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Abstract The chemical composition of water in the mid-low sections of the three
main rivers of Patagonia (Colorado, Negro and Chubut rivers) is an important proxy
for the understanding of the water cycle in the region. River water samplings were
done in summer and winter campaigns at Colorado (15 sites), Negro (18 sites)
and Chubut (17 sites). Hydrochemical variables: pH, conductivity, salinity, and ion
concentrations were measured. The data processing included regular hydrochemical
diagrams, multivariate statistical analysis and saturation indexes calculation. The
three rivers have two different sections: one inland section having the continental
hydrochemical fingerprint and an estuarine section, with a markedly seawater mixing
effect. Most water samples of the inland sites belong to the Mg?*—Ca?*—~HCO3 ~ type
in the Negro and Chubut rivers and to the Ca>*—~S0Q4>~ type in the Colorado River.
In contrast, the prevailing hydrochemical facies was the Na—Cl type at estuarine
sites. In general, rock weathering was the main hydrogeochemical process control-
ling chemistry composition of rivers, being the dissolution of gypsum, carbonate
and silicate minerals the primary contributors. The inland section has a different
composition for each river, which is related to differences in the rock-composition
at the sources and chemical reactions during downstream flow. The Colorado River
also showed the highest average values in salinity, conductivity and dissolved ions.
Basin geology and brackish discharges from Curacé River during the high rainfall
season contributed to explain the ionic concentration in Colorado River, in particular
the excess of calcium and sulfate.
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1 Introduction

Climatic change and human pressures increasingly stress the water resources world-
wide (WWAP 2019). The challenge is greater in semiarid and arid areas, not only
due to the predominant water scarcity but also to the increased vulnerability of their
aquatic ecosystems (Huang et al. 2017; Wu et al. 2013). In these regions, the supply
of easily accessible freshwater resources is found in dryland rivers, having their
headwaters in areas of higher elevation. These fluvial environments are heteroge-
neous and complex systems whose hydrological dynamic occur on a small spatial
and temporal scale (Davies et al. 2016). The chemical composition of surface waters
in dryland rivers is characterized by the strong interaction between factors such as
basin geology, hydroclimatic regimen, groundwater inputs, and biological activities
(Sheldon and Fellows 2010). At alocal scale, external factors such as soil erosion and
the discharge of domestic and agricultural sewage also strongly affect the chemical
balance of fluvial waters.

Hydrogeochemical studies are recognized as powerful tools to insight the
processes and interactions that determine the composition and evolution of river
systems (Hem et al. 1990; Hua et al. 2020; Jiang et al. 2020). The hydrochemical
composition of rivers is indicative of the predominating processes of the drainage area
and its linked environmental conditions are applied since the pioneer work of Gibbs
(1970). In a broad sense, such studies enable to analyze the water—sediment interac-
tions (ion exchange, dissolution—precipitation), to establish possible water mixtures
(seawater intrusion, contribution from different aquifers), and to define sources and
contamination processes (Carol and Kruse 2012; Li et al. 2019). Although hydro-
chemical studies have been effectively and widely applied to the assessment of surface
water quality around the world, their potential in management matters remains still
overlooked in Patagonia.

Compared with other continental landmass of the Southern Hemisphere, the
Patagonia steppe has characteristics that make it unique in the region. In geolog-
ical terms, this ancient basement is characterized by a varied lithology, structure and
age (Coronato et al. 2008). This vast territory is also crossed by several dryland rivers,
recording in the chemistry of its waters the effects on the environmental differences
in the regional gradient. Among the eight main fluvial systems, Colorado, Negro and
Chubut rivers account for about 78% of the drainage basin of Argentine Patagonia
(Pasquini and Depetris 2007). These rivers support most of the economic, social
and cultural activities of the region since they are the only available and stable water
source for the surrounding communities. However, the rivers are currently threatened
by moderate to intense human impacts because unsustainable agricultural practices,
oil extraction and transportation, the expansion of urban areas, salinization of soils,
use of agrochemicals and sewage effluents insufficiently treated of domestic and
industrial activities (Abrameto et al. 2017; Brunet et al. 2005; Isla et al. 2015).

Up to now the hydrochemical studies of Patagonia rivers are either scarce or based
only in a few samples, so further investigations are required (Brunet et al. 2005;
Depetris 1980; Depetris et al. 2005; Gaiero et al. 2003). As the Colorado, Negro and
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Chubut rivers flow through a large semiarid to arid region, these fluvial systems are
strategically crucial to support both, biodiversity conservation and sustainable use of
water resource from northern Patagonia. Hence, it is essential to have a comprehen-
sive and extensive analysis of the hydrochemistry processes that take place in this
arid region in order to develop suitable and efficient management strategies of their
water resources.

In this context, a hydrochemical survey performed at several sampling points in
the mid-low sections of the Colorado, Negro and Chubut rivers during summer and
winter seasons is presented. The specific research questions intended to be addressed
by the current study include: (i) What are the general hydrochemical characteristics
of rivers? (ii) Are there spatial and temporal variations in the chemical composition
among rivers? (iii) What are the main dominant processes controlling the hydrogeo-
chemistry on a local scale? The main goal is to characterize the water composition
and to analyze environmental factors that constrain the evolution of each river water
composition.

2 Regional Setting and Previous Studies

Patagonia is the southernmost portion of Argentina (Fig. 1) representing about a third
part of the country’s territory. In this vast and diverse region, the Andes Cordillera
plays an essential role in controlling the climate (Coronato et al. 2008). The moist
air coming from the Pacific Ocean is lifted as it moves over the mountain range,
producing heavy rainfalls on the western side. When the westerlies winds reach
the eastern side of Patagonia, they become warmer and drier and the precipitation
decreases abruptly (Paruelo et al. 2007). This strong west-east rainfall gradient creates
two climatic and phytogeographic units: Andean Patagonia to the west and extra-
Andean plateau drylands extending eastwards. A wet-temperate forest characterizes
the first (about 700 mm year~'), while a dry to semiarid climate (200 mm year~!
or less) prevails over the plateau. This last region is a large and heterogeneous envi-
ronment that represents more than 60% of Patagonia region (Coronato et al. 2017;
Depetris et al. 2005).

In addition to its aridity, the plateau drylands show a winter-summer thermal
amplitude ranging from 5 to 16 °C, a highly evaporative condition and the intensity
and persistence of the westerly winds exert a strong influence on the erosive processes
that affect the extra-Andean region (Garreaud et al. 2013; Mazzoni and Vazquez
2009).

The geology of the Patagonia plateau (Fig. 2) exhibits a diverse lithology usually
dominated by basalts, andesites, rhyolites and the well-known occurrence of pebbles
or rodados patagonicos i.e. rounded rock fragments generated by erosion during
water transport (Gaitan et al. 2020; Zambrano and Urien 1970). Tectonic, volcanism
and past glaciations shaped diverse landforms, including elevated tablelands, hilly
ranges, terraced levels, dune fields and fluvioglacial valleys that descend in elevation
from the Andean sector towards the Atlantic coast (Herndndez et al. 2008).
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Fig. 1 Map of north Patagonia showing the location of sampling sites at the Colorado, Negro and
Chubut rivers

The Colorado, Negro and Chubut rivers cross the northern Patagonia through
wide fluvial valleys characterized by high cliffs. These watercourses originate on
the eastern slope of the Andes and flow in a NW-SE direction until they reach the
South Atlantic Ocean. As these rivers run through the arid tableland eastward, they
gradually acquire allochthonous conditions and become more meandering, allowing
the development of highly diverse riparian zones which are dynamic on a spatial and
temporal scale (Paruelo et al. 2007).

While the Negro and Chubut rivers show a pluvio-nival regime due to the rainfall
and snowfall contributions at the headwaters, the Colorado River is fed mostly by
snowmelt (Coronato et al. 2008). It should be noted that the Atlantic Ocean exerts
a moderate effect in temperature and precipitation in some areas of northeastern
Patagonia (Gaitan et al. 2020).

The Negro River starts from the confluence of the Limay and Neuquén rivers
at 635 km from the coast. This river displays a mean annual discharge of 900
m? s7! (1951-2012), the greatest flow of Patagonia. Discharges of the Colorado
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Fig. 2 Geological map of the study area

and Chubut rivers are about 155 m? s~! (1940-2016) and 48 m? s~! (1943-2016),
respectively. At the Colorado River, the increase in discharge takes place at the end
of the southern winter (due to snowmelt), reaching its highest values in spring and
gradually decreasing towards the end of summer (Fig. 3). Meanwhile, the Negro and
Chubut rivers show two peaks of flood discharges: one during the autumn and winter
rainfalls and another one in spring due to snowmelt in the Andes (Pasquini et al.
2005; Romero and Gonzalez 2016).

Climatic factors and the construction of several dams in the middle basins,
have caused a downward trend of discharges at these rivers (Barros et al. 2015).
Dams provide hydroelectric generation, land irrigation and water supply for human
consumption at a provincial and national scale.

3 Materials and Methods

3.1 Sample Collection and Chemical Analysis

Fifty sampling sites were selected at the lower and middle basins from Colorado
(15), Negro (18) and Chubut (17) rivers, covering a broad environmental gradient
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Fig. 3 Hydrographs showing the average discharges and precipitation of the north Patagonian
rivers. Database of Colorado and Chubut rivers was taken from the National Water Information
System of Argentina. Hydrological information of Negro River was modified from Romero and
Gonzalez (2016)

and fluvial morphology (Fig. 1). In addition, these sampling sites also were selected
on the basis of some land-use activities characterizing each rivers section: intensive
irrigation agriculture, livestock farms, mining and urban areas. In each site, physical
and chemical variables of surface water were measured twice (during summer and
winter) between the 2014 and 2015. It was not possible to measure in field and collect
samples during austral winter in sites close to the outlet (RC1, RC2, RC3 and RC4)
of the Colorado River, because diversion towards the main channel of the river, to
prevent flooding, caused the complete dry up of the northern branch of the delta.

A Horiba U-10 water quality analyser was used to measure in situ pH, salinity
(%o0), conductivity (LS cm™'), and water temperature (°C). Major ions (HCO;™,
Cl-, SO,72, NO3~, Na*, K*, Ca?* and Mg?*), and additional chemical variables
as total hardness and silica (SiO,) were analysed in the laboratory according to
standardized methods (APHA 1998) including the corresponding detection limits
(DL): chloride following Mhor method (DL 0.1 mg L"), sulfate by turbidimetry
(DL 1 mg L"), calcium (DL 0.5 mg L™') and magnesium (DL 1 mg L~') by
complexometric titrations with EDTA, sodium (DL 0.2 mg L") and potassium (DL
0.1 mg L") by flame spectrometry, bicarbonate (DL 0.5 mg L~") by potentiometric
titrations, total silica by means of silico-molybdate method (DL 0.2 mg L~') and
nitrate by a spectrophotometer Hach DREL 2800 method (DL 0.5 mg L™").

Water samples were collected in polypropylene bottles and kept refrigerated until
the laboratory analysis. For nitrate analysis, water samples were preserved by acidi-
fication with HCI at pH < 2. Electroneutrality balances were done in order to check
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the quality of the results, and in all the cases the error was below 10%, being below
5% in about 90% of the samples.

3.2 Preprocessing Data and Numerical Methods

The seasonal variation (winter—summer) of the physical and chemical variables was
explored using beanplot analysis (Kampstra 2015). This graphical technique is an
alternative way to compare univariate data into each river and among rivers. Further-
more, Kruskal-Wallis test followed up by Dunn’s test were applied to identify signif-
icant differences among rivers. Principal Component Analysis (PCA) based on a
correlation matrix was undertaken to reduce dimensionality of the whole dataset
and identify meaningful variables that influence the chemical signature of surface
waters in rivers. Prior to this analysis, environmental data (except for the pH) were
log-transformed (log + 1) due to their skewed distribution. In order to eliminate the
effect of tides both, the descriptive and ordination analyses, were conducted with the
complete data set (50 sites) and without the estuarine sites (38 sites).

Major ion composition was analysed from typical diagrams such as the Gibbs
diagram (Gibbs 1970) and Piper-Hill diagrams (Piper 1944). Ionic ratios of major
elements were used to analyse the relative concentration of the different ions and their
interaction, as well as to determine the types of hydro-geochemical processes control-
ling the chemical composition of rivers. Moreover, the chemical processes explaining
the hydrochemical evolution were treated with the support of the PHREEQC code
(Parkhurst and Appelo 1999). All descriptive and ordination analyses were performed
with the statistical software R version 3.2.2 (R Development Core Team 2015),
using additional packages such as “vegan” version 2.3-0 (Oksanen et al. 2015), and
“beanplot” version 1.2 (Kampstra 2015).

4 Results

4.1 General and Seasonal Variability

Statistical analysis results of physical and chemical variables measured in the study
area are presented in Tables 1, 2 and 3. Although only one sampling is not enough to
characterize the seasonal behavior of a river, the availability of many sampling sites
allows performing a comparison on the distribution of values comparing summer
against winter campaigns.

The hydrochemical analyses provided a clear distinction among the middle basin
sites and those located at the estuarine sites of the rivers (Fig. 4). Surface water
temperature exhibited the same seasonal pattern in the three rivers. Although this
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Table 3 Results of the Kruskal-Wallis test and the Dunn’s multiple comparisons test among rivers
in relation to the physical and chemical variables measured in the inland sites

Kruskal-Wallis Test Dunn’s Test

H pvalue |CH-RC |CH-RN |RC-RN
pH 275 sk sfeskosk skekk ns
Conductivity (mS cm™!) | 46.1 Hokk Hokk Hok Hokk
Temperature (°C) 7.7 * * wE ns
Salinity (%o) 60 ok Hokk ns ok
Hardness (mg L™1) 46 ok *kx ns Hek
Si0; (mg L) 17.9 otk * * ns
HCO;~ (mgL~1) 29.5 ok ok ns ook
Cl~ (mgL™1) 40.5 ok Hokok ns Hokk
5042— (mg L—l) 47 skokk sk ns skokk
NO3™ (mg L h 5.6 ns ns * ns
Ca® (mgL™h) 46.3 sk stk ns sk
Mg2+ (mg L—l) 24.9 sksk ok ns skkok
Nat (mg L™1) 44.4 ook Hokk ns Hokske
K* (mg Lfl) 313 okt skt ns kot

CH Chubut river, RC Colorado river, RN Negro River

ns non-significant, p, significance level: * p < 0.05; ** p

Temperature

pH Sallinity (%)

< 0.01; *** p <0.001
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Fig. 4 Beanplots of physical and hydrochemical variables measured in the Colorado, Negro and
Chubut rivers. The dotted line is the overall mean for each variable, while the solid line indicates
the mean value in each season
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variable showed similar values in the three rivers during winter, the mean tempera-
ture of the Chubut River during summer was statistically lower compared to those
recorded in the other rivers. Salinity, conductivity, total hardness and the water ionic
concentration increase as rivers flow towards the outlet. According to the pH values,
the surface water of rivers ranged from slightly basic to basic with an average value
of about 8.6. The Chubut River had the highest average pH value (9.1 £0.4) (p =1
x 107%), whereas the Colorado and Negro rivers showed similar average pH values
(8.3 £ 0.5). However, the Negro River exhibited a significant seasonal difference in
pH values (p > 0.05), with an average of 8.6 in summer and 7.8 in winter. In both
seasons, this river also showed the highest pH values in the outlet sampling sites
(RN1, RN2 and RN3).

The analysis excluding the samples belonging to the estuarine zone of the rivers
allows a better observation of the seasonality in the variable’s behavior (Fig. 5). The
Colorado River showed the highest values of salinity, conductivity, total hardness
and major ionic content. These variables also had a significant seasonal behavior in
this river with higher concentrations in winter than in summer (p = 0.04). According
to the hardness scheme (Durfor and Becker 1964), the Negro and Chubut rivers were
categorized as hard waters (average total hardness of 180.8 mg L~! and 164.9mgL~!,
respectively), while the Colorado River was considered as very hard water (average
total hardness of 576.1 mg L~!). Comparatively, the Negro River had the lowest
average concentrations of bicarbonate irrespective of the season (123.3 mg L™! in
summer and 97.2 mg L~! in winter). In Colorado and Negro rivers the concentrations
of this variable increased in summer and decreased in winter, but this seasonal trend
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Fig. 5 Beanplots of physical and hydrochemical variables measured in inland areas (without estu-
arine sites). Asterisk (¥) denotes the river that shows significant differences (¢ = 0.05) based on
Kruskal-Wallis and Dunn post hoc statistical tests



166 C. Vélez-Agudelo et al.

was only significant in the Colorado River (p = 0.03). Such seasonal pattern in the
bicarbonate concentrations of the Colorado River was shown as inversely related to
the behavior of major dissolved ions in the same river.

Nitrate concentrations varied from 0.3 mg L' to 8.5 mg L~! in the Colorado
River, from 0.3 mg L~! to 14.1 mg L™! in the Negro River and from 0.1 mg L~!
to 12.2 mg L' in the Chubut River. As for this variable, the statistical analyses
did not show significant differences among rivers (p = 0.06). Although an apparent
seasonal pattern in nitrate content in the three rivers occurs, with high mean values
in winter and low concentrations in summer, the Kruskal-Wallis test indicated that
these seasonal variations of nitrate were significant only in the Negro River (p =
0.02). Finally, the Chubut River showed high silica content with average values of
14.9 mg L=! and 12.1 mg L™! in winter and summer, respectively. Meanwhile, the
Colorado and Negro rivers showed a slightly seasonal trend for this variable, with
high values in summer and low values in winter.

The first two components of the PCA ordination explained 64.9% and 70.8% of
the total variation in the summer and winter complete data, respectively (Fig. 6a,
b). In both cases, the first axis explains the greatest amount of variation describing

Summer Data Winter Data
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PC2 (18.9% explained var.)
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PC1 (58.3% explained var.)

@ Chubut @ Colorado ® Negro

Fig. 6 Principal component analysis of physical and chemical data (summer and winter) with all
sampling sites and without outlet sites
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an ionic gradient that is highly correlated with conductivity, salinity, hardness, CI~,
S04%~, Na*, Ca?*, Mg?* and K*.

Considering only the freshwater sites of the three rivers (without the outlet
sampling sites), the PCA showed that the first two axes capture up to 69.8% and
71.5% of the total variance in summer and winter data, respectively (Figs. 6c, d).
However, seasonal differences regarding the ordination of data occurs as it can be
observed from the figures. In summer data (Fig. 6¢), the first axis was highly corre-
lated with conductivity, salinity, total hardness, HCO;~, CI~, SO4>~, Na*, Ca®*,
Mg?* and K*. Sites from the Colorado River showed a strong linear relationship
with this component.

The second component was mainly associated with pH and SiO, as well as with
the sampling sites of the Negro and Chubut rivers. Except for HCO;~, the first
component of the winter data (Fig. 6d) was also related to conductivity, salinity, total
hardness and major ions. Likewise, this ionic gradient was also associated with the
sampling sites of the Colorado River. The second axis was mainly associated with pH,
Si0;,,NO3;~ and HCO; ™. Sites from the Chubut River were positively correlated with
pH, SiO, and HCO3~, while the group of the Negro River sites exhibited moderate
and direct correlation with NO3; ™.

4.2 Rivers Hydrogeochemistry

The samples taken in the Colorado, Negro and Chubut rivers have been plotted in
Gibbs’ diagrams (Fig. 7) (Gibbs 1970) in order to identify dominating processes in
the determination of the composition of surface waters.

In Fig. 7 it is possible to observe that no water samples plot in the area assigned
to precipitation dominance. Most of the samples are in the zone of water—rock inter-
action domain and displacing along a line parallel to the x axis, out of the fields
described by Gibbs (1970). Samples from the Colorado River are disposed along to
the zone indicated as corresponding to evaporation processes. Other samples from
the three rivers are also towards the extreme of the evaporation zone, but they are
those corresponding to the rivers' estuaries, being the result of seawater mixing.

The major ion composition of the three rivers was represented in two Piper
diagrams, separating winter and summer samplings (Fig. 8). The Chubut River water
is of the Mg?*—Ca?*~HCO;~ type, evolving towards Na—Cl waters. The Colorado
River belongs to the Ca**~S04>~ hydrochemical facies (Back 1960) with a Na—
C1-SO42~ member, close to seawater composition. The Negro River is mostly of
the Mg?*—Ca?*~HCO; " type in summer, and divided into Mg?*—Ca?*~HCO;~ and
Mg?*—Ca?*~S0,>~ types in winter, with a Na—CI extreme member. In all the cases,
the Na—Cl members correspond to the samples closer to the rivers' outlets to the
Atlantic Ocean.

Cross sections representing the dissolved ion contents from the outlets towards
inland show a strong increase of the anions Cl~ and S0, 2 (Fig. 9a) and all the
cations, but mostly Na* (Fig. 9b). At the continental area the contents of the different
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Fig.7 Gibbs diagram showing major processes controlling surface water chemistry in the
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ions are quite homogeneous, with an observable SO, 2, Cl~, Na* and Ca*? increase
in the Colorado River, downstream point RC13.

The Piper diagram (Fig. 8), and the distribution of ion concentrations along the
course, allows to differentiate a typical river section and an estuarine section for
each river. The estuarine section can be defined by the point where the chloride and
sodium contents increase several times compared to the previous site, resulting in
Na—Cl1 water types.

The quite homogeneous composition of river waters upstream the estuarine zones
(Figs. 8 and 9) indicates few changes regarding the water entering from the source
areas. It is strengthened by the absence of significant tributaries in the considered
river sections, with the exception of the occasional discharge of the Curacé River in
the Colorado River. The hydrochemical fingerprint of each river shown in the Piper
diagrams can be related to the rock source interaction through ionic ratios, their
graphical representation and the equilibria against dominating minerals.
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Fig. 8 Piper diagrams for summer a and winter b sampling periods

In order to have a first approximation of the rock source for the dissolved ions,
HCO37/Si0; ratios can be used as indicative of the main source of dissolved carbon
species. If the mentioned ratio is >10 carbonate weathering is the assumed source,
while if the ratio is < 5 it is considered to be a consequence of silicate weathering.
All the samples explain their HCO3~ sources by carbonate weathering, with the
exception of samples RC0S5, RCH17 with rations assigned to silicate weathering.

Saturation indexes (SI) calculated using PHRREQC (Parkhurst and Appelo 1999)
showed that 50% of the samples have a Sl between —0.5 and 0.5, which is
considered the equilibrium fringe. About 25% of the samples are subsatutared in
calcite, being mostly samples of the Negro River, and the other 25% is supersaturated,
mostly in a low degree (IS < 1). High supersaturation (values up to 10) is observed
in samples belonging to the estuary of the Chubut River.

ISdotomite Shows equilibrium for 25% of the samples, and a similar proportion
of sub-saturated samples. Dolomite supersaturated is observed in about 50% of the
samples. ISypsum indicates subsaturation in all cases.

The Na*/Cl~ ratio is often used to identify processes involving saline intrusions in
arid and semiarid regions (Yang et al. 2016). In general, if the Na*/C1~ relationship
is about 1 it is assumed that sodium comes mostly from halite dissolution. Figure 10a
shows that almost all water samples belonging to inland sites in the studied Patagonia
rivers not only showed a low Na*/Cl~ ratio but also were plotted along the line 1:1.
This means that, regardless of the season, the dissolution of halite is the main source
of Na* in the freshwater sites of rivers. Moreover, samples at the estuarine sections
are represented above this line, corresponding to a Na*/Cl~ value of 0.86, typical of
seawater.

The dissolution of carbonates (calcite and dolomite) and sulphate (gypsum)
minerals are the dominant hydrogeochemical processes occurring in surface waters
of rivers if the ratio Ca®*+Mg?* against HCO3;~+S0,4>~ is close to 1 (Li et al. 2016).
As it can be seen from Fig. 10b, most water samples of the Negro and Chubut rivers
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showed low ratios and fall close to the line. Meanwhile, samples of the Colorado
River were plotted above or below the 1:1 line. These trends suggest that the weath-
ering of carbonate, silica and sulphate rocks is the main controlling factor of the
chemical composition of Patagonia rivers. Dedolomitazion processes of the rodados
patagonicos, which cover most of the surface of these basins, were identified in
previous studies (Baumann et al. 2019).

Similarly, there is a linear relationship between Ca?* and SO4>~ when the disso-
lution of gypsum is the main source of these ions. However, water samples should
be plotted along the 1:1 line if Ca>* and SO4>~ originate from the dissolution of
gypsum. Figure 10c shows that most inland water samples of the Negro and Chubut



Hydrochemical Characteristics of Mid-Low Sections ... 171

b

.

a RN1EZ

{meq L")

(‘c,. 20
ol :
a
(_o___ 10
0 0
50
20 £
: a
P g
40 0.0 25 50 7.5
Ca™ (meqL”) Ca"+Mg ' (meq L")
Colorado Negro Chubut
W Summes O wnter A Summes £ Winter @ Summer O Winder

Fig. 10 Major ion ratios

rivers fall on the lower limit of the line, but the ionic ratio do not show a linear rela-
tionship, indicating that the dissolution of gypsum is not the main source of SO4>~
in these rivers. Meanwhile, the water samples of the Colorado River deviate from
the expected 1:1 line, displaying an excess of SO42~ over Ca*.

When the dissolution of dolomite and calcite controls the concentration of Ca*,
Mg?* and HCO3~, water samples should plot between the 1:1 line of the diagram.
Figure 9d showed that most samples of the Negro and Chubut rivers were cluster
below the 1:1 line, displaying a slightly excess of Ca** and Mg?*. This fit of the
HCO;~ against Ca** + Mg?* contents to the 1:1 line likely can result from the
mentioned dolomite dissolution, which is a typical consequence of the previously
mentioned dedolomitazion process (Baumann et al. 2019), taking place at those
basins. On the other hand, most water samples of the Colorado River were plotted
to the right of the 1:1 line indicating an excess of Ca’* and Mg>* over HCO3~
(Fig. 10d). This suggests that the dissolution of gypsum or silicates (anorthite and
calcium montmorillonite), besides dolomite, may be the main sources of Ca®* and
Mg?* in the Colorado River.

The minimum, maximum and average values of calcite saturation indexes for each
river are shown in Table 4. Clear differences are observed between Negro River, on
a side, and Colorado and Chubut rivers on the other side, which are expressing the
differences in the main constraints for each water chemistry. Despite in average the
three rivers are in the range of +0.5 Sl.ycite, Which can be indicating equilibrium
dominating conditions, the negative average value for the Negro River is the result
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Table 4 Calcite saturation indexes minimum, maximum and average values for each river,

calculated with PHREEQC software (Parkhurst and Appelo 1999)

River Minimun Maximin Average
Colorado —0.161 1.070 0.529
Negro —0.978 0.817 —0.549
Chubut —0.083 1.240 0.385

of waters that are always subsaturated in calcite, with the only exception of the site
RNO1 which is affected by seawater in the river outlet.

Samples of the other two rivers are dominated by slightly supersaturated values.
It can be a consequence of the analytical error, 0.5 of uncertainty in pH measurement
implies 0.5 units of Sl ,cie (Appelo and Postma 1993). However, the dominance of
low positive values should be interpreted as indicative of an overlapping of processes
with different reaction kinetics, capable of producing the observed values. Typically,
the gypsum dissolution increases the Ca*? contents and leads calcite to precipitate,
but this precipitation is kinetically slower that the gypsum dissolution (Appelo and
Postma 1993).

5 Discussion

The physical and chemical variables measured in this study show clear differences in
the Colorado, Negro and Chubut rivers, reflecting contrasting environmental condi-
tions and external pressures across their watersheds. Of main river fluvial systems
that flows through the plateau steppe, the Colorado River has the highest conduc-
tivity due to the geological features of its basin and the sporadic inputs of brackish
water from the Curacé River, which in turn has connections with ENSO events
(Gaiero et al. 2003; Isla and Toldo 2013). During periods of either high precipitation
or snowmelt runoff from the Andean Mountains, the salinized waters accumulated
in a variety of inland saline wetlands of the Curacé River are discharged into the
Colorado River. This behavior also explains the Ca**-SO4% dominating water type,
because the headwaters of the river are located at the Andes at southern Mendoza
province, where the Auquilco Formation is outcropping (Nullo et al. 2005; Weaver
1931). These marine sequences belong to the Lotena Group in the Neuquén Basin,
and lithologically they are evaporites composed mainly by thick banks of gypsum
and anhydrite, stratified, sometimes laminated or nodular (Narciso et al. 2004). In
addition, the upper and middle valley of the river is characterized by Holocene lacus-
trine deposits containing evaporite minerals rich in sulfate sodium (Folguera et al.
2015). The erosion of these materials mostly by the wind effect can also play a pivotal
role on the supply of sulfate to the river, explaining the sulfate excess over calcium
(Fig. 7c) in waters of the Colorado River. On the other hand, the inter-annual hydro-
logical dynamics clearly explain the seasonal variability of conductivity, salinity, total
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hardness, and dissolved ions in the Colorado River. Ionic concentration decreases in
summer when the highest flows occur, and increases in winter due to the decrease in
the river flow. Recently, some studies indicate a significant decrease in the flow of
the Colorado River since 2010, leading to a critical increase in the concentration of
dissolved ions in the river (COIRCO 2017). These recent changes in the water quality
affect the functioning of the river aquatic ecosystem, and have a strong impact on the
productive, economic and social development of the region (Lurman et al. 2007).

Due to the recorded pH ranges, it can be stated that bicarbonate is the carbon
species dominating the dissolved inorganic carbon in the rivers. Lithology, river
discharge, temperature fluctuation, and biogeochemical processes play a pivotal role
controlling the spatial and temporal trends of inorganic carbon content in most natural
waters (Cai et al. 2008). A study conducted by Brunet et al. (2005) shows that the
Colorado, Negro and Chubut rivers show the highest values of inorganic carbon
compared with other Patagonia rivers. They argue that the occurrence of lakes and
dams in the upper and middle basins seem to enhance the exchanges between river
waters and atmospheric CO,. In the same way, the low concentrations of bicarbonate
recorded in the Negro River are likely linked with its high discharge, which is about
ten and twenty times greater than that of the Colorado and Chubut rivers, respectively.
This trend is consistent with previous studies indicating that the inverse correlation
between the inorganic carbon content and river discharge is due to a simple dilution
effect controlled by the precipitation and evaporation balance in the drainage basin
(Cai et al. 2016; He and Xu 2018).

Negro and Chubut rivers are both of the Mg?*—Ca?*~HCOj3" water type, but the
HCO5/Si0; ratio indicates some differences in the composition origin. The points
located upstream of the Chubut River have a ratio >10, indicating that the water
source is the weathering of silicates, basaltic and andesitic rocks at the headwaters.
On the other hand, the composition of the Negro River probably has the same rock
source composition, but the dams located upstream of the study section favor the silica
precipitation lowering the HCO53/Si0, ratio. In both rivers, water is equilibrated with
calcite along the courses, being the reaction controlling the dissolved ion contents.
The Slcycie values in Table 4 reflect the importance of the higher discharge of the
Negro River, diluting the solution and sustaining the slightly undersaturated condi-
tions. The lower discharge of the Chubut River put the Slyie values in equilibrium
values, according to the chemical reactivity of the rodados patagénicos (Baumann
et al. 2019). On the other hand, Colorado River SI i is mostly supersaturated due
to the mentioned discharge of Ca*? from gypsum dissolution and the slower kinetic
of calcite precipitation.

It is worth mentioning that the Colorado and Negro rivers show a noticeable
seasonal variation in the bicarbonate concentration, with average values higher in
summer, when the river flows are also higher, than in winter. This fluctuation might
be partially explained by the annual thermal regime rather than due to variations in
river flows. Biological respiration and decomposition processes of aquatic organisms
tend to be higher as the water warms up in summer months, which increases the
bicarbonate levels in the water (Cole 2013). Moreover, high salinity in the Colorado
River during winter involves the increase of Ca*?. As a consequence of the Ca*?
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increase the ionic activity product of Ca*> and HCO;~ equals the calcite equilibrium
constant, resulting in calcite precipitation which controls the dissolved total inorganic
carbon. In the Chubut River this temporal pattern in the bicarbonate concentrations
is not clearly observed.

The concentration of nitrates in the analysed rivers indicates anthropogenic inputs
and nutrient-enrichment in some extent, but for now the nitrate values are less than
13 mg L~!, which is the maximum level allowed for protection and development
of aquatic biological communities (CWQG 2012). The analysis seems to reveal that
the Negro River has a moderate relationship with the nitrate content, particularly
in winter when the river discharge is the lowest. It should be highlighted that the
Negro River basin is the most extended hydrographic system of Patagonia, and is
considered one of the most important agricultural and processing areas of Argentina.
As a consequence, this river receives a large amount of sediments and agrochemicals
such as fertilizers and pesticides (Isla et al. 2010; Miglioranza et al. 2013). In fact,
some studies already indicate a strong trend of nitrate increasing towards the Lower
Valley of the Negro River which are caused mainly by industrial inputs, sewage
treatment plants discharge and agrochemicals runoff from Guardia Mitre, Zanjon
Oyuela, Viedma and Carmen de Patagones (Abrameto et al. 2017). These results
provide critical information indicating the need to develop a holistic and integrated
approach in order to improve the monitoring programs in the river since nitrate
pollution is one the major threats in arid/semiarid aquatic ecosystems worldwide
(Cook et al. 2010).

6 Conclusions

The hydrochemical characteristics of the northern Patagonia rivers are a conse-
quence of the weathering of silicate volcanic rocks located at the headwaters in the
Andes, but strongly modified and conditioned by processes taking place during runoff
in the extra-Andean zone. HCO3;7/SiO; indexes indicate how the main processes
move from silicate dissolution to carbonates equilibrium downflow and the impor-
tant control of hydrological features in the different composition of rivers. Being
carbonates equilibrium a dominant constraint, due to widespread distribution of the
carbonatic cement of the rodados patagonicos, calcite saturation index variations are
indicators of the other processes explaining variations among rivers. Moreover, the
effect of seawater mixing is the main hydrochemical constraint at estuarine outlet
sections. Discharge of the Negro River is several times higher than the others, and
the dilution effect leads to unsaturated values and a Mg?*—Ca?*~HCO5~ water type.
In the case of the Chubut River, the water type is the same, but the lower discharge
allows to sustain the calcite equilibrium along the studied section. On the other side,
the Colorado River waters are of the Ca>*~S0,4>~ type due to contributions of gypsum
dissolution in the Upper Basin and by irregular brackish discharges from the Curac6
River. This discharge of high Ca?* contents, and the differences into reactions kinetic,
results in slight carbonate supersaturation. Then, the effect of amount of discharge
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and specific contributors establish the main hydrochemical differences at the inland
area. Close to the outlet, estuarine behavior has been observed at the three rivers,
and the chemical composition becomes of the Na—Cl type, and CI" contents indicate
a seawater mixing proportion of about 25%. Significant seasonal differences were
only observed with higher values in summer in the case of the pH of the Negro River,
salinity in the Colorado River, C1~ in Negro and Colorado rivers. These variations
can be related to higher surface water evaporation during summer. Although it is
preliminary, the hydrochemical information achieved from this study will be useful
to understand the predominating processes that underlie the chemical composition
in north Patagonia rivers. Revealing the main ion sources and the primarily control-
ling factors are key topics for developing effective management strategies of water
resources in arid and semiarid regions like Patagonia.
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