ENSO-triggered 
high flood. Note highly vari-
able DOC and more uniform 
DIC. DOC moderate-to-high 
concentrations (> 10 mg  L−1) 
are probably associated with 
riparian zone waters entering 
the main river stem

Table 2  Mean concentrations in the middle Paraná

River during the high flood (1982–1983 ENSO), and the preceding 
and following periods
Geometric means ± geometric SD

Pre-ENSO ENSO Post-ENSO

TDS (mg  L−1) 116.1 ± 1.8 60.4 ± 1.3 57.9 ± 1.2
TZ+ (µeq  L−1) 1899.4 ± 1.7 867.6 ± 1.4 811.6 ± 1.2
DIC (µM) 267.4 ± 1.7 459.1 ± 1.2 538.2 ± 2.0
DOC (µM) 884.3 ± 2.0 556.5 ± 2.2 422.7 ± 1.9
PCO2 (ppmv) 1268.2 ± 2.2 2166.7 ± 1.4 2745.4 ± 3.2
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main channel, it modifies the river water physicochemical 
signature.

The availability of a 10-year long, uninterrupted time 
series (Lenardón 1979), allowed to further explore aspects of 
the discharge-concentration relationship. A relevant example 
is depicted in Fig. 15, where mean  Cl− and TDS concentra-
tions are plotted against river discharge. Over the 10-year 
period, TDS exhibited a weak correlation with discharge 
(r = 0.16, p < 0.1) and, hence, a very low percentage of its 
variance is accounted for by the independent variable. On 
the other hand, the correlation of  Cl− (i.e., considered a con-
servative element) with discharge is higher than with TDS 
(r = 0.45, p < 0.001) and the independent variable (i.e., dis-
charge) accounts for ~ 20% of its variability. The relationship 
is not linear and deviates markedly—as all large rivers do—
from the ideal dilution model (i.e., twice the discharge leads 
to one-half the solute concentration). During the 1982–1983 
flood, most of the  Cl− concentration variance remains unac-
counted for, inasmuch river discharge “explains” only ~ 24% 
of its variability.

Figure 16 shows the monthly variation of discharge and 
alkalinity during the 10-year period (1965–1975) used to 
analyze the discharge—alkalinity relationship in the middle 
Paraná. A cursory inspection of the graph appears to show 
that the coherence between discharge and alkalinity is some-
what restricted to high water events (e.g., the strong El Niño-
triggered floods of 1966 and 1973). Other floods (or low-water 
periods), not necessarily connected with ENSO events, may or 
may not be correlated with alkalinity concentration. Although 
reduced during low river stages, the connections between the 
floodplain and the main stem remain almost permanently 
operative. High alkalinity concentrations are also discernible 
associated with some low-discharge periods (e.g., often con-
nected with La Niña events). During such phases, the relative 
importance of the Bermejo and Pilcomayo rivers as discharge 

suppliers to the middle Paraná increases, as also does carbon-
ate alkalinity.

Moreover, correlation between both, alkalinity and dis-
charge, is not significant (p >0.01). Correlations were low 
between discharge and other variables routinely used in water 
analysis, like, TDS—as seen above—turbidity (r = − 0.148, 
p < 0.05), and filtered water color (r = 0.471, p < 0.001) 
(Lenardón 1979).

Alkalinity and the factors affecting its concentration 
in the middle Paraná River

Properly defined, total alkalinity is “the equivalent sum of the 
bases that are titratable with a strong acid” (e.g., Stumm and 
Morgan 1996, Albarède 2009). In terms of molar concentra-
tions, total alkalinity  (AT) is equal to,

where m is the molar concentration. In most natural waters, 
only carbonate and bicarbonate ions are of significance, 
because, in comparison, the other ions exhibit very low con-
centrations. Accordingly, the previous equation shortens to:

Therefore, in most natural waters, total alkalinity is approxi-
mately equal to carbonate alkalinity (e.g., Drever 1997; Lang-
muir 1997). However, in large rivers with extensive floodplains 
(e.g., the Paraná River), where large water volumes may be 
stored for significant periods of time, a number of processes, 
which may modify alkalinity concentration may grow in 
importance and contribute to the modification of alkalinity 
concentration.

Given the lithology and climate dominating Paraná’s west-
ern upper catchments (i.e., the Bermejo and Pilcomayo rivers), 

AT = m

(

HCO−
3

)

+ 2m
(

CO2−
3

)

+ m(B(OH)4−) + m[H3(SiO)
4−]

+ m(HS−) + m(organic anions) + m(OH−) − m(H+),

AT ≈ m

(

HCO−

3

)

+ 2m
(

CO2−
3

)

Table 3  Paraná River downstream hydro chemical data

Light grey corresponds to flood plain’s lentic/lotic environments; darker grey corresponds to tributaries
a Depetris and Kempe (1993)
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it is likely that the prevailing reaction controlling  AT produc-
tion in the Andean headwaters might be the dissolution of car-
bonate rocks, which results in increased  AT:

Likewise, in the Brazilian and Paraguayan tropical head-
waters, rock weathering (i.e., hydrolysis of silicates) is surely 
important, in reactions like the weathering of plagioclase, 
which also increases  AT:

Upon completion, this well-known reaction produces 
kaolinite as the only solid product. Other reactions, such as 
nitrification and denitrification—among others—may con-
tribute to increase or decrease  AT in the Paraná’s main stem.

The 10-year long data time series (Lenardón 1979) 
was employed to approach the interpretation of the dis-
charge–alkalinity relationship in the middle Paraná River. 
To improve its understanding, the following graph (Fig. 17) 
was constructed with  AT geometric means and discharge 
(Q) values for an average year. (i.e., of the studied period, 
1965–1975).

A significant covariance between Q and  AT is observ-
able in Fig. 17 for the period January–July. Summer (aus-
tral) rains mobilize the products of mineral weathering in 
the drainage basin which are, most likely, the main factors 
increasing  AT. It is probable that during the first half of the 
year, average  AT is basically carbonate alkalinity, which 
distinctively covariates with mean monthly Q. At peak dis-
charge, it is noticeable a lag between both variables: mean 
Q leads mean  AT, reaching its maximum in March, whereas 
 AT attains its peak concentration in April. This lag between 
discharge and concentration of different chemical species in 

CaCO3(s) + CO2(g) + H2O (l) ↔ Ca2+(aq) + 2 HCO−

3
(aq)

2NaAlSi3O8(s) + 9H2O (l) + 2 H2CO3(aq) ↔ Al2Si2O5(OH)4(s)

+ 2 Na+(aq) + 4 Si(OH)4(aq) + 2 HCO−

3
(aq)

river water has been observed and studied for several dec-
ades (e.g., Godsey et al. 2009; Hunsaker and Johnson 2017).

During (austral) winter and early spring, both variables 
diverge markedly. As considered before, low water stage in 
the middle Paraná means that the abundant lotic and lentic 
water bodies in the Paraná’s floodplain undergo a draining 
process—activated by increasing WSS—and a very substan-
tial water volume is reintroduced into the main channel (i.e., 
likely over 10% of the river discharge).

During the time spent in the floodplain’s riparian sce-
nario, the stored water experienced several biogeochemi-
cal modifications and, therefore, the flashed out floodplain 
water bears a different signature, particularly through several 
reactions that affect alkalinity. For example, due to the con-
sumption of  H+,  AT increases through denitrification and by 
means of the assimilation of nitrate ions into photosynthesis:

Supporting this view, Villar et al. (1998) found, in lentic 
bodies of the lower reach of the Paraná River (i.e., down-
stream Rosario, 420 km upstream the mouth), a fast decrease 
in  NO3

− concentrations in lentic waters, suggesting large 
losses by denitrification. Likewise, Bonetto et al. (1998) 
found a N-NO3−concentration of 20 ± 8 µg  L−1in marshy 
environments, and 197 ± 18 µg  L−1in the main river channel.

Another mechanism likely to participate in  AT increase is 
the reduction of  SO4

2−, which may participate in relatively 
deep (i.e., anoxic) water bodies:

106 CO2(aq) + 16 NO−

3
(aq) + HPO2−

4
(aq) + 122 H2O (l)

+ 18 H+
↔ C106H263O110N16P (s) + 138 O2(g)

SO2−
4

+ 2 CH2O (s) + H+(aq) → 2 CO2(aq) + HS−(aq) + H2O(1)

Fig. 14  Variation of  TZ+ as a function of the downriver distance to 
the mouth. Notice the discontinuity imposed by the Paraguay River. 
The Paraguay River chemical signal is preserved in the western mar-
gin, whereas the Upper Paraná’s persists in the eastern one

Fig. 15  Variability of TDS and  Cl− concentration as a function of 
discharge. Data are a 10-year long time series (1965–1975) gathered 
in the middle Paraná River (600 km upstream the mouth).  Cl− shows 
a low correlation with discharge. In the nonlinear relationship, dis-
charge accounts for ~ 24% of  Cl− variability. Mean discharge for the 
1965–75 decade was ~ 14500  m3s−1. Note logarithmic axes
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Bonetto et al. (1998), in the comparison of lentic and lotic 
environments in the Paraná’s lower reach, found a signifi-
cant decrease in  SO4

2− concentration (5.4 ± 0.8 mg  L−1) in 
floodplain’s marshy environments as compared with the con-
centration recorded in the main river channel (8.4 ±1.0 mg 
 L−1). The  CO2 concentration increase observed in Fig. 11 
further endorses the likelihood of the occurrence of reduc-
tion reactions. It may partially explain the high  PCO2 levels 
reached during the post-flood draining of the riparian zone.

In September, austral spring restarts the assimilation of 
 NO3

− associated with the photosynthesis processes, causing 
 AT to increase due to  H+ consumption;  AT-rich waters due 
to the stimulated photosynthetic activity in riparian ponds 
and ox-bows (i.e., turbidity decreases in stagnant waters and 
primary productivity increases), re-enters the Paraná’s main 
stem. Additionally, reduced discharge frequently accompa-
nies increased concentrations of the nutrient pool. Villar 
et al. (1998) have shown that—in the Paraná’s lower reach—
concentrations of soluble reactive phosphorous were higher 
in the floodplain’s lotic bodies than in the main channel.

Nonetheless, the processes of photosynthesis and res-
piration are coupled by assimilation of  NO3−,  NH4

+, and 
 HPO4

2−. The assimilation of  NH4
+ during photosynthesis 

causes the production of protons, which directs to a decrease 
of  AT in the floodplain’s ponds and oxbows and, hence, in 
the water masses, introduced later into the main stem:

106 CO2(aq) + 16 NH+

4
(aq) + HPO2−

4
(aq) + 108 H2O (l)

↔ C106H263O110N16P (s) + 107 O2(g) + 14H+

In November–December, Q started a swelling rate and 
 AT also begun the austral summer incipient increasing trend, 
mobilizing the products of rock weathering (i.e., due to sum-
mer rains) and dissolution of carbonate rocks in the river’s 
upper catchments.

The mean hydrograph obtained for the 1965–1975 time 
period, and the average  AT computed for each month of the 
synthetic hydrological year, allowed to produce the scatter 
graph of Fig. 18. The graph shows that, in general,  AT tends 
to decrease with below-the-mean Q,11 whereas the trend 
becomes positive for above-the-mean discharges. It has been 
shown above that low discharges stimulate the draining of 
the floodplain’s lotic and lentic water bodies, where different 
biogeochemical processes define changes in the chemical 
composition of the temporarily stored water mass, which 
is reintroduced in the main channel during the decreasing 
stage. This is the reason why the mean  AT concentrations of 
August, September, and October are clustered in the decreas-
ing trend of Fig. 18. It seems plausible to assume that in the 
middle Paraná River, during the low-water months, flood-
plain-supplied  AT masks to a certain extent the  AT signal 
brought downstream from upper reaches.

Fig. 16  Variability of alkalinity and discharge in the middle Paraná 
River (600  km upstream the mouth). Red arrows correspond to EL 
Niño events and blue arrows to La Niña. The thickness of the arrows 

is proportional to the magnitude of each event. Mean discharge for 
the 1965–1975 decade was ~ 14500  m3s−1

11 The mean discharge in the middle Paraná River for 1965–1975 
was ~14500  m3 s−1. Discharges began to increase in the 1970s and, 
currently, mean annual discharge reaches ~17000 m3  s-1(e.g., Pas-
quini and Depetris 2007).
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Summarizing and concluding remarks

The Paraná River is among the largest fluvial systems in the 
Americas with tropical as well as Andean semiarid head-
waters. Most of its present course originated in the Late 
Cretaceous, in irregular synchrony with the opening of the 
Atlantic Ocean (Potter and Hamblin 2006). Its hydrology 
exhibits a working teleconnection with the occurrence of 
ENSO phenomena in the Pacific, which usually results, with 
average frequency of two to seven years, in high floods (El 
Niño) or atypical low discharges (La Niña) (e.g., Depetris 
et al. 1996). High floods affect, above all, the middle and 
lower Paraná, which is characterized by a vast floodplain. 
Yearly inundations impact in various ways on the riparian 
environment that blankets the flood valley, particularly from 
a biogeochemical point of view. Hydrological seasonality 
rules a dynamic water exchange between lentic environ-
ments prevailing in the flood valley, and lotic conditions of 
countless streams that carve the floodplain, and the main 
river stem.

The upper Paraná River supplies 65–75% of the mid-
dle stretch discharge, whereas the Paraguay—and mainly 
its Andean tributary, the Bermejo River—deliver a simi-
lar proportion of the total solid load. Therefore, the middle 
Paraná water has a chemical signal which is similar to the 
upper Paraná, while the geochemical signature of the sedi-
ment load conveys a dominant Andean mark. This charac-
teristic is shown by using 87Sr/86Sr and 143Nd/144Nd, which 

separates the provenance of water and sediment into differ-
ent sources. A Na-normalized mixing diagram shows that 
most water samples plot within the boundaries determined 
by the ideal dissolution lines of mixed minerals, suggesting 
as well, the occurrence of a varied residence time pattern in 
the rock-water interaction.

Data gathered during the 1982–1983 ENSO-triggered 
flood showed that among its main effects was TDS dilution, 
decreasing concentrations from ~ 225 to ~ 64 µS  cm−1 dur-
ing the peaking flood. Most conspicuous was the marked 
decrease in pH (~ 6.5), concurrent with an extraordinary 
increase of  PCO2 (~ 16000 ppmv), caused by flood water 
which had been stored in lentic water bodies for significant 
periods of time and flowed back into the main stream fol-
lowing the high stage. The Paraná River, like any river (e.g., 
Butman and Raymond 2011), but particularly those with vast 
flood valleys with abundant riparian vegetation, tends to be 
 CO2-supersaturated when compared with the atmosphere. 
The Parana is, therefore, a permanent source of atmospheric 
 CO2 but—as shown—its evasion was especially significant 
during the 1982–1983 extraordinary flood.

Water mostly remained in the medium dilute water-
type (Meybeck 2005) throughout the inundation period, 

Fig. 17  Variability of mean monthly discharge and mean monthly 
alkalinity in the middle Paraná River (600 km upstream the mouth) 
during the 1965–1975 decade [basic data from Lenardón (1979)]. 
Mean river discharge for the analyzed 10-year period was ~ 14500 

 m3s−1. Error bars (computed for alkalinity) are the standard error 
of the mean [i.e., (also called standard deviation of the mean), 
s−
x
= s∕n

1∕2 , where s is the sample standard deviation and n is the 
number of observations]
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dominated by alkalinity among the negatively charged com-
ponents. The correlation of discharge and solutes concen-
tration became blurred during the high flood, and  Cl− con-
centrations, which frequently exhibits significant coherence 
with discharge, is a good example of the above assertion. 
The interpretation of this image is that, in the middle Paraná 
River and during high floods -and after their occurrence-, 
concentrations are controlled by the dynamic water exchange 
between the main channel and the contiguous wetland.

In low-slope rivers with fully developed floodplains—like 
the Paraná—WSS is an important factor during flooding, 
because its fluctuations usually accompany the inundation 
and drainage of the floodplain during high flood events. The 
control of WSS is particularly evident with DIC and  PCO2, 
when high concentrations are reached at peaking flood, and 
during the descending stage, when flood water is drained 
from the vast wetland.

DOC shows high concentration during both, low and high 
water. These episodes of high concentrations (~ 20–35 ppm, 
or ~ 1.7–2.9 mM) alternate with somewhat extended periods 
of relatively constant low concentrations. These peak con-
centrations are interpreted as sporadic DOC contributions 
from the wetland. On the other hand, DIC remained rela-
tively constant throughout the flood and the preceding low-
water stage, leading to conclude that DOC was not mainly 
respired and converted into  CO2 by bacteria. Therefore, the 
already mentioned high  PCO2 originates, most likely, in the 
respiration of primary heterotrophs mainly consuming par-
ticulate organic debris (Depetris and Kempe 1993).

A long series (1965–1975) of continuous discharge and 
solute measurements performed in the middle Paraná River 
(Lenardón 1979) was used to develop a scheme to elucidate 
the role played by water level variability during floods and 

the concentration of alkalinity, which is a chemical variable 
that—in wetlands—plays an important role in the biogeo-
chemistry of carbon.

Several biogeochemical reactions occurring mostly in 
the Paraná’s lentic realm—fully developed in the riparian 
zone—appear to be significant factors in controlling the vari-
ability of  AT concentrations determined in the middle Paraná 
main stem or riparian lotic system. Photosynthesis/respira-
tion, nitrification/denitrification, and sulfide oxidation/sul-
fate reduction are mechanisms that, superimposed on the 
main processes supplying  AT in a fluvial system (i.e., rock 
weathering reactions) can increase or decrease  AT depend-
ing on the hydrological stage. Although the relative signifi-
cance of each mechanism remains unknown, this exercise 
should be seen as an approach to understand the association 
between the river’s fluctuating hydrological stage and the 
resulting biogeochemical processes.
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